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Summary

A multicellular organism can contain 
hundreds of different cell types, each with 
unique features. Interestingly, only one set of 
genomic material (DNA) is used. This means 
that the readability, or transcription, of the 
DNA has to be tightly regulated. The right 
genes need to be expressed or repressed 
in a certain cell type or during a specific 
developmental time window. To achieve 
this, DNA transcription is not regulated by 
inducing permanent changes in the DNA 
itself (genetic), but at a higher (epigenetic) 
level. Nuclear DNA is wrapped around 
histone proteins, a conformation known as 
chromatin. The structure of the chromatin 
can be modified, such that only specific 
parts of the DNA are transcribed. Structural 
changes in the chromatin can be induced 
through post-translational modifications of 
the histone proteins, like adding or removing 
methyl, phosphate, or acetyl groups. Histone 
modifications can mediate the recruitment 
or dissociation of chromatin binding proteins 
that further stabilize an active or repressed 
chromatin structure. 
Cancers can originate from genetic mutations, 
but can also be driven by deregulated 
epigenetic regulatory mechanisms. To 
allow treatment of cancers with epigenetic 
features, we have to understand the functions 
of the proteins that are involved in epigenetic 
regulation. In this thesis, we studied the role 
of Polycomb group (PcG) proteins, a family of 
epigenetic transcriptional repressors of which 
misexpression is linked to developmental 
defects and several types of cancers.

In mammals, two core PcG repressive 
complexes (PRCs) exist, named PRC1 and 
PRC2, each with distinct functions (reviewed 
in chapter 1). The PRC2 member Ezh2 
transfers methyl groups to lysine 27 of histone 
H3, resulting in di- and trimethylated histone 
H3 (H3K27me3). The histone modification 
H3K27me3 is the key for the binding of CBX 
PRC1 proteins and recruitment of other 
PRC1 proteins, such as Bmi1 and Ring1b. 
Ring1b is an E3 ligase, which catalyzes 
monoubiquitination of histone H2A (uH2A). 

Only recently, the presence of uH2A in gene 
promoter regions was shown to interfere with 
the transcriptional machinery and hinder 
transcription. 
The existence of close PcG homologs 
allows variation in PRC composition. PcG 
homologs can be highly conserved in 
sequence and function, but have different 
roles during development. We previously 
found that Ring1b-deficient mice die during 
early embryogenesis, around the stage of 
blastocyst implantation. In embryonic stem 
(ES) cells, derived from early blastocysts, 
Ring1a and Ring1b are both expressed. 
Ring1a has been described to mediate 
H2A ubiquitination in absence of Ring1b 
in ES cells. In chapter 2, we showed that 
Ring1b and its homolog Ring1a are both 
equally active and bona-fide E3 ligases 
that can monoubiquitinate histone H2A in 
vitro. Despite the functional redundancy, the 
embryonic lethality of Ring1b-deficient mice 
suggests that Ring1b expression is critical 
during this developmental stage and that 
Ring1a can not fully compensate for the loss 
of Ring1b.
In chapter 2, we furthermore showed that 
the ubiquitin E3 ligase activities of both 
Ring1b and Ring1a is contained within the 
N-terminal RING finger domain of these 
proteins. The RING domain also mediates 
complex formation with other RING domain 
PRC1 proteins, like Bmi1 or Mel18, the 
homolog of Bmi1. By using crystallography, 
we solved the structure of the RING-RING 
heterodimeric complex of Ring1b and 
Bmi1. We found that Ring1b and Ring1a 
are identical in the RING domain at sites 
of interaction with Bmi1. Furthermore, the 
structure showed that the Ring1b protein 
contains an N-terminally protruding arm, 
which is also present in the Ring1a protein. 
This arm appears to embrace Bmi1 and 
fortify complex formation with Bmi1. 
We found that Bmi1 stimulates the E3 
ligase activity of Ring1b and Ring1a in a 
dose-dependent manner. Mel18 showed to 
perfectly overlap with Bmi1 at the sites of 
interaction with Ring1b. At the N-terminal 
part of the protein, Bmi1 and Mel18 differed 
in seven amino acids that reside outside 
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the Ring1b-Bmi1 interface. These residues 
might be involved in substrate recognition. 
Discrepancy exists about the enhancing 
effect of Mel18 on the enzymatic activity of 
Ring1b. This might be due to differences 
in post-translational modifications of the 
Mel18 protein, since it has been described 
that Mel18 requires to be phosphorylated to 
enhance the enzymatic activity of Ring1b 
and to bind to chromatin. Baring in mind 
that Ring1b, Bmi1, and their homologs also 
interact with other PRC1 proteins through 
the C-terminal part of the protein, a wide 
variety in PRC1 composition that can differ 
in physiological function, can be accounted 
for.

PcG proteins are transcriptional repressors 
that mediate stable gene repression. 
One well-studied example of stable 
transcriptional repression that involves PcG 
proteins is X chromosome activation (XCI). 
XCI is the complete condensation and 
transcriptional silencing of one of the two 
X chromosomes in female cells. It allows 
dosage compensation between females and 
males for the expression of X-linked genes. 
The hallmarks of the inactive X (Xi), besides 
association of PcG proteins, are coating by 
the non-coding RNA Xi-specific-transcript 
(Xist), DNA hypermethylation, histone 
hypoacetylation, and incorporation of 
histone variant MacroH2A1. A tight interplay 
between these factors ensures a stable, life-
long silenced Xi state.
We identified a new ubiquitin E3 ligase 
complex, consisting of Spop, Cullin3 and 
Roc1 (Chapter 3). We found that both Bmi1 
and MacroH2A1 are polyubiquitinated by 
the Spop/Cullin3/Roc1 E3 ligase complex. 
Polyubiquitination often results in protein 
degradation. Interestingly, we found that 
loss of Spop or Cullin3 has no effect on 
the protein levels of MacroH2A1 or Bmi1, 
but results in delocalization of MacroH2A1 
from the Xi. Furthermore, when combined 
with inhibition of DNA methylation and 
histone deacetylation, loss of MacroH2A1, 
but also loss of Spop or Cullin3, results in 
partial transcriptional reactivation of the Xi. 
We conclude that the Spop/Cullin3/Roc1 

ubiquitin E3 ligase is another, previously 
unknown XCI factor that functionally links 
PcG proteins and MacroH2A1.

Besides stable, life-long transcriptional 
repression, PcG proteins mediate repression 
of genes that are important for proper 
development of an organism, such as 
differentiation-related and tissue-specific 
genes. In chapter 4, we studied the role of 
Ring1b in undifferentiated, pluripotent ES 
cells, which have the potential to differentiate 
into any cell type required in vivo. We 
generated Ring1b conditional knockout 
mouse ES cells, which allowed us to study 
the effects of loss of Ring1b expression. We 
found that in absence of Ring1b ES cells 
are prone for differentiation. Loss of Ring1b 
resulted in derepression of a subset of 
differentiation-related genes. In agreement, 
PcG proteins have been shown to bind to 
developmental genes with key roles during 
cellular differentiation. Interestingly, the 
genes that are specific for ES cells retained 
to be expressed in Ring1b-deficient ES cells, 
while upregulation of developmental genes 
normally results in repression of ES cell-
specific genes. This suggests that Ring1b 
contributes to a stable, undifferentiated state 
of ES cells.
By comparative analysis, we found that 
the promoter regions of the genes that are 
bound by Ring1b and deregulated in its 
absence in ES cells, were predominantly 
characterized by a high CpG-content and 
a bivalent chromatin state (i.e. containing 
histone modifications that correlate with 
transcriptional activity and inactivity). This 
suggests that the expression of the Ring1b-
bound genes is regulated through a tight 
interplay with distinct epigenetic regulatory 
mechanisms that together with PcG proteins 
control the differentiation program.
 
Altogether, PcG proteins are transcriptional 
repressors that are found to have important 
roles throughout development. PcG proteins 
are involved in stable, life-long silencing of 
the Xi and in regulating genes with important 
roles in stem cells and in the differentiation 
program. Variation in PcG expression and 
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complex composition, as well as a well-
coordinated interplay with other epigenetic 
transcriptional regulation mechanisms, 
is essential for PcG proteins to flavor 
transcriptional repression.




