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The evolutionary importance of the fact that genes control embryonic development is this: it 
means that genes are at least partly responsible for their own survival in the future, because 
their survival depends on the effi ciency of the bodies in which they live and which they helped 
to build. 
Richard Dawkins, ‘The Selfi sh Gene’
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Summary 

A lot is known about the order and timing of 
important events in embryonic development, 
as well as about the macroscopic formation 
of the body plan. However, the mechanisms 
behind the subtle changes in gene expression 
that orchestrate these events, is something we 
have only begun to understand over the past 
few decades. This thesis describes some of the 
remarkable characteristics of Ring1b, a protein 
that is critically involved in regulating gene 
expression during embryonic development. 
One set of genes that has a relatively well-
characterized role in the developing embryo, 
are the homeobox or hox genes. The specifi c 
timing of when these genes are expressed and 
when they’re not, as well as where they are 
expressed and where they are not, is crucial 
to the formation of a proper body plan. They 
were fi rst studied in Drosophila melanogaster, 
the fruit fl y, but they have homologues in 
mammalian species that act in a comparable 
manner. One group of proteins that plays an 
important role in the regulation of expression 
of hox genes is the Polycomb group (PcG). They 
mainly exercise their function on hox genes by 
means of chromatin remodeling.
The structure of chromatin is correlated with the 
expression status of local genes. Tightly packed 
chromatin is largely inaccessible to transcription 
factors leading to silent genes, whereas open 
chromatin is associated with active genes. One 
way of remodeling chromatin is by chemically 
modifying the N-terminal tails of histones, the 
proteins around which DNA is wrapped. Dozens 
of different types of histones exist, and many 
of them have been demonstrated to undergo 
chemical modifi cations on different amino acid 
residues located in the N-terminal tail. Among 
these chemical modifi cations are methylation, 
dimethylation, trimethylation, ubiquitination, 
acetylation and phosphorylation. Each 
modifi cation, combination of modifi cations 
and location of the modifi cation tells the local 

chromatin structure to behave in a certain way. 
Together they are referred to as ‘the histone 
code’. Some marks are associated with actively 
transcribed genes (‘H3K4me3’, trimethylation 
of lysine 4 of histone H3), whereas other 
modifi cations are generally found near inactive 
genes (‘H3K27’, trimethylation of lysine 27 of 
histone H3). The latter mark is set by EZH2, 
the catalytic subunit of Polycomb Repressive 
Complex 2 (PRC2), and is thought to recruit other 
PcG members. PcG protein Ring1b, the subject 
of the research presented in this thesis, is an 
E3 ubiquitin ligase: it attaches a small ubiquitin 
peptide to lysine 119 of a histone variant called 
H2A. This mark is referred to as ‘H2AK119u1’. 
Loss of Ring1b mediated monoubiquitination 
of H2A is linked to derepression of target 
genes. 
Since embryonic development requires such a 
tight control of gene expression, we looked at 
the role of PcG proteins, and Ring1b in particular, 
in differentiation, the process of cells becoming 
more tailored to fulfi ll a certain function. 
This is particularly visible during embryonic 
development. PcG proteins were found to play 
an important role in keeping these so-called 
stem cells undifferentiated, until they get the 
proper signal to start differentiating. Genetic 
inactivation or RNAi-mediated depletion of 
several members of the PcG complexes causes 
derepression of target genes. In chapter 3 we 
demonstrate data that is in full agreement with 
these earlier fi ndings. Our Ring1b conditional 
knockout cell culture system enables us to 
genetically inactivate Ring1b at a specifi c 
time by just adding a well-tolerated chemical 
compound, tamoxifen. Doing this in mouse 
embryonic stem cells in vitro, differentiation 
immediately progresses, Ring1b target genes 
are derepressed and Ring1b localization to 
target loci is decreased. Therefore, we conclude 
that genetic inactivation of PcG proteins in 
mouse ES cells facilitates a differentiation-
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prone phenotype. Interestingly, we fi nd that 
Ring1b is preferentially bound to GC-rich 
promoter regions harbouring both active and 
repressive chromatin marks (so-called bivalent 
genes), and that a considerable number of 
Ring1b bound genes with an active mark are 
actually repressed in ES cells. The absence of 
the repressive Polycomb mark H3K27me3 
at these promoters means that Ring1b can 
apparently be recruited independently from 
PRC2, the PcG complex that sets the H3K27me3 
mark. This suggests that Ring1b acts more 
like a modulator of transcriptional activity of 
bivalent genes in embryonic stem cells rather 
than a silencer. 
In chapter 4 we investigate the role of Ring1b in 
brain development, using the same conditional 
knockout model, this time employing it in a 
whole mouse. Since a full Ring1b knockout 
mouse dies after several days of gestation 
due to a gastrulation arrest, the conditional 
knockout mouse – enabling us to delete the 
Ring1b gene in only parts of the body – provides 
us with a unique tool to study Ring1b function 
in vivo. Upon crossing this mouse with the well-
characterized Nestin-Cre (NCre) transgenic 
mouse, the offspring lacked Ring1b in the 
Central Nervous System (CNS) only. We found 
that this mouse was viable, although born in 
submendelian ratios. Also, none of the mice 
survived longer than one month after (normal) 
birth. The macroscopic phenotype consisted of 
a severely reduced body mass, reduced activity, 
an ataxic gait, and diffi culty to maintain balance. 
The latter two characteristics are suggestive of 
defects in the cerebellum. Also, their brain was 
markedly smaller and the cerebellum showed 
missing lobules, also called folia. Looking at the 
cerebellum microscopically, we found that the 
precentral fi ssure had not formed, resulting in 
a fusion between the ventral and dorsal lobules 
of the central vermian lobe. Several signaling 
pathways are known to lead to foliation defects; 
more investigation is necessary to identify 
which one is implicated in the Ring1b CNS null 

mutant. Likely candidates are the Engrailed and 
Sonic Hedgehog signaling pathways. 
To address the cause of the small size of the Ring1b 
null brains, we cultured Neural Stem Cells (NSCs) 
from the subventricular zone (SVZ) of the lateral 
ventricles of the cerebrum – a region known to 
have continuous neurogenesis – of mice lacking 
Ring1b in the brain, to test whether there was 
an impairment in these cells’ ability to self-renew 
in vitro. The ability to self-renew is an important 
characteristic of stem cells. Indeed, the few 
neurospheres that formed from Ring1b knockout 
mice were unable to self-renew and entered a 
growth arrest. Interestingly, reminiscent of the 
in vivo situation in Ring1b knockout mice, the 
growth defect could be partially rescued by an 
Ink4a/Arf null background. Combined with the 
fact that p16Ink4a and p19Arf are both derepressed 
in a Ring1b null background, we conclude that 
the small brain size is at least partially due to 
derepression of the Ink4a/Arf tumor suppressor 
locus. 
Although our understanding of PcG protein 
function is steadily growing, very little is known 
about regulation of PcG gene expression 
and translational control of PcG proteins 
themselves. In chapter 5 we describe a novel 
mechanism through which Ring1b protein 
levels are regulated. We identifi ed a functional 
internal ribosome entry site (IRES) in the 
Ring1b transcript. An IRES is a relatively rare, 
stable, three-dimensional structure in the 5’ 
untranslated region (UTR) of the transcript, 
capable of recruiting the translational machinery 
on its own. This occurs independent of the 
presence of a 5’ cap site, normally an absolute 
requirement for initiation of translation. Since 
an IRES enables a protein to be translated under 
conditions where normal proteins cannot be 
translated, IRES-harboring transcripts provide 
an clear advantage under stress conditions, 
where cap-dependent translation is often 
halted. Among these stress conditions are low 
oxygen, genotoxic stress, viral infections and 
amino acid starvation. We tested the activity 
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of the Ring1b IRES under many of these 
conditions, and in all cases the Ring1b IRES was 
highly active, sometimes even more active than 
the IRES of the encephalomyocarditis virus 
(EMCV), which is known to be very active under 
various circumstances and therefore often 
used in experimental settings. Unfortunately, 
we have not yet been able to fi nd a functional 
purpose for the fact that Ring1b harbors an 
IRES. However, it is tempting to speculate that 
Ring1b has acquired the IRES to ensure that the 
protein is present in the cell nucleus at all times, 
even under severe and very different sorts of 
stress conditions. This putative necessity of 
Ring1b presence is in line with some of our other 
work, showing that deletion of the Ring1b gene 
leads to embryonic death, that somatic cells 

go into apoptosis upon genetic inactivation 
of Ring1b, and that stem cells fi rst activate 
random differentiation programs before going 
into apoptosis. This effect can not be rescued 
by chemical apoptosis inhibitors, immortalizing 
oncogenes or rich culture media. 
Together, the data presented in this thesis 
paints a complex picture of a remarkable 
Polycomb group protein, being a key 
regulator of embryonic stem cell identity and 
a critical factor in cerebellar development, and 
employing an intriguing strategy to make sure 
it remains present in the cell. The availability 
of our effi cient Ring1b conditional knockout 
system provides future investigators with a 
unique tool to study PcG in general and Ring1b 
in particular, both in vivo as well as in vitro.




