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Abstract 

 

During body axis elongation spinal cord neural tissue in the posterior of the 

embryo is progressively generated from a pool of bipotent progenitors of the 

stem zone/caudal lateral epiblast, termed neuromesodermal progenitors. Neural 

differentiation gene transcription begins in a sharply defined position due to loss 

of fibroblast growth factor (FGF) signalling. This highly coordinated onset of 

gene expression implies the involvement of a higher order mechanism to co-

ordinately regulate hundreds of genes at the same time. One possible 

mechanism underlying this phenomenon is the regulation of chromatin structure 

around neural differentiation genes. 

The analysis of chromatin structure by fluorescence in situ hybridisation 

uncovered that chromatin compaction at the neural differentiation gene Pax6 is 

maintained by FGF signalling in the stem zone/caudal lateral epiblast of the 

mouse embryo (Patel et al., 2013). Here I show that this process is mediated by 

ERK signalling, with just one hour of ERK inhibition leading to a decompaction 

of the Pax6 locus in the mouse embryo. One way in which local chromatin 

compaction is regulated is by polycomb repressive complexes. They build a 

machinery that deposit the histone modifications H3K27me3 and H2AK119Ub 

at target genes and were shown to impose chromatin compaction. To test the 

possibility of FGF/ERK regulated polycomb mediated chromatin compaction at 

neural differentiation gene loci in the stem zone/ caudal lateral epiblast a 

chromatin immunoprecipitation (ChIP) experiment was performed for the 

histone modification H3K27me3. Preliminary data showed that the Pax6 

transcription start site in the stem zone caudal lateral epiblast is marked by 
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H3K27me3, comparable to the known unexpressed polycomb target HoxD11. 

This indicated the potential for polycomb mediated chromatin compaction at the 

Pax6 locus. 

A human embryonic stem (ES) cell based in vitro model for the generation of 

spinal cord neural progenitors used to analyse further whether polycomb 

mediated chromatin compaction determines neural differentiation gene 

expression and to evaluate its regulation by FGF/ERK signalling. To that end 

human ES cells were exposed to FGF and Wnt signals for 3 days to generate 

neuromesodermal progenitors (hNMPs) (Gouti et al., 2014), these were then 

differentiated into neural progenitors (hNPs) of posterior spinal cord fate. ChIP 

assays showed that during the differentiation of hNMPs to hNPs the polycomb 

components Jarid2 and Ring1B dissociate from the Pax6 locus (transcription 

start site and gene body) and the H3K27me3 mark is removed in order to 

facilitate Pax6 transcription from a now decompacted locus. When ERK 

signalling was blocked in the hNMPs for 12 hours the polycomb components 

Jarid2 and Ring1B dissociated from the locus whereas the H3K27me3 

remained correlating with chromatin decompaction; however, no Pax6 gene 

transcription was observed. These observations suggest that ERK promotes 

polycomb mediated chromatin compaction. Interestingly, upon only 3 hours of 

ERK inhibition only Jarid2 was found to have dissociated from the Pax6 locus 

whereas Ring1B occupancy and H3K27me3 levels remained, thereby opening 

the possibility for a step wise dissociation/unloading of the polycomb machinery 

upon FGF/ERK signalling loss. Taken together the data in the hES in vitro 

system implies that during neural differentiation the loss of FGF/ERK signalling 

leads to the dissociation of polycomb neural differentiation gene loci and the 
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removal of the H3K27me3 mark in order to facilitate transcription from these 

loci. 

In pluripotent mouse ES cells it was recently revealed that the recruitment of 

polycomb complexes to differentiation genes relies on activated ERK (Tee et 

al., 2014). Furthermore, a few polycomb components were shown to be 

potential phosphorylation targets of FGF/ERK downstream pathways. The data 

in this thesis suggest a FGF/ERK mediated polycomb regulation that could 

potentially involve either or both of these mechanisms to regulate gene 

expression in the stem zone\caudal lateral epiblast of the mouse embryo. 

During body axis elongation FGF signalling is attenuated by retinoic acid 

signalling in the posterior of the mouse embryo (Diez del Corral et al., 2003). 

The work of this thesis suggests that this retinoic acid mediated attenuation of 

FGF signalling leads to the dissociation of the polycomb machinery at neural 

differentiation genes and thereby the de-repression of target gene transcription. 
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Chapter 1: Introduction 

1.1 The developing mouse embryo – a model for neural 

differentiation 

 

1.1.1 Gastrulation 

During Gastrulation the three germ layers (endoderm, mesoderm and 

ectoderm) are established. In the mouse embryo this morphogenic process also 

results in the formation of a major organising centre called the node.  

In contrast to other amniote, the mouse embryo at the beginning of gastrulation 

is found to be cup shaped and consisting of the inner cell mass derived single 

pseudostratified epithelial layer called epiblast. At this early stage (E6.5) where 

the embryo consists of only a few hundred cells, gastrulation is initiated by the 

formation of the primitive streak in the posterior of the epiblast. Through time 

lapse imaging of the early mouse embryo, primitive streak formation was shown 

to be a result of epithelial to mesenchymal transition (EMT) without large scale 

cell movements (Williams et al., 2012). This was in contrast to what was 

previously shown for primitive streak formation during gastrulation in the 

chicken embryo, where it is a result of EMT and large scale cell movements 

(Chuai and Weijer, 2009).  
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Figure 1.1 Gastrulation in the mouse embryo. (A) Mouse embryo  at E4.5 before implantation 

showing the inner cell mass a precursor of the epiblast from which the 3 germ layers of the 

embryo will arise as well as the primitive endoderm and trophectoderm derivatives. (B) mouse 

embryo post implantation at E6.0 before gastrulation showing epiblast from which mesoderm 

and endoderm and definitive ectoderm will arise during gastrulation. Also showing 

extraembryonic ectoderm derived from the trophectoderm and visceral and parental endoderm 

derived from the primitive endoderm. (C) Mouse embryo post implantation at E7.0 showing all 3 

germ layers of the embryo (mesoderm, ectoderm and definitive endoderm). (modified from (Tam 

and Rossant, 2003)) 

In both models mouse and chicken, the formed primitive streak is a side of cell 

internalisation for both mesodermal and endodermal precursors. In the mouse 

embryo this internalisation process is call ingression (Tam et al., 1993). During 

this process a single epiblast cell separates from the epiblast epithelium by 

EMT (Williams et al., 2012) and ingresses through the primitive streak (Wu et 

al., 2007) thereby the prospective mesodermal cell invades the space between 

the epiblast and the underlying visceral endoderm before migrating away from 

the primitive streak (Solnica-Krezel, 2005). This new formed mesodermal tissue 

sheet expands from both side of the primitive streak. The expansion of this 
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mesodermal layer is thought to be driven by propulsion through the incoming 

prospective mesodermal cells as well as the dispersion of the cells away from 

the primitive streak (Zamir et al., 2006). Interestingly, it has been suggested that 

the position, where the prospective mesodermal cells ingress through the 

primitive streak, is important for its mesodermal fate. Axial mesodermal 

precursors have been shown to ingress through the anterior primitive streak and 

forming a horse shoe shape structure called the node. This structure is visible at 

the anterior of the primitive streak starting from E7.5 (Viebahn, 2001). Through 

dye labelling of node cell it was shown that this structure will later give rise to 

cells located along the midline of all three germ layers (endoderm derived gut, 

mesoderm derived notochord and ectoderm derived floor plate) (Beddington, 

1994; Sulik et al., 1994). Pre-somitic mesodermal precursors on the other hand 

have been shown by time lapse imaging to ingress through the primitive streak 

proximal to the node (Yen et al., 2009). These cells were further shown to then 

migrate away from the primitive streak leading to tissue expansion before 

eventually aligning along the mediolateral axis (Yen et al., 2009). 

Epiblast derived endodermal precursors have also been shown to ingress 

through the primitive streak. It was thought that these endodermal cells form the 

layer of definitive endoderm that spreads laterally and thereby displaces the 

visceral endoderm. However, in 2008 it was shown that endoderm precursors 

can also intercalated within the overlying visceral endoderm, leading to an 

expansion of the endoderm layer (Kwon et al., 2008). This presented the new 

option of endodermal cells not only deriving from the epiblast (trough EMT and 

ingression through the primitive streak) but also from visceral endoderm 

(through intercalation and expansion of the cell layer). 
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After the formation of mesoderm and endoderm from the epiblast the remaining 

epiblast cell from the ectoderm thereby establishing all three germ layers.  

The embryo is further shaped by processes of elongation along the body axis 

established by the primitive streak (anterior-posterior) and narrowing 

perpendicular to the body axis (mediolateral). This process of convergent 

extension was first described in Xenopus (Keller et al., 1985). 

 

1.1.2 Neural induction 

Early during amniote embryonic development ectoderm gives rise to epidermis 

and neural tissue (neural plate). As described above, during gastrulation the 

three germ layers are established. This conversion of the ectoderm into neuro-

ectoderm relies on inductive signals from the underlying mesoderm, the node 

region in the mouse embryo to be exact (Tam and Behringer, 1997). The 

process in which the mesoderm conveys neural specification is called neural 

induction. 

It has long been believed that ectoderm defaults to form anterior neural plate, 

this view stems from work on Xenopus development. The default state was 

uncovered in experiments on the Xenopus animal cap (the area around the 

animal pole of the blastula) which can give rise to epidermis and neuro-

ectoderm. When a cap explant was cultured alone, the cells adopted epidermal 

fate, whereas when the cap cells were dissociated and thereby cell-cell-

communications were disrupted the cells adopted neural fate (Grunz and 

Tacke, 1989). Furthermore, it was found that the expression of a dominant-

negative TGFß-receptor in these animal caps can induce neural tissue 

(Hemmati-Brivanlou and Melton, 1994). Taken together these findings suggest 
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that by disrupting cell-cell-contact the TGFß-receptor transmitted signal which 

normally inhibits neural induction, was removed and therefore the cells 

defaulted to neural fate. It was found that bone morphogenic protein (BMP) 

signalling mediates the  inhibition of the neural fate, since low amounts of BMP 

were able to convey epidermal fate in dissociated Xenopus animal caps (Wilson 

and Hemmati-Brivanlou, 1995). To facilitate neural induction organizer regions, 

Hensen’s node in chicken and the node region in mouse embryos, provide the 

necessary signals (Tam and Behringer, 1997). In this case the organizer 

secretes BMP antagonists like noggin (Lamb et al., 1993; Zimmerman et al., 

1996), chordin (Piccolo et al., 1996; Sasai et al., 1995), follistatin (Hemmati-

Brivanlou et al., 1994), cerberus (Bouwmeester et al., 1996) and dickkopf 

(Glinka et al., 1998). These are expressed close to or within the Xenopus 

organizer and when misexpresssed lead to an expansion of the NP. In mouse 

anterior epiblast explants, ectopic BMP signalling can prevent neural fate 

induction up until early head fold stages (Yang and Klingensmith, 2006). 

Furthermore in mouse embryo streak explants, noggin and chordin were found 

to be sufficient to induce the expression of neural markers like Sox2 and Hesx1 

(Yang and Klingensmith, 2006). Since these signalling molecules are produced 

in the node, it was thought this would explain the neural fate induction ability of 

the node. Interestingly, it was found that the depletion of noggin, chordin and 

follistatin with morpholinos in Xenopus embryos results in the loss of neural 

plate formation (Khokha 2005).Taken together these findings demonstrate that 

BMP signalling plays an important role during neural induction. However, the 

explants used in the experiments might have experienced other important 

signalling factors prior to the BMP antagonism that led to neural induction. 
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The activation transformation model proposes all neural cells anterior by default 

and they need caudalising signals to adopt a posterior fate (Niewkoop 1952, 

Niewkoop 1954).  

Since then work in chicken and mouse embryos have challenged this idea. 

Grafting of the chicken organizer was shown to induce neural fate. But the 

ectopic expression of the BMP antagonist noggin and chordin in the chicken 

embryo (Streit et al., 1998; Streit and Stern, 1999) did not induce ectopic neural 

fate. Mutant mice lacking dickkopf, cerberus, noggin and chordin or a 

combination of noggin and chordin were found to still develop a central nervous 

system (Bachiller et al., 2000; Belo et al., 2000; McMahon et al., 1998). 

Furthermore in chicken embryos, only cells at the border between neural and 

non-neural tissue were shown to react to BMP inhibition by adopting neural fate, 

which lead to the conclusion that these cells must have experienced additional 

signals that help BMP antagonism to convey neural fate (Streit and Stern, 

1999). Taken together these findings, BMP antagonism alone is not the neural 

inducing factor but this mechanism may work together with other factors to 

convey neural fate. Indication for that can be found in the results of Streit et al 

(1998), where ectopic chordin expression was not able to elicit NP but was 

shown in bead grafting experiments, using beads soaked in chordin, to stabilise 

the expression of an early neural marker Sox3 in epiblast cells that have been 

exposed to signals from the node region for a short time frame prior to the bead 

grafting (Streit et al., 1998). The misexpression of BMP in the NP of chicken 

embryos was shown to block the expression of neural markers like Sox2, 

however the expression of the early neural marker Sox3 was not affected in this 

misexpression experiments (Linker and Stern, 2004). Since BMP antagonism 

did not elicit neural induction in chicken or in Xenopus, or in mice on its own and 
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early neural markers like Sox3 are not affected by BMP misexpression, this 

implies that BMP antagonism is involved in a later stage of neural induction and 

for proper neural induction to take place the cells need to be exposed to other 

signals from the organizer prior to BMP antagonism.  

Findings in Xenopus suggested that FGF signalling is required for neural 

induction together with BMP antagonism, since the inhibition of BMP signalling 

was not able to induce neural gene expression when FGF signalling was 

attenuated (Launay et al., 1996; Sasai et al., 1996). Studies in chicken also 

showed a requirement of fibroblast growth factor (FGF) signalling during early 

development, mainly for mesoderm induction but also neural induction, 

especially the acquisition of posterior neural fates, (Chuai et al., 2006; Stavridis 

et al., 2007; Storey et al., 1998; Streit et al., 2000; Wilson et al., 2000) as well 

as neural differentiation in the stem zone/caudal lateral epiblast  (Akai et al., 

2005; Diez del Corral et al., 2003; Olivera-Martinez and Storey, 2007). Further 

evidence for FGF signalling aiding neural induction together with BMP 

antagonism was found in chicken embryos, where grafting of the organizer did 

not result in neural induction when FGF signalling was blocked, either by a 

specific FGF receptor inhibitor or by the use of cells that secreted the 

extracellular domain of the FGF receptor, (Streit et al., 2000). This implies that 

FGF signalling may act before BMP antagonism to induce neural fate. FGF 

signalling was shown to antagonise BMP signalling by leading to the 

inactivating phosphorylation of Smad1, a BMP effector (Pera et al., 2003). 

However, a BMP independent function of FGF during neural induction was also 

suggested. Here it antagonises Wnt signalling, which was shown to block the 

FGF responsiveness in epiblast cells of chicken embryos, allowing BMP 

signalling and thereby epidermal fate (Wilson et al., 2001). Antagonism of Wnt 
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by FGF therefore conveys neural fate (Wilson et al., 2001). In conclusion neural 

induction is greatly influenced by BMP antagonism, but does not solely rely on 

it. It was shown that additional signals are necessary to allow proper induction 

of neural fate. FGF signalling is thought to act prior to BMP antagonism to 

regulate neural induction. 

 

1.1.3  Neurulation 

In a process called neurulation the neural plate is formed into the neural tube 

and will eventually develop into the central nervous system. The thickening of 

the neural plate along the apical-basal axis is the starting point for the 

neuroepithelium. This tissue will then elongate rostrally and caudally while 

simultaneously narrowing. Through lateral elevation, narrowing and bending of 

the neural plate the neural folds are formed which will move medially towards 

the midline and eventually fuse to close the neural tube, starting in regions of 

the future cervical/hindbrain boundary and proceeding anteriorly and posteriorly 

(Figure 1.2). Cellular changes in the neuroectoderm and a pushing force 

generated by neighbouring ectoderm are thought to facilitate the medial 

movement and the subsequent folding and closure of the neural tube (Colas 

and Schoenwolf, 2001; Schoenwolf and Smith, 1990; Shum and Copp, 1996).  

Neurulation is driven by changes in cell shape and cell migration. This process 

has been comprehensively studied in chicken and mouse embryos. 
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Figure 1.2 Neurulation. Neuroectoderm (purple) is derived from the ectoderm and thickens to 

form the neural plate. The neural plate borders are shown in green and are induced by 

signalling of the neuroectoderm as well as the non-neural ectoderm (blue) and the underlying 

mesoderm (yellow). During the process of neurulation the neural plate bends dorsally and the 

neural plate borders elevate (neural folds). When the neural plate borders converge the neural 

tube is formed. This neural tube closure results in the delamination of the neural crest cells 

(green) from the epidermis. (from (Gammill and Bronner-Fraser, 2003)) 
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1.1.4 Progressive generation of neural tissue along the embryonic body 

axis 

The formation of the spinal cord takes place in a rostrocaudal fashion as the 

embryonic body axis elongates. During this body axis elongation progenitors 

from the stem zone/caudal lateral epiblast (SZ/CLE) undergo neural 

differentiation to adopt neural progenitor fate. As describe above the neural 

plate is induced, by signals from the organizer region, to adopt an 

anterior/rostral character (forebrain). To generate caudal regions of the central 

nervous system (mid and hindbrain and spinal cord) the cells need to be 

posteriorised. The spinal cord which is the caudal region of the central nervous 

system emerges from the caudal lateral epiblast, which is adjacent to the 

primitive steak and also called stem zone/caudal lateral epiblast.  

In the mouse embryo, epiblast cells adjacent to the newly formed primitive 

streak, contribute to both mesoderm and neuro-ectoderm. Retrospective 

lineage-tracing analysis in mouse embryos uncovered a common ancestor of 

the spinal cord neural progenitors and the paraxial mesoderm flanking them 

(Tzouanacou et al., 2009). In Chicken and mouse embryos, this cell population 

was found to localise to the posterior of the embryo, in the SZ/CLE (Brown and 

Storey, 2000; Cambray and Wilson, 2007; Olivera-Martinez et al., 2012). This 

cell population then can give rise to mesoderm and the neuro-ectoderm of the 

hindbrain and spinal cord during body axis elongation (Henrique et al., 2015; 

Lawson et al., 1991; Lawson and Pedersen, 1992). The cells can be identified 

by the co-expression of the neural marker Sox2 and the mesodermal markers 

Brachyury (Bra) and Nkx1.2,  the earliest gene known to be expressed in the 

CLE (Cambray and Wilson, 2007; Delfino-Machin et al., 2005; Henrique et al., 

2015; Spann et al., 1994). In vitro it was shown that embryonic stem cell derived 
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NMPs (expressing Sox2 and Bra) can give rise to mesodermal progenitors of 

the paraxial mesoderm as well as neural progenitors of the neural tube (Gouti et 

al., 2014; Tsakiridis and Wilson, 2015; Turner et al., 2014). 

 

  

Figure 1.3 The opposing signalling switch of fibroblast growth factor 8 (FGF8) and 
retinoid acid (RA) along the elongating neural axis. The schematic shows the most caudal 

end of an early mouse embryo (E8.5) with different cell populations and signal localisations. RA 

is produced by Raldh2 in the somites and represses the transcription of Fgf8. FGF8 in turn can 

interfere with RA signalling by repressing the RA producing enzyme (Raldh2) or the RA 

receptor.  S = somites, PS = primitive streak, RA = retinoid acid, RAR = RA receptor, Raldh2 = 

Retinaldehyde dehydrogenase, FGF = fibroblast growth factor; (Patel et al., 2013) 

Spinal cord progenitors can give rise to numerous neuronal cell types, which 

requires the neural progenitors to acquire specific identities first. Positional 

information within the neural tube as well as morphogenic gradients (Sonic 

hedgehog (shh) and Retinoic acid (RA)) from the axial mesoderm (notochord)  

are thought to regulate gene expression of neuronal type defining marker genes 

(neuronal subtype specification will not be discussed in detail in this thesis). The 

positional identity along the anterioposterior axis within the trunk (both neural 

and mesodermal) is regulated by Hox genes. Hox genes encode a transcription 
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factor family with specific expression patterns along the body axis that are 

regulated by primitive streak and paraxial mesoderm signals like wnt, FGF and 

RA signalling (Choe et al., 2006; Dasen et al., 2008; Dasen and Jessell, 2009; 

Ensini et al., 1998; Liu et al., 2001) (the mechanisms by which FGF and RA 

signalling regulate Hox gene expression along the body axis will be detailed in 

1.2.3). 

FGF, RA and Wnt signalling from the paraxial and underlying mesoderm have 

been implicated in acting as caudalising signals to generate neural progenitors 

with posterior fates (Blumberg, 1997; Cox and Hemmati-Brivanlou, 1995; Lamb 

and Harland, 1995; Nordstrom et al., 2002; Wilson et al., 2009). FGF in 

particular was reported to induce the expression of caudal Hox genes in spinal 

cord explants , in the chicken embryo and in mouse embryonic stem cells (Bel-

Vialar et al., 2002; Liu et al., 2001; Mazzoni et al., 2013). 

During body axis elongation neural progenitors in early somite stages 

simultaneously express neural progenitor markers like, Pax6 and Irx3, which 

implies a single mechanism acting on this group of neural progenitor genes to 

regulate their perfectly timed expression onset (Bertrand et al., 2000; Diez del 

Corral et al., 2003; Novitch et al., 2003; Pierani et al., 1999). It was shown that 

the temporally and spatially controlled onset of neural differentiation relies on 

mutually antagonistic action of RA and FGF is vital in mouse and chicken 

embryos (see Chapter 1.2.3) (Diez del Corral et al., 2003; Dubrulle and 

Pourquie, 2004; Olivera-Martinez and Storey, 2007; Zhao and Duester, 2009). 

However, the molecular mechanisms by which the opposing signals of the FGF 

and RA pathway regulate neural differentiation are not yet fully understood. 

There are recent findings that FGF signalling regulates the state of chromatin 
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compaction around neural differentiation genes in order to repress precocious 

gene expression in the SZ/CLE (Patel et al., 2013) (more in Chapter 1.2.3). 

In this thesis the mechanism underlying the FGF regulated chromatin 

compaction of neural differentiation genes will be further analysed. 

 

1.2 Signalling pathways orchestrating neural differentiation in the 

early mouse embryo 

 

1.2.1 Fibroblast growth factor signalling  

Fibroblast growth factor (FGF) signalling is involved in a variety of biological 

processes like cell proliferation, differentiation, neural precursor survival and 

migration. FGF signalling is able to regulate gene expression of master 

transcription factors and is thereby involved in tissue patterning. 

 

FGF ligands, receptors and downstream targets 

FGF ligands 

In general, FGF ligands signal through binding to their membrane bound FGF 

receptor (FGFR) which transduces the signal intracellularly. Ligand-receptor 

binding results in receptor dimerization and autophosphorylation, which will 

subsequently lead to downstream pathway activation.  

There are 22 members in the fgf gene family. They mostly contain a secretion 

signal and are able to act as autocrine or paracrine factors (Itoh and Ornitz, 

2011; Ornitz and Itoh, 2001). Many of the FGF ligands have redundant 
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functions in signalling, since individual knock outs of FGF ligands in mice 

showed no major effect suggesting a functional compensation through family 

members (Itoh and Ornitz, 2011). The only exceptions are fgf4 and fgf8 with 

both their null mutations leading to failure to undergo gastrulation; fgf4-/- mice 

die shortly after implantation (Feldman et al., 1995) whereas fgf8-/- die around 

E9.5 due to failures in mesodermal and endodermal tissue development (Sun et 

al., 1999). In the case of fgf8-/- this seems to be due to cell migratory effects: 

epiblast cells of these embryos were able to enter the streak and go through 

epithelial-mesenchymal transition but were not able to leave the streak (Sun et 

al., 1999).  

FGF2 is probably the most studied amongst the FGF ligands with regard to a 

role in neural precursor proliferation and population expansion. This ligand was 

identified as a mesoderm inducer (Kimelman and Kirschner, 1987; Slack et al., 

1990; Slack et al., 1987). It is well known for its mitogenic abilities and is often 

used in cell culture setups to generate various neural cell types (Qian et al., 

1997), as it promotes the proliferation of stem cells isolated from the adult rat 

brain (Kuhn et al., 1997).  

The FGF ligands fgf3, fgf4, fgf5, fgf8, fgf17 and fgf18 are expressed during body 

axis elongation in the primitive streak, the stem zone and the pre-somitic 

mesoderm (Crossley and Martin, 1995; Hebert et al., 1991; Maruoka et al., 

1998; Niswander and Martin, 1992). Amongst those fgf4 and fgf8 are expressed 

in a spatially and timely regulated fashion consistent with their roles in anterior-

posterior patterning of the neural plate and mesoderm induction in the early 

mouse embryo (Crossley and Martin, 1995; Niswander and Martin, 1992). 
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FGF receptors 

In contrast to the rather big family of FGF ligands, there are only four FGF 

receptors (FGFRs) known in vertebrates. Each receptor contains three 

immunoglobulin-like domains and an acidic box as their extracellular domain 

and a tyrosine kinase domain intracellularly. As an additional level of diversity, 

alternative spliced forms of the FGFRs have been found, with differing 

extracellular domains (Johnson and Williams, 1993) (for basic structure of 

receptor see Figure 1.4). Ligand binding results in autophosphorylation of the 

FGFRs and phosphorylation of downstream targets (Johnson and Williams, 

1993).  

FGFR1 is likely to be involved in early patterning of the central nervous system. 

Fgfr1 knockout mice show effects similar to fgf4-/- and fgf8-/- mice with failure in 

epiblast cell migration as well as an accumulation of cells at the primitive streak 

and embryonic lethality as early as E7.5 (Deng et al., 1994; Yamaguchi et al., 

1994). Furthermore, the expression of a dominant negative form of FGFR1 in 

neural progenitors showed similar results to fgf2 knock out with reduced number 

of neural progenitors due to a decreased proliferation (Shin et al., 2004). 

FGFR3 and FGFR4 on the other hand do not seem to be essential for 

embryonic development, since their knock outs do not result in severe 

embryonic phenotypes in mice (Partanen et al., 1998; Tropepe et al., 1999; 

Weinstein et al., 1998). Moreover, the knock outs of FGFR1 and FGFR3 in 

cultured neural progenitors from E13 mouse embryos showed a decrease in 

proliferation together with an increase in neural differentiation (Maric et al., 

2007). Gain-of-function experiments with the constitutively active FGFR3 

knocked into its endogenous locus showed an increase in neural tissue and 
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cortical thickness, which lead to enlarged brains (Inglis-Broadgate et al., 2005). 

All these studies demonstrate the importance of FGF signalling for the proper 

generation and proliferative maintenance of neural progenitors in the early 

embryo. 

 

Downstream FGF signalling events 

To activate the downstream signalling the FGF ligands bind the extracellular 

domain of their FGFR and form a complex together with heparan sulphate in a 

2:2:2 ratio (Mohammadi et al., 2005) (see Figure 1.4).  

Immediate intracellular downstream targets of FGFRs are pathways like 

phospholipase C-γ (PLC-γ), phosphoinositol-3 kinase (PI3K), Ras-ERK (Martin, 

1998; Tsang and Dawid, 2004) and include effectors like src, STAT, PI3K and 

MAPK (Beenken and Mohammadi, 2009; Mason et al., 2004; Turner and Grose, 

2010). These pathways are most likely differentially activated in response to 

FGF, as seen in various neural cell types.  
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Figure 1.4 FGF receptor structure and dimerisation. The basic structure of FGF receptors 

includes 1 transmembrane domain, 3 Ig-like extracellular domains and the intracellular domain 

with the split tyrosine kinase domain. Ligand binding and complexation with heperan sulfates 

leads to dimerization and autophosphorylation of the intracellular domains of the receptor. This 

activates downstream signalling cascades. (modified from  (Johnson and Williams, 1993)) 

One of the downstream pathways involves the activation of Ras-ERK, to 

mediate the FGF signals. Ras-ERK has also been  implicated in neural 

induction and patterning (Delaune et al., 2005; Stavridis et al., 2007) as well as 

organising cerebellar differentiation (Olsen et al., 2006; Sato et al., 2001; Sato 

and Nakamura, 2004).  To activate ERK1/2 (hereafter ERK) it is phosphorylated 

by the upstream kinases MEK1/2 at threonine and tryrosine residues. When 

ERK is activated it can translocate into the nucleus to phosphorylate nuclear 

targets including transcription factors like Elk1 or NeuroD1 (Gille et al., 1995; 

Khoo et al., 2003; Leevers et al., 1994; Pearson et al., 2001). Recently it has 

been shown that ERK can also phosphorylate the RNA polymerase II (Tee et 

al., 2014). This allows FGF signalling via ERK to regulate gene transcription 

(see Figure 1.5).  
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Figure 1.5 Gene activation downstream of the FGF receptor. Activated FGF receptor 

(FGFR) can activate the Ras-ERK signalling cascade leading to ERK phosphorylation. 

Activated ERK translocates into the nucleus and activates target gene transcription by activating 

specific transcription factors. ERK was also shown to directly bind to target genes as well as 

being able to phosphorylate Polymerase II (Pol II) resulting in a poised state. ERK was 

hypothesised to recruit the polycomb repressive complexes via Jarid2. Activated FGFR can be 

internalised and translocate to the nucleus directly activating gene expression of targets.  

A study in primary neuronal cultures demonstrated that active ERK is involved 

in processes of proliferation and differentiation (Stariha and Kim, 2001).  In 

mouse embryonic stem cells (mESCs) it was shown that FGF induced ERK 

signalling induces differentiation (Kunath et al., 2007; Stavridis et al., 2007). 

Stavridis et al. showed in a series of experiments that FGF signalling indeed 

activates ERK and that the inhibition of either FGF or ERK with specific small 

molecule inhibitors prevented differentiation of mESCs into Sox2 and Pax6 

positive neural progenitors (Stavridis et al., 2007). Since the mESCs in these 

experiments retained the expression of the pluripotency marker nanog while 

inducing the epiblast marker fgf5, FGF/ERK was shown to be required for 

differentiation beyond the epiblast stage (Stavridis et al., 2007). Taken together 

these in vitro studies demonstrate the importance of FGF/ERK signalling in the 
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initiation of differentiation. The conditional depletion of erk2 during neurogenesis 

in the cortex leads to defects in cell proliferation of progenitors (Samuels et al., 

2008). This further indicates the importance of FGF/ERK signalling during 

neural development. 

Besides activating intracellular pathways by receptor binding, the ligand-

receptor complexes can get internalised and translocate into the nucleus, where 

they can directly activate gene expression (Bryant and Stow, 2005; Maher, 

1996; Planque, 2006; Stachowiak et al., 1996; Stachowiak et al., 2007). Some 

FGFs even contain a nuclear translocation signal at their N-terminus and 

therefore do not get secreted in the first place, but rather get directly transported 

into the nucleus (Bugler et al., 1991; Delrieu, 2000; Kosman et al., 2007). These 

findings indicate that FGF signalling might also be able to regulate gene 

expression directly and not just via a downstream signalling cascade.  

 

Regulation of FGF signalling 

FGF signalling can by regulated by a variety of regulators. The sprouty (spry) 

family of receptor tyrosine kinase inhibitors were shown to specifically interfere 

with the Ras-ERK pathway downstream of FGFR signalling (Mason et al., 

2004). Four mammalian spry genes have been identified based on sequence 

similarities with the sole Drosophila spry gene dspry (de Maximy et al., 1999; 

Hacohen et al., 1998). 
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FGF signalling was shown to up-regulate Spry expression in mice, chicken, 

zebrafish and Drosophila (Furthauer et al., 2001; Hacohen et al., 1998; 

Minowada et al., 1999). This fact allows the Spry proteins to negatively 

feedback on growth factor signalling cascades in Drosophila (Hacohen et al., 

1998) and in mice and chicken (Minowada et al., 1999) (see Figure 1.6). 

In the case of FGF8, Ras-ERK signalling was shown to induce sprouty2 (spry2) 

(Suzuki-Hirano et al., 2010; Suzuki-Hirano et al., 2005). Upon activation through 

growth factor stimulation Spry2 translocates to the plasma membrane (Lim et 

al., 2000; Yigzaw et al., 2001) via an unclear mechanism. Nevertheless this 

translocation was shown to be essential in inhibiting growth factor-stimulated 

cell migration, proliferation, and differentiation (Yigzaw et al., 2001). In mice, 

spry2 mis-expression experiments showed a reduction in FGFR signalling (fgf8 

gene dose) leading to a disrupted mid-hindbrain development (Basson et al., 

2008), whereas in zebrafish spry4 was shown to disrupt FGF activity in 

hindbrain patterning (Furthauer et al., 2001). Thus, the spry gene family 

represents an autoregulatory mechanism to restrict FGFR signalling.  

Figure 1.6 Regulation of FGF signalling by the 
spry family of receptor inhibitors. A negative 

feedback loop regulating FGFR signalling is 

formed by FGF/ERK activating spry gene 

expression and the spry protein translocating to 

the plasma membrane where it inhibits the FGF 

tyrosine kinase receptors. 
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Since FGF signalling can activate the ERK pathway regulating ERK 

phosphorylation also presents a way to regulate FGF signalling. The MAPK 

dual specificity phosphatases (MKP/DUSP) are known to target MAPKs like 

ERK. 11 MKP/DUSPs are known in mammals (Alonso et al., 2004). MKP3 was 

shown to be specific for the removal of ERK phosphorylation, blocking ERK 

activity and nuclear localisation (Eblaghie et al., 2003; Keyse, 2000). These 

phosphatases were found to be expressed in regions of FGF signalling in 

mouse and chicken embryos (Dickinson et al., 2002; Eblaghie et al., 2003). 

Overexpression of MKP3 in Xenopus was demonstrated to prevent FGF-

mediated mesoderm induction (Branney et al., 2009). Furthermore, MKP3 

expression was found to be FGF regulated, thereby forming a feedback loop 

(Eblaghie et al., 2003). However, the stability of the MPK3 protein can be 

modified by phosphorylation of two serine residues in the N-terminal domain of 

MKP3 and thereby making it more susceptible to the degradation by the 

proteasome. In vitro (in CCL39 hamster fibroblasts) this phosphorylation was 

shown to take place downstream of FGF/ERK signalling (Marchetti et al., 2005) 

(see Figure 1.7).Together with other FGF signalling inhibitors, like MAPK 

phosphatases or factors that accelerate the turnover of FGFRs, the spry family 

regulates neural differentiation (Furthauer et al., 2002; Tsang and Dawid, 2004).  

Figure 1.7 Regulation of FGFR 
signalling by MKPs. A feedback loop 

is generated by FGFR signalling 

activating MKP expression. MPKs can 

block ERK downstream signalling by 

dephosphorylating ERK resulting in 

reduced target gene activation. 

However activated ERK can 

phosphorylate MKPs which will result 

in their degradation  
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FGF signalling during development 

FGF signalling is essential in the early vertebrate embryo. In Xenopus and 

zebrafish FGF was first shown to be important for the formation of axial and 

paraxial mesoderm (Amaya et al., 1991; Amaya et al., 1993; Griffin et al., 1995). 

Attenuation of FGF signalling with dominant negative receptors in Xenopus 

resulted in the loss of mesodermal tissue in the trunk and tail area (Amaya et 

al., 1991). Furthermore, it was shown in Xenopus that FGF signalling is required 

for mesoderm induction by activing via the MAPK pathway (Cornell and 

Kimelman, 1994; Cornell et al., 1995; LaBonne and Whitman, 1994). 

FGF signalling is vital for the formation of paraxial mesoderm in Xenopus (FGF4 

and FGF8 in particular) (Fletcher et al., 2006; Isaacs et al., 1995; Isaacs et al., 

1992). It was further shown to be essential for early mesodermal marker 

expression , since a disruption of FGF signalling in Xenopus embryos lead to 

expressional loss of mesoderm maker Brachyury (Bra) (Amaya et al., 1993; 

Delaune et al., 2005). Interestingly, in explants Bra can induce mesoderm 

formation, and this mechanism seems to rely on FGF signalling, since 

mesoderm formation is abolished when FGF signalling is attenuated. 

Furthermore, Bra and FGF can induce each other in Xenopus explants, 

suggesting a positive feedback loop between FGF signalling and Bra 

expression (Isaacs et al., 1994; Schulte-Merker and Smith, 1995). The 

expression of a dominant negative FGFR was shown to enhance the reduction 

of Bra expression during gastrulation (Isaacs et al., 1994; Kroll and Amaya, 

1996; Schulte-Merker and Smith, 1995). These studies imply a mesodermal 

induction and maintenance function for FGF signalling. The expression of the 

marker gene Nkx1.2 was also shown to be FGF signalling dependent (Schubert 
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et al., 1995; Spann et al., 1994). Nkx1.2 is expressed in the stem zone/caudal 

lateral epiblast (SZ/CLE) and is one of the earliest markers for this region in 

both chicken and mouse embryos (Schubert et al., 1995; Spann et al., 1994). 

FGF/ERK signalling was shown to maintain the Nkx1.2 expression in the 

SZ/CLE but is not sufficient to induce the expression of the gene (Delfino-

Machin et al., 2005; Diez del Corral et al., 2002). Furthermore, Nkx1.2 was 

shown to induce fgf8 transcription (Sasai et al., 2014), forming a feedback loop. 

Interestingly, the early neural progenitor gene Pax6 is precociously expressed 

when Nkx1.2 is inhibited (Sasai et al., 2014). This further demonstrates that by 

the regulation of important transcription factors such as Nkx1.2 FGF signalling 

represses neural differentiation onset. 

FGF8, as a ligand, has been shown to be important for the proper proliferation 

and survival of cortical neural progenitors, since mice with low levels of FGF8 

exhibited a reduced cortex size (Storm et al., 2006). On the other hand, when 

fgf8 was overexpressed an increase in cortex size was observed in chicken 

(Crossley et al., 1996) and in mouse (Fukuchi-Shimogori and Grove, 2001). In 

vitro a positive effect of FGF8 on the mitotic index of cortical progenitors was 

reported (Borello et al., 2008), which could explain the increase in cortex size in 

the aforementioned experiments. FGF8 was also shown to control apoptosis of 

neural progenitors in the forebrain in a dosage-dependent manner (Storm et al., 

2003), this could also contribute to the effects observed when fgf8 expression is 

attenuated. Thus, FGF8 regulates the growth of midbrain and anterior forebrain.  

FGF8, which is implicated in the initiation of neural differentiation, signals 

through FGFR1, which is the only FGFR expressed in the stem zone of the 

mouse embryo (Yamaguchi et al., 1992). In fact, it is first expressed in the 
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primitive ectoderm, later in the primitive streak proximal mesoderm and 

eventually in neuroectoderm as well as in the pre-somitic mesoderm (Orr-

Urtreger et al., 1991; Yamaguchi et al., 1992). This expression pattern is 

consistent with the reported role of FGFR signalling in neural and mesodermal 

induction during early embryonic development. Furthermore, embryos of fgfr1 

chimeric mice were shown to form secondary neural tubes ectopically (Ciruna et 

al., 1997) demonstrating the importance of FGF signalling through FGFR1 in 

properly assigning neural fate. 

In chicken and frog, overexpression of fgfs 2, 4 and 8 induce the expression of 

posterior neural genes (Fletcher et al., 2006; Lamb and Harland, 1995) further 

demonstrating that FGF signalling is involved in neural patterning. The 

exposure of chicken embryos to FGF showed an inhibition of Pax6 expression 

(early neural progenitor marker), whereas the attenuation of FGF signalling with 

a small molecule inhibitor lead to a precocious onset of Pax6 expression in the 

neural tube (Bertrand et al., 2000). This demonstrates that FGF signalling is 

involved in the regulation of neural differentiation at different levels, through 

both repression of neural progenitor genes and induction of posterior neural 

identity. 

Experiments where beads were grafted in caudal neural plates to ectopically 

present FGF4 or FGF8 led to an expansion of wnt8c expression into the neural 

tube. Inhibition of FGFR signalling on the other hand reduced the wnt8c 

expression domain (Olivera-Martinez and Storey, 2007). These experiments 

showed that FGFR signalling is required for wnt8c expression in this area. 

However, in this study Wnt signalling was found to be less efficient in blocking 

neuronal differentiation (indicated by NeuroM and Neurogenin1 expression) 
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than FGF signalling (Olivera-Martinez and Storey, 2007). Interestingly, knock 

outs of Wnt pathway components showed similar phenotypes to FGF mutants; 

wnt3-/- mice fail to form mesoderm and instead form ectopic neural tissue and 

lack the expression of key genes like Bra and nodal (Liu et al., 1999; Takada et 

al., 1994). Furthermore, wnt3a signalling it was found to promote FGFR 

signalling in the primitive streak (Ciruna and Rossant, 2001) and indeed is 

required for fgf8 expression (Aulehla et al., 2003) . Taken together these 

findings show that there is a regulatory relationship between FGF and Wnt 

signalling that is vital for target gene regulation and mesoderm induction as well 

as maintenance of neural progenitors. 

 

1.2.2 Retinoic acid signalling 

Retinoid acid (RA) signalling is able to regulate a variety of biological processes 

like cell proliferation and differentiation during embryonic development. One 

way in which RA controls gene expression is by regulation of master 

transcription factors responsible for patterning in a tissue specific manner.  

 

RA generation, receptors and signal transduction 

Initially, RA is produced in the rostral most pre-somitic mesoderm and later in 

the somites of the developing embryo. The retinoid dehydrogenase 2 (Raldh2)  

responsible for production of the vitamin A metabolite RA  is one of the earliest 

raldh genes expressed in the vertebrate embryo. Raldh2 is expressed in the 

primitive streak, mesoderm and later in the somites, as well as in the forebrain 

and posterior heart tube (Niederreither et al., 1997). Interestingly, even though 
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high levels of retinoids can be detected in the neural tube of the early mouse 

embryo (Horton and Maden, 1995), raldh2 is not expressed there (Mic et al., 

2002; Niederreither et al., 2002b). The border of RA signalling is detected at the 

level of the last formed somites with a retinoid gradient characterized by high 

levels of raldh2 expression in the somites and low levels of raldh2 expression in 

the pre-somitic mesoderm (Niederreither et al., 1997; Rossant et al., 1991). 

Like FGF, RA signals are transduced through receptor-binding; these receptors 

either belong to the RAR or RXR family, containing 3 isoforms each. However, 

in contrast to the FGF receptors RA receptors are found intracellularly and not 

at the cell membrane. Therefore RA needs to diffuse through the cell to bind to 

its receptors. For proper function the receptors form homo- or heterodimers, 

which then act as ligand modulated transcription factors, activating the 

expression of target genes by binding to RA response element (RAREs) located 

in their proximal promoter regions (Chambon, 1996; Mangelsdorf et al., 1991; 

Mark et al., 2009). Nevertheless, a few reports show that RAR/RXRs are also 

able to silence gene expression as they have the ability to bind RAREs in the 

absence of RA and recruit transcriptional repressors leading to silencing.  

Figure 1.8 Target gene activation through 
RA signalling. Intracellular retinoic acid (RA) 

binds to homo- or heterodimers of RA 

receptors (RARs or RXRs). This ligand-

receptor complex translocates into the nucleus 

and bind RA response elements of target 

genes leading to target gene transcription 
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 Knock outs for the RAR receptors (RARα, RARß and RARγ null mice) were 

shown to survive through embryonic development but are born with effects 

similar to vitamin A deficiency. These defects are restricted to certain tissues in 

which each of the receptors is expressed (Grondona et al., 1996; Lohnes et al., 

1994; Luo et al., 1996; Mendelsohn et al., 1994). RXRß and RXRγ null mice are 

viable with no observed abnormalities (Kastner et al., 1996; Krezel et al., 1996). 

However, RXRα knock outs die in utero with severe vitamin A deficiency 

symptoms (Kastner et al., 1994; Sucov et al., 1994). A series of double 

knockouts were performed and RARa/b, RARa/g, and RARb/g mutants were 

shown to die in utero or at birth (Ghyselinck et al., 1997; Matt et al., 2008). 

These knock-out studies indicate a functional redundancy of RAR/RXR 

complexes, as more than one receptor had to be knocked out to result in 

developmental abnormalities. 

 

Regulation of RA signalling: a balance between synthesis and 

degradation 

RA plays a vital role during embryonic development in a number of different 

tissues. Interestingly, since RA is produced from a vitamin A metabolite (retinol), 

its production depends on both the right enzyme being generates in a cell and 

the appropriate diet to provide the metabolite (Horton and Maden, 1995). In 

mammals retinol is bound to the retinol binding protein RBP4, this is then taken 

up into target cells, the uptake can be aided by STRA6 (stimulated by retinoic 

acid 6), a membrane receptor allowing RA uptake (Kawaguchi et al., 2007). 

Retinol is then oxidized to retinaldehyde by an alcohol dehydrogenase (ADH), 

before it is further further oxidized by the enzyme family RALDH to generate RA 
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(see Figure 1.9). There are 3 RALDH enzymes with specific expression 

patterns. As mentioned before Raldh2 is the earliest expressed raldh 

(Niederreither et al., 1997).  

 

Figure 1.9 Generation of retinoic acid from retinol. Retinol is bound to RBP (retinol-binding 

protein). This complex is taken up through STRA6 (a membrane receptor stimulated by RA). In 

the cell retinol is oxidised to retinaldehyde (Ral) by retinol dehydrogenases (RDH). Ral is further 

metabolised by retinaldehyde dehydrogenases (Raldhs) to retinoic acid (RA). The generated 

RA can act on target genes in the RA producing cell or can be realeased to act paracrine. 

(modified from (Maden, 2007)). 

When raldh2 is knock out, heart defects and further abnormalities prevent 

embryos from going through gestation (Niederreither et al., 1999). Until 

embryonic stage E8.5 Raldh2 is the sole source of  RA in the embryos, as 

raldh1 and raldh3 are expressed only after that stage when they too contribute 

to the RA produced in the embryo (Niederreither et al., 2002a).  

Since RA levels in the embryo need to be tightly controlled to prevent improper 

signalling in specific cell types, the system cannot just rely on the producing 

enzymes. The regulation of RA degrading enzymes presents a further level of 

control. CYP26A1, CYP26B1 and CYP26C1 are members of the cytochrome 
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P450 26 subfamily. They are known to convert RA into 4-hydroxy-RA a less 

active from of RA (Sakai et al., 2001).  

The expression profile of the RA degrading enzymes was found to be 

complementary to the raldh expression patterns (Swindell et al., 1999). 

Cyp26a1 was found to be expressed in the tail bud of the mouse embryo 

(starting E8.0) (MacLean et al., 2001). When knocked out in mice, embryos 

were found to show caudal shortening, spina bifida, and patterning defects of 

the hindbrain. These embryos die before birth (Abu-Abed et al., 2001; Sakai et 

al., 2001). 

Interestingly it was shown in vivo and in cell culture that exposure to RA 

increases the expression of Cyp26a1, which is most likely facilitated through 

one of the 2 RAREs within the Cyp26a1 gene (Loudig et al., 2005). This 

represents a negative feedback loop by which RA can regulate its own levels. 

Taken together the data reviewed here shows how RA production is regulated 

by the synthesising and degrading enzymes to guarantee proper signalling 

throughout the tissue. 

 

RA and its role during neural development 

RA signalling was found to be crucial for the establishment of the anterior-

posterior body axis patterning by regulating Hox gene expression (see Chapter 

1.2.3) (Ensini et al., 1998; Gould et al., 1998; Huang et al., 1998; Liu et al., 

2001; Moreno et al., 2008; Niederreither et al., 1999; Niederreither et al., 2002b; 

Oosterveen et al., 2003). RA is pivotal for the proper establishment of six 
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specific neuronal progenitor domains along the dorsal-ventral axis, however, the 

process of dorsoventral neural tube patterning will not be discussed here.  

Vitamin A deficient quails were found to lack neural patterning as well as the 

expression of key neural progenitor genes like Pax6 or Irx3 (Diez del Corral et 

al., 2003). These genes were also not detected in neural tubes of raldh2-/- mice 

(Molotkova et al., 2005). These experiments show that RA signalling is involved 

in the regulation of neural progenitor gene expression during neural 

differentiation. 

The blocking of RAR/RXR activity was shown to result in loss of early neuronal 

marker expression (NeuroM) in caudal neural plate explants (Novitch et al., 

2003). The same was shown in vitamin A deficient quails (Diez del Corral et al., 

2002). Therefore, RA signalling is required for the induction of neuronal 

differentiation in the newly formed neural tube. In in vitro systems, it can even 

promote ESCs differentiation into neural tissue under certain culturing 

conditions (Bibel et al., 2004; Fletcher et al., 2006; Okada et al., 2004; Peljto et 

al., 2010; Soprano et al., 2007). Furthermore, RA signalling deficient embryos 

showed a severely shortened posterior region and a reduced number of 

neurons as well as smaller somites (Cunningham et al., 2015; Diez del Corral et 

al., 2003; Vermot et al., 2005). Similar effect were observed when the RA 

synthesis inhibitor disulphiram was used on caudal neural plate explants, here 

again the number of neurons was drastically reduced (Maden et al., 1996; 

Molotkova et al., 2005; Niederreither et al., 1999). In conclusion these 

experiments show, that RA signalling is required for proper neuronal patterning 

in vivo and in vitro.  
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When FGF downstream effector expression was analysed in embryos of vitamin 

A deficient quail, a transcriptional upregulation was detected (spry2)  as well as 

an anterior expansion of the expressing domain (Diez del Corral et al., 2003). 

Furthermore, an anterior expansion of the fgf8 expression domain was 

observed in raldh2 -/- embryos as well as in vitamin A deficient quail embryos 

(Diez del Corral et al., 2003; Molotkova et al., 2005; Sirbu and Duester, 2006). 

These findings suggested that RA signalling represses FGF signalling during 

body axis elongation. Interestingly, a RARE upstream of the fgf8 gene was 

found, which allows for direct regulation of fgf8 expression by RA signalling 

(Kumar and Duester, 2014). So the effects observed in RA signalling deficient 

embryos might be a result of increased ectopic fgf8 expression.  

Taken together this demonstrates that RA signalling has two important roles. It 

directs neural tube patterning directly and is responsible for restricting FGF 

signalling in the posterior of the developing embryo.  

 

1.2.3 Mutual inhibition of Fibroblast growth factor signalling and 

retinoic acid signalling controls timing of neural differentiation 

onset in the elongating body axis 

During body axis elongation the onset of neural differentiation gene expression 

is temporally and spatially regulated. Signals from pre-somitic mesoderm were 

shown to repress the expression of neural markers like Pax6. For example in 

chicken embryos, removal of the pre-somitic mesoderm induced a precocious 

expression of Pax6 (Bertrand et al., 2000). In the same study FGF signalling, 

produced in the pre-somitic mesoderm, was identified to be responsible for the 

repression of Pax6. Furthermore the repression of neuronal markers like 
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NeuroM was also attributed to FGF signalling, thereby showing that FGF 

signalling restricts differentiation in the caudal most neural progenitors (Diez del 

Corral et al., 2002; Diez del Corral et al., 2003). The attenuation of FGF 

signalling, on the other hand, with a specific small molecule inhibitor (MEK 

inhibitor) (Diez del Corral et al., 2003) or through the expression of a dominant 

negative FGFR1 (Bertrand et al., 2000) was shown to elicit the precocious 

transcription of Pax6 and Irx3 in the chicken embryo, showing that FGF 

signalling is actively repressing these neural progenitor genes. However, the 

decline of FGF signalling along the body axis is not solely responsible for the 

onset of Pax6 and Irx3 expression. It was shown, that when newly formed 

somites are removed or the cell-cell-communication between neural tube and 

somites is blocked the expression of these two markers declines (Bertrand et 

al., 2000; Diez del Corral et al., 2002). Furthermore, experiments in which the 

last formed somite of a donor was grafted under a host neural plate in place of 

mesoderm demonstrated that ectopic expression of Pax6 can be elicited locally 

(Pituello et al., 1999). The experiments suggest that additional signals from the 

more mature mesoderm are required for the active expression of the genes. 

The signal derived from the somitic mesoderm that is responsible for the 

induction of neural progenitor marker expression is RA signalling (Maden et al., 

1998; Molotkova et al., 2005). Taken together, the expression onset of the 

neural progenitor genes Pax6 and Irx3 rely on a signalling switch from FGF 

signalling in the SZ/CLE to RA signalling emanating from the somites. 

A regulatory relationship between RA and FGFR signalling has been shown 

along the embryonic body axis in chicken and mouse, where it was found that 

RA promotes differentiation through the repression of fgf8 expression by 

blocking fgf8 transcription or accelerating the turnover of the transcript (see 
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Figure 1.3) (Diez del Corral et al., 2003; Dubrulle and Pourquie, 2004; Kumar 

and Duester, 2014; Sirbu and Duester, 2006; Wilson et al., 2009; Zhao et al., 

2009). As described above, in vitamin A deficient quail embryos, where RA 

signalling is lost, or in raldh2 mutant mouse embryos, an increase in fgf8 

expression in the caudal end of the embryos was shown, which resulted in 

defects like shortening of the body axis and a left-right asymmetry of the 

somites (Diez del Corral et al., 2003; Kumar and Duester, 2014; Vermot et al., 

2005). Furthermore an anterior expansion of fgf8 expression into the posterior 

neuro-ectoderm was observed in raldh2 mutant embryos (Sirbu and Duester, 

2006). The caudally derived FGFR signalling on the other hand leads to 

suppression of Raldh2 and RAR-ß in the paraxial mesoderm (see Figure 1.3) 

(Diez del Corral et al., 2003; Olivera-Martinez and Storey, 2007).  This suggests 

that the decline in FGF8 signalling during body axis elongation allows for the 

onset of raldh2 expression and thereby RA production, which in turn 

accelerates the downregulation of FGFR signalling. This mutual inhibition switch 

between FGF and RA signalling is vital for the controlled onset of neural 

differentiation gene expression like  Pax6 and Irx3 (Bertrand et al., 2000; Diez 

del Corral et al., 2003; Diez del Corral and Storey, 2004; Kumar and Duester, 

2014; Sirbu and Duester, 2006; Sirbu et al., 2008; Zhao et al., 2009). 

This relationship was further substantiated by in situ studies, in raldh2-/- mouse 

embryos that showed an increase in the fgf8 transcripts in their anterior domain 

(Molotkova et al., 2007). In a conditional fgfr1 knock out a downregulation of 

cyp26a was observed (Wahl et al., 2007), which leads to an excess of RA in the 

embryo. Downregulation of fgf8 and wnt3a expression is also observed in 

absence of cyp26a (Abu-Abed, 2003). A double knock out of Cyp26A1 and the 

RARγ rescues this transcriptional downregulation of FGF8 and Wnt3a (Abu-
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Abed, 2003).This suggests that FGF signalling can regulate the expression of 

the RA degrading enzyme and thereby oppose the RA signal.  

Through the regulation of Hox gene expression, which controls anterior-

posterior patterning along the body axis in vertebrates, both RA and FGFR 

signalling facilitate proper neural and mesodermal patterning (in the following 

the focus will be on hox gene involvement in neural patterning). Generally, Hox 

genes are organised in 4 gene clusters on 4 chromosomes (Hoxa-Hoxd) with 

the position of each gene in the cluster reflecting its relative expression domain 

along the embryonic body axis; 3’ genes being expressed in the rostral central 

nervous system and 5’ genes being expressed later and more caudally (Choe et 

al., 2006; Dasen et al., 2008; Dasen and Jessell, 2009; Deschamps et al., 1999; 

Duboule and Dolle, 1989; Ensini et al., 1998; Giampaolo et al., 1989; Graham et 

al., 1989; Levine and Harding, 1987; Lewis, 1978; Liu et al., 2001). Interestingly, 

many Hox genes contain RA response elements (RAREs) (Gould et al., 1998; 

Huang et al., 1998; Mainguy et al., 2003; Oosterveen et al., 2003) thereby 

allowing direct regulation of these transcription factors by RA signalling. The 

expression of HoxA1 was found to be reduced in raldh2-/- mice (Niederreither et 

al., 1999), suggesting RA signalling is indeed required for the expression of this 

gene along the anterior-posterior axis. The expression of further 3’ Hox genes 

was shown be dependent on RA signalling (HoxB4 in the hindbrain, Hoxc5 in 

cervical spinal cord) (Ensini et al., 1998; Gould et al., 1998; Liu et al., 2001). 

Besides RA signalling, FGFR signalling was also shown to regulate Hox gene 

expression. Indeed, FGFR signalling was found to activate the expression of 

more caudal 5’ Hox genes of the Hox6-9 paralogs in chicken (HH7-15) (Bel-

Vialar et al., 2002; Liu et al., 2001; Peljto et al., 2010) thereby controlling motor 

neuron identity. Other Hox genes like Hoxb8 were shown to be induced by both 
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FGF and RA signalling (Muhr et al., 1999). Interestingly, Wnt and FGFR 

signalling together were shown to induce the expression of the transcription 

factor Cdx2 (caudal type homeobox protein), a possible regulatory link between 

FGFR signalling and caudal motor neuronal identities in chicken (HH7-15), 

mouse (E8.5) and  zebrafish (during formation of posterior hindbrain) (Bel-Vialar 

et al., 2002; Chawengsaksophak et al., 2004; Shimizu et al., 2006). It was found 

that RAR and Cdx2 bind specific Hox domains in response to RA, Wnt and 

FGFR signalling in an in vitro differentiation system of spinal motor neuron 

development. This was accompanied by the loss of the repressive histone 

modification H3K27me3 in a salutatory fashion allowing for both repressed and 

activated Hox genes within one cluster (Mazzoni et al., 2013). During body axis 

elongation 5’ Hox genes are progressively expressed in mesodermal and neural 

tissue. The expression of Hoxc6-c10 is induced by FGF signalling, and it was 

shown that increasing FGF concentrations leads to the progressive expression 

of more 5’ Hox genes in chicken embryo (HH16-20) spinal cord somite level 17 

to 23 (Liu et al., 2001). Furthermore, when the chicken embryo is exposed to 

ectopic FGF, by the addition of FGF2 or FGF4 to embryo culture or by in ovo 

electroporation to over-express the Xenopus homologue of FGF4 in the neural 

tube, an expansion in the 5’ Hox genes expressing domain in the neural tube 

was observed (Bel-Vialar et al., 2002). These findings suggested that the 

progressive expression of 5’ Hox genes is dependent on the FGF signal 

gradient as the body axis elongates. Since RA signalling was shown to inhibit 

FGF signalling, it can indirectly influence the expression of FGF regulated 5’ 

Hox genes. So it is not surprising that RA was found to repress 5’ Hox gene 

expression in preneural tube explants (a transition zone between SZ/CLE and 

neural tube) (Liu et al., 2001). Taken together the data reviewed here shows 
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that FGF and RA signalling act in concert to regulate Hox gene expression 

along the elongating embryonic body axis. Cells in the SZ/CLE experience high 

levels of FGF signalling, which inhibits RA signalling (e.g by repressing the 

expression of the synthesising enzyme and promoting expression of the 

degrading enzyme), allowing the expression of 5’ Hox genes in this cell 

population. As cells move on to become neural and further neuronal progenitors 

they experience more RA signalling, which acts to repress the 5’Hox genes in 

the rostral neural tube and allows for the expression of more 3’ Hox genes. 

To summarize, the perfectly timed expression onset of the neural progenitor 

markers Pax6 and Irx3 as well as the anterior-posterior patterning activities of 

the transcription factors encodes by the Hox gene family, rely on a signalling 

switch between FGF signalling from the SZ/CLE and RA signalling from the pre-

somitic mesoderm. As described above, FGFR signalling is important for 

maintaining the cells in the SZ/CLE of the developing mouse embryo in a 

proliferative and undifferentiated state, whereas RA signalling was shown to be 

a driving force for neural differentiation and neural tube patterning to form the 

posterior central nervous system.  

During neural differentiation in the early mouse embryo, it was found that the 

expression pattern of the neural progenitor gene Pax6 correlated with the state 

of chromatin compaction around the locus as measured by FISH (Patel et al., 

2013). Pax6 positive neural progenitors are generated from a progenitor pool 

(the NMPs) in the SZ/CLE during body axis elongation in the mouse embryo. In 

the SZ/CLE-progenitor cells the Pax6 locus was found to be compact and the 

gene is not expressed, whereas in the neural tube the locus is open and the 

gene is transcribed (Patel et al., 2013).  
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As described above the opposing signals FGF and RA mutually inhibit each 

other to regulate the perfectly timed onset of neural differentiation. This fact 

prompted the question as to which signalling pathway is involved in regulating 

the state of chromatin compaction around the Pax6 locus. FGF signalling has 

been shown to repress the expression of Pax6, whereas RA signalling was 

shown to elicit the expression of the gene (Bertrand et al., 2000; Diez del Corral 

et al., 2002; Diez del Corral et al., 2003; Maden et al., 1998; Molotkova et al., 

2005; Pituello et al., 1999). Therefore, both signalling pathways were good 

candidates in regulating the chromatin organisation around the Pax6 locus and 

were investigated. The attenuation of FGF signalling in an E8.5 mouse embryo 

for seven hours lead to a decompaction of the Pax6 locus in the SZ/CLE but did 

not result in transcription from the locus. Furthermore, in raldh2 mutant 

embryos, which are deficient in RA production, the Pax6 locus remained in a 

compact state even in the neural tube. Consistent with that finding, there was 

no transcription observed from the locus in the raldh2 mutant background. The 

inhibition of FGF signalling on top of the raldh2 mutant background resulted in a 

decompaction of the locus but did not elicit transcription of Pax6 (Patel et al., 

2013). This series of experiments showed that FGF signalling is upstream of a 

chromatin compaction mechanism in SZ/CLE cells, maintaining the Pax6 locus 

in a compact and therefore inaccessible state for the transcription machinery. 

However, the molecular mechanism underlying FGF regulation of chromatin 

compaction of the Pax6 locus has not been investigated to date. 
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1.3 Embryonic stem cells – a tractable system to recapitulate neural 

differentiation 

 

Embryonic stem cells (ESCs) derived from the inner cell mass of the blastocyst 

are characterised by their pluripotency, the ability to differentiate into all 

embryonic tissues (Itoh and Ornitz, 2011) as well as the capacity to self-renew. 

During early mouse development, cells of the postimplantation epiblast either 

become anterior neuroectoderm, later giving rise to the anterior nervous 

system, or the primitive streak, located more posteriorly, which will give rise to 

mesoderm and endoderm (Arnold and Robertson, 2009; Rossant and Tam, 

2009). In vitro generation of various cell types from mouse and human ESCs 

have been used to uncover the minimal requirements for these differentiation 

processes, including extrinsic signals and the regulatory mechanisms involved. 

Important molecular insights into the neural differentiation process in the early 

mouse embryo can be gained from the in vitro generation of neural progenitors 

(NPs). 

A number of different approaches have been used to derive neural progenitors 

from both mouse and human ESCs as well as induced pluripotent cells (iPSCs). 

Generally, the employed methods aim to recapitulate the embryonic neural 

development process producing various regionally specified neuronal subtypes, 

as well as glia cells. This was accomplished by culturing mouse ESCs in serum 

free culture medium allowing for the formation of embryoid bodies in which 

neural differentiation spontaneously occurred (Bain et al., 1995; Sun et al., 

1999; Yamaguchi et al., 1994; Yao et al., 1995). The same was observed for 

human ESCs when cultured in chemically defined medium to generate EBs, 
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these were found to express neuroectodermal markers like Sox2 and Pax6, 

mesodermal markers on the other hand were only found to be transiently 

expressed and endodermal markers were never detected (Pankratz et al., 2007; 

Vallier et al., 2004; Zhang et al., 2001). These studies show that the generation 

of NPs from mouse or human ESCs can be accomplished in serum free 

medium without the addition of small molecules to drive differentiation. 

However, these culture methods do not yield pure NP populations. 

It was furthermore uncovered, by research on dissociated Xenopus ectoderm, 

that the addition of BMP/TGFß inhibitors aided the generation of neural tissue 

(Itsykson et al., 2005). Even though hESCs just like mESCs seem to have the 

tendency to differentiate into neural progenitors without any extrinsic factors, in 

human iPS cells noggin and the SB431542 compound (a TGFß inhibitor) were 

shown to facilitate higher efficiency of the neural differentiation (Chambers et 

al., 2009; Hu et al., 2010). Other studies suggested the use of Dorsomorphin, 

which like noggin, is able to block signalling through BMP (Noisa et al., 2015; 

Zhou et al., 2010). In human ESCs and iPSCs this compound was found to 

facilitate neural conversion by suppressing endoderm, mesoderm and 

trophoectoderm differentiation with a similar efficiency to the dual inhibition with 

noggin and SB431542 in yielding Pax6 positive cells (both mRNA level and 

protein level) (Zhou et al., 2010). Dorsomorphin treatment followed by basic 

FGF (bFGF) was found to aid the generation of NPs with bipolar characteristics, 

as these cells exhibited both dentritic and axonal processes emerging from their 

soma. These NPs were multipotent and gave rise to various neuronal subtypes 

and glia cells (Noisa et al., 2015). Taken together these studies suggest that 

BMP inhibition with molecules like Noggin or Dorsomorphin or a dual inhibition 

with Noggin and SB431542 aid neural differentiation from ES cells in vitro. 
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FGF/ERK signalling was found to be required for neural specification of mESCs, 

since the inhibition of the signalling pathway resulted in a reduction of Sox1-

GFP (neural lineage marker) expressing cells (Stavridis et al., 2007). FGF4-/- 

mESCs were found to be deficient in neural induction, as they were unable to 

upregulate Sox1 or Nestin. However, the addition of FGF4 in the medium 

restored their ability to express neural markers (Kunath et al., 2007). Those 

cells also showed a reduction in ERK phosphorylation (Kunath et al., 2007). 

Differentiation experiments on ERK2 null mESCs showed that these cells were 

unable to upregulate the mesodermal marker Bra, but instead maintained the 

expression of the pluripotency markers Oct4 and nanog (Kunath et al., 2007). In 

chicken embryos, the inhibition of ERK activation due to overexpression of 

MKP3, an ERK specific phosphatase, showed similar effects on neural lineage 

specification, with a downregulation of the preneural marker Sox3 (Stavridis et 

al., 2007). This phosphatase is part of a negative feedback loop activated 

by FGF/ERK signalling, as an auto-regulatory mechanism (Ekerot et al., 

2008). Taken these findings together this implies that ERK signalling is required 

for neural specification in mESCs as well as in the developing chicken 

embryo. In the Xenopus embryo ERK was found to be able to inhibit BMP 

signalling (Pera et al., 2003). In addition FGFR signalling can also repress BMP 

signalling, BMP4 and BMP7 in particular (Wilson et al., 2000). So the fact that 

FGF/ERK signalling is necessary for neural specification might be at least 

partially due to BMP inhibition. However, it was found that an additional 

treatment with BMP inhibitors, like noggin, cannot rescue the FGFR inhibition 

mediated effects on neural specification of ESC (Stavridis et al., 2007; Ying et 

al., 2003). Therefore, reduced neuronal specification following FGFR inhibition 

is not entirely a result of BMP derepression. This implies that the role of 
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FGF/ERK signalling in neural specification is at least partially independent of 

the BMP inhibition mechanism (Stavridis et al., 2007). These studies 

demonstrate the requirement of FGF/ERK signalling for early neural lineage 

commitment and further show that FGF/ERK signalling acts at least partially 

independent of its BMP repressing function to do so. 

An additional treatment of the EBs with RA was found to caudalise the 

generated NPs (from forebrain to midbrain character), resulting in a high 

number of post mitotic neurons (Sox1+, NeuroM+ and TujI+) (Fletcher et al., 

2006). The co-culture of mESCs with stromal cells like PA6 was shown to 

induce differentiation into neural cells of midbrain character yielding a relatively 

homogenous population (90%). In this system again BMP inhibited neural 

differentiation (Martin, 1998). Culturing of mESCs as monolayers in serum and 

feeder-free medium was also reported to generate NPs. Just like in the EB 

differentiation protocols, no extrinsic signals were necessary (Beenken and 

Mohammadi, 2009; Mason et al., 2004; Tsang and Dawid, 2004; Ying et al., 

2003). However, the absence of BMP led to purer NP cultures (Pera et al., 

2004). These examples show that the generation of neural progenitors from 

mESCs, hESCs and iPSCs generally yields NPs with brain character. Additional 

treatment with BMP inhibitors improves the generation of a purer NP population 

in all of the techniques mentioned. 

The aforementioned methods of generating neural progenitors from mouse and 

human pluripotent cells typically displayed forebrain markers and could be 

persuaded by the addition of various small molecules for example RA to 

express markers of more caudal brain regions, thereby revealing the patterning 

of the early brain neuroepithelia and even generation of motor neurons. FGF 
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and Wnt signalling can similarly be used to caudalise (Chambers et al., 2009; 

Lupo et al., 2013) the generated NPs but nevertheless none of these factors 

yielded any NPs with the most posterior neural tube characteristics. 

 

1.3.1 Generation of neural mesodermal progenitors from embryonic 

stem cells to facilitate differentiation into posterior spinal cord 

neural progenitors 

Observations in chick and mouse embryos revealed that spinal cord neurons 

differentiate from a progenitor population different from the cells found in the 

anterior neural plate. Lineage tracing experiments in early mouse embryos, 

using a single cell in utero labelling technique that utilises the spontaneous 

conversion of the inactive laacZ gene into the active lacZ reporter gene, 

revealed a common ancestry between spinal cord neural progenitors and the 

flanking paraxial mesoderm (Tzouanacou et al., 2009). Further fate-mapping in 

mouse and chicken embryos discovered that they reside posteriorly in the stem 

zone/caudal lateral epiblast and node-streak border of the developing embryo 

(Brown and Storey, 2000; Cambray and Wilson, 2007; Olivera-Martinez et al., 

2012). Cells in this region were termed neuromesodermal progenitors and have 

been proposed to be bipotent, as they are thought to be able to give rise to both 

the neuroectoderm of the neural tube and the paraxial mesoderm flanking the 

neural tube (Brown and Storey, 2000; Cambray and Wilson, 2002; Tzouanacou 

et al., 2009). They co-express Sox2, Bra and Nkx1.2, (Cambray and Wilson, 

2007; Delfino-Machin et al., 2005; Olivera-Martinez et al., 2012; Storey et al., 

1998) which is a transcriptional profile now used to characterise NMPs in vitro. 

However, it is unclear whether a single cell of this population can actually give 
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rise to both cell types or whether depending on the positional information it 

receives it will only give rise to one particular cell type. The best evidence for 

the common ancestry of neural and mesodermal progenitors in the caudal end 

of the mouse embryo is the clonal analysis performed by Tzouanacou et al. 

(Tzouanacou et al., 2009). Unfortunately, there is no information about what 

markers (e.g. Sox2 and Bra or just one or the other) are expressed in the 

originally labelled cell. 

During embryonic development the region where NMPs reside is exposed to 

high levels of FGF and Wnt signalling (Streit et al., 2000; Wilson et al., 2000; 

Yamaguchi et al., 1999). Recently, it was shown that it is possible to generate 

NMPs in vitro by activating Wnt signalling with the help of the Wnt agonist 

CHIRON 99021 (hereafter CHIR) (Denham et al., 2015; Gouti et al., 2014; 

Lippmann et al., 2015; Tsakiridis et al., 2014; Turner et al., 2014) a GSK3ß 

inhibitor (Ring et al., 2003). First reports were based on mouse EpiSCs 

differentiating into Sox2 and Bra co-expressing cells after only 48 h of exposure 

to CHIR (Tsakiridis et al., 2014). However, this population was not pure (30% 

NMPs) as it also contained a large number of mesodermal progenitors 

(Tsakiridis et al., 2014). A subsequent study used a protocol based on the 

generation of NPs with hindbrain character from mESCs in a “Wnt-less” 

environment and found that the addition of CHIR for only one day generated an 

intermediary cell population that allowed for differentiation into posterior NPs 

(Gouti et al., 2014). Co-culturing with FGF and CHIR generally yielded a higher 

percentage of Sox2 and Bra co-expressing mouse NMPs (around 80%) (Gouti 

et al., 2014; Turner et al., 2014). Furthermore, a time window in which the cells 

were particularly responsive to CHIR treatment was identified as between day 2 

and 3 of mESC differentiation and the efficiency to generate NMPs by CHIR 
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treatment in this window was increased in the presence of FGF (Turner et al., 

2014). This co-culturing protocol was adjusted for human ESCs by a longer 

exposure to both FGF and CHIR (3 days) to generate human NMPs (Gouti et 

al., 2014). Just like in the embryo, such cells were found to differentiate further 

into either mesodermal progenitors by removing FGF from the culture medium 

and maintaining CHIR or neural progenitors by the removal of both FGF and 

CHIR (for the generation of hNPs from hNMPs) and the addition of RA and an 

agonist for sonic hedgehog signalling (for the generation of mNPs from 

mNMPs) (Gouti et al., 2014). Interestingly, when NMPs were derived from Bra 

deficient ESCs, they failed to differentiate into mesodermal progenitors (CHIR 

only condition) but instead were still able to generate posterior NPs. This 

indicated that Bra is necessary for mesodermal specification as well as 

repressing neural fate, since in the absence of Bra NMPs defaulted to neural 

differentiation, but also shows that neural differentiation is independent of Bra 

expression in the common progenitors and can be achieved without mesoderm 

(Gouti et al., 2014). Further analysis into the true bipotent nature of NMPs used 

Bra reporter expressing EpiSCs which were co-treated with CHIR and FGF to 

generate Sox2 and Bra co-expressing NMPs (up to 65%) (Tsakiridis and 

Wilson, 2015). These were then sorted and replated, the resulting single colony 

clones showed a bias for unilinear differentiation into either mesodermal or 

neural progenitor. However a few clones were found to contain both Bra 

expressing cells and Sox2 expressing cells side by side, demonstrating the true 

bipotency of the in vitro NMPs (Tsakiridis and Wilson, 2015). Furthermore, 

some colonies retained the co-expression of Sox2 and Bra, representing a self-

renewing NMP population and supporting the idea of the existence of a 

persistent NMP population throughout body axis elongation giving rise to both 
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neural and mesodermal progenitors (Tsakiridis and Wilson, 2015). In 

conclusion, it is possible to generate a CLE-like NMP population in vitro from 

human and murine ESCs as well as EpiSCs by recapitulating the signalling 

conditions in the developing embryo and exposing the cells to FGF and Wnt 

signalling. 

A nearly pure NMP population was achieved from the hESC line H9 by 

co-culturing with FGF and CHIR when this was preceded by a day of only FGF 

(Lippmann et al., 2015), here NMPs were cultured up to 7 days. The detailed 

analysis of their Hox gene expression profiles revealed a sequential activation 

of posterior Hox genes which was already indicated by Gouti et al. (2014) 

allowing the generation of regionally defined motor neuron populations, 

depending on the time point at which Hox gene activation was arrested by an 

addition of RA (Lippmann et al., 2015). This is consistent with findings in the 

embryo, where RA opposes FGF signalling to prevent further 5’ Hox gene 

activation (Diez del Corral and Storey, 2004).  

As mentioned before, BMP antagonism aids the formation of a purer neural 

progenitor population, in particular the dual inhibition with noggin and the 

compound SB431542 induced high number of Pax6 positive NPs with anterior 

character (Chambers et al., 2009). Denham et al. used a combination of 

SB431542 and CHIR to generate Sox2 and Bra co-expressing cells from 

hESCs (ca 97%) which were biased towards neural lineages even though they 

expressed mesodermal markers (Denham et al., 2015), consistent with the fact 

that SB431542 has been reported to induce neural induction in combination 

with noggin or Dorsomorphin (Chambers et al., 2009; Mak et al., 2012). Arguing 

for the necessity of the posteriorising signals (FGF and Wnt), before or even 
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during neural induction but not after, are the findings that hESCs treated with 

both noggin and SB431542 followed by the exposure to FGF and CHIR never 

expressed any posterior Hox genes (Gouti et al., 2014). This further suggests 

that in the SZ/CLE NMP population in the embryo neural induction and 

posterisation might be linked to facilitate the generation of NPs while the body 

axis elongates. This is in contrast to the activation transformation model 

originally proposed by Nieuwkoop for the generation of posterior neural system. 

This model states that to form posterior neural tissue from embryonic 

ecotoderm the neural fate needs to be induced (activation) first and results in a 

default anterior identity. This anterior neural tissue then needs to be 

posteriorised (transformation) to generate posterior neural tissue (Nieuwkoop, 

1952; Nieuwkoop, 1954). 

During body axis elongation in the developing mouse embryo, cells from the 

bipotent NMP population in the SZ/CLE differentiate into neural progenitors. 

This process involves global changes of gene expression. The in vitro 

generation of the intermediary NMPs and subsequently NPs provides a good 

model system for studying chromatin-based transcriptional regulation that 

allows the easy manipulation of pathways involved in neural differentiation to 

analyse the process more closely, which would be technically challenging using 

embryonic tissue. In this thesis the NMP cell population will be used to analyse 

the FGF regulated chromatin compaction of neural progenitor genes (Patel et 

al., 2013) in more detail and to identify the chromatin compacting machinery 

FGF signals to. 

 

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2713388/#R42
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1.4 Nuclear chromatin organisation 

 

1.4.1 Chromatin – general structure 

An average human cell contains 2 m of DNA packaged within a nucleus of only 

5 μm diameter. To accomplish that, DNA is folded by specialised proteins to 

condense the structure, prevent tangling and offering a high level of 

organisation. This complex of DNA and bound proteins, mainly histones, is 

called chromatin. Chromatin exists in different levels of compaction that will 

regulate all molecular mechanisms requiring direct access to the DNA molecule, 

including transcription. 

Indeed, the regulation of chromatin structure plays an important role in 

transcriptional regulation, especially during developmental processes such as 

neural differentiation, when cells need to reorganise their transcriptomes in 

order to acquire a distinct cell fate. 

 

Nucleosomes 

Nucleosomes are the most basic organisational level in which chromatin can be 

found. Their structure was discovered by nuclease digestion of the DNA within 

the chromatin. The core component of a nucleosome is a histone octamer built 

up by histones H2A, H2B, H3 and H4 (2 of each), which form a disc-shaped 

structure. All histones share a structural motif called a histone fold, which is 

essentially a helix-loop-helix-loop-helix structure that allows for dimerisation of 

H3 and H4 as well as H2A and H2B. The two H3-H4 dimers will then form a 

tetramer before they bind the two H2A-H2B dimers and form the complete core 
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complex. Wrapped around this core are 146 bp of DNA which resolves in 1.65 

turns (Luger et al., 1997). The stretch of DNA in between two nucleosomes is 

called linker DNA and can be up to 80 bp in length, resulting in a nucleosome 

interval of about 200 bp. In addition to the histone folds motif, all histones 

contain an N-terminal domain that sticks out of the complex and can be 

covalently modified. These histone modifications, also commonly called 

chromatin marks, are known to control chromatin structure and thereby gene 

transcription (see chapter 1.4.3).  

 

Figure 1.10 Nucleosome structure. 146 bp of DNA are wrapped around a histone octamer 

consisting of the core histones H2A, H2B, H3 and H4. These core histones dimerise before 

being assembled into the octamer. Nucleosomes are connected by linker DNA of varying 

length, which is associated histone H1. This structure repeats along the DNA and forms 'beads 

on a string' which can be visualised with electron microscopy. (Georgopoulos, 2002) 

 

30nm chromatin fibre 

Electron microscopy of interphase nuclei revealed another organisational level, 

the 30 nm chromatin fibre, which can be chemically lysed to unravel and expose 

a beads-on-string-structure (nucleosomes on DNA). Two different models 
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emerge on how the nucleosomes are arranged to form this 30 nm fibre, a helix 

type arrangement with bent linker DNA or a zigzag structure going back and 

forth interconnected with relatively straight DNA linkers (Widom and Klug, 1985; 

Williams et al., 1986; Woodcock et al., 1984). However, recently 3D cryoEM of 

in vitro reconstituted nucleosome arrays revealed tetra-nucleosomal repeats 

which are twisted against each other to form a double helix structure (Song et 

al., 2014).  

 

Figure 1.11 Cryo-EM revealed true nature of 30 nm chromatin fibre. (A) cryoEM map of 30 

nm chromatin fibre generated from reconstituted 24 x 177 bp DNA (24 nucleosomes with a 

nucleosomal repeat length of 177 bp). (B) structure of DNA molecule modelled by stacking two 

12 x 177 bp DNAs. (C) pseudo-atomic structure generated by stacking 12x 187 bp DNA bases 

30 nm chromatin fibre models on top of each other. Scale base 11 nm (after (Song et al., 2014))  
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Higher levels of chromatin organisation 

There are different levels of chromatin condensation that are already visible by 

light microscopy. Generally, two states of chromatin are present within a 

nucleus, highly condensed and inaccessible heterochromatin and less 

condensed and accessible euchromatin (Patterton and Wolffe, 1996). 

Heterochromatin can be further distinguished into 2 classes, constitutive 

heterochromatin, which contains chromatin that can be found condensed in any 

cell type (usually satellite repeats) and facultative heterochromatin which 

contains regions that are condensed during differentiation in a cell type specific 

manner (Gilbert et al., 2004).  

The way in which nucleosomes are positioned along the DNA can be modified 

by chromatin remodelling complexes. These machines are usually ATP driven 

and allow for changes in the nucleosome arrangement to facilitate DNA 

accessibility for the replication, transcription or DNA repair machines. 

Furthermore nucleosome positioning can regulate the access to different 

functional elements within the DNA sequence either directly or indirectly via 

histone modifications (Campos and Reinberg, 2009). 

These finding show that chromatin structure is a dynamic and flexible concept 

and can be modified to facilitate cell type specific needs. 

 

1.4.2 Chromatin organisation changes during gene expression 

In eukaryotes, the activation of transcription is conveyed by changes in 

chromatin structure, as observed by increase hypersensitivity to DNase I of 

coding regions and regulatory elements (Elgin, 1988). The compact state of 
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chromatin is not permissive for transcription since it blocks the access of the 

underlying DNA template to the transcription machinery.  

 

Structural and functional chromatin domains in the nucleus 

Hi-C approaches, a variant of the high throughput technique chromosome 

conformation capture (3C) that allows the spatial analysis of chromosomal 

interaction genome wide, in Drosophila and mammalian cells revealed large 

chromatin interaction domains called topological associated domains (TADs). 

Active domains were usually short and showed open extended chromatin 

structure, whereas silent domains were larger and more compact (Dixon et al., 

2012; Sexton et al., 2012). Interestingly, large stretches of DNA from the same 

TAD were shown to co-localise with each other in a higher frequency than with 

regions of a neighbouring TAD; this was observed by a combination of 

fluorescent in situ hybridisation (FISH) and structure illumination microscopy, 

revealing spatially distinct compartments differing in chromatin accessibility and 

transcriptional activity within the nucleus (Nora et al., 2012). Further analysis of 

the histone modifications within the two TAD types showed a remarkable 

similarity between the interactome maps and the marks found in the area. 

Indeed the histone marks already revealed the nature of the associated domain 

(Dixon et al., 2012; Sexton et al., 2012), demonstrating again that regions of 

actively transcribed open chromatin are distinct from inaccessible 

transcriptionally inactive chromatin and are furthermore differentially marked by 

histone modifications. In addition, these global interaction studies revealed that 

the idea of chromatin compaction is not just dependent on nucleosome 
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positioning but also on far-reaching interactions within specific chromatin 

domains.  

 

Nucleosome positioning and gene expression 

Global analysis showed that nucleosomes are not randomly distributed along 

the DNA; but rather show areas of high and low abundance (Lee et al., 2004; 

Sadeh and Allis, 2011; Song et al., 2011). In yeast, specific nucleosome free 

regions with two flanking nucleosomes around transcription start sites (TSS) 

and replication origins were identified (Deniz et al., 2011; Eaton et al., 2010; 

Kaplan et al., 2009; Lee et al., 2004). Nucleosome positioning is thought to be 

regulated by a combination of affinity to the underlying DNA template, steric 

hindrance by other nucleosomes or DNA binding proteins, like transcription 

factors, leading to local signals directing the exact position of the nucleosomes 

and nucleosome re-modellers, which displace and rearrange nucleosomes 

(Clapier and Cairns, 2009). Taken together this suggest that nucleosome 

positioning can directly influence the accessibility of underlying DNA and impact 

transcriptional outcome by blocking the access to transcription start site for 

instance.  

To change chromatin structure and overcome the inaccessibility of a locus the 

cell employs ATP driven enzymes, that rearrange nucleosomes as well as 

enzymes that can covalently modify histones (Strahl and Allis, 2000). The 

SWI/SNF proteins were identified as global transcription regulator in yeast 

(Winston and Carlson, 1992). Their ATPase activity is required for the histone-

DNA interaction disruption in vitro (Cairns, 2005; Peterson, 2000), a feature 

common to ATP-dependent chromatin remodellers. The disruption of histone-
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DNA binding was shown by changes in the nucleosome footprint patterns after 

DNase I treatment and can result in nucleosome displacement along the DNA 

(Liu et al., 2011). This allows for differential regulation of gene transcription by 

changing the accessibility of a gene. 

Promoter DNA covered by nucleosomes was found to be inhibitory for 

transcription in vitro and in vivo (Han and Grunstein, 1988; Taylor et al., 1991). 

Transcriptional activation was shown to correlate with changes in nucleosome 

positioning and transcriptional regulation generally with a redistribution of the 

nucleosomes (Boeger et al., 2003; Lee et al., 2004; Schones et al., 2008; 

Shivaswamy et al., 2008). A combination of single-nucleosome imaging and 

computer simulations revealed nucleosome dynamics that can allow DNA 

access (Hihara et al., 2012). These results suggest that during differentiation 

processes a dynamical change in chromatin structure can be facilitated by 

reorganising the nucleosome arrangement. 

Indeed, next generation sequencing approaches have shown global changes in 

chromatin organisation during differentiation, helping to unravel the molecular 

mechanisms behind those changes. Genome wide analysis of histone states 

has revealed large scale changes during transcription, with different histone 

modifications being deposited correlating with the initiating and elongating forms 

of RNA polymerase II and changes in nucleosome occupancy at promotors and 

distal regulatory elements (Heintzman et al., 2009; Heintzman et al., 2007).  

Taken together these global approaches demonstrate a differential regulation of 

DNA accessibility in response to chromatin remodelling signals to change target 

gene transcription and differential deposition of histone modifications to assign 

or mark transcriptional fate of these target genes. 
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1.4.3 Covalent modifications of histones and their implications on 

gene expression 

The very N-terminal tails of the histones can be post-translationally modified in 

various ways, e.g. phosphorylated, ubiquitinylated, acetylated or methylated. 

These molecular cues are able to assign specific nucleosomal arrangements. 

Those modifications are most commonly found on lysine, serine or arginine 

residues. The overall positive charge of the histone protein complex allows for 

DNA binding. Histone modifications can allow for regulation of transcriptional 

accessibility (Campos and Reinberg, 2009)  by changing the charge of the 

histone core complex. Moreover, the combinations of different histone 

modifications along the DNA are thought to form a histone code, that can be 

read by specific histone binding proteins (readers), which in turn infer actions 

directly or through the mobilisation of effectors, resulting in gene activation or 

repression (Taverna et al., 2007). Genes with coordinated regulation are 

thought to carry similar codes and share similar chromatin structure. Since 

histone modifications are transcriptional cues they change during differentiation 

depending on extrinsic signals resulting in expression or repression of groups of 

co-regulated genes. 

 

Histone modifications associated with active transcription 

The most common histone modifications are methylation and acetylation. The 

latter is known to reduce the positive charge of the histone octamer and 

therefore, counteracts with the interaction of the histones and DNA, thereby 
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antagonising chromatin folding and leading to more accessible DNA (Hansen, 

2002; Hodawadekar and Marmorstein, 2007).  

Histone acetyltransferases (HATs), the enzymes that facilitate the acetylation of 

Lysine or Arginine residues in the N-terminal tails, are therefore associated with 

transcriptional activation whereas histone deacetylases (HDACs), with their 

stabilising function for the DNA-histone interaction, are linked to gene silencing. 

HDACs are reported to show low affinity to their substrate and therefore low 

specificity, many of them deacetylate multiple Lysine residues within a histone 

(Bannister and Kouzarides, 2011). However, histone acetylation is a rather 

transient modification with a half-life between 3 and 30 min (Jackson et al., 

1975), therefore it is not surprising that HATs are not found when screening for 

genetic modifiers inducing stable expression. However, in Drosophila embryos it 

was shown that histone acetylation can be required for the establishment of 

stable gene expression, as a short pulse elicited the expression of transgenes 

(Cavalli and Paro, 1999). These finding show that even though histone 

acetylation is a short lived histone modification it can impact the transcriptional 

landscape of a cell by changing chromatin accessibility. 

The levels of histone acetylation can be modified using HDAC inhibitors. 

Trichostatin A, a known HDAC inhibitor for class I and II HDACs, induces 

hyperacetylation, which was shown to result in chromatin decompaction (Toth et 

al., 2004), further demonstrating the importance of histone acetylation for the 

chromatin accessibility regulation. 

In contrast to histone acetylation, the methylation of a lysine residue does not 

change its charge therefore there are no direct consequences on chromatin 

folding. So it is not surprising that histone methylations have been identified to 
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be both silencing as well as activating marks: the transcriptional outcome 

associated with histone methylation depends on the modified residue. Like 

acetylation, methylation is a reversible modification. However, methylated 

Lysines have a rather long half-life, allowing for a more stable change of 

chromatin state (Waterborg, 1993). The histone code is thought to be 

transmittable to further generations. A stable modification like histone Lysine 

methylation could contribute to this inheritability. 

The trimethylation of lysine residue 4 of histone H3 (H3K4me3) is found in 

Drosophila, mammalian and yeast cells (Strahl et al., 1999) and is widely 

associated with transcriptional activity, just like acetylation of H3, H4 and H2A 

(Kundaje et al., 2012; Litt et al., 2001; Thurman et al., 2012). Histone 

methyltransferases (HMTs) in general are more specific than HATs; mostly 

HMTs are only able to methylate one specific Lysine residue. The first HMT for 

H3K4me3 identified was SET1 within the COMPASS complex (complex 

proteins associated with SET1) in yeast (Miller et al., 2001). Mutation of the 

yeast SET1, was found to result in morphological, developmental and growth 

defects (Nislow et al., 1997). The H3K4 methylation levels analysed in SET1 

mutants by western blot further showed a global decrease (Briggs et al., 2001). 

Additionally, Set1 dependent H3K4 methylation of coding regions was revealed 

with ChIP approaches (Bernstein et al., 2002; Ng et al., 2003; Santos-Rosa et 

al., 2002). All these studies imply that SET1 mediates H3K4 methylation which 

is important in regulating developmental events. 

Since then homologues of the SET1 enzyme have been found in Drosophila 

and mammals (Hughes et al., 2004; Schuettengruber et al., 2009; Smith et al., 

2004). Amongst the mammalian homologues are the MLL proteins (mixed 
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lineage leukemia) MLL, MLL2, MLL3 and MLL4. They are found, just like 

SET1A and SET1B, in COMPASS-like complexes that facilitate the methylation 

of H3K4 (Cho et al., 2007; Hughes et al., 2004; Lee and Skalnik, 2005; Lee et 

al., 2007; Wu et al., 2008). Nucleosomes marked with H3K4me3 have been 

shown to be targets of numerous factors positively regulating transcription and 

chromatin structure (Shi et al., 2006; Sims et al., 2007; Taverna et al., 2006; 

Vermeulen et al., 2007). How this reflects on involvement of the mark in 

transcription remains unclear but it implies a general favouring of transcriptional 

activity downstream of the mark.  

As described previously in order for transcription to take place at a specific gene 

locus, its chromatin needs to be accessible for the transcription machinery. A 

correlation of the appearance of H3K4me3 and chromatin decondensation was 

shown for the HoxB locus in mESCs by a combination of chromatin 

immunoprecipitation (ChIP) and FISH (Chambeyron and Bickmore, 2004). This 

implies that the H3K4me3 mark can be found at open and actively transcribed 

chromatin. Whether the mark is established to allow for active transcription by 

directing the transcription machinery to target genes or as a result of active 

transcription remains unclear.  

Interestingly, H3K4 methylation is directly coupled to transcription as the 

responsible HMT is associated with the elongating RNA Polymerase II (Pol II) 

(Krogan et al., 2003; Ng et al., 2003). This would imply that the establishment of 

the mark occurs during transcription and H3K4me3 is therefore a mark for 

active transcription. During elongation when the serine 2 in the CTD of Pol II 

becomes phosphorylated (characteristic for elongating Pol II) the HMT for 

H3K4me3 dissociates from the transcription machinery, suggesting that 
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H3K4me3 is an early mark of transcription or transcription initiation. Indeed 

chromatin immunoprecipitation (ChIP) experiments showed a promoter proximal 

localisation of H3K4me3 in yeast, Drosophila and mammals (Barski et al., 2007; 

Bernstein et al., 2002; Bieberstein et al., 2012; Guenther et al., 2007; Pokholok 

et al., 2005; Schuettengruber et al., 2009), reminiscent of the site of 

transcription initiation but generally not further along the gene along the gene 

body. 

The trimethylation of H3K36 (H3K36me3) and H3K79 (H3K79me3) are also 

linked to activate transcription but are generally found at the gene body of 

transcribed genes (Heintzman et al., 2007; Kolasinska-Zwierz et al., 2009). The 

methylation of H3K79 is a rather unusual histone modification, since it is found 

in the histone core. Dot1L was found to be the HMT that establishes the 

H3K79me3 mark and is also involved in DNA repair in yeast (Feng et al., 2002; 

Lacoste et al., 2002). H3K36me3 is thought to be required for an efficient 

elongation by RNA polymerase II through the coding region, as it is highly 

enriched at those areas (Kolasinska-Zwierz et al., 2009). The HMT SET2 which 

is known to methylate H3K36, associates with Pol II (Ser 2 of CTD 

phosphorylated), possibly replacing SET1 and leads to an accumulation of the 

mark in transcribed regions (Kizer et al., 2005; Li et al., 2003; Li et al., 2002; 

Schaft et al., 2003). This would explain why the H3K4me3 is usually found 

promoter proximal and not across the gene body. 

The histone modifications described here are commonly used as indications for 

active gene transcription. However, it needs to be distinguished between 

modifications that change DNA accessibility (histone acetylation) allowing 

access for transcription factors and the transcriptional machinery or those that 
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are established during transcription (H3K4me3 and H3K36me3), thereby 

marking different phases of transcription like initiation or elongation.  

 

Histone modifications associated with gene repression 

Amongst the histone methylations H3K9, H3K27 and H4K20 are associated 

with transcriptional repression. H3K9me3 is most commonly associated with 

silent chromatin, just like deacetylated histones (Litt et al., 2001).  

The first ever identified HMT family was Suv39h, known for methylating H3K9 

(Rea et al., 2000). This methylation creates a binding platform for 

heterochromatin protein1 (HP1), a chromodomain containing protein, which 

leads to heterochromatin domain spreading by further HP1 auto-recruitment as 

well as the recruitment of further Suv39h (Bannister et al., 2001; Nielsen et al., 

2002). Suv39h deficient mice showed impaired H3K9 methylation in pericentric 

heterochromatin (Peters et al., 2001) and similar effects were observed in 

Drosophila (Schotta et al., 2002), demonstrating the importance of this HMT in 

heterochromatin formation and as an epigenetic regulator as well as for the 

H3K9 methylation mark for silenced chromatin.  

ChIP experiments for H3K4me3 and H3K9 methylation in yeast identified 

distinct borders between regions of transcription and repression (Noma et al., 

2001), when the boundary elements were removed, the H3K9 methylated 

domain spread leading to depletion of H3K4me3 (Litt et al., 2001; Noma et al., 

2001). These findings demonstrate that there are distinct domains of chromatin 

either marked with histone modifications associated with active transcription or 

modifications associated with silenced chromatin. 
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Interestingly, there is a link between H3K9 methylation and DNA methylation, 

which, just like H3K9 methylation, is associated with transcriptionally repressed 

chromatin. DNA methylation is known to result in changes in chromatin 

organisation like condensation which is mediated by a family of methylated CpG 

DNA binding proteins (Bogdanovic and Veenstra, 2009). MECP2 one of those 

proteins was found to bind to the HMT Suv39, thereby linking H3K9 and DNA 

methylation (Fuks et al., 2003). This suggests that silenced chromatin can be 

established via more than one process at the same target region, representing 

additional layers of regulation of gene silencing. 

Another well-known repressive histone modification is H3K27me3. It can be 

found in pericentriomeric heterochromatin in association with H3K9 methylation 

(Boros et al., 2014), is associated with the inactivation of X chromosomes in 

mammals (Chadwick, 2007; Schuettengruber and Cavalli, 2009). It is 

established by the HMT Ezh2, a member of the polycomb repressive complex 

(PRC), and thus acts as a mark for polycomb activity (see chapter 1.4.4). 

Conversely, in mouse cells where Suv39h was knocked out, a recruitment of 

polycomb repressive complex 1 to the pericentriomeric regions was observed, 

suggesting that polycomb mediated gene repression can compensate for 

H3K9me2/3 mediated heterochromatin and maintenance (Puschendorf et al., 

2008). This suggests that different machineries depositing different repressive 

marks can lead to same or at least similar outcome, in this case 

heterochromatin formation and can to some extend compensate for each other. 

The H3K27me3 mark at a gene is generally considered to indicate gene 

repression. Global ChIPseq experiments for the H3K27me3 mark in mESCs 

however, revealed that there are distinct groups of H3K27me3 marked genes. 



76 
 

These groups can be distinguished depending on the H3K27me3 profile along 

the gene (Young et al., 2011). The group that is genuinely associated with gene 

repression is broadly marked with H3K27me3 across the whole gene. Other 

groups identified, showed distinct peaks of H3K27me3 at the promoter region or 

the transcription start site of the gene. Interestingly, genes with the mark at the 

promoter region were found to be transcribed, whereas genes with a TSS peak 

were repressed (Young et al., 2011). This lead to the conclusion that for a gene 

to be truly repressed the H3K27me3 mark has to spread across the gene body. 

In addition, nucleosomes marked by H3K27me3 can be found in a state of 

repression, in which they lack additional marks, as well as in a state of 

bivalency, when they are also marked by H3K4me3 (Bernstein et al., 2006). 

Bivalent genes are marked with H3K27me3 at their TSS and are 

transcriptionally repressed (Young et al., 2011). This bivalency was found to 

keep genes in a poised state where they are equally able to respond to 

activation and repression cues depending on gene and lineage specific 

signalling (Bracken et al., 2006; Ringrose, 2007) resulting in specific 

transcriptional programs (Bernstein et al., 2006). Genome wide studies in 

mouse and human ESCs revealed that bivalent nucleosomes are associated 

with the promotors of key developmental regulators, including gene families like 

Sox, Pax, Irx, Fox, and Pou. A reduction in the H3K27me3 signal was shown to 

result in precocious differentiation of formerly bivalent genes, whereas the 

reduction of H3K4me3 kept cells in a repressed state and thereby impairs ESC 

differentiation (Jiang et al., 2011), demonstrating the fine balance between the 

two histone marks necessary to keep genes in a bivalent state (Boyer et al., 

2006). Taken these findings together, this implies that genes can be marked by 

both active and repressive histone modifications keeping them in a transitional 
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state called bivalency. This bivalency allows for a rather quick resolution of the 

repressed state by shifting the H3K4me3/H3K27me3 balance either towards 

H3K4me3 and thereby active transcription or towards the H3K27me3 mark and 

thereby repression. 

 

Figure 1.12 bivalent promotors. (A) Bivalency of a promotor is characterised by the co-

occurrence of H3K4me3 (active mark) and H3K27me3 (repressive mark) which are deposited 

by SET1 enzyme homologs (MLL in mammals) and the polycomb repressive complex 2, 

respectively. These bivalent domains are found on silent developmental genes. (B) Depending 

on the transcriptional program the state of bivalency can be resolved in favour of transcriptional 

activation or repression. Upon activating differentiation stimulus H3K27me3 is lost and the 

presence of H3K4me3 as well as poised polymerase II result in gene transcription. Upon 

repressing differentiation stimulus H3K4me3 is lost and the H3K27me3 marked gene can be 

further silenced. (Aloia et al., 2013) 

 

1.4.4 Chromatin organisation changes due to action of polycomb 

repressive complexes 

The polycomb group proteins (PcG proteins) are reported to be key players in 

histone methylation and regulation of gene expression during developmental 

processes. Originally, they have been identified as proteins repressing the 

expression of homeotic genes in Drosophila. Nevertheless, they are highly 

conserved amongst vertebrates as well. A simple model of their mode of action 
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states that they keep cells undifferentiated by silencing lineage specific genes 

(Lewis, 1978). However, it actually looks as though they build a more complex 

system. As described before, genes that are transcriptionally repressed by the 

activity of polycomb proteins need to be broadly marked by H3K27me3 across 

the gene. However a significant number of genes, including the ones coding for 

important pathways like Shh, Wnt and FGF, are expressed despite being PcG 

protein targets in mESC (Boyer et al., 2006). In that case, those genes are 

characterized by a peak of H3K27me3 at the promoter region, a status found to 

allow transcription (Young et al., 2011).  

In this thesis the potential involvement of polycomb mediated gene repression 

and chromatin compaction regulated by FGF signalling will be analysed. 

 

Structure and function of the polycomb repressive complexes 

PcG proteins build up two catalytically active multi-protein complexes called 

polycomb repressive complex 1 and 2 (PRC1 and PRC2).  

PRC2 consists of Ezh1/2, a HMT depositing the H3K27me3 mark (Chase and 

Cross, 2011; Yoo and Hennighausen, 2012), as well as Suz12, Eed (embryonic 

ectoderm development) and RbAp16/28.  

The HMT activity of Ezh2 can be impaired by PKB (also known as AKT) 

mediated phosphorylation, which was shown to deplete H3K27me3 levels in 

293 T cells (Cha et al., 2005). The regulation of H3K27me3 levels was 

furthermore shown to be a result of estrogen receptor signalling induced 

PI3K/PKB signalling in estrogen responsive MCF-7 cells (Bredfeldt et al., 2010). 

These findings in various cell lines manipulated in vitro raise the possibility that 
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FGF/ERK signalling might regulate the activity of polycomb proteins or the 

stability of the polycomb repressive complexes through a phosphorylation 

cascade. Furthermore, PKB activity can be modulated in NIH3T3 cells by a 

negative feedback mechanism from the FGF or EGF mediated ERK/MAP 

kinase pathway via the PI3K pathway (Hayashi et al., 2008), indicating potential 

link a between FGF signalling and the PI3K/MAPK pathway. 

However, the findings presented above have to be taken with caution. First of 

all the three studies use very different in vitro systems from immortalised mouse 

fibro blasts (NIH3T3) (Todaro and Green, 1963) over estrogen responsive 

breast cancer cells (MCF-7) (Soule et al., 1973) to genetically modified HEK293 

cells containing the SV40 large T antigen (293T) (Gama-Norton et al., 2011). 

Hence, they do not allow drawing direct conclusions from one study to the next. 

But even though, just considering the main point of information, Ezh2 is 

phosphorylated by PKB, this conclusion was drawn from protein level analysis 

with western blots upon genetic manipulation or inhibitor treatment. Further, co-

immunoprecipitation data was shown to demonstrate the interaction between 

PKB and Ezh2 and analysed by western blot (Cha et al., 2005). However the 

main evidence for PKB regulated Ezh2 phosphorylation stems from western 

blots with a self-made phospho specific Ezh2 antibody which shows high levels 

of background and smearing in each of the presented blots. With reservation, 

taken together, these results allow us to raise the hypothesis that an FGF/ERK 

signalling cascade could regulate polycomb mediated target gene silencing and 

downstream chromatin decompaction. Whether this actually takes place in a 

developmental context remains to be proven.  
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The PRC2 regulatory subunit Jarid2 (auxiliary factor) was found to occupy 

promoters of developmental genes in mESC (Peng et al., 2009) just like core 

PRC components and enhance their stability, activity, and target specificity as 

well as being essential for the correct H3K27me3 deposition (Landeira et al., 

2010; Li et al., 2010; Pasini et al., 2010; Shen et al., 2009; Son et al., 2013). 

Some of the importance of Jarid2 in PRC2 activity might stem from its ability to 

bind directly to chromatin, an ability that the other components do not share, 

thereby facilitating recruitment to specific loci (Son et al., 2013). Furthermore in 

mESCs, Jarid2 was shown to recruit a specific form of Pol II (phosphorylated at 

serine residue 5 of the C-terminal domain) (Landeira et al., 2010; Stock et al., 

2007). This form of Pol II does not move along its DNA template to transcribe, it 

rather stays close to the transcription start site waiting for further signals to 

initiate elongation. This state has been called “poised” for transcription and is 

characteristic of bivalent genes (Brookes and Pombo, 2009). Taking together 

these results, Jarid2 appears to be involved in keeping the genes poised as it 

can attract and direct a specific form of Pol II to target genes and as it is only an 

auxiliary factor and not included in every PRC2 complex in the cell it might be 

able to facilitate target specificity for a certain group of genes (like neural 

differentiation genes). 
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The PRC1 component Ring1B is an E3 ligase that catalyses the ubiquitylation 

of lysine residue 119 of histone 2A (H2AK119Ub), this modification inhibits 

transcription by interfering with Pol II elongation (Stock et al., 2007; Zhou et al., 

2008) and leading to a local state of chromatin compaction (Buchwald et al., 

2006). Ring1B in complex with Bmi1 shows E3 activity similar to that of PRC1 

(purified from HeLa cells) (Wei et al., 2006). Further additions to this 

subcomplex do not enhance E3 activity demonstrating that Ring1B/Bmi1 is the 

minimal complex necessary for ubiquitinylation of H2AK119. Structural analysis 

of this Ring1B/Bmi1-complex shows an interaction between the Ring finger 

domains of Ring1B and Bmi1 and the E2 activity maps to the Ring1B surface 

(Buchwald et al., 2006). So Ring1B is vital for the recruitment of the E2 

(ubiquitin charged) enzyme. This was demonstrated using a Ring1B mutant 

which is unable to interact with E2; this mutation completely abolished the E3 

activity of Ring1B (Elderkin et al., 2007). Interestingly, Bmi1 does not seem to 

be required for E2 interaction but stabilises the PRC1 complex (Cao et al., 

2005; Wei et al., 2006). These findings show how Ring1B and Bmi1 interact and 

Figure 1.13 Epigenetic silencing by polycomb 
repressive complexes (PRC) 1 and 2. PRC2 is 

recruited to chromatin and the H3K27me3 mark 

(trimethylation of lysine 27 of histone 3) is 

deposited by the methyltransferase activity of 

Ezh1/2. Subsequently PRC1 is recruited and 

bindg the mark via CBX. The Ring1A/B complex 

shows E3 ligase activity leading to the 

monoubiquitylation of lysine 119 of histone H2A 

(H2AK119ub1). The H2AK119Ub1 mark is 

considered to lead to a remodelling of chromatin 

resulting in repression of transcription by 

preventing the access to chromatin. (Sauvageau 

and Sauvageau, 2010) 
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function to facilitate the ubiquitinylation of H2AK119 to allow for chromatin 

compaction. 

Interestingly, when a mutant Ring1B (catalytically inactive) was expressed in 

Ring1B-/- mESCs no H2AK119 ubiquitination was established. However, 

chromatin compaction and gene silencing was still observed at Hox genes, 

demonstrating that these features can be established independent from the 

enzymatic activity of Ring1B (Eskeland et al., 2010).  

Bmi1 also seems to have a stabilising function on the PRC1 complex. Bmi1 

phosphorylation by MAPKAP kinase 3pK leads to the dissociation of PRC1 from 

chromatin (Voncken et al., 2005) in serum starved or arsenite treated U2OS 

cells to mitogenic or stress signalling. Again these results have to be taken with 

reservations. All the data in the paper involves the use of stressed cells (serum 

starvered, arsenite exposure). And here again one of the key findings, the fact 

that MAPKAP can phosphorylae Bmi1 was shown with a phospho specific 

antibody, of which there is no information to be found in the paper. Furthermore 

this antibody shows a smear in each presented blot, making it difficult to 

analyse the data. So with reservations this presents another possibility for 

extrinsic signals to regulated polycomb activity and stability via a 

phosphorylation cascade. 

To achieve a tissue and lineage specific gene regulation by polycomb, cells 

employ a variety of PRC1 complexes. In human there are multiple PRC1 

subunit paralogues, which allow for the various combinations of PRC1 

complexes with for example with varying CBX (chromobox) subunits 

(Blackledge et al., 2014; Morey et al., 2013; Oliviero et al., 2015; Tavares et al., 

2012; Trojer et al., 2011; Vandamme et al., 2011).This multitude of complexes 
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allows for target gene specificity and fine-tuning of the polycomb mediated 

repression. 

In the model of sequential action, the methylation of H3K27 is a prerequisite to 

recruit PRC1 (Margueron et al., 2008), which consists of PC (polycomb), PSC 

(posterior sex comb), PH (polyhomeotic) and the Ring1 complex containing 

Ring1A and Ring1B. The H3K27me3 mark is recognised by CBX, a component 

of PRC1 (Morey et al., 2012), and bound by the PC subunit (Min et al., 2003). 

There is evidence for the requirement of an intact PRC2 complex and the 

association with H3K27me3 for correct PRC1 recruitment (Boyer et al., 2006). 

However, there are contradicting reports, which show a PRC2 independent 

PRC1 recruitment to regions destined for repression (Schoeftner et al., 2006; 

Terranova et al., 2008).  

 

PRC targeting to chromatin 

It is still unclear how polycomb repressive complexes are initially recruited to 

their target sites in mammals. Genome-wide studies in Drosophila showed that 

PRC2 is recruited to specific genomic sites which carry polycomb response 

element (PREs) motifs, which are sufficient to recruit, and lead to the deposition 

of the H3K27me3 mark to silence the flanking genes (Comet et al., 2011; Ku et 

al., 2008; Meissner et al., 2008; Schuettengruber and Cavalli, 2009; Schwartz et 

al., 2006). No PRE-like elements have been found so far in mammalian cells. 

However, some have identified certain DNA regions that have the ability to 

recruit PRCs, a 1.5 kb long stretch of the murine MafB locus was found to 

recruit PRC1 (Sing et al., 2009) and a 1.8 kb long region within the HoxD loci 

can recruit PRC1 as well as PRC2 (Woo et al., 2010). Others identified 
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promotor areas that contain binding elements for several snail proteins with the 

ability to also recruit PRC2, however this seems to be mediated by the binding 

of the proteins and not a direct recruitment to a specific DNA sequence (Dietrich 

et al., 2012). Mammalian polycomb target gene promotors commonly contain 

CpG islands, clusters of CpG dinulceotides, which have been found to be 

marked by H3K27me3 and bound by PRC2 (Lynch et al., 2012; Riising et al., 

2014), this seems to be a more likely genomic feature for the recruitment of 

PRCs to target genes in mammals.  

 

Polycomb targets 

Genome wide studies of PcG protein occupied genomic regions revealed 

polycomb target genes, of which the majority are transcription factors (Boyer et 

al., 2006; Lee et al., 2006; Schwartz et al., 2006). In mESCs, about 200 

identified PcG protein target genes are developmental regulators. For the 

genome wide location analysis, antibodies against the core PRC components 

were used to detect occupied genes by chromatin immunoprecipitation (ChIP). 

The majority of discovered sequences were found within a 1 kb of the 

transcription start sites of the gene. Furthermore, PRC1 and PRC2 components 

occupied an overlapping set of genes, which, additionally, were enriched in 

H3K27me3. These mESCs screens identified target gene families like Irx Lhx, 

Pax in addition to the Hox gene cluster. As these are evolutionary conserved 

regulators, which specify cell fate during embryonic development, this screen 

actually linked PcG proteins to differentiation processes (Boyer et al., 2006). A 

similar study in human ESCs (hESCs) only focused on Suz12 occupied 

genomic regions but essentially found the same gene families that control 
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development and transcription (Clx, Irx, Lhx, Pax) (Lee et al., 2006).The 

conclusion from these studies is that the dynamic repression of developmental 

pathways by PRC complexes may be required for maintaining ESC pluripotency 

and plasticity during embryonic development.  

PcG proteins have a specialised role in gene silencing in ESCs. The activation 

of these genes correlates with differentiation and loss of pluripotency. 

Therefore, PRC2 binding and the level of H3K27me3 should be decreased at 

target genes, which are activated during lineage commitment. Indeed, 

H3K27me3 was found to be decreased 100 fold at neural specific genes like 

olig1, olig2 and olig3, the expression of which is significantly increased in neural 

progenitors compared to ES cells (Boyer et al., 2006). 

 

Polycomb and chromatin compaction 

As described above, chromatin is thought to be arranged into distinct chromatin 

domains (TADs) of activation and repression. Experiments with a combination 

of FISH and immunofluorescence analysis, revealed that PcG mediated gene 

repression occurs in regions called polycomb foci, where both H3K27me3 and 

polycomb proteins can be found both in Drosophila and mammals (Grimaud et 

al., 2006; Messmer et al., 1992). In various human cell lines distinct nuclear foci 

were found for PcG proteins like Ring1 which were shown to co-localise for 

example with pericentromeric heterochromatin (Saurin et al., 1998). A similar 

model was postulated for transcription, the so called transcription factories. 

These justify the close localisation of transcriptional activity and Pol II observed 

in specific foci within the nucleus (Edelman and Fraser, 2012). It is thought that 

within one single transcription factory numerous genes can be transcribed 
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(Osborne et al., 2004). One idea on how and why those transcription factories 

might be formed, are that genes which use the same transcriptional activators. 

Clustering those genes together through binding of barrier factors such as 

CTCF (CCCTC-binding factor, a transcription factor also known as 11-zinc 

finger protein) would enable to physically share those activators (Ling et al., 

2006; Melnik et al., 2011). The same idea could apply for the polycomb foci, a 

physical sharing of polycomb proteins between different polycomb target genes. 

Polycomb foci are structures which are dynamically formed by PcGs binding to 

chromatin which is marked by H3K27me3, as shown by the fact that during 

development genomic regions can move to and from the polycomb foci, 

regulating specific gene expression. This was observed for the PRE containing 

region that controls Abd-B gene expression in Drosophila. This region is found 

within polycomb foci in the head of the embryo, but outside of such foci in the 

posterior end, correlating with the expression of the gene (Bantignies et al., 

2011; Lanzuolo et al., 2007). The analysis of the Hox gene cluster structure, by 

a 4C approach, showed that repressed Hox genes group together to form a 

TAD. When the Hox genes are progressively activated they leave the repressed 

compact region and move to form a new less compact domain of activation. 

This switch in chromatin structure was also observed on the histone 

modification level in mouse embryonic tissue, where the repressive H3K27me3 

mark was replaced by the active transcription mark H3K4me3 (Noordermeer et 

al., 2011). Furthermore, FISH analysis of the genes Antp and Abd-B in 

Drosophila, which are 10 Mb apart, only showed co-localisation when they were 

repressed and H3K27me3 marked (Bantignies et al., 2011). Interestingly, Eed 

knock out lead to a reduction in the interactions within repressed domains 

(Denholtz et al., 2013), which could explain the developmental and proliferative 
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defects observed in mouse models (Faust et al., 1998). These studies confirm 

the idea of distinct domains of open and active chromatin and compact and 

repressed chromatin within one nucleus sharing resources, and show that they 

can be dynamically regulated by PcG proteins. 

Both PRC1 and PRC2 seem to regulate gene expression by affecting higher 

order chromatin structure. Both polycomb related marks H3K27me3 and 

H2AK119Ub have been associated with transcriptional repression and the 

formation of facultative heterochromatin (Kuzmichev et al., 2002). The 

correlation between PcG protein mediated repression and chromatin 

compaction was demonstrated for the first time by comparing the state of 

chromatin accessibility for the DNA methylating enzyme Dam in presence and 

absence of PcG proteins (Boivin and Dura, 1998). The inability of the 

transcriptional activator GAL4 to activate the transcription of a gene, in a region 

silenced in a PcG protein dependent manner, was further proof that PcG 

proteins are actively involved in chromatin compaction (Fitzgerald and Bender, 

2001). However, how the polycomb machinery is mediating chromatin 

compaction is a controversial issue. 

An in vitro study showed that chromatin compaction is driven by the PRC1 

complex in a Bmi1 dependent manner (PSC in the study) (Francis et al., 2004). 

Additionally, an alternative form of PRC2 containing Ezh1 instead of Ezh2 was 

found to mediate chromatin compaction in an H3K27me3 independent manner 

(Margueron et al., 2008). Furthermore, in mESCs, lacking the expression of 

ring1B, it was demonstrated that the Hox gene loci decompact even though 

H3K27me3 is found all over the loci, which lead to the conclusion that the 

H3K27me3 modification is not sufficient in itself to result in chromatin 
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compaction (Eskeland et al., 2010). Those studies imply that the PRC1 

mediates chromatin compaction possibly through the ubiquitinylation of 

H2AK119 rather than the presence of the H3K27me3 mark. However, as 

described before, a study using a catalytically inactive Ring1B mutant showed 

that for early embryonic development in the mouse intact Ring1B is not 

important, since mutant embryos survived until embryonic stage 15.5, they 

further hypothesised that Ring1B function in gene silencing and chromatin 

compaction is independent of its enzymatic activity and rather relies on a 

stabilising function of the protein within the complex (Illingworth et al., 2015). 

Interestingly, the idea of a histone modification independent chromatin 

compaction is supported by studies on chromatin assembled from tailless 

histones that showed chromatin compaction by PRCs despite the lack of 

modification (Francis et al., 2004; Margueron et al., 2008). 

In general, PcG mediated gene repression of key differentiation genes plays an 

important role during development and is achieved by a variety of specific PRCs 

which mediate and stabilize a compact chromatin structure. 

 

Function of PRC during development 

Knockouts of subunits of the PRC complexes show a variety of defects like the 

gastrulation failure of the ring1B null mutations (Eskeland et al., 2010; Voncken 

et al., 2005). Bmi1 was shown to be required after E8.5 to maintain hox genes 

(Akasaka et al., 2001). Mouse mutants, with PRC2 deficiencies (knock out of 

Eed, Ezh2 or Suz12), displayed developmental and proliferative defects, as well 

as early embryonic lethality (Faust et al., 1998; O'Carroll et al., 2001; Pasini et 

al., 2004). Furthermore, they showed that PRC2 is both required for promoting 
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and preventing differentiation as seen in the Eed mutant where thymocyte 

differentiation is partially blocked (Richie et al., 2002) and a loss of Ezh2 results 

in accelerated hepatic maturation in undifferentiated hepatic cells (Aoki et al., 

2010). Moreover, mESCs lacking both Ezh2 and Eed have a strong propensity 

to differentiate (Boyer et al., 2006). In addition to that, Ezh2 seems to play a 

variety of roles during differentiation; as the knock down results in inactivation of 

Wnt/ß catenin pathway and thereby inhibits adipogenesis in primary 

preadipocytes (Wang et al., 2010). It was also found that mESC cannot be 

established from Ezh2 deficient blastocytes (O'Carroll et al., 2001).  

The regulatory PRC2 subunit Jarid2 was found to be enriched at bivalent genes 

(Landeira et al., 2010; Li et al., 2010). Furthermore, its importance for polycomb 

activity has been demonstrated, as the knockdown of Jarid2 expression 

reduces H3K27me3 levels as well as the H2AK119Ub levels at target genes, 

and the artificial recruitment of Jarid2 can increase H3K27me3 levels (Landeira 

et al., 2010; Li et al., 2010; Pasini et al., 2010; Shen et al., 2009).  

The knockout of the PRC1 subunit ring1B is lethal by embryonic stage 10.5 due 

to gastrulation defects (Eskeland et al., 2010; Voncken et al., 2005), whereas 

mice expressing one copy of a catalytically inactive Ring1B protein (ring1B+/I53A) 

survived gastrulation and were even born. When both genetic copies of ring1B 

were replace with the mutant gene (ring1B I53A/I53A) no animals progressed until 

birth but they generally survive until embryonic stage 15.5. This might be due to 

the close to wild type expression profile that is maintained by the catalytically 

inactive mutant as shown in ring1B I53A/I53A expressing mESCs (Illingworth et al., 

2015). These findings suggest that Ring1B activity and the H2AK119 

ubiquitination mark are required for complete and proper embryonic 
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development. However, the mutant Ring1B facilitates embryonic development 

to a certain extent independent of the enzymatic activity. Since mutant Ring1B 

is still able to incooperate into PRC1 complexes (Illingworth et al., 2012), this 

might be due to a complex stabilising function. 

Taken together, these findings show the importance of polycomb proteins 

during embryonic development. They seem to be important for the 

establishment and maintenance of pluripotent ESCs as well as for the targeted 

differentiation towards a specific cell fate. As they can specifically prevent 

differentiation down certain lineage they can simultaneously promote the 

differentiation towards another lineage. 

 

1.5 Aims 

 

As discussed above a correlation between FGFR signalling and changes in 

higher order chromatin organisation around a key neural differentiation gene 

locus, Pax6, during differentiation was recently shown (Patel et al., 2013). In 

this study, the chromatin around the Pax6 locus was compact in SZ/CLE nuclei, 

which experience high levels of FGFR signalling and opened up as FGFR 

signalling declined. However, it is still unclear how FGFR signalling can retain 

the Pax6 locus in SZ/CLE nuclei in a compact state.  

This thesis focuses on investigating the mechanism(s) whereby FGF regulates 

chromatin compaction and accompanying gene repression of neural 

differentiation genes.  
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1. The state of compaction of an additional neural differentiation gene 

locus, Irx3, will be assessed using FISH (fluorescence in situ 

hybridisation) to compare nuclei in the SZ/CLE and in the neural tube. 

This will determine whether chromatin structure changes are indicative of 

a general differentiation mechanism. 

2. The involvement of ERK activation (like FGFR downstream target) in the 

chromatin compaction maintaining signalling pathway will be assessed 

with the help of a specific inhibitor (PD184352). 

3. Polycomb activity represents one possibility in which higher order 

chromatin structure is changed during embryonic development. 

Therefore the involvement of polycomb activity in the FGF regulated 

compaction around neural differentiation genes will be analysed using 

chromatin immunoprecipitation.  

4. A human ESC based system will be employed to allow for further 

dissection of the mechanism. These include the analysis of changes in 

polycomb specific histone modifications as well as PcG protein binding to 

the Pax6 transcription start site and gene body during differentiation from 

NMPs to NPs as well as in NMPs treated with the MEK/ERK signaling 

inhibitor. 
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Chapter 2: Materials and Methods 

2.1 Wild-type mouse embryo dissection 

 

For all experiments on mouse tissue CD1 mice were used. These mice were 

time-mated. The first day of pregnancy was determined by the observation of 

vaginal plug and considered as stage E0.5. At embryonic stage E8.5 the 

females were sacrificed and the embryos were collected by the removal of their 

uterus and dissection in PBS (phosphate-buffered saline, 137 mM NaCl, 2.7 

mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4, pH7.4) for Fluorescence in situ 

hybridisation (FISH, see 2.5) and in situ hybridisation (see 2.4) or in DMEM-F12 

with 10% FBS (Gibco®) for hanging drop culture (see 2.2). 

 

2.2 Hanging drop culture of wild type mouse embryos with small 

molecules 

 

To culture embryos in presence or absence of an inhibitor for a short amount of 

time, the embryos at stage E8.5 were dissected in warm medium (DMEM-F12 

with 10% FBS, Gibco®). Half a CD1 litter was put into warm medium containing 

the inhibitor PD173074 (fibroblast growth factor receptor inhibitor, FGFRi, 

25 μM final concentration, Tocris Bioscience) (Mohammadi et al., 1998) or 

PD184532 (MEK inhibitor, MEKi, 3 mM final concentration, Enzo Life Sciences) 

(Sebolt-Leopold et al., 1999) and the other half in control medium containing 

DMSO (equal volume to inhibitor, 1:4000). Each embryo was placed in a drop of 
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medium in the middle of a 36 mm plate lid (Techno Plastic Products, TPP), 

which was then flipped over and put on its base, resulting in a hanging drop 

(Dale et al., 2006). The embryos were cultured in a humid chamber at 37°C and 

5% CO2 for one hour before being fixed and processed for either fluorescence 

in situ hybridisation (FISH, see 2.5) or chromatin immune precipitation (ChIP, 

see 2.6). 

 

2.3 Cell culture of human ESCs 

 

The human ES cell lines H9 (WiCell) and SA181 (Cellartis AB) were cultured in 

ES cell medium and provided for experiments by the Human Pluripotent Stem 

Cell Facility of the University of Dundee. Briefly, hES cells were maintained by 

Lindsay Davidson and quality controlled using the following pluripotency 

markers Oct4, Sox2, Nanog, SSEA-3, SSEA-4, TRA-1-60 and TRA-1-8. 

Differentiation of these cells involved plating into appropriated cell culture 

dishes previously coated with Geltrex® (Invitrogen) at a density of 103 cells/ 

cm2. The differentiation into neuromesodermal progenitors (NMPs) was initiated 

by changing the medium to neurobasal medium (Gibco®) supplemented with 

N2 and B27 and GlutaMAX™ (final concentration for each 1x, Gibco®) as well 

as 20 ng/ml bFgf (Peprotech) and 3 µM CHIR99021 (Tocris Bioscience) for 

3 days (after (Gouti et al., 2014)). To generate neural progenitor cells (NPs) 

from these NMPs bFgf and CHIR99021 were removed from the medium and 

the cells were allowed to differentiate for further 5 days in neurobasal medium 

with N2B27 and GlutaMAX. From day 2 to day 4 the medium was additionally 

supplemented with BMP and TGFβ inhibitors (Noggin, Peprotech and 
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SB431542, Tocris Bioscience) to promote neural fate and prevent mesodermal 

differentiation (Chambers et al., 2009). 

For fluorescence in situ hybridisation (see 2.6), chromatin immunoprecipitation 

(see 2.7), the analysis of transcript levels (see 2.8) or for western blot analysis 

of protein levels (see 2.8), cells on day 3 of this differentiation regime were 

collected as NMPs and cells on day 8 as NPs. NMPs were treated with the 

MEK inhibitor PD184352 (3 μM final concentration) or DMSO (equal volume to 

inhibitor treatment) for 3 h or 12 h before they were harvested for the 

experiments (for a schematic see Figure 2.1). 

 

2.4 Embryo roller culture 

 

Stage E8 mouse embryos within their yolk sacs were extracted and cultured in 

roller culture (rat serum, tyrode solution; 1:1) in a water-saturated roller-tube 

incubator at 37°C in 5% CO2, 20% O2 for seven hours in the presence of the 

FGFR inhibitor PD173074 (50 μM, Calbiochem) or the vehicle control DMSO 

(0.5 mL/mL culture medium). Afterwards these were dissected fixed and 

processed for in situ hybridisation (provided by Muriel Rhinn, IGBMC 

Strasbourg). 
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Figure 2.1 hES cell differentiation protocols. (A) standard protocol: hESCs were 

differentiated into neuromesodermal progenitors (NMP) by the addition of bFGF and the Wnt 

agonist CHIR99021 (CHIR) for 3 days after which the bFGF and CHIR were removed and the 

cells cultured in neurobasal medium (N2B27) by day 8 the cells express neural progenitor 

marker (NP).for 2 days starting at day 2 the cell were also treated with BMP inhibitor (Noggin 

and SB 431542). (B) 12h DMSO control for FISH and 3h and 12h DMSO control for ChIP: NMP 

cells were treated with DMSO for 3h or 12h prior to fixation and FISH protocol or ChIP protocol. 

(C) 12h MEK inhibitor treatment for FISH and 3h and 12h MEK inhibitor treatment for ChIP: 

NMP cells were treated with the MEK inhibitor PD184352 for 3h and 12h prior to fixation and 

FISH protocol or CHIP protocol or harvest for transcription level analysis. 

 

2.5 In situ hybridisation 

 

Embryos cultured in roller culture were rehydrated in a series of methanol 

washes (100%, 75%, 50%, 25% (MeOH) in PBST (PBS with 0.1% Tween 20)) 

and finally washed into PBST before they were incubated with 

proteinase K (10 μg/mL in PBST) for 4 min at room temperature (RT). After a 

30 min post-fixation (4% PFA with 0.1% Glutaraldehyde in PBS) the embryos 

were rinsed in a 50/50 mix of PBST and HYB (50% deionised formamide, 

5 x SSC, 0.08% Tween 20, 50 μg/mL Heparin, 1 mg/mL t-RNA, 5 mM EDTA, 

0.1% CHPAS and 2% (w/v) Boehringer reagent), a buffer suitable for the 

hybridisation reaction, and lastly put into HYB, where they were incubated at 

D0 D7D6D5D4D3D2D1 D8

bFGF/CHIR N2B27BMP inhibition
A

B

C

NMP NP

bFGF/CHIR DMSO

bFGF/CHIR MEKi

3h or 12h DMSO treatment for FISH and ChIP

3h and 12h MEK inhibition for FISH and ChIP
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65°C for at least one hour after which they were stored at -20°C overnight. For 

the probe hybridisation, the embryos in HYB were warmed to 65°C for one hour 

and the probe itself was denatured for ten minutes at 80°C before it was put on 

the embryos and incubated overnight at 65°C. After hybridisation the embryos 

were put through a series of washes at 65°C, first with Post-HYB 

(50% Formamide in 1xSSC with 0.1% Tween 20) then with a 50/50 mix 

Post-HYB/TBST. Before blocking (2% Boehringer blocking reagent and 

20% heat inactivated sheep serum in TBST, 2 h at RT) the embryos were 

washed in TBST (50 mM Tris, 150 mM NaCl, 0.05% Tween 20, pH7.6) at RT. 

For the detection of the probes the embryos were incubated with an alkaline 

phosphatase (AP) conjugated anti-Digoxigenin-antibody (1:1000 in blocking 

solution) at 4°C overnight. Before detection of the AP activity by incubation with 

a substrate mix (BCIP and NBT in AP buffer (100mM NaCl, 100mM Tris HCl 

pH 9.5, 50mM MgCl2 and 1% Tween 20) in the dark at RT) the embryos were 

thoroughly washed in TBST and AP buffer. When the colour had developed, the 

embryos were washed again in TBST (pH 7.5), post fixed with 4% PFA in PBST 

with 0.1% Glutaraldehyde overnight and washed and stored in PBST with 

0.1% Azide at 4°C until imaging.  

 

2.6 Fluorescence in situ hybridisation (FISH) 

 

The mouse Pax6 and Irx3 fosmid pairs were selected from WIBR-1 Mouse 

Fosmid Library (Whitehead Institute/MIT Center for Genomic Research, for 

detailed fosmid information see Table 2.1) for their inter-genomic distance of 

60–120 kb and the human Pax6 BAC (Bacteria artificial chromosome) library 
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clone pairs were selected from the WIBR-2 Human Library. The fosmid and 

BAC clone DNA was prepared using a standard Mini-prep protocol. Afterwards 

the fosmid sequences were confirmed by targeted PCR (for primer sequences 

see Table 2.2). Using Nick transcription the fosmids and BAC clones were 

labelled either with Digoxigenin-11-dUTP or Biotin-16-dUTP. For the removal of 

unincorporated nucleotides Quick Spin G50 Sephadex columns (Roche) were 

used and the amount of labelled fosmids was determined by dotting them onto 

nitrocellulose filters and using AP conjugated anti-digoxigenin Fab fragments 

(Roche) as well as AP conjugated Streptavidin and an AP substrate mix 

resulting in a colour change on the filter. The DNA concentration of the labelled 

fosmids was determined by comparison with known standards.  

Embryos were either exposed to small molecule inhibitors for 7 hours in a 

procedure described in 2.4 and then provided by collaborator Muriel Rhinn 

(IGBMC Strasbourg, France), or exposed for short term to the inhibitors by 

hanging drop culture (see 2.2) of stage E8.5 mouse embryos for one hour, then 

fixed overnight in 4% PFA, washed in PBS and dehydrated through a series of 

methanol washes. 
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Table 2.1 Names, co-ordinates and size and interprobe distances of mouse fosmids and human 

BAC clones used.  

  
clone name start End 

size 
[bp] 

distance 
between 
probe 
midpoints 
[bp] 

distance 
between 
probes 
[bp] 

M
ou

se
 Irx3 WI1-1023H05 94274005 94314898 40893 93049 54763 

  WI1-0979J07 94369661 94405340 35679     
Pax6 WI1-1659I15 105575559 105613818 38259 86012 45591 
  WI1-1248L13 105659409 105701993 42584     

Hu
m

an
         

 
    

Pax6 RP11-667C7 31590747 31778890 188144 245949 51204 
  RP11-101I24 31830094 32031440 201347     

 

Stage E8.5 mouse embryos stored in 100% methanol were cleared in xylene 

and embedded in paraffin before they were sectioned at 7 microns and dried 

down on thin TESPA-coated coverslips (50×22, #1.5). The FISH protocol on 

mouse tissue was adapted from (Newsome et al., 2003). 

The coverslips with sections containing neural tube or stem zone tissue were 

heated to 65°C for 30 min before they were washed four times in xylene (10 min 

each) and re-hydrated through an ethanol series to dH20. The coverslips were 

then microwaved for 20 min in 0.1 M citrate buffer, pH6.0, and left to cool in the 

buffer (20 min) before being washed in dH20. For the probe hybridisation, 

150 ng each of the labelled probes together with 15 µg mouse Cot1 DNA 

(Invitrogen) and 5 µg sonicated salmon sperm DNA (sssDNA, GE Healthcare 

Life Sciences) were denatured and incubated with each coverslip overnight at 

37°C. After a series of washing steps the probes were detected using a 

FITC conjugated anti-Digoxigenin antibody (1:20, Roche) amplified with an anti-

sheep Alexa Fluor 488 (1:100, Molecular Probes) and a biotinylated anti-Avidin 

(1:100) together with Alexa streptavidin 594 (1:500, Molecular Probes). The 
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nuclei were counterstained with DAPI and the coverslips were mounted onto 

slides with Slowfade Gold (Molecular Probes). 

The Irx3 FISH samples treated with the FGFR inhibitor for 7 h were imaged on 

a Deltavision 3D OMX Structured Illumination Microscope (Applied Precision) 

using a protocol adapted from (Schermelleh et al., 2008). The Pax6 FISH 

samples treated for 1 h with the FGFR inhibitor or MEK inhibitor were imaged 

on a Deltavision (Applied Precision). Since the comparison of one data set 

imaged on both microscopes (Deltavision 3D OMX Structured Illumination 

Microscope and Deltavision) resulted in similar relative statistical differences the 

Deltavision was used for all further imaging of FISH experiments. 

Table 2.2 Sequences of primers used to verify Fosmids for mouse Pax6 and mouse Irx3 

fluorescent in situ hybridisation.  

  
  

sequence (5'-> 3') 
product 

size 
[bp] 

Pax6 5' Fosmid Rpl10 5' end fw TTCATGTCCAGTGCATCCCC 593 
  rv ATTTTGTGTTGTCCCGCACG 
Pax6 5' Fosmid Rpl10 3' end fw TGCGGCCTAGTGGCAAAATA 560 
  rv TGTGATTCCCTCCCCATTGC 
Pax6 3' Fosmid L13 5' end fw CATCATCCCGCCCTAAGTGG 675 
  rv CAGCCCAGCCCTCACTTAAA 
Pax6 3' Fosmid L13 3' end fw GTCCGTGCTTATTGTGGCCT 

726 
  rv ACGGCGGAGAGTTCACTAAC 
Irx3 5' Fosmid D9 5' end fw TTTAACACGGAGGCGAGCAT 245 
  rv TTGCATCCTTCCCCACTCAC 
Irx3 5' Fosmid D9 3' end fw TGCTGTTTCCCCCTAAGCTG 200 
  rv CACAGGAAGGCAGTGTGGAT 
Irx3 3' Fosmid E10 5' end fw CCTGACCCATGCCAGAACAT 652 
  rv CTCTCCCTACCACCTGCTCT 
Irx3 3' Fosmid E10 3' end fw GGCAGAGTCTATCCGTGCTC 351 
  rv GGTGGCTCAAGGTAGGCATT 
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When FISH was performed on human ES cells the cells were directly grown 

and differentiated on glass coverslips coated with Geltrex®. After a short 

fixation (10 min in 4% formaldehyde at RT) the coverslips were washed in PBS 

with 0.05% Triton X-100 (3 times 5 min at RT). For permeabilisation the 

coverslips were incubated in PBS with 0.5% Triton X-100 for 10 min, then 

transferred to 20% glycerol in PBS for at least 1 h at 4°C and after that 

repeatedly dipped in liquid nitrogen until completely frozen, let to thaw and 

soaked in 20% glycerol/PBS again (6 repeats). After the last snap freezing step 

the coverslips were washed in 0.05% Triton X-100/PBS (3 times 5 min at RT), 

rinsed and incubated in 0.1 N HCl (10 min at RT) and washed in 

0.05% Triton x-100/PBS (3 times 5 min at RT) again. To equilibrate the 

coverslips were washed in 2xSSC for 5 min being transferred into 

pre-hybridisation buffer (50% Formamide in 2xSSC) for half an hour at RT. For 

the probe hybridisation the same probe mix was used as for the FISH on mouse 

material except this time probes specific for the human Pax6 locus were 

hybridised. This hybridisation solution was loaded on a glass slide and the 

coverslips, drained of excess fluid, were placed on top of them with the cells 

facing downwards and the edges were then sealed with rubber cement. To 

denature the probes the glass slides were placed on a heat block set to 75°C 

for 3 min before being hybridised over night at 37°C in humid chamber. After 

that the coverslips were washed and the probes were detected using the same 

antibody reactions as for the FISH on mouse samples. Here too the nuclei were 

counterstained with DAPI and the coverslips were mounted onto slides with 

Slowfade Gold (Molecular Probes).The samples were imaged using a widefield 

Deltavision Microscope (Applied Precision).  
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In both cases (FISH on mouse embryonic tissue and human ES cell derived 

NMPs or NPs) the acquired images were uploaded into the OMERO server 

(Open Microscopy Environment). Using OMERO insight regions of interest 

(ROIs) were selected over at least 3 z sections. The 3D interprobe distances in 

these ROIs were then measured using a custom script called OMERO mtools 

(developed by Michael Porter, University of Dundee), by segmenting the objects 

(from each FISH probe) from the background and then calculating the distance 

between the centroid the objects as d in μm. 

 

2.7 Chromatin immunoprecipitation 

 

All the buffers used in this protocol were prepared fresh and filter sterilized 

through a 0.22 μm filters. For each IP and control IP 25 µL of dynabeads coated 

with protein A (Invitrogen) were used. Those beads were washed 3 times in 

blocking buffer (0.1% BSA in PBS) before being resuspended in 200 µL 

blocking buffer to which the antibody for immunoprecipitation or an equal 

amount of unspecific IgG was added (see Table 2.3 for antibodies and amount 

used) and incubated for 2 to 3 h at 4°C while rocking (during this time the 

chromatin was prepared). After this the beads were washed twice in blocking 

buffer, then resuspended in 100 µL blocking buffer and stored at 4°C until 

combined with the chromatin for immunoprecipitation. 
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Table 2.3 Antibodies and amounts used for chromatin immunoprecipitation.  

 

amount 
used  Supplier 

rabbit anti H3K4me3 5 μg Abcam 
rabbit anti H3K27me3 3 μg Millipore 
rabbit anti Ring1B 10 μg EDB 
rabbid anti Jarid 2 10 μg R&B systems 
rabbit IgG control 3-10 μg Abcam 

 

For the chromatin immunoprecipitation from human ES cells, the cells were 

grown and differentiated in 10 cm culture dishes (Techno Plastic Products, 

TPP) at 37°C and 5% CO2. The cells were fixed by the addition of 

formaldehyde (Sigma-Aldrich®) to the culture medium to a final concentration of 

1% for 10 min at RT before quenching with glycine (final concentration 0.125 M 

in culture medium) for 5 min at RT. The cells were then washed 3 times with ice 

cold PBS and harvested in PBS by scraping the cells of with a cell scraper 

(Techno Plastic Products), transferred into a protein low bind Eppendorf tube 

(Eppendorf®) and centrifuged at 4000 x g for 10 min at 4°C. The supernatant 

was removed and the pellets snap frozen on dry ice before being stored at -

80°C until further use. For the chromatin preparation the cell pellet was 

resuspended in 400 μL of lysis buffer (50 mM Tris-HCl, pH 8.1; 10 mM EDTA, 

pH 8; 1% SDS and protease inhibitor, 1 complete mini tablet from Roche in 10 

ml of lysis buffer), vortexted and incubated for 10 min on ice. This suspension 

was sonicated with a probe sonicator (Vibra-Cell, Sonics®) to produce 

chromatin fragments of approximately 500 to 1000 bp size with eight cycles of 

30 s on and 30 s off at a 30% amplitude. The sonicated lysate was then split 

into two (200 μL each) and diluted to a total volume of 1 mL with dilution buffer 

(20 mM Tris-HCl, pH 8.1; 150 mM NaCl; 2 mM EDTA pH 8.1% Triton X-100 and 

protease inhibitor, 1 complete mini tablet from Roche in 10 ml of buffer) before 
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being centrifuges for 20 min at full speed and 4°C. The supernatant was 

transferred into a fresh tube and the DNA concentration was measured using a 

NanoDrop 2000 Spectrophotometer (Thermo Scientific). For chromatin 

associated protein immunoprecipitations 100 μg of chromatin and for histone 

modification immunoprecipitations 25 μg of chromatin were used. Those were 

diluted to a final volume on 1 mL, added to the already prepared bead-antibody 

complexes and incubated over night at 4°C on a rotating wheel for the 

immunoprecipitation. As an input for each sample 10% of the chromatin amount 

used for immunoprecipitation was kept in a separate tube diluted to a final 

volume of 100 μL at -20°C overnight. The next day the beads were washed 5 

times in wash buffer (100 mM Tris, pH8.8; 0.5 M LiCl; 1% NP-40, 1% NaDoc 

and protease inhibitor, 1 complete tablet from Roche in 50 mL of buffer) as 

followed: first short wash to change from the IP buffer to the wash buffer, then 

3 longer washes with 10 min incubation at 4°C rotating, and another short wash. 

After that the beads were quickly rinsed and then washed for 10min at 4°C 

rocking in 1x TE (10 mM Tris and 1 mM EDTA, pH 8). To elute the chromatin 

immuno-complexes, the beads were resupended in 220 μL elution buffer (50 

mM Tris-HCl, pH 8; 10 mM EDTA, pH 8; 1% SDS) and incubated for 15 min at 

65 °C and 1400 rpm in a Eppendorf ThermoMixer® C (Eppendorf®). The eluate 

was spun down quickly and the 200 μL of the supernatant were transferred into 

a fresh DNA low bind Eppendorf tube (Eppendorf®). The formaldehyde 

crosslinking between proteins and DNA was reversed by incubation at 65°C and 

700 rpm in a thermomixer (Eppendorf®) for 6 h. The input sample was diluted 

with 100 μL of the elution buffer and the crosslinking was reversed at the same 

time as the immunoprecipitation samples. After 6 h incubation all samples were 

diluted with 200 μL of TE and 8 μL of RNase (10 mg/mL, Sigma-Aldrich®) were 
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added and incubated for 30 min at 37°C to remove RNAs from the eluates. This 

was followed by a protein digest with 8 μL proteinase K (10 mg/mL, Sigma-

Aldrich®) for 90 min at 45°C. The DNA was recovered by Phenol/Chloroform 

extraction. To that end 400 μL of Phenol:Chloroform:Isoamylalcohol (25:24:1, 

pH 8, Sigma-Aldrich®) were added to each sample, vortexted and centrifuged 

at maximum speed and RT for 10 min. The supernatant was transferred into a 

new DNA low bind Eppendorf tube (Eppendorf®) and mixed with 400 μL 

Chloroform:Isoamylalcohol (24:1, Amresco®), vortexted and centrifuged again 

as before. The supernatant was transferred into a new tube and the DNA 

precipitated by the addition of 1 mL of 96% ice cold ethanol, 

44 μL 3 M Na-Acetate and 2 μL linear polyacrylamide (5 mg/mL, Ambion®) and 

overnight incubation at -80°C. The precipitated DNA was centrifuged for 20 min 

at maximum speed and 4 °C and the supernatant removed. The DNA was then 

washed with 70% ice cold ethanol and centrifuged as before. The supernatant 

was removed and the DNA pellet air dried before being resuspended in 32 μL 

nuclease free water (Ambion®). 

A similar protocol was used to immunoprecipitate chromatin material from 

caudal mouse explants treated with the vehicle control DMSO, the small 

molecules inhibiting signalling through the FGF receptor or signalling via MEK 

as well as an untreated control. For each sample 30 caudal explants were 

pooled before the preparation of chromatin. Those 30 explants were 

resuspended in 200 μL of the lysis buffer (composition see above), vortexed 

and dissociated by pipetting up and down before incubating on ice for 10 min. 

This was followed by a sonication to generate chromatin fragments of 

approximately 500 to 1000 bp size with eight cycles of 30 s on and 30 s off at a 

30% amplitude. The lysate was diluted with 800 μL dilution buffer (composition 
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as above), centrifuged for 20 min at full speed and 4°C, the supernatant was 

transferred into a new protein low bind Eppendorf tube (Eppendorf®) and the 

DNA concentration was determined using a NanoDrop 2000 Spectrophotometer 

(Thermo Scientific). 25 μg of chromatin were used to immunoprecipitate with 

12 μg of the rabbit anti H3K27me3 antibody (Millipore) previously bound to 

dynabeads coated with protein A (Invitrogen) in a process described above. To 

the end the chromatin was diluted to a final volume on 1 mL and added to the 

already prepared bead- antibody complexes and incubated over night at 4°C 

and rocking for the immunoprecipitation. After that the same procedure of 

washing, eluting, uncrosslinking and precipitation of DNA was used as 

described above.  

To quantify the amount of specifically immunoprecipitated DNA quantitative real 

time PCR was perform (for program see Table 2.4 and for primers see Table 

2.5) using the PerfeCTa® SYBR® Green SuperMix for iQ™ (Quanta 

Biosciences). The following formula was used to calculate the percentage of 

input precipitated: % input = 2(input ct−log2DF)−IP ct. Each sample was analysed in 

at least 3 biological replicates and each biological replicate was analysed in 

technical triplicates on the Mastercycler® ep RealPlex2 (Eppendorf®). 

 

Table 2.4 PCR program used for the quantification of chromatin immunoprecipitated material on 

an Eppendorf realplex2 mastercycler.  

95°C 2 min 
 95°C 15 s 40 cycles 

55°C 35 s 
95°C 15 s 

 melting curve 60-95°C 15 s over 20min 
95°C 15 s 
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Table 2.5 Primer sequences of the Primers used to analyse chromatin immunoprecipitated 
DNA.  

  
sequence (5'-> 3') 

h intergenic (GW10)  fw GGCTAATCCTCTATGGGAGTCTGTC 
  rv CCAGGTGCTCAAGGTCAACATC 
hGAPDH TSS fw AAAAGCGGGGAGAAAGTAGG 
  rv AAGAAGATGCGGCTGACTGT 
hPax6 TSS fw CGGAGCCGAAAACAAGTGTA  
  rv CCACTAATCACTCCGCAACA 
hPax6 E9 fw AGTTCTTCGCAACCTGGCTA 
  rv TGGGTTTTACCTTGCGTAGG 
hBra TSS fw TTCCGTGAAAGCAATGACAC 
  rv GGCTCTCACCATCTGGAAAA 
hBra E7 fw TGGAGACGGTTTTCTGGAAC 
  rv ACCATGGTTCTGTGGAGAGG 

hHoxD11 TSS fw CATTTCTCTTCATGGCGTCAC 
  rv GCACTCGTCAAAGTCGTTCA  
hMyoD TSS fw CTCTTTCGGTCCCTCTTTCA 
  rv TTCCAAACCTCTCCAACACC 
      
m intergenic Chr. 8 fw AAGGGGCCTCTGCTTAAAAA 
  rv AGAGCTCCATGGCAGGTAGA 
m intergenic Chr. 19 fw GCATCCCCTTGGACTAAATCC 
  rv CCAGGGCGTGTTTAAATTGG  
mGAPDH TSS  fw AGCATCCCTAGACCCGTAC 
  rv CACCATCCGGGTTCCTATAAATAC 
mPax6 TSS fw CGAGGGGAGTAGATGTTGG 
  rv TCAGTTTTGGCCAGCTTTC 
mHoxD11 TSS  fw TAAAGTTTGGCAGGGAGGAAAAG 
  rv TAGACGCGATGCGGTAATTTtg 
mHoxA7 TSS fw CCTGGAATTTTCTTGGCACT 
  rv GGAAACAGCCCTCTTTTATGG 
mHoxB1 TSS fw GCTGGGACTGCCAAACTC 
  rv ACCCTCTTGCCCTACAACC 
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2.8 Transcription level analysis by reverse transcription quantitative 

PCR (RTqPCR) 

 

For RNA extraction human ES cells were grown and differentiated in 24 well 

plates (Techno Plastic Products). Cells were washed with PBS before being 

collected in 350 μL of lysis buffer from the Qiagen RNeasy Plus Mini Kit and 

RNA was prepared according to manufacturer’s protocol. An on column DNA 

digest was recommended in this protocol and was performed with the RQ1 

RNase-Free DNase (Promega) at RT for at least 15 min. cDNA was generated 

from 500 μg purified RNA with the ImProm-II™ Reverse Transcription System 

(Promega) primed by random primers (Promega). The Aria Mx real time PCR 

system (Agilent Technologies) with the Brilliant III Ultra-Fast QPCR Master Mix 

(Agilent Technologies) were used to quantify the transcript levels (for PCR 

program see Table 2.6). Each sample was analysed in biological triplicate and 

each biological replicate was run in technical triplicates. Each time a standard 

curve for each primer set was run alongside the samples (for primer pairs used 

see Table 2.7). The relative transcription level of a gene were normalised to that 

of GAPDH using the Pfaffl method (Pfaffl, 2001), to ensure that GAPDH itself 

did not change during the differentiation protocol or treatments its transcription 

levels were checked by normalisation to another housekeeping gene HPRT1. 
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Table 2.6 PCR program used on the Aria Mx real time PCR system (Agilent technologies) to 

quantify transcript levels.  

95°C 3 min 
 95°C 15 s 

40 cycles 55°C 15 s 

68°C 20 s 
95°C 30 s 

 melting curve 60-95°C 30 s over 20min 
95°C 30 s 

  

Table 2.7 Primer sequences of the primers used for the quantification of transcript levels. 

  
sequence (5'-> 3') 

hSox2 RT fw  TGGTACGGTAGGAGCTTTGC 
  rv GCAAGAAGCCTCTCCTTGAA 
hBra RT fw  CCCGAAAGATGCAGTGACTT 
  rv CATCTCCACAGTTGGGTTCA 
hPax6 RT fw  CTCTATCTTGCGAAAGTTG 
  rv CTGAGAACTGGGATATACG 
hHoxD11 RT fw  GGGGAAAATGGTAAATGCAA  
  rv AACCTGCATTCACCGAAGAG 
hGAPDH RT fw  ACCCAGAAGACTGTGGATGG 
  rv TTCTAGACGGCAGGTCAGGT  
hHPRT1 RT fw  TGACACTGGCAAAACAATGCA 
  rv GGTCCTTTTCACCAGCAAGCT 
hJarid2 RT fw  GGTAAACGGAGTCACTCGAATG 
  rv TGTGTGGTTGACAGCGGAAC 

 

2.9 Western Blotting 

 

A minimum of 4 stage E8.5 mouse embryos or human ES cells grown in a 6 

well plate (Techno Plastic Products, TPP) were lysed in lysis buffer 

(LB Nuc+ all) by pipetting up and down and kept on ice for 30 min while 

vortexing every 5 to 10 min. This was followed by a spin at full speed and 4°C 

for 20 min, after which the supernatant was transferred into a new tube. The 

protein concentration was determined by Bradford assay (Pierce™ Coomassie 
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(Bradford) Agent, Thermo Fisher Scientific) by comparing to a BSA standard 

curve ranging from 0-2 mg/ml. 50 μg of protein were separated on a 4-12% 

precast Gel (Invitrogen) in 1x MES buffer (Invitrogen) next to a size marker 

(BenchMark™ Pre-stained Protein Ladder, Invitrogen) before they were blotted 

onto a PVDF membrane (Immobilon®-P PVDF Membrane, Millipore) in transfer 

buffer (25 mM Tris, 190 mM glycine, 20% methanol). The completed transfer 

was checked by Ponceau S staining (0.1% (x/v) Ponceau S in 1% (v/v) acetic 

acid). To minimise variances between gels and afterwards blots, every sample 

was loaded twice on the same gel and blotted onto a membrane at the same 

time. After blotting the membrane was cut in half and one half was processed 

with a pan antibody and an antibody for the loading control α Tubulin and the 

other half with a phosphorylation specific antibody and the loading control 

antibody. To that end the membranes were first blocked in 3% BSA in TBST for 

at least 2 h at room temperature (RT), before incubating with the primary 

antibody (see Table 2.8 for antibodies and their dilutions) over night. After 

washing in TBST (at least 3 times 10 min at RT on a rocking platform) the 

membrane was incubated with the secondary antibodies which are conjugated 

with infrared fluorescence IRDye® (see Table 2.8 for antibodies and their 

dilutions) for 90 min at RT in the dark. Following more TBST washes the signals 

were visualised by scanning on the LI-COR Odyssey® system. This system 

was also used to measure the intensity of the bands, which correlates with the 

amount of target protein in the band, for later quantification. The loading 

controls were used to normalise for minor differences in loading before the 

phosphorylated ERK or PKB levels were compared to the pan ERK and PKB 

levels of the same samples. 

 



110 
 

Table 2.8 primary and secondary antibodies used to immune detect proteins transferred onto a 
membrane after size separation on an SDS gel.  

  
Dilution supplier 

primary 
antibodies 

mouse anti GAPDH 1:1000 abcam 
rabbit anti pan ERK 44/42 1:1000 Cell Signalling Technologies 
rabbit anti phospho ERK 
44/42 1:1000 Cell Signalling Technologies 
rabbit anti pan PKB 1:1000 Cell Signalling Technologies 

rabbit anti phospho PKB 473 1:1000 Cell Signalling Technologies 

secondary 
antibodies 

goat anti mouse Dye800 1:10000 Sigma-Aldrich® 

goat anti rabbit Dye 680 1:10000 Thermo Fisher Scientific 
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Chapter 3 FGF signalling regulates chromatin compaction 

around the neural differentiation gene Irx3 in the early mouse 

embryo 

 

Introduction: 

Changes in cell-type specific gene expression are thought to be a result of 

changes in chromatin organisation, such as nucleosome displacement and 

histone tail modification, and transcription factor binding to specific regulatory 

elements. With the help of DNase I hypersensitive site sequencing it was 

possible to correlate sites of open chromatin to transcription start sites, sites of 

transcription factor binding as well as histone marks associated with active 

transcription (Boyle et al., 2008; Heintzman et al., 2009; Heintzman et al., 

2007). 

In the early mouse embryo chromatin structure changes have been observed 

for the neural progenitor gene Pax6 and have been attributed to a loss of FGFR 

signalling (Patel et al., 2013). This gene is transcribed in the neural tube in 

stage E8.5 mouse embryos and is not found in the stem zone/ caudal lateral 

epiblast (hereafter as SZ/CLE) or somites. When fluorescent in situ 

hybridisation was used to analyse the chromatin state around the gene, it was 

found to be compact in SZ/CLE and somite nuclei and decompacted in neural 

tube nuclei, correlating with its transcription pattern. Furthermore, analysis of 

FGFR signalling inhibitor treated embryos revealed that the compact chromatin 

state in the SZ/CLE is linked to FGFR signalling, as the inhibition of this 

pathway resulted in decompaction of the Pax6 locus. However, there was no 
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expression observed for Pax6 in this area indicating that chromatin 

decompaction is not directly coupled to the expression (Patel et al., 2013). 

Here another neural progenitor marker gene was analysed to determine 

whether the previously described re-organisation around the Pax6 locus during 

neural differentiation can be observed at another neural progenitor gene locus. 

Irx3 was chosen, a gene that is similarly expressed in the E8.5 mouse embryo 

in the closing neural tube (Bosse et al., 1997) and later specifically in the neural 

progenitors of the ventral neural tube (Briscoe et al., 2000). A similar line of 

experiments to those carried out for Pax6 were conducted to analyse the 

expression pattern of Irx3 and the potential changes upon FGFR signalling 

inhibition as well as analysis of the chromatin structure around the Irx3 locus 

under these conditions (my results were published alongside the Pax6 data in 

(Patel et al., 2013)). 

 

3.1 Inhibition of FGF signalling leads to more caudal expression of 

Irx3 

 

It has previously been shown, that Pax6 transcription is regulated by 

FGFR signalling in the elongating body axis in chick as well as in mouse 

(Bertrand et al., 2000; Patel et al., 2013).  

To investigate whether the relationship between FGFR signalling and 

transcription of differentiation genes is a general feature during neural 

development in the mouse embryo, whole mount in situ hybridisation for Irx3 on 

mouse E8.5 embryos was performed. To that end mouse embryos, stage E8, 
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were cultured in the presence of FGFR signalling inhibitor (FGFRi, PD173074) 

or DMSO for seven hours (treated embryos were provided by Muriel Rhinn, 

IGBMC Strasbourg) before they were processed by in situ hybridisation. 

Irx3 is expressed in the neural tube and extends into the preneural tube, 

whereas there is no expression in the somites and the SZ/CLE of the embryo 

(Figure 3.1 A) under control conditions. This expression pattern is comparable 

to that of the gene Pax6. 

 

Figure 3.1 Blocking FGF signalling leads to changes in Irx3 expression pattern in mouse 
embryos. E8.5 mouse embryos exposed to either DMSO (A) or FGF receptor inhibitor 

PD173074 (B) processed for detection of Irx3 mRNA. (A) Irx3 is transcribed in the neural tube of 

control embryos; (B) the expression of Irx3 is expanded to more caudal tissue of the embryo (as 

indicated by the arrowhead) below the level of the last somites (indicated by the Arrow marked 

with S in both A and B) following FGFR inhibition. Scale bars represent 100μm. (C) FGFR1 

expression pattern in wild type embryos (Welsh and O'Brien, 2000) 

The inhibition of FGFR signalling lead to a more caudally expanded expression 

pattern of Irx3, with the transcripts now being detected as caudally as the stem 

zone (n=4/6, Figure 3.1 B). 
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3.2 Seven hour inhibition of FGF signalling in the early mouse 

embryo results in decompaction of the Irx3 locus in the stem zone/ 

caudal lateral epiblast 

 

The Pax6 locus was found to decompact in the absence of FGFR signalling in 

the SZ/CLE nuclei compared to the wildtype and control situation (DMSO). This 

led to the conclusion that FGFR signalling represses differentiation onset via a 

mechanism that involves the regulation of higher order chromatin structure 

(Patel et al., 2013).  

To analyse whether the onset of Irx3 expression during neural differentiation is 

regulated by a loss of FGFR signalling and accompanying changes in chromatin 

structure around the gene fluorescent in situ hybridisation (FISH) was 

performed on DMSO and FGFRi seven hour roller culture treated embryos 

(provided by Muriel Rhinn, IGBMC Strasbourg). Fosmid probes hybridised to 

either side of the Irx3 gene locus were used to analyse the state of chromatin 

compaction. The interprobe distance of these fosmids is about 51 kb. 

Hybridised SZ/CLE, somite and neural tube (NT) nuclei were imaged on a 

structure illumination microscope and the distance between the FISH probes 

was measured by a custom script program (OMERO mtools) in μm for 3 

embryos in each condition and at least 50 nuclei per embryo reaching a total of 

100 regions of interest analysed. At least 50 nuclei from each region were 

analysed in three different embryos. The squared value of the interprobe 

distance was used to compare the states of chromatin organisation around the 

Irx3 locus between different regions of the embryo. The squared interprobe 
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distance directly correlates with the linear genomic distance (van den Engh et 

al., 1992). 

In control embryos the FISH probes around Irx3 in SZ/CLE nuclei are in close 

proximity to each other. In contrast, in neural progenitor cells of the neural tube 

there is a striking separation of the two FISH probes (Figure 3.2). The squared 

interprobe distance in SZ/CLE nuclei is significantly smaller than in neural tube 

nuclei (p < 0.05, NT: d2 = 0.096 μm2, SZ/CLE: d2 = 0.029 μm2). Also, the Irx3 

locus in the somites is compact just like in the SZ/CLE nuclei (d2 = 0.041 μm2). 

As neural differentiation takes place the chromatin state around the neural 

progenitor gene Irx3 changes from a compact state observed in SZ/CLE nuclei 

to a decompact state in neural tube nuclei, which correlates with the 

transcription pattern of Irx3 and also recapitulates what was previously 

observed for Pax6.  

Using in situ hybridisation a caudal expansion of the Irx3 expression domain 

was ectopically induced by FGFR signalling inhibition. To examine whether 

FGFR signalling maintains chromatin compaction around the Irx3 locus in the 

SZ/CLE nuclei, embryos were cultured for seven hours with the FGFRi, a small 

molecule inhibitor that can reduce the signalling through the FGF receptor 

(Mohammadi et al., 1998) by ATP competitive inhibition (Bansal et al., 2003). 

To that end whole embryos in intact yolk sacs were treated with 50 μM FGFRi in 

roller culture in collaboration with Muriel Rhinn at the IGBMC in Strasbourg, 

France, before being processed for FISH and analysed (distance measurement 

in collaboration with Nishal Patel).  
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Figure 3.2 Blocking FGFR signalling leads to chromatin re-organisation around the Irx3 
gene locus. (A) Fosmids used for the FISH analysis, flanking the Irx3 locus, mapped to the 

UCSC Genome Browser build mm9. Examples for Irx3 FISH images in stem zone, neural tube 

and somite nuclei stained with DAPI for DMSO (B) or FGFRI treated (PD173074, C) embryos. 

(D) interprobe distances (μm2) for the Irx3 flanking fosmids in neural tube (NT), stem 

zone/caudal lateral epiblast (SZ) and somite (SOM) nuclei from tissues either treated with 

DMSO or the FGFRI PD173074 are shown in box plots; demonstrating that FGFR signalling is 

necessary to maintain the chromatin around Irx3 in a compact state in the SZ/CLE. (each 

dataset with 3 embryos analysed and at least 50 nuclei analysed per embryo, + = p≤0.05 

(Mann-Whitney test)) 
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The Irx3 locus was found to be compact in SZ/CLE and somite nuclei and less 

compact in neural tube nuclei under control condition. In the FGFRi treated 

embryos however, the Irx3 locus is decompacted in all the analysed regions 

(SZ: d2 = 0.084 μm2, SOM: d2 = 0.074 μm2, NT: d2 = 0.094 μm2). The squared 

interprobe distances showed that in control conditions (DMSO) the Irx3 locus in 

the neural tube nuclei is still less compact than in the SZ/CLE or somite nuclei. 

However the locus opened up significantly in SZ/CLE (p < 0.05, from 0.029 

μm2 to 0.084 μm2) and somite nuclei (p < 0.05, from 0.041 μm2 to 0.074 μm2) 

compared to the DMSO control when FGFR signalling was inhibited. This 

chromatin decompaction in the SZ/CLE correlates with a 1.7 time decrease in 

number of base pairs per nm, from 322 bp/nm in the DMSO treated SZ/CLE to 

189 bp/nm in the FGFRi treated SZ/CLE. 

 

Conclusion: 

Overall, it was shown here that FGFR signalling is responsible for chromatin 

compaction around the Irx3 locus in SZ/CLE and somite nuclei, similar to what 

was observed for Pax6 (Patel et al., 2013), since the inhibition of the signalling 

pathway resulted in precocious decompaction of the locus in those same 

tissues. 

In the case of Pax6 the decompaction of the locus in the absence of FGFR 

signalling did not correlate with the expression of Pax6 and therefore showed 

that a decompacted chromatin state is not instructive for expression. In the case 

of Irx3 there is a more caudally ectopic induced expression of Irx3 (reaching the 

SZ/CLE) in the FGFRi treated embryos, which correlates with the decompaction 

of the locus. Already, in control embryos the Irx3 expression domain starts more 
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caudally than the Pax6 expression domain. The FGFRi treatment resulted in a 

caudally expanded expression of Pax6 (into the pre-neural tube) as well (Patel 

et al., 2013), however not as far caudal as the expression pattern observed for 

Irx3. This is consistent with Irx3 expression expansion even further caudally into 

the SZ/CLE under FGFR signalling inhibition. 

Interestingly, there was a decompaction of the Irx3 locus in somite nuclei 

observed upon treatment with the FGFR signalling inhibitor. This could merely 

be a result of the long term exposure to the inhibitor in this experiment, since 

the cells, analysed as somite tissue after FGFRi treatment, originated in a 

region of the caudal lateral epiblast, which under normal conditions experiences 

FGFR signalling. During the differentiation from pre-somitic mesoderm to 

somites this FGFR signalling regulated compaction will be maintained. When 

the embryos were treated with the FGFR signalling inhibitor however, the 

original cell population did not experience the chromatin compacting FGFR 

signalling and this may therefore explain the decompaction observed in somitic 

cells (after 7h inhibitor exposure). 

Taking together the data for chromatin compaction, this suggests that 

FGFR signalling is required to maintain chromatin compaction around the Irx3 

locus in SZ/CLE and somite nuclei and furthermore, demonstrates that FGFR 

signalling acts upstream of mechanisms that direct higher order chromatin 

organisation. 
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Chapter 4 FGF signalling regulates chromatin compaction 

around the neural differentiation gene Pax6 via ERK signalling 

in the early mouse embryo 

 

Introduction: 

Pax6 is a member of the Pax transcription factor family which are characterised 

by containing a paired box domain as well as a homeobox domain (Czerny et 

al., 1993; Wilson et al., 1995). It was shown to be crucial during development of 

the central nervous system and the eye in vertebrates (Gruss and Walther, 

1992; Simpson and Price, 2002) and shows a complex spatiotemporal 

expression pattern (Callaerts et al., 1997; Macdonald and Wilson, 1996). The 

transcriptional regulation of the transcription factor Pax6 has been of interest 

since mouse loss of function mutants showed impaired forebrain-midbrain 

boundary formation and reginal specification of forebrain neurons as well as 

aniridia (Grindley et al., 1997; Mastick and Andrews, 2001; Pratt et al., 2000; 

Stoykova et al., 1996; Warren and Price, 1997).  

The promotor region of the human Pax6 locus was characterised by systematic 

deletion of promoter sequence elements and analysis of Pax6 transcription 

levels. This line of experiments uncovered a multitude of cis regulatory 

elements upstream and downstream of the Pax6 transcription start site (TSS) 

with activator and repressor function (Xu and Saunders, 1997). Interestingly, the 

different cis regulatory elements were found to have varying effects on Pax6 

expression in different cell types and furthermore, no single regulatory element 

was found to be essential for promoter activity (Xu and Saunders, 1997). 
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Reporter assays in transgenic mice revealed cis regulatory elements 3’ and 5’ 

of the gene as well as in introns of neighbouring genes (Elp4) (Griffin et al., 

2002), which showed overlapping tissue. These findings suggested that the 

different elements might work together in a cell type specific manner to facilitate 

specific Pax6 expression.A comparison with the earlier described quail Pax6 

locus revealed sequence similarities (Plaza et al., 1993; Xu and Saunders, 

1997). Furthermore, studies in quail and C. elegans have suggested 2 Pax6 

promotors (P0 and P1) and a variety of regulators (Dozier et al., 1993; Plaza et 

al., 1995; Zhang and Emmons, 1995), which could allow cell type and tissue 

specific expression of the gene.  

Efforts have been made to identify regulatory elements that act tissue specific 

during development. DNAse hypersensitivity site mapping used to identify novel 

cis regulatory elements in three murine cell lines, revealed tissue specific 

hypersensitivity sites as well as conserved sites in interspersed repeats 

(McBride et al., 2011), strengthening the idea of a cooperative function. In 

mouse, a 5 kb genomic fragment was identified between P0 and P1 that drives 

Pax6 expression in the dorsal domain of the telencephalon as well as the 

hindbrain and the spinal cord (Kammandel et al., 1999). Moreover, it was found 

that promotor P1 initiates the transcription of Pax6 in the central nervous 

system as well as lens placode and optical vesicle (Kammandel et al., 1999; 

Plaza et al., 1999; Xu et al., 1999).  

Functional evidence for the importance of a 3’ regulatory elements stems from 

aniridia cases where patients still carry 2 wildtype Pax6 alleles but show a 

chromosomal rearrangement in the Pax6 3’ region (Fantes et al., 1995; Kleinjan 

et al., 2001; Lauderdale et al., 2000). These cis regulatory elements were 
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extensively studied in mice (Kammandel et al., 1999; Kleinjan et al., 2004; 

Kleinjan et al., 2006), in flies (Adachi et al., 2003; Hauck et al., 1999) and quail 

(Plaza et al., 1999). Interestingly, in mouse a long range enhancer region 

128 kb downstream of the Pax6 poly adenylation site was found, which when 

interrupted leads to aniridia (Ahituv et al., 2007; Frankel et al., 2010). 

Furthermore, studies in the smalleye mouse mutants, where a 420 kb YAC 

(yeast artificial chromosome) containing the complete human Pax6 locus was 

introduced, showed a phenotypic rescue, which was only observed when an 

extensive stretch downstream of the human Pax6 locus was included (Kleinjan 

et al., 2001; Mi et al., 2013; Schedl et al., 1996), demonstrating the importance 

of this cis regulatory element. However, there is no functional evidence for this 

3’ cis regulatory element during the development of the central nervous system. 

In corneal epithelial cells Pax6 expression was shown to be under the control of 

CTCF (Ohlsson et al., 2001; Phillips and Corces, 2009) an epigenetic regulator. 

This spatial organiser of the genome is involved in mediating long range 

interactions within the same chromosome and even between different 

chromosomes (Phillips and Corces, 2009). It functions as an insulator that is 

often found active at boundaries of gene enhancers and promoters and 

regulates flanking regions (Antes et al., 2001; Bell et al., 2001; Farrell et al., 

2002). It was further shown to operate in a cell specific manner in response to 

environmental signals (Ishihara et al., 2006; Jaenisch and Bird, 2003; Parelho 

et al., 2008). In the case of Pax6 it was shown to regulate expression by 

interacting with a repressor element in the 5’ region of the P0 promoter (Li et al., 

2004; Tsui et al., 2016). 
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In the developing mouse embryo, it was shown that the onset of Pax6 

expression in the neural tube is regulated by a mutual inhibitory switch of 

declining FGFR signalling and increasing retinoic acid signalling (Bertrand et al., 

2000; Diez del Corral et al., 2003). However, not much is known about the 

FGFR downstream pathways involved in this perfectly timed neural progenitor 

gene expression onset. So far, it is understood that the chromatin structure 

around the neural progenitor genes Pax6 and Irx3 is maintained in a compact 

state by the “differentiation onset repressing” FGFR signalling and a decline or 

loss of this signal leads to a decompaction of these loci (Patel et al., 2013), 

indicating the possibility for an epigenetic regulation. 

Possible FGFR downstream mechanisms could either involve the de novo 

transcription of chromatin regulators/ remodelling factors or a relatively simple 

and rapid signalling cascade containing phosphorylation changes facilitating the 

maintenance of the chromatin compacting machinery. 

ERK signalling is a known downstream target of FGFR signalling that could 

either link to a phosphorylation cascade changing chromatin structure or could 

be directly involved in a compacting mechanism at the chromatin level (Goke et 

al., 2013; Tee et al., 2014). One of the machineries that is likely involved in the 

chromatin compaction around neural differentiation genes in the stem 

zone/caudal lateral epiblast of the developing mouse embryo is the polycomb 

repressor complex machinery, as FGFR signalling regulates a number of 

differentiation genes, which are also known polycomb proteins target families in 

embryonic stem cells such as Irx Lhx, Pax in addition to the Hox gene cluster 

(Boyer et al., 2006; Lee et al., 2006; Mikkelsen et al., 2007). 
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As discussed in Chapter 1.4.4, polycomb group proteins keep cells in an 

undifferentiated state by silencing lineage specific genes (Lewis, 1978), to that 

end they build up two catalytically active multi-protein complexes called 

polycomb repressive complex 1 and 2 (PRC1 and PRC2). The PRC2 complex 

contains Ezh2, a histone methyltransferase which deposits a trimethylation 

mark on lysine 27 of histone H3 (H3K27me3) (Chase and Cross, 2011; Yoo and 

Hennighausen, 2012). This is a prerequisite to recruit PRC1 that 

monoubiquitylates lysine 119 of histone H2A (H2AK119ub) resulting in a local 

state of chromatin compaction (Buchwald et al., 2006) and transcriptional 

repression by interfering with RNA Polymerase II elongation (Stock et al., 2007; 

Zhou et al., 2008). 

To understand the nature of the mechanism by which FGFR signalling changes 

higher order chromatin structure around neural differentiation gene loci, here 

the involvement of ERK signalling in this process was tested. Furthermore, the 

time frame in which attenuation of the involved signalling pathways leads to 

changes in chromatin compaction around the Pax6 locus was investigated. 

Lastly the possible association of polycomb repressive complex action in the 

process of chromatin compaction maintenance was explored. 

 

4.1 One hour inhibition of MEK signalling results in loss of ERK 

phosphorylation 

 

Previously the chromatin structure around Pax6 and Irx3 was analysed by the 

use of an FGFR signalling inhibitor (FGFRi) in a seven hour time frame (Patel et 

al., 2013). To investigate the nature of the mechanism further, another culturing 
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method was used to enable culturing of the embryos for a shorter time frame 

(one hour) in the presence of small molecule inhibitors. 

First, to determine whether the previously used FGFRi is able to block FGFR 

signalling in a one hour time frame, embryos at stage E8.5 were dissected and 

put into hanging drop culture with the FGFRi (2.5 μM or 500 nM final 

concentration) or DMSO (equal volume to inhibitor) as a vehicle control. After 

that they were processed for protein extraction and subsequent western 

blotting. 

The level of ERK phosphorylation can be used as a direct read out of FGFR 

signalling and therefore changes in the levels of phosphorylated ERK1/2 

(42 and 44 kD respectively, hereafter referred to as ERK 42/44) were analysed 

by western blotting using a phosphorylation specific ERK antibody (referred to 

as phosphoERK) next to a total ERK antibody (referred to as panERK, results 

shown in Figure 4.1 A and B). Similar levels of inhibition were observed for the 

two different concentrations of the FGFRi used. In both cases the levels of 

phosphoERK 42/44 were significantly reduced by about 60% compared to the 

levels in the DMSO control embryos within one hour. 
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Figure 4.1 One hour exposure to the FGF signalling inhibitor PD173074 or the MEK 
inhibitor PD184352 reduces the levels of ERK phosphorylation and MEK inhibitor 
treatment increases PKB phosphorylation in mouse embryonic tissue. Protein extract from 

whole embryo pools of four embryos were size separated by SDS-PAGE before being 

transferred onto a PVDF membrane. Levels of panERK, phosphorylated ERK (phospho), 

panPKB, phosphoPKB and a loading control (α Tubulin) were detected with specific antibodies 

(A, C and E). For quantification secondary antibodies conjugated to infrared fluorescence 

IRDye® and the LI-COR system were used. PhosphoERK levels were reduced when the FGFR 

signalling inhibitor PD173074 (FGFRI, either in 2.5 μM or 500 nM final concentration) or the 

MEK inhibitor PD184352 (MEKI, either 3 μM or 1.5 μM) were used (B and D, n=3 independent 

experiments and error bars show standard error of mean and * representing p≤0.05). 

PhosphoPKB signals relative to panPKB signals show an increase in the levels of phosphoPKB 

when the MEK signalling inhibitor at 3 μM was used (E, n=3 independent experiments and error 

bars show standard error of mean and * representing p≤0.05 (student t test)). 
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To establish an assay in which ERK signalling is inhibited in the mouse embryo 

the effects of the MEK inhibitor PD184352 (MEKi) on ERK phosphorylation after 

one hour exposure were analysed. To that end again embryos stage E8.5 were 

placed in hanging drop culture to treat the embryos with the MEKi (3 μM or 

1.5 μM final concentration) and DMSO as a vehicle control (equal volume to 

inhibitor) and then analysed by western blotting. 

This time the phosphorylation levels of ERK were used as read out for sufficient 

inhibition of MEK signalling. Higher levels of inhibition were yielded with the 

MEKi than with the FGFRi. One hour treatment with the MEKi significantly 

reduced the phosphorylation level of ERK 44 by about 80% with both inhibitor 

concentrations and the phosphorylated ERK 42 levels were reduced by about 

60% (Figure 4.1 C and D). In addition to the level of ERK phosphorylation the 

level of PKB phosphorylation was analysed in MEKi treated embryos in a similar 

fashion to the ERK phosphorylation level analysis, here a phosphorylation 

specific PKB antibody next to a panPKB antibody were used. Inhibition of MEK 

signalling lead to an increase in activated PKB as indicated by increased 

phosphorylation levels of up to two times the control amount (Figure 4.1 E 

and F) however; there was a great variance between the single experiments 

which can be seen by the error bars. 

In conclusion, the western blot analysis showed that ERK phosphorylation is 

reduced significantly by a one hour FGRi or MEKi treatment. Furthermore, the 

results presented here indicate that PKB phosphorylation might increase when 

ERK phosphorylation is blocked with the MEKi. The hanging drop embryo 

culture system allows for the investigation of the involvement of ERK signalling 
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in the FGFR downstream pathway leading to chromatin re-organisation during 

neural differentiation.  

4.2 The Pax6 locus in stem zone nuclei of early mouse embryos 

decompacts within one hour of ERK inhibition 

 

The Pax6 locus was found to decompact in the absence of FGFR signalling in 

the stem zone/caudal lateral epiblast compared to the wildtype and control 

situation (DMSO) after a seven hour treatment. The same was observed for 

another neural progenitor gene Irx3. This led to the conclusion that FGFR 

signalling represses differentiation onset via a mechanism that involves the 

regulation of higher order chromatin structure around differentiation gene loci 

(Patel et al., 2013). However, it remains unclear which downstream signalling 

pathway FGFR operates to maintain chromatin compaction. To explore the 

involvement of ERK signalling in this chromatin compaction mechanism, the 

hanging drop embryo culture method was used to expose embryos to the 

MEK signalling inhibitor for only one hour and combined with FISH analysis to 

investigate changes in higher order chromatin organisation around the Pax6 

locus. 

To determine the effect of ERK inhibition on higher order chromatin structure 

around the Pax6 locus three inhibitor treated embryos (3 μM MEKi) were 

analysed by FISH, using fosmids flanking the gene locus, labelled with Biotin or 

Digoxigenin. For this analysis, chromatin compaction measurements were 

made in over 50 nuclei per region (stem zone/caudal lateral epiblast and neural 

tube) in each of the 3 different embryos (giving 100 fosmid pair measurements 

in each embryo for each tissue) using images obtained with a 
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DeltaVison microscopy system (GE Healthcare). As the mean-squared 

interprobe distances of FISH signals was used to demonstrate differences in 

chromatin compaction. The imaging system was changed in order to conserve 

time in the imaging process itself. To verify that the DeltaVision imaging system 

can be used a comparative analysis was done for the interprobe distance 

measurements from images obtained with the DeltaVision microscope and the 

DeltaVision OMX structured illumination microscope (GE Healthcare). To that 

end samples containing neural tubes from vehicle control (DMSO) treated 

embryos and FGR inhibitor treated embryos hybridised with FISH probes to 

analyse chromatin compaction around the Irx3 locus, were reimaged on the 

DeltaVison (DV) microscope setup. The data obtained from the DV imaging was 

compared to the already existing data obtained by DeltaVision OMX structured 

illumination imaging (OMX) (see also Chapter 3.2). 

Figure 4.2 A shows the squared interprobe distances for the DV imaged neural 

tubes comparing DMSO and FGFR inhibitor treatment, showing no significant 

difference between the two conditions. The same holds true for the data sets 

imaged on the OMX (Figure 4.2 B). The number values obtained from the 

different imaging techniques however differ, which is most likely due to the 

difference in resolution obtained with the two different imaging set ups. 

In conclusion even though the number values measured after imaging with the 

different microscopes differ the informational value remains the same, therefore 

a Deltavision set up can be used to analyse the interprobe distances of FISH 

probes. 
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Figure 4.2 Comparison of interprobe distances obtained through different imaging 
techniques. Interprobe distances of FISH probes hybridised to DMSO and FGFR inhibitor 

treated neural tube nuclei from images obtained with a DeltaVision microscope (A) and the 

DeltaVision OMX structured illumination microscope (B) showing no significant difference 

between the different treatments. The number values measured differ for the two imaging set 

ups however, the information gained remains the same. In all the samples shown the interprobe 

distances were measure in 3 embryos with 75 FISH probe pairs in each embryo. Statistical 

significance was assessed with a Mann-Whitney test. 

To complete the one hour MEK inhibitor treated data set the vehicle control 

DMSO as well as a wild type control, embryos without any chemical treatment, 

were cultured for one hour in a hanging drop before the chromatin structure 

around the Pax6 locus was analysed by FISH. 

The data sets shown here for wild type/untreated and DMSO treated embryos 

are a result of the analysis of 6 embryos for each control condition, from which 

outlier embryo data sets were removed. For all 6 embryo data sets for each 

condition and details on the outlier analysis (see appendix Chapter 10.1). 
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Figure 4.3 Changes in chromatin compaction around the Pax6 locus in neural tube and 
stem zone/caudal lateral epiblast nuclei after one hour exposure to the MEK inhibitor 
PD184352. (A) The murine Pax6 locus on chromosome 2 with the Pax6 gene and the gene 

flanking fosmids in red and green (RPL10 and Elp4). (B) Examples of Pax6 FISH probes 

hybridised stem zone/caudal lateral epiblast (SZ), neural tube (NT) in nuclei counterstained with 

DAPI from chemically untreated (WT), DMSO and MEK inhibitor PD184352 (MEKI) treated 

embryos (C) The interprobe distances (μm2) for the Pax6 flanking fosmids in the NT and 

SZ/CLE nuclei from embryos treated with DMSO or the MEK inhibitor as well as chemically 

untreated embryos (WT) are shown in box plots; demonstrating that inhibition of MEK signalling 

for one hour results in chromatin decompaction around the Pax6 locus in the SZ/CLE when 

compared to the controls (WT and DMSO). (each dataset with at least 3 embryos analysed and 

at least 50 nuclei analysed per embryo, *= p≤0.05, *** = p≤0.001 (Mann-Whitney test)) 
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In the wild type tissue the Pax6 locus is decompacted in neural tube nuclei 

compared to SZ/CLE nuclei (p ≤ 0.001, SZ/CLE: 0.0486 μm2 and 

NT: 0.1140 μm2, Figure 4.3), which correlates with the Pax6 transcription in the 

neural tube but not in the SZ/CLE. The vehicle control DMSO revealed similar 

changes when comparing the different tissues (p ≤ 0.001, SZ/CLE 0.0462 μm2 

to NT 0.121 μm2), here again this correlated well with the Pax6 transcription 

pattern. Comparison of the two controls (wild type and DMSO) to each other 

demonstrated that there are no differences between the two data sets, 

suggesting DMSO has no significant influence on chromatin organisation.  

Treatment with the MEK signalling inhibitor led to a decompaction of the Pax6 

locus in the SZ/CLE compared to both controls ((p ≤ 0.001, WT 0.0486 μm2, 

DMSO 0.0462 μm2 and MEKI 0.130 μm2), indicating that MEK inhibition leads to 

a decompaction comparable to the control neural tube condition (SZ/CLE MEKI 

0.130 μm2, NT WT 0.114 μm2 and NT DMSO 0.121 μm2). In the SZ/CLE the 

decompaction of the Pax6 locus upon MEK inhibition correlated with a 1.7 times 

decrease in the number of base pairs per nm both when compared to the 

untreated and the DMSO treated control (SZ/CLE: wt 207 bp/nm, DMSO 

212bp/nm and MEKi 126bp/nm). 

The attenuation of ERK signalling led to precocious decompaction of the Pax6 

locus in the SZ/CLE within one hour. This is similar to what was previously 

shown for Pax6 locus upon FGFR inhibition for 7 hours (Patel et al., 2013) and 

suggests that FGF/ERK signalling regulates chromatin organisation around the 

Pax6 locus in the mouse embryo SZ/CLE. 
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4.3 Investigation of polycomb mediated regulation of chromatin 

compaction during neural differentiation 

 

The identification of downstream targets mediating chromatin compaction was 

the next immediate concern for this study. To this end a pilot 

chromatin immuno-precipitation assay (ChIP) was performed on caudal 

explants treated with the FGFR signalling inhibitor and the MEK signalling 

inhibitor for just one hour.  

This required dissecting the embryos, after they have been in a hanging drop 

culture, just caudal to the node as well as removing any allantois tissue, thereby 

retaining pieces containing the stem zone/caudal lateral epiblast as well as the 

underlying mesoderm. This rather large tissue piece was chosen because in 

earlier experiments both populations demonstrated chromatin decompaction 

around the Pax6 locus due to loss of FGFR signalling. Since FGFR inhibition 

led to decompaction in both the SZ/CLE and mesoderm arising from the CLE 

(Patel et al., 2013) using both populations was thought unlikely to affect the 

experimental outcome and ensure enough tissue for the ChIP experiments. 

Initial trial were performed on chromatin prepared from 10 caudal end explants 

and yielded inconsistent results between replicates and where complicated by a 

high background signal possibly due to the low chromatin input (data not 

shown). Therefore, for further experiments chromatin was prepared from a pool 

of 30 caudal explants per ChIP. An initial ChIP-qPCR approach was performed 

to identify the involvement of polycomb repressive complexes in 

FGFR signalling regulated chromatin re-organisation. For this purpose an 

antibody against H3K27me3, the first mark for polycomb action (Bernstein et al., 
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2006), was used to immuno-precipitate in the ChIP. As an unspecific ChIP 

control, IgG was employed.  

Subsequent to the ChIP qPCR for Pax6 was performed, as the higher order 

chromatin structure around this gene locus changed when FGFR signalling was 

inhibited for seven hours (Patel et al., 2013) as well as upon one hour treatment 

with the MEK signalling inhibitor. GAPDH was analysed as one of the controls, 

as a house keeping gene, that should not be marked by any repressive histone 

modifications. HoxD11 was used as one of the controls for polycomb action. As 

a member of the Hox gene family it is a known target of polycomb repression for 

example it was shown to be marked by Suz12 and Bmi1 (PRC1 components) in 

mesenchymal stem cells and derived adipocytes (Woo et al., 2010) or to be 

occupied by Suz12 and Ring1B as well as being marked by H3K27me3 in 

mouse ES cells (Leeb et al., 2010). HoxD11 is not expressed in the stem 

zone/caudal lateral epiblast at mouse embryonic stage E8.5 (Soshnikova and 

Duboule, 2009), but instead is repressed and therefore should be marked by 

H3K27me3. Furthermore, HoxA7 and HoxB1, as known polycomb targets were 

analysed as well. These two genes are expressed in the SZ/CLE at this stage 

(Huang et al., 1998) and so should not carry high levels of H3K27me3. 
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Figure 4.4 The polycomb associated histone modification H3k27me3 can be found at the 
transcription start site of Pax6 in caudal explants of E8.5 mouse embryos. Results of a 

chromatin immune precipitation (ChIP) pilot study with an anti H3K27me3 antibody on 

chromatin from caudal mouse explants are shown as percentage of input for the transcription 

start sites of Pax6 as well as controls (intergenic regions of chromosome 8 and 19, GAPDH, 

HoxD11, HoxB1 and HoxA7). The caudal explants were treated with a FGFR signalling inhibitor 

(FGFRi, PD173074), a MEK signalling inhibitor (MEKi, PD184352) or with the vehicle control 

DMSO (equal volume to inhibitors). Explants were also dissected from chemically untreated 

embryos (wt). Pax6 and HoxD11 show high levels of H3K27me3 at their transcription start sites. 

Treatment with DMSO reduced levels of H3K27me3 on analysed genes. Inhibitor treatment did 

not result in significant change of H3K27me3 levels compared to DMSO control (one replicate 

only shown for each condition). 

The non-transcribed intergenic regions of chromosomes 8 and 19 served as 

baselines for H3K27me3 and remained unchanged with the treatments (below 

0.5% of the input). The house-keeping gene GAPDH was used as a negative 

control for polycomb activity (indicated by H3K27me3). Here only low levels of 

H3K27me3 were detected at the transcription start site (TSS), which did not 

dramatically change with the treatments (below 0.5% of the input). Pax6, a 

neural progenitor marker, is not expressed in the stem zone/caudal lateral 

epiblast of the early mouse embryo, which is included in the explants taken for 

ChIP. It showed high levels of H3K27me3 at the TSS in untreated (wt) embryos 

explants (almost 4% of the input). When the embryos were treated with DMSO 

(equal volume to inhibitors) a decrease in the levels of H3K27m3 at the TSS 
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was observed (about 1% of input). Treatment with the inhibitors (FGFRi or 

MEKi) also resulted in a reduction of the H3K27me3 levels compared to the 

wild type control (FGFRi: ca 2.5% and MEKi: ca. 1%) however, compared to the 

DMSO control that meant no change in the H3K27me3 levels. Similar effects 

were observed for the polycomb target gene HoxD11, which is not expressed in 

the caudal end of an E8,5 mouse embryo, with high H3K27me3 in the untreated 

embryos (over 5% of the input) and a drop when the embryos were treated with 

DMSO or the inhibitors (DMSO: about 1%, FGFR1: above 2% and MEKi: about 

1.5%). HoxB1 and HoxA7, also known polycomb target gene, are expressed in 

the caudal end of E8.5 mouse embryos. They show low levels of H3K27me3 at 

TSSs (below 1% of the input), which did not change dramatically with the 

treatments however; even here DMSO lowered the H3K27me3 levels slightly. 

 

Conclusion: 

Overall it was shown here that one hour treatment of E8.5 mouse embryos with 

the FGFR inhibitor or the MEK inhibitor by hanging drop culture reduced ERK 

phosphorylation. Furthermore upon one hour of MEK inhibitor treatment not 

only was ERK phosphorylation blocked but chromatin re-organisation took place 

as measured by FISH in response to this loss of ERK signalling. 

Taken together, the data shown in this chapter demonstrated that FGFR 

signalling keeps chromatin around the Pax6 gene locus compact in stem 

zone/caudal lateral epiblast nuclei by a mechanism that involves ERK. 

Furthermore the mechanism that regulated chromatin compaction in this region 

seems to be a rather rapid one, since MEK inhibition for only one hour resulted 

in chromatin reorganisation. The ChIP data presented here showed Pax6 as a 
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potential polycomb target in the caudal end of an E8.5 mouse embryo as it is 

marked by high levels of H3K27me3 similar to a known and repressed gene in 

this area HoxD11. However neither the treatment with the FGFRi or the MEKi 

resulted in changes of the H3K27me3 mark at the TSS of Pax6 within the one 

hour time frame. Since the treatment with the MEKi opened up the Pax6 locus 

but did not result in changes in H3K27me3 levels at the TSS of Pax6, when 

compared to DMSO alone, it can be speculated that the H3K27me3 mark and 

chromatin decompaction are not mutually exclusive. 

Treatment of the embryos with DMSO prior to extraction of chromatin from 

caudal explants resulted in a reduced signal for the H3K27me3 mark compared 

to the wild type signal for all analysed genes, implying a DMSO induced signal 

reduction. Inhibitor treatment, with either FGFR or MEK inhibitor, showed a 

reduced H3K27me3 signal when compared to the wild type signal with the MEK 

inhibitor yielding a greater signal reduction than the FGFR inhibitor. However, 

when the H3K27me3 signals of the inhibitor treated caudal explants were 

compared with the DMSO control no major change in the H3K27me3 levels 

were observed. Nonetheless, this was not conclusive in terms of inhibitor 

mediated changes in H3K27me3 levels, due to the fact that only one replicate 

was performed so far and the severe effect of DMSO on the histone 

modification.  

The observed DMSO effect on the level of H3K27me3 has not been reported 

before. This is not due to the fact that the effect was not observed but more due 

to the fact that certain controls are missing. H3K27me ChIPs after inhibitor 

treatment have been published on numerous occasions; the controls in those 

experiments do not always include vehicle controls and untreated controls as 
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presented here. So was a reduction in H2K27me3 levels observed when human 

umbilical cord vein endothelial cells were treated with the inhibitor DZNep 

compared to the vehicle control DMSO with 0.2% DMSO which is roughly 10 

times the amount used in the experiments presented in this thesis (Mitic et al., 

2015). With the HDAC inhibitor SAHA a reduction in H3K27me3 levels was also 

observed, here again only compared with the DMSO control not with an 

untreated control; moreover no DMSO concentration was mentioned (Yu et al., 

2010). Both the untreated and vehicle control are important as shown here 

since the inhibitors used in the experiments seemingly have an effect when 

compared to the vehicle control but not when compared to the untreated 

control. However there are publications that use both controls and see no effect 

on the H3K27me3 levels when using DMSO and even used comparable 

concentrations of DMSO to the ones used in this thesis with 0.02% (Tripathy et 

al., 2015). Taken together the ChIP results presented here need replication to 

ensure the effects of DMSO seen hold up. A lowering of the DMSO 

concentration might also be considered to improve the experimental set up. 

This, however, might be hindered by the concentration of the inhibitors needed 

and the restriction of their solubility. 

Another explanation for the inconclusive results from the ChIP could be that the 

rather short term exposure to the inhibitors was not enough time to remove the 

H3K27me3 from the target gene promoter. 
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Chapter 5 Compact state of chromatin around the neural 

differentiation gene Pax6 is regulated by polycomb repressive 

complexes in differentiating human ESCs 

 

Introduction: 

Human embryonic stem cells (hESCs) have been published as model systems 

for differentiation processes like neural differentiation. A few different ways are 

known to differentiate hESCs into neural progenitor cells of various fates 

(Denham et al., 2015; Gouti et al., 2014; Lippmann et al., 2015; Tsakiridis et al., 

2014; Turner et al., 2014). An in vitro system that will generate neural 

progenitors with a posterior spinal cord fate includes an intermediary cell 

population called neuromesodermal progenitors (NMPs). This cell population 

can be found in the posterior of the developing mouse embryo and is located in 

the stem zone and epiblast of the anterior primitive streak (Brown and Storey, 

2000; Cambray and Wilson, 2002; Delfino-Machin et al., 2005; Henrique et al., 

2015). The bipotent NMP cells appear to co-express the neural lineage marker 

Sox2 and the mesodermal lineage marker Brachyury (Bra) (Martin and 

Kimelman, 2012; Olivera-Martinez et al., 2012). Wnt and FGFR signalling are 

known for their importance during body axis elongation (Wilson et al., 2009) and 

furthermore are required for both mesodermal and neural induction (Liu et al., 

1999; Streit et al., 2000; Wilson et al., 2000; Yamaguchi et al., 1999). Therefore, 

it is not surprising that these two signalling pathways are necessary to generate 

neuromesodermal progenitor cells that can undergo further differentiation to 
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neural tissues with spinal cord identity (Denham et al., 2015; Gouti et al., 2014; 

Lippmann et al., 2015; Tsakiridis et al., 2014; Turner et al., 2014). 

An in vitro system based on the processes taking place in the developing 

mouse embryo during generation of the spinal cord therefore represents a good 

model to investigate further the mechanism by which FGF/ERK signalling 

regulates chromatin compaction around the neural differentiation gene Pax6 

and the potential involvement of polycomb mediated gene repression in this 

differentiation process. 

Differences in the chromatin state between undifferentiated and differentiated 

ESCs have been observed on multiple occasions (Meshorer and Misteli, 2006; 

Mikkelsen et al., 2007). Interestingly, key regulators and developmental genes 

in ESCs often display H3K4me3 as well as H3K27me3 in their promoter 

regions. This bivalency of the genes is thought to be responsible for a so called 

poised state, in which genes are prepared for active transcription, but remain 

repressed. Many bivalent genes are members of well-known differentiation 

gene families like Sox, Pax, Irx, Fox, and Pou, all vital for development and all 

not active in ESCs. During differentiation, these bivalent domains resolve to 

either H3K4me3 or H3K27me3 depending on the transcriptional program 

(Bernstein et al., 2006) regulated by gene and lineage specific signalling 

(Bracken et al., 2006; Ringrose, 2007). A decline in H3K27me3 is reported to 

induce premature differentiation (Boyer et al., 2006). 

The family of polycomb group proteins builds up two catalytically active 

complexes (PRC1 and PRC2) that are, amongst other things, involved in the 

deposition of the H3K27me3 mark by the histone methyltransferase Ezh2 in 

PRC2 (Chase and Cross, 2011; Yoo and Hennighausen, 2012), therefore this 
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mark has been widely used as an indication for polycomb action. However, for 

chromatin compaction PRC1 is more important which is recruited to the 

H3K27me3 mark (Margueron et al., 2008; Min et al., 2003; Morey et al., 2012). 

Within PRC1 resides the E3 ligase Ring1B which catalyses the ubiquitylation of 

lysine residue 119 of histone 2A (H2AK119Ub) leading to a local state of 

chromatin compaction (Buchwald et al., 2006). Therefore Ring1B occupancy 

does not only indicate PRC1 activity at a gene locus but also implies chromatin 

compaction. Jarid2 is a factor known to associate with PRC2 and co-occupy 

promoters of developmental genes (Peng et al., 2009). Inhibition of Jarid2 

expression can reduce the level of H3K27me3 (Pasini et al., 2010), and the 

other way around artificial recruitment of Jarid2 can increase H3K27me3 levels 

(Li et al., 2010), demonstrating its importance for polycomb activity. Interestingly 

it seems to perform a dual function, by recruitment of polycomb repressive 

complexes to a promoter as well as the ability to recruit RNA polymerase II in 

the serine 5 phosphorylated form, which is characteristic for bivalent poised 

genes (Guenther et al., 2007; Stock et al., 2007). Unpublished data from the 

Storey lab suggest that Jarid2 is a FGFR signalling regulated gene, expressed 

in the stem zone/caudal lateral epiblast of the early mouse embryo, thereby 

presenting a possible link by which FGFR signalling could specifically regulate 

the chromatin state through polycomb mediated gene repression at 

developmental genes in this region. 
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5.1 Human ESCs as an in vitro system to analyse changes in 

chromatin organisation during neural differentiation 

 

To analyse the previously shown correlation in the embryo between FGFR 

signalling and chromatin compaction a more tractable in vitro system was 

employed which allowed for the generation of higher amounts of starting 

material for experiments like chromatin immunoprecipitation and reduced the 

number of animals used for experiments dramatically. The ability of this in vitro 

system to faithfully recapitulate neural differentiation had to be tested first. 

Here the hESC line H9 was used to generate neuromesodermal progenitors 

(NMPs) and then further neural progenitors (NP) with a protocol optimised by 

Dr Laure Verrier from the Storey Lab. To that end the cells were cultured with 

GSK3ß inhibitor CHIR99021 (which promotes Wnt signalling) and bFGF for 

3 days (20 ng/ml bFGF and 3 μM CHIR99021 in neurobasal medium 

supplemented with N2 and B27). To differentiate NMPs further into neural 

progenitors (NPs), the bFGF and Wnt condition was removed and the cells 

were simply cultured in neurobasal medium supplemented with N2 and B27 for 

another 5 days (final day 8 of the protocol). In addition a BMP and 

TGFß inhibitor treatment (Noggin and SB 431542) was performed for 2 days 

starting on day 2 of the differentiation protocol (for schematic of the protocol see 

Figure 5.1 A), which inhibits mesodermal differentiation and promotes neural 

fate. Cells were harvested at three different stages of differentiation, 

undifferentiated, neuromesodermal progenitors and neural progenitor and the 

expression profiles of key marker genes were analysed.  



142 
 

 

Figure 5.1 Generation of neuromesodermal progenitors and subsequent neural 
progenitors from human ES cells. (A) Schematic representing the differentiation protocol 

used to generate neuromesodermal progenitors (NMPs) and neural progenitors (NPs). (B-F) 

Relative expression levels of the pluripotency markers Oct4 and nanog (B and C), the 

neuromesodermal markers Bra and Sox2 (D and E) and the early neural progenitor marker 

Pax6 (F) in undifferentiated hESCs, NMPS and NPS derived from protocols with and without 

BMP inhibition. (G) Immunofluorescent images (kindly provided by Dr. Laure Verrier) showing 

Sox2 (green) and Bra red) protein levels in hNMPs. The nuclei were counterstained with DAPI 

(n = 3 individual experiments, error bars represent standard error of means). The analysis of the 

pluripotency markers showed a loss of Oct4 and nanog upon differentiation into NMPs. NMPs 

showed increased expression of Bra compared to undifferentiated cells and continual (although 

reduced transcription levels) expression of Sox2. Upon differentiation into NPs Bra expression 

is lost whereas Sox2 expression is increased at day 8 of the differentiation protocol. Neither 

undifferentiated nor NMP cells expressed Pax6. Only in NPs Pax6 expression was detected. 
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First of all the expression profiles of pluripotency markers Oct4 and nanog were 

analysed. In the mouse embryo NMPs arise when pluripotency is finally lost, 

which can be observed by a decrease in Oct4 expression (Osorno et al., 2012). 

Similar in the in vitro system, a decline in the expression of the pluripotency 

markers Oct4 (reduced by approximately 60%) and nanog (reduction of ca. 

75%) was observed when the undifferentiated cells differentiated into NMPs 

(Figure 5.1 B and C). 

Furthermore the co-expression of the neuromesodermal progenitor marker 

genes Bra and Sox2 was analysed. Bra is expressed at low levels in 

undifferentiated cells, the expression rose steeply upon differentiation into 

NMPs. Neural progenitors on the other hand do not express Bra (Figure 5.1 D). 

Sox2 a neural lineage marker, is highly expressed in undifferentiated ES cells. 

There appears to be a decrease in Sox2 expression upon differentiation into 

neuromesodermal progenitors but its expression is increased in neural 

progenitors (treated with the BMP and TGFß signalling inhibitors, Figure 5.1 E). 

The observed drop in Sox2 transcripts from undifferentiated cells to NMPs is 

well known and does not correlate with a loss of the rather long-lived Sox2 

protein (Buckley et al., 2012). And lastly the expression profile of Pax6 as a 

marker for early neural progenitors was investigated. Pax6 is expressed in the 

undifferentiated H9 cells however; there is no expression in the NMP pool but 

an increase in the expression level in the NP cells (Figure 5.1 F). 

This demonstrated that the neuromesodermal progenitor population used for 

the following experiments is indeed co-expressing Sox2 and Bra and the 

derived neural progenitor population is expressing Pax6. 
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5.2 During the differentiation from neuromesodermal progenitors to 

neural progenitors the Pax6 locus decompacts correlating with the 

onset of Pax6 expression 

 

The Pax6 locus was found to decompact during neural differentiation in the 

developing mouse embryo. Here the locus was first found to be compact in 

stem zone/caudal lateral epiblast nuclei and later less compact in neural tube 

nuclei. The same was observed for another neural progenitor gene, Irx3, in the 

same stages of differentiation. Moreover, it was shown that this state of 

compaction or rather decompaction correlated with the expression of both Pax6 

and Irx3 in the neural tube but not in the stem zone/caudal lateral epiblast (Patel 

et al., 2013). 

To analyse whether these changes in chromatin structure around the Pax6 

locus can also be observed in the in vitro system higher order chromatin 

organisation around the human Pax6 locus was analysed by FISH in 

neuromesodermal progenitors and neural progenitors generated with the 

protocol described above (5.1). 
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 Figure 5.2 The human Pax6 locus decompacts during differentiation from 
neuromesodermal progenitors to neural progenitors. (A) Schematic representing the 

differentiation protocol used to generate neuromesodermal progenitors (NMPs) and neural 

progenitors (NPs).(B) The human Pax6 locus on chromosome 11 with the Pax6 gene in black, 

surrounding genes (Elp4 and Rcn) in light grey and the BAC clone locations in dark grey (RP11 

- 667C7 and RP11 – 101I24). (C) The interprobe distances (μm2) for the human Pax6 flanking 

BAC clones in NMPs and NPs are shown in box plots; showing a less compact chromatin state 

around the Pax6 locus in NPs compared to NMPs (p ≤ 0.001). (D) Sample images for NMP and 

NP nuclei hybridised with the FISH probes and counterstained with DAPI. (each dataset 

contains the results of 3 individual experiments and at least 50 nuclei analysed per experiment, 

*** = p ≤ 0.001 (Mann-Whitney test)) 

To this end a standard protocol for FISH on cells was adapted from (Solovei 

and Cremer, 2010). The BAC clones RP11 - 667C7 and RP11 – 101I24 flank 

the human Pax6 gene (Figure 5.2 B, interprobe distance 51204 bp). The BAC 

library clones were labelled with Biotin or Digoxigenin and hybridised with nuclei 

of human NMPs treated and human NPs. For the analysis of chromatin 

compaction, measurements were made in over 50 nuclei of three independent 
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experiments. The chromatin state in the different differentiation stages was 

compared using the squared interprobe distance (Figure 5.2 C). 

Comparing the squared interprobe distances revealed a greater interprobe 

distance in the NPs compared to the NMPs (p ≤ 0.001, NMP:  0.0624 μm2 and 

NP: 0.389 μm2, Figures 5.2 C and D). This decompaction during in vitro 

differentiation correlated with a 2.5 times decrease in the number of base pairs 

per nm (NMP: 205 bp/nm and NP: 82 bp/nm). 

These results are similar to the changes in chromatin organisation observed 

around the murine Pax6 locus during neural differentiation, where the locus was 

found to be compact in SZ/CLE nuclei and less compact in neural tube nuclei. 

This change of chromatin organisation furthermore correlated with the Pax6 

expression pattern in the early mouse embryo (Patel et al., 2013). The 

expression levels of the human Pax6 gene showed a similar correlation. Pax6 

was only expressed in NPs and not in NMPs (Figure 5.1), Furthermore, these 

data demonstrated that the used in vitro system recapitulates well the in vivo 

neural differentiation process observed in mouse embryos.  
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5.3 During neuromesodermal progenitor to neural progenitor 

differentiation polycomb repressive complexes and associated mark 

H3K27me3 are lost at the neural differentiation gene Pax6 coinciding 

with expression onset 

 

A potential involvement of polycomb mediated gene repression in the process 

of maintaining chromatin compaction around Pax6 in the stem zone/ caudal 

lateral epiblast of the mouse embryo was indicated by the finding of H3K27me3 

at the transcription start site of the gene in caudal explants. So far the in vitro 

system recapitulated each previously analysed step of the neural differentiation 

process in the caudal end of the mouse embryo. Here now the more tractable in 

vitro system was used to investigate the involvement of polycomb mediated 

gene repression during the differentiation from NMPs to NPs. Chromatin 

immunoprecipitation (ChIP) followed by quantitative real time PCR was used to 

analyse changes in polycomb repressive complex occupancy and the 

associated mark H3K27me3 at the key differentiation gene Pax6 and control 

loci during the in vitro differentiation. 
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Figure 5.3 Components of the polycomb repressive complexes and the histone 
modification H3K27me3 are lost across the Pax6 gene when cells differentiate from 
neuromesodermal progenitors (NMP) to neural progenitors (NP). ChIP results are shown 

as percentage of input for Ring1B (A), Jarid2 (C), H3K27me3 (B) and H3K4me3 (D) at 

transcription start sites (TSS) of GAPDH, HoxD11, MyoD and the TSS and genes bodies of 

Pax6 (with Pax6 as TSS and Pax6 E9 as exon 9 of Pax6) and Bra (with Bra as TSS and Bra E7 

as exon 7 of Bra) in NMPs (black) and NPs (white) (A-D). The transcription levels of Bra (E), 

Pax6 (F), HoxD11 (G) and Jarid2 (H) in undifferentiated hESCs, NMPs and NPs are shown 

relative to the house keeping gene GAPDH. The data demonstrates a loss of Ring1B, Jarid2 

and H3K27me3 across the Pax6 gene and at the TSS of HoxD11 upon differentiation of NMPs 

into NPs which correlates with the expression of Pax6 and HoxD11 in NPs. The loss of Jarid2 is 

not a result of reduced expression in the cells. Each bar represents the average of 3 individual 

experiments and the error bars show the standard error of mean between the 3 replicates, 

* = p ≤ 0.001 (student t test). 
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Figure 5.3 shows the ChIP results for the histone mark H3K27me3 as well as 

the PRC1 component Ring1B and the PRC2 associated protein Jarid2 as 

percentage of input for Pax6 as well as controls (gene desert, the house 

keeping gene GAPDH, myoD and HoxD11).  Unfortunately, it was not possible 

to analyse the Irx3 locus since efforts to generate primers allowing the analysis 

never yielded primer pairs with the necessary efficiency. This is most like ly due 

to the high AT content in the promotor region of Irx3. The generation of a 

taqman probe was considered, but this would involve generating taqman probes 

for the control regions to ensure a proper comparison as well. This would have 

further resulted in an increase need for template material which was not given 

with the performed protocol.  

The non-transcribed region of the gene desert (Gw10) functions as a base line 

for H3K27me3 and the polycomb complex components and remains unchanged 

when cells differentiated from NMPs into NPs (Figure 5.3 A-C). The 

housekeeping gene GAPDH was used as a negative control for polycomb 

action, as this gene should be transcribed in any condition and therefore not be 

marked by the repressive histone modifications or any PRC component. As 

seen in Figures 5.3 A-C only very little Ring1B, Jarid2 or H3K27me3 can be 

detected at the GAPDH TSS in NMPs and there is no significant change after 

differentiation into NPs. However, the histone modification H3K4me3, 

associated with active transcription was detected at the TSS of GAPDH in both 

cell states. Bra a mesodermal progenitor marker, also expressed in 

neuromesodermal progenitors, shows less Ring1B and Jarid2 binding and less 

H3K27me3 at its TSS (Bra) compared to Pax6 (Pax6 and Pax6 E9, Figures 5.3 

A-C). Furthermore the Bra gene is marked by H3K4me3 just like Pax6 (Figure 

5.3 D), this demonstrates that both genes are bivalent (marked by H3K4me3 
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and H3K27me3) in the NMP context, but presumably the levels of the marks 

determine whether a gene is expressed or repressed. Upon differentiation into 

NPs the Bra gene is no longer transcribed (Figure 5.3 E) and interestingly, the 

PRC1 component Ring1B as well as the auxiliary PRC2 factor Jarid2 and the 

H3K27me3 mark at the locus are lost, furthermore, the H3K4me3 mark is 

reduced when comparing the level in NMPs and NPs (Figures 5.3 A- D, see 

general discussion for possible mechanism). Hox genes are known to be 

polycomb targets; HoxD11 carries H3K27me3 as well as Jarid2 and Ring1B at 

the TSS in NMPs just like Pax6 which is also marked by polycomb action along 

the gene body. Upon differentiation into NPs there is a significant drop in 

H3K27me3, Ring1B and Jarid2 from both these genes coinciding with their 

transcriptional onset (Figure 5.3 A-C and F-G) however, this is not accompanied 

by changes in H3K4me3 at their TSSs (Figure 5.3 D), suggesting that the 

H43K4me3 level in the NMP is at its maximal possible level and the high levels 

of polycomb mediated repression restrained the expression. Upon 

differentiation into NPs the relative levels of H3K27me3 and H3K4me3 to one 

another changed and this change may be responsible for the expression 

observed. Interestingly, the loss of Jarid2 at the TSSs and gene bodies of the 

analysed genes is not accompanied by a drop in Jarid2 expression. This 

indicates that the displacement of Jarid2 protein from the locus is not dependent 

on the transcriptional down regulation of Jarid2 (Figures 5.3 C and H). 

 

 

 

 



151 
 

Conclusion: 

Taken together, these data show that the human ES cell based in vitro system 

recapitulates neural differentiation faithfully, as revealed by the downregulation 

of Bra expression and upregulation of Pax6 expression from NMP to NP state. 

The Pax6 expression correlated with a change in chromatin compaction around 

the Pax6 locus, which was shown to be less compact in NPs than in NMPs. 

ChIP experiments revealed Pax6 is a polycomb target in human NMPs as it is 

marked by H3K27me3 and occupied by Jarid2 and Ring1B. During 

differentiation into NPs a reduction in Ring1B and Jarid2 occupancy and the 

level of H3K27me3 was observed across the Pax6 gene, indicating a loss of 

polycomb mediated repression which coincided with the decompaction of the 

locus and transcription of the gene. 
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Chapter 6: ERK signalling regulates chromatin organisation via 

polycomb repressive complexes 

 

Introduction: 

In the newly established human in vitro differentiation system the human Pax6 

locus decompacted during differentiation from the bipotent neuromesodermal 

progenitor population (NMPs) to neural progenitors (NPs). This decompaction 

not only correlated with the onset of Pax6 transcription, but also with a loss of 

PRC1 occupancy (indicated by Ring1B) and a loss of the polycomb activity 

associated histone modification H3K27me3 at the transcription start site as well 

as the gene body. Previously, it was demonstrated that FGFR signalling is 

upstream of a chromatin compacting mechanism in stem zone/caudal lateral 

epiblast nuclei of the early mouse embryo (Patel et al., 2013). Here, furthermore 

it was shown that FGFR signalling most likely regulates chromatin organisation 

changes by engaging ERK signalling, since in the mouse embryo a treatment 

with the MEK inhibitor (MEKi) for just one hour resulted in a decompaction of 

the Pax6 locus. However, a pilot study on the H3K27me3 mark at the Pax6 

transcription start site in caudal mouse explants did not reveal any changes 

following one hour treatment with the MEKi (Chapter 4.3, Figure 4.4). This could 

be for a number of reasons, including masking of the result by non-specific 

effects of DMSO and the relatively short time frame, but may also indicate that 

decompaction can take place without the loss of the H3K27Me3 mark.  

Here the in vitro system was used to investigate further the FGFR downstream 

pathway and its connection to polycomb mediated gene silencing, by using the 
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MEK inhibitor to interrupt signalling through ERK and analysing chromatin 

organisation as well as PRC1 and PRC2 occupancy and the polycomb activity 

associated H3K27me3 mark at the neural progenitor gene Pax6. 

 

6.1 Inhibition of FGF and MEK signalling in neuromesodermal 

progenitors attenuates ERK phosphorylation and increases PKB 

phosphorylation  

 

Changes in chromatin structure and polycomb occupancy of the Pax6 gene 

locus during neuromesodermal progenitor (NMPs) to neural progenitor (NPs) 

differentiation were observed. Comparable changes in chromatin structure were 

previously published for the murine Pax6 locus in neural differentiation. 

Furthermore similar changes in chromatin organisation were found in 

FGFR signalling and ERK signalling attenuated stem zone/ caudal lateral 

epiblast tissue of early mouse embryos. To unravel the mechanism by which 

FGF/ERK signalling maintains the Pax6 locus via polycomb in a compact state 

in the SZ/CLE of the mouse embryo in more detail, the previously established in 

vitro system was used to generate NMPs which were treated with the MEKi to 

block signalling through ERK. 

Firstly, the ability of the inhibitor to efficiently block ERK signalling was 

investigated by treating NMPs for one hour, three hour or 12 hours with the 

MEKi and analysing changes in ERK phosphorylation levels. Since a similar line 

of experiments in the early mouse embryo further implied an accompanying 

increase in PKB phosphorylation this was also examined here as well. 



154 
 

The effects of the MEK inhibitor PD184352 on ERK phosphorylation and 

possible downstream pathways in NMPs were investigated at the protein level 

after one hour, three hours and 12 hours of treatment. The MEKi was used in 

two different concentrations (3 μM and 1.5 μM final concentrations) and DMSO 

in an equal volume to the inhibitor functioned as vehicle control. Changes in the 

levels of phosphorylated ERK 42/44 were analysed using a phosphorylation 

specific ERK 42/44 antibody next to a pan ERK antibody (result is shown in 

Figure 6.1 A, C and F with quantifications in B, D and G). Furthermore 

phosphorylated and total PKB (Figure 6.1 B and F with quantifications in E and 

H) were investigated with specific antibodies. Proteins were extracted from 

NMP cells, size-separated in a SDS PAGE and blotted onto a PVDF 

membrane. The membranes were processed with antibodies for total and 

phospho-specific ERK and PKB as well as an antibody for the loading control (α 

Tubulin or GAPDH). The LI COR system allowed for band intensity 

measurements and later quantification of the signals. The amount of 

phosphorylated ERK and PKB levels were calculated as a value relative to their 

levels in the DMSO control. 

Only minor differences in the levels of ERK inhibition were observed for the 

different concentrations of MEK signalling inhibitor used. Both show areduction 

in ERK phosphorylation of about 80% in the 3 μM MEKi treated samples and a 

60% reduction in the 1.5 μM MEKi treated samples after one hour of treatment 

(p ≤ 0.05, Figure 6.1 A and B). After three hours, the ERK phosphorylation 

levels were generally reduced to about 20% (p ≤ 0.05, Figure 6.1 C and D). The 

relatively long term MEK inhibition for 12 hours however, results in no significant 

measurable inhibition of ERK phosphorylation at the end of this period (Figure 

6.1 F and G). As the one hour and three hour treatment yielded an inhibition of 
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ERK phosphorylation it can be argued that the inhibition subsides when cells 

are exposed to the inhibitor for 12 hours. Since there is no information about the 

stability of the MEK inhibitor in the literature it can be speculated that the 

reduced ability to inhibition ERK phosphorylation is a result of a relatively short 

half-life of the inhibitor itself and/or the fact that the inhibitor is in competition 

with the bFGF provided in the culture medium, which signals through the same 

pathway. 

The level of PKB phosphorylation doubled (p ≤ 0.05) with a three hour MEK 

inhibitor treatment with the higher concentration of the inhibitor (3 μM) and even 

the lower concentration (1.5 μM) displayed a 50% increase in PKB 

phosphorylation (p ≤ 0.05, Figure 6.1 C and E). After 12 hours, the PKB 

phosphorylation is still up by about 70% (p ≤ 0.05, 3 μM, Figure 6.1 F and H), 

suggesting that ERK downstream signalling changes persist even though ERK 

phosphorylation is not reduced anymore after 12 hours of treatment. 
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Figure 6.1 MEK inhibitor treatments of neuromesodermal progenitors for 1 h, 3h and 12h 
results in reduction of ERK phosphorylation and increases AKT activation. Protein 

extracted from NMPs treated with PD184352 (MEKi, final concentration 3 μM and 1.5 μM) were 

size separated by SDS-PAGE before transfer onto a PVDF membrane. Total and 

phosphorylation specific antibodies for ERK and PKB were used next to loading control 

antibody (GAPDH or α tubulin). Levels of phosphorylated ERK (ERK1 and ERK2 together, in 

percent relative to DMSO) and PKB (relative to DMSO with DMSO set to 1) were quantified 

from the band intensity. 1h (A-B) and 3h (C-D) exposure to MEKi reduce ERK phosphorylation 

significantly whereas this reduction was not detected after 12h (F-G). 3h (C and E) and 12h 

(F and H) MEKi exposure increases AKT phosphorylation significantly. n=3 independent 

experiments, error bars representing standard error of mean and * representing p≤0.05 (student 

t test)). 
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Similar to the effects observed in the early mouse embryo, the MEK inhibitor 

resulted in a decrease of ERK 42/44 phosphorylation upon one and three hours 

of treatment. However this effect did not persist when cells were treated for 12 

hours with the inhibitor. PKB phosphorylation was found to show the opposite 

correlation, with MEK inhibition leading to an increase in PKB phosphorylation 

which was even maintained in the 12 hour long inhibitor treatment. This 

suggests that MEK inhibition attenuates ERK and concomitantly promotes PKB 

phosphorylation, similar to what was observed in the mouse embryo. However 

the effects on PKB phosphorylation are then sustained whereas the effects of 

ERK phosphorylation are lost. These experiments demonstrate that the use of 

the MEKi allows for further analysis of the mechanism downstream of FGFR 

signalling that regulated higher order chromatin structure in a way that was not 

possible in the mouse embryo due to restrictive tissue amounts. 

 

6.2 MEK inhibition dismantles the polycomb repressive complexes 

but does not immediately elicit Pax6 transcription 

 

Blocking FGFR signalling in the stem zone/caudal lateral epiblast of a 

developing mouse embryo leads to decompaction of the Pax6 locus, indicating 

that FGFR signalling represses differentiation onset via a mechanism that 

regulates higher order chromatin structure (Patel et al., 2013). Identifying the 

mechanism that leads to chromatin decompaction also involves unveiling the 

compacting machinery at the chromatin level. Potential downstream targets that 

may mediate chromatin compaction are polycomb repressive complexes which 

are known to be actively involved in gene repression. 
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To investigate whether FGFR signalling via ERK results in polycomb mediated 

repression under normal conditions, the neuromesodermal progenitor cells were 

treated with the previously used MEK inhibitor PD184352 for 3h and 12h before 

chromatin was extracted for chromatin immuno-precipitation assays (ChIP) to 

study changes in the polycomb repressive complexes occupancy and polycomb 

activity associated histone modification H3K27me3 levels across Pax6.  

Since the phosphorylated ERK levels were found to be reduced after 3 hours of 

MEK inhibitor treatment (Chapter 6.1), ChIP for members of the polycomb 

repressive complexes 1 and 2 as well as the histone modifications H3K4me3 

and H3K27me3 were performed upon 3h of MEK inhibition in the hNMPs. 

Figure 6.2 shows the results of those ChIPs comparing 3 hour MEK inhibitor 

treated cells with DMSO (vehicle control) treated cells for Ring1B, Jarid2 and 

the histone modifications as a percentage of input.  

The gene desert region Gw10 carries only very little H3K27me3, Ring1B and 

Jarid2. These levels remain unchanged when cells were treated with DMSO or 

MEKi for 3 hours (Figure 6.2 A-C). The housekeeping gene GAPDH also 

displayed very low levels of the PRC components or H3K27me3 which do not 

change with the DMSO or MEK inhibitor treatment (Figure 6.2 A-C). For Bra the 

levels of Ring1B, Jarid2 and H3K27me3 remain unchanged both at its TSS and 

across the gene body when comparing the DMSO control with the three hour 

MEK inhibitor treatment. Neither Pax6 nor HoxD11 show a significant change in 

the levels of Ring1B or H3K27me3 (Figure 6.2 A-B), which implies that a three 

hour treatment with the MEK inhibitor is not enough to remove the H3K27me3 

mark nor disassemble the PRC1 complex containing Ring1B.  
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Figure 6.2 Jarid2 but not Ring1B or H3K27me3 is displaced from the Pax6 transcription 
start sites and gene body when NMPs are treated with the MEK inhibitor PD184352 for 3h. 

ChIP results are shown as percentage of input for Ring1B (A), Jarid2 (C), H3K27me3 (B) and 

H3K4me3 (D) at transcription start sites (TSS) of GAPDH, HoxD11, MyoD and the TSS and 

genes bodies of Pax6 and Bra in DMSO treated NMPs (light blue) and MEK inhibitor treated 

NMPs (pink) (A-D). The transcription levels of Bra (E), Pax6 (F), HoxD11 (G) and Jarid2 (H) in 

undifferentiated hESCs, wt NMPs and DMSO and MEK inhibitor treated NMPs are shown 

relative to the house keeping gene GAPDH. Each bar represents the average of 3 individual 

experiments and the error bars show the standard error of mean between the 3 replicates. 

However, both gene loci lost Jarid2 after the three hours of MEK inhibitor 

treatment (Figure 6.2 C), indicating that Jarid2 (auxiliary factor of PRC2) is 

displaced. The reduction of Jarid2 occupancy at HoxD11 and Pax6 had no 

effect on their transcription levels and also is not a result of a drop in Jarid2 

transcription itself (Figures 6.2 F-H).  
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Given that within 3 hours of MEK inhibitor treatment only a reduction in Jarid2 

levels was observed which did not correlate with a transcriptional onset of Pax6, 

another time point was chosen to further investigate the involvement of the 

polycomb repressive complexes in regulating chromatin compaction at the Pax6 

locus. 12 hours of MEK inhibition revealed that phosphorylated ERK levels 

return to equivalent levels to DMSO control. However, there was an increase in 

the levels of phosphorylated PKB, indicating that even though there might not 

be a direct inhibitor effect (on phosohorylated ERK) the downstream pathways 

are still affected. Therefore conducting ChIP experiments on 12 hours MEK 

inhibitor treated hNMPs might elicit further MEK inhibitor effects on the 

polycomb repressive complexes. 

The ChIP results for comparison of 12 hour MEK inhibitor treated cells with 

DMSO (vehicle control) treated cells as well as untreated NMPs for Ring1B, 

Jarid2 and H3K27me3 are shown in Figure 6.3 as a percentage of input.  

Here again the gene desert region Gw10 only shows low levels of H3K27me3 

and Ring1B and Jarid2 occupancy which do not change with the 12 hour MEK 

inhibitor treatment. The housekeeping gene GAPDH shows similar to the 3 h 

inhibitor treatment no change in the low levels of H3K27me3, Ring1B and 

Jarid2 (Figure 6.3 A-C). Bra loses Ring1B and Jarid2 occupancy significantly at 

the TSS upon treatment with the MEK inhibitor. The same was observed for 

HoxD11 and Pax6 the latter even lost binding of Jarid2 and Ring1B at the gene 

body (Figure 6.3 A and C); this implies that proper signalling through ERK is 

required to maintain the complexes that contain Ring1B and Jarid2. However, 

none of the gene loci analysed exhibited a change in the level of H3K27me3, 

indicating that the displacement of Ring1B and Jarid2 containing complexes 
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precedes the reduction of H3K27me3, which is however seen when NMPs were 

differentiated into neural progenitors (Chapter 5). Furthermore, even though the 

PRC components were not detected at HoxD11 and Pax6 after MEK treatment 

their transcription levels did not change significantly compared to untreated 

NMPs (Figures 6.3 F and G). In contrast the transcription level of Bra decreases 

with the DMSO treatment and even more with the MEK inhibitor treatment 

(Figure 6.3 E), implying that the cells differentiate towards the neural lineage 

and therefore Bra expression is reduced. This data suggests that the reduction 

of polycomb group protein occupancy at the Pax6 locus and the transcription of 

the locus are not directly coupled. The observed loss in Jarid2 binding to the 

TSSs and gene bodies of the genes Pax6, HoxD11 and Bra was not 

accompanied by a drop in Jarid2 transcription (Figure 6.3 H). The histone 

modification H3K4me3 seems to be affected by the DMSO treatment at all gene 

loci analysed, however the treatment with the MEK inhibitor (in the same 

volume of DMSO) does not show an effect on the H3K4me3 level at any of the 

genes compared to the untreated control (wt) but there is an increase in the 

H3K4me3 with the MEK inhibitor when compared to the DMSO control 

(Figure 6.3 D). Interestingly, both Bra and Pax6 are marked by H3K27me3 and 

H3K4me3 suggesting they are bivalent genes. The H3K4me3 levels of both 

genes are comparable, whereas the H3K27me3 levels at Pax6 are higher than 

on Bra. So in the case of Bra the balance between H3K4me3 and H3K27me3 is 

shifted toward the H3K4me3 signal, allowing the transcription of the gene. For 

Pax6 on the other hand the balance seems to be shifted towards the repressive 

mark H3K27me3 resulting in repressed transcription for the gene.  



162 
 

 

Figure 6.3 Components of the polycomb repressive complexes but not the histone 
modification H3K27me3 are lost at the Pax6 transcriptional start site and gene body 
when NMPs are treated with the MEK inhibitor PD184352 for 12h. ChIP results are shown 

as percentage of input for Ring1B (A), Jarid2 (C), H3K27me3 (B) and H3K4me3 (D) at 

transcription start sites (TSS) of GAPDH, HoxD11, MyoD and the TSS and genes bodies of 

Pax6 and Bra in untreated NMPs (wt, black) DMSO treated NMPs (teal) and MEK inhibitor 

treated NMPs (burgundy) (A-D). The transcription levels of Bra (E), Pax6 (F), HoxD11 (G) and 

Jarid2 (H) in undifferentiated hESCs, untreated NMPs and DMSO and MEK inhibitor treated 

NMPs are shown relative to the house keeping gene GAPDH. Each bar represents the average 

of 3 individual experiments and the error bars show the standard error of mean between the 

3 replicates, * represents p ≤ 0.01 (student t test). 

In summary, the repressive chromatin mark H3K27me3 left by PRC2 is not 

sensitive to a 12h inhibition of MEK signalling, the genes that carried the mark 

showed no reduction of it when cells were treated with the inhibitor. However, 

the Ring1B and Jarid2 occupancy at TSSs of genes like Pax6 and HoxD11 

C

A B

D

FE G

0

2

4

6

8

10

%
in

pu
t

Ring1B

wt

DMSO (12h)

MEKi (12h)

0
0.1
0.2
0.3
0.4
0.5
0.6

%
in

pu
t

Jarid2

wt

DMSO (12h)

MEKi (12h)

0.00
2.00
4.00
6.00
8.00

10.00
12.00

%
in

pu
t

H3K27me3

wt

DMSO (12h)

MEKi (12h)

*
*

*

*
*

*
*

*
*

*
* *

*
*

*

0

500

1000

1500

2000

2500

re
la

tiv
e

tr
an

sc
rip

tio
n

le
ve

ls
(g

oi
/G

AP
DH

)

Bra

0

0.2

0.4

0.6

0.8

1

1.2

re
la

tiv
e

tr
an

sc
rip

tio
n

le
ve

l s
(g

o i
/G

AP
D H

)

Pax6

0
0.2
0.4
0.6
0.8

1
1.2
1.4
1.6
1.8

2

re
la

tiv
e

tr
an

sc
r ip

tio
n

le
ve

ls
(g

oi
/G

AP
DH

)

HoxD11

0.00

10.00

20.00

30.00

40.00

%
in

pu
t

H3K4me3

wt

DMSO (12h)

MEKi (12h)

H

0

0.2

0.4

0.6

0.8

1

1.2

re
la

tiv
e

tr
an

sc
rip

tio
n

le
ve

ls
(g

oi
/ G

A P
DH

)

Jarid2



163 
 

were lost after 12 hour inhibition of MEK signalling, implying under normal 

conditions MEK signalling is involved in the polycomb mediated gene 

repression and blocking MEK signalling results in a displacement or 

disassembly of the complexes before the H3K27me3 is lost. Also, the data 

presented in this chapter indicates that Jarid2 (auxiliary factor of PRC2) is 

displaced before (within 3 hours of MEK inhibitor treatment) PRC1, as indicated 

by Ring1B, and those two complexes are lost before the H3K27me3 mark is 

removed.  

 

6.3 The human Pax6 locus decompacts upon twelve hour MEK 

inhibition in neuromesodermal progenitors 

 

The Pax6 and Irx3 loci were found to decompact following inhibition of FGFR in 

the stem zone/caudal lateral epiblast of a developing mouse embryo after seven 

hour exposure to the FGFR inhibitor (Patel et al., 2013). Furthermore the Pax6 

locus of SZ/CLE nuclei decompacted after only one hour treatment with a MEK 

inhibitor. This led to the conclusion that FGF signalling via ERK signalling 

represses differentiation onset via a mechanism that involves the regulation of 

higher order chromatin structure around differentiation gene loci. Interestingly, 

CHIP experiments revealed the involvement of the polycomb repressive 

complexes in maintaining chromatin structure at the Pax6 locus. It was further 

shown in this chapter that the polycomb repressive machinery disassembles 

from the Pax6 locus upon MEK inhibitor treatment. 

To analyse whether these changes in polycomb occupancy at the Pax6 locus 

upon MEK inhibition correlate with changes in chromatin compaction at the 
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locus FISH in neuromesodermal progenitors (NMPs) treated with the MEKi was 

performed. The 12 hour MEK inhibitor treatment was chosen, since in that time 

period effects on both polycomb repressive complexes (represented by Ring1B 

and Jarid2) were observed. 

To this end a standard protocol for FISH on cells was adapted from (Solovei 

and Cremer, 2010). The BAC library clones RP11 - 667C7 and RP11 – 101I24 

flanking the human Pax6 gene (Figure 6.4 B, interprobe distance 51204 bp) 

were used again to investigate changes in chromatin compaction. The in vitro 

differentiation system to generate neuromesodermal progenitors described 

earlier was used. Two different human ESC lines (H9 and SA181) were 

differentiated into NMPs (with a 3 day treatment of Wnt agonist CHIR99021 and 

bFGF in the culture medium) before they were treated for 12 hours with the 

MEK inhibitor PD184352 or DMSO (vehicle control, equal volume to inhibitor). 

For the analysis of chromatin compaction, measurements were made in over 

50 nuclei per condition in each of the individual experiments. 
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Figure 6.4 The human Pax6 locus in neuromesodermal progenitors decompacts with 
MEK inhibitor treatment in the hESC line H9. (A) Schematic representing the differentiation 

protocol used to generate neuromesodermal progenitors (NMPs) and furthermore treat them 

with the MEK inhibitor PD184352 (MEKI) or the vehicle control (DMSO). (B) The human Pax6 

locus on chromosome 11 with the Pax6 gene in black, surrounding genes (Elp4 and Rcn) in 

light grey and the BAC clone locations in dark grey (RP11 - 667C7 and RP11 – 101I24). (C) 

The interprobe distances (μm2) for the human Pax6 flanking BAC clones in untreated NMPs and 

DMSO or MEKI treated NMPs are shown in box plots; showing a decompaction of the Pax6 

locus with the MEKi treatment compared to both controls (p ≤ 0.001). (D) Sample images for 

untreated NMP and DMSO and MEKI treated NMP nuclei hybridised with the FISH probes and 

counter stained with DAPI. (each dataset contains the results of 3 individual experiments and at 

least 50 nuclei analysed per experiment, *** = p ≤ 0.001 (Mann-Whitney test)) 
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Figure 6.4 shows the results of the FISH analysis for NMPs generated from the 

H9 cell line. Comparison of the interprobe distance of the untreated NMPs and 

the DMSO treated NMPs showed no significant differences (untreated 

NMP: 0.0624 μm2 and DMSO treated NMPs: 0.0554 μm2, Figures 6.4 C and D), 

demonstrating that the chromatin state around the human Pax6 gene is not 

affected by the DMSO treatment. The MEK inhibitor treatment lead to a 

significant decompaction of the human Pax6 locus compared to both controls 

(p ≤ 0.001, untreated NMP: 0.0624 μm2, DMSO treated NMP: 0.0554 μm2 and 

MEKi treated NMPs: 0.343 μm2, Figures 6.4 C and D). The Pax6 locus 

decompaction upon MEK inhibition correlated with a 2.5 time decrease in 

number of base pairs per nm compared to both controls (untreated NMP: 

205 bp/nm, DMSO treated NMP: 218 bp/nm and MEKi treated NMP: 87 bp/nm). 

Similar effects of the MEK inhibitor were observed for NMPs derived from the 

human ES cell line SA181. Here the MEK inhibition for 12 hours also resulted in 

a decompaction of the Pax6 locus (DMSO treated NMP: 0.036 μm2 and MEKi 

treated NMPs: 0.366 μm2, Figures 6.5 B and C). 

This demonstrated that MEK inhibition in NMPs leads to decompaction of the 

human Pax6 locus in two different human ESC lines, similar to the effect of the 

inhibitor observed in the stem zone/caudal lateral epiblast of the developing 

mouse embryo after only one hour of treatment.  
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Figure 6.5 The human Pax6 locus in neuromesodermal progenitors decompacts with 
MEK inhibitor treatment in the hESC line SA181. (A) The human Pax6 locus on chromosome 

11 with the Pax6 gene in black, surrounding genes (Elp4 and Rcn) in light grey and the BAC 

clone locations in dark grey (RP11 - 667C7 and RP11 – 101I24). (B) The interprobe distances 

(μm2) for the human Pax6 flanking BAC clones in DMSO and  MEKI treated NMPs are shown in 

box plots; showing a decompaction of the Pax6 locus with the MEKI treatment compared to 

control (p ≤ 0.001). (D) Sample images for DMSO and MEKI treated NMP nuclei hybridised with 

the FISH probes. (each dataset contains the results of 1 pilot experiment with at least 50 nuclei 

analysed per condition, *** = p ≤ 0.001 (Mann-Whitney test)) 

 

Conclusion: 

Overall the data presented in this chapter shows, that MEK inhibitor treatment 

for one or three hours reduces ERK phosphorylation and increases PKB 

phosphorylation in NMPs. Longer exposure to the MEK inhibitor (12 hours) did 

not show any effect on ERK phosphorylation levels anymore but still an 

increase in PKB phosphorylation could be detected. 
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The 12 hour exposure of NMPs to the MEK inhibitor further decompacted the 

human Pax6 locus but did not elicit its transcription. The ChIP results revealed 

the sequence in which polycomb repression is removed from Pax6 under MEK 

inhibition, with the PRC2 auxiliary component Jarid2 disassembling from 

chromatin first, followed by the PRC1 complex, thereby revealing the 

H2K27me3 mark. The repressive histone mark H3K27me3 which is a result of 

PRC2 activity however, remained intact during the MEK inhibitor treatment. 

Taking the ChIP and FISH results together, the attenuation of ERK signalling 

leads to decompaction of the Pax6 locus and this correlates with a reduction of 

the polycomb repressive complexes without the removal of the H3K27me3 

mark. A similar decompaction was observed during differentiation form NMPs to 

NPs (Chapter 5) which correlated with Pax6 transcription. The major difference 

between those two conditions was that during differentiation to NPs the 

H3K27me3 mark was lost as well as the polycomb machinery, which suggests 

on the one hand the removal of the H3K27me3 mark is not required for 

decompaction of the locus and indeed it was previously described that 

chromatin decompaction occurs within the HoxB and D loci which still carried 

the H3K27me3 mark at the gene promoters in Ring1B deficient mouse ES cells 

(Eskeland et al., 2010). On the other hand it suggests that some time before or 

during transcription initiation the mark has to be removed to allow for 

transcription. Whether the removal of H3K27me3 happens before or after the 

transcriptional onset of Pax6, remains to be determined. Interestingly, there is 

evidence for gene transcription despite the fact that H3K27me3 is still present at 

the gene promoter of ATF3. Upon mitogen stimulation of TIG3 primary human 

fibroblasts a loss of PRC1 members at ATF3 was observed that correlated with 

its expression even though H3K27me3 levels were retained at the gene 
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(Prickaerts et al., 2012). Moreover ChIPseq analysis of H3K27me3 profiles in 

mouse ES cells and G1ME cells revealed a set of genes that are marked by 

H3K27me3 at their promoters and still highly expressed as opposed to genes 

that are marked by H3K27me3 all over their gene body (blanketed by the mark), 

which are generally repressed (Young et al., 2011). However, in the data 

presented here expression despite the H3K27me3 mark was never observed, 

this may reflect the short time frame of the inhibitor exposure or the culture 

conditions in which the NMPs were maintained. 
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Chapter 7: ERK2 binds directly to the polycomb occupied Pax6 

locus in hNMPs and dissociated before the polycomb 

repressive complexes during differentiation to hNPs 

 

Introduction: 

Tee and colleagues showed by ChIP seq that ERK can occupy gene loci in 

mESCs (Tee at al. 2014). They further showed that ERK2 had overlapping 

targets with the polycomb repressive complexes in particular with the Jarid2 

subunit. They also showed in an in vitro phosphorylation assay that polymerase 

II can be phosphorylated by ERK (Tee at al. 2014). These findings led to the 

conclusion that ERK might be involved in recruiting polycomb repressive 

complexes to target genes to keep these loci poised (through the activity of 

Jarid2 and through posing polymerase II through phosphorylation). 

Blocking MEK signalling in the developing mouse embryo resulted in chromatin 

decompaction in the SZ/CLE within one hour. In the human in vitro 

differentiation model similar observations have been made. Here the locus in 

the hNMPs decompacted with a 12 hour MEK inhibitor treatment. The in vitro 

model of neural differentiation was further used to uncover that the Pax6 locus 

is occupied by the polycomb repressive complexes 1 and 2 (represented by 

Ring1B and Jarid2). Further inhibition of MEK signalling led to a dissociation of 

the polycomb repressive complexes from the Pax6 locus. This line of 

experiments revealed Jarid2 (representing PRC2) to be more sensitive to the 

MEK inhibition (dissociation after only 3 hours) than Ring1B (representing 

PRC2, dissociating after 12 hours).  
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7.1 ERK2 binds at the Pax6 locus and dissociates before the 

polycomb repressive complexes during differentiation 

 

The results presented so far in this thesis, indicate a FGFR downstream 

pathway involving ERK in maintaining chromatin compaction around the Pax6 

locus in both the mouse SZ/CLE and in the human CLE-like NMPs. Therefore, 

next the direct involvement of ERK at the Pax6 locus was analysed. To that end 

ChIP was performed for ERK2 (same antibody as in Tee et al. 2014) on the 

human in vitro differentiation system, collecting samples on days 3 (NMPs), 5, 6 

and 7 of the protocol (see Figure 7.1 A). 

The ChIP results are shown as percentage of input in Figures 7.1 B-E. ERK2 

occupies the Pax6 locus both at the TSS and the gene body (Figure 7.1 E, 

Pax6 TSS and Pax6 E9) in hNMPs. The same was observed for the control 

gene HoxD11. During differentiation into hNPs ERK2 dissociated from the Pax6 

locus and the control locus HoxD11 at day 6. 

To analyse the temporal causality of this event, ChIP experiments for Jarid2, 

Ring1B and H2K27me3 were performed as well. Jarid2 and Ring1B were 

shown to occupy the Pax6 locus and the control locus HoxD11 in hNMPs 

(Chapter 5, Figure 5.3). Here their occupancies were analysed on days 5, 6 and 

7 of the in vitro neural differentiation protocol. This showed a downward trend 

for the Jarid2 occupancy starting at day 6 and continuing on day 7 for both the 

Pax6 locus (TSS and gene body) and the HoxD11 locus (Figure 7.1 C). In the 

case of Ring1B, no dramatic changes in the level of occupancy at the Pax6 

locus or the HoxD11 locus were observed (Figure 7.1B). During this 



172 
 

differentiation time line also the polycomb activity associated histone 

modification H3K27me3 was analysed, which levels remained unchanged 

during the differentiation protocol (day 5 to day 7, Figure 7.1 D). However a 

slight drop in the H3K27me3 level was observed on day 7, which was not 

significant. Furthermore, RTqPCR was used to analyse the levels of Pax6 

expression during the differentiation protocol. This revealed Pax6 expression 

slowly starts at day 7, probably indicating a subpopulation of cells expressing 

Pax6 already, and is highest in this protocol on day 8 of differentiation (Figure 

7.1 F). 
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Figure 7.1 In vitro differentiation time line reveals ERK2 occupies the human Pax6 locus  
and during differentiation dissociates prior to the polycomb repressive complexes and 
before H3K27me3 removal and Pax6 transcription onset.  In vitro differentiation protocol for 

human ESC differentiation into hNMPs and further into hNPs is shown, demonstrating the time 

points where samples were taken (A). ChIP results are shown as percentage of input for 

Ring1B (B), Jarid2 (C), H3K27me3 (D) and ERK2 (E) at transcription start sites (TSS) of 

GAPDH, HoxD11, and the TSS and genes bodies of Pax6 at various days of the differentiation 

protocol (NMPs, days 5 to 7). The transcription level of Pax6 (F) in undifferentiated hESCs, 

NMPs and days 5 to 8 of the differentiation protocol are shown normalised to the house keeping 

gene HPRT1 and relative to the level in the NMPs. Each bar represents the average of 3 

individual experiments and the error bars show the standard error of mean between the 3 

replicates, * represents p ≤ 0.05 and  ** represents p ≤ 0.005 (resulting from a student t test). 
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Conclusion: 

The analysis of the ERK2, Jarid2 and Ring1B occupancy of the Pax6 locus, 

during in vitro neural differentiation, revealed firstly ERK2 occupies the locus 

and secondly that it dissociated before (day 6) the polycomb repressive 

complexes disassemble (Jarid2 day 7 and Ring1B day 8 (see chapter 5 Figure 

5.3). This indicates a time line of events starting with ERK2 dissociation 

possibly followed by Jarid2 and Ring1B and lastly the removal of the 

H3K27me3 mark. This further correlates with the Pax6 expression onset. Here 

ERK2 dissociation precedes Pax6 expression onset. Pax6 only starts to be 

expressed when both Jarid2 and Ring1B occupancy levels dropped (day 7). 

However, Pax6 expression was observed in the presence of H3K27me3 at the 

locus (day 7). This is likely due to the heterogeneous nature of the cells with a 

subset of them already expressing Pax6 from a locus that does not carry the 

H3K27me3 mark anymore (slight drop in H3K27me3 levels on day 7). However 

most of the cells still have their Pax6 locus marked by H3K27me3 and do not 

express Pax6 yet. 

 



175 
 

Chapter 8: General discussion 

 

In this thesis I have shown that the FGF/ERK signalling pathway regulates 

chromatin compaction around neural progenitor genes in the mouse embryo 

stem zone/caudal lateral epiblast and in CLE-like cells derived from human ES 

cells. I present evidence that this involves a mechanism that alters the activity of 

polycomb group proteins.  

In the mouse embryo the attenuation of the ERK signalling pathway for just one 

hour lead to chromatin decompaction around the Pax6 locus. This 

decompaction could take place due to changes in the chromatin compacting 

machinery. Evidence for the polycomb repressive machinery being responsible 

for chromatin compaction in the SZ/CLE of the early mouse embryo is the fact 

that Pax6 is marked by the polycomb activity associated mark, H3K27me3. 

However, within the one hour signalling inhibition time frame no changes in this 

mark were observed. 

During in vitro differentiation of human ES cells into first CLE-like 

neuromesodermal progenitors (NMPs) and then neural progenitors (NPs), I was 

able to show that the Pax6 locus decompacted, which correlated with the loss of 

polycomb repressive complex 1 and 2 components, Ring1B and Jarid2 

respectively, as well as the removal of the H3K27me3 mark. Moreover Pax6 

was expressed from this decompacted locus in NPs (day 8). Attenuation of the 

ERK signalling pathway for 3 or 12 hours in the human CLE-like NMPs revealed 

a step wise loss of the chromatin compacting machinery from the Pax6 locus, 

with the polycomb repressive complex 2 component Jarid2 being the first to 
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disassemble from chromatin, followed by the polycomb repressive complex 1 

component Ring1B. The disassembly of the polycomb repressive machinery 

from the chromatin did not lead immediately to the loss of the H3K27me3 mark. 

Instead this mark persisted while chromatin decompaction was already 

observed for the Pax6 locus. Interestingly, no Pax6 transcription was detected 

from this open locus that was still covered in the H3K27me3 mark. 

 

Together, these data in the mouse in vivo and human in vitro systems suggest 

that FGF/ERK signalling lies upstream of a molecular mechanism directing 

chromatin compaction and involves regulation of polycomb repressive 

complexes during neural differentiation. 

 

Attenuation of FGFR signalling decompacts neural progenitor locus Irx3 

A recent study from our lab revealed FGFR signalling to be upstream of a 

chromatin compacting mechanism around the neural progenitor gene Pax6 in 

the early mouse embryo (Patel et al., 2013). Included in this study were findings 

presented here for a further neural progenitor gene, Irx3. It was confirmed that 

the FGFR signalling regulated chromatin compaction mechanism is not 

restricted to Pax6 but also operates at the Irx3 locus.  

It has long been suggested, that the state of compaction of the chromatin fibre 

regulates gene transcription. Generally open chromatin seems to generate an 

environment suitable for active transcription (Dixon et al., 2012; Heintzman et 

al., 2009; Heintzman and Ren, 2007, 2009; Sexton et al., 2012). However, it 

has been shown that open chromatin is not necessarily transcriptionally active 
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(Gilbert et al., 2004). Correlations between changes in chromatin structure and 

changes in gene transcription have since been made in mouse ES cells and 

mouse embryonic tissue for the HoxB and the HoxD gene clusters, where gene 

activation was shown to correspond with chromatin decompaction (Chambeyron 

et al., 2005; Morey et al., 2007). The same correlation between gene activation 

and chromatin decompaction was shown in limb buds of developing mouse 

embryos, again for the HoxD cluster along the anterior-posterior axis with 

differential co-localisation of an enhancer region (Williamson et al., 2012). The 

expression pattern of the Irx3 locus in the E8.5 mouse embryo correlated with 

the state of chromatin compaction around the gene (chapter 3), with closed 

chromatin in areas of no gene expression (SZ/CLE) and decompacted 

chromatin in areas of gene expression (neural tube). This is in accordance with 

the data for both the HoxB and HoxD cluster in ES cells and embryonic tissue 

as well as with our lab’s data published for the neural progenitor gene Pax6 in 

the embryo (Chambeyron et al., 2005; Morey et al., 2007; Patel et al., 2013; 

Williamson et al., 2012).  

The attenuation of the FGFR signalling pathway has been shown to result in a 

decompaction of the Pax6 locus in the SZ/CLE of the early mouse embryo 

(Patel et al., 2013). Similar effects on the Irx3 gene locus were shown here 

(locus decompaction SZ/CLE nuclei upon FGFR inhibitor). Interestingly, Irx3 

showed an early onset of transcription in the CLE (Chapter 3). So far, it has 

been unclear whether gene activation leads to locus decompaction or whether 

the opening of a locus would under specific circumstances (correct transcription 

factor binding) allow for gene expression. Genome-wide studies have shown 

that open and accessible chromatin often contains transcription start site, sites 

of transcription factor binding as well as histone marks associated with active 
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transcription (Boyle et al., 2008; Heintzman et al., 2009; Heintzman et al., 

2007), thereby allowing for transcription. However, in the case of Pax6 the 

decompaction of the locus in SZ/CLE nuclei under FGFR signalling inhibition 

did not show a precocious expression onset of the gene in the SZ/CLE, showing 

that open chromatin is not instructive for transcription (Patel et al., 2013). The 

data presented in this thesis for Irx3 in contrast to the Pax6 data, showed a 

caudal expansion of the Irx3 expressing domain into the SZ/CLE. So here the 

open chromatin confirmation correlated with transcription of the locus.  

During neural differentiation in chicken and mouse embryos FGFR signalling is 

restricted by RA signalling through the repression of fgf8 expression (Diez del 

Corral et al., 2003; Dubrulle and Pourquie, 2004) and FGFR signalling is able to 

suppress raldh2 expression amongst other genes (Diez del Corral et al., 2003; 

Olivera-Martinez and Storey, 2007). So declining FGFR signalling will allow for 

raldh2 expression and therefore RA production. During neural differentiation 

along the embryonic body axis RA signalling attenuates FGFR signalling and 

thereby aids lifting the FGFR signalling induced repression on neural 

differentiation genes. However, the simple attenuation of FGFR signalling with 

an inhibitor did not necessarily result in Pax6 gene expression in the SZ/CLE 

even though chromatin decompaction was observed. This indicates a dual role 

for RA signalling during differentiation, on the one hand it assists with the lifting 

of FGFR mediated gene repression through maintaining compact chromatin and 

on the other hand it is likely involve in the initiation of neural progenitor 

transcription (Maden et al., 1998; Molotkova et al., 2005; Pituello et al., 1999). 

Furthermore RA was shown to have a gradient along the AP axis with higher 

signals due to RA production more rostrally and lower signals in the caudal 

regions. So it could be argued that the expression initiation of Pax6 and Irx3 is 
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indeed RA dependent, but the two genes respond to different amounts of RA 

signalling which would explain the observed discrepancies in the two datasets 

concerning gene expression from an open locus under FGFR signalling 

inhibition. However, for both genes a caudal expansion of their original 

expression domain was observed upon FGFR inhibition. 

The observations for the Pax6 locus (open chromatin no expression under 

FGFR inhibition), imply that the processes of chromatin decompaction and 

transcription initiation are not directly linked. However, the Irx3 data presented 

here does not confirm this idea. In Patel et al further experiments were 

conducted to exclude a RA signalling induced chromatin opening mechanism 

(Patel et al., 2013). In retinoid deficient (Raldh2-/-) mutant mice the Pax6 locus 

was found to be compact in both the SZ/CLE nuclei and neural tube nuclei, 

which correlated with no detectable gene expression. However, when FGFR 

signalling was blocked in the Raldh2-/- background the Pax6 locus was 

decompacted, again in both SZ/CLE and neural tube nuclei. This decompaction 

did not correspond with any gene expression form the Pax6 locus (Patel et al., 

2013). 

Taken together, these findings show that chromatin compaction of the Irx3 locus 

in the SZ/CLE is FGF signalling dependent just like in the case of Pax6. 

Furthermore, FGF signalling inhibition does not correlate with transcription 

initiation. Moreover, chromatin decompaction and transcriptional activation can 

be uncoupled from one another (for the Pax6 locus) and transcriptional 

activation is likely dependent on RA signalling (as there was no gene 

expression from an open locus in raldh2-/- mice treated with FGFR inhibitor).  

 



180 
 

FGFR signalling regulates chromatin compaction via ERK signalling 

MAP kinases (MAPK) are known to take part in the signal transduction from 

growth factor receptors. For example, to posteriorise neuralised ectoderm in 

Xenopus, FGFR signalling activates the Ras/MAPK pathway (Ribisi et al., 

2000). One pair of the MAP kinases established to be activated by growth factor 

signalling pathways and to be involved in cell proliferation and differentiation 

initiation in mESCs are ERK1 and ERK 2 (hereafter ERK) (Kunath et al., 2007; 

Stavridis et al., 2007). SZ/CLE is known as a region of high FGF and ERK 

signalling (Corson et al., 2003; Dubrulle and Pourquie, 2004; Lunn et al., 2007; 

Stavridis et al., 2007). The potential involvement of ERK signalling as a FGFR 

downstream pathway regulating chromatin compaction in the early mouse 

embryo was tested here. Stage E8.5 mouse embryos were treated with a MEK 

(MAPK kinase) specific signalling inhibitor for one hour prior and the state of 

chromatin compaction in SZ/CLE and neural tube nuclei for the Pax6 locus was 

analysed by FISH.  

Firstly, sufficient inhibitor treatment of the whole embryo in culture was 

confirmed by Western Blot with phosphorylation specific antibodies (Chapter 

4.1). A reduction in ERK phosphorylation was observed verifying inhibitor 

activity and culture method. 

FISH analysis of the chromatin structure around the Pax6 locus after one hour 

MEK inhibition revealed in chromatin decompaction of the locus in SZ/CLE of 

the mouse embryos (chapter 4.2).These findings are similar to what was 

observed for the Pax6 locus upon seven hours of FGFR inhibition (Patel et al., 

2013).  
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Given that seven hours of FGFR inhibition (Patel et al., 2013) and that one hour 

of MEK inhibition result in chromatin compaction around the Pax6 locus in 

SZ/CLE nuclei and the fact that FGF was shown to signal through ERK in the 

SZ/CLE (Corson et al., 2003; Dubrulle and Pourquie, 2004; Lunn et al., 2007; 

Stavridis et al., 2007) this indicates that chromatin compaction around Pax6 is 

maintained by FGF signalling through ERK. Given the time frame of only one 

hour of MEK inhibition to sufficiently decompact the Pax6 locus, the signalling 

cascade/downstream mechanism involved in maintaining the chromatin 

compaction is rather rapid. 

 

Polycomb mediated gene repression possibly downstream of chromatin 

compacting FGF/ERK signalling 

FISH experiments on MEK inhibitor treated embryos implied a rather rapid 

chromatin compaction mechanism downstream of FGF/ERK  This downstream 

pathway could involve a short phosphorylation cascade leading to changes in 

the chromatin compacting machinery and/or a direct involvement of ERK at the 

gene locus directing the chromatin compacting machinery. One way in which 

chromatin structure can be altered in a large scale mechanism often employed 

during differentiation and embryonic development is polycomb mediated gene 

silencing.  

Genome wide studies in mouse and human ES cells revealed Pax6 as a 

polycomb target that carries the histone modifications H3K27me3 as well as 

H3K4me3: this state has been termed bivalent (Bernstein et al., 2006). 

Developmental genes (mainly transcription factors) were enriched amongst the 

bivalent genes identified (Bernstein et al., 2006). These showed a sharp peak of 
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H3K4me3 at their transcription start sites (TSS), whereas the H3K27me3 mark 

was generally broader distributed but still around the TSS (Bernstein et al., 

2006). By the use of sequential ChIP it was confirmed that the TSSs of selected 

genes were indeed marked by both H3K4me3 and H3K27me3 (Bernstein et al., 

2006). Interestingly, even though the bivalent genes were marked by H3K4me3 

(associated with transcriptional activity), most of them were not expressed or 

only showed low level expression (Bernstein et al., 2006). Since differentiation 

induced the resolution of this bivalent state either in favour of gene activation 

(H3K4me3) or repression (H3K27me3) (Bernstein et al., 2006), a model was 

formulated stating that bivalency keeps genes in a poised but silent state, which 

can be quickly resolved depending on the received differentiation signals. 

Further genome wide studies showed that the Pax6 locus is occupied by 

polycomb proteins like Ring1B (Boyer et al., 2006; Illingworth et al., 2012; 

Mikkelsen et al., 2007) the E3 ligase that will deposit a mono-ubiquitin lysine 

residue 119 of histone H2A and thereby leads to compaction (Buchwald et al., 

2006) as well as Eed and Suz12 (Boyer et al., 2006) in ESCs.  

To investigate whether Pax6 is a polycomb target in the SZ/CLE of the E8.5 

mouse embryo as well, the level of the polycomb activity associated mark, 

H3K27me3, at the gene was analysed. A pilot chromatin immunoprecipitation 

(ChIP) assay for H3K27me3 at the promotor of Pax6 was conducted on 

chromatin extracted from caudal explants of E8.5 mouse embryos (only one 

replicate); these explants contained the SZ/CLE as well as the underlying 

mesoderm. Previous experiment showed that both populations exhibited 

chromatin decompaction around the Pax6 locus due to loss of FGFR signalling 

(Patel et al., 2013), therefore the mixed population was thought not to affect the 

experimental outcome.  
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Under wt conditions both the Pax6 TSS and the TSS of the control locus 

HoxD11 showed high levels of H3K27me3 compared to other control loci This 

data suggests that Pax6 has been marked by H3K27me3 through polycomb 

repressive complex 2 activity in the SZ/CLE of the early mouse embryo. 

Treatment with either the FGFR or the MEK inhibitor did not show any 

conclusive changes in the level of H3K27me3 at the TSS of Pax6. This might be 

due to the short term exposure of the embryos to the inhibitors.  

As mentioned before, within this short, one hour, time frame a decompaction of 

the Pax6 locus in the SZ/CLE took place upon MEK inhibition in the embryos. 

From this data it could be argued that chromatin decompaction at the locus 

does not rely on the removal of the H3K27me3 mark. In vitro data on 

nucleosome arrays of tail-less histones showed a polycomb dependent histone 

modification independent compaction (Francis et al., 2004; Margueron et al., 

2008), which in turn would imply that polycomb associated histone modification 

are not required for the compaction process and that they are not indicative for 

chromatin compaction, but only for polycomb activity. In a series of in vitro 

experiments the H3K27me3 mark was shown to be indicative of PRC2 activity 

but not necessarily of transcriptional repression and chromatin compaction 

(Eskeland et al., 2010; Montgomery et al., 2005; Prickaerts et al., 2012; Young 

et al., 2011). In Eed-/- mESC a loss of H3K27me3 was observed (Montgomery 

et al., 2005), which correlated with decompacted HoxB and HoxD loci (Eskeland 

et al., 2010). Furthermore, it was shown that there is a reduced Ring1B 

occupancy at Hox genes in Eed-/- mESC (Boyer et al., 2006). So the chromatin 

decompaction at Hox genes in Eed-/- mESC could either be due to loss of PRC2 

(since Eed is knocked out) and consequently loss of H3K27me3 at the genes or 
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could be related to the inability of PRC1 to bind to targets since H3K27me3 is 

not there to act as docking site (Morey et al., 2012). In ring1b-/- mESCs 

unchanged levels of H3K27me3 compared to wt mESCs were observed at the 

same time HoxB and HoxD genes were found to decompact (Eskeland et al., 

2010). This indicates that chromatin compaction by the polycomb machinery is 

Ring1B dependent and that H3K27me3 is not a mark for compact chromatin. 

Nonetheless, there is only in vitro evidence for that phenomenon, but this would 

be consistent with the decompacted chromatin at the Pax6 locus in the SZ/CLE 

after MEK inhibitor treatment that still carries H3K27me3 (although further 

replication is needed to confirm this).  

Global ChIPseq experiments in mESCs for the H3K27me3 mark showed 

distinct distributions correlating with gene repression and gene expression 

(Young et al., 2011). In this study they showed that only genes broadly marked 

by H3K27me3 were genuinely repressed, whereas genes with a H3K27me3 

peak at their promoter were shown to be expressed (Young et al., 2011), 

thereby implying that the H3K27me3 mark is not incompatible with open and 

transcribed chromatin. Unfortunately, in the pilot ChIP study presented here 

only the TSS of the Pax6 gene was analysed, therefore one cannot be sure that 

the gene is initially broadly marked or shows a different H3K27me3 profile. 

Given, that Pax6 will be expressed when the SZ/CLE progenitors differentiate 

into neural progenitors of the neural tube, it is unlikely that the gene is 

completely (terminally) repressed in the SZ/CLE. However, as mentioned 

before, genes that need to be readily transcribed upon differentiation can be 

found in bivalent state, where they are silent but poised for expression. These 

genes were shown to carry the H3K27me3 at their TSS (Bernstein et al., 2006), 

which according to Young et al. is accompanied by no expression (Young et al., 
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2011). Because of the technical difficulties and high numbers in embryo 

explants needed to perform a ChIP experiment, the H3K4me3 mark was not 

analysed, which could have informed more precisely about the exact state of 

the Pax6 locus. Another potential problem with the experimental setup 

presented here is that the SZ/CLE cell population was taken together with the 

underlying mesoderm. Even though the different cell populations show similar 

changes in chromatin compaction upon FGFR inhibition (Patel et al., 2013), 

there might be a mechanistic difference in the way chromatin is compacted in 

cells that will never express a gene and cells that will eventually need to 

express a gene that could mask the outcome. 

 

Taking the Pax6 FISH data and ChIP data together the results presented here 

(in the in vivo mouse model) imply that locus decompaction occurs prior to 

H3K27me3 removal. It still need to be determined, whether this mark is required 

to be removed before transcription initiation. This may be context specific. 

 

Chromatin decompaction and transcriptional onset of Pax6 is 

accompanied by decreased polycomb protein binding to the locus and 

loss of H3K27 tri-methylation in a human ES cell based in vitro system  

For in depth analysis of the involvement of polycomb mediated repression in the 

chromatin compacting mechanism downstream of FGF/ERK signalling an in 

vitro system based on human ES cells first differentiated into CLE-like 

neuromesodermal progenitors (hNMPs) and then into neural progenitors (hNPs) 

of posterior spinal cord fate was used. This system allowed for a more complex 
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analysis with no tissue/chromatin quantity restraints. The intermediary state of 

hNMPs was shown to be necessary to generate neural progenitors of posterior 

fate (Denham et al., 2015; Gouti et al., 2014; Lippmann et al., 2015; Turner et 

al., 2014). Lineage tracing experiments revealed that the paraxial mesoderm 

and the spinal cord share common ancestors (Tzouanacou et al., 2009), which 

are bipotent and found in the node streak border/caudal lateral epiblast and 

co-express the neural marker Sox2 and the mesodermal marker Bra 

(Tzouanacou et al., 2009). The in vitro generated CLE-like NMPs also co-

express Sox2 and Bra and can depending on further signals become neural 

progenitors or mesodermal progenitors. 

To confirm the identity of the different cell populations used, first, their 

transcriptional identity was analysed by RTqPCR. It was confirmed that 

undifferentiated hESCs (H9 line) expressed the pluripotency markers Oct4 and 

nanog whereas hNMPs did not. This correlates with an in vivo observed decline 

in Oct4 expression in the anterior epiblast at the stage where mNMPs arise in 

the mouse embryo (Osorno et al., 2012). Furthermore, hNMPs showed Bra and 

Sox2 expression, demonstrating that CLE-like hNMPs were generated, since 

they share these features with the in vivo mNMPs (Cambray and Wilson, 2007; 

Delfino-Machin et al., 2005; Olivera-Martinez et al., 2012). 

Further differentiation into hNPs of posterior fate resulted in transcriptional 

downregulation of the mesodermal marker Bra, consistent with commitment 

toward the neural lineage. Moreover, the hNPs maintained Sox2 expression 

and upregulated Pax6 expression, both neural progenitor markers. The protocol 

used to generate hNMPs and further hNPs in vitro was based on previous 

reportage on mESC and hESC based systems (Gouti et al., 2014; Tsakiridis et 
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al., 2014; Tsakiridis and Wilson, 2015). Gouti et al. showed that when hNMPs 

are differentiated into hNPs with a protocol comparable to the one used in this 

thesis that these cells maintained Sox2 expression and upregulated Pax6 

expression as observed here (Gouti et al., 2014), whereas other studies did not 

use Pax6 expression to confirm neural progenitor identity (Turner et al., 2014) 

or induced neural fate with RA, which is not comparable to the conditions used 

here (Lippmann et al., 2015).  

The analysis of the marker gene transcription levels in the generated hNMPs 

and derived hNPs the in vitro system recapitulates the differentiation process 

from bipotent NMPs in the SZ/CLE to neural progenitors during the generation 

of the spinal cord in the embryo. 

During body axis elongation in the early mouse embryo it was shown, that Pax6 

transcription correlated with a decompacted chromatin state at the gene locus 

(Patel et al., 2013). The chromatin state around the human Pax6 locus was 

analysed by FISH in hNMPs and hNPs to confirm that the in vitro system 

recapitulated the chromatin structural changes observed in the embryo (chapter 

5.2). FISH was performed on hNMPs and hNPs generated from the human H9 

ESC line. The hPax6 locus was found to be compact in hNMPs and decompact 

in hNPs. This chromatin decompaction during hNMP to hNP differentiation 

around the hPax6 locus was consistent with the observations in the mouse 

embryo during neural differentiation (Patel et al., 2013). As discussed above, 

the state of chromatin compaction generally correlates with active and 

repressed genomic regions (Dixon et al., 2012; Sexton et al., 2012) and open 

chromatin carries features typical for active transcription (Heintzman et al., 

2009; Heintzman et al., 2007). Furthermore, in mESCs and in mouse limb buds 
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Hox gene activation was shown to correlate with chromatin decompaction 

(Chambeyron et al., 2005; Morey et al., 2007; Williamson et al., 2012). So it is 

not surprising that here again an open locus correlates with gene expression.  

 

In summary, the expression profiles of hNMPs and hNPs as well as the 

chromatin compaction state around the hPax6 gene confirmed the validity of the 

in vitro system to recapitulate the aspects of the neural differentiation process 

previously observed in the mouse embryo. 

 

This in vitro system was then used to study the potential involvement of the 

chromatin compacting polycomb machinery in the FGF/ERK regulated 

maintenance of compact chromatin around neural progenitor genes like Pax6 

and Irx3 (as shown in mouse here and in (Patel et al., 2013)). As a first step the 

changes in polycomb component occupancy (Ring1B and Jarid2) and 

H3K27me3 levels were analysed during in vitro hNMP to hNP differentiation. 

Pax6 showed high levels of H3K27me3 across the whole gene as well as an 

overall Ring1B occupancy. It has previously been shown that polycomb 

repressed genes tend to carry H3K27me3 not just at their promoters but are 

actually blanketed across the coding region of the gene as well (a phenomenon 

described in (Young et al., 2011) but also observed in (Eskeland et al., 2010; 

Kahn et al., 2006; Papp and Muller, 2006; Schwartz et al., 2006; Tolhuis et al., 

2006; Williamson et al., 2012)). The same was observed for the control  and 

known polycomb target gene HoxD11 (Lewis, 1978). Upon differentiation hPax6 

and hHoxD11 dramatically lose both H3K27me3 and Ring1B which implies a 
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derepression correlating with observed open chromatin around the hPax6 locus 

and hPax6 gene expression (Chapters 5.1 and 5.2). 

In contrast, Bra the mesodermal marker expressed in hNMPs is marked by 

H3K27me3 but occupied by relatively little Ring1B compared to the levels 

observed for Pax6 suggesting a lack of PRC1 mediated repression. It was also 

found that less Ring1B occupied the hBra TSS in hNPs, however this did not 

correlate with elevated expression, on the contrary hBra expression was 

downregulated. In fact it may be that Bra in this context is silenced by different 

mechanisms. Another way in which a gene can be repressed is by establishing 

DNA methylation at the locus. During in vitro differentiation of human 

mesenchymal stem cells into osteoblasts and adipocytes a loss of Bra 

expression was observed which in this case was also associated with the 

methylation of CpG island (known as DNA methylation) in the promoter region 

(Dansranjavin et al., 2009). Another study found that in mESCs a factor called 

Smek-1 is able to recruit the histone deacetylase HDAC1 to the promoter of Bra 

(Lyu et al., 2011). This recruitment was not observed in smek1 shRNA 

expressing mESCs, demonstrating that the HDAC1 recruitment is Smek-1 

dependent (Lyu et al., 2011). HDACs remove acetylations from histones H3 and 

H4 and thereby stabilise chromatin structure and repress gene expression 

(Bannister et al., 2001). The systems used in both these in vitro studies are not 

comparable to the system used in this thesis. However, whether DNA 

methylation or the recruitment of HDAC and subsequent removal of histone 

acetylations are responsible for the repression of Bra in the in vitro neural 

differentiation system used in this theses could be tested  for example by 

bisulfite sequencing to determine the state of DNA methylation at the Bra at the 

different differentiation stages. In this method DNA is treated with bisulfite which 



190 
 

leads to the conversion of cytosine residues into uracil. However 

5-methylcytosine residues (DNA methylation mark) remain intact. The bisufite 

induced DNA changes can then be determined by sequencing (Fraga and 

Esteller, 2002). On the other hand to determine whether HDAC1 recruitment 

and reduction of histone acetylation is involved in the Bra silencing mechanism, 

a series of ChIP experiments with antibodies against HDAC1, H3 and H4 

acetylation can be used to determine the status of Bra HDAC1 occupancy and 

acetylation.  

 

In summary the ChIP and FISH data presented in this thesis for the hNMP to 

hNP differentiation suggests that during differentiation Ring1B (PRC1) 

dissociates from the hPax6 locus and the H3K27me3 level is reduced which 

correlates with the decompaction of the locus as well as transcription from this 

locus. 

 

Also the pilot ChIP experiment on caudal mouse explants revealed H3K27me3 

at the TSS of mPax6. As discussed above, H3K27me3 is not indicative for 

chromatin compaction but for PRC2 activity (Eskeland et al., 2010; Young et al., 

2011). However, Ring1B was shown to be responsible for compaction in vitro 

(Eskeland et al., 2010). So the observed dissociation of Ring1B from the hPax6 

promoter could be the cause of the observed decompaction. 

In addition to the H3K27me3 levels and Ring1B occupancy, the levels of 

H3K4me3 at hPax6 were analysed. In hNMPs, this revealed Pax6 to be a 

bivalent gene (co-occurrence of H3K4me3 and H3K27me3). This is a feature of 
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key regulators and developmental genes in both mouse and human ESCs 

(Bernstein et al., 2006; Mikkelsen et al., 2007; Pan et al., 2007; Zhao et al., 

2007). Bivalent domains are more often found in less differentiated cells and are 

thought to poise genes for later activation during differentiation (Bernstein et al., 

2006). Interestingly, a reduction in the H3K27me3 levels was observed upon 

hNMP to hNP differentiation, whereas H3K4me3 levels remained unchanged. 

According to Bernstein et al. the bivalent state can be resolved either in favour 

of the H3K27me3 mark or the H3K4me3 mark (Bernstein et al., 2006) the 

observed changes here suggest that the state of bivalency was resolved in 

favour of H3K4me3 and therefore transcriptional activity, which was also 

observed for hPax6.  

Jarid2 an auxiliary component of PRC2 was shown to be essential for proper 

H3K27me3 deposition at target genes (Landeira et al., 2010; Pasini et al., 2010; 

Peng et al., 2009; Shen et al., 2009). Importantly, Jarid2 was shown in mouse 

and human ESCs to collaborate with PRC2 to facilitate differentiation events 

and further it was shown to be essential in early Xenopus development as a 

knock out led to gastrulation arrest (Li et al., 2010; Pasini et al., 2010; Shen et 

al., 2009). Furthermore, Jarid2 has overlapping targets with other PRC2 

components (Landeira et al., 2010; Pasini et al., 2010; Peng et al., 2009; Shen 

et al., 2009). As Jarid2 can bind to nucleosomes it might be directly involved in 

the PRC2 recruitment to specific loci (Son et al., 2013). Additionally, it was 

reported that Jarid2 maintains genes in a poised state by recruiting a specific 

form of RNA polymerase II (phosphorylated at serine residue 5 of the C terminal 

domain) in addition to polycomb components in mouse ESCs (Landeira et al., 

2010). Since hPax6 was found to be bivalently marked a feature that is also 

associated with a poised state (Bernstein et al., 2006), the possibility of Jarid2 
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aiding this poised state and possible changes of Jarid2 occupancy during hNMP 

to hNP differentiation were also analysed. 

Jarid2 was found both at the TSS and across the gene body of hPax6 in hNMPs 

and its levels declined with differentiation into hNPs. The same was observed 

for the control gene HoxD11 in this context. However, the lower occupancy of 

Jarid2 on the chromatin was not correlated with a decrease in Jarid2 

transcription. This suggests that Jarid2 dissociated from the locus during 

differentiation, possibly in favour of binding to different target genes in hNPs or 

was globally unloaded from chromatin. It still needs to be determined which 

possibility is the case (see Chapter 8). Nevertheless, it was shown here that 

Jarid2 dissociated from the hPax6 locus. As Jarid2 is a component of PRC2 it 

could be argued that this might have led to a dissociation of the PRC2. Pasini et 

al. showed that Jarid2 is able to recruit polycomb components to the promoters 

of target genes in mESCs. Furthermore it was shown that when Jarid2 

expression is inhibited H3K27me3 levels are reduced due to a loss in polycomb 

protein binding (Pasini et al., 2010). So the observed Jarid2 dissociation from 

the hPax6 locus can be indicative of PRC2 dissociation. To confirm this 

however, other components of the PRC2 complex would need to be analysed in 

this context. 

 

In conclusion, the ChIP data presented here for Ring1B (PRC1) and Jarid2 

(PRC2), showed a reduction in the hPax6 occupancy when hNMPs 

differentiated into hNPs. This was also accompanied by a reduction of the 

H3K27me3 mark, whereas the H3K4me3 mark remained unchanged. The loss 

of the polycomb components and the H3K27me3 mark in favour of the 
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H3K4me3 mark correlated with chromatin decompaction at the hPax6 locus and 

gene transcription. So in the presented in vitro system the differentiation from 

SZ/CLE-like hNMPs to neural tube-like hNPs involved the removal of the 

chromatin compacting machinery polycomb and accompanying mark to 

facilitate chromatin compaction and gene transcription. 

 

Attenuation of ERK activation in the in vitro system revealed step wise 

loss of the polycomb machinery leading to chromatin decompaction 

When mouse embryos at stage E8.5 where treated with a MEK inhibitor, 

chromatin decompaction of the mPax6 locus was observed in SZ/CLE nuclei. 

Similarly it was observed, that upon seven hour FGFR inhibitor treatment 

chromatin around the mPax6 and mIrx3 locus decompacted. This indicated 

ERK activation in the pathway by which FGF signalling regulates the 

maintenance of chromatin compaction around neural differentiation genes in the 

SZ/CLE. Since the human ESC cell based in vitro neural differentiation system 

(hNMPs into hNPs) recapitulates neural differentiation events observed in the 

mouse embryo and was able to elicit the polycomb involvement in the chromatin 

compaction of the hPax6 locus in SZ/CLE-like hNMPs. The same in vitro 

system was used to further analyse the mechanism of chromatin decompaction 

observed upon MEK inhibition in the mouse SZ/CLE.  

First of all, sufficient MEK inhibition was confirmed by Western Blot after 1 hour 

and 3 hours of treatment (Chapter 6.1). A 12 hour treatment with the inhibitor 

however did not show a reduction of ERK phosphorylation, which might be due 

to its poor metabolic stability (Wang et al., 2007). Together with the reduction in 

ERK phosphorylation a significant increase in PKB phosphorylation was 
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observed after three hours and even after 12 hours of treatment. A similar 

relationship between downregulation of ERK phosphorylation and upregulation 

of PKB phosphorylation was also observed in mouse embryos treated with the 

MEK inhibitor for one hour (Chapter 4.1).  

The increase in PKB activation upon MEK inhibition was observed before, using 

a different MEK inhibition (PD0325901) (Hoeflich et al., 2009; Tee et al., 2014). 

Upon knock down of MEK1/2 by siRNA a similar downregulation of ERK 

activation and simultaneous PKB activation upregulation was observed (Ussar 

and Voss, 2004). Furthermore, Stavridis et al. showed that the treatment of 

mouse ESCs with the same inhibitor as used in this thesis resulted in a 

downregulation of ERK phosphorylation accompanied by an upregulation of 

PKB phosphorylation (Stavridis et al., 2007). These findings are consistent with 

the data presented here and indicate a crosstalk between FGF/ERK signalling 

and PI3K/PKB activation. Recently, a link between MEK inhibition and an 

increased PKB phosphorylation was uncovered. ERK was shown to be able to 

phosphorylate T292 of MEK1 which is necessary for a complex formation that 

will recruit PTEN to the cell membrane (Zmajkovicova et al., 2013), where it can 

counteract the PI3 kinase mediated activation of PKB (Liu et al., 2009; Song et 

al., 2012). This study was mainly performed in mouse embryonic fibroblasts 

(MEFs) where MEK1 was knocked out and where either wt or mutant MEK1 

was stably reintroduced. This represents a highly artificial system, which allows 

the study of a signalling pathway but is not comparable to the in vitro 

differentiation system used in this thesis where no genetic modifications were 

conducted. However, the aforementioned study can be used as an indication 

that needs to be confirmed in the particular system as to how ERK signalling 

and PKB signalling can be connected. 
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Taken together, MEK inhibition in hNMPs led to reduced ERK phosphorylation 

and simultaneously induction of PKB activation. One possibility is that this might 

be directly facilitated by ERK via PTEN. 

Next, chromatin structure analysis of the human Pax6 locus upon MEK 

attenuation for 12 hours in hNMPs was conducted by FISH. This analysis 

revealed a decompaction of the hPax6 locus upon MEK inhibition (Chapter 6.2). 

This decompaction was observed in hNMPs generated from two different cell 

lines using the same differentiation protocol. The observed chromatin 

decompaction of the hPax6 locus upon MEK inhibition in hNMPs is consistent 

with the previously observed decompaction of the mPax6 locus in the SZ/CLE 

of mouse embryos. The chromatin remodelling event however, did not correlate 

with a precocious expression of hPax6 in the MEK inhibitor treated hNMPs.  

The analysis of changes in polycomb protein occupancy and H3K27me3 levels 

upon 3 hour MEK inhibition in hNMPs at hPax6 revealed a significant decrease 

in Jarid2 occupancy at the TSS and gene body. This was also observed for the 

control gene HoxD11. This decreased Jarid2 occupancy, however, was not 

accompanied by a reduced Jarid2 gene expression. As mentioned before this 

implies that the reduced Jarid2 binding to the promoter of hPax6 is not due to a 

reduction in Jarid2 transcripts but rather due to a displacement of Jarid2 from 

the chromatin or a global unloading of Jarid2. 

Since 3 hour MEK inhibition only let to a reduction in the Jarid2 occupancy at 

the hPax6 locus another time point was analysed as well. 12 hour MEK 

inhibition was found to still have ERK downstream effects (PKB phosphorylation 

up) and resulted in a decompaction of the hPax6 locus, so this time point was 

used to investigate changes in polycomb occupancy at hPax6 further. 



196 
 

The 12h MEK inhibition in hNMPs led to a significant decrease in Ring1B and 

Jarid2 occupancy at the TSS and gene body. This was also observed for the 

control gene HoxD11. Furthermore, the Bra transcription start site also lost the 

little Ring1B and Jarid2 it carried. Taken together the FISH and Jarid2 and 

Ring1B ChIP data this suggests that due to inhibition of the FGF/ERK pathway 

in hNMPs Ring1B and Jarid2 dissociate from the hPax6 chromatin and thereby 

might facilitate chromatin decompaction. Since Bra also showed reduction in 

Jarid2 and Ring1B occupancy, it can be argued that the MEK inhibitor treatment 

facilitates differentiation towards the neural fate and therefore Bra needs to be 

down regulated. Indeed a decrease in the Bra transcription levels was detected 

upon 12 hours of MEK inhibition in hNMPs. 

The H3K27me3 mark remained unaffected by the 12 hour MEK inhibitor 

treatment. Interestingly, treatment with a different MEK inhibitor (PD0325901) 

was shown to result in loss of H3K27me3 at differentiation genes in mESCs 

however, the time point at which this was assessed was not provided in the 

study (Tee et al., 2014), therefore the data cannot be compared with the data 

presented in this thesis. 

In my experiments, for the histone modification H3K4me3 a reduction of the 

signal was observed with the DMSO treatment, compared to the untreated 

control. Treatment with the MEK inhibitor resulted in increased H3K4me3 

compared to the DMSO control up to a level observed in the untreated NMPs. 

The effect of DMSO treatment on H3K4me3 levels was observed at all analysed 

genes, therefore there seems to be a DMSO effect.  

The analysis of changes in polycomb protein occupancy and H3K27me3 levels 

upon MEK inhibition in hNMPs at hPax6 by ChIP revealed a significant 
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decrease in Ring1B and Jarid2 occupancy at the transcription start site and 

gene body. This was also observed for the control gene HoxD11. Furthermore, 

the Bra transcription start site also lost the little Ring1B and Jarid2 it carried. 

DMSO is a commonly used diluent for small molecule inhibitors. Effects on cell 

growth and cellular functions have been reported (Santos et al., 2003). It can 

further induce differentiation in a number of cell types (Santos et al., 2003). 

Changes in epigenetic phenomena upon DMSO treatment have been observed 

on a few occasions. In mouse ESCs the treatment with as little as 0.02% - 1% 

of DMSO (as a comparison in this thesis 0.025% DMSO were used) was found 

to result in an increased expression of Dnmt3a a DNA methyltransferase, which 

changed the methylation status of the cells genome-wide (Iwatani et al., 2006). 

DMSO is even used in differentiation protocols. In myeloid cell lines for example 

DMSO (1.25%) is applied to induce an intermediary or primed state for further 

differentiation upon retinoid treatment. Analysis of this primed state showed 

increased hypersensitivity of the human TGM2 promoter (1.8 kb) to DNase I, 

increased acetylation of histones 3 and 4 and more importantly decreased 

levels of H3K4me3 but no change in another histone modification H3K9me3. 

The changes in H3K4me3 levels occurred after 4 hours of treatment and 

remained detectable after 12 hours of treatment (Balint et al., 2005). The 

amount of DMSO used in this study is significantly less (0.025%) than in the 

described differentiation protocol, however a similar effect on the H3K4me3 

levels was observed for not just one but all of the analysed genes, indicating a 

broader mechanism. In this light, the H3K4m3 level reduction observed in my 

experiments is most likely due to the DMSO treatment and the MEK inhibitor 

treatment (with the same amount of DMSO) actually resulted in an increase in 

H3K4me3 levels at the genes. For future experiments an even lower DMSO 
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concentration should be used or an experimental set up chosen in which no 

DMSO is added to the culture medium. 

 

To sum up, it was shown that upon 12 hour MEK inhibition in hNMPs 

components of the polycomb repressive complexes dissociate from the hPax6 

chromatin while H3K27me3 levels are maintained. Upon 3 hour MEK inhibitor 

treatment in the hNMPs only Jarid2 was found to dissociate from the hPax6 

locus. Taken together this implies a stepwise process by which polycomb 

mediated repression is removed from target genes to elicit chromatin 

decompaction. The PRC2 complex with Jarid2 was shown to dissociate before 

the Ring1B containing PRC1 complex. Furthermore, it was shown here on 

multiple occasions that chromatin decompaction and the H2K27me3 mark are 

not incompatible. However upon 12h MEK inhibition of the hNMPs, the 

H3K27me3 mark remains and no expression from the open locus was 

observed. This indicated that H3K27me3 needs to be removed before the locus 

can be expressed, whether this happens before or during transcription initiation 

remains to be determined (see chapter 8). 

 

Possible models of the involvement of ERK in polycomb mediated gene 

repression 

In the mouse SZ/CLE it was shown that the attenuation of the FGFR pathway 

leads to a decompaction of the neural progenitor loci mPax6 and mIrx3. And at 

the mPax6 it is FGF/ERK signalling that maintains chromatin compaction.  In 

the human in vitro neural differentiation system it was similarly shown that ERK 
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is responsible for maintaining chromatin compaction at hPax6. Furthermore, in 

this system it was shown that the polycomb machinery is involved in the 

FGF/ERK downstream chromatin compaction mechanism. Attenuation of ERK 

signalling was found to impair polycomb protein occupancy at the hPax6 locus. 

Taken together, this indicated that FGF/ERK signalling is upstream of a 

chromatin compaction mechanism involving the polycomb machinery. 

It was further shown here that ERK occupies the hPax6 locus. Previously, it has 

been reported that active ERK can bind to chromatin and thereby change the 

nucleosome arrangement of a locus that would then facilitate PRC2 binding 

(Tee et al., 2014). The fact that ERK can directly bind to chromatin is in 

agreement with what was observed in this thesis. 

 Furthermore, it was shown in mouse ES cells that ERK can regulate the 

establishment of a poised form of RNA polymerase II (Pol II) (Tee et al., 2014). 

This is characterised by the phosphorylation of serine 5 in the C terminal 

domain of Pol II and is preferentially found at developmental genes (Muse et al., 

2007; Tee et al., 2014; Zeitlinger et al., 2007). Interestingly, poised Pol II and 

PRCs were found to have overlapping targets including developmentally 

controlled genes (Bracken et al., 2006; Brookes et al., 2012; Lee et al., 2006; 

Schwartz et al., 2010; Stock et al., 2007). This suggests ERK binds chromatin 

of polycomb targets. A factor identified in mammals as aiding both the 

recruitment of polycomb repressive complexes and poised Pol II is Jarid2 

(Landeira et al., 2010; Li et al., 2010; Pasini et al., 2010; Peng et al., 2009; 

Shen et al., 2009). It co-occupies targets with PRC2 and a knock down of Jarid2 

reduces PRC2 recruitment to target genes as well as the establishment of 

poised Pol II (Li et al., 2010; Peng et al., 2009; Shen et al., 2009). ERK and 
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Jarid2 were found to have similar DNA binding motifs (Li et al., 2010; Peng et 

al., 2009; Tee et al., 2014) and indeed they both occupy hPax6 in hNMPs in 

addition to Ring1B. Taken together these findings suggest that Jarid2 could 

direct PRCs and Pol II to ERK occupied chromatin and thereby facilitating a 

poised chromatin state implying causality.  

When Jarid2, Ring1B and ERK2 occupancy was tested during the differentiation 

from hNMPs to hNPs it was found that ERK2 dissociated from the hPax6 locus 

prior to Jarid2 and Ring1B. This fact argues for a temporal causality of the 

events. And indeed, ERK deficient cells show compromised Jarid2 occupancy 

and reduction in H3K27me3 levels at ERK targets, indicating the possibility that 

ERK may aid Jarid2/PRC2 recruitment (Tee et al., 2014) (Figure 8.1). However, 

here no effect on the H3K27me3 level was observed. The data presented her 

and previously by Tee et al. argue for a model in which ERK directly facilitates 

PRC recruitment to a locus as well as the establishment of poised Pol II which 

would keep the targets in a repressed but easily activated state; the state neural 

progenitor genes in SZ/CLE nuclei are expected to be in.  

  

Figure 8.1 Model incorporating ERK-DNA binding facilitated recruitment of Jarid2 and 
phosphorylation of Pol II by ERK to initiate a poised state. ERK and Jarid2 were shown to 

occupy similar DNA stretches. Jarid2 can recruit Pol II and the polycomb complexes. ERK can 

phosphorylate Pol II at serine 5 to initiate posed Pol II. Together Jarid2 and ERK simultaneously 

recruit/generate poised Pol II and polycomb (model based on models in (Tee et al., 2014). 

Furthermore, polycomb components like Ezh2 and Bmi1 have been shown to 

be phosphorylated which changes their ability to bind to chromatin or assemble 
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in their polycomb repressive complexes (Cha et al., 2005; Liu et al., 2012). 

However, as discussed in Chapter 1.4.4 these finding have to be taken with 

reservations according to the nature of how the experiments were conducted 

and the quality of the tools used to do so. However, for this part of the 

discussion the ability of PKB to phosphorylate Ezh2 and Bmi1 will be 

considered in a model of signal transduction from FGF/ERK to the polycomb 

machinery. 

Potentially, a phosphorylation cascade could connect ERK with polycomb 

components. A possible FGFR/ERK downstream signalling pathway includes 

PI3K/PKB signalling, which could bridge the gap to the chromatin structure 

modifying polycomb repressive complexes. The involvement of PI3K/PKB is 

indicated by the observed upregulation of PKB phosphorylation upon MEK 

inhibition in both the mouse embryo data set and the human ES cell based in 

vitro system data set. PKB is able to phosphorylate Ezh2, thereby inhibiting its 

H3K27 methylation activity (Cha et al., 2005), as well as phosphorylating BmiI, 

which inhibits its activity in monoubiquitinylation of H2AK119 (Liu et al., 2012).  
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Figure 8.2 Model incoperating a FGF/ERK downstream phosphorylation cascade to 
modify polycomb activity. FGFR signalling activates downstream MEK by phosphorylation 

MEK phosphorylates ERK, which can stimulate PTEN activity. Active PTEN blocks PI3K from 

activation AKT/PKB, therefore PKB cannot phosphorylate polycomb components Bmi1 and 

Ezh2. The polycomb machinery can facilitate chromatin compaction. When Bmi1 or Ezh2 are 

phosphorylated their enzymatic activity and ability to bind to chromatin is inhibited, they 

dissociate from chromatin and chromatin compaction is not maintained. In the absence of 

phosphorylated ERK, PKB can phosphorylate BmiI and Ezh2 which inhibits H3K27me3 and 

H2AK119Ub deposit and therefore inhibits gene repression via polycomb. 

In this case instead of recruiting the chromatin compacting machinery this would 

mean that FGF/ERK signalling is responsible for protecting the polycomb 

machinery from being disassembled and a loss of FGF/ERK signalling would 

lead to a de-repression of the locus by the phosphorylation of polycomb 

components like Ezh2 and BmiI (Cha et al., 2005; Liu et al., 2012) and thereby 

removal of the PRCs (see Figure 8.2). Again the collective evidence for this 

pathway stems from research in a variety of cell lines particularly cancer cell 

lines and might therefore be a highly oncogenic pathway or stress related, since 

some of the experiments used serum starvation or arsenite. 
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The two models presented here could also work in synergy, with activated ERK 

regulating downstream PI3K/PKB as well as translocating into the nucleus and 

establishing a poised state together with Jarid2. 

 

During body axis elongation in the early mouse embryo retinoic acid 

counteracts FGFR signalling and thereby offers a signalling switch regulating 

the onset of neural differentiation (Diez del Corral et al., 2003; Dubrulle and 

Pourquie, 2004; Olivera-Martinez and Storey, 2007; Wilson et al., 2009). With 

declining FGFR signalling the activation of ERK also decreases. This could 

result in reduced activation of ERK and downstream PI3K/PKB attenuation and 

thereby facilitating the phosphorylation of different polycomb components (Cha 

et al., 2005; Liu et al., 2012), which in turn would dissociate from the target 

locus and relieve the polycomb mediated repression. In addition, reduced ERK 

activation would also decrease ERK promoter occupancy, further impairing the 

recruitment of Jarid2 and the PRCs. Interestingly, retinoic acid was shown to 

promote the phosphorylation of H3K27me3 adjacent serine 28, which leads to a 

displacement of the PRCs from the target gene (Gehani et al., 2010). The 

combined effect from these pathways would allow for de-repression by 

decompaction of neural progenitor gene loci and eventually the removal of the 

H3K27me3 mark. The previously ERK established poised Pol II would need to 

be further modified by a possibly separate mechanism to eventually facilitate 

gene transcription and this event might also require retinoid signalling.  

 

It was demonstrated in this thesis that gene repression is tightly correlated to 

the state of chromatin compaction and not to the levels of H3K27me3. 
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Chromatin compaction of neural progenitor loci in the SZ/CLE NMPs of the 

mouse embryo is regulated by FGF/ERK signalling. In the human ES cells 

based differentiation system (hNMPs to hNPs) it was further shown that the 

FGF/ERK regulated gene repression through chromatin compaction is 

polycomb mediated. During differentiation (hNMPs to hNPs) the polycomb 

machinery dissociates and the H3K27me3 mark is removed to facilitate 

transcription. 
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Chapter 9: Future directions 

 

There are a number of findings presented in this thesis which should be 

investigated further. These include the molecular link between FGF/ERK 

inhibition mediated chromatin decompaction observed in the developing mouse 

embryo and the observation that in the human ES cell in vitro system this 

decompaction correlates with a dissociation of the polycomb machinery 

(represented by Jarid2 and Ring1B) from the neural progenitor gene Pax6. So 

far there is no direct functional link between chromatin decompaction upon MEK 

inhibition and changes in polycomb protein occupancy of the neural progenitor 

gene Pax6 in the mouse embryo. Furthermore, in the hESC in vitro 

differentiation system it was observed that the polycomb machinery seems to 

dissociate stepwise from its target gene Pax6 to facilitate chromatin 

decompaction under MEK inhibition. In this system the Pax6 transcription is 

uncoupled from the process of decompaction, a finding that was also observed 

in mouse embryos (Patel et al., 2013). When polycomb occupancy was 

analysed at different days during the in vitro differentiation (no inhibitor 

treatment) a similar step wise process was observed, with ERK2 dissociating 

before Jarid2 and Ring1B. However in this case, the temporal resolution did not 

elicit whether Jarid2 dissociated before or together with Ring1B. Interestingly, 

gene transcription was only observed when the polycomb machinery 

dissociated and the H3K27me3 mark was removed from the locus (both under 

MEK inhibition and during differentiation time line). This correlation between 

dissociation of the polycomb proteins, removal of the H3K27me3 mark and 

transcription of the target gene need to be investigated further. The data 
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presented in this thesis revealed a mechanism involved in chromatin structure 

changes during neural differentiation on the basis of the neural progenitor 

genes Pax6 and Irx3. The global investigation of the mechanism will help to 

analyse further neural progenitor genes as well as verify the exemplary data 

presented here. In this final chapter I present experimental approaches that 

might be used to address these issues. 

 

Molecular link between chromatin decompaction and polycomb protein 

dissociation from a target locus in the mouse model 

Here it was shown that in addition to the neural progenitor gene Pax6 the Irx3 

genes transcription in a E8.5 mouse embryo correlates with the state of 

chromatin compaction around the loci (as assessed with FISH). In regions 

where the genes are expressed (neural tube) the loci were found to be 

decompacted, whereas in regions where the genes are transcriptionally 

repressed (stem zone/caudal lateral epiblast, SZ/CLE) their loci were found to 

be compacted. Similar correlations were observed for the human Pax6 gene in 

an in vitro differentiation system, where CLE-like hNMPs did not express the 

Pax6 gene and the Pax6 locus was found to be compact. Human NPs 

generated from the hNMPs on the other hand expressed Pax6 from a 

decompacted locus. In the in vitro differentiation system I was able to show that 

the chromatin decompaction correlated with the dissociation of the polycomb 

machinery (represented by Jarid2 and Ring1B) from the locus and a reduction 

in the H3K27me3 levels across the gene. Unfortunately, there is no such 

correlation between the polycomb machinery and the state of chromatin 

compaction presented here in the mouse embryo model.  
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Chromatin immunoprecipitations for H3K27me3 were performed on explants of 

the caudal ends of E8.5 mouse embryos in a pilot experiment, but did not show 

any changes in the levels of H3K27me3 at the promoter or gene body of Pax6 

when FGFR or ERK signalling was inhibited. Furthermore, I showed that upon 

inhibition of ERK signalling with a MEK inhibitor chromatin decompaction takes 

place in the SZ/CLE of the E8.5 mouse embryo within one hour and in the 

human in vitro system in hNMPs within 12 hours. Again in the in vitro system I 

was able to correlate this with a dissociation of the polycomb machinery, 

however, the levels of H3K27me3 remained unchanged. From this in vitro data 

it can be speculated that even though the Pax6 locus opens up in the SZ/CLE 

during one hour of MEK inhibitor treatment that does not correlate with a loss of 

H3K27me3. An in vivo indication of a loss of polycomb proteins is desirable to 

make a compelling case that FGF/ERK mediated regulation of the polycomb 

machinery is responsible for chromatin compaction at this neural differentiation 

gene locus. However, this might not be realised by testing H3K27me3 levels in 

caudal explants.  

The occupancy of Ring1B was shown to change during the MEK inhibitor 

treatment experiment in the in vitro model and might be able to give greater 

insight into the involvement of polycomb mediated repression of the Pax6 locus 

in vivo. Since ChIP experiments using antibodies against chromatin associated 

proteins generally need a higher chromatin input due to their transient protein-

chromatin binding that would involve even more caudal embryo explants per 

sample than used in the presented H3K27me3 ChIP (30 caudal explants per 

sample). For the Ring1B ChIP experiments on hNMPs 4 times more chromatin 

was used in the Ring1B ChIP than in the H3K27me3 ChIP. Using that as an 

indication that would involve at least 120 caudal explants per sample 
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(untreated, vehicle control treated and MEK inhibitor treated), which is not 

feasible. 

Rather than using over 1000 caudal embryo explants to validate the observed 

loss of polycomb occupancy at the Pax6 gene in the in vitro system, a global 

ChIPseq approach might be used to examine changes in Ring1B occupancy 

changes due to MEK inhibition which would yield global information and allow 

for the analysis of other neural progenitor genes in addition to Pax6 and 

generally needs less replication (two quality controlled replicates are commonly 

used). This approach however, would still rely on a huge number of pooled 

embryo explants. 

 

Analysis of chromatin compaction during in vitro neural differentiation to 

correlate ERK2, Jarid2 and Ring1B dissociation with chromatin 

decompaction and uncover whether decompaction can take plae without 

removal of H3K27me3 

The ERK inhibition experiments in the human in vitro system for 3 and 12 hours 

indicated a stepwise dissociation of the polycomb machinery (represented by 

Jarid2 for PRC2 and Ring1B for PRC1) from the Pax6 locus in hNMPs. 

Furthermore, the dissociation of the polycomb repressive complexes but nor the 

removal of the H3K27me3 mark correlated with chromatin decompaction. The 

reduction of this mark was only observed when the hNMPs were differentiated 

into hNPs over 5 days (total differentiation time 8 days). Moreover, when Jarid2 

and Ring1B occupancy as well as the level of H3K27me3 was analysed during 

these 5 days of differentiation, it was revealed that the polycomb repressive 

machinery starts to dissociate before H3K27me3 removal. And only when 
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H3K27me3 was removed hPax6 was transcribed. However, the temporal 

resolution of the experiment did not allow interrogating whether Jarid2 

dissociated before Ring1B. To answer that question a tighter time line between 

day 7 and day 8 of the differentiation protocol would need to be analysed (every 

few hours). At the first time point within this time line where both PRC1 and 

PRC2 are dissociated from the Pax6 locus but no Pax6 transcription is 

observed the analysis of chromatin compaction around the Pax6 locus by FISH 

would confirm gene transcription is not directly coupled to chromatin 

decompaction.  

Identifying whether the process of chromatin decompaction really involves a 

stepwise dissociation of the polycomb machinery before the H3K27me3 levels 

are reduced and the transcription from the Pax6 locus starts is important to 

reveal the temporal causality of the different processes. It has been shown that 

the process of chromatin decompaction can be experimentally uncoupled from 

transcription of the locus (Patel et al., 2013). The data presented here implies 

that the chromatin decompaction can be further uncoupled from a reduction in 

the H3K27me3 levels at the target gene.  

It is still unclear how FGF/ERK signalling is able to target neural progenitor 

genes like Pax6 and Irx3 specifically. Jarid2 as an auxiliary PRC2 factor seems 

to be a good target to convey specificity for a defined group of target genes. 

The fact that Jarid2 seems to dissociate from the targets before other 

components of the polycomb machinery, might be due to the decline in ERK 

signalling upon MEK inhibition which results in Jarid2 not being directed to its 

targets. This impairs the further recruitment of the polycomb machinery 

(indicated by reduced Ring1B occupancy) and eventually leads to dissociation 
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of the PRC1 complex from the target. This would imply that other polycomb 

targets in these cells are not affected by the MEK inhibition as long as their 

polycomb complexes contain other auxiliary factors. This remains to be verified.  

It can be speculated that the reduction in the H3K27me3 level is further 

uncoupled from the initiation of gene transcription from the target gene and 

would therefore represent an additional regulatory checkpoint that needs to be 

overcome to eventually transcribe the gene. The fact that there is chromatin 

decompaction while the mark still remains is interesting as it shows that the 

H3K27me3 level is not directly indicative of compact/repressed chromatin. On 

the other hand it is remarkable that there is no transcription of Pax6 as long as 

the mark remains, which shows that the mark can be used as an indication for 

repressed/non-transcribed chromatin but not necessarily as a mark for active 

polycomb mediated repression. Generally H3K27me3 marked loci are 

considered as repressed. However, it was shown with a global ChIPseq 

analysis that H3K27me3 marked genes can be distinguished into different 

groups depending on the H3K27me3 profile (Young et al., 2011). In this study 

genes broadly marked by H3K27me3 across their gene body were found to be 

genuinely repressed whereas genes with a H3K27me3 peak at their promoter 

were found to be transcribed. In addition, genes marked with H3K27me3 at their 

TSS were also found to be bivalent (also marked by H3K4me3) and repressed 

(Young et al., 2011). As the TSS of Pax6 is marked by both H3K27me3 and 

H3K4me3 in the hNMPs it can be considered a bivalent gene. The fine-tuned 

balance between the H3K4me3 and the H3K27me3 mark defines the 

transcriptional outcome. The observed dissociation of the polycomb machinery 

from the locus reveals the H3K27me3 mark for demethylation enzyme, which is 

otherwise protected by the polycomb proteins bound to it. This can upset the 
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H3K4me3/H3K27me3 balance in favour of H3K4me3 and result in transcription. 

The analysis of the H3K4me3 levels presented in this thesis were complicated 

by DMSO effects (in the MEK inhibition experiments especially). However in the 

in vitro differentiation from hNMPs to hNPs only a reduction in the H3K27me3 

levels but not in the H3K4me3 levels were observed, which resulted in a shift in 

the H3K4me3/H3K27me3 balance in favour of the H3K4me3 mark. ChIP qPCR 

experiments for H3K4me3 in the MEK inhibition experiments were complicated 

by a DMSO effect. So using lower DMSO concentrations in this line of 

experiments might help to identify the true H3K4me3 levels under this condition. 

However, since there was no change in the H3K27me3 under MEK inhibition, it 

is unlikely that a change in the H3K4me3/H3K27me3 balance at the Pax6 locus 

will be observed under these conditions. 

 

Mechanistic insights into the involvement of ERK in the regulation of 

chromatin compaction 

The time line ChIP approach further showed that ERK2 occupies the hPax6 

locus in hNMPs and that ERK2 dissociated during the differentiation to hNPs. 

Tee et al. proposed, activated ERK can directly bind to the promoter regions of 

target genes and facilitate a poised Pol II state as well as lead to the recruitment 

of the polycomb repressive machinery (Tee et al., 2014). The effects observed 

after relatively rough MEK inhibition could therefore be a result of reduced ERK 

binding at target gene promoters which would lead to reduced polycomb protein 

recruitment as well as reduced poising of Pol II by ERK. Other factors were 

shown to be able to facilitate the phosphorylation of Pol II to allow for 

transcription, therefore the immediate effect of ERK loss at target promoters 
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would be reduced recruitment of polycomb proteins, as observed here by Jarid2 

and Ring1B ChIP (under MEK inhibition). This is further substantiated by the 

fact that ERk2 dissociates from hPax6 before Jarid2 and Ring1B.  In this light, it 

would be interesting to investigate whether ERK needs to be activated in order 

to bind to chromatin, in the first place, to possible facilitate PRC recruitment and 

Pol II phosphorylation. It would also be possible that the binding does not 

necessarily require ERK to be activated. ERK2 ChIPs in MEK inhibitor treated 

cells would show whether only active ERK binds to chromatin. 

In addition it needs to be verified that ERK2 recruits Jarid2 to target genes in 

order to completely unravel the mechanism. Co immunoprecipitation (CoIP) of 

Jarid2 and ERK would shed light on their possible interaction. These CoIP 

experiments could be followed up by western blot analysis for the respective 

other partner. However, western blot analysis is a relatively insensitive method 

to identify low amounts of binding partners. Mass spectrometry could also be 

used to uncover whether ERK and Jarid2 bind directly to each other.  

 

Global analysis of the FGF/ERK mediated chromatin compaction and its 

changes during neural differentiation in vitro 

The analysis of polycomb protein occupancy changes at key time points during 

the differentiation of hNMPs to hNPs by ChIPseq would help to capture global 

changes at neural progenitor genes, specifically at genes that were not included 

in the ChIPqPCR studies due to difficulties in finding suitable primer pairs for 

the analysis. This approach could be further combined with the global analysis 

of chromatin compaction or accessibility by DNaseI treatment and subsequent 

sequencing (DNase-seq) or by an assay for transposase-accessible chromatin 
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followed by sequencing (ATACseq). ATACseq was first described in 2013 and 

uses a mutated hyperactive version of the transposase Tn5. Transposases are 

enzymes that facilitate the integration of transposons into the genome. The 

hyperactive form of Tn5 can integrate specific adapter sequences with high 

frequencies into exposed chromatin and cuts the DNA at the same time, 

thereby immediately generating an adapter-ligated DNA fragment which can 

then be PCR amplified before subsequent deep sequencing (Buenrostro et al., 

2013). Enriched sequences therefore stem from nucleosome and DNA binding 

protein (e.g. transcription factor, chromatin remodellers) deprived genomic 

regions, which are generally considered open and accessible. Either of these 

techniques will verify the FISH data presented in this thesis and would also 

show the reason for chromatin decompaction, a rearrangement of 

nucleosomes. Another possible approach would be to analyse changes in 

chromatin interaction frequencies around neural progenitor genes by 

chromosome conformation capture techniques. In this case changes in 

chromatin compaction observed by FISH would not just rely on nucleosomal 

rearrangement within a particular locus but also on changes in far-reaching 

chromatin interaction. The chromatin within the nucleus of Drosophila and 

mammalians was shown to localise in topological associated domains (TADs) 

(Dixon et al., 2012; Sexton et al., 2012). Stretches of DNA from the same TAD 

where shown to co-localise with a higher frequency with each other than with 

DNA of other TADs thereby forming distinct compartments with differential 

chromatin accessibility and transcriptional activity (Nora et al., 2012). These 

TADs are not thought to be rigid in structure, but more in flux. When the locus 

accessibility changes during differentiation as demonstrated here by FISH 

analysis of chromatin compaction the interactions within the former inactive 
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TAD are changed in favour for new interactions within the new active TAD. 

These changes can be observed with chromosome conformation capture 

techniques based on the 3C technique and would reveal changes in chromatin 

compaction through changes in interacting domains. 

Interestingly, even though a change in Jarid2 occupancy was observed upon 

MEK inhibitor treatment there was no change in Jarid2 transcription. This could 

be explained by a simple displacement of the protein from the target gene to 

other target genes due to MEK inhibition. Another possible explanation for the 

observed changes in Jarid2 occupancy without any changes in Jarid2 

transcription, could be a global unloading of Jarid2 (increase in the soluble 

fraction of Jarid2) in response to the ERK signalling attenuation. Global ChIP 

approaches would also address this issue.  
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Chapter 10: Appendix 

 

10.1 Outlier analysis for the wt and DMSO FISH dataset  

 

The wt and DMSO treated data sets shown in Chapter 4.2 are a result of the 

analysis of 6 embryos for each control condition, of which outlier embryo data 

sets were removed.  

An initial experiment contained 3 embryos for each control condition in which 

the chromatin compaction around the Pax6 locus was analysed. Figure 10.1 

shows the result of this initial experiment. In the wild type tissue the Pax6 locus 

decompacts in the neural tube nuclei compared to the stem zone nuclei (SZ: 

0.0476 μm2 and NT: 0.1100 μm2), which correlates with the Pax6 transcription in 

the neural tube. Comparison of the wild type data with that after DMSO 

treatment shows some effect of DMSO – which reduces the 

interprobe distances in both the neural tube nuclei (NT, from 0.1100 μm2 to 

0.0335 μm2) and the stem zone nuclei (SZ, from 0.0476 μm2 to 0.0230 μm2), 

however, the Pax6 locus in the DMSO treated embryos in the neural tube nuclei 

is still less compact than in the stem zone nuclei.  

These findings showed that there is a great difference between the WT control 

and vehicle control (SZ: WT 0.0476 μm2 and DMSO 0.0230 μm2, NT: WT 

0.1100 μm2and DMSO 0.0335 μm2) in both cases (NT and SZ). To analyse 

whether this difference is really due to DMSO effects on chromatin compaction, 

3 further embryos for each of these conditions were analysed by FISH and then 

all 6 individual embryo datasets were compared to identify potential outliers.  
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Figure 10.2 Interprobe distance measurements around the Pax6 locus in neural tube 
nuclei of wild type control embryos. The interprobe distances (μm2) for the Pax6 flanking 

fosmids in neural tube nuclei of 6 individual embryos without any chemical treatment are shown 

in box plots. Statistical analysis revealed a significant difference between the embryo 4 dataset 

and the other datasets. (*= p≤0.05, ** = p≤0.005 (Mann-Whitney test)). 
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Figure 10.1 Changes in chromatin 
compaction around the Pax6 locus in neural 
tube and stem zone nuclei under wt und 
DMSO control conditions. The interprobe 

distances (μm2) for the Pax6 flanking fosmids in 

the neural tube (NT) and stem zone (SZ) nuclei 

from untreated wild type (WT) embryos and 

embryos treated with DMSO are shown in box 

plots; demonstrating a chromatin compacting 

effect of the DMSO treatment in both stem zone 

and neural tube nuclei. (n= 3 embryos for each 

condition with at least 50 nuclei analysed 

resulting in 100 ROIs per embryo, *** = p≤0.001 

(Mann-Whitney test)). 
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Figures 10.1 and 10.2 display the comparisons for the WT controls for the 

neural tube and stem zone datasets, respectively. Embryo 4 is significantly 

different from all the other embryos in the neural tube data set (Figure 10.1) and 

embryo 2 is significantly different from all other stem zone datasets 

(Figure 10.2). For the complete overview in Figure 10.5 embryos 2 and 4 were 

completely removed from the WT datasets. 

 

 

Figure 10.3 Interprobe distance measurements around the Pax6 locus in stem zone 
nuclei of wild type control embryos. The interprobe distances (μm2) for the Pax6 flanking 

fosmids in stem zone nuclei of 6 individual embryos without any chemical treatment are shown 

in box plots. Statistical analysis revealed a significant difference between the embryo 2 dataset 

and the other datasets. (*= p≤0.05 (Mann=Whitney test)). 

Figures 10.3 and 10.4 show the comparisons for the DMSO vehicle controls for 

the neural tube and stem zone datasets, respectively. Embryos 1, 2 and 3 are 

significantly different from all the other embryos (including each other) in both 

the neural tube and stem zone dataset (Figures 10.3 and 10.4). For the 
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complete overview in Figure 10.5 embryos 1, 2 and 3 were completely removed 

from the DMSO datasets. 

 

Figure 10.4 Interprobe distance measurements around the Pax6 locus in neural tube 
nuclei of DMSO vehicle control embryos. The interprobe distances (μm2) for the Pax6 

flanking fosmids in neural tube nuclei of 6 individual embryos without any chemical treatment 

are shown in box plots. Statistical analysis revealed that there is a significant difference 

between datasets 1, 2 and 3 and the remaining 3 datasets. (*= p≤0.05, *** = p≤0.001). 
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Figure 10.5 Interprobe distance measurements around the Pax6 locus in stem zone 
nuclei of DMSO vehicle control embryos. The interprobe distances (μm2) for the Pax6 

flanking fosmids in neural tube nuclei of 6 individual embryos without any chemical treatment 

are shown in box plots. Statistical analysis revealed that there is a significant difference 

between datasets 1, 2 and 3 and the remaining 3 datasets. (*= p≤0.05, *** = p≤0.001 (Mann-

Whitney test)). 

Now after the WT and DMSO datasets had outliers removed (Figure 10.5), the 

WT control shows a compact Pax6 locus in the stem zone and an open locus in 

the neural tube (SZ: 0.0486 μm2 to NT: 0.114 μm2). The vehicle control DMSO 

behave in the same way (SZ 0.0462 μm2 to NT 0.121 μm2), in both cases 

correlating with the Pax6 transcription pattern observed in these tissues. 

Comparing the controls to each other demonstrates that there are no 

differences between the 2 data sets, demonstrating DMSO has no effect on 

chromatin organisation.  
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Figure 10.6 Changes in chromatin 
compaction around the Pax6 locus in neural 
tube and stem zone nuclei under wt und 
DMSO control conditions. The interprobe 

distances (μm2) for the Pax6 flanking fosmids in 

the neural tube (NT) and stem zone (SZ) nuclei 

from untreated wild type (WT, 400 ROIs) 

embryos and embryos treated with DMSO (300 

ROIs) are shown in box plots; demonstrating A 

chromatin compacting effect of the DMSO 

treatment in both stem zone and neural tube 

nuclei. (n= 3 embryos for each condition with at 

least 50 nuclei analysed resulting in 100 ROIs 

per embryo). (*= p≤0.05, *** = p≤0.001 (Mann-

Whitney test)). 
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