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The saddest aspect of life right now is that science gathers knowledge faster than society
gathers wisdom. 
Isaac Asimov
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Polycomb group proteins: orchestrating development by 
modifying histones

From the earliest discovery of Polycomb group (PcG) proteins in Drosophila melanogaster 
until the recent detailed descriptions of these proteins’ role in histone modifi cation, it 
has been clear that Polycomb group proteins play key roles in development. Acting in 
multimeric complexes, they exhibit their function to silence specifi c areas of the genome by 
modifying histone tails on amino acid residues. Polycomb group proteins are now found to 
be critically involved in control of cell proliferation, the coordinated silencing of one of the 
X-chromosomes (Xi) in female somatic cells, maintenance of stem cell identity in both early 
development as well as in adult life, and orchestrating developmental processes during 
embryogenesis. The subject of this thesis, PcG protein Ring1b, is believed to be critically 
involved in the latter three processes, as will be discussed in this chapter. 

Early Polycomb knockout studies 
The chromatin-associated Polycomb group 
(PcG) proteins, consisting of dozens of different 
proteins, were fi rst identifi ed in genetic screens 
for homeotic transformations in Drosophila 
melanogaster (fruit fl y). They were named after 
the Drosophila gene Polycomb. Other genes, 
among which are Polyhomeotic, Posterior sex 
combs, Sex combs on midleg, Pleiohomeotic, Sex 
combs extra, and enhancer of Zeste, were soon 
identifi ed to belong to the same group, based on 
a common feature: when knocked out, fl ies failed 
to develop normally during embryogenesis. 
More specifi cally, these proteins were found to 
repress Homeotic genes – also called Hox genes 
– whose exact spatial and temporal expression 
determines the establishment of the body 
plan and segmentation. Characteristically, the 
absence – or, as was found later, overexpression 
or ectopic expression – of a PcG gene results 
in abnormal spatial and temporal expression 
of one or more Hox genes, resulting in the 
formation of extra body parts, deformed body 
parts or mislocalization of body parts, as many 
of the PcG genes’ names indicate. This so-called 
ectopic expression of PcG genes is attributed 
to the failure of proper gene silencing in PcG 
mutants (reviewed in Muller and Kassis, 2006).
In mammals, being much more complicated 

organisms, the phenotypes were less well-
defi ned. No extra legs or double heads are 
formed in PcG knockout mice, but instead 
one can for example observe extra vertebrae 
or costae in mice lacking a PcG gene. For 
example, the mammalian homologue of 
Posterior sex combs, Bmi1, was found to have 
posterior transformations, mainly along the 
anteroposterior axis of the skeleton (van der 
Lugt et al., 1994). In addition, these mice have 
an ataxic gait, sporadic seizures and a low 
bodyweight. Usually, they do not grow older 
than three months and more often only one 
month. Perhaps the most interesting phenotype 
of these mice is a proliferation defect in the 
hematopoietic system. The mice have a strongly 
reduced hematopoietic cell count as well as 
a diminished response to mitogenic stimuli. 
As we will see in a paragraph below, this was 
the fi rst time a PcG gene was implicated in cell 
proliferation. 
In mammals, often a second or even third 
homologue of the Drosophila counterpart is 
identifi ed. Mel18, also called PCGF2, is a close 
homologue of Bmi1 and also the later-on found 
gene MBLR (Mel18 and Bmi1-like repressor) is 
now considered a homologue (Akasaka et al., 
2002). Strikingly, although Mel18 and Bmi1 
are quite similar (70 percent identical on gene 
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level), exhibit almost the same phenotype 
(Akasaka et al., 1996), and appear to have at 
least partially overlapping roles, they cannot 
fully compensate for one another (Akasaka et 
al., 2001). Recent fi ndings suggest, that Mel18 
is capable of downregulating Bmi1 expression 
levels (Guo et al., 2007; Guo et al., 2007). 
However, the mechanisms underlying this are 
unclear. 
Many other Polycomb group proteins have 
been studied using a knockout mouse model. 
Mammalian Polycomb homologue M33 was 
the third PcG protein identifi ed in mammals, 
causing homeotic transformations of the axial 
skeleton, and sternal and limb malformations 
in the developing embryo when absent (Core 
et al., 1997). Like the Bmi1 and Mel18 knockout 
mice, a proliferative defect of somatic cell 
types – e.g. lymphocytes and fi broblasts 
– was found in in vitro, again linking PcG 
proteins to proliferation. In the same year, 
the mammalian homologue of Polyhomeotic, 
MPh1, was inactivated in mice; this again led 
to developmental defects, among which were 
posterior skeletal transformations and many 
defects in neural crest-derived tissues (Takihara 
et al., 1997). In addition, these mice died shortly 
before birth. Genetic inactivation of Ring1a, a 
mouse homologue of Drosophila dRING gene, 
also caused skeletal malformations, mainly of 
the axial skeleton (Mar Lorente et al., 2000). In 
this study, it was demonstrated that apparently 
in some cases heterozygosity of a PcG gene 
is suffi cient to cause developmental defects, 
since Ring1a+/- mice also exhibited mild skeletal 
abnormalities. Transcription factor YY1, based 
on its interactions (genetic as well as physical) 
with other members of the PcG protein family 
also considered to be a PcG protein (Garcia et 
al., 1999; Lorente et al., 2006; Satijn et al., 2001), 
shows the same effect: heterozygosity of the 
null mutation leads to neurological defects 
and subsequent behavioral abnormalities in 
a subset of mice. Affar and co-workers found 
that, like many PcG proteins, the precise protein 

level of YY1 is critical. Phenotypic analysis of 
YY1 mutant embryos expressing approximately 
75 percent, 50 percent, and 25 percent of 
the normal YY1 levels, identifi ed a dosage-
dependent requirement for YY1 during late 
embryogenesis (Affar el et al., 2006). However, 
different from the PcG members described 
above, the double null mutation causes peri-
implantation lethality (Donohoe et al., 1999). 
Prenatal death is not uncommon under PcG 
members, however. Ablation of mammalian 
PcG members RYBP (Pirity et al., 2005), Eed 
(Faust et al., 1998), EZH2 (O’Carroll et al., 2001) 
and the subject of this thesis, Ring1b (Voncken 
et al., 2003), all lead to embryonic death, often 
with striking similarities between them on 
the histological level. Particularly interesting 
is the similarity between the EZH2, Eed and 
Ring1b knockout mice, since, as we will see in 
a paragraph below, these proteins are believed 
to be in different biochemical complexes. 
EZH2, Eed and Ring1b mutants all die during 
gastrulation, the process that separates the 
three germ layers (ectoderm, mesoderm 
and endoderm) in the developing embryo. 
We demonstrated earlier, that in Ring1b null 
mutants, the epiblast fails to expand normally 
and the mesoderm does not migrate anteriorly. 
Moreover, a clear delay in development of 
extraembryonic structures accompanies the 
delay in development of the embryo itself. This 
condition is very reminiscent of both the Eed 
and EZH2 mutant phenotypes.
Many more PcG genes await knockout mouse 
models. Not only for phenotypical analysis, but 
also for primary knockout cell lines derived 
from these mice, which have proven to be 
valuable tools to verify specifi c functions of PcG 
members. Also, genetic interactions between 
PcG members – as was already demonstrated 
for Ring1a/Ring1b (de Napoles et al., 2004; 
Endoh et al., 2008; our own unpublished in 
vivo observations), Bmi1/Mel18 (Akasaka et 
al., 2001), Bmi1/Ring1b (Voncken et al., 2003), 
Ring1a/YY1 (Lorente et al., 2006), and several 
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others – can lead to new ideas about functional 
collaborations and redundancies between PcG 
members. 

Control of cell proliferation by PcG proteins
In the paragraph above it was stated that 
many PcG proteins were found to be involved 
in cell proliferation-related processes. Initially, 
this was mainly based on observations in PcG 
knockout embryos exhibiting proliferative 
defects in for example the hematopoietic 
system, but in 1999 our group found a strong 
mechanistic involvement of PcG protein 
Bmi1 in cell proliferation (Jacobs et al., 1999). 
Primary mouse embryonic fi broblasts lacking 
Bmi1 undergo premature senescence, which 
correlated with strong upregulation of tumor 
suppressors p16Ink4a and p19Arf, both encoded by 
the tumor suppressor locus Ink4a/Arf. Genetic 
inactivation of Ink4a/Arf dramatically reduces 
the proliferative defects seen in Bmi1-defi cient 
mice, indicating that Ink4a/Arf is a critical in vivo 
target. This was no surprise in itself, because 
Bmi1 was fi rst isolated as a factor cooperating 
with c-myc in the formation of lymphomas in 
mice, identifying Bmi1 as a proto-oncogene 
(van Lohuizen et al., 1991). But the functional 
link between Bmi1 and an established tumor 
suppressor locus was the fi rst time a PcG 
protein was associated with tumorigenesis. 
After these discoveries, Bmi1 has been 
implicated in many more tumors, mainly those 
derived from hematopoietic lineages, but also 
in the brain, as will be discussed in more detail 
in a paragraph below. In one study by Kanno 
and co-workers, a close homologue of Bmi1, 
Mel18, was found to have the opposite effect, 
seemingly classifying it as a tumor suppressor 
(Kanno et al., 1995). However, this experiment 
was done with overexpression constructs and 
a reporter plasmid harboring a putative, but 
not widely accepted Mel18 DNA binding site. 
The observed effect could be an artefact of the 
highly artifi cial experimental setup, lacking the 
proper cellular context.

Only recently has Ring1b also been implicated in 
cellular proliferation, when Calés and co-workers 
crossed a Ring1b conditional knockout mouse 
with an MxCre transgenic mouse line, resulting 
in ablation of Ring1b in the hematopoietic 
compartment (Cales et al., 2008). Ring1b was 
found to be correlated with both stimulating as 
well as inhibiting hematopoietic proliferation, 
dependent on lineage commitment. Inhibition 
concerns early myeloid progenitors and is 
conferred through negative regulation of cell 
cycle inhibitor p16Ink4a. Stimulation concerns 
myeloid and lymphoid lineage-committed 
precursors of B-cell lineages and is mediated 
through negative regulation of cell cycle 
promoters cdc6 and Cyclin D2. As might be 
expected, inactivation of the Ink4a/Arf locus 
only rescued the decreased proliferation of 
early progenitors, not of the more committed 
cells. 
Several other PcG proteins were found to be 
more or less critically involved in cell proliferation 
(for a comprehensive list, see Sparmann and 
van Lohuizen, 2006). For example, next to 
Bmi1, Mel18, Cbx7 and Cbx8 are all capable of 
repressing the Ink4a locus as well (Dietrich et 
al., 2007; Gil et al., 2004). MPh1 and Eed were 
found to have proliferative effects independent 
of Ink4a/Arf. Reduced expression of Eed 
causes marked myelo- and lymphoproliferative 
defects, indicating that eed is involved in the 
negative regulation of lymphoid and myeloid 
progenitor cells, but expression of p16Ink4a 
and p19Arf remained unaltered in Eed mutants 
(Lessard et al., 1999). EZH2 and RYBP have 
strong correlations with cancers as well, the 
latter being able to stabilize well-known tumor 
suppressor gene p53 (Chen et al., 2008). EZH2 
is a SET domain protein, capable of transferring 
methyl groups to specifi c residues on histone 
tails, and was found to promote, among others, 
prostate cancer (Varambally et al., 2002), 
myelomas (Croonquist and Van Ness, 2005), 
breast cancer (Ding et al., 2006), and ovarian 
carcinomas (Lu et al., 2007). EZH2 expression in 
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these tumors is associated with poor prognosis 
and metastases. Nowadays, EZH2 is considered 
to be a prognostic marker in several types of 
malignancies (Kleer et al., 2003). 

Repression of PcG complexes by chromatin 
remodeling
Soon after the discovery of PcG genes, it became 
clear that PcG proteins exert their function by 

remodeling chromatin, granting local access to 
the transcriptional machinery or not. The way 
PcG proteins go about this remodeling, has long 
been unclear. Over the past decade, an intriguing 
landscape of many different marks on histone tails 
has emerged, specifi c combinations of which are 
now referred to as a ‘code’, leading to a certain 
transcriptional state of local genes (fi gure 1). 
Chromatin remodeling PcG protein complexes 

Figure 1. Epigenetic marks on histone tails: the histone code
The pictures shows half a nucleosome core particle, consisting of histone H2A, H2B, H3 and H4, with a DNA 
strand wrapped around them (thick black line). Each of the histones has a ‘tail’, which can be modifi ed by at-
taching small peptides (Ub, ubiquitin) or molecules (me, methyl; Ac, acetyl) to them. The combination of these 
histone tail marks is called the histone code and is believed to function as an instruction to either compact lo-
cal chromatin structure, or make it more open and accessible. The histone code also provides both Polycomb 
complexes (PRC 1 and PRC2) a way to communicate with one another, although members of these complexes 
do not physically interact. Of special interest in this respect is the trimethyl mark on lysine 27 (K27) of H3, which 
is set by PRC2 member EZH2 and associated with repressed genes in somatic cells. The H3K27me3 mark is 
recognized by PRC1 member M33, recruiting the PRC1 complex to the chromatin. The ubiquitin mark on lysine 
119 of H2A is set by PRC1 member Ring1b, the subject of this thesis, and also associated with repression of lo-
cal genes. The acetyl marks on several histone tails can be removed by HDACs associated with PRC2 members, 
generally involved in the early stages of repression. The only mark in the fi gure not associated with repression, is 
the H2BK123Ub (K120 in mammals) mark, set by the Rad6/Bre1 ligase complex. This mark is mainly associated 
with active genes. The picture only shows some of the modifi cations and catalytic proteins involved. 
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come in several biochemically distinct fl avors 
in mammals, often acting in concert with one 
another. Polycomb Repressive Complex 2 (PRC2), 
also termed the initiation complex, harbors Eed, 
SuZ12, EZH1 and EZH2 (Sewalt et al., 1998; van 
Lohuizen et al., 1998). Another complex, PRC1 
or sometimes called maintenance complex, 
consists of Ring1b/Rnf2, Bmi1, M33, MPh1, 
RYBP and homologues, but also transcription 
factors such as YY1 and E2F6 (Trimarchi et al., 
2001; Levine et al., 2002). Over the last decade, 
however, it has become clear that this two-
complex model is oversimplifi ed. Many different 
compositions of the complexes occur, often 
dependent on the cellular context. The reason 
that people today still refer to PRC1 and PRC2 is, 
that none of their members physically interact, 
thus creating two groups within the Polycomb 
group of proteins. Several enzymatic functions 
have been linked to Polycomb complexes, 
among which are histone deacetylation (Tie et 
al., 2001; van der Vlag and Otte, 1999; Xia et 
al., 2003), histone methylation (Cao and Zhang, 
2004; Cao et al., 2002; Kuzmichev et al., 2002) 
and histone ubiquitination (Fang et al., 2004; 
Wang et al., 2004). It is thought that extensive 
modifi cation of histone tails determines local 
chromatin structure, either by infl uencing 
chromatin structure directly or by recruitment of 
modifying factors, such as PcG proteins. 
Histone deacetylation was the fi rst remodeling 
activity identifi ed of PcG proteins towards 
chromatin. Several histone deacetylases 
(HDACs) specifi cally bound in vivo and in vitro 
with PRC2 member Eed, and the deacetylating 
activity co-immunoprecipitated with PRC2, but 
not PRC1 (van der Vlag and Otte, 1999). Histone 
deacetylation generally leads to repression of 
local genes. Currently, administration of HDAC 
inhibitors is under investigation as anticancer 
treatment, since these inhibitors correlate with 
reduced levels of EZH2, H3K27me2/3, and 
concomitant loss of clonogenic survival of 
cultured acute myelogenous leukemia (AML) 
cells (Fiskus et al., 2006). 

Second, histone methylation was discovered. 
The fi eld of histone methylation is a complex 
one, with many lysine amino acid residues in 
different histone tails that can be methylated, 
often even double or triple methylated. It is 
now generally believed, that PcG mediated 
silencing mainly balances around the dimethyl 
and trimethyl marks on lysine 27 of histone 
H3 (H3K27me2/3). Recently identifi ed 
demethylases remove this silencing signal 
(Agger et al., 2007; De Santa et al., 2007; Lan 
et al., 2007; Lee et al., 2007), whereas PRC2 
member EZH2 sets the mark, in complex with 
Suz12 and Eed (Cao et al., 2002; Kuzmichev 
et al., 2002; Kirmizis et al., 2004). Repressed 
genes only contain these histone marks, 
which are associated with silencing, whereas 
transcribed genes contain only histone marks 
associated with activity. Although this black-
and-white situation is generally true, in some 
cases, notably in embryonic stem (ES) cells, 
both marks can be found at the same time, 
resulting in so-called bivalent chromatin 
domains. Especially in these cells the interplay 
between active and repressive marks is tightly 
regulated, as will be discussed in more detailed 
in a paragraph below. 
Many reports state that EZH2 is the histone 
methyl transferase responsible for setting the 
H3K27me3 mark, but recently it was found 
that EZH2 homologue EZH1 is also capable of 
acting as a methyl transferase in vitro and in 
vivo (Shen et al., 2008). Depletion of EZH1 in 
EZH2 null cells convincingly abolishes residual 
methylation on H3K27 and derepresses 
H3K27me3 target genes. This again stresses the 
partially overlapping function, but by no means 
redundancy, of PcG protein homologues. 
There’s a well-established genetic interplay 
between PRC1 and PRC2, but no evidence has 
been found as of yet that any of their members 
interact with each other. However, protein 
crystallization experiments between the 
chromodomain of PRC1 member M33/Pc and 
H3K27me3 revealed, that the EZH2 catalyzed 
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histone mark H3K27me3 is recognized by M33, 
providing a mechanism of communication 
between the two complexes (Fischle et al., 2003). 
In chapter 3, we show with immunofl uorescent 
stainings and microarray analysis that genetic 
inactivation of Ring1b has no effect on transcript 
levels of EZH2 or the levels of H3K27me3 in ES 
cells. This suggests that apparently there’s no 
negative feedback mechanism from PRC1 to 
PRC2, or H3K27me3 to PRC1 in ES cells. 
Finally, ubiquitination was added to the list 
of PcG activities towards histones. Wang 
and co-workers found that PRC1 member 
Ring1b was responsible for the long-known 
monoubiquitination of histone H2A at lysine 
119, also referred to as H2AK119u1 (Wang 
et al., 2004; our own in vivo observations). 
In subsequent studies it was proposed that 
this chromatin mark may be involved in 
transcriptional repression by Polycomb proteins, 
since global loss of monoubiquitinated H2A 
coincided with activation of developmental 
genes and enhanced the rate of differentiation 
(Wang et al., 2004; Cao et al., 2005). Further 
experimental evidence to support this 
idea came when loss of Ring1b mediated 
monoubiquitination of H2A was linked to 
the release of poised RNA polymerase II and 
subsequent derepression of target genes in 
ES cells (Stock et al., 2007). This important 
fi nding may provide a fi rst explanation for 
the mechanism of gene repression by PcG 
proteins via histone modifi cation. A more 
recent association of the H2AK119u1 mark with 
repression, is the fi nding that in early embryos, 
the paternally imprinted Kcnq1 cluster organizes 
a higher-order repressive nuclear compartment, 
characterized by the local presence of the non-
coding RNA (ncRNA) Kcnq1ot1, both PRC1 and 
PRC2 proteins, and the repressive histone mark 
H3K27me3 (Terranova et al., 2008). In addition, 
recent fi ndings in Drosophila melanogaster 
showed that H2A monoubiquitination by 
Ring1b homologue dRING requires dKDM2, a 
demethylase that normally mediates H3K36me2 

demethylation, an effect that is associated 
with repression of target genes (Lagarou et 
al., 2008). More on the mechanism of Ring1b 
monoubiquitination will be discussed in the 
fi nal paragraph. 

Ring1b is necessary for maintenance of stem cell 
identity
Over the past few years, a lot of attention has 
gone to the role of PcG silencing mechanisms in 
embryonic stem cells. These cells are pluripotent, 
meaning that they are not yet committed to a 
certain lineage and can divide indefi nitely as 
long as they retain their stem cell identity. Loss 
of this identity is referred to as differentiation, a 
process initiated by external stimuli that cause 
derepression of genes involved in lineage 
commitment. Several genome-wide analyses 
by our group and others clearly demonstrated 
that PcG protein complexes act selectively on 
genes related to growth and development 
(Tolhuis et al., 2006; Schwartz et al., 2006; Lee et 
al., 2006; Boyer et al., 2006; Bracken et al., 2006; 
Endoh et al., 2008). Importantly, PcG protein 
complexes occupy genes involved in initiation 
of differentiation in embryonic stem cells 
(Boyer et al., 2006), and co-occupy a signifi cant 
subset of genes with established embryonic 
stem cell regulators Nanog, SOX2 and Oct4 
(Lee et al., 2006; Loh et al., 2006). Both Oct4 
and Nanog are critical transcription factors for 
maintenance of stem cell identity; loss of either 
one of them unequivocally leads to deregulated 
differentiation, whereas ectopic expression of 
Oct4 can block differentiation (Chambers et al., 
2003; Mitsui et al., 2003; Nichols et al., 1998). 
Therefore, Nanog and Oct4 are considered to 
be hallmarks of pluripotency. Several possible 
functional links between these proteins and 
PcG proteins were found, the fi rst by Wang 
and co-workers, who co-purifi ed Oct4, YY1 
and Ring1b with stem cell specifi c protein Rex1 
from ES cells (Wang et al., 2006). Second, in ES 
cells PRC2 members were found to be localized 
to the Oct4 and Nanog promoter, suggesting 
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a direct role for PcG proteins in regulating 
the expression of Oct4 and Nanog (Pasini et 
al., 2007). In this study, PRC2 member SuZ12 
was found to dissociate from Oct4-bound 
promoters upon downregulation of Oct4 as a 
result of initiation of differentiation. Finally, the 
PRC2-mediated repressive H3K27me3 histone 
mark has been found at the Oct4 promoter 
in more differentiated cells, suggesting that 
PcG proteins are involved in direct repression 
of stem cell regulators in differentiated cells 
(Azuara et al., 2006). 
It is now generally believed that Ring1b, as the 
PRC1 catalytic subunit setting the repressive 
H2AK119u1 mark, and being necessary for 
perinatal survival in mice, is critically involved 
in the process of repressing genes involved in 
initiation of lineage commitment. In 2007, it was 
experimentally demonstrated by Leeb and Wutz 
for the fi rst time that Ring1b-defi cient ES cells 
are prone for differentiation (Leeb and Wutz, 
2007). Several studies followed, all showing 
strong correlations between the presence 
of Ring1b-containing PRC1 complexes and 
maintenance of stem cell identity. Endoh and 
co-workers showed, that upon induction of 
differentiation by GATA6, Ring1b target genes 
in mouse ES cells are derepressed and Ring1b 
localization to target loci is decreased (Endoh 
et al., 2008). Chapter 3 of this thesis shows 
results that are consistent with these ideas. 
Genetic inactivation of Ring1b in mouse ES cells 
facilitated a differentiation-prone phenotype by 
deregulation of, among others, TGF signaling, 
cellular communication and cell cycle pathways. 
The fact that many functionally different 
pathways are switched on simultaneously, 
indicates that there’s a global derepression 
of development-related genes resulting in 
simultaneous lineage commitment in different 
directions, a process that clearly should not 
occur in vivo. Importantly, retained expression 
of stem cell regulators Oct4 and Nanog, as well 
as alkaline phosphatase, indicates that Ring1b 
defi cient ES cells maintain important ES cell 

characteristics. The fact that Oct4 and Nanog 
are still present whereas Ring1b is not, and 
the observation that lineage commitment has 
started, is in itself a clear example of abnormal 
rather than scheduled differentiation of these 
ES cells. Boyer and co-workers already found by 
comparative analysis with genome-wide Ring1b 
binding data in mouse ES cells, that Ring1b 
is involved in transcriptional regulation of key 
developmental genes, such as Bmp7, Gata3 
and Msx (Boyer et al., 2006). Notably, by directly 
repressing these extracellular downstream 
effector components of differentiation-related 
pathways, such as Bmp7 and Id3 of the Bmp/
TGF signaling pathway, and Col4a2, Gja1 and 
Ccnd2 of the cellular communication pathways, 
Ring1b may have an important role in infl uencing 
lineage choice and other developmental events. 
For example, expression of extracellular matrix 
(ECM) protein Col4a2 was shown to induce 
mesodermal differentiation of ES cells in vitro, 
while repression of Bmp7 at the dorsal site of 
zebra fi sh gastrula was shown to allow cellular 
migration as is required for limb development 
(von der Hardt et al., 2007; Nishikawa et al., 
1998).
Our earlier in vivo studies regarding loss 
of Ring1b can be superfi cially explained by 
the observation that loss of Ring1b leads 
to unscheduled differentiation. In Ring1b 
knockout embryos, several developmental 
markers are misexpressed at early gastrulation 
stages, extraembryonic mesoderm is over-
represented, epiblast has expanded improperly, 
and embryonic growth is delayed (Voncken et 
al., 2003). The latter can also be contributed 
to strongly increased apoptosis upon loss 
of Ring1b, as we also observed in primary 
mouse embryonic fi broblasts (MEFs) and ES 
cells in vitro. Even cultured in the presence 
of apoptosis-inhibitors or immortalizing 
oncogenes, these cells would not survive more 
than a few passages. The early embryonic 
lethality of Ring1b null mice is partially rescued 
in a Ink4a/Arf-knockout background, one of 
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the PcG transcriptional targets (Bracken et al., 
2007; Jacobs et al., 1999), resulting in the delay 
of embryonic death of about 4 days (Voncken 
et al., 2003). Since relief of the Ink4a/Arf-
mediated antiproliferative block only bypasses 
the proliferative defects induced by loss of 
Ring1b, this also underscores the importance 
for Ring1b in regulating developmental genes 
during early embryogenesis.
Only a subset of Ring1b bound genes is 
derepressed following deletion of Ring1b in ES 
cells, suggesting that additional mechanisms 
mediate silencing of other Ring1b target 
genes, as demonstrated in chapter 3 of this 
thesis and by others, who show that only part 
of the PcG bound genes are deregulated after 
RNAi-mediated depletion of PcG proteins in 
human embryonic fi broblasts and in Eed or 
SuZ12 defi cient ES cells (Bracken et al., 2006; 
Pasini et al., 2007; Boyer et al., 2006). Partial 
derepression could also be explained by 
functional redundancy by Ring1a, which like 
Ring1b possesses ubiquitin E3 ligase activity 
towards histone H2A, although with much 
less effi ciency (de Napoles et al., 2004; Cao et 
al., 2005; Wei et al., 2006). In addition, it has 
been known for several years now that the 
composition of PRCs can vary among tissues 
and different developmental stages (Squazzo et 
al., 2006; Kuzmichev et al., 2005; de Napoles et 
al., 2004; Pasini et al., 2007). Therefore, Ring1b 
might not be essential in every promoter-
bound PcG repressive complex, although 
detailed analyses on this assumption have yet 
to be conducted.
How exactly PRC1 proteins are specifi cally 
targeted to development-related loci is unclear, 
since the PcG-recruiting Polycomb Responsive 
Elements (PREs) – specifi c DNA sequences of 
up to 600 base pairs in Drosophila, recognized 
by PcG complexes – have not been found in 
mammals (reviewed in Ringrose and Paro, 2007). 
Initially, it was thought chromatin marks set by 
PRC2 recruit PRC1 to chromatin, but recent 
discoveries challenge this model. Francis and 

co-workers demonstrated that compaction of 
chromatin by Polycomb group proteins requires 
nucleosomes but not histone tails, which of 
course contain the H3K27me3 mark (Francis et 
al., 2004). Although it is unclear to what extend 
this holds true, at the very least it demonstrates 
there must be alternative mechanisms. For 
example, it has been proposed that recruitment 
of PcG-silencing complexes could be mediated 
through interactions with site-specifi c DNA-
binding factors, with the aforementioned 
stem cell specifi c transcription factors like 
Rex1 or Oct4 as likely candidates. A third, 
intriguing possibility is provided by Elderkin 
and co-workers, who showed that Mel18 is 
responsible for targeting Ring1b towards its 
substrate, lysine 119 of histone H2A (Elderkin 
et al., 2007). Whereas Ring1b is required for 
E3 ligase function, Mel18 appears to target 
the complex to H2AK119, since specifi c RING 
domain mutants of Mel18 retained the ability 
to dimerize with Ring1b, but failed to localize 
to H2AK119. Still, this experiment lacks data 
showing physical binding of the dimer to H2A, 
which leaves several alternative explanations 
open. 
Another interesting observation from our 
Ring1b binding/expression study in ES cells, 
comes from a comparative analysis of our 
expression profi ling data with recently published 
global chromatin-state maps generated of 
mouse ES cells. This revealed that Ring1b 
almost exclusively binds to genes with GC-rich 
promoters (so-called CpG-islands, often acting 
as promoter themselves). Tanay and co-workers 
already showed a strong correlation between 
promoters with highly conserved CpG islands 
and SuZ12 binding domains in human ES cells, 
providing yet another correlation between 
PRC1 and PRC2 in ES cells (Tanay et al., 2007). 
Genes with CpG islands are associated with 
active H3K4me3 histone marks or with bivalent 
domains. These bivalent chromatin domains – 
containing histones with both the H3K4me3 
mark, associated with active genes, and the 
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H3K27me3 mark, the PRC2 mark associated 
with silenced genes – were proposed to be 
involved in setting developmental genes in 
a sort of inactive but standby state, rather 
than completely silencing them, to keep the 
genome fl exible enough to quickly switch to 
a certain lineage during differentiation. Both 
the active as well as the repressive mark would 
already be present, to poise local genes for 
any transcriptional state (Bernstein et al., 2006; 
Stock et al., 2007; Mikkelsen et al., 2007; Azuara 
et al., 2006). Although this may be true, Mohn 
and colleagues found that bivalency is not 
restricted to ES cells (Mohn et al., 2008). Looking 
at histone methylation status and promoter 
occupancy during differentiation from ES 
cells to neural progenitor cells and fi nally to 
committed neurons, they see no signifi cant 
differences in the strong correlation between 
bivalent domains and CpG islands. Over 80 
percent of the bivalent promoters contain CpG 
islands, irrespective of the cell type, indicating 
that promoter sequence composition rather 
than lineage commitment may be critical for 
bivalency. Importantly, a signifi cant subset of 
bivalent is lost, and new bivalent domains are 
formed at every differentiation step, indicating 
that a bivalent state is highly dynamic during 
differentiation. 
To make things even more complicated, our 
comparative analysis even revealed that 
a considerable number of Ring1b bound 
genes with an active H3K4me3 mark are 
mainly repressed in ES cells. This is again in 
agreement with fi ndings by others, both in ES 
cells and more committed cells like embryonic 
fi broblasts and neural progenitor cells (NPCs) 
(Bracken et al., 2006; Lee et al., 2006; Breiling 
et al., 2004; Barski et al., 2007; Guenther et 
al., 2007). The absence of 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 ES cells and, even more interesting, 
more committed cells, rather than a silencer. 
This might be a PRC1-independent function 
of Ring1b, although that is speculation at this 
moment.

X-chromosome inactivation requires PcG 
proteins
A very interesting branch of PcG research 
concerns the X-chromosome. Silencing of one 
X-chromosome in female somatic cells is a 
necessary mechanism to compensate for the 
fact that female somatic cells have two copies 
of the X-chromosome, as opposed to male 
somatic cells, that have only one. This feature 
is also known as dosage compensation. As 
explained in detail in a recent review (Wutz and 
Gribnau, 2007), the inactive X-chromosome 
(Xi) is silenced by packaging the entire 
chromosome into transcriptionally inactive 
heterochromatin. The Xist (X-inactive specifi c 
transcript) gene on the X-chromosome plays 
a key role in both initiation and maintenance 
of inactivation. It encodes a 17 kb non-coding 
RNA (ncRNA) that coats the X-chromosome, 
initiating silencing. (Intriguingly, expression of 
the Xist gene on another chromosome leads 
to silencing of that chromosome.) Initially, 
Xist is expressed at low levels from both 
chromosomes. During the inactivation process, 
the future active X-chromosome (Xa) ceases to 
express Xist, whereas the future Xi increases Xist 
RNA production. The silencing of genes along 
the Xi occurs after coating the chromosome by 
Xist RNA. Compared to the Xa, the Xi has high 
levels of DNA methylation, H3K9 methylation 
and H3K27 trimethylation (H3K27me3), and 
low levels of histone acetylation and H3K4 
methylation. These chromatin marks are all 
associated with gene silencing. Additionally, a 
histone variant called macroH2A is exclusively 
found on the Xi. 
Initial reports suggested that PcG proteins 
Eed and EZH2 are involved in initiation of 
X-chromosome inactivation, since they are 
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enriched on the inactive X-chromosome 
during early stages of inactivation (Chadwick 
and Willard, 2003; Mak et al., 2002; Silva et al., 
2003; Hernandez-Munoz et al., 2005). However, 
shortly after that, it was shown that mouse 
embryos defi cient for the PcG protein Eed 
are still capable of initiating and maintaining 
X-chromosome inactivation, arguing against 
such a mechanism (Kalantry and Magnuson, 
2006; Schoeftner et al., 2006). Instead, it was 
now proposed that PcG proteins might protect 
the inactive X-chromosome from reactivation 
as a result of differentiation (Kalantry et al., 
2006). Only very recently, a 1.6 kb ncRNA 
termed RepA was identifi ed to reside on the 
inactive X-chromosome. RepA directly binds 
to Polycomb group protein EZH2, thereby 
recruiting PRC2 to the Xi (Zhao et al., 2008). 
RepA deletion was found to abolish both Xist 
induction and trimethylation on lysine 27 of 
histone H3 (H3K27me3) along nucleosomes 
of the X-chromosome, suggesting Polycomb 
group proteins do play a role in initiation 
of X-inactivation. Still, these observations 
remain correlations, since no study has been 
able to completely dissect the mechanisms 
underlying X-chromosome inactivation, 
enabling a crucial experimental setup with 
only the putative necessary components for 
X-inactivation and the X-chromosome itself. 
The link with PRC1 members, including Bmi1 
and Ring1b, is even less clear and sometimes 
contradictory. A recent report found that 
Ring1b is dispensable in the initiation of 
X-chromosome silencing by Xist (Leeb and 
Wutz, 2007), which is in disagreement with 
earlier fi ndings suggesting that Ring1b is 
involved in initiation of X-inactivation, based 
on transient association of Ring1b with the 
inactive X-chromosome (Fang et al., 2004). 
Apart from the discussion about the precise 
moment at which PRC1/Ring1b jumps in to 
contribute to X-chromosome inactivation, 
there is a strong correlation between 
monoubiquitination of histone H2A on the 

X-chromosome and X-chromosome silencing. 
Therefore, it is conceivable that PRC1 does 
play a role in X-chromosome silencing. 

Ring1b and Bmi1 in neuronal development 
Arguably one of the most important changes 
in the way we think about PcG proteins, is 
that they were found to not only repress Hox 
genes, but many other genes that are involved 
in proliferation and development. This helped 
us greatly to understand how PcG proteins 
orchestrate development of tissues and organs 
during embryonic development. The organ that 
has had a lot of attention as a model organ for 
PcG mediated control of development, is the 
central nervous system. Previously, we have 
shown that Bmi1 knockout mice have a smaller 
cerebellum, an effect that is even stronger in 
compound knockout mice, harboring two 
Bmi1 null alleles and one Ring1b null allele 
(Voncken et al., 2003e; van der Lugt et al., 1994). 
Therefore, we decided to look at the absence 
of Ring1b only in the Central Nervous System 
(CNS), as described in chapter 4. We used our 
conditional knockout model of Ring1b and 
a mouse expressing the Cre transgene under 
the control of the Nestin promoter (NCre). The 
Nestin gene is expressed from E7.5 and can be 
detected in many proliferating CNS regions. 
Notably, at E15.5 and P0 expression is observed 
throughout the developing cerebellum and in 
the ventricular and subventricular areas of the 
developing telencephalon (Tronche et al., 1999; 
Dahlstrand et al., 1995).
The cerebellum – also referred to as ‘small brain’ 
or hindbrain – is the region of the brain located 
in the inferior posterior part of the head and 
is macroscopically distinct from the cerebrum. 
The cerebellum plays an important role in the 
integration of sensory perception and motor 
control. In order to coordinate motor control, 
there are many neural pathways linking the 
cerebellum with the cerebral motor cortex 
and the spinocerebellar tract, which provides 
information on the position of the body. 
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Cerebellar abnormalities often lead to disorders 
in fi ne movement, equilibrium, posture, and 
motor learning, rather than paralysis, which is 
in agreement with the idea that the cerebellum 
integrates these functions.
Given the important functions of the cerebellum, 
the severe phenotype of the Ring1b full knockout 
– embryonic lethality, as discussed in an earlier 
paragraph – and the failure of embryonic stem 
cells to maintain pluripotency, it is somewhat 
surprising to fi nd that the Ring1b CNS null mutant 
is viable, although they are born in submendelian 
ratios and usually die within a month after birth. 
Macroscopically these animals clearly suffer from 
neurological defects. Histological inspection of 
their brains reveal two major defects: a reduced 
size of the cerebellum and a foliation defect in 
the cerebellum, both of which will be discussed 
in more detail in this paragraph. In addition 
to these observations, Ring1b CNS null mice 
exhibit progressive growth retardation which is 
also observed in animals defi cient for Bmi1. It 
has been assumed that Bmi1 knockout mice are 
smaller due to systemic Bmi1 absence, but the 
CNS-specifi c Ring1b knockout argues that the 
activity of PcG in the CNS alone could determine 
body size. This is not unprecedented: conditional 
deletion of Gli2, one of the main downstream 
targets of developmental morphogen Sonic 
Hedgehog (Shh), in the cerebellum causes 
a reduction in total body weight and leads to 
problems in coordinating muscle movement, like 
the Bmi1 and Ring1b defi cient mice (Corrales et 
al., 2006). 
Although it is tempting to compare the 
cerebellar phenotypes of the Bmi1 knockout, 
Ring1b CNS knockout, and the Bmi1/Ring1b 
compound knockout mice, one should be 
careful in drawing conclusions from these 
comparisons. Their reduced cerebella may seem 
similar on the macroscopic level, histological 
analysis revealed important differences. In the 
case of Bmi1 deletion, most striking are the 
absence of neurons and improper arborization 
of dendrites in the molecular layer (van der 

Lugt et al., 1994). The Ring1b null cerebellum 
is characterized by a foliation defect, lacking 
an anterior fi ssure resulting in the fusion of 
two lobules. These are notable differences, 
suggesting that Bmi1 and Ring1b may have 
different roles in the development of the 
cerebellum. However, arguing against this 
different role, is the fi nding that Shh governs 
cerebellar foliation (Wechsler-Reya and Scott, 
1999; Corrales et al., 2006; Corrales et al., 2004; 
Lewis et al., 2004), and the fact that Bmi1 has 
previously been implicated in Shh signaling 
in the cerebellum (Leung et al., 2004). We and 
others proposed before, that Bmi1 is induced 
by Shh to prevent expression of the Ink4a/Arf 
genes, which will allow the cerebellar granule 
neuron precursors (CGNPs) to proliferate 
(Leung et al., 2004; Bruggeman et al., 2005). 
Foliation patterns in the cerebellum vary 
between species and even within different 
mouse strains (Inouye and Oda, 1980; Wahlsten 
and Andison, 1991; Cooper et al., 1991). Since 
our mice were in a mixed FVB/B6 background, 
one might argue that the observed fusion of 
lobules II and III might have been the result 
of combining the foliation patterns of two 
different strains. However, the control animals 
never displayed such fusions nor has it been 
described for any mouse strain before, making 
it highly unlikely that differences between 
strains account for the Ring1b cerebellar null 
phenotype. It was proposed that foliation 
occurs in distinct phases (Corrales et al., 2006). 
The original smooth-surfaced cerebellar 
anlage is divided by four fi ssures into the fi ve 
cardinal lobes. After birth, these lobes separate 
further into (sub)lobules. In mice, cerebellar 
development is largely completed within the 
third postnatal week, but in humans cerebellar 
development takes much longer. This is 
further illustrated by the fact that the External 
Granular Layer (EGL) – found on the exterior 
the cerebellum producing granule neurons 
– persists for approximately fi fteen months. 
Notably, defects in cerebellar foliation in 
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humans are associated with a number of clinical 
abnormalities, including Fukuyama congenital 
muscular dystrophy, Joubert’s syndrome and 
Walker-Warburg syndrome (Demaerel, 2002). 
Although different syndromes in many aspects, 
they share clinical characteristics specifi c for 
cerebellar function, like a lack of control of 
muscle movement, coordination problems, 
seizures, speech problems, and abnormal 
breathing patterns. This underscores the 
importance of proper cerebellar foliation. 
The exact position of the fi ssures is determined 
by an unknown mechanism, but the number 
and extent of folia that arise are dose-
dependently regulated by Shh induced CGNP 
proliferation (Corrales et al., 2006; Lewis et al., 
2004; Wechsler-Reya and Scott, 1999; Corrales 
et al., 2004). Shh is secreted by the large 
Purkinje neurons, located in the Purkinje layer, 
the middle layer of the cerebellar cortex. Mice 
lacking Purkinje neurons do not secrete Shh, are 
impaired in EGL formation and concomitantly 
in foliation (Caddy and Biscoe, 1979; SIDMAN 
et al., 1962; Wetts and Herrup, 1982; Smeyne et 
al., 1995). Shh stimulates progression through 
the cell cycle by activating Cyclin D1 and Cyclin 
D2 through the induction of N-Myc on the 
transcriptional level (Ciemerych et al., 2002; 
Kenney et al., 2004). Knoepfl er and co-workers 
used an NCre conditional knockout system for 
N-Myc to specifi cally address the effect of loss 
of N-Myc in the brain. This revealed, among 
other characteristic abnormalities, reduced 
CGNP proliferation, perturbation of foliation, 
and a markedly reduced cerebellar mass 
(Knoepfl er et al., 2002). The main difference 
between the Gli family of transcription factors – 
believed to be the main downstream effectors 
of Shh signaling – and N-Myc lies in the fact 
that Shh signaling effects on the former is more 
general, whereas the effects on the latter seems 
restricted to immature, proliferating precursor 
cells in the proliferative zone of the cerebellum 
(Altaba, 1999). Of note, N-Myc can generally 
only be detected during cerebellar growth. 

At this moment, the link between the Shh 
signaling pathway and Ring1b is not based on 
experimental evidence but mere correlation. 
However, the foliation defects in Ring1b CNS 
null mutants strongly suggest perturbation of 
Shh signaling during development of Ring1b 
null brains, possibly through the Gli family of 
transcription factors or through N-Myc. To 
investigate this possible link between Shh 
signaling and Ring1b, it would be worthwhile 
to analyze Gli1 expression patterns in the 
Ring1b null cerebellum, since Gli1 is often used 
as a readout for Shh signaling (Corrales et al., 
2006). However, we should keep the possibility 
open that there might be other possibilities 
than a direct Shh-related effect, such as 
signaling through HGF-Met (Ieraci et al., 2002), 
BDNF-Trk (Schwartz et al., 1997) or BMP (Qin 
et al., 2006), and via transcription regulated 
by Math1 (Ben Arie et al., 1997) or Zic1 (Aruga 
et al., 1998). Finally, the foliation defect could 
also be accounted for by a possible connection 
between Ring1b and the homeodomain-
containing transcription factors Engrailed-1 
(En-1) and Engrailed-2 (En-2). Engrailed-1 and 
Engrailed-2 are both implicated in foliation 
and mutations in either gene causes a strong 
reduction in cerebellar size. Their expression 
pattern is partially overlapping, but after birth 
Engrailed-2 becomes exclusively expressed 
in the cerebellum (Davidson et al., 1988). 
Specifi c deletion of En-1 evokes severe or mild 
cerebellar defects, depending on the mouse 
strain used. In the mild case, anterior defects in 
foliation occur (Wurst et al., 1994). Removal of 
En-2 is associated with defects in the foliation 
of the vermis and hemispheres and altered 
parasagittal banding patterns (Millen et al., 
1994; Kuemerle et al., 1997). More interestingly 
in this situation is the observation by Baader 
and co-workers, who showed that the En-2 
transgenic mouse also has foliation defects 
and smaller cerebellar size (Baader et al., 1999; 
Baader et al., 1998). In a candidate approach, we 
found En-1 and En-2 to be strongly upregulated 
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in many parts of the Ring1b null brains, except 
for the cerebellum, where only En-1 showed 
a minor increase in expression level. Since we 
were unable to confi rm these observations – 
based on quantitative real-time PCR (qPCR) 
– with histological stainings, possibly due to 
antibodies that were unable to detect Engrailed 
protein levels in our experimental setup, we 
have to be careful in drawing conclusions from 
them. However, assuming the observations are 
in fact indicative of derepression of Engrailed 
genes in the cerebral hemispheres due to 
Ring1b ablation in the brain, it is remarkable 
that the cerebral hemispheres did not show any 
abnormalities while Engrailed levels were fi ve- 
to sixty-fold increased in the hippocampus (En-
1 and En-2), as well as the dorsal (En-1 and En-
2) and frontal (En-2) cortex. Just as surprising, 
whereas the cerebellum develops foliation 
defects in the absence of Ring1b, En-1 and 
En-2 expression seems to be hardly affected in 
the cerebellum.
There are several possible explanations for this. 
First, the induction of Engrailed genes in the 
cerebellum because of Ring1b absence might 
be subtle and beyond the detection levels of 
our qPCR system. It is not unprecedented that 
a minor increase or decrease in protein levels 
of developmental genes are capable of evoking 
an effect. For example, this has been reported 
for the Oct4 and Nanog embryonic stem cell 
markers. A subtle increase in Engrailed-2 
expression levels could induce Ring1b null-
like phenotypes, as demonstrated by the En-2 
transgenic mouse mentioned earlier. Second, 
since we did not do stainings at different time 
intervals, we might be looking at a time point 
where Engrailed induction does not evoke a 
response in the brain. It is known that Engrailed 
expression is tightly regulated, both in a spacial 
as well as a temporal manner. En-1 is induced 
in the region of the cerebellar anlage at the 
one somite stage whereas En-2 is found slightly 
later at the fi ve somite stage (Davidson et al., 
1988; Davis and Joyner, 1988; Davis et al., 1988; 

McMahon et al., 1992). Perhaps one would 
not fi nd elevated Engrailed levels at earlier 
time points in Ring1b null brains. The third 
and fi nal possible explanation is perhaps the 
most likely one: the cerebellar foliation defect 
might not be caused by Engrailed upregulation 
but mediated through one of the other 
mechanisms mentioned before. Either way, it 
remains puzzling why such a clear and strong 
induction of Engrailed genes in parts of the 
cerebral hemispheres does not immediately 
seem to affect cerebral morphology and 
function. However, it has been reported that 
the Engrailed genes are in fact implicated 
in the cerebral hemispheres, such as in the 
mesencephalic dopaminergic neurons forming 
the substantia nigra (Alberi et al., 2004), and in 
the serotonergic and noradrenergic neurons of 
the dorsal raphe nucleus and locus caeruleus 
(Simon et al., 2005). Therefore, it would be 
interesting to investigate whether these areas 
are affected in the Ring1b knockout brain. 
Furthermore, generation of Ring1b;En-1 
or, perhaps more interesting, Ring1b;En-2 
compound knockout mice might reveal whether 
or not there is a genetic interaction. 
We believe that the second clear phenotype 
of the Ring1b CNS null mutant, the reduced 
size of its cerebellum, might be caused by a 
decreased proliferation potential of neural 
stem cells. Although we and others stated 
before that Ring1b interaction partner Bmi1 
might be induced by Shh signaling to prevent 
expression of the Ink4a/Arf genes, which will 
allow CGNPs to proliferate, we found that in the 
absence of Ring1b, Ink4a/Arf is derepressed in 
all areas of the brain, including the cerebellum. 
Derepression of Ink4a/Arf is usually associated 
with growth arrest or impaired growth, which 
could explain the reduced size of the Ring1b null 
cerebellum. As discussed in a paragraph before, 
a fi ne-balanced link between Ring1b and the 
Ink4a/Arf locus has already been established 
in hematopoietic lineages (Cales et al., 2008). 
In chapter 4 of this thesis, we demonstrate, 
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although not as detailed as Cales and co-workers 
have for the hematopoietic system, such a link 
between Ring1b and Ink4a/Arf in neural tissue. 
Co-deletion of the Ink4a/Arf locus in cultured 
Ring1b knockout Neural Stem Cells (NSCs) 
fully rescues the growth arrest we observed in 
Ring1b null NSCs alone. This indicates that at 
least part of this – rather remarkable, since the 
in vivo phenotype is relatively mild – arrest can 
be contributed to derepression of the Ink4a/
Arf tumor suppressors. However, it should be 
taken into consideration that the Ink4a/Arf 
locus is extremely sensitive to stress, especially 
when cells are transferred from hypoxic in vivo 
conditions to oxygen-rich environments. It will 
be interesting and probably essential to cross 
our NCre;Ring1b knockout mice with Ink4a/
Arf defi cient mice, and analyze its relative 
contribution to the Ring1b null phenotypes 
under in vivo conditions.
The derepression of Ink4a/Arf in Ring1b null 
brains suggests that Bmi1 needs Ring1b as a 
co-factor to keep the Ink4/Arf genes repressed. 
However, two alternative scenarios, independent 
of Bmi1, also provide possible explanations. 
First, p16ink4a, activated by Ring1b, is an inhibitor 
of the Cyclin D/CDK complexes, leading to 
markedly reduced cellular proliferation; its 
ectopic expression might compromise the 
mitogenic activity of Shh. Second, p19arf 
controls proliferation through modulation of 
p53 activity and directly regulates the activity 
of N-Myc homologue c-Myc, which has also 
been demonstrated to be involved in cerebellar 
development. Both of these pathways might 
affect CGNP proliferation and foliation (Zindy 
et al., 2006; Datta et al., 2004; Qi et al., 2004). 

Ring1b: an E3 ubiquitin ligase at the heart of 
PcG protein complexes
PcG protein Ring1b is often referred to as a 
‘core protein’ of PRC1. It turns up in almost 
every PRC1-like complex that is identifi ed, 
suggesting it has a function in many different 
processes that require PcG proteins. It is one 

of few PRC1 members to be essential for life in 
knockout mouse studies, its ablation leading to 
a gastrulation arrest after approximately six days 
of gestation (Voncken et al., 2003). In addition, 
several in vitro studies revealed an absolute 
requirement of Ring1b protein to maintain 
cell viability and stem cell identity (Terranova 
et al., 2008; Leeb and Wutz, 2007; Miyagishima 
et al., 2003; chapter 3 of this thesis). Finally, 
Ring1b appears to harbor an IRES in its 5’ UTR, 
enabling it to be translated under conditions 
when normal protein synthesis is impaired or 
blocked (discussed in chapter 2 & 5 of this 
thesis). Taken together, it is no surprise that 
over the past years much of the attention of the 
PcG research fi eld has shifted towards Ring1b. 
The function of Ring1b, however, remained 
elusive until it was found to be responsible for 
the long-known monoubiquitination of histone 
H2A at K119 (Wang et al., 2004). As discussed 
in the earlier paragraphs, H2AK119ub1 has 
a strong and long-standing correlation with 
transcriptional silencing, H3K27me3 histone 
marks, and X-chromosome silencing. Moreover, 
not only H2A seems to be a Ring1b target for 
monoubiquitination, but also H2A.Z, a variant 
histone which has been associated with a wide 
variety of cellular processes, although its precise 
function is unclear (Sarcinella et al., 2007). In 
2008, Creyghton and co-workers fi rst implicated 
H2A.Z in cellular differentiation (Creyghton et 
al., 2008). They used chip-on-ChIP analysis to 
map H2A.Z enrichment in murine ES cells to the 
promoter regions of genes with roles in organ 
development, cell differentiation, and cell fate 
commitment. Notably, 93 percent of these 
target genes were also found to be occupied 
by SuZ12 in previous studies, with a similar and 
characteristic spatial patterning (Boyer et al., 
2006). In neural precursors (NP) they found a 
similar promoter enrichment, but on a different 
set of genes. These genes were relatively active 
and the majority did not have SuZ12 bound to 
them, which led the authors to postulate that 
PcG and H2A.Z co-occupation of promoters is 
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a hallmark of ES cells. Furthermore, they show 
that H2A.Z enriched genes display an overall 
tendency to become derepressed in H2A.Z-
defi cient ES cells, and that H2A.Z defi cient ES 
cells fail to differentiate normally. Together, 
these data suggest that interplay between 
PcG proteins and H2A.Z has an important 
role in mediating cell fate transitions. Since 
the signifi cance of Ring1b as an H2A.Z E3 
ubiquitin ligase was not tested in this study, it 
would be very interesting to try to link H2A.Z 
monoubiquitination status in Ring1b defi cient 
ES cells, primary cells and knockout embryos, to 
the results described in the study of Creyghton 
and co-workers. 
Ring1a, Bmi1 and Mel18 have been reported 
to form heterodimers with Ring1b, each 
infl uencing its E3 ligase activity. In case of 
Ring1b/Ring1a and Ring1b/Bmi1 heterodimers, 
the E3 ligase activity was enhanced in vitro as 
compared to Ring1b alone (Cao et al., 2005), 
whereas Ring1a and Bmi1 alone did not 
have any E3 ligase activity towards H2AK119 
(Wang et al., 2004). Mel18 was found to have 
a different, but intriguing function, targeting 
the Ring1b/Mel18 heterodimer to its substrate, 
lysine 119 of H2A, as discussed in more detail 
in a previous paragraph (Elderkin et al., 2007). 
However, there seems to be disagreement over 
the role of contributing factors in the E3 ligase 
activity of Ring1b. For example, Cao and co-
workers found that removing Bmi1 from an 
in vitro complex of Ring1b, Ring1a and Pc3, 
and substituting it for close relative Mel18, 
abolished ligase activity completely. This is 
clearly not what we and others have found, 
that Ring1b is capable of functioning as an 
E3 ligase on its own as well as together with 
Ring1a. Moreover, two independent studies 
report functional redundancy of Ring1a. We 
found that Ring1a can substitute for Ring1b 
in in vitro ubiquitination assays without 
compromising effi ciency (Buchwald et al., 
2006), and De Napoles and co-workers found 
functional redundancy in vivo of Ring1a in H2A 

monoubiquitination (de Napoles et al., 2004). 
They show that in Ring1a/Ring1b double null 
female ES cells, all H2AK119ub1 marks in the 
cell were abolished, whereas in Ring1b null 
cells, the mark was retained on the inactive 
X-chromosome only. This immediately raises 
the intriguing possibility that Ring1a is capable 
of setting the H2AK119u1 mark on the inactive 
X-chromosome on its own, but not anywhere 
else. However, how exactly this specifi city is 
organized, is still unclear. 
In 2006, we and others determined the structure 
of the Bmi1/Ring1b heterodimer (Buchwald 
et al., 2006; Li et al., 2006). In the structure 
the arrangement of the RING-domains of 
both proteins is similar to that of another 
H2A E3 ligase, the BRCA1/BARD1 complex. 
Heterodimerization depends on the N-terminal 
arm of Ring1b that embraces the Bmi1 RING-
domain. Mutation of a critical residue in the 
domains responsible for interaction between 
the E2 conjugating enzyme and Ring1b shows 
that the catalytic activity resides in Ring1b. 
Moreover, the N-terminal RING-domains of 
both proteins, through which the interaction 
takes place, are suffi cient for E3 ligase activity 
in vitro. 
An interesting observation on Ring1b/Bmi1 
autopolyubiquitination came from Ben-
Saadon and co-workers. They found that, 
upon heterodimerization with Bmi1, Ring1b 
generates mixed K6-, K27-, and K48-based 
polyubiquitin chains, a modifi cation they found 
to be required for monoubiquitination of H2A 
in vitro (Ben Saadon et al., 2006). This type of 
polyubiquitination is atypical and not the K48-
type of canonical polyubiquitination associated 
with protein degradation. Instead, Ring1b 
requires K6, K27, and K48 of ubiquitin for 
effi cient autopolyubiquitination. They propose 
that this new form of autopolyubiquitination 
may regulate Ring1b activity towards H2A. The 
mechanism of function of these polyubiquitin 
chains can be via alteration of the protein 
structure, or via serving as a recognition 
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element enhancing its binding to specifi c 
locations.
The emerging importance of ubiquitination in 
PcG function was further strengthened by the 
fi nding that Bmi1 can be monoubiquitinated 
as well, as a part of the E3 ubiquitin ligase 
complex consisting of Spop and Cullin3, that 
together ubiquitinate histone MacroH2A, a 
histone variant specifi cally localized to the 
inactive X-chromosome (Hernandez-Munoz 
et al., 2005). More recently, it was found that 
another Ring1b interaction partner, RYBP, can 
also be monoubiquitinated, a process that is 
enhanced by the presence of Ring1b (Arrigoni 
et al., 2006). Moreover, RYBP binds to uH2A, 
the substrate for Ring1b’s E3 ligase activity 

in association with gene silencing processes. 
These were all observations, unfortunately, 
a functional explanation has not yet been 
found. 
Over the past two decades the fi eld of PcG 
research has evolved from segmentation 
studies in fl ies to massive genome-wide 
approaches and detailed histone-remodeling 
experiments today. Although the picture of 
how PcG proteins – and Ring1b at the heart 
of it – exhibit their function has become much 
more clear, there is still a lot to be investigated. 
From the missing knockout mouse models to 
the exciting new data on  elusive histone codes 
and non-coding RNAs, the Polycomb group 
still holds much to be discovered.
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