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Chapter 5: Controlling mesoderm formation from EPL 
cells 

5.1 Introduction 

The failure of both ESEBs and EPLEBs to generate LTR-HSC could be explained by limitations 
in the range of mesoderm formed spontaneously in both these culture systems. At least in the 
case of ES cells this does not reflect an innate restriction in the differentiation potential of these 
cells as they have been demonstrated to be totipotent by their ability to give rise to healthy 
mice. Since EPL cells are thought to represent primitive ectoderm we can expect them to 
display a similarly unrestricted potential. This is supported by the observation that early events 
in mesoderm and hematopoietic differentiation appear to be conserved between ESEBs and 
EPLEBs (Fig. 3.9, 3.10)(Lake, Rathjen et al. 2000). The observed lack of LTR-HSCs may result 
from the differentiation environment either directing cells to alternate fates or lacking signals for 
the maturation of embryonic blood progenitors, either the presence of over-riding signals or the 
absence of appropriate signals. Therefore, a better understanding of mesoderm formation in 
EPLEBs and ESEBs is needed before we can revisit the generation of mature mesodermal cell 
types. 
 
Two differentiation systems have been described for EPL cells. The first system relies on the 
formation and culture of EPL cells in aggregates in MEDII and results in the formation of 
relatively homogenous neurectoderm, with practically no mesoderm derivatives present 
(Rathjen, Haines et al. 2002). The second system relies on disaggregation of EPL cells and 
reaggregation in the absence of MEDII and results in the inverse differentiation outcome, with 
practically no ectoderm derivatives and abundant mesoderm/endoderm (Lake, Rathjen et al. 
2000). The last point of commonality for both systems is EBM2-4, which represent a population 
of EPL cells (Fig. 3.1, 3.2, 3.3, 3.4) (Lake, Rathjen et al. 2000). Therefore, at the EPL cell stage 
two variables, MEDII and trypsinisation, are sufficient to drive the switch to either anterior 
(ectodermal) or posterior (mesodermal) fates (Fig. 5.1).  
 
The work presented in this chapter examines the effect of these two variables in isolation in 
order to gain further insights into the control of lineage determination from EPL cells. These two 
variables of MEDII and trypsinisation give four possible combinations, the nomenclature for 
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which will be EBM2-4MII, EBM2-4EB, EBM2-4IC and EBM2-4EBM as outlined in 2.1 and 
represented diagrammatically in figure 5.1. The effect of trypsinisation can be measured by 
comparing EBM2-4EB with EBM2-4IC and EBM2-4MII with EBM2-4EBM, while the effect of MEDII 
is revealed by comparing EBM2-4MII with EBM2-4IC and EBM2-4EBM with EBM2-4EB.  
 

 
Figure 5.1. Schematic of EPL cell differentiation protocols. 
ES cells are converted to EPL cells by culture in MEDII for 2-4 days and these cells are 
thought to represent an in vitro equivalent of the primitive ectoderm. If EBM2-4 are left in 
MEDII they form bodies composed of neurectodermal progenitors (EBM2-4MII). These 
have been published under the name EBM7-9 and are thought to represent an invitro 
equivalent of the neural plate at day 7 and the neural tube at day 9 (Rathjen, Haines et 
al. 2002). Alternatively, if EPL cells are trypsinised and reaggregated in the absence of 
MEDII (EBM2-4EB) the resulting bodies are enriched in mesoderm and contain practically 
no ectoderm. These have been published under the name EPLEB (Lake, Rathjen et al. 
2000). EBM2-4 trypsinised and left in MEDII are referred to as EBM2-4EBM and the 
differentiation potential of these bodies is described in chapter 5.  EBM2-4 transferred to 
IC without trypsinisation are referred to as EBM2-4IC and their differentiation potential is 
also described in chapter 5. 
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5.2 Both Trypsinisation and MEDII withdrawal are important in 
mesoderm differentiation from EPL cells 

A simple experiment was performed as part of the validation for using EBM2-4 as a source of 
EPL cells that reinforced the effect of MEDII on lineage commitment from EPL cells and 
revealed for the first time, the importance of trypsinisation. EBM2 were removed from MEDII 
supplemented media and allowed to differentiate (EBM2IC) and compared to EBM2 that were 
trypsinised and reaggregated in the absence of MEDII (EBM2EB). RNA was isolated on days 2, 
3 and 4 of differentiation and analysed for brachyury expression by Northern blot. Bodies 
removed from MEDII but not trypsinised expressed brachyury on day 3, indicating that removal 
of MEDII from EPL cells leads to mesoderm differentiation (Fig. 5.2). Trypsinisation at the time 
of MEDII withdrawal led to brachyury expression one day earlier on day 2 (Fig. 5.2), suggesting 
that trypsinisation accelerates differentiation of EPL cells to mesoderm. 
 

5.3 Trypsinisation of EPL cells favours mesoderm formation 
at the expense of ectoderm by an unknown mechanism 

5.3.1 Differentiation outcome in response to trypsinisation 

The role of trypsinisation in the suppression of ectodermal differentiation in EPLEBs was 
analysed by comparing differentiation outcome of EBM2-4IC with EBM2-4EB. EPL cells were 
formed by suspension culture for 2, 3 or 4 days and then either transferred to IC media or 
trypsinised and reaggregated in IC media. The resultant bodies were cultured for 7 days in IC 
media before being seeded individually into gelatin coated wells and allowed to differentiate in 
S/F media. Seeded bodies were scored for the presence of beating muscle and neural 
projections. As expected neural projections were not seen following trypsinisation and 
reaggregation of EPL cells, indicating a restriction in ectodermal differentiation (Fig. 5.3). 30-
45% of these bodies formed beating muscle, indicating differentiation to mesodermal 
derivatives (Fig. 5.3). This was true whether EBM2, EBM3 or EBM4 were used as the source of 
EPL cells. Neural projections were detected in up to 35% of bodies when EBM2, EBM3 or EBM4 
cells were transferred to IC media without prior trypsinisation, indicating ectodermal 
differentiation was occurring in the absence of trypsinisation (Fig. 5.3). Beating muscle was 
also detected in between 60-80% of these bodies, suggesting that mesodermal differentiation 
was not reliant on trypsinisation and breaking of cell:cell contacts. These data argue that  
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Dissociation and re-aggregation  of EBM2 accelerates brachyury up-regulation.

EBM were formed from D3 ES cells and cultured in 50% MEDII for two days before 
being transferred to IC media with or without trypsinisation and cultured for a further four 
days. Bodies were collected  on day 4, 5 and 6, RNA was isolated and used for 
Northern blot analysis of brachyury and GAPDH expression.
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Figure 5.3 
Dissociation and re-aggregation of EBM2, EBM3 or EBM4 reduces 
neural differentiation. 

EBMs were formed from D3 ES cells and maintained in 50% MEDII for 2,
3 and 4 days. EBMs were subsequently transferred to IC with (EBMxEB) 
or without (EBMxIC) dissociation and cultured for a further 7 days. 48 
well gelatinised trays were then seeded with one body per well and the 
media changed to S/F media after 12 hours. Bodies were scored for the 
presence of beating muscle (   ) and neural projections (   ) 2, 7 and 10 
days post seeding. Graph represents the maximum recorded score for 
each condition. Labels on x-axis represent treatment prior to seeding. 
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trypsinisation is essential for the absence of ectodermal differentiation from EPLEBs (Lake, 
Rathjen et al. 2000).  
 
EBM3 were chosen as a representative population of EPL cells and used for further analysis of 
differentiation outcome following trypsinisation.  EPL cells were formed by suspension culture 
for 3 days and then either transferred to IC media or trypsinised and reaggregated in IC media. 
The resultant aggregates were cultured for 4 days in IC media before being seeded individually 
into gelatin coated wells and allowed to differentiate in S/F media. Seeded bodies were scored 
for the presence of beating muscle, visible red blood cells (mesoderm) or neural projections 
(ectoderm). There was a significant reduction in neural outgrowths from trypsinised EPL cells, 
with 29+/-8% in EBM3IC versus 2+/-1% in EBM3EB (p=0.0057), supporting the observation that 
trypsinisation inhibits ectoderm differentiation (Fig. 5.4 i). EBM3IC versus EBM3EB 
differentiation experiments showed no significant difference in the amount of beating muscle, 
with 43+/-5% of EBM3EB beating compared to 49+/- 5% for EBM3IC (p=0.49) (Fig. 5.4 i). 
Similarly, the number of bodies containing visible red blood cells was not significantly different 
between EBM3IC and EBM3EB, with scores of 16+/-7% and 36+/-12% respectively  (p=0.18) 
(Fig. 5.4 i).  
 
The ability of trypsinisation to effect cell fate in the presence of MEDII was analysed by 
comparing the differentiation outcomes of EBM3MII and EBM3EBM. Bodies were seeded 
individually on day 7 into gelatin coated wells and allowed to differentiate in S/F media. Seeded 
bodies were scored for the presence of beating muscle or visible red blood cells or neural 
projections. EBM3MII displayed neural projections from 85+/-2%  of bodies and only 3+/-1% of 
bodies contained beating muscle and none contained visible red blood cells, consistent with the 
previous analysis of these bodies (Fig. 5.4 i) (Rathjen, Haines et al. 2002). In contrast, less 
than half (45+/-20%) of EBM3EBM displayed neural projections and 26+/-8% contained beating 
muscle and 17+/-17% contained visible red blood cells (Fig. 5.4 i), demonstrating that 
mesodermal derivatives increase in frequency and ectodermal derivatives decrease in 
frequency following trypsinisation in the presence of MEDII. This data indicates that 
trypsinisation is sufficient to induce mesoderm differentiation from EPL cells in a system that 
otherwise precludes its formation. 
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Figure 5.4

Re-aggregation and withdrawal of MEDII act additively to favour mesoderm 
formation at the expense of ectoderm formation from EPL cells.

EBM3 were formed from D3 ES cells, reduced to a single cell suspension and re-
aggregated in 50% MEDII or IC to give EBM3EBM4 and EBM3EB4 respectively, 
or transferred to IC without re-aggregation to give EBM3IC4. Control EBM3 were 
cultured in MEDII without re-aggregation. 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 (   ) between day 10 and 20. Graph represents the mean and SEM 
from a minimum of three biological repeats. Labels on x-axis represent treatment 
prior to seeding. ii. Hoffman interference micrographs of EBM3MII4 (A), 
EBM3EBM4 (B), EBM3IC4 (C) and EBM3EB4 (D). 
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5.3.2 Morphology correlates with differentiation outcomes 

EBM3MII, EBM3EBM, EBM3IC and EBM3EB were examined for morphological differences 
associated with the observed alterations in differentiation outcome. Thin sections of bodies 
were imaged on day 6 and 7, or whole bodies were imaged by Hoffman interference 
microscopy on day 7 (Fig. 5.4 ii). The ectodermal outcome from EBM3MII was reflected in their 
morphology of densely packed cells and folds of columnar epithelia on day 7 with no detectable 
endodermal layer (Fig. 5.5). The absence of ectoderm from EBM3EB was reflected by the 
formation of large, loose bodies with a rough surface and dark interior on day 7 (Fig. 5.4, D). 
Sectioning on day 6 and 7 revealed that EBM3EB were made up of very loosely attached cells 
with large spaces throughout the body, suggestive of mesenchymal identity (Fig. 5.5). EBM3IC 
were of variable size and appearance, bodies were commonly observed with obvious 
endodermal outer layers and underlying columnar epithelia, while other bodies had rough 
surfaces and dark interiors (Fig. 5.4, C). Sectioning revealed areas of compact cells and other 
areas of more loosely packed cells with overlying endoderm, as well as areas of cell death and 
mature cavities (Fig. 5.5). The variable morphology and appearance of compact cell 
morphology in EBM3IC supports the differentiation data and suggests a combination of anterior 
and posterior fates within these bodies. Morphologically, EBM3EBM were smaller than 
EBM3MII on day 7, reflecting the shortened time since aggregation. EBM3EBM had a smooth, 
compact morphology, while sectioning of EBM3EBM revealed predominately compact cells with 
areas of more loosely packed cells and no endoderm layer or obvious cavitations (Fig. 5.5). 
Again, the combination of densely packed areas with more loosely packed areas is consistent 
with the differentiation to anterior and posterior fates within these bodies.  
 

5.3.3 Trypsinisation induces gene expression changes consistent 
with alterations to differentiation outcome 

Based on these observations we would expect to see gene expression changes that reflect an 
alteration in lineage choice following trypsinisation. To test this, the expression of a range of 
mesodermal growth factors, markers for primitive streak and EMT were assessed. Sox1 
expression was measured as an indication of anterior specification. 
 
WNT3, FGF8 and BMP4 have all been implicated in the induction of the primitive streak and 
mesoderm within the posterior primitive ectoderm (Crossley and Martin 1995; Winnier, Blessing 
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Figure 5.5

Trypsinisation and MEDII withdrawal from EBM3 causes embryoid bodies to 
acquire a more mesenchymal phenotype.

EBM3 formed from D3 ES cells (day 0) were further differentiated via one of four 
alternate protocols; EBM3 were left in MEDII (EBM3MII), transferred to IC media 
(EBM3IC), trypsinised and reaggregated in MEDII (EBM3EBM) or trypsinised and 
reaggregated in IC (EBM3EB). Bodies from each condition were fixed on day 6 and day 
7, sectioned in paraffin blocks, stained with H&E and imaged on a Zeiss Axiophot
microscope.
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 et al. 1995; Liu, Wakamiya et al. 1999; Sun, Meyers et al. 1999; Fujiwara, Dehart et al. 2002). 
TGF�1 is a growth factor that has been implicated in early heart and vasculature development 
(Dickson, Slager et al. 1993) and the induction of EMT in various tissues. EBM3MII do not 
express Wnt3, Fgf8, TGF�1 or BMP4 between days 3-7 (Fig. 5.6). They also do not express 
the primitive streak markers, brachyury, Mixl1 and the EMT genes Snail1 and Snail2, indicating 
that an EMT and mesoderm/endoderm differentiation is absent in these bodies (Fig. 5.6). 
Differentiation to ectoderm is marked in EBM3MII by the expression of Sox1 (Fig. 5.6). 
EBM3EBM express Wnt3, Fgf8, TGF�1, BMP4, brachyury, Mixl1, Snail1 and Snail2, indicating 
that trypsinisation leads to primitive streak-like and mesoderm gene expression from EPL cells 
(Fig. 5.6). Wnt3 is up-regulated in trypsinised bodies grown in MEDII within 24 hours of 
reaggregation (day 4), with peak expression on day 7 (Fig. 5.6). Fgf8 expression is first up-
regulated on day 6, 72 hours after disaggregation and peaks on day 7 (Fig. 5.6). TGF�1 and 
BMP4 are up-regulated on day 7, with increased expression on day 8 (Fig. 5.6). brachyury and 
Mixl1 are up-regulated on day 6 with peak expression on day 6 and 7 respectively (Fig. 5.6). 
Snail1 and Snail2 expression peaks on day 7 (Fig. 5.6). The neurectoderm marker, Sox1, is up-
regulated in EBM3MII but remains low in EBM3EBM (Fig. 5.6).  
 
Mesoderm differentiation in EBM3IC is indicated by up-regulation of Wnt3, Fgf8, TGF�1, 
BMP4, brachyury, Mixl1, Snail1 and Snail2 (Fig. 5.6). EBM3EB show roughly equivalent up-
regulation of all mesoderm markers in terms of timing and magnitude. This is consistent with 
scoring data from seeded bodies that revealed roughly equivalent levels of beating muscle and 
visible red blood cells in these bodies (Fig. 5.4). Sox1 was not detected in EBM3IC on the days 
tested but given the observed differences in neural outgrowths between EBM3EB and EBM3IC 
it would be interesting to test a wider panel of early ectoderm markers and a longer period of 
differentiation for expression in these two populations. 
 
To clarify further whether trypsinisation affects the number of cells forming mesoderm in the 
absence of MEDII, two cell lines were used that switch on GFP under the control of the 
brachyury and Mixl1 promoters respectively. Like the brachy-GFP line, Mixl1-GFP cells have 
GFP inserted into one allele of the Mixl1 locus, which faithfully recapitulates endogenous 
expression without disrupting normal differentiation characteristics  (Hart, Hartley et al. 2002). 
EBM3 were formed from these two cell lines and then cultured in the absence of MEDII either 
with or without trypsinisation. Resulting bodies were analysed by flow cytometry every day and  
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Trypsinisation and MEDII withdrawal from EBM3 induces mesoderm gene 
expression.
EBM3 were formed from D3 ES cells and further differentiated via one of four alternate 
protocols; EBM3 were left in MEDII (EBM3MII), transferred to IC media (EBM3IC), 
trypsinised and re-aggregated in MEDII (EBM3EBM) or trypsinised and re-aggregated 
in IC (EBM3EB). Bodies were collected daily from day 3, RNA isolated and reverse 
transcribed and analysed by qPCR for the expression of Wnt3, Fgf8, TGF�1, BMP4, 
brachyury, Mixl1, Snail1, Snail2, Ecad, Ncad, Sox1 and �-actin. Gene expression was 
normalised to �-actin using Qgene quantitation software.
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the percentage of GFP positive cells was plotted. Using the brachy-GFP cell line the number of 
GFP positive cells on day 5 was 25% in EBM3IC and 40% in EBM3EB (Fig. 5.7), and on day 6, 
14% GFP positive cells in EBM3IC and 49% in EBM3EB (Fig. 5.7). Results followed a similar 
pattern when Mixl1-GFP cells were used, although the differences between the two populations 
of bodies were not as pronounced (Fig. 5.7). There were more positive cells on every day 
measured in EBM3EB, with the peak percentage of GFP positive cells of 38% for EBM3IC and 
55% for EBM3EB (Fig. 5.7). The balance of data suggests that mesoderm induction following 
trypsinisation of EPL cells in the absence of MEDII is moderately enhanced when compared to 
mesoderm induction from cells that had not been trypsinised. 
 
Taken together these results support the idea that trypsinisation affects the lineage choice of 
pluripotent EPL cells in favour of mesoderm over ectoderm.  
 

5.4 Disaggregation using multiple agents is equally effective 
in suppressing ectoderm from EPL cells 

Trypsin is a serine protease that is commonly used to disrupt cell:cell and cell:ECM protein 
attachments and release single cells. The use of trypsin results in the cleavage of peptides C-
terminal to lysine and arginine residues unless proline is on the carboxyl side of the cleavage 
site. Therefore a large number of proteins exposed to the extra-cellular environment will be 
cleaved by trypsin. The cleavage of extra-cellular proteins could alter the function of the 
remaining cell. In addition, trypsin can act as a signalling molecule through activation of PAR1, 
2 or 4, which are G-protein coupled receptors (Dery, Corvera et al. 1998). Interestingly, 
stimulation of PAR4 has been shown to induce EMT in lung epithelial cells (Ando, Otani et al. 
2007). In cell culture, trypsin is routinely used in a buffer containing EDTA. EDTA is an ion 
chelating agent and on its own could be altering cellular function, for example through 
modulation of calcium dependent functions. This raises the question of whether the observed 
lineage alteration of EPL cells after disaggregation is a unique property of either trypsin or ion 
chelation or a general property of disaggregation.  
 
Disaggregation of EBM3 was performed using ion-chelators (enzyme-free Cell Dissociation 
Buffer, EFDB, Invitrogen), or the neutral protease, dispase II (Roche) in the absence of ion-
chelators and was compared to the effect seen with trypsin/EDTA or no disaggregation. EBM3 
bodies that were either left intact or disaggregated to single cells with EFDB, dispase or  
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Figure 5.7

Trypsinisation of EBM3 leads to more GFP positive cells from brachy-GFP and 
Mixl1-GFP cell lines.

brachy-GFP ES cells and Mixl1-GFP ES cells were feeder depleted and used to form 
EBM3. EBM3 were either reduced to a single cell suspension and re-aggregated in IC 
media (EBM3EB) or transferred to IC media without trypsinisation (EBM3IC). On day 3-9 
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 D3 ES derived bodies to measure 
background fluorescence. 
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trypsin/EDTA were reaggregated and cultured without MEDII for four days seeding on day 7. 
Seeded bodies were scored for the presence of neural projections, beating muscle or visible 
red blood cells. Effective suppression of neural outgrowths was seen in bodies formed from 
disaggregated cells regardless of the method of cell disruption used. Neural projections were 
detected in less than 5% of bodies following disaggregation with trypsin/EDTA, EFDB or 
dispase (Fig. 5.8 i.). Significantly more bodies, 43%, that had not been disaggregated displayed 
neural projections (Fig. 5.8 i.). The percentage of bodies with beating muscle or visible red 
blood cells was roughly equal for all three disaggregation agents (Fig. 5.8 i.). The morphology 
of aggregates following disaggregation did not vary depending on method of cell disruption 
(Fig. 5.8 ii.). This result suggests that disaggregation leads to an altered differentiation outcome 
from EPL cells and is not a result of a specific inductive activity associated with trypsin or 
calcium chelation.  
 

5.5 MEDII favours ectoderm formation from EPL cells by an 
unknown mechanism 

The scoring, morphology and gene expression data used to look at the effect of trypsin on EPL 
cell lineage choice can be analysed further to assess the effect of MEDII withdrawal on the 
same process. In this case the relevant comparisons are between EBM3MII and EBM3IC and 
between EBM3EBM and EBM3EB, where the only variable is MEDII withdrawal. 
 
Seeding experiments of EBM3MII and EBM3IC showed a significant decrease in the percentage 
of bodies with neural projections when MEDII is removed, with 85+/-2% for EBM3MII compared 
to 29+/- 8% for EBM3IC (p<0.0001) (Fig. 5.4 i).  MEDII withdrawal from EPL cells in the 
absence of trypsinisation also resulted in a significant increase in mesodermal derivatives, with 
49+/-5% beating muscle in EBM3IC compared to 3+/-1% in EBM3MII (p<0.0001), and 16+/-7% 
of EBM3IC with visible red blood cells compared to less than 1% detected in EBM3MII (p=0.03) 
(Fig. 5.4 i). Similarly, in EBM3EBM, 45+/-20% of bodies displayed neural projections, compared 
to only 2+/-1% from EBM3EB (Fig. 5.4 i). As previously discussed, EBM3IC often developed an 
outer layer of endoderm by day 7 and frequently had dark interiors that consisted of areas of 
both loosely and tightly attached cells, while EBM3MII formed dense aggregates lacking 
endodermal cells (Fig. 5.4, C and Fig. 5.5). MEDII withdrawal following trypsinisation resulted in 
bodies that were larger and less compact (Fig. 5.4, B, D and Fig. 5.5). 
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Figure 5.8

Dissociation of EBM3 with either dispase, enzyme-free dissociation buffer 
or trypsin is equally effective for ectoderm suppression.

EBM3 formed from D3 ES cells were reduced to single cells using either dispase, 
enzyme-free dissociation buffer (EFDB) or trypsin/EDTA and re-aggregated in IC 
media. Control EBM3 were transferred to IC without dissociation (-). 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 (   ) between day 10 and 20. Graph represents 
the maximum recorded score for each condition. n=3, Error bars represent 
standard error of the mean. (a) denotes a decrease compared to aggregates that 
were not dissociated, where p < 0.01.  ii. Hoffman interference micrographs of 
day 7 aggregates that were either not dissociated (A) or dissociated on day 3 
with Trypsin/EDTA (B), EFDB (C) or Dispase (D). 

0%

10%

20%

30%

40%

50%

60%

70%

80%

200�M

A B C D

P
er

ce
nt

ag
e 

of
 b

od
ie

s

i.

ii.

a a a



 99

Morphology and differentiation outcome suggest that MEDII withdrawal favours mesoderm 
differentiation at the expense of ectoderm differentiation. This is further supported by gene 
expression analysis for a panel of genes involved in lineage specification.   
 
When EPL cells were neither trypsinised nor withdrawn from MEDII (EBM3MII) they had a gene 
expression profile consistent with a block in mesoderm differentiation (Fig. 5.6 Section 5.3). In 
contrast, EBM3IC up-regulated markers of mesoderm differentiation (Fig. 5.6). Differentiation 
towards neurectoderm, as indicated by the up-regulation of Sox1, is evident in EBM3MII but not 
EBM3IC (Fig. 5.6). 
 
Comparison of the gene expression of EBM3EBM with EBM3EB demonstrated an up-regulation 
of all primitive streak, EMT and mesoderm, markers in both populations, but the timing of up-
regulation was delayed 1-2 days in every case for bodies exposed to MEDII (Fig. 5.6). This 
suggests that MEDII may delay the onset of differentiation to mesoderm. 
 
The effect of MEDII on neurectoderm specification was analysed further using a cell line 
carrying GFP under the control of the Sox1 promoter (Sox1-GFP ES cell line)(Ying, Stavridis et 
al. 2003). This cell line has GFP inserted into one allele and retains normal differentiation 
characteristics. Mesoderm specification was measured using the brachy-GFP and Mixl1-GFP 
cell lines. EBM3 were formed from these cell lines and cultured in the presence or absence of 
MEDII without trypsinisation. Resulting bodies were analysed by flow cytometry every day and 
the percentage of GFP positive cells was plotted. GFP positive cells peaked on day 5 at 25% in 
EBM3IC formed from brachy-GFP cells but never exceeded 3% in EBM3MII (Fig. 5.9). Results 
from bodies formed from Mixl1-GFP ES cells followed a similar pattern with the percentage of 
GFP positive cells peaking on day 5 at 38% for EBM3IC but remaining less than 3% for 
EBM3MII (Fig. 5.9). Sox1-GFP activation showed the inverse relationship; on day 12 EBM3MII 
formed from Sox1-GFP ES cells contained 38% GFP positive cells while only 18% GFP 
positive cells were detected in EBM3IC (Fig. 5.9). The late onset of Sox1-GFP activation in 
EBM3IC is consistent with real time PCR analysis of Sox1 expression in bodies up to day 7, in 
which Sox1 levels remained low (Fig. 5.6). 
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Figure 5.9

MEDII withdrawal from EBM3 leads to more brachy-GFP and MixL1-GFP positive 
cells and less Sox1-GFP positive cells.

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 from each cell line were transferred to fresh 50% MEDII media (EBM3MII) or IC 
media (EBM3IC). 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 bodies to measure background fluorescence. 
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5.6 MEDII window of action 

If aggregates are maintained in MEDII until day 7, their differentiation is restricted to ectodermal 
derivatives, while withdrawal of MEDII on day 3 allows mesoderm differentiation within 48-72 
hours (Fig. 5.4, 5.6, 5.9). This suggests the presence of a mesoderm suppressing activity 
within MEDII that prevents the differentiation of EPL cells to mesoderm.  
 
To determine the stage at which differentiating EPL cells lose the ability to form mesoderm, 
bodies were removed from MEDII every day between EBM3 and EBM7 and measured for their 
ability to differentiate to mesodermal and ectodermal derivatives. Each day from EBM3 
onwards, a sample of bodies was transferred to IC media and the remaining bodies were left in 
MEDII.  On day 7 all bodies were seeded and transferred to S/F media and scored for neural 
projections, visible red blood cells and beating muscle. The number of bodies with neural 
projections increased with extended MEDII exposure, such that the percentage of bodies with 
neural projections was 4% from EBM3IC4, 7% from EBM4IC3, 45% from EBM5IC2, 67% from 
EBM6IC1 and 90% from EBM7 (Fig. 5.10 i). The number of bodies with visible red blood cells 
decreased with extended MEDII exposure, such that the percentage of bodies with blood 
patches was 52% from EBM3IC4, 38% from EBM4IC3, 20% from EBM5IC2, 2% from EBM6IC1 
and none from EBM7 (Fig. 5.10 i). The number of bodies with beating muscle peaked with 4 
days MEDII exposure and decreased thereafter, such that the percentage of bodies with 
beating muscle was 22% from EBM3IC4, 60% from EBM4IC3, 43% from EBM5IC2, 18% from 
EBM6IC1 and none from EBM7 (Fig. 5.10 i). The morphology of bodies on day 7 was consistent 
with an increase in neurectoderm and decrease in mesoderm with increasing MEDII exposure. 
EBM3IC4 displayed heterogeneous morphology as previously described (Fig. 5.10 A). EBM4IC3 
and EBM5IC2 were less heterogenous, with fewer bodies displaying rough surfaces and dark 
centres (Fig. 5.10 B, C). EBM6IC1 looked similar to EBM7, with smooth surfaces internal 
convolutions (Fig. 5.10 D, E). This experiment demonstrates that the mesoderm suppressing 
activity of MEDII is required until day 7, while withdrawal earlier than day 7 results in 
differentiation to both mesoderm and ectoderm. The data suggests that with every day of 
culture in the presence of MEDII beyond day 4, successively fewer cells retain the capacity to 
form mesoderm. 



0%
20%
40%
60%
80%

100%

3 4 5 6 7

MEDII Exposure (Days)

Pe
rc

en
ta

ge
 o

f b
od

ie
s

A B C D E

200�M

i

ii

Figure 5.10

MEDII exposure decreases mesoderm and increases ectoderm differentiation.

EBM3,4,5,6 formed from D3 ES cells were transferred to IC media and maintained for 4, 
3, 2 and 1 days respectively, before being seeded into individual wells of a 
gelatinised 48 well tray. Media was changed to S/F 12 hours post seeding and bodies 
were scored for the presence of visible red blood cells (   ) beating muscle (   ) and 
neural projections (   ) on day 12, 16 and 20. Graph represents the maximum 
recorded score for each condition (i). Bodies were imaged on day 7 using a Nikon 
TE300 inverted microscope (ii). EBM3IC4 (A), EBM4IC3 (B), EBM5IC2 (C), EBM6IC1

(D), EBM7 (E).
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5.7 Matrigel does not favour ectoderm differentiation from 
EPL cells 
One possibility for how MEDII might suppress mesoderm formation from EBM is through the 
presence of an ECM component in the media. The physical interaction between the primitive 
ectoderm and ECM that separates it from the overlying visceral endoderm in pre gastrulation 
stage embryos is broken as nascent mesoderm moves through the primitive streak, suggesting 
that ECM signalling might play a role in regulating the differentiation of pluripotent cells. 
Suppression of VE formation during pluripotent cell differentiation as EBs has been reported in 
bodies cultured in ECM components (Li, Chen et al. 2001). MEDII had been shown to contain 
at least one ECM component, cFN (Bettess 2001) and HepG2 cells are reported to produce 
and secrete other ECM components including the laminin B chain, vitronectin and fibronectin 
(Barnes and Reing 1985; Rescan, Clement et al. 1991; Burgess, Gould et al. 1998) 
 
EBM3 were withdrawn from MEDII and cultured in the presence or absence of matrigel, a rich 
mixture of ECM components that has been depleted of growth factors. At day 7 bodies were 
seeded and scored for neural projections, visible red blood cells and beating muscle. EBM3 
cultured in matrigel until day 7 were very large, contained dark patches and no discernable 
internal organisation (Fig. 5.11 A). Upon seeding onto gelatinised wells in S/F media, 84% of 
bodies contained visible red blood cells and no detectable neural projections or beating muscle 
(Fig. 5.11 i). EBM3 cultured in the absence of matrigel responded as previously discussed, with 
blood patches, beating muscle and neural projections all detected in seeded bodies (Fig. 5.11 
i). This experiment indicates that matrigel is not equivalent to MEDII in terms of its ability to 
influence EPL cell lineage choice and suggests that either specific ECM components are 
required to mediate this activity or that MEDII suppression not mediated by an ECM 
component.  
 

5.8 Discussion 

5.8.1 Disaggregation appears to sensitise pluripotent cells to mesoderm inducing 
signals 
Mesoderm specification in the posterior embryo is associated with dramatic morphological 
rearrangements. Primitive ectoderm undergoes an EMT, during which the ordered epithelial 
arrangement of the pluripotent cells is lost through the breakdown of cell:cell and cell:ECM  
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Figure 5.11

Matrigel does not suppress mesoderm differentiation from EBM3.

EBM3 formed from D3 ES cells were transferred to IC media in the presence or
absence of matrigel and cultured for a further 4 days before being seeded into 
individual wells of a gelatinised 48 well tray. Media was changed to S/F 12 hours 
post seeding and bodies were scored for the presence of visible red blood cells (   ) 
beating muscle (   ) and neural projections (   ) on day 12, 16 and 20. Graph 
represents the maximum recorded score for each condition (i). Bodies were 
imaged on day 7 using a Nikon TE300 microscope (ii). EBM3IC4+matrigel (A), 
EBM3IC4 (B).
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contacts. Coincident with this EMT the pluripotent cells of the primitive ectoderm complete a 
differentiation program to mesoderm. In the embryo it is not clear whether loss of cell contacts 
occurs as a consequence of mesoderm induction or plays an active role in the process. 
 
Work presented here suggests that the enforced loss of cell:cell contact, through 
disaggregation of pluripotent cells, acts as an instructive cue for mesoderm specification. The 
physical separation of cells appears to trigger a program of differentiation very similar to 
primitive streak formation and progression. Despite the differentiation protocol employed the 
temporal sequence of differentiation is conserved, with an ordered up-regulation of posterior 
growth factors including Wnt3 and Fgf8, primitive streak genes brachyury and Mixl1 and the 
EMT regulator Snail1. The preservation of a normal sequence of mesoderm induction suggests 
that disaggregation is not taking the place of EMT but is acting to initiate the process of 
differentiation to mesoderm and promote the subsequent events of EMT and mesoderm 
specification. Whether loss of cell contact is responsible for mesoderm induction in vivo is not 
clear but the data presented here suggest that it is likely to positively reinforce the process. The 
idea that physical alterations can feed into molecular control of EMT has been raised by 
Minichiello et al., who proposed that alterations to the cytoskeleton could lead to the up-
regulation of transcriptional regulators of EMT, which would lead to further morphological 
alterations and complete the process of EMT (Minichiello, Ben-Ya'acov et al. 1999). 

5.8.2 MEDII appears to substitute for AVE signalling  
As discussed in section 1.5, ectoderm specification in the anterior embryo appears to be 
controlled by the inhibition of posteriorising signals. The AVE, an important source of these 
inhibitory signals, secretes the WNT inhibitor Dkk1 and the Nodal inhibitors Cer1 and Lefty1. 
Cell swapping and fate mapping of individual anterior epiblasts has revealed that pluripotence 
is maintained in the anterior ectoderm until well after mesoderm has begun forming in the 
posterior embryo, suggesting that active inhibition of mesoderm formation from primitive 
ectoderm is required throughout this time. The ability to suppress mesoderm inherent in the 
anterior primitive ectoderm is reminiscent of the effect of MEDII on differentiation of EPL cells. 
MEDII is able to suppress mesoderm induction from EPL cells in serum containing media that 
is otherwise conducive to mesoderm formation. This suppression occurs on bodies that do not 
contain endogenous VE, suggesting that MEDII is providing a source of mesoderm 
suppressing signals analogous to those supplied by the anterior endoderms in vivo. The idea 
that MEDII might be providing AVE-like signals is supported by the observation that HepG2 
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cells, used make MEDII, are a liver cell line and the liver has been reported to share many 
similarities with VE in terms of gene expression and function (Meehan, Barlow et al. 1984; 
Barbacci, Reber et al. 1999). Moreover, the temporal requirement for MEDII in vitro is similar, 
with exposure of differentiating EPL cells to MEDII required until pluripotence has been lost and 
mesoderm can no longer form. The similarity in function between the mesoderm suppressing 
activity of MEDII in vitro and signals from the AVE in vivo suggests that MEDII might contain 
inhibitors of the WNT or Nodal pathways or similar activities that prevent signalling through 
these pathways. Preliminary purification has revealed the presence of a discrete mesoderm 
suppressing activity within MEDII that is smaller that 3kD (Jennifer Washington, pers. comm.).  

5.8.3 EPL cells retain plasticity after disaggregation 
The combined effects of trypsinisation and MEDII withdrawal are sufficient to alter the 
differentiation of EPL cells from exclusively ectodermal to almost exclusively mesodermal. 
When only one of these variables is applied the outcome is a mixture of ectoderm and 
mesoderm (Fig. 5.12).  
 
When cells are disaggregated in a mesoderm inducing environment (IC media) it leads to 
uniform mesoderm differentiation, however in an environment that normally blocks mesoderm 
(MEDII supplemented media) the cells respond by forming mesoderm and ectoderm. The 
ability of EPL cells to respond to the mesoderm suppressing activity of MEDII after 
disaggregation suggests that cells retain some degree of plasticity following disaggregation. 
This is consistent with the hypothesis that disaggregation acts to initiate a series of events that 
lead to mesoderm specification rather than commit the cells to this course of differentiation. In 
this scenario, cells immediately after disaggregation would potentially retain the ability to 
respond to the level of suppressors present in 50% MEDII. The outcome of differentiation at a 
cellular level would be predicted to result from the balance of mesoderm induction and 
mesoderm inhibition seen by the cell in a critical period following disaggregation and is 
consistent with the mixed differentiation outcome seen in EBM3EBM. Mesoderm inductive 
signals could be those known to be present in serum or could be generated endogenously, 
suggested by the up-regulation of Wnt3 and Fgf8 in bodies following disaggregation.  
 
The hypothesis that differentiating EPL cells reach a critical period when cells are committed to 
differentiate and respond to the environment is supported by the presence of both mesoderm 
and ectoderm in EBM3IC. In this situation mesoderm suppression by MEDII has been removed 
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but mesoderm differentiation has not been promoted by disaggregation. Together, these 
experiments suggest that EPL cells first become committed to differentiation and then secondly 
committed to lineage choice.  

 
 

Figure 5.12. Schematic of differentiation outcomes from EPL cells in response to 
disaggregation and MEDII. 
If EBM3 are left in MEDII they form bodies composed of neurectodermal progenitors 
(EBM3MII). Alternatively, if EPL cells are disaggregated and reaggregated in the 
absence of MEDII (EBM3EB) the resulting bodies are enriched in mesoderm and 
contain practically no ectoderm. EBM3 disaggregated and reaggregated in the 
presence of MEDII are referred to as EBM3EBM and differentiate to a mixture of 
ectoderm and mesoderm. EBM3 transferred to IC without disaggregation are referred 
to as EBM3IC and differentiate to a mixture of ectoderm and mesoderm. 
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