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Multiprotein PcG complexes mediate 
stable gene repression
During development, correct expression of 
developmental genes is essential for proper 
establishment of the anterior-posterior axis 
and for positioning of the various body 
structures along the body axis. A family 
of genes that is involved in this patterning 
is the Hox gene family of homeobox 
containing transcription factors, which were 
first discovered in the fruit fly Drosophila 
melanogaster. Hox genes are genomically 
clustered and seem to have duplicated 
during evolution. In mice and humans, four 
clusters, named the HoxA, HoxB, HoxC, and 
HoxD gene cluster, contain about 10 Hox 
genes each and are located at four different 
chromosomes. 
Each Hox gene has a unique expression 
pattern along the body axis and is expressed 
at specific times during development. 
Intriguingly, the sequence of the Hox genes 
within a cluster correlates with the pattern of 
expression in the body in both space and time 
(Kmita and Duboule, 2003; Lewis, 1978). This 
co-linear spatial and temporal expression is 
initially established by transiently expressed 
transcription factors and is unstable at first 
(Gaul and Jackle, 1989). Stable retention of 
the transcriptional repressed or expressed 
state over cell divisions and even throughout 
development involves PcG and trithorax 

group (TrxG) proteins, respectively (Gutjahr 
et al, 1995; Ringrose and Paro, 2004). 
PcG proteins were first identified in fruit 
flies, and soon hereafter in mice, humans, 
plants and even worms (Ringrose and Paro, 
2004). This indicates a strong evolutionary 
conservation. Analysis of mutant flies show 
that mutations in PcG proteins results in 
shifts in Hox gene expression along the body 
axis and misplacement of body structures 
(Brunk et al, 1991; Glicksman and Brower, 
1988; Lewis, 1978). In mice, misexpression of 
PcG proteins results in diverse phenotypes, 
including aberrant Hox gene expression, 
skeletal malformations, shortened life span, 
and in some cases even early embryonic 
lethality (Akasaka et al, 1996; del Mar et 
al, 2000; Faust et al, 1998; Gutjahr et al, 
1995; Jones and Gelbart, 1990; O’Carroll et 
al, 2001; Pasini et al, 2004; Takihara et al, 
1997; van der Lugt et al, 1994; Voncken et 
al, 2003). PcG proteins act together in large, 
multimeric complexes. This first became 
apparent when a synergistic or dosage-
effect was observed in Drosophila mutants: 
additional loss of an allele of another PcG 
protein resulted in a more severe phenotype 
(Adler et al, 1991; Akasaka et al, 2001; Bel 
et al, 1998; Cheng et al, 1994). Next, PcG 
proteins were found to bind at common 
sites on polytene chromosomes of the 
salivary glands of Drosophila, to colocalize 
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at specific foci in human and mouse cells 
and to be codependent for chromosomal 
binding (Alkema et al, 1997a; Alkema et al, 
1997b; DeCamillis et al, 1992; Franke et al, 
1995; Franke et al, 1992; Gunster et al, 1997; 
Saurin et al, 1998; Simon et al, 1992; Zink and 
Paro, 1989). Finally, co-immunoprecipitation 
studies confirmed that PcG proteins indeed 
form large, co-dependent multimeric 
complexes (Franke et al, 1992; Gunster et al, 
1997; Saurin et al, 2001; Shao et al, 1999). 
These experiments furthermore showed 
that at least two conserved, but functionally 
distinct Polycomb repressive complexes 
(PRCs) exist (Figure 1)(Kuzmichev et al, 
2002; Levine et al, 2002). In Drosophila, 
the first complex, named PRC1, constitutes 
dRing/sex combs extra (Sce), posterior 
sex combs (Psc), polycomb (Pc) and 
polyhomeotic (Ph). The second conserved 
complex, PRC2, comprises enhancer of 
zeste (E(z)), extra sex combs (Esc) and 
suppressor of zeste 12 (Su(z)12). In mouse 
and human closely related homologs were 
identified. For example, there are two 
related human homologs of dRing named 
RING1A(RING1) and RING1B(RNF2), which 
are highly similar in sequence and function, 

but encoded by distinct chromosomal loci. 
The mammalian PRC1 homologs of Sce, 
Psc, Pc and Ph are RING1B/RING1A, 
BMI1/MEL18/MBLR/NSPc1, CBX2/CBX4/
CBX6/CBX7/CBX8 and PHC1/PHC2/PHC3, 
respectively. Mammalian homologs of the 
PRC2 members E(z), Esc and Su(z)12 are 
EZH1/EZH2, EED and SUZ12. 
In Drosophila, sequence-specific DNA-
binding PcG proteins, like pleiohomeotic 
(Pho), were identified (Brown et al, 1998). 
These DNA-binding PcG proteins bind to 
Polycomb responsive elements (PREs), 
located just outside a gene or gene cluster 
(DeCamillis et al, 1992; Lewis, 1978; Simon 
et al, 1993). PREs direct the recruitment of 
PcG proteins and mediate the repression 
of genes located in cis, but also in trans at 
other chromosomes. The mammalian Pho 
homolog YY1 can rescue the phenotype of 
Pho mutant flies and restore transcriptional 
silencing (Brown et al, 2003; Satijn et al, 
2001). Although YY1 is found to interact 
with PcG proteins, the role of YY1 in PcG-
mediated gene silencing remains unclear 
(Kim et al, 2006; Ko et al, 2008). Considering 
also the lack of identification of PREs in 
mammals, PcG silencing mechanisms might 

Figure 1. Two functionally distinct core PcG repressive complexes (PRCs).
In mammals (bottom), two core PRCs are known, namely PRC2 (left complex) and PRC1 (right complex). 
These highly conserved PRCs were initially identified in Drosophila melanogaster (top; PcG homologs 
are depicted in identical colors).  Related PcG proteins allow variation in PcG complex composition, 
which can affect the functionality (see text of general introduction and general discussion). Grey cans 
represent nucleosomal chromatin, in which histone H3 can be di- and trimethylated at lysine 27 (me2/3) 
by EZH1 and EZH2 and histone H2A monoubiquitinated by RING1A and RING1B.
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vary between species. 

Mechanisms of PcG-mediated silencing: 
how do they do it? 

PcG proteins mediate chromatin 
remodeling
Chromatin is the compact structure of 
chromosomal DNA, which allows the DNA 
to ‘fit’ into the nucleus (Luger and Hansen, 
2005). The basic components of chromatin 
are nucleosomes, which consist of DNA 
folded around an octamer of four core histone 
proteins H2A, H2B, H3 and H4. Basically, 
two types of chromatin exist: euchromatin 
and heterochromatin (Hoskins et al, 2002). 
Euchromatin has an open structure and is 
relatively rich in genes and transcriptional 
activity. Heterochromatin comprises the 
more condensed chromatin regions and 
is also known as constitutive or facultative 
heterochromatin. Heterochromatin 
regions are generally poor in gene density 
and transcriptionally inactive. Since 
translocation of a gene from euchromatin 
into heterochromatin regions results in 
stable and inherited silencing, it has been 
suggested that the dense chromatin structure 
contributes to transcriptional repression. 
PcG proteins were thought to mediate stable 
transcriptional repression by condensating 
the chromatin. The condensed chromatin 
would render the DNA inaccessible for 
transcription factors or other components 
of the transcriptional machinery, resulting in 
transcriptional repression. The lab of Kingston 
investigated the ability of PcG proteins to 
induce chromatin condensation (Francis et 
al, 2001; Shao et al, 1999). They showed 
that a reconstituted minimal PRC1 complex, 
consisting of Ph, Psc, dRing and Pc, was able 
to compact the chromatin structure, such 
that it was resistant to chromatin remodeling 
induced by the chromatin remodeling factors 
SWI//SNF. 
PcG protein Pc was found to overlap in amino 
acid sequence with the heterochromatin-
associated protein HP1. The overlapping 
sequence was contained in the 
chromodomain of HP1, which is required for 

binding of HP1 to the chromatin (Messmer 
et al, 1992; Paro and Hogness, 1991). This 
provided a model for how PcG proteins 
associate with chromatin. Since PcG proteins 
predominantly bind to euchromatic regions 
in contrast to heterochromatin binding HP1 
(Tolhuis et al, 2006), PcG proteins were 
suggested to induce local heterochromatin-
like structures to stably repress transcription 
(Boivin and Dura, 1998).

PRC2 is an epigenetic modifier
More insight in the mechanism of PcG-
mediated transcriptional repression came 
by the finding that E(z) possesses histone 
methyltransferase activity, which depends 
on its SET domain. E(z) specifically di- and 
trimethylates lysine 27 at the N-terminal tail 
of histone H3 (Cao et al, 2002; Czermin et 
al, 2002; Kuzmichev et al, 2002). For this 
activity E(z) depends on the expression of 
and complex formation with Esc and Su(z)12, 
indicating that the PRC2 proteins are inter-
dependent (Kuzmichev et al, 2002; Pasini et 
al, 2004). Other histone methyltransferases 
have been discovered, including the TrxG 
homologs ALL-1 and SET1, and Su(var)3-9. 
ALL-1 and SET1 trimethylate histone H3 
at lysine 4 (H3K4me3) (Nakamura et al, 
2002; Santos-Rosa et al, 2002). They 
mediate an active transcriptional state and 
counteract PcG repression. Su(var)3-9 di- 
and trimethylates lysine 9 (H3K9me3) and is 
required for heterochromatin formation, (Rea 
et al, 2000). 
In addition to methylation, histones can be 
subjected to several other post-translational 
modifications, including acetylation and 
phosphorylation (Suganuma and Workman, 
2008). Specific combinations of histone 
modifications, also described as the histone 
code, were found to act as a key for the 
binding of chromatin-associated proteins, 
and to correlate with the transcriptional 
state. This was illustrated for the H3K9me3 
mark, catalyzed by the Su(var)3-9 proteins, 
which was shown to be a docking site for 
HP1 and to correlate with heterochromatin-
mediated transcriptional silencing (Bannister 
et al, 2001; Lachner et al, 2001). Similarly, 
PRC2-induced H3K27 trimethylation was 
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found to be recognized by the CBX family of 
PcG proteins (Czermin et al, 2002), resulting 
in recruitment of other PRC1 proteins, like 
Bmi1 (Cao et al, 2002; Hernandez-Munoz 
et al, 2005b). This explained that PRC1 
and PRC2 proteins were found to associate 
juxtaposed at PcG target genes without 
clear evidence of physical interaction (Kim 
et al, 2006). Only recently, Hansen and 
colleagues showed that the PRC2 complex 
was transiently recruited to the H3K27me3 
mark during the G1 phase of the cell cycle 
at sites of DNA replication (Hansen et al, 
2008). The transient association of PRC2 
would allow the trimethylated state of H3K27 
to be transmitted to newly incorporated 
histones. These findings provide a model 
for how PcG proteins can propagate stable 
gene repression throughout cell divisions.

PRC1 is an epigenetic modifier
Another well-known post-translational 
histone modification is ubiquitination 
(West and Bonner, 1980). Ubiquitination 
of a target protein requires the collective 
action of three enzymes. First, an E1 
activating enzyme transfers the ubiquitin 
protein to an E2 conjugating enzyme. 
Next, an E3 ligase interacts with the E2 
enzyme and the target to catalyze transfer 
of the ubiquitin to the target protein (Sun, 
2003). The consequences of ubiquitination 
for the targeted protein depends on the 
number of ubiquitin proteins that are linked 
(monoubiquitinated versus polyubiquitinated) 
and which lysine within the ubiquitin protein 
is used for polyubiquitination (Woelk et 
al, 2007). Lysine 48 polyubiquitination 
generally results in destruction of the 
targeted protein by the proteasome. Lysine 
63-branched polyubiquitination as well as 
monoubiquitination serve other signaling 
purposes, such as cellular localization, DNA 
repair and transcriptional regulation. 
The first ubiquitinated protein that has 
been identified is histone H2A is (West and 
Bonner, 1980). Besides histone H2A, other 
histone H2A family members, like H2AX, 
and other histone proteins, such as H2B, H3 
and H4 are ubiquitinated (Wang et al, 2006). 
However, ubiquitinated histone H2A (uH2A) 

is the most abundant ubiquitinated histone 
with about 10% of total H2A in eukaryotic 
cells being ubiquitinated (West and Bonner, 
1980). Despite this early discovery and 
cellular abundance, the role of uH2A 
remained unclear and controversial for long 
(reviewed in (Vissers et al, 2008; Zhang et al, 
2004). This changed after the identification of 
an E3 ligase complex, consisting of RING1A, 
RING1B, BMI1 and PHC2, that was shown 
to catalyze monoubiquitination of histone 
H2A at lysine 119 (Wang et al, 2004). Within 
this complex RING1B is the main enzymatic 
component. The RING1B related PcG protein 
RING1A also catalyzes H2A ubiquitination, 
indicating that these proteins are functionally 
redundant (de Napoles et al, 2004). Notably, 
absence of RING1B, but not RING1A, results 
in severe reduction of global uH2A levels, 
which suggests that Ring1b is the main H2A 
E3 ligase. 
Identifying Ring1b and Ring1a as H2A E3 
ligases strongly linked uH2A to transcriptional 
repression. How uH2A interferes with 
transcription was revealed more recently. 
In embryonic stem (ES) cells, promoters 
of PcG repressed genes that were marked 
by H3K27me3 and uH2A, were found to be 
bound by an inactive form of RNA polymerase 
II (RNAPII) (Stock et al, 2007). In line with the 
low levels of expression of these genes, this 
suggested that transcription was paused. 
Binding of both RNAPII and PcG proteins 
also correlated with the bivalent state of the 
chromatin, which means that both active 
(H3K4me3) and repressive (H3K27me3) 
histone marks were present. Of note, in ES 
cells, the presence of opposing transcriptional 
marks seemed restricted to promoters of 
developmental genes. The identification of 
bivalent genes was revolutionary and put 
PcG-mediated repression in a different light, 
as will be discussed in more detail below in 
the last section of this introduction. Upon 
loss of Ring1b and subsequent depletion 
of uH2A from bivalent genes, inactive 
RNAPII was modified into an active form 
by changes in its phosphorylation status, 
resulting in transcriptional derepression. 
In another study, the regulatory effect of 
uH2A, mediated by H2A E3 ligase 2A-HUB, 



General introduction

13

was investigated (Zhou et al, 2008). The 
presence of uH2A in the promoter regions 
of silenced chemokine genes was found to 
block binding of the transcription elongation 
complex component FACT, thereby directly 
hindering transcription. 
In addition to a role in transcriptional 
regulation, uH2A appears at sites of DNA 
damage (Bergink et al, 2006; Huen et al, 
2007; Mailand et al, 2007; Nicassio et al, 
2007). UV-induced DNA damage triggers 
local enrichment of uH2A at sites of DNA 
lesions. Although RING1B was not found to 
localize to DNA damage foci, RNAi-mediated 
knockdown of RING1B severely impaired 
local uH2A enrichment after UV exposure 
(Bergink et al, 2006; Zhu et al, 2008). This 
provides a direct link between RING1B and 
uH2A deposition upon UV-induced DNA 
damage. The role of uH2A enrichment at 
sites of irradiation-induced DNA damage 
is better characterized. Irradiation-induced 
double strand breaks triggers ubiquitination 
of histone H2A, as well as of histone H2A 
family member H2A.X, both catalyzed by the 
RING finger domain E3 ligase RNF8 (Huen 
et al, 2007; Mailand et al, 2007). Similar to 
the role described for other post-translational 
modifications of histones, the ubiquitinated 
histones H2A and H2AX appear to serve 
as docking sites for the downstream DNA 
response factors BRCA1 and 53BP1 to sites 
of DNA breaks.
The existence of histone phosphatases, 
deacetylases and demethylases indicates 
that the chromatin state is flexible and does 
not perse require the exchange of histones 
to alter the histone code. The identification 
of H2A deubiquitinating enzymes (DUBs), 
including Usp16, 2A-DUB, and Usp21, 
suggests that also the ubiquitinated state 
of histone H2A is flexible (Joo et al, 2007; 
Nakagawa et al, 2008; Zhu et al, 2007). H2A 
DUBs were found to be involved in regulation 
of transcription and DNA repair. Usp16 was 
shown to regulate Hox gene expression 
and to occupy the HoxD10 promoter, while 
PRC1 was also found to bind (Joo et al, 
2007). These findings suggest that specific 
H2A DUBs can counteract PRC1-mediated 
ubiquitination of H2A.

PcG proteins repress transcription during 
several developmental processes

X chromosome inactivation: an early 
developmental process involving PcG 
proteins and other epigenetic players
A well-studied example of transcriptional 
regulation that involves PcG proteins 
and lifelong heritable silencing is X 
chromosome inactivation (XCI). XCI is the 
complete condensation of one of the two X 
chromosomes in female cells, which allows 
for  dosage-compensation of the expression 
of X-linked genes between XX females and 
XY males. 
XCI is triggered in early stages of embryonic 
development, upon cellular differentiation. 
XCI first occurs in the outer cell layer of 
the early blastocyst that differentiate into 
extraembryonic trophectoderm cells (Kay 
et al, 1993). The inner cell mass of the 
early blastocyst, which is comprised of 
pluripotent embryonic stem (ES) cells, will 
start to differentiate briefly hereafter. In the 
ES cells XCI is initiated in the late blastocyst 
stage. After establishing, XCI is maintained 
throughout life.
In undifferentiated ES and trophectoderm 
cells, XCI is initiated by alignment of the 
X chromosomes, controlled by the X 
inactivation center (Xic). Next, a large nuclear 
non-coding RNA (ncRNA) Xist (inactive X 
specific transcript) is actively transcribed 
from the Xic of the X chromosome that is to 
be inactivated and subsequently coats the 
chromosome (Brockdorff et al, 1991; Brown 
et al, 1992; Kay et al, 1993). 
Upon differentiation of extraembryonic 
trophectoderm and ES cells PRC2 and 
PRC1 proteins are consecutively recruited to 
the Xi (de Napoles et al, 2004; Fang et al, 
2004; Hernandez-Munoz et al, 2005a; Leeb 
and Wutz, 2007; Plath et al, 2003; Plath et al, 
2004; Schoeftner et al, 2006). Interestingly, 
several days after the initiation of ES cell 
differentiation in vitro the Xi is still coated by 
Xist RNA, but the PRC1 and PRC2 proteins 
are no longer associated with the Xi (de 
Napoles et al, 2004; Fang et al, 2004; Plath 
et al, 2003). Notably, in somatic cells the 
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Xi stains positive for both PcG complexes. 
This suggests that at the onset of XCI the 
requirement for PcG proteins is different from 
the requirement during Xi maintenance.
The recruitment of PRC1 to the Xi partially 
overlaps with PRC2 recruitment, which is in 
accordance with recruitment of CBX-type 
PcG family members through trimethylated 
H3K27. However, also PRC2-independent, 
Xist-dependent, Xi recruitment of Ring1b has 
been observed (Plath et al, 2004; Schoeftner 
et al, 2006). Therefore, recruitment of PRC1 
to the Xi might be facilitated by PRC2, but is 
also mediated by other factors, such as the 
ncRNA Xist.
The association of PRC1 proteins correlates 
well with the observed Xi enrichment of 
uH2A (de Napoles et al, 2004; Fang et al, 
2004). Loss of Ring1b affects Xi localization 
of uH2A, which supports a role for Ring1b 
and uH2A in XCI. Another histone family 
member that is involved in XCI is the 
histone H2A variant MacroH2A1/H2afy. 
MacroH2A1consists of an N-terminal histone 
domain and a large C-terminal non-histone 
macrodomain. In somatic cells, MacroH2A1 
is localized throughout the nucleus, but 
specifically enriched at the Xi and excluded 
from the Xa (Changolkar and Pehrson, 2006; 
Costanzi and Pehrson, 1998). In female ES 
cells that are differentiated in vitro, the timing 
of Xi recruitment of Macroh2a1 is similar 
to that of PRC1, indicating that the two are 
directly or indirectly linked (Mermoud et al, 
1999). In line with this, MacroH2A1 was 
found to be mono-ubiquitinated by Ring1b 
at its conserved histone domain (Ogawa et 
al, 2005). The targeted lysine in MacroH2A1 
corresponds to lysine 119 in the histone H2A 
that is targeted for mono-ubiquitination by 
Ring1b. We found that PRC1 and Macroh2a1 
are linked to XCI in another way. This 
involves a newly identified E3 ubiquitin ligase 
complex, which will be discussed in more 
detail in chapter 2. 

The role of PcG proteins in regulating 
stem cell self-renewal and differentiation
The importance of PcG proteins during 
development was shown by mouse and fly 
mutant models. Misexpression of PcG proteins 

results in shifts in Hox gene expression 
along the body axis leading to misplacement 
of body structures. The significance of PcG 
proteins during development becomes 
even more clear when considering the 
early embryonic lethality observed in mice 
that lack PRC2 proteins Suz12, Eed, and 
Ezh2 (Faust et al, 1998; Gutjahr et al, 1995; 
Jones and Gelbart, 1990; O’Carroll et al, 
2001; Pasini et al, 2004). This suggests that 
setting the PcG repressive mark H3K27me3 
is crucial for embryogenesis. In contrast, 
PRC1 knockout mice survive until birth and 
display developmental defects that vary 
from mild skeletal malformations to perinatal 
death (Akasaka et al, 1996; del Mar et al, 
2000; Takihara et al, 1997; van der Lugt et al, 
1994). A clear exception is the PRC1 protein 
Ring1b, whose deletion results in lethality 
during early embryoniogenesis, with similar 
defects as observed in PRC2 knockout 
mice (Voncken et al, 2003). The milder 
phenotypes in absence of PRC1 proteins, 
with the exception of Ring1b, suggest 
redundancy between PRC1 homologs. In 
addition, these findings imply that PRC2 and 
Ring1b are essential during early embryonic 
development. 
Embryogenesis starts after the fusion of 
sperm and oocyte generating the zygote, 
which after several cell division will expand 
into a morula. The first differentiation steps 
render an early blastocyst, consisting of 
an outer cell layer with extraembryonic 
trophectoderm cells and an inner cell mass, 
comprising pluripotent ES cells. During the 
late blastocyst stage, or gastrula stage, the 
ES cells start to differentiate into the three 
primary embryonic lineages: endoderm, 
mesoderm and ectoderm. These primary 
embryonic lineages will further differentiate 
into more specialized cell types to develop 
a full grown, multicellular organism. Mice 
lacking PRC2 and Ring1b die at the 
gastrulation stage with severe malformations 
and misexpression of genes that are specific 
for the three primary embryonic lineages 
(O’Carroll et al, 2001; Pasini et al, 2004; 
Voncken et al, 2003) (Faust et al, 1998). 
These defects are likely to be the result 
of earlier regulatory defects, prior to the 



General introduction

15

gastrulation stage. 
To investigate the role of proteins during 
the first steps of embryonic development, 
blastocysts can be isolated from the uterus 
and studied in vitro. Alternatively, pluripotent 
ES cells can be isolated from the inner 
cell mass of early blastocysts (Evans 
and Kaufman, 1981). ES cells exist only 
temporally in vivo. However, under the right 
culture conditions ES cells can self-renew 
and retain their pluripotent state almost 
indefinitely. The cultured ES cells retain the 
capacity to differentiate in every cell type 
in vitro, or in vivo when reintroduced into 
a blastocyst (Beddington and Robertson, 
1989). 
A trio of stem cell specific transcription 
factors, comprising OCT4, NANOG and 
SOX2, are important to maintain a pluripotent 
ES cell state (Avilion et al, 2003; Chambers 
et al, 2003; Mitsui et al, 2003; Niwa et al, 
2000). OCT4 and SOX2 transactivate genes 
as a heterodimeric complex (Nishimoto et 
al, 2005). NANOG has independently been 
found to preserve ES cell pluripotency 
(Chambers et al, 2003; Mitsui et al, 2003). 
Loss of these stem cell factors induces ES 
cell differentiation. Reversely, OCT4 and 
NANOG are downregulated in differentiated 
cells (Chambers et al, 2003; Niwa et al, 
2000). To understand how these stem cell 
specific transcription factors govern ES 
cell pluripotency, Boyer and colleagues 
hybridized genome-wide tiling arrays with 
immunoprecipitated chromatin (ChIP) using 
antibodies against the transcription factors 
OCT4, NANOG and SOX2 in human ES 
cells (Boyer et al, 2005). The results of 
these ChIP-on-chip assays made clear 
that OCT4, NANOG, and SOX2 co-occupy 
and mediate expression of genes that are 
specifically expressed in stem cells, such 
as REX1, STAT3, and LEFTY2. OCT4, 
NANOG and SOX2 themselves are among 
the target genes, which suggests that they 
are involved in a positive feedback-loop to 
maintain their own expression. Interestingly, 
OCT4, NANOG and SOX2 also share binding 
sites at an even larger set of repressed 
genes. These repressed genes are key 
regulators of important developmental 

pathways, including the HOX, TGF-beta, 
WNT, SOX, and FGF signaling pathways. 
Moreover, the repressed genes include a 
large subset of transcription factors that 
are important for differentiation of ES cells 
into the early embryonic lineages, including 
endoderm, mesoderm and ectoderm. This 
prompted researchers to hypothesize that 
OCT4, SOX2 and NANOG directly regulate 
expression of stem cell specific genes, and 
directly or indirectly mediate recruitment 
of transcriptional repressors to the key-
developmental genes to ensure a pluripotent 
stem cell state.
Considering the important role of PcG 
proteins during early development and in 
transcriptional repression, several groups 
profiled global chromatin binding of PRC1 
and PRC2 proteins and the PcG mark 
H3K27me3 in embryonic cells of human and 
mouse origin (Boyer et al, 2006; Bracken et 
al, 2006; Lee et al, 2006; Loh et al, 2006; 
Pasini et al, 2007; Squazzo et al, 2006). They 
showed that PcG proteins associate with 
repressed key-developmental genes, and 
moreover, largely overlap with OCT4, SOX2 
and NANOG in binding at these genes. 
In agreement with a role in transcriptional 
repression, loss of PcG proteins in mouse 
and human ES cells resulted in derepression 
of some of these genes (Boyer et al, 2006; 
Bracken et al, 2006; Pasini et al, 2007; 
Squazzo et al, 2006). These ChIP-on-chip 
assays also showed that PcG proteins bind 
to single genes as well as larger genomic 
regions, including gene clusters, in agreement 
with the role of PcG proteins in regulating the 
clustered family of HOX genes. Moreover, 
these assays suggest that PcG proteins are 
important to maintain ES cells pluripotency 
by mediating repression of genes that are 
fundamental for developmental processes.
To understand how ES cells maintain a 
pluripotent state and lineages are specified, 
several groups investigated the chromatin 
state of various cell types. They examined 
whether ES cells have specific epigenetic 
features that distinguishes them from cell 
types with a more restricted differentiation 
potential, like neural precursor cells (NPCs), 
hematopoietic stem cells (HCSs) and 
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embryonic fibroblasts (Azuara et al, 2006; 
Bernstein et al, 2006). Interestingly, they 
found that in ES cells lineage-specific genes 
carried the repressive H3K7me3 mark, as 
well as markers of open chromatin, such 
as H3K4me3 and acetylated H3K9. These 
bivalent genes, with opposing transcriptional 
marks, were not completely silenced but 
were expressed at low levels. A genome 
wide study, that investigated the chromatin 
state in ES cells, NPCs and embryonic 
fibroblasts, confirmed the bivalent state to 
be present at all developmental genes in ES 
cells (Mikkelsen et al, 2007). Moreover, this 
study showed that in the different cell types 
basically three groups of genes existed, 
which could be categorized based on the 
presence or absence in the promoter region 
of the TrxG deposited H3K4me3 mark, the 
H3K27me3 mark and the H3K36me3 mark. 
The first group of genes comprised genes 
that were marked with trimethylated H3K4 
and H3K36, correlating with a transcriptional 
active state and ongoing transcription, 
respectively. This set of genes constituted 
house-keeping genes and tissue-specific 
genes. The second group of genes was 
trimethylated at H3K27, which indicated a 
PcG-mediated repressed transcriptional 
state, and did not carry the H3K4me3 or 
H3K36me3 mark. The third group of genes 
comprised bivalent genes (i.e. carried the 
H3K4me3 and H3K27me3 mark). Bivalent 
genes were repressed or transcribed at 
very low levels. The genes that were either 
bivalently marked or marked with H3K27me3 
alone comprised developmental genes, in 
agreement with the PcG binding studies 
(Boyer et al, 2006; Bracken et al, 2006; Lee 
et al, 2006; Loh et al, 2006; Pasini et al, 2007; 
Squazzo et al, 2006). 
In ES cells all developmental genes had 
bivalent promoters. In the more committed 
neural progenitor or fibroblast lineages, the 
H3K27me3 mark was lost from cell-type-
specific developmental genes that were 
expressed. Of repressed genes that were 
unrelated to the specialized cell type, the 
bivalent promoter had lost the H3K4me3 
mark or both the H3K4me3 and H3K27me3 
marks. Interestingly, a subset of the 

developmental genes retained their bivalent 
marks in differentiated cells, suggesting 
that these cells still have the potential to 
specialize further. These data suggest 
that the chromatin state reflects lineage 
commitment and differentiation potential. 
Furthermore, these findings imply that 
the action of both TrxG and PcG proteins 
is required to regulate the differentiation 
program during development.
 
In conclusion, PcG proteins have been 
shown to fulfill important roles throughout 
development. During early embryogenesis, 
PcG proteins are involved in maintaining ES 
cells pluripotent. Later in development, PcG 
proteins sustain a bivalent state on genes 
in more restricted cell types. Upon cellular 
specialization, PcG proteins contribute to 
stably maintain a repressed state of genes 
that are not expressed in that cell type to 
ensure lineage commitment. Insight in the 
role of PcG proteins in controlling cell fate 
in embryonic cells helps to understand their 
role in adult stem cells (Sparmann and van 
Lohuizen, 2006; Valk-Lingbeek et al, 2004). 
Adult stem cells are found in a specialized 
tissue or organ and can self-renewal and 
differentiate into the cell lineages that are 
required in that specific tissue or organ. PcG 
proteins have been shown to control adult 
stem cell populations and their progeny in 
brain, the hematopoietic system and breast 
(Arai and Miyazaki, 2005; Bruggeman et 
al, 2005; Iwama et al, 2004; Kamminga 
et al, 2006; Kim et al, 2004; Lessard and 
Sauvageau, 2003; Molofsky et al, 2003; 
Ohta et al, 2002; Ohtsubo et al, 2008; Park 
et al, 2003; Pietersen et al, 2008a; Sher et al, 
2008). On the other hand, overexpression of 
PcG has been linked to many cancers (Ben 
Porath et al, 2008; Jacobs et al, 1999; Kleer et 
al, 2003; McHugh et al, 2007; Pietersen et al, 
2008b; Sparmann and van Lohuizen, 2006). 
Of particular interest are the more aggressive 
tumors types, including glioblastoma and 
aggressive breast and prostate cancers, 
which have recently been shown to harbor a 
stem cell signature (Ben Porath et al, 2008). 
This signature is defined by expression of the 
stem cell-specific transcription factors OCT4, 
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NANOG and SOX2 and their target genes, 
and repression of the PcG target genes. 
With respect to the important role for PcG 
proteins in regulating cell fate and cancer 
progression, these findings support the need 
for a better understanding of PcG proteins to 
allow treatment of these cancers.

This thesis: investigating the function of 
PcG proteins during development
Correct development of an embryo into a full-
grown multicellular organism requires close 
collaboration between different regulatory 
mechanisms to allow expression of the right 
genes at the right developmental time and 
place in the body. PcG proteins are part of a 
family of proteins that are involved in stably 
regulating transcription at an epigenetic level 
throughout development. The research in 
this thesis was aimed to provide more insight 
in the function of PcG proteins during several 
developmental events.
In chapter 2, we study the enzymatic activity 
of H2A E3 ligase Ring1b and its close 
homolog Ring1a. We solve the structure of 
the Ring1b/Bmi1 E3 ligase complex using 
crystallography. We furthermore investigate 
how interaction of Ring1b and Ring1a with 
Bmi1 affects the E3 ligase activity of Ring1b 
and Ring1a.
X chromosome inactivation is a multilayered 
process that involves several players, 
including PcG proteins and histone variant 
MacroH2A1. In chapter 3, we explore the 
role of PRC1 proteins and MacroH2A1 
during the initiation and maintenance of X 
chromosome inactivation. We describe the 
identification of a new E3 ligase complex, 
consisting of Cullin3, Spop and Roc1. We 
show that this E3 ligase complex is involved 
in ubiquitination of Bmi1 and MacroH2A1 
and plays a role in stably maintaining an Xi 
state.
Absence of Ring1b results in early embryonic 
lethality in mice. To better understand the 
role of Ring1b during early embryogenesis, 
we generated Ring1b mouse conditional 
knockout ES cells. The effects of conditional 
deletion of Ring1b in ES cells are described 
in chapter 4. 
Together, these findings may help to further 

elucidate the function of PcG proteins and 
contribute to treatment of cancers and other 
diseases where PcG proteins have been 
shown to play an important role. 
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