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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 

General introduction:

Epigenetic programming by Polycomb group (PcG) proteins 
throughout development

Petra van der Stoop and Maarten van Lohuizen

The development of a multicellular organism can render a body containing hundreds 
of different cell types, each with unique characteristics, yet sharing the same genomic 
information. This means that transcription of the genomic information needs to tightly 
regulated to express the right genes and repress the others. Epigenetic systems are 
involved in regulating the cell type specific expression patterns, such that these can 
be stably transmitted to daughter cells, and if required, be maintained throughout 
development. In this thesis, we investigated the function of a family of epigenetic 
regulators, the Polycomb group (PcG) proteins, during several developmental 
processes.
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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, 
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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 
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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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Introduction

The Ring-domain proteins Ring1b and 
Bmi1 are important members of Polycomb 
group (PcG) proteins that adjust chromatin 
conformation and mediate target gene 
repression. During development, PcG 
proteins and their counteracting Trithorax-
group (Trx-G) antirepressor complexes 
are responsible for stable maintenance of 
correct transcription patterns of specific 
key regulators such as homeotic genes. 
They possess an epigenetic transcriptional 
memory function during development and 
cell proliferation, which is not only required 
for correct cell behaviour and body plan 
but also later in life to maintain cell fate and 
to prevent oncogenic cell transformations 
(reviewed in (Jacobs and van Lohuizen, 2002; 
Lund and van Lohuizen, 2004a; Orlando, 
2003). Absence of Bmi1 leads to a defect 

in stem cell self-renewal (Bruggeman et al, 
2005; Leung et al, 2004; Park et al, 2003), 
illustrating a crucial role in maintenance of 
cell fate also at the cellular level.
PcG proteins assemble into at least two 
biochemically and functionally distinct 
complexes. The initiation complex Polycomb 
repressive complex 2 (PRC2) and the 
maintenance complex PRC1 are involved 
in developmentally regulated and tissue-
specific transcriptional silencing of Hox 
genes in flies and mammals (Cernilogar 
and Orlando, 2005; Lund and van Lohuizen, 
2004b). In human cells, the PRC1 core 
complex contains stoichiometric amounts 
of RING1B (RNF2), RING1A (RING1), 
BMI1, HPH1 (EDR1) and CBX4 (HPC2), 
whereas the PRC2 core complex consists 
of EED, EZH2 and SUZ12 (de Napoles et 
al, 2004; Lund and van Lohuizen, 2004b; 
Orlando, 2003; Wang et al, 2004). Gene 
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Polycomb group proteins Ring1b and Bmi1 (B-cell-specific Moloney murine leukaemia 
virus integration site 1) are critical components of the chromatin modulating PRC1 
complex. Histone H2A ubiquitination by the PRC1 complex strongly depends on 
the Ring1b protein. Here, we show that the E3-ligase activity of Ring1b on histone 
H2A is enhanced by Bmi1 in vitro. The N-terminal Ring-domains are sufficient for 
this activity and Ring1a can replace Ring1b. E2 enzymes UbcH5a, b, c or UbcH6 
support this activity with varying processivity and selectivity. All four E2s promote 
autoubiquitination of Ring1b without affecting E3-ligase activity. We solved the 
crystal structure of the Ring–Ring heterodimeric complex of Ring1b and Bmi1. In the 
structure the arrangement of the Ring-domains is similar to another H2A E3 ligase, 
the BRCA1/BARD1 complex, but complex formation depends on an N-terminal arm of 
Ring1b that embraces the Bmi1 Ring-domain. Mutation of a critical residue in the E2/
E3 interface shows that catalytic activity resides in Ring1b and not in Bmi1. These 
data provide a foundation for understanding the critical enzymatic activity at the core 
of the PRC1 polycomb complex, which is implicated in stem cell maintenance and 
cancer.
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duplication has generated the RING1A and 
RING1B pair and the BMI1 and MEL18 pair. 
Although these proteins have very high 
sequence similarity, they appear to fulfil 
different functions. The PRC1 protein Bmi1 
was originally identified as an oncogene, 
which, when overexpressed, collaborates 
with c-Myc to induce the formation of B-cell 
lymphomas (reviewed in (Jacobs and 
van Lohuizen, 2002). Next to BMI1, it has 
become evident that deregulation of several 
other PcG genes may play a role in a variety 
of human tumours such as different types of 
leukaemia, medulloblastoma, breast cancer 
and non-small-cell lung cancer (Raaphorst, 
2005). When compared to other PRC1 core 
proteins, Bmi1 appears to fulfil a unique role 
in that its levels are tightly regulated and it 
displays strong dosage sensitivity: even 
two-fold changes in protein expression have 
profound effects on biological outcome 
such as lymphoma formation (Jacobs et al, 
1999). PcG complexes bind to chromatin 
and initiate and maintain gene repression, 
which is thought to be achieved by covalent 
modifications including methylation, 
deacetylation and ubiquitination of core 
histones (Cernilogar and Orlando, 2005; 
de Napoles et al, 2004; Francis et al, 2001; 
Wang et al, 2004).
Recent evidence supports the role 
of RING1A, RING1B and BMI1 in the 
ubiquitination pathway of histone H2A (de 
Napoles et al, 2004; Fang et al, 2004; Wang 
et al, 2004). Ubiquitination is a form of post-
translational modification in which a small 76 
amino-acid protein, ubiquitin, is conjugated 
through its C-terminus to lysines on cellular 
proteins, where it provides a signal for 
degradation (K48 polyubiquitin chains) or a 
regulatory function (monoubiquitination and 
other chain types). Ubiquitin conjugation 
is mediated by a conserved E1–E2–E3 
cascade of enzymatic reactions (Pickart and 
Eddins, 2004; Weissman, 2001) in which the 
E3 ligase catalyses the last step of ubiquitin 
conjugation by forming an isopeptide bond 
between a target lysine and the C-terminus 
of ubiquitin (Glickman and Ciechanover, 
2002; Laney and Hochstrasser, 1999; 
Pickart, 2001).

RING1A, RING1B and BMI1 are essential 
for the function of the PRC1 complex, 
which acts as an ubiquitin E3 ligase that 
monoubiquitinates histone H2A at lysine 119 
(Wang et al, 2004). Monoubiquitinated H2A 
and MacroH2A are enriched on the inactive 
female X-chromosome and are thought to be 
involved in its stable silencing (de Napoles 
et al, 2004; Fang et al, 2004; Hernandez-
Munoz et al, 2005). Although both RING1A 
and RING1B have been implicated in 
monoubiquitination of H2A, RING1B 
appears to serve a predominant role in that 
loss of RING1B leads to major depletion of 
monoubiquitinated H2A, whereas loss of 
RING1A has only a minor effect. Interestingly, 
this also corresponds with the relative 
importance for development of these related 
Ring-domain proteins as Ring1a knockout 
mice only display minor skeletal aberrations, 
whereas loss of Ring1b leads to a full loss of 
PRC1 silencing resulting in early embryonic 
lethality (del Mar et al, 2000; Voncken et al, 
2003).
Both Bmi1 and Ring1b contain an N-terminal 
Ring-domain. Ring-domains interact directly 
with the E2-ubiquitin thiolester and catalyse 
the ubiquitin transfer from the E2 to the 
target (Joazeiro and Weissman, 2000), most 
likely by positioning the E2 close to the target 
(Zheng et al, 2002; Zheng et al, 2000). Ring-
domains and another type of E3-ligase, the 
U-box domains, are structurally related, 
but whereas the latter is stabilised by a set 
of hydrogen bonding and salt bridges, the 
Ring-domain is stabilised by chelation of 
Zn2+ (Hatakeyama et al, 2001; Joazeiro and 
Weissman, 2000; Ohi et al, 2003). Ring-
domains can function in the context of larger 
complexes, such as the SCF complex, in the 
context of larger proteins, such as Cbl, or in 
the context of Ring–Ring complexes such 
as BRCA1/BARD1 (Brzovic et al, 2001b; 
Freemont, 2000; Joazeiro and Weissman, 
2000).
BMI1 and RING1A were shown to form a 
heterodimer both in vivo and in vitro (Satijn 
and Otte, 1999). Their Ring-domains promote 
this interaction and allows homodimerisation 
of each protein (Satijn and Otte, 1999), 
whereas the Ring-domain of Bmi1 is critical 
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for its tumorigenic function (Alkema et al, 
1997). Here we study the enzymatic activity, 
structure and complex-formation of the 
Ring1b/Bmi1 complex.

Results and discussion

H2A ubiquitination by Ring1b is enhanced 
by Bmi1 in vitro
The importance of Ring1b for 
monoubiquitination of histone H2A by the 
core PRC1 complex was recently shown 
(Fang et al, 2004; Wang et al, 2004). We 
confirmed the ubiquitin-conjugating activity 
of Ring1b of H2A in vitro using purified 
mouse GST-Ring1b amino acids (aa 1–331) 
(Q9CQJ4) lacking eight residues at the 
C-terminus ( 1A) in a mixture of nucleosomal 
histones, recombinant ubiquitin, E1, UbcH5c 
as E2, ubiquitin and ATP (Figure 1B, lane 
3). We then tested the effect of adding full-
length Escherichia coli-expressed Bmi1 
(P25916) to the reaction. Titration of Bmi1 
into GST-Ring1b shows an activating effect 
of Bmi1 on histone H2A modification (Figure 
1B, upper panel), whereas Bmi1 alone 
does not show any E3-ligase activity, as we 
observe no increase over background of 
monoubiquitinated histone H2A (Figure 1B, 
lower panel). This dose-dependent increase 
of Ring1b’s target-specific E3-ligase activity 
is interesting as it may provide one possible 
explanation for the unique sensitivity of the 
cell to changes in the dose of Bmi1 in the 
PRC1 complex in vivo (Jacobs et al, 1999).
We copurified a Ring1b/Bmi1 complex 
after individual expression of Ring1b (aa 
1–331) and full-length murine Bmi1. This 
complex forms a heterotetramer, a dimer of 
heterodimers, as shown by gel filtration and 
multiangle static light scattering (MALLS) 
(138 kDa compared to a theoretical value of 
150 kDa, data not shown). We confirmed that 
this complex is active in monoubiquitination 
of histone H2A with antibodies against 
ubiquitin, H2A and ubiquitin-H2A (Figure 
1C). Besides the monoubiquitinated H2A, 
various ubiquitinated products are formed in 
these in vitro reactions. Antibodies against 
Ring1b and Bmi1 detect monoubiquitinated 

Ring1b and Bmi1, both running at ~47 kDa 
(see Supplementary Figure 2). In addition, 
longer polyubiquitin chains are formed. The 
formation of these chains is not dependent 
on the presence of nucleosomes (Figure 1D, 
lane 8) and there is neither Ring1b nor Bmi1 
in most of these products (Supplementary 
Figure 2), and also no Ubc5c (data not 
shown), indicating that these are unanchored 
polyubiquitin chains.

A minimal Ring1b/Bmi1 complex is 
sufficient for the observed E3-ligase 
activity
To define the E3-ligase activity within the 
Ring1b/Bmi1 complex, we used sequence 
alignment and secondary structure 
predictions aiming at a minimal catalytic 
domain. Domain boundaries were set by the 
end of predicted secondary structure. We 
coexpressed GST-fusions of either Ring1b159 
or Ring1b114 together with untagged Bmi1109 in 
E. coli. The minimal Ring1b/Bmi1 complexes 
were copurified using the GST-tag (for 
Ring1b) and the GST-tag was removed. The 
proteins did not dissociate during purification 
or tag removal, indicating a stable complex. 
Both minimal heterodimers eluted from a 
gel-filtration column at the apparent size of 
the heterodimer and there was no evidence 
for higher order complexes. We could show 
that these Ring–Ring complexes are active 
in monoubiquitinating H2A (Figure 1C–E) 
and that the reaction is dependent on the 
presence of the E1 and E2 enzymes.
The fact that even these Ring–Ring 
complexes are fully active has implications for 
the binding site of the substrate. Traditionally, 
the Ring-domains are expected to bind to the 
E2 in ubiquitin conjugation, but in this case 
they must also be able to bind to target H2A 
in the nucleosome.

The Ring-domain of Ring1a is equally 
active as E3 ligase
Gene duplication in mammals has created 
a Ring1b homolog, the Ring1a protein, 
that is also present in the PRC1 complex 
in stoichiometric amounts (Satijn and Otte, 
1999; Wang et al, 2004). We retrieved Ring1a 
sequences from several species that are up 
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to 30 amino acids longer at their N-terminus 
than the commonly used murine sequence 
in the literature (Schoorlemmer et al, 1997). 

The alignment reveals that part of the novel 
N-terminal sequence (aa 11–30) of Ring1a is 
well conserved in Ring1b (Figure 3E).
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Figure 1. Ring1b/Bmi1 and the minimal Ring1b/Bmi1 complex are catalytically active on histone H2A. 
GST-Ring1b, full-length Ring1b/Bmi1 (2 μM) or different Ring-domain constructs of Ring1b and Ring1a 
in complex with Bmi1109 (2 μM) were incubated in ligase buffer in the presence of 28 nM human E1, 1.5 
μM UbcH5c, 22 μM ubiquitin, 3 mM ATP and 4.8 μM H2A (18 μg nucleosomes). The reaction mixture 
was incubated at 30°C for 1 h. Samples were analysed for ubiquitination by SDS–PAGE and Western 
blot as described in Materials and methods. (A) Proteins and complexes used in this study. (B) Bmi1 
enhances ligase activity of GST-Ring1b in vitro and is not active by itself. Upper panel: Bmi1 was titrated 
to the indicated final concentration into 2 μM GST-Ring1b, E1, MgATP, UbcH5c and nucleosomes. Lower 
panel: titration of Bmi1 with the indicated final concentrations in the presence of E1, MgATP, UbcH5c 
and nucleosomes and in the presence of 2 μM GST-Ring1b in lane 7 and 8, respectively. Western blots 
against ubiquitin. (C, D) The short Ring–Ring complex, Ring1b159/Bmi1109, is catalytically active in the 
presence of human E1 and UbcH5c. (C) Western blot against ubiquitinated histone H2A (uH2A) and 
histone H2A (H2A). (D) Western blot against ubiquitin. Ubiquitinated H2A, ubiquitinated Ring1b and 
Bmi1 are indicated. *Indicates diubiquitin. (E) Ring1a can substitute for Ring1b and the Ring1a111/Bmi1109 
complex is equally active as the minimal Ring1b114/Bmi1109 complex against H2A; Western blot against 
ubiquitin. *Indicates diubiquitin.
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We coexpressed and copurified a complex 
of the Ring-domains of Ring1a and Bmi1 
(Ring1a111/Bmi1109), including this novel 
N-terminus. This complex is active as E3 
ligase and basically indistinguishable from 
the Ring1b114/Bmi1109 heterodimer in ubiquitin 
conjugation of histone H2A, polyubiquitin 
chain formation and autoubiquitination 
(Figure 1E). In vivo, however, Ring1a and 
Ring1b are functionally distinct, as most 
of the ubiquitinated H2A is depleted upon 
loss of Ring1b and only a low level of uH2A 
remains, which can be removed when Ring1a 
is additionally lost (de Napoles et al, 2004; 
Fang et al, 2004).

Only a subset of E2s promotes Ring1b/
Bmi1 ligase activity
We tested Ring1b/Bmi1 ligase activity with 
a panel of available ubiquitin-conjugating 
E2 enzymes to see if the preference for 
UbcH5c that was reported by Wang et. al. 
(Wang et al, 2004) for RING1B is conserved 
in the heterodimer. In Ring1b159/Bmi1109-
dependent assays with nine different 
human E2s (UbcH5a, UbcH5b, UbcH5c, 
UbcH3, Rad6, E2-25K, UbcH6, UbcH7 and 
UbcH10), ubiquitination of histone H2A can 
only be observed in the presence of any 
UbcH5 subtype or UbcH6 (Figure 2). This 
is a common set of E2 enzymes that was 
also active in promoting E3-ligase activity 
of other proteins such as ARD1 (Vichi et al, 
2005) or Topors (Rajendra et al, 2004). In 
the Ring1b/Bmi1 reactions, the processivity 
and selectivity of the different E2s varies: 
UbcH5c creates more polyubiquitin chains 
then UbcH5a and UbcH5b, whereas UbcH6 
does not produce these at all.
A physical interaction of Ring1b with E2-
25K/Hip2 had been reported (Lee et al, 
2001). We confirmed the existence of this 
E2/E3 complex in analytical gel-filtration 
experiments with Ring1b159/Bmi1109 but saw no 
stimulation of E2 catalytic activity compared 
to the E2 alone. None of the other E2s tested 
(UbcH5c, UbcH3, Rad6, Ubc9) formed a 
stable complex with Ring1b159/Bmi1109 in gel-
filtration experiments. Thus, neither absence 
nor presence of a tight physical interaction 
correlates with catalytic activity in these E2/

E3 pairs. A similar discrepancy between 
catalytic efficiency and binding has been 
noted previously for UbcH7 in complex with 
BRCA1/BARD1 (Brzovic et al, 2003).

Autoubiquitination of Ring1b
We observed monoubiquitination of 
both Ring1b and Bmi1, as confirmed by 
Western blot (Supplementary Figure 2). 
These products are also observed when 
nucleosomes are left out of the reaction 
(Figure 1D, lane 8). In the shorter Ring–Ring 
complexes Ring1b159/Bmi1109 (Figure 1D, 
lane 6) and Ring1b114/Bmi1109 (Figure 1E, 
lane 7), we could only detect modification of 
Ring1b, suggesting that Bmi1 is modified at 
a position outside of the Ring-domain. Mass-
spectrometry after in-gel tryptic digestion 
identified Lys 112 of Ring1b as the site for 
auto-monoubiquitination of Ring1b159/Bmi1109 
(data not shown). This site is found in the 
C-terminal -helix of Ring1b that interacts 
with Bmi1 (see below, Figure 3D). The lysine 
residue is accessible for modification and 
the ubiquitin would not interfere with E2 
interaction as predicted from known E2/E3 
complexes (Zhang et al, 2005; Zheng et al, 
2000).
We mutated Lys 112 to arginine in Ring1b to test 
whether the autoubiquitination has an effect 
on E3-ligase activity of the heterodimeric 
Ring–Ring complex. This mutant showed 
no difference in target modification on 
nucleosomes. The analysis is complicated 

Figure 2. Specific E2 requirement for histone H2A 
ubiquitination by the Ring1b159/Bmi1109 complex. 
Western blots against ubiquitin showing the effect 
of different E2 enzymes on H2A ubiquitination and 
poly-ubiquitin chain formation. For conditions, see 
Figure 1 and Materials and methods.
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by the fact that even the mutant complex 
still creates ubiquitinated Ring1b product 
(Supplementary Figure 2B), indicating that 
another lysine in the Ring1b Ring-domain 
now becomes ubiquitinated. However, one 
of our later constructs of Ring1b, Ring1b16–114 
(lacking the 15 N-terminal residues), is not 
autoubiquitinated. This complex also shows 
no difference in target ubiquitination when 
compared to Ring1b114/Bmi1109, (not shown) 
or Ring1a111/Bmi1109 (Figure 5A), suggesting 
that autoubiquitination of the Ring1b Ring-
domain has no influence on catalytic activity 
of the Ring–Ring complex.
Only UbcH5c seems to promote 
polyubiquitination of Ring1b and Bmi1, 
whereas the other three E2s promote only 
monoubiquitination of the E3 proteins (see 
Supplementary Figure 2). This is most likely 
a function of the general processive nature 
of UbcH5c, as there seems to be no change 
in target modification compared to other E2s 
(Figure 2). Altogether these biochemical 
studies show no detectable effect of 
the autoubiquitination of either Ring1b 
or Bmi1, but the possibility remains that 
autoubiquitination of Ring1b at Lys 112 has 
a modulatory effect in vivo on the function of 
Ring1b within the larger Polycomb complex, 
for instance by affecting PRC1 complex 
formation.

Crystal structure of the heterodimeric 
Ring1b/Bmi1 Ring–Ring complex
We determined the crystal structure of the 
N-terminal Ring containing fragments of 
coexpressed Ring1b159/Bmi1109 that was 
active in histone H2A ubiquitination. The 
structure was determined at 2.0 Å using 
the anomalous diffraction of the four zinc 
atoms and one iodine from the solvent. 
The weak anomalous data collected at 
remote wavelengths gave sufficient phasing 
information to solve the structure and 
autotrace the model with ARP/wARP (see 
Supplementary Table 1 for data analysis and 
refinement statistics). The final refined model 
has an R-factor of 17.6 with Rfree of 21.3%. 
Electron density for the first 14 and the last 
45 C-terminal residues of Ring1b is missing, 
most likely because this part of the protein is 

degraded during crystallisation, as revealed 
by SDS–PAGE.
The Ring1b and Bmi1 structures contain 
the usual Ring motif with flanking N- and 
C-terminal helices (Figure 3). Both have 
an extension that forms a helix at the 
C-terminus of Bmi1 and a long loop at the 
N-terminus in Ring1b. The Ring motif is 
composed of two large Zn2+-binding loops, 
a short three-stranded antiparallel β-sheet, 
a central α-helix and a 310-helix (Figure 3A). 
The overall structure of the central Ring motif 
in both subunits of the heterodimer is similar 
to other Ring-domain structures (Bellon et al, 
1997; Brzovic et al, 2001b), characterised by 
two large Zn2+-binding loops, in which eight 
Cys and His residues bind two Zn2+ ions in a 
so-called cross-brace arrangement. The first 
and third pair of Zn2+ ligands coordinate the 
first Zn2+ ion, whereas the second and fourth 
pair coordinate the second Zn2+ ion (Borden, 
2000). The overlay of the Bmi1 and Ring1b 
Ring motifs shows that both structures are 
very similar in this region (Figure 3B, r.m.s.: 
0.58 Å on 54 Cα atoms). The only difference 
can be observed in a loop extension of 
Bmi1 after the 310-helix, where it has three 
additional residues (aa 62–64) (Figure 3B).
Comparison of the individual Bmi1 and 
Ring1b structures to the PDB using the 
DALI server (Holm and Sander, 1993) 
gives the highest similarity (z-score 10.6 for 
Bmi1, 9.6 for Ring1b) to the U-box protein 
CHIP (Zhang et al, 2005). High similarities 
were also identified for the U-box protein 
AtPub14 (Andersen et al, 2004), and for 
Ring-containing proteins such as the V(D)
J recombination-activating protein Rag1 
(Bellon et al, 1997), the breast and ovarian 
cancer tumour suppressor BRCA1 and its 
partner BARD1 (Brzovic et al, 2001b).

Heterodimer formation
The major part of the heterodimer interface 
between Ring1b and Bmi1 is formed by 
the N-terminal arm of Ring1b (residues 
15–39) that bends away and loops around 
to embrace the Bmi1 Ring-domain, bending 
the C-terminal helix of Bmi1 (residues 85–
103). It seems that this arrangement of the 
C-terminal helix in Bmi1 helps to position 
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Figure 3. The crystal structure of the Ring1b/Bmi1 Ring–Ring complex. (A) Stereo ribbon representation 
of the crystal structure of the Ring1b159/Bmi1109 complex, with Ring1b in orange, Bmi1 in green. The Zn2+-
ions and ligands are shown in grey. Site A is formed by Cys 51, 54, 72 and 75 in Ring1b and by Cys 18, 
21, 39 and 42 in Bmi1. Site B is formed by Cys 67, 87, 90 and His 69 in Ring1b and by Cys 34, 53, 56 and 
His 36 in Bmi1. Transparent segments indicate disordered regions. (B) Both Ring motifs are very similar. 
Superposition of the Ring1b and Bmi1 Ring-domains. A three-residue insertion in the Bmi1 Ring-domain 
is indicated. (C, D) Details of the interface between Ring1b and Bmi1 (C) formed by the embracing arm 
of Ring1b and Bmi1’s Ring-domain and kinked C-terminal helix, with important interactions indicated. 
(D) Close up view of the interface region formed by the helical bundle flanking the Ring-domains. Side 
chains of residues involved in the interaction according to analysis with PISA are shown. Arg 70 in Ring1b 
forms a salt bridge with Asp 72 in Bmi1, which is stabilised by lateral interactions with Phe 106 and Leu 
75. (E) Sequence alignment of Ring-domain proteins in PRC1 with secondary structure indicated. Zn2+ 
binding site I is highlighted in blue and Zn2+ binding site II is highlighted in cyan. The autoubiquitination 
site in Ring1b is marked with a filled triangle. Sequence visible in the structure is underlined.
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the N-terminus of Ring1b. The N- and 
C-terminal flanking regions of the central 
Ring motif (residues 50–103 of Ring1b and 
17–72 of Bmi1) interact with each other and 
form a short four-helix bundle involving only 
1–2 turns. Residues 45–49 and 104–114 of 
Ring1b form short antiparallel helices that 
interact with the two Ring-domain flanking 
helices of Bmi1 formed by residues 9–16 and 
73–84. These interfaces agree with data 
that show that N- and C-terminal regions 
adjacent to the Ring-domains are critical 
for complex formation between RING1A 
(the closely related homologue of Ring1b) 
and BMI1 (Satijn and Otte, 1999). The total 
interface buries 2289 Å2 and is relatively 
hydrophilic. There are 15 salt bridges and 
31 hydrogen bonds in the interface (Figure 
3C and D) and Arg 70 in Ring1b forms a salt 
bridge with Asp 72 in Bmi1. Mutation of the 
equivalent arginine in dRing (R65C) caused 
loss of function in Drosophila (Fritsch et al, 
2003) and abrogated the RING1B (R70C) 
enzymatic activity on H2A (Wang et al, 2004). 
This was interpreted as a loss of enzymatic 
activity, but the structure reveals that Arg 
70 in Ring1b is buried in the dimer interface 
and is most likely critical for the interaction 
with Bmi1 (Figure 3D). This indicates how 
important the Ring1b interaction with Bmi1 
is in vivo.

Comparison to other dimeric Ring–Ring 
or U-box complexes
The heterodimeric arrangement of the 
Ring1b/Bmi1 heterodimer strongly resembles 
the heterodimeric BRCA1/BARD1 complex 
(Brzovic et al, 2001b)(Figure 4A), whereas it 

is very different from the RAG1 dimer (Bellon 
et al, 1997). Alignment of Ring1b/Bmi1 on the 
four-helix bundle of BRCA1/BARD1 reveals 
that the Ring motifs have a very similar 
local arrangement and that the interaction 
is mainly defined by structural elements that 
flank the Ring motifs. However, whereas the 
main BRCA1/BARD1 dimerisation interface 
is formed by a four-helical antiparallel bundle, 
the Ring1b/Bmi1 heterodimer utilises a much 
shorter helical bundle and the embracing 
N-terminal loop of Ring1b to create the main 
interface with Bmi1. Nevertheless, both 
interfaces bury similar solvent-accessible 
surface areas (Brzovic et al, 2001b). In 
BRCA1/BARD1, the heterodimer interface is 
functionally extremely important, as many of 
the BRCA1 point mutations that are linked to 
breast cancer predisposition are found in the 
interface between the helices (Brzovic et al, 
2001a). This correlates well with the positive 
effect that the dimerisation with Bmi1 has on 
the Ring1b activity and with the importance 
of the R65C mutation in dRing.
The heterodimeric Ring–Ring complex of the 
tumour suppressor BRCA1 and BARD1 is 
also an E3 ligase and also monoubiquitinates 
histone H2A (Hashizume et al, 2001; Lorick et 
al, 1999; Mallery et al, 2002), but in contrast 
to the Ring1b/Bmi1 complexes the minimal 
interacting Ring-domains BRCA1 (1–109) 
and BARD1 (26–119) were not active in H2A 
ubiquitination (Mallery et al, 2002) although 
they form a stable complex (Brzovic et 
al, 2001b). Much larger Ring-containing 
fragments of BRCA1 (1–250) and BARD1 
(14–186) were necessary for ubiquitination 
of H2A (Mallery et al, 2002).

Figure 4. Structural comparison 
of Ring1b/Bmi1 with Ring and 
U-box dimers. (A) Superposition 
of Ring1b/Bmi1 onto the fourhelix 
bundle of BRCA1/BARD1 (blue). 
The Zn2+ atoms in Ring1b/ Bmi1 
(grey) and BRCA1/BARD1 
(magenta) are also depicted. (B) 
Superposition of Ring1b/Bmi1 onto 
the U-box domain of the CHIP 
homodimer (blue). The interface in 
these dimers is made by the regions 
that flank the Ring-domains.
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Another difference between these two 
Ring–Ring heterodimers is that the 
polyubiquitination of BRCA1/BARD1 at 
multiple sites of both proteins stimulates the 
ubiquitin E3-ligase activity against H2A more 
than 20-fold (Mallery et al, 2002), whereas 
we do not observe such an activation for 
Ring1b/Bmi1.
The Ring1b/Bmi heterodimer also greatly 
resembles the dimer arrangement in the 
U-box proteins CHIP (Zhang et al, 2005) and 
Atpub14 (Andersen et al, 2004) (Figure 4B). 
In the case of CHIP, the critical interaction 
Arg70/Asp72 is conserved and considered 
important for the homodimerisation. The 
CHIP homodimer has a surprising structure 
because it is intrinsically asymmetric, much 
more so than the heterodimer of BRCA1/
BARD1. The Ring1b/Bmi1 heterodimer 
reflects this type of asymmetry by the 
N-terminal arm of Ring1b that embraces the 
Bmi1 protein.

Role of the N-terminus of Ring1 proteins 
for complex formation and E3-ligase 
activity
In order to study the role of the N-terminal 
arm of Ring1a and Ring1b for E3-ligase 
activity, we used a variant of Ring1a that 
lacks the N-terminus (Ring1a30–111) (Figure 
5A). In contrast to the Ring1a111/Bmi1109 
heterodimer, this N-terminally truncated 
protein cannot be purified as stable complex 
with Bmi1109. A variant of Ring1b that starts 
where the N-terminus becomes visible in 
the structure (Ring1b16–114) still purifies as a 
heterodimer, indicating that the part of the 
N-terminal arm that is visible in the crystal 
structure (15–32 in Ring1b) is crucial and 
sufficient for complex formation of Bmi1 with 
the Ring1 proteins.
Both dimerizing forms, Ring1a111/Bmi1109 
and Ring1b16–114/Bmi1109 heterodimers, are 
equally active as E3 ligases in ubiquitin 
conjugation of histone H2A (Figure 5A), 
whereas Ring1a30–111 or Bmi1 alone is not 
active, indicating that the dimer formation is 
important for the activity of Ring1 proteins. 
Gradual additions of Bmi1 to Ring1a30–111 
restore some activity indicating that weak 
complex formation may be induced and 

that this restores some activity (Figure 5B), 
although not to the level of Ring1a111/Bmi1109 
(Figure 5C).
The importance of this type of dimer 
formation has consequences for Polycomb 
assembly. Several types of interaction are 
possible by Ring1a or Ring1b and Bmi1 or 
Mel18, but they are likely to occur in pairs, 
where the Ring protein embraces the Bmi1 
homologue. As Mel18 does not appear to 
have the activating role of Bmi1 (Cao et al, 
2005), fine tuning the assembly is apparently 
of great physiological significance.

E2/E3 interaction
The presence of the two Ring-domains in 
the heterodimer generates two putative E2 
interaction sites in the Ring–Ring heterodimer 
and we wondered whether both are active. 
We modelled the possible interactions of 
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Figure 5. Role of the N-terminus of Ring1a and 
Ring1b. (A) Assays performed with isolated 
Ring1a30–111 and Bmi1 and complexes of Ring1b/
Bmi1, Ring1b16–114/Bmi1109 and Ring1a111/Bmi1109 
using conditions as described in the legend of 
Figure 1 and Materials and methods; Western 
blot against ubiquitin. (B) Bmi1 was titrated to the 
indicated final concentration into 2 μM Ring1a30–111, 
E1, MgATP, UbcH5c and nucleosomes; Western 
blot against ubiquitin. (C) Titration of Bmi1 to the 
indicated final concentrations into 2 μM Ring1a30–

111 or Ring1a111/Bmi1109, respectively, using the 
same conditions as described in (B); Western blot 
against ubiquitin.



Chapter 2

36

our structure with UbcH5c, based on E2/
E3 complexes of CHIP with UbcH13 (Zhang 
et al, 2005) and Cbl with UbcH7 (Zheng 
et al, 2000)(Figure 6A). This modelling 
shows no clashes between the E2 and the 
Ring1b/Bmi1 complex. The N-terminus of 
Ring1b would show side-chain interactions 
with the E2 on the Bmi1 side, but it would 
not noticeably interfere with E2 interaction. 
However, it is theoretically possible that the 
very N-terminal 15 residues that are absent 
in our structure have an interfering effect on 
the Bmi1/E2 interaction, although we did not 
see a significant increase in activity when we 
remove these residues (Figure 5A).
The interaction sites of Bmi1 or Ring1b with 
the E2 are very similar to those seen in 
the CHIP/UbcH13 interface, with important 
contacts of the Ser-Pro-Ala region in the E2 
interacting with Ile 53 and Pro 88 in Ring1b 
and Leu 20 and Pro 54 in Bmi1. In analogy to 
experiments performed on BRCA1/BARD1 
(Brzovic et al, 2003), a mutation of Ile 53 in 
Ring1b or Leu 20 in Bmi1 would be expected 
to destroy the E2/E3 interface, without 
effecting the folding of the E3 itself. In 
practice, the Ring1b159/Bmi1109 complex with 
an I53A mutation in Ring1b lost almost all 
catalytic activity, but the heterodimer with the 
equivalent L20A mutation in Bmi1 was fully 
active (Figure 6B). We found the same results 
for either UbcH5c or UbcH6, indicating that 
the E2/E3 interaction for monoubiquitination 
of H2A in the Ring1b/Bmi1 complex is located 
in the Ring1b protein. Thus, Bmi1 does not 
recruit an E2 in this interaction but plays 
its role as a stimulator in the ubiquitination 
of H2A and partner in the assembly of the 
PRC1 complex.

Conclusion

Here, we have characterised the ubiquitin 
conjugation activity of the Ring1b/Bmi1 
and Ring1a/Bmi1 heterodimers. We show 
that the E2s that are active in nucleosomal 
histone H2A ubiquitin conjugation do not 
form a stable complex with the Ring–Ring 
complex, whereas E2-25K/Hip2 makes a 
stable complex but shows no catalytic activity 

against this target. We found that Bmi1 can 
promote ubiquitin conjugation by Ring1b in 
vitro and we showed that autoubiquitination 
of this E3 takes place, but does not seem to 
affect target-specific ubiquitination.
Importantly, we found that in vitro there 
is no difference in ubiquitin conjugation 
activity on histone H2A between the long 
constructs and the minimal construct for 
which we determined the crystal structure. 
This implies that not only the E2 interaction 
site but also the H2A recognition site is 
contained within this region. It also implies 
that the multimerisation that we observe in 
the longer forms of the proteins, which form 
heterotetramers, apparently is not important 
for the catalytic rate on H2A. This is in contrast 
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Figure 6. The E2 interaction of Ring1b/Bmi1. (A) 
Model of the E2/ E3 interaction of Ring1b/Bmi1 with 
UbcH5c, based on the crystal structure of the ChIP 
U-box complexed to UbcH13. The Ser-Pro-Ala motif 
important for interaction with the U-box is indicated 
in UbcH5 (cyan). (B) Mutation of E2-interacting 
residues in Ring1b and in Bmi1 only shows effect 
on activity in Ring1b. Ubiquitination assay (Western 
blot against ubiquitin) with Ring1b159/Bmi1109 (wt/
wt), Ring1b159 I53A/Bmi1109 (mt/wt) or Ring1b159/
Bmi1109 L20A (wt/mt), as indicated with UbcH5c 
or UbcH6 as E2. For conditions, see Figure 1 and 
Materials and methods.
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to the initial assembly of the heterodimer 
between Ring1b and Bmi1 Ring-domains. 
In the absence of this heterodimerisation, 
ubiquitin conjugation activity is lost, unless 
homodimers are made by, for example, GST-
Ring1b.
As these proteins function in the cell in the 
context of the larger PRC1 complex, these 
assembly points are of great relevance. 
Regulation of multicomponent systems 
can depend critically on local and temporal 
regulation of the assembly of the system 
involved. Here we show the atomic detail of 
the core enzymatic components of the PRC1 
complex and we establish the effect of the 
Ring1a or Ring1b complexation to Bmi1 for 
catalytic activity in chromatin. It is quite likely 
that the higher order complexation that we 
observe for the longer constructs is equally 
important for the final functioning within the 
Polycomb complex.
Within the PRC1 complex, the Bmi1 protein 
has a unique role that is critical for stem 
cell maintenance and cancer formation. Its 
strong dose-dependent phenotype, where 
overexpression can lead to B- and T-cell 
lymphomas and where partial reduction 
of Bmi1 leads to significant reduction in 
lymphoma formation (Jacobs et al, 1999) 
and brain tumour formation (Bruggeman 
et al, 2005) indicate the importance of 
tight and controlled Bmi1 regulation. In this 
respect, our current observation that Bmi1 
acts as a dose-dependent regulator of the 
E3 ligase Ring1b is of particular relevance. 
The detailed insight in the catalytic function 
and the atomic structure of the Ring1b/Bmi1 
catalytic domains may therefore provide a 
valuable basis for drug design.

Materials and methods

Antibodies, plasmids and enzymes
Mouse monoclonal anti-ubiquitin (Santa 
Cruz Biotechnology), anti-ubiquityl-histone 
H2A (Upstate Biotechnology), anti-Ring1b (H 
Koseki, RIKEN Research Center for Allergy 
and Immunology, Yokohama, Japan), anti-
Bmi1 (Upstate Biotechnology), rabbit polyclonal 
anti-UbcH5 (Boston Biochem) and secondary 
antibodies were obtained from Biorad Laboratories 

and Biosource. Mammalian ubiquitin E1 was 
obtained from Affinity or Boston Biochem. Human 
UbcH5c plasmid was a gift from P Jackson 
(Stanford University School of Medicine) and 
plasmids of human UbcH5b and UbcH6 were a gift 
from B Winkler (Bijvoet Center for Biomolecular 
Research). Purified recombinant ubiquitin, E2-25K 
and Rad6 were generous gifts from WJ van Dijk, P 
Knipscheer and V Notenboom, respectively (The 
Netherlands Cancer Institute). UbcH3, UbcH5a, 
UbcH7 and His-UbcH10 were obtained from 
Boston Biochem. All E2 enzymes were active as 
tested by the ability to form di-ubiquitin.

Protein expression
GST-fusion proteins of Ring1b (residues 1–331), 
full-length Bmi1, UbcH5b, UbcH5c and UbcH6 
were expressed separately from the pGEX6P-1 
vector in E. coli Rosetta (DE3)/pLysS. The Ring1b1-

331/Bmi1 complex was made by copurification. 
Ring1a was expressed in pGEX6P-1 after 
PCR amplification with Ring1a IMAGE clone 
(ID:6315481) as template.
In contrast, the shorter Ring-domain complexes 
were made by coexpression. Ring1b (residues 
1–159 or 1–114 or 16–114) and Bmi1 (1–109) 
or Ring1a (1–111 or 30–111) and Bmi1 (1–109), 
respectively, were coexpressed in E. coli Rosetta 
(DE3)/pLysS from a modified vector pGEX6P (a 
gift from Anna De Antoni) with both genes on a 
single promoter and a glutathione-S-transferase 
(GST) fusion tag on the Ring fragments. Mutants 
of the Ring1b Ring-domain were generated 
using Quick Change Site-Directed Mutagenesis 
(Stratagene) as described by the manufacturer’s 
protocol, and expressed and purified like the wild-
type proteins.

Protein purification
Cells grown to OD600 of 0.8 in LB medium with 50 
μg/ml carbenicillin and 34 μg/ml chloramphenicol 
were induced at 16°C with 0.1 mM isopropyl-1-
thio-β-D-galactopyranoside (IPTG) and cultivated 
for 8–12 h. After homogenizing the cells with 
an EmulsiFlex-C5 (Avestin, Ottawa, CA), the 
suspension was centrifuged at 30.000 x g for 1.5 
h.
GST-Ring1b and GST-Ring1a fragments in 
complex with Bmi1109 were purified on glutathione 
sepharose (Hitrap column, Pharmacia). After 
application of the sample, the column was washed 
extensively with buffer A (50 mM Tris/HCl pH 7.5, 
100 mM NaCl, 1 μM ZnCl2, 2 mM DTT), followed 
by buffer B (50 mM Tris/HCl pH 7.5, 100 mM 
NaCl, 50 mM KCl, 10 mM MgCl2, 1 μM ZnCl2, 2 
mM ATP, 2 mM DTT) and again with buffer A. The 
proteins were eluted with buffer A that contained 
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20 mM glutathione. After overnight cleavage with 
GST-PreScission (Amersham), the proteins were 
further purified by ion exchange chromatography 
(MonoS, pH 7.0). GST and the excess of GST-
Ring1b did not bind to the column. The Ring1b/
Bmi1 complex was eluted with 300–350 mM 
NaCl and was further purified by gel-filtration 
chromatography (Superdex 75, Pharmacia) with 
buffer A, which resulted in the Ring1b constructs 
(residues 1–159 or 1–114 or 16–114) and Ring1a 
construct (residues 1–111) that contain six 
additional amino acids (Gly, Pro, Leu, Gly, Ser, 
His) at the N-terminus. Fractions containing the 
complex were pooled and concentrated to 7 mg/
ml. We obtained about 0.1 mg of complex per 
gram of cells.
GST-fusion proteins of Ring1b (1–331), Ring1a 
(30–111), full-length Bmi1, UbcH5c, UbcH5b 
and UbcH6 were also loaded on glutathione 
sepharose and washed with buffer A, buffer B 
and again with buffer A. After cleavage with GST-
PreScission overnight on the column, UbcH5b, 
UbcH5c and UbcH6 were eluted with buffer A. 
The proteins were further purified by gel-filtration 
chromatography (Superdex 75, Pharmacia). GST-
Ring1b and GST-Bmi1 were eluted with buffer 
A that contained 20 mM glutathione. Solutions 
were combined and after cleavage with GST-
PreScission (Amersham) overnight, the Ring1b1–

331/Bmi1 complex was further purified as described 
for the Ring–Ring complexes of Ring1b and Bmi1. 
For size exclusion chromatography, a Superdex 
200 gel-filtration column (Pharmacia) with running 
buffer A was used.

Nucleosome preparation
Nucleosomes were prepared from HEK293 cells, 
digested with micrococcal nuclease, according to 
Hernandez-Munoz et. al. (Hernandez-Munoz et 
al, 2005). The quality of the purified nucleosomes 
was analysed by gel electrophoresis.

Size and mass determination
MALLS experiments were performed at 4°C on 
a Mini-Dawn light scattering detector (Wyatt 
Technology) online with a Superdex S200 10/30 
column using buffer A. Refractive index and light 
scattering detectors were calibrated using BSA 
(Sigma). Gel-filtration columns were calibrated 
with Pharmacia marker sets. Analytical gel 
filtration was carried out on a Smart® System 
(Pharmacia Biotech). A Superdex™ 200 PC 
3.2/30 column was equilibrated with buffer A. For 
analysing complex formation between E2s and 
the Ring1b159/Bmi1109 E3, 50 μl solutions with two-
fold molar excess of the E2 protein were used. 
Fractions (50 μl) were collected and analysed by 

SDS–PAGE. Mass spectrometry was performed 
according to Pichler et. al. (Pichler et al, 2005).

In vitro ubiquitin ligase assay
Ligase activity was measured by assaying 
ubiquitination of histone H2A and by ubiquitin 
chain formation. Reactions were carried out by 
incubating human E1 (28 nM), human UbcH5c 
(E2, 1.5 μM), GST-Ring1b, Ring1a or Ring1b/Bmi 
complex (E3, 2.0 μM monomer), ubiquitin (22 μM), 
ATP (3 mM) and 18 μg nucleosomes (H2A final 
concentration: 4.8 μM) in buffer C (50 mM Tris/
HCl (pH 7.5), 100 mM NaCl, 10 mM MgCl2, 1 μM 
ZnCl2, 1 mM DTT) at 30°C for 1 h. The reactions 
were stopped by addition of LDS sample buffer 
(NuPAGE®, Invitrogen). Positive controls were 
enriched histones from acid-lysed 293 cells. 
Reaction products were separated by NuPAGE® 
in 4–12% Bis–Tris precast gels (Invitrogen), 
transferred to nitrocellulose membrane and 
probed with an anti-ubiquitin antibody (Santa 
Cruz) unless otherwise indicated and developed 
by chemiluminescence with ECL (Amersham). 
Signals were detected with a Fujifilm LAS-3000 
Imager (FUJIFILM Medical Systems).

Crystallisation
Crystals were grown at room temperature by 
vapour diffusion from sitting nano-drops, formed 
by equal volumes (100+100 nl) of protein (7 mg/
ml) and crystallisation buffer (10% PEG 3350, 
0.1 M NaI, 0.05 M Bis–Tris-propane pH 7.5), 
suspended over a reservoir of 75 μl, as described 
by Newman et. al. (Newman et al, 2005). Small 
crystalline needles (average size 100 x 10 x 5 μm3) 
appeared after 7–9 days. Crystals were optimised 
in hanging drops (1+1 μl) with macroseeding 
protocols and reached a typical size of 600 x 
30 x 20 μm3. Crystallisation only occurred after 
C-terminal degradation of Ring1b. Crystals 
belong to the hexagonal space group P63 with cell 
dimensions a=b=120 Å, c=27 Å, α=β=90°, γ=120° 
and contain one Ring1b/Bmi1 Ring–Ring complex 
in the asymmetric unit with a solvent content of 
48%.

Data collection
Crystals were transferred to stabilisation buffer 
(15% PEG 3350, 0.1 M NaI, 0.05 M Bis–Tris-
propane, pH 7.5) containing 20% (v/v) glycerol 
as a cryoprotectant. A vitrified crystal diffracted 
X-rays to 3.0 Å resolution in our home rotating 
anode CuKα source with Montel mirrors (Bruker), 
and a full data set was collected. Data from 
two additional crystals were collected at ESRF 
beamline ID14-EH1 to 2.5 and 2.0 Å resolution, 
respectively. Intensities were integrated with 
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Mosflm (Leslie, 1991) and scaled with Scala 
(CCP4, 1994) (see Supplementary Table 1).

Structure determination and refinement
The two synchrotron data sets were collected at 
the fixed wavelength ID14-EH1 beamline (0.934 
Å), where Zn2+ has a weak anomalous signal 
(2.3 e-). That signal was sufficient to give good 
quality anomalous data that allowed SHELXD 
(Schneider and Sheldrick, 2002) to locate five 
atoms in a straightforward manner, in each 
synchrotron data set independently. As only four 
Zn2+ ions were expected, the lowest occupancy 
site was assigned as an I- (originating from the 
NaI in the crystallisation solution), which displays 
2.94 anomalous e- at this wavelength. No sites 
were detectable in the rotating anode data set, 
despite an expected signal of 0.69 and 6.9 e- 
from Zn2+ and I-, respectively. The rotating anode 
data set was included in phasing for its useful 
dispersive differences when combined with the 
synchrotron data, which contributed 1.51 and 0.24 
e- for Zn2+ and I- respectively. Phase probability 
distributions using these three data sets and the 
five heavy atom sites were calculated with the 
SHARP program (de la Fortelle and Bricogne, 
1997). Solvent flattening was performed with 
SOLOMON (Abrahams and Leslie, 1996) and 
DM (CCP4, 1994) as implemented in SHARP. 
The quality of the derived phases allowed most of 
the Ring1b/Bmi1 model (residues 7–101 in chain 
A, residues 16–37 and 46–108 in chain B) to be 
automatically built with ARP/wARP (Perrakis et 
al, 1999) and to be manually completed (residues 
6–103 in chain A and residues 15–114 in chain B, 
173 waters molecules, four Zn2+ and two I- atoms) 
using O (Jones et al, 1991) and COOT (Emsley 
and Cowtan, 2004). Refinement was carried out 
with REFMAC (Murshudov et al, 1999). Inspection 
of the model with PROCHECK did not show any 
unfavourable geometries. Interface analysis was 
performed with PISA at the EBI website (Krissinel 
and Henrick, 2005). Structure figures were 
generated using PyMOL (http://www.pymol.org/).

Supplementary data
Supplementary data are available at the end of 
this chapter and at The EMBO Journal Online.
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Supplementary figures

Supplementary Figure 1. E3 enzymes and 
nucleosomes. (A) 5 μg of each protein was loaded 
on an SDS gel and stained with Coomassie-
blue. (B) 1.5 μl nucleosomes (lane1) and 3.0 μl 
nucleosomes (lane 2) corresponds to 0.6 and 1.2 
μg histone H2A.

Supplementary Figure 2. Autoubiquitination of Ring1b/Bmi1. (A) Western blots against 
Bmi1 and Ring1b, to indicate autoubiquitination. Ring1b/Bmi1 was incubated in presence of 
human E1, UbcH5, UbcH6 and nucleosomes as indicated. Ubiquitinated Ring1b and Bmi1 are 
shown. Dots indicate unidentified impurities. (B) K112R Ring1b159/Bmi1109 is as active in target 
ubiquitination as the wild type complex. Either mutated or wild type Ring1b159/Bmi1109 were 
incubated in presence of human E1 and UbcH5c or UbcH6. Western blot against ubiquitin. 
Ubiquitinated Ring1b and ubiquitinated histone H2A are indicated.
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Introduction

Induction of facultative heterochromatin is 
a tightly regulated process in which specific 
loci are packaged into heterochromatin in a 
manner that depends on cell type. The best 
known example is the condensation and 
inactivation of one of the X chromosomes in 
cells of female mammals. 
Initiation of X inactivation occurs during 
early embryonic development, when the 
noncoding RNA Xist (X-inactive-specific 
transcript) coats the inactive X chromosome 
and the initial cis-spread triggers a stepwise 
series of alterations in chromatin structure 

that culminate in formation of facultative 
heterochromatin. 
The stably inactivated X chromosome (Xi) 
bears several hallmarks of constitutive 
heterochromatin, such as delayed replication 
kinetics (Priest et al, 1967), histone 
hypoacetylation (Okamoto et al, 2004), and 
DNA hypermethylation (Mohandas et al, 
1981). Moreover, Xi chromatin is enriched 
in the variant histone MacroH2A (Costanzi 
and Pehrson, 1998). Hence, X chromosome 
inactivation involves multiple interdependent 
layers of epigenetic repression (Brockdorff, 
2002; Csankovszki et al, 2001; Heard, 2004; 
Plath et al, 2002). 
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X inactivation involves the stable silencing of one of the two X chromosomes in XX 
female mammals. Initiation of this process occurs during early development and 
involves Xist (X-inactive-specific transcript) RNA coating and the recruitment of 
Polycomb repressive complex (PRC) 2 and PRC1 proteins. This recruitment results 
in an inactive state that is initially labile but is further locked in by epigenetic marks 
such as DNA methylation, histone hypoacetylation, and MACROH2A deposition. 
Here, we report that the E3 ubiquitin ligase consisting of SPOP and CULLIN3 is able to 
ubiquitinate the Polycomb group protein BMI1 and the variant histone MACROH2A. We 
find that in addition to MACROH2A, PRC1 is recruited to the inactivated X chromosome 
in somatic cells in a highly dynamic, cell cycle-regulated manner. Importantly, RNAi-
mediated knock-down of CULLIN3 or SPOP results in loss of MACROH2A1 from the 
inactivated X chromosome (Xi), leading to reactivation of the Xi in the presence of 
inhibitors of DNA methylation and histone deacetylation. Likewise, Xi reactivation 
is also seen on MacroH2A1 RNAi under these conditions. Hence, we propose that 
the PRC1 complex is involved in the maintenance of X chromosome inactivation in 
somatic cells. We further demonstrate that MACROH2A1 deposition is regulated by 
the CULLIN3/SPOP ligase complex and is actively involved in stable X inactivation, 
likely through the formation of an additional layer of epigenetic silencing.
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Polycomb group (PcG) proteins are epigenetic 
gene regulators acting in large multimeric 
protein modules. Biochemically, PcG proteins 
separate into two distinct complexes. In 
human cells, the initiation core complex 
[Polycomb repressive complex (PRC) 2] 
contains EZH2, EED, and SUZ12, and the 
maintenance core complex (PRC1) consists 
of BMI1, RNF2/RING1B, EDR1/HPH1, and 
CBX4/HPC2, among other mammalian 
homologues of the Drosophila proteins 
Posterior sex combs, dRing1, Polyhomeotic, 
and Polycomb. PcG complexes interact with 
chromatin at target genes to impose gene 
repression, which is thought to be mediated 
through deacetylation, methylation, and 
ubiquitination of canonical core histones (de 
Napoles et al, 2004; Francis and Kingston, 
2001; Lund and van Lohuizen, 2004; Orlando, 
2003; Wang et al, 2004). 
The role of PcG proteins in the initiation of 
X chromosome inactivation has started 
to be unveiled. One of the earliest Xist 
RNA-dependent events is the recruitment 
of PRC2, which methylates lysine 27 of 
histone H3 (Cao et al, 2002; Czermin et al, 
2002; Kuzmichev et al, 2002; Muller et al, 
2002). This signal is likely recognized by 
the Rnf2/Ring1b, Rnf110/Mel18, and Phc2/
Mph2 PRC1-containing complex, and Rnf2/
Ring1b, in turn, monoubiquitinates H2A both 
in embryonic and extraembryonic stem cells 
(de Napoles et al, 2004; Fang et al, 2004; 
Wang et al, 2004). 
The PRC1 protein Bmi1 was originally 
identified as an oncogenic collaborator with 
Myc (van Lohuizen et al, 1991), a function 
in part mediated through repression of the 
Cdkn2a tumor suppressor locus (Jacobs 
et al, 1999b; Jacobs et al, 1999a). Bmi1-
deficient mice display homeotic skeletal 
transformations typical for PcG mutations 
(van der Lugt et al, 1994) and have severe 
defects in stem cell maintenance in both 
hematopoietic (Lessard and Sauvageau, 
2003; Park et al, 2003) and neuronal tissues 
(Leung et al, 2004; Molofsky et al, 2003). 
To better understand BMI1 functions, we 
performed yeast two-hybrid screens using 
BMI1 as a bait and found SPOP as an 
interacting protein. Here, we describe an 

E3 ubiquitin ligase consisting of SPOP and 
CULLIN3 that is able to ubiquitinate the 
PcG protein BMI1 and the variant histone 
MACROH2A1. We also report that the PRC1 
proteins BMI1, RNF2/RING1B, and CBX4/
HPC2 are recruited to the Xi in a cell cycle-
dependent manner. Importantly, functional 
analysis revealed that SPOP and CULLIN3 
are required for MACROH2A1 deposition at 
the Xi and, together with MACROH2A1, for 
the maintenance of stable X chromosome 
inactivation. 

Results and Discussion

To identify proteins interacting with BMI1, we 
performed two-hybrid screens with full-length 
BMI1 as bait. Among several previously 
described interacting proteins (Alkema et al, 
1997), a clone containing full-length speckle-
type POZ protein, SPOP (Nagai et al, 1997), 
was identified (data not shown). The SPOP 
protein encodes an N-terminal MATH domain 
and a C-terminal BTB/POZ domain, the latter 
of which was recently shown to interact with 
CULLIN3 (Furukawa et al, 2003). CULLIN3 
together with ROC1 constitute distinct 
ubiquitin E3 ligases with individual BTB 
proteins that potentially target ubiquitination 
of many substrate proteins (Furukawa et al, 
2003; Pintard et al, 2003; Xu et al, 2003). 
Coimmunoprecipitation experiments using 
epitope-tagged expression constructs 
verified the interaction between BMI1 and 
SPOP and identified the domains involved 
(Fig. 1 a and b). Full-length SPOP, as well 
as an N-terminal part including the MATH 
domain, was found to interact with BMI1, 
whereas BMI1 uses both its central and 
C-terminal parts to bind to SPOP (Fig. 1c). 
Immunostainings of endogenous SPOP 
in HeLa cells demonstrates that SPOP is 
predominantly nuclear, with few prominent 
spots in each nucleus (Fig. 1d). Costainings 
show that BMI1 in these cells distributes into 
a fine-speckled nuclear pattern, partially 
overlapping with SPOP (Fig. 1d). 
To investigate whether BMI1 can form 
a complex with SPOP and CULLIN3 in 
vivo, we reconstituted the complex in 
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293HEK cells. We find that BMI1 readily 
immunoprecipitates both hemagglutinin 
(HA)-SPOP and CULLIN3, and, conversely, 
CULLIN3 immunoprecipitates BMI1 (Fig. 
2a). Complex formation depends on the 
presence of SPOP, in accordance with BMI1 
binding to the MATH domain of SPOP (Fig. 
1b) and previously published data showing 
SPOP–CULLIN interaction by means of 
the BTB/POZ domain of SPOP (Furukawa 
et al, 2003). The variant histone protein 
MACROH2A1 has recently been reported 
to interact with the MATH domain of SPOP 
in GST pull-down assays (Takahashi et al, 
2002). Using coimmunoprecipitation from 
transiently transfected 293HEK cells, we 
verified and extended this observation 
to show that MACROH2A1 also forms a 
complex with CULLIN3 and SPOP (Fig. 2b). 

We next analyzed whether the assembled 
protein complexes constitute active E3 ligases 
for ubiquitin. Upon immunoprecipitations 
of BMI1 (Fig. 2c) or MACROH2A1 (Fig. 2d) 
from stringent cell lysates, ubiquitination 
of both proteins was readily detected, 
whereas PCNA remained unmodified under 
the same conditions (Fig. 5a, which can 
be found at the end of this chapter and is 
available as supporting information online 
at the PNAS web site), indicating specificity. 
Importantly, for both BMI1 and MACROH2A1, 
ubiquitination depends on expression of 
both CULLIN3 and SPOP. Because we 
were not able to coimmunoprecipitate BMI1 
and MACROH2A1, the data suggest that 
these proteins likely reside in independent 
CULLIN3/SPOP complexes or only interact 
transiently (data not shown). Hence, 

Fig. 1. BMI1 interacts 
with SPOP. (a) (Upper) 
C o i m m u n o p r e c i p i t a t i o n s 
of HA-tagged BMI1 mutant 
proteins with full-length FLAG-
tagged SPOP. Lanes are as 
follows: 1, full-length BMI1; 
2, BMI11-227; 3, BMI157-324; 
4, BMI1131-227; 5, ring finger-
mutated BMI1C-C; 6, BMI1103-

324; 7, BMI11-103; 8, BMI1212-324. 
(Lower) Immunoprecipitation 
of HA-BMI1 and Western blot 
confirming BMI1 expression. 
Lanes are as in Upper. (b) (Upper) 
Coimmunoprecipitations of 
full-length HA-tagged BMI1 
with mutant FLAG-tagged 
SPOP proteins. Lanes are as 
follows: 1, full-length SPOP; 2, 
SPOPMATH; 3, SPOPBTB. (Lower) 
Western blot confirming SPOP 
expression. Lanes are as in 
Upper. (c) Outline of BMI1 and 
SPOP mutant proteins and 
indication of binding capacity. 
(d) Localization of endogenous 
SPOP (red) and BMI1 
(green) and SPOP and BMI1 
immunofluorescence overlay 
(Right).



Chapter 3

50

we conclude that SPOP functions as a 
substrate-specific adaptor protein capable 
of tethering BMI1 and MACROH2A1 to 
CULLIN3, resulting in ubiquitination of BMI1 
and MACROH2A1. Because ubiquitination 
appears to be a prerequisite for proteasomal 
degradation of many proteins, we analyzed 
the effect of RNAi-mediated knock-down of 
CULLIN3 or SPOP (Fig. 5b) on the overall 
levels of BMI1 and MACROH2A1 in the 
293HEK cell line. No significant changes in 

protein stability were observed, suggesting 
that ubiquitination serves regulatory 
functions other than protein degradation of 
BMI1 and MACROH2A1 (Fig. 5b). 
We next analyzed the ubiquitination status 
of nucleosome-associated MACROH2A1, 
focusing on endogenous MACROH2A1 
from nucleosomes purified from 293HEK 
cells or on MACROH2A1-GFP fusion protein 
from nucleosomes of a 293HEK cell line 
with stable and moderate overexpression 

Fig. 2. BMI1 and MACROH2A1 interact with and are ubiquitinated by the CULLIN3 and SPOP 
ligase complex. (a) Complex formation among BMI1, SPOP, and CULLIN3 was determined by 
coimmunoprecipitations from whole-cell lysates followed by Western blot analyses using the indicated 
antibodies. (b) As for BMI1, complex formation among MACROH2A1, SPOP, and CULLIN3 was 
determined by coimmunoprecipitations and analyzed by Western blot analyses using the indicated 
antibodies. (c and d) Complex formation of CULLIN3, SPOP, and either BMI1 or MACROH2A1 
results in E3 ubiquitin ligase activity. Immunoprecipitations from transiently transfected 293HEK cells 
using the indicated antibodies are shown. Equal expression of all transfected constructs was verified 
(not shown). Arrows indicate bands representing the Ig heavy chain (hc) and monoubiquitinated 
MACROH2A1. (e) Analyses of nucleosomeassociated MACROH2A1 from native 293HEK cells and 
from a clone overexpressing MACROH2A1-GFP (indicated above the blot). The cells were analyzed for 
nucleosome-associated MACROH2A1, MACROH2A1-GFP, and ubiquitin by using immunoblotting. To 
verify the presence of monoubiquitinated MACROH2A1, lysates from cells expressing MACROH2A1-
GFP were immunoprecipitated by using an anti-GFP antibody and subsequently blotted for ubiquitin. 
Ubiquitinated proteins are marked with black dots. ( f) In vitro ubiquitination of BMI1 by CULLIN3/
SPOP_ROC1. E3 ligase complex was obtained by transfection of 293 cells with FLAG-CULLIN3, HA-
SPOP, and Myc- ROC1 expression vectors and immunoprecipitation with anti-FLAG antibody (see 
Materials and Methods). Purified BMI1 was incubated with or without E1, E2, the immunoprecipitated 
E3 ligase complex, and ubiquitin, and samples were resolved on SDS/PAGE. Immunoprecipitation 
with nontransfected 293 cells is indicated with -. Black dots indicate the number of ubiquitin molecules 
ligated to the BMI1 protein. BMI1 protein degradation products are indicated with asterisks.
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of the MACROH2A1-GFP transgene. The 
nucleosomal preparations were analyzed by 
immunoprecipitation and Western blotting 
for MACROH2A1, GFP, and ubiquitin. 
Endogenous MACROH2A1, as well as the 
MACROH2A1-GFP fusion protein, were 
found to be ubiquitinated and migrate mostly 
at the size of a monoubiquitinated protein 
species. In addition, polyubiquitination of 
MACROH2A1-GFP fusion protein from the 
nucleosome fraction could also be detected 
(Fig. 2e). At present, we cannot discriminate 
the main role in vivo of the polyubiquitinated 
or monoubiquitinated MACROH2A1, because 
both modifications can be detected (Fig. 
2 d and e and ref. (Chadwick and Willard, 
2002)). 
Polyubiquitination of endogenous BMI1 
could not be detected, suggesting that only 
a small amount of the protein undergoes 
this modification. To confirm direct BMI1 
ubiquitination by the CULLIN3/SPOP E3 
ligase, we performed an in vitro ubiquitination 
assay. As Fig. 2f shows, BMI1 was readily 
ubiquitinated in vitro by this E3 ligase, 
indicating that BMI1 is a bona fide target of 
the CULLIN3/SPOP/ROC1 complex. 
Because both MACROH2A1 and BMI1 are 
processed by the same CULLIN3/SPOP-
dependent ubiquitination mechanism, we 
analyzed whether the proteins colocalize 
in somatic cells. In the osteosarcoma cell 
line U2-OS, PcG proteins have been found 
to associate predominantly in large protein 
aggregates (Polycomb bodies) coinciding 
with amplified regions of α-satellite repeat 
DNA (Saurin et al, 1998; Voncken et al, 1999). 
In these cells, MACROH2A1 distributes in a 
fine-grained pattern throughout the nucleus, 
but, in addition, is found to be strongly 
associated with the Polycomb bodies (Fig. 
3a). Because the large Polycomb bodies are 
most often seen in tumor cell lines, we also 
analyzed the distribution pattern of BMI1 
and MACROH2A1 in early passage female 
IMR90 primary human lung fibroblasts. 
In IMR90 cells, BMI1 localizes to a small-
speckled pattern with few bright spots (Fig. 
3b), whereas staining for MACROH2A1 
reveals the well-characterized pattern of Xi 
enrichment. Intriguingly, we find that BMI1 

can also be detected as small foci at the 
Xi decorated with MACROH2A1 in a small 
subset of cells (<1%) (Fig. 3b). 
Next, we used the 293HEK cell line, which 
contains a single active X chromosome and a 
variable number of inactive X chromosomes 
(one to four copies in different cells) (Chadwick 
and Willard, 2001). Immunostainings 
performed in unsynchronized 293HEK cells 
clearly revealed that MACROH2A1 shows 
a pattern consistent with enrichment on the 
inactive X chromosomes in 52.6 ± 6.9% of the 
293HEK cells (Fig. 3c). In this cell line, BMI1 
staining also reveals discrete perinuclear 
structures in 7.6 ± 3.4% of the cells. Notably, 
colocalization of MACROH2A1 and BMI1 
was clearly observed in 5.3 ± 1.7% of the 
cells (Fig. 3c). 
To investigate whether additional PRC1 
members associate to the Xi, we carried out 
stainings for RNF2/RING1B and CBX4/HPC2 
on asynchronous 293HEK cell cultures. 
Similar to BMI1, RNF2/RING1B and CBX4/
HPC2 could also be identified on the Xi (Fig. 
3d and data not shown), indicating a more 
general role for the PRC1/PcG complex 
rather than a function unique to BMI1. Double 
staining for BMI1 and RNF2/RING1B revealed 
that these two proteins colocalize at the Xi in 
the same subset of cells, suggesting that they 
are recruited together at the same Xi (Fig. 
3e). Combined RNA FISH for the XIST RNA 
with immunological detection of BMI1 (Fig. 
3f) or RNF2/RING1B (Fig. 3g) in 293HEK 
cells and for the Xist RNA and Rnf2/Ring1b 
in mouse embryo fibroblasts confirmed the 
Xi association (Fig. 3h). CULLIN3 staining 
revealed general localization throughout the 
nucleoplasm, without specific enrichment at 
the Xi (data not shown). 
MACROH2A deposition into the Xi is 
influenced by the cell cycle and is most 
prominent during S-phase (Chadwick 
and Willard, 2002). Because PRC1 and 
MACROH2A1 colocalization was observed 
in only a subset of 293HEK cells, we first 
analyzed RNF2/RING1B and CBX4/HPC2 
distribution in S-phase. Based on the 
S-phase staining pattern defined by the 
BrdUrd incorporation (Chadwick and Willard, 
2002; Fuss and Linn, 2002; O’Keefe et al, 
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Fig. 3. PRC1 nuclear localization in female somatic cell lines. (a–h) Immunofluorescences with the 
indicated antibodies were performed on U2-OS (a), IMR90 (b), and 293 (c–e) cells. Combined Xist FISH 
and immunofluorescences of 293 cells ( f and g) and mouse embryonic female fibroblasts (h). For a and 
h, colocalization was analyzed by sequential scanning confocal microscopy; for b–g, epifluorescence 
microscopy was used. (i) PRC1 localization at the Xi is cell cycle-dependent. Asynchronously growing 
293 cells were treated with BrdUrd for 1h. Then, cells were fixed and stained with antibodies against 
CBX4/HPC2, RNF2/RING1B, or MACROH2A1 and BrdUrd and with DAPI (see Material and Methods). 
Based on the staining of the incorporated BrdUrd into the nascent DNA, different stages of S-phase 
were established. The patterns of distribution of replication sites are shown in Upper. More than 200 
cells were scored for CBX4/HPC2, RNF2/RING1B, or MACROH2A1 at the Xi and classified into these 
different stages of the S-phase. (j) 293HEK cells were synchronized in S-phase with thymidine, labeled 
with BrdUrd for 15 min, and released from the blockade for the indicated times. Cells were then fixed 
and stained with anti-BrdUrd antibody and propidium iodide. Cell cycle profile and BrdUrd incorporation 
were analyzed by flow cytometry. In parallel, cells growing on glass slides underwent the same thymidine 
treatment. Then, cells were fixed and immunostained. More than 350 cells were scored for the presence 
of BMI1, RNF2/RING1B, or MACROH2A1 bodies at the Xi.
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1992), we observed that RNF2/RING1B and 
CBX4/HPC2 locate to the Xi chromosomes 
primarily in early and mid S-phase. Because 
MACROH2A1 staining of the Xi can be 
detected during late G1 and early and mid 
S-phase, the recruitment of PRC1 to the 
Xi seems to follow slightly behind that of 
MACROH2A1 (Fig. 3i and ref. (Chadwick 
and Willard, 2002)). Similar kinetics for the 
recruitment of BMI1, RNF2/RING1B, and 
MACROH2A1 to the Xi were obtained with 
cells synchronized in early S-phase by a 
double thymidine block and subsequently 
released from the blockade (Fig. 3j). 
We next investigated whether BMI1 
recruitment to the Xi occurs late in development 
and so is restricted to differentiated somatic 
cells or whether, by contrast, BMI1 is also 
involved in early stages of X inactivation. By 
using trophoblast stem cells and a mouse 
XY embryonic stem cell line in which the 
endogenous Xist gene is under the control of 
a tetracycline-inducible promoter, we could 
observe that Bmi1 was also allocated to the 
Xi after Ezh2 recruitment (Fig. 6, which can 
be found at the end of this chapter and is 
available as supporting information online at 
the PNAS web site). Recent reports indicate 
that a subset of PRC1 proteins (Rnf2/
Ring1B, Rnf110/Mel18, and Phc2/Mph2) 
are transiently enriched on the Xi in early 
development (de Napoles et al, 2004; Fang 
et al, 2004). Our work supports and extends 
these results with the observed dynamic 
recruitment of Bmi1, RNF2/RING1B, and 
CBX4/HPC2 to the inactive Xi in somatic 
cells, further highlighting the potential role of 
PRC1 in X chromosome inactivation. 
To explore a mechanistic link between the 
CULLIN3/SPOP ubiquitin ligase complex 
and the Xi localization of MACROH2A1, RNAi 
expression vectors targeting CULLIN3 and 
SPOP were used (Fig. 5b). In 293HEK cells 
transfected with a control RNAi vector directed 
against GFP, staining for MACROH2A1 
clearly reveals the Xi chromosomes in 44.5 ± 
3.5% of the cells (Fig. 4a). Importantly, RNAi-
mediated knock-down of CULLIN3 abolished 
correct localization of MACROH2A1 to the 
Xi, with residual Xi staining visible in only 
11.2 ± 2.0% of the cells. Likewise, in cells 

containing a SPOP RNAi, only 10.4 ± 1.9% 
of the cells had a noticeable MACROH2A1 
staining at the Xi (Fig. 4a). Previous studies 
showed that Macroh2a1 deposition to Xi 
requires Xist RNA (Csankovszki et al, 1999). 
To rule out any effect on XIST localization, 
combined RNA FISH and immunodetection 
of MACROH2A1 were performed and 
indicate that XIST coating of the Xi is not 
affected in cells with CULLIN3 or SPOP 
knock-down (Fig. 7, which can be found at 
the end of this chapter and is available as 
supporting information online at the PNAS 
web site). In contrast to the CULLIN3 and 
SPOP RNAi effects, BMI1 RNAi did not 
lead to major changes in MACROH2A1 
localization (Fig. 4a). Notably, no changes 
in the overall levels of MACROH2A1 or 
BMI1 could be detected, excluding gross 
effects on protein stabilization (Fig. 5b). 
Because CULLIN3 reportedly is involved 
in the regulation of a number of proteins, 
among them DNA topoisomerase I (Zhang 
et al, 2004) and cyclin E (Singer et al, 1999), 
CULLIN3 knock-down could have pleiotropic 
effects and potentially cause cell-cycle 
arrest. To rule out that the delocalization of 
MACROH2A1 that we observe in CULLIN3 
knock-down cells is due to aberrant cell-
cycle arrest in specific stages of the cycle 
lacking MACROH2A enrichment at the Xi, 
the cell-cycle profile of 293HEK cells treated 
with RNAi vectors against GFP and CULLIN3 
was analyzed by using FACS analysis. We 
did not observe major cell-cycle deviances 
as a result of RNAi treatment 3 days after 
the transient transfections (Fig. 8a, which 
can be found at the end of this chapter and 
is available as supporting information online 
at the PNAS web site). We conclude that 
both CULLIN3 and SPOP are required for 
correct localization of MACROH2A1 to the 
Xi, and the data thus strongly suggest that 
ubiquitination events are involved in specific 
MACROH2A1 localization, although we 
currently cannot discriminate whether this 
effect is direct or indirect. 
To investigate the functional significance 
of the CULLIN3/SPOP E3 ubiquitin ligase 
complex in X chromosome inactivation, we 
made use of a female mouse fibroblast cell 
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line, uXGFP, harboring a silent GFP reporter 
integrated on the Xi. Similar cells have 
previously been used to study the synergism 
of Xist RNA, DNA methylation, and histone 
acetylation in maintaining X chromosome 
inactivation (Csankovszki et al, 2001) and 
to analyze the involvement of BRCA1 in Xist 
localization to the Xi (Ganesan et al, 2002). 
uXGFP cells were transduced with retroviral 
vectors carrying RNAi cassettes targeting 
Cullin3, Spop, and MacroH2A1 along with 
a puromycin marker gene. After puromycin 
selection, the cells were split into two 
populations, one of which was treated with 
the demethylating agent 5-Aza-dC for 4 days, 
followed by a 24 h treatment with the histone 
deacetylase inhibitor TSA. Reactivation of 
the silent GFP was subsequently quantified 
by using FACS analysis. Mock-transduced 
uXGFP cells have a low spontaneous rate 
of Xi reactivation, which can be only slightly 
increased (1%) by treating the cells with 
5-Aza-dC in combination with TSA (Fig. 4b 
and ref. (Csankovszki et al, 2001)). Similarly, 
no significant reactivation could be detected 
in cells in which Macroh2a1 has been stably 
suppressed by using the RNAi vector alone. 
However, when the same culture was treated 

with both 5-Aza-dC and TSA, a prominent 
reactivation of the X chromosome in 5.6% of 
the cells could be detected. This result is in 
line with the previously reported prominent 
synergism between loss of Xist and 5-Aza-
dC in X reactivation (Csankovszki et al, 
2001) and suggests that loss of Macroh2a1 
upon Xist deletion mediates this reactivation. 
It further provides direct evidence that 
Macroh2a1 acts as an additional epigenetic 
silencing mechanism acting on top of 
DNA methylation and posttranslational 
modification of canonical histones (Fig. 
4b). Notably, in the presence of 5-Aza-
dC and TSA, RNAi-mediated knock-down 
of CULLIN3 and SPOP also results in Xi 
reactivation in a significant proportion (4.5% 
and 4.1%, respectively) of the analyzed cells 
(Fig. 4b). To nullify the possibility that off-
target effects of the RNAis were responsible 
for the observed Xi reactivation, additional 
RNAi cassettes were analyzed and found to 
have similar effects (Fig. 8 b and c). 
Although it is formally possible that the 
GFP transgene may be subject not only 
to Xist RNA-mediated silencing but also 
in some degree to other heterochromatic 
silencing mechanisms, which may explain 

Fig. 4. MACROH2A1 localization and X chromosome inactivation. (a) MACROH2A1 localization in the 
293 cell line under different conditions. Cells were transfected with the indicated RNAi vectors, selected 
with puromycin, and fixed 3 days after transfection. The distribution of MACROH2A1 was analyzed by 
immunofluorescence and epifluorescence microscopy. (b) Reactivation of GFP in SV-40 T antigen-
transformed mouse embryonic fibroblasts with the X-inactivated GFP transgene. The fibroblasts were 
transduced with different RNAis, selected with puromycin, and allowed to recover. After treatment of the 
cells with 5-azadC for 4 days and with TSA for 1 day, GFP-positive cells were detected by flow cytometry. 
(Top and Middle) Representative experiment of the GFP reactivation. (Bottom) Results obtained from 
more than six independent experiments were statistically analyzed with Student’s t test.
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the moderate percentage of reactivation 
observed (Csankovszki et al, 2001), this model 
has been used in other studies and proved to 
be a reliable tool to analyze X chromosome 
silencing mechanisms (Csankovszki et al, 
2001; Ganesan et al, 2002). 
The GFP reactivation data are in accordance 
with the disappearance of Xi-associated 
MACROH2A1 in 293HEK cells transfected 
with the RNAi constructs against CULLIN3 
and SPOP (Fig. 4a) and point to a pivotal 
role for the CULLIN3/SPOP ubiquitin ligase 
complex in allocating MACROH2A1 to the 
Xi. Importantly, this study suggests that 
MACROH2A1 deposition at the Xi is not a 
mere consequence or correlate of silencing; 
instead, it points to direct functions of 
MACROH2A1 in stable X chromosome 
inactivation. Finally, it will be interesting 
to know whether MACROH2A2, another 
member of the MACROH2A core histone 
family with similar, although not identical, 
nuclear distribution (Chadwick and Willard, 
2001; Costanzi and Pehrson, 2001), might 
behave similarly to MACROH2A1 and could 
therefore function as a redundant mechanism 
for X chromosome inactivation. 

Here, we report that BMI1 and MACROH2A1 
are able to bind specifically to the substrate 
recognition domain of the ubiquitin E3 
ligase consisting of SPOP and CULLIN3. 
The finding that BMI1 and MACROH2A1 
can be processed by means of the same 
ubiquitination machinery and are recruited 
to overlapping subnuclear locations in a 
highly dynamic S-phase-dependent fashion 
could account, at least in part, for the 
recently reported Xi-specific enrichment in 
ubiquitinated proteins (Smith et al, 2004) and 
is suggestive of a functional link between 
PcG-mediated transcriptional repression and 
deposition of variant histones. Interestingly, 
a number of recent studies have identified 
interactions between the PRC1 PcG proteins 
and the machineries responsible for DNA 
replication and histone deposition (Fyodorov 
et al, 2004; Luo et al, 2004). Furthermore, 
RNF2/RING1B has been shown to 
ubiquitinate the histone H2A, and both 
RNF2/RING1B and uH2A are transiently 

enriched in the inactive X chromosome in the 
initiation stage of the X silencing (de Napoles 
et al, 2004; Fang et al, 2004). Because 
Xist-dependent PRC2 recruitment occurs 
during initiation of Xi but seems to be largely 
dispensable in differentiated cells (Mak et 
al, 2004; Silva et al, 2003), it will be of great 
importance to determine whether the PRC1 
complex functions to maintain PcG-mediated 
silencing of the Xi after Xist and the PRC2 
proteins have left the Xi. 
We show that knock-down of CULLIN3 or 
SPOP impairs localization of MACROH2A1 
without affecting overall stability of 
MACROH2A1 or BMI1, suggesting that 
ubiquitination of MACROH2A1 is involved 
in localizing MACROH2A1 to the inactive X 
chromosome through either a direct or indirect 
mechanism. Furthermore, we demonstrate 
that the presence of Macroh2a1 on the Xi is 
causally related to chromosome silencing. 
We observe prominent X chromosome 
reactivation accompanied with loss of 
Macroh2a1 in the presence of inhibitors of 
DNA methylation and histone deacetylation 
only. In addition, MACROH2A1 RNAi 
treatment does not appear to affect PRC1 
Xi localization (Fig. 9, which can be found 
at the end of this chapter and is available 
as supporting information online at the 
PNAS web site), nor does BMI1 RNAi affect 
MACROH2A1 localization in a major way, 
although we cannot rule out that such effects 
might be masked because of functional 
redundancy by MACROH2A2 or by BMI1-
related PRC1 proteins. Therefore, we propose 
that MACROH2A1 constitutes an additional 
epigenetic layer of transcriptional silencing, 
acting in synergy with other repressive 
imprints such as DNA methylation, histone 
H3 and H4 deacetylation, and methylation of 
lysines 9 and 27 of histone H3. 

Materials and Methods

Antibodies
Polyclonal antibodies against EZH2 and CBX4/
HPC2 were obtained from A. P. Otte (University 
of Amsterdam, Amsterdam), and the monoclonal 
RNF2/RING1B antibody was from H. Koseki 
(RIKEN Research Center for Allergy and 
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Immunology, Yokohama, Japan). Anti-BMI1, anti-
H2A, and anti-MACROH2A1 were from Upstate 
Biotechnology (Lake Placid, NY); anti-CULLIN3, 
anti-ubiquitin, and anti-Myc were from Santa Cruz 
Biotechnology; anti-Flag was from Sigma; anti-
HA was from Roche; and anti-BrdUrd antibody 
was from DAKO. Rabbit polyclonal antibodies 
were raised against full-length mouse SPOP-GST 
fusion proteins by using standard procedures. 

Plasmids
The yeast two-hybrid fusion vector and expression 
vectors for full-length and deletion mutants of 
BMI1 are described in refs. (Alkema et al, 1997) 
and (Voncken et al, 1999). Mammalian expression 
vector for HA-tagged SPOP was a generous gift 
from Dr. M. Hagiwara (Tokyo Medical and Dental 
University, Tokyo) (Nagai et al, 1997). Expression 
vectors for FLAG-tagged and Myc-tagged SPOP 
were generated by using standard PCR methods 
and verified by sequencing. A full-length CULLIN3 
expression vector was obtained from the IMAGE 
consortium (5784147). FLAG-tagged CULLIN3 
expression vector was generated by using standard 
PCR methods. FLAG-tagged MACROH2A1 
was generated by PCR from the IMAGE clone 
4077577. Human ROC1 was obtained from the 
IMAGE clone 3138751 and cloned by digestion 
into pGlo-Myc3.1. FLAG-PCNA expression vector 
was a generous gift from Sebastian Nijman 
(The Netherlands Cancer Institute). Expression 
construct for HA-tagged ubiquitin was a generous 
gift from Thijn Brummelkamp (The Netherlands 
Cancer Institute). 
Construction of the plasmids that contain DNA 
templates for the synthesis of RNAis under 
the control of the U6 or the H1 promoters 
was performed essentially as described 
(Brummelkamp et al, 2002; Sui et al, 2002). 
The RNAi sequences were as follows: for 
MACROH2A1, GGTCACACCCCGGCACATCCT 
(Fig. 4) and GGCCCTTGGAGGTAGCTGGAA (Fig. 
8); for SPOP, GGAGGAAATGGGTGAAGTCAT 
(Fig. 4), GGTGGAAGTCAATGGTGGTGT, 
and AGCTGCTAAGATAGCCTTGTG (Fig. 8); 
for CULLIN3, GCTAGAATTAATGAAGAAAT, 
G T T G T A C G T T A T G G G T G T A , 
GAATAACAGTGGTCTTAGT (Fig. 4), 
GGAACTCATTTCCAAGCACAA, and 
GGAGTCAAAGGGCTAACAGAA (Fig. 8); for 
BMI1, GTATTGTCCTATTTGTGAT; and for GFP, 
GCTGACCCTGAAGTTCATC.  

Cell Culture, Transfections, and Retroviral 
Infections
All of the somatic cells were maintained in DMEM 
supplemented with 10% FBS (GIBCO) under 

standard conditions. 
293HEK cells were transfected by using the 
calcium-phosphate precipitation method. Phoenix 
producer cells were used to generate retroviral 
stocks, and subconfluent mouse embryonic 
fibroblast cultures were transduced by incubation 
at 37°C with viral supernatant in the presence of 
polybrene (4 μg/ml, Sigma). After 6 h, the viral 
supernatant was diluted with complete medium 
and left on the cells for 24 h. When indicated, 
selection was added to the cultures 24 h after the 
transfection or transduction. 
Synchronization of 293HEK cells in S-phase was 
attained by a double thymidine block as described 
in ref. (Voncken et al, 1999). At the indicated times 
after the release of the block, cells were fixed and 
stained. 

Immunoprecipitations and Western Blot 
Analysis
For immunoprecipitations of protein complexes, 
transiently transfected 293HEK cells were 
lysed in ELB buffer (0.1% Triton X-100/250 
mM NaCl/50 mM Tris, pH 7.4/1 mM EDTA/
protease and phosphatase inhibitors). Before 
immunoprecipitation, lysates were precleared 
by using protein A-Sepharose beads. Stringent 
lysis was performed by using RIPA buffer (0.15 
mM NaCl/0.05 mM Tris•HCl, pH 7.2/1% Triton 
X-100/1% sodium deoxycholate/0.1% SDS). 
Acidic histone purification was basically 
performed as described in ref. (Wang et al, 2004). 
For detection of endogenous proteins, nuclei were 
isolated (Wang et al, 2004) and lysed in RIPA 
buffer. 

Micrococcal Nuclease Nucleosome
Cells were harvested by centrifugation at 4°C for 
10 min at 150 xg, suspended in buffer A (10 mM 
Hepes, pH 7.9/1.5 mM MgCl2/10 mM KCl/0.5 mM 
DTT), transfered to a dounce homogenizer, and 
lysed with ~10 strokes of a type A pestle. Samples 
were centrifuged at 750 xg for 5 min at 4°C, and 
nuclei were resuspended in buffer M1 (50 mM 
Tris-HCl, pH 7.5/0.34 M sucrose/3 mM CaCl2/60 
mM KCl/0.5 mM PMSF/4 mM benzamidine/10 
μM pepstatin/10 μM leupeptin/1 μg/ml aprotinin). 
Then, nuclei were digested with 60 units/ml 
micrococcal nuclease for 10 min at 37°C. The 
micrococcal nuclease reaction was quenched 
by addition of EGTA to a final concentration 
of 50 mM. The digested nuclei were dounced 
100 times in a glass dounce homogenizer (tight 
pestle) and incubated at 4°C for 10 min with 
500 mM NaCl. Then, samples were centrifuged 
at 14,000 xg for 20 min at 4°C, and pellets were 
dialyzed against EQ buffer (20 mM Hepes, pH 
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7.4/2 mM EDTA/2 mM EGTA/650 mM NaCl/1 
mM 2-mercaptoethanol/0.5 mM PMSF/2 mM 
benzamidine/16 mM-bis-glycerol-phosphate). The 
quality of the purified nucleosomes was analyzed 
by gel electrophoresis. 

In Vitro Ubiquitination Assay
293 cells were cotransfected with pCMV-Sport-
Flag-CULLIN3, pCMV-HA-SPOP, and pGlo-Myc-
ROC1. Fourty-eight hours after transfection, cells 
were harvested in ELB lysis buffer, sonicated 
for 10 pulses of 50% at level 4, and centrifuged 
for 15 min at 14,000 rpm at 4°C . Flag-CULLIN3 
immunocomplexes immobilized on a mixture 
of protein G and A-agarose beads (Amersham 
Pharmacia) were washed twice with ELB lysis 
buffer and twice with PBS. The beads with the 
immunoprecipitated complex were incubated 
with 2 μg of purified BMI1 [a generous gift of G. 
Buchwald (The Netherlands Cancer Institute)] in 
a ubiquitin ligation reaction mixture containing 50 
mM Tris-HCl (pH 7.4), 5 mM MgCl2, 2 mM NaF, 2 
mM ATP, 0.6 mM DTT, 12 μg of ubiquitin (Sigma), 
100 ng of rabbit E1 (Boston Biochem), and 900 
ng of His-6-UbcH5a (Affinity Research Products) 
at 37°C for 1 h. The reaction was terminated by 
heating at 70°C for 10 min in SDS sample buffer 
(Invitrogen) and resolved by SDS/PAGE, followed 
by immunoblotting with an anti-BMI1 antibody. 

Immunostaining
All somatic cell types and the male mouse ES cell 
line carrying the Xist cDNA transgene were grown 
on glass slides or plated onto them the day before 
the stain, fixed in 4% paraformaldehyde (PFA) 
for 10 min, and permeabilized for 5 min in 0.2% 
Triton X-100/PBS. Trophoblast stem cells were 
plated onto glass slides, permeabilized for 5 min 
in cold CSB buffer (3 mM MgCl2/0.3 M sucrose 
in PBS) containing 0.2% Triton X-100 and fixed 
in 4% paraformaldehyde for 15 min. Cells were 
then incubated in blocking solution (5% goat 
serum/0.2% fish skin gelatin/0.2% Tween 20 in 
PBS) for 30 min before incubating with primary 
antibody for 1 h at room temperature in a humidified 
chamber. After three consecutive 5 min washes 
in 0.2% Tween 20/PBS, cells were incubated 
for 1 h with secondary antibody. The cells were 
subsequently washed with 0.2%Tween/PBS twice 
and stained with DAPI in PBS followed by two 
additional washes before mounting in Vectashield 
mounting medium (Vector Laboratories). 
For colocalization of PRC1 members and 
MACROH2A1 with sites of BrdUrd incorporation, 
unsynchronized cells were incubated for 1 h 
with medium containing 10 μM BrdUrd. After the 
immunostaining for PRC1, cells were refixed for 

10 min with 4% PFA/PBS at room temperature, 
washed three times with PBS, and incubated for 
15 min with blocking solution. DNA was denatured 
by a 30 min incubation with 2 M HCl/0.5% Triton 
X-100 at room temperature. Cells were then 
washed once with 0.1 M Na2B4O7 (pH 8.5) for 5 min 
and twice with PBS for 5 min and then incubated 
with anti-BrdUrd antibody BU20a for 1 h. After 
washing twice with PBS for 5 min and once with 
blocking solution for 5 min, cells were incubated 
for 45 min with Alexa Fluor 488-conjugated anti-
mouse antibody. After washing the cells three 
times for 5 min with PBS at room temperature, 
cells were stained with DAPI and mounted. 

Fluorescence in Situ Hybridization (FISH)
In cases when immunostaining was followed 
by FISH, immunostaining was carried out as 
described above, with the exception that tRNA 
and RNase inhibitors were added with the primary 
antibody. After the final immunostaining wash, 
cells were fixed with 4% PFA and then dehydrated 
through a 70-85-100% ethanol series. FISH was 
then performed as described in ref. (Plath et al, 
2003). Xist RNA was detected with a fluorescein-
labeled single-stranded RNA probe antisense to 
Xist. 

Fluorescence Microscopy and Image 
Acquisition
Stained cells were viewed by epifluorescence 
microscopy by using a Zeiss microscope or by 
confocal laser sequential scanning microscopy 
using a Leica microscope. Epifluorescent images 
were captured with a cooled charge-coupled 
device camera and processed using IMAGE I 
software and PHOTOSHOP 3.0 (Adobe Systems). 
Quantification of the percentage of cells was 
performed with a 40x objective. Over 300 cells per 
condition were scored from at least eight random 
fields. Values are means ± SEM.

Flow Cytometry and Analysis of GFP 
Expression
Flow-cytometric analysis was performed on 
single-cell suspensions after staining the cells 
under standard conditions with propidium iodide 
and directly fluorochrome-conjugated monoclonal 
antibodies against BrdUrd. For the analysis of 
GFP expression by FACS, transformed mice 
carrying a GFP transgene on the Xi were used 
as described in ref. (Csankovszki et al, 2001). 
These cells were either mock-infected or infected 
with RNAis specific for SPOP, MACROH2A1, or 
CULLIN3 and selected with puromycin for 3 days. 
After selection, the cells were exposed to 5-aza-
2′-deoxycytidine (5-Aza-dC) (4 days at 300 nM) 
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and to 500 nM trichostatin A (TSA) for the last 
24 h. The cells were subjected to FACS analysis 
counting a minimum of 100,000 cells per sample.
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Supporting information

Fig. 5. Cullin and Spop ubiquitinate MACROH2A but not other targets. (a) Complex formation of 
CULLIN3/SPOP results in the creation of an active E3 ubiquitin ligase for MACROH2A but not for PCNA. 
Immunoprecipitations from transiently transfected 293HEK cells using anti-Flag antibody are shown. 
The equal expression of all transfected constructs was verified. Arrow indicates bands representing the 
Ig heavy chain (hc). (b) (Left) 293 cells were transfected with mock, CULLIN3, SPOP, or BMI1 RNAi 
vectors. 72 h posttransfection, nuclear extracts were prepared and used for Western blot analysis. 
Western blots probed with anti-CULLIN3, SPOP, and BMI1 antibodies show the efficiency of the RNAi 
on endogenous protein levels. Endogenous level of RNF2/RING1B was used to demonstrate equal 
loading. (Right) 293 cells were transfected with mock, CULLIN3, SPOP, BMI1, and MACROH2A1 RNAi 
vectors. 72 h posttransfection, nuclear extracts were prepared, and acidic extracted histones were used 
for Western blot analysis. Western blot probed with an anti-MACROH2A1 antibody shows the efficiency 
of the MACROH2A1 RNAi on the endogenous protein level. Endogenous level of histone H2A was used 
as loading control. No major changes in overall levels of BMI1 (a) or MACROH2A1 (b) can be detected 
in extracts from CULLIN3 or SPOP RNAi transfected cells.

Fig. 6. BMI1 localization in early stages of 
X inactivation. (a) Colocalization of Bmi1 
and Ezh2 on the Xi in extraembryonic cells. 
Trophoblast stem cells were stained with 
Bmi1 and Ezh2 antibodies as indicated. 
The merged image consisting of Bmi1 
(green) and Ezh2 (red) shows that Bmi1 
colocalizes with Ezh2 in an Xi-like pattern. 
(b) Xist RNA is sufficient to recruit the 
PcG complex to the Xi. Male ES cells that 
were induced to express Xist RNA from 
a constitutive promoter for 1 and 2 days 
were stained for Bmi1 and Ezh2. Bmi1 
colocalizes with Ezh2 at the Xi 2 days 
after induction of the endogenous Xist. 
Focal accumulation of Ezh2 and Bmi1 is 
indicated by arrows.



Chapter 3

62

Fig. 7. XIST RNA localization is 
not affected by CULLIN3 or SPOP 
RNAis. 293 cells were transfected 
with mock, CULLIN3, SPOP, or 
MACROH2A1 RNAis, selected 
with puromycin, and fixed 3 days 
after transfection. Combined XIST 
RNA (green) and MACROH2A1 
(red) staining was performed. 
Nuclear distribution of XIST and 
MACROH2A1 was analyzed by 
epifluorescence microscopy.
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Fig. 8. No significant changes in cell cycle profiles upon RNAi treatments. (a) Cell cycle profile of 293 cells 
3 days after transfection with mock, CULLIN3, SPOP, BMI1, or MACROH2A1 RNAi vectors. Cells were 
fixed and stained with propidium iodide and analyzed by flow cytometry. (b and c) Specificity of RNAi 
constructs. Additional RNAi vectors targeting CULLIN3, SPOP, and MACROH2A1 were designed and 
analyzed. As evident from the panels (a, distribution of MACROH2A1; b, reactivation of the X-inactivated 
GFP transgene), the new RNAi molecules had similar biological activity as those used in Fig. 4.
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Fig. 9. BMI1 localization at the Xi 
is independent of MACROH2A1. 
293 cells were transfected with the 
indicated RNAi vectors, selected with 
puromycin, and fixed 3 days after 
transfection. The distribution of the 
endogenous BMI1 and MACROH2A1 
was analyzed by immunofluorescence 
and epifluorescence microscopy.
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Background 
Polycomb repressive complex 1 (PRC1) core member Ring1b/Rnf2, with ubiquitin E3 
ligase activity towards histone H2A at lysine 119, is essential for early embryogenesis. 
To obtain more insight into the role of Ring1b in early development, we studied its 
function in mouse embryonic stem (ES) cells. 

Methodology/Principle Findings
We investigated the effects of Ring1b ablation on transcriptional regulation using 
Ring1b conditional knockout ES cells and large-scale gene expression analysis. The 
absence of Ring1b results in aberrant expression of key developmental genes and 
deregulation of specific differentiation-related pathways, including TGFbeta signaling, 
cell cycle regulation and cellular communication. Moreover, ES cell markers, including 
Zfp42/Rex-1 and Sox2, are downregulated. Importantly, retained expression of ES cell 
regulators Oct4, Nanog and alkaline phosphatase indicates that Ring1b-deficient ES 
cells retain important ES cell specific characteristics. Comparative analysis of our 
expression profiling data with previously published global binding studies shows 
that the genes that are bound by Ring1b in ES cells have bivalent histone marks, 
i.e. both active H3K4me3 and repressive H3K27me3, or the active H3K4me3 histone 
mark alone and are associated with CpG-‘rich’ promoters. However, deletion of 
Ring1b results in deregulation, mainly derepression, of only a subset of these genes, 
suggesting that additional silencing mechanisms are involved in repression of the 
other Ring1b bound genes in ES cells.

Conclusions
Ring1b is essential to stably maintain an undifferentiated state of mouse ES cells by 
repressing genes with important roles during differentiation and development. These 
genes are characterized by high CpG content promoters and bivalent histone marks 
or the active H3K4me3 histone mark alone.
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Introduction

PcG proteins have initially been identified 
in Drosophila as transcriptional repressors 
required for correct expression of homeotic 
(Hox) genes. By means of chromatin 
remodeling, PcG proteins maintain stable 
gene repression to ensure proper embryonic 
development. In mammals, two biochemically 
and functionally distinct PcG core complexes 
have been identified (Lund and van 
Lohuizen, 2004). Mammalian polycomb 
repressive complex 1 (PRC1) consists of 
close homologs of the Drosophila PRC1 
core members Ph, Pc, Psc and dRing (Lund 
and van Lohuizen, 2004; Ringrose and Paro, 
2004). Ring1b/Rnf2, the mouse homolog of 
dRing, acts as a ubiquitin E3 ligase towards 
histone H2A at lysine 119 resulting in mono-
ubiquitinated H2A (uH2A) (Buchwald et 
al, 2006; Wang et al, 2004). Ezh2/Kmt6, a 
methyltransferase that trimethylates histone 
H3 at lysine 27 (H3K27me3), acts in complex 
with Suz12 and Eed, constituting Polycomb 
repressive complex 2 (PRC2) (Cao et al, 
2002; Kirmizis et al, 2004; Kuzmichev et al, 
2002). PRC1 and PCR2 do not physically 
interact, but the Ezh2 catalyzed histone mark 
H3K27me3 is recognized by PRC1 member 
Pc, providing a mechanism of communication 
between the two complexes (Fischle et 
al, 2003). Furthermore, PRC1 binding to 
chromatin requires PRC2, although PRC2-
independent recruitment of PRC1 is also 
reported (Hernandez-Munoz et al, 2005b; 
Schoeftner et al, 2006). The counteracting 
trithorax group (TrxG) proteins mediate an 
active transcriptional state by methylation of 
histone H3 at lysine 4 (H3K4me3) (Ringrose 
and Paro, 2004). 
Proper expression of PRC2 proteins 
is essential during early embryonic 
development, since mice lacking one of 
these proteins die due to gastrulation 
defects (Faust et al, 1995; O’Carroll et al, 
2001; Pasini et al, 2004). In contrast, PRC1 
members appear to be more important during 
later stages of development, with the clear 
exception of Ring1b, which evokes an early 
embryonic lethal phenotype similar to PRC2 
null mice (Akasaka et al, 1996; del Mar et al, 

2000; Takihara et al, 1997; van der Lugt et 
al, 1994; Voncken et al, 2003). PcG proteins 
were shown to be important for self-renewal 
and maintaining pluripotency of ES cells 
(Boyer et al, 2006; Pasini et al, 2007; Valk-
Lingbeek et al, 2004). ES cells are derived 
from the inner cell mass of pre-implantation 
blastocysts (Evans and Kaufman, 1981). ES 
can self-renew and maintain a pluripotent, 
undifferentiated state under the right 
conditions in vitro, while retaining the 
capacity to differentiate into every cell type 
required during development in vitro and 
in vivo when reintroduced back into a host 
blastocyst (Beddington and Robertson, 
1989). Genome-wide and candidate-based 
studies revealed that PcG proteins maintain 
this undifferentiated state of ES cells through 
direct repression of developmental genes 
(Boyer et al, 2006; Bracken et al, 2006; Lee 
et al, 2006; Squazzo et al, 2006; Tolhuis et 
al, 2006). Developmental genes are largely 
associated with bivalent (i.e. both repressive 
H3K27me3 and active H3K4me3) histone 
marks and are silent or expressed at very 
low levels in ES cells (Azuara et al, 2006; 
Bernstein et al, 2006; Mikkelsen et al, 2007). 
Bivalent domains tend to resolve during 
development (Azuara et al, 2006; Bernstein 
et al, 2006; Mikkelsen et al, 2007). Therefore, 
it is suggested that this bivalent chromatin 
state poises genes for transcriptional 
activation (loss of H3K27me3) or prolonged 
repression (loss of H3K4me3 or both marks) 
during later developmental stages. Only 
recently, it was shown that Ring1b-mediated 
uH2A deposition at repressed bivalent 
genes restrains a poised RNA polymerase 
II (RNAPII) configuration (Stock et al, 
2007). Conditional deletion of Ring1b and 
subsequent loss of uH2A from the promoter 
and coding region resulted in release of 
poised RNAPII and gene derepression. More 
evidence for a direct role of uH2A in negative 
transcriptional regulation was found by 
another group, which investigated the role of 
histone H2A E3 ligase 2A-HUB in repressing 
chemokine genes in human monocytes 
(Zhou et al, 2008). They showed that the 
presence of uH2A in the promoter-proximal 
region physically blocks the recruitment of 
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FACT, thereby causing RNAPII-dependent 
transcription elongation to pause.
To explore the role of Ring1b in regulation of 
gene expression during early development, 
we analyzed genome-wide changes in 
gene transcription following deletion of 
Ring1b in ES cells. Hereto, we employed an 
inducible knockout system and performed 
a genome-wide screen using microarrays 
to identify genes governed by Ring1b. We 
identify several processes and pathways 
differentially regulated in Ring1b-deficient ES 
cells, which are implicated in differentiation 
and embryogenesis. Importantly, we find that 
Ring1b-deficient ES cells retain expression 
of key stem cell regulators Oct4 and Nanog. 
Finally, by comparing our expression data with 
previously published global binding studies, 
we find that Ring1b preferentially represses 
genes with high CpG-content promoters and 
bivalent or H3K4me3 histone marks. This 
suggests that Ring1b has an important role 
in maintaining an undifferentiated state of ES 
cells. Furthermore, this study provides more 
insight in the characteristics of the genes 
that are under direct transcriptional control 
of Ring1b in ES cells. 

Results

Generating Ring1b conditional knockout 
mouse embryonic stem cells
To gain insight in the role of Ring1b in ES 
cells, we generated Ring1b conditional 
knockout mouse ES cells. Previously, we 
have shown that deletion of the RING finger 
domain of Ring1b, encoded by exon 3 and 4, 
generates a functional null allele (Voncken 
et al, 2003). Ring1b conditional knockout 
(Ring1b-/Lox) ES cells were then generated 
by a second targeting round in Ring1b+/- ES 
cells (Voncken et al, 2003) using a targeting 
vector, which introduced loxP sequences 
flanking these exons (Figure 1A; details 
in Materials and Methods). To generate 
inducible Ring1b-/Lox ES cells, we targeted 
a 4-hydroxytamoxifen (4-OHT) inducible 
R26CreERT2 construct (Cre-recombinase 
fused to a mutated ligand binding domain of 
the human estrogen receptor) to the ROSA26 

locus of Ring1b-/Lox ES cells, hereafter 
named Ring1b-/Lox;CreERT2 ES cells. The 
presence of loxP sequences in the genomic 
locus of Ring1b did not alter the expression 
of Ring1b in ES cells. Accordingly, Ring1b-/

Lox and Ring1b-/Lox;CreERT2 mice developed 
indistinguishable from wild type mice (E.B, 
M.v.L, unpublished results). 
Addition of 4-OHT to the culture medium 
resulted in recombination of the Ring1b 
conditional allele in Ring1b-/Lox;CreERT2 ES 
cells and subsequent depletion of Ring1b 
protein as was shown by Southern and 
Western blot analysis (Figure 1B, 1C). We 
observed cellular detachment and apoptosis 
concurrent with an increase in cells with 
a differentiated phenotype after deleting 
Ring1b in Ring1b-/Lox;CreERT2 ES cells, but 
not in similarly treated Ring1b+/+;CreERT2 
control ES cells. Based on Annexin V staining 
followed by flow cytometric analysis, about 
83% of all Ring1b-/Lox;CreERT2 ES cells were 
undergoing apoptosis four days following 
4-OHT treatment (data not shown). Of the 
adherent population only 15% was Annexin 
V positive, compared to 5% of the untreated 
population (data not shown). We therefore 
focused our studies on the immediate 
early effects of the first days following Cre-
mediated deletion of Ring1b in the viable, 
adherent ES cells.

Ring1b is required for mono-ubiquitination 
of H2A in ES cells
Since Ring1b is a ubiquitin E3 ligase for 
histone H2A at lysine 119, we studied the 
effect of Ring1b deletion on the levels 
of uH2A. Western blot analysis showed 
that uH2A levels decreased to almost 
undetectable levels after deletion of Ring1b 
from Ring1b-/Lox;CreERT2 ES cells (Figure 
1C). In addition, immunofluorescence 
stainings confirmed that uH2A was lost in 
ES cells that had lost Ring1b expression 
(Figure 2A). The same held true for mouse 
embryonic fibroblasts (MEFs) derived from 
Ring1b-/Lox;CreERT2 mouse embryos, which 
showed no uH2A immunofluorescence 
staining in Ring1b-negative cells (Figure 
S1). Immunofluorescence stainings for 
H3K27me3, the polycomb repressive mark 
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set by PRC2 member Ezh2, showed that 
this mark was present in all cells (Figure 
2B). These results confirm that Ring1b is 
the main E3 ligase for mono-ubiquitination 
of H2A in both mouse ES cells and MEFs 
and suggest that deletion of Ring1b does not 
affect H3K27 trimethylation.

Ring1b deficiency affects expression of 
other PRC1 core members
Studies in Drosophila, mouse and human 
cells have shown that PcG genes themselves 
are PcG protein binding targets, suggesting 
auto-regulation within the PcG family (Boyer 
et al, 2006; DeCamillis et al, 1992; Lee 
et al, 2006). We therefore examined the 

Figure 1. Generating Ring1b conditional knockout ES cells. (A) Schematic overview of the Ring1b 
locus targeting strategy in mouse Ring1b+/- ES cells. The wild type Ring1b allele is shown with main 
restrictions sites, introns and exons, in the targeted genomic region. The Ring1bLoxHyg allele was 
generated by targeting a floxed exon3+4/Hygromycin replacement vector to the wild type Ring1b locus 
of the Ring1b+/- ES cells. The hygromycin cassette allowed for selection after the initial targeting and 
was removed by transiently expressing adenoviral Cre to generate the conditional Ring1bLox allele. 
Acute loss of Ring1b from Ring1bLox ES cells was induced by adding 4-OHT to the medium to activate 
CreERT2 (Cre-recombinase fused to a mutated ligand binding domain of the human estrogen receptor 
(ER), targeted to the ROSA locus, not shown) resulting in deletion of exons 3 and 4, represented as 
the Ring1bDel allele. Exons are indicated by white boxes with the corresponding exon number, loxP 
sequences by black triangles, and HYG indicates the hygromycin cassette. Main restriction sites are 
indicated (H=HindIII, E=EcoRI, X=XhoI) as well as the location of the 5’end probe used for Southern blot 
analysis. (B) Southern blot analysis of HindIII digested genomic DNA of Ring1b-/Lox;CreERT2 ES cells 
showing recombination of the Ring1bLox allele following treatment with 4-OHT for the indicated time in 
days. The 5’end probe visualizes the conventional knockout allele (5 kb), the conditional Lox allele (7 kb) 
and the recombined Del allele (4 kb). (C) Western blot analysis showing loss of Ring1b protein and uH2A 
in Ring1b-/Lox;CreERT2 ES cells following treatment with 4-OHT for the indicated time in days. Tubulin 
serves as a loading control.



Ring1b regulates ES cell fate

73

effect of Ring1b deletion on other PRC1 
and PRC2 members in ES cells. Microarray 
analysis (described in more detail in the 
following section) showed that the transcript 
levels of Ring1b and Phc1/Mph1 were 
significantly downregulated over time, and 
correspondingly decreased in protein levels 
(Figure 3A, Table S1, which is available as 
supporting information at the PLoS ONE 
website). Interestingly, PRC1 member Bmi1 
was derepressed transcriptionally in the 
absence of Ring1b, but its protein levels were 
down-regulated, suggesting that Bmi1 is post-
transcriptionally regulated by Ring1b (Figure 
3B). This is consistent with observations by 
others (Leeb and Wutz, 2007), and may be 
explained by the fact that interaction between 
Bmi1 and Ring1b protects both proteins from 
ubiquitin-mediated degradation (Ben Saadon 
et al, 2006). The effect of loss of Ring1b on 

other PRC1 core members may explain 
the severity of the Ring1b mouse knockout 
phenotype compared to knockout models of 
other PRC1 members (Akasaka et al, 1996; 
del Mar et al, 2000; Takihara et al, 1997; van 
der Lugt et al, 1994; Voncken et al, 2003). 
Other polycomb group genes of which the 
transcription had increased significantly 
were Epc1, Phf1, and Phc2 (Table S1, which 
is available as supporting information at 
the PLoS ONE website). No effects were 
observed on the protein or transcript levels 
of PRC2 members Ezh2 and Eed, or the 
levels of H3K27me3, which is in agreement 
with the immunofluorescence analysis 
(Figure 3A, 3B, Table S1). The effect on 
PcG protein and transcript levels after loss 
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Figure 2. Deletion of Ring1b results in loss 
of uH2A but not H3K27me3. Examples of 
immunofluorescence stainings in Ring1b-/

Lox;CreERT2 ES cells showing loss of uH2A (A), but 
not H3K27me3 (B) in cells that have lost Ring1b 
four days following 4-OHT treatment.

Figure 3. Downregulation of protein levels of 
PRC1, but not PRC2, following Ring1b deletion in 
ES cells. Western blot analysis of total cell protein 
extracts (A) or nuclear extracts (B) of Ring1b-/

Lox;CreERT2 ES cells shows that deletion of Ring1b 
results in downregulation of Phc1/Mph1 and Bmi1 
protein levels, but not of Ezh2, Eed or H3K27me3 
levels following treatment with 4-OHT for the 
indicated number of days.
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of Ring1b is in agreement with an earlier 
study performed in established Ring1b-
deficient ES cells, with the exception of the 
transcriptional downregulation of Phc1 (Leeb 
and Wutz, 2007). This might therefore reflect 
an indirect effect of acute loss of Ring1b in 
ES cells. These results suggest that deletion 
of Ring1b affects the transcript and protein 
levels of members of PRC1, but not of PRC2, 
and underscores the importance of Ring1b 
for PRC1 stability.

Regulation of developmental processes 
through derepression of Ring1b bound 
genes
To obtain insight in the genome-wide effects 
on gene transcription after deletion of Ring1b 
in ES cells, we performed microarray analysis. 
We analyzed the temporal changes in gene 
transcription in Ring1b-/Lox;CreERT2 ES cells 
one to four days after deletion of Ring1b. As 
a reference, we used Ring1b+/+;CreERT2 ES 
cells similarly treated with 4-OHT to correct 
for any effects induced by 4-OHT or CreERT2. 
We identified 2365 differentially regulated 
genes, i.e. genes that were significantly 
(p<0.05 according to the Rosetta-error 
model, for details see Materials and Methods) 
up- or downregulated (7%; 2365/31769; 
Figure 4A, 4B, Table S1, which is available 
as supporting information at the PLoS ONE 
website). The reliability of the microarray 
data was confirmed by quantitative real-time 
PCR analysis (QPCR) on a selection of 18 
genes (Figure 4D).
To gain insight into the processes that are 
deregulated in absence of Ring1b in mouse 
ES cells, we analyzed the deregulated 
genes based on their ontology classification. 
To this end, we employed the gene ontology 
(GO) tool BiNGO to determine which GO 
categories are statistically overrepresented. 
By mapping the predominant functional GO 
categories in a hierarchical graph BiNGO 
facilitates insight in the hierarchical structure 
and relations between the ontologies (Maere 
et al, 2005). We found that the outliers were 
involved in various processes, of which the 
most downstream in the GO-tree were: 
‘organ development’, ‘organ morphogenesis’, 
‘nucleosome assembly’, ‘regulation of cellular 

physiological processes’, ‘glyconeogenesis’, 
and ‘cell cycle’ (Figure 4E; for a graphical 
overview of the overrepresented GO 
categories, see Figure S2; for the BiNGO 
analysis, see Table S2). These data confirm 
that Ring1b is involved in regulating cell 
cycle, developmental and chromatin-related 
processes and indicate that deletion of Ring1b 
affects glyconeogenesis and the regulation of 
cellular physiological processes. Given that 
loss of Ring1b affects the undifferentiated 
state of ES cells, the regulated processes are 
likely to include genes that are deregulated 
due to indirect effects.
By using a genome-wide ChIP-on-chip 
analysis Boyer and colleagues identified 
genes that are bound by Ring1b in mouse 
ES cells (Boyer et al, 2006). By combining 
our microarray expression data with the data 
from this Ring1b binding study, we were 
able to determine which genes were direct 
transcriptional targets of Ring1b. Of the 1219 
Ring1b bound genes, identified by Boyer 
and colleagues, 1078 were represented on 
our microarray. Remarkably, we found that 
only a subset of 141 Ring1b bound genes 
had significantly changed expression (13% 
(141/1078). These genes were predominantly 
upregulated, which is in agreement with 
Ring1b being a transcriptional repressor 
(Figure 4C). The partial derepression implies 
that other regulatory mechanisms are active 
at the other Ring1b target genes in addition 
to Ring1b, and reflects that a subset of genes 
is deregulated due to indirect effects of loss 
of Ring1b in ES cells. 
Next, we assessed which of the deregulated 
genes within an overrepresented GO 
category (most down-stream in the GO-
tree, see also Figure S2) were bound by 
Ring1b. We found that on average 30% of 
the deregulated genes within an enriched 
ontology was bound by Ring1b, in particular 
in the ontologies organ development and 
morphogenesis, nucleosome assembly, and 
regulation of cellular physiological process 
(Figure 4F). This was substantially higher 
than what would be expected considering 
that only 6% (141/2365) of all deregulated 
genes was bound by Ring1b. This indicates 
that Ring1b is involved in direct transcriptional 
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regulation of a substantial large fraction of 
the deregulated genes in these ontologies. 
Together, these data suggest that Ring1b is 

specifically important for dynamic repression 
of developmental, chromatin-related, cell 
cycle and metabolic genes in ES cells.

Figure 4. Gene expression profiling in Ring1b-deficient ES cells. (A) Expression profiling data 
clustered by the software program Genesis shows regulation of gene expression (p<0.05) after 
deletion of Ring1b in mouse ES cells over time. (B) Graph representing the number of all upregulated 
(red) and downregulated (green) genes (p<0.05). (C) Graph representing the number of up- (red) or 
downregulated (green) Ring1b bound genes specifically (Boyer et al, 2006). (D) QPCR validation 
of microarray data for a selection of genes. Time indicates number of days of 4-OHT treatment. 
(E) Heatmap of the statistically overrepresented GO categories, as identified by BiNGO analysis. 
The color scale bar represents the relation between the color intensity and the level of significance 
(–log10(p-value)). (F) Table showing the significantly enriched GO categories and the percentage 
(numbers between brackets) of up- or downregulated genes and the number of Ring1b bound 
genes per GO category (the ones most-downstream in the GO-tree, see also Figure S2).
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Regulation of specific differentiation-
related pathways in Ring1b-deficient ES 
cells
The analysis based on the ontology 
classification shows that absence of Ring1b 
results in aberrant expression of genes 
involved in developmental and various 
cellular processes. We set out to identify 
specific pathways that are affected in Ring1b-
deficient ES cells. To remain unbiased 
in the analysis of our set of outliers, we 
used the bioinformatics tool DAVID, which 
uses information of well-defined pathways 
available in the KEGG pathway database 
(http://david.abcc.ncifcrf.gov). Interestingly, 
we found that the identified pathways have 
roles in development and differentiation of 
ES cells. A selection is listed in Table 1. A 
complete overview of the pathway analysis 
can be found in Table S3. 
Most revealing was the identification of the 
TGFbeta signaling pathway of which Bmp/
Id signaling (derepressed Bmp7, Bmpr1a, 
Id1, Id2, and Id3) and Nodal/Pitx2 signaling 
(derepressed Nodal, Pitx2) were suggested to 
be transcriptionally upregulated upon loss of 
Ring1b. Genome-wide binding studies have 
identified that PcG proteins are associated 
with members of the TGFbeta signaling 
pathway and show PcG dissociation from 
the genes that were derepressed following 
differentiation (Boyer et al, 2006; Lee et al, 
2006). These data support a role for Ring1b/
PcG in direct repression of TGFbeta signaling 
in ES cells. 
In agreement with the GO classification 
analysis, we found altered expression 
of several components of the cell cycle 
pathway. Changes in cell cycle regulation 
have been observed following differentiation 
of ES cells, characterized by amongst 
others activation of the pRb-E2f controlled 
G1 checkpoint, which is inoperative in ES 
cells (Burdon et al, 2002; White et al, 2005). 
In line with this, key cell cycle regulators 
involved in activation of the G1/S checkpoint 
(derepressed Cdkn1c; downregulated E2f1, 
Cdc7 and Mcm6) were transcriptionally 
deregulated. However, deregulation of other 
key cell cycle genes suggest promotion 

of S phase (derepressed Ccnd2/Cyclin 
D2 and Cul1), G2/M arrest (derepressed 
Gadd45g and Sfn/14-3-3-sigma) or bypass 
of G2/M arrest (downregulated Gadd45a) 
and mitotic exit (derepressed Cdc20 and 
Cdc27). This could imply that Ring1b has a 
dual role in cell cycle regulation in ES cells, 
which is supported by the observation that 
Ring1b is involved in direct repression of cell 
cycle promoting gene Ccnd2 and cell cycle 
inhibitory genes Cdkn1c and Gadd45g.
Various components of cellular 
communication pathways were deregulated 
in the absence of Ring1b. These comprise 
ECM genes (derepressed Col4a2 and Thbs1) 
involved in focal adhesion, gap junction 
genes (derepressed Gja1 and Csnk1d and 
downregulated Itpr1), and adherens junction 
pathways, which are linked to the actin 
cytoskeleton organization (downregulated 
Vcl and Actn3, derepressed Iqgap1). 
Several of these genes were reported to 
change expression during differentiation and 
development (Schenke-Layland et al, 2007; 
Wong et al, 2004; Yamauchi et al, 2007). 
Summarizing, this suggests that Ring1b 
deficiency induces changes in cellular 
pathways, such as Bmp/TGFbeta 
signaling, cell cycle regulation, and cellular 
communication, which strongly suggests a 
link to differentiation programs in ES cells.

Retained expression of stem cell 
regulators in Ring1b-deficient ES cells
ES cells, derived from the epiblast of early 
blastocysts, can self-renew and maintain 
a pluripotent, undifferentiated state in vitro 
by extrinsic factors, such as LIF and Bmp, 
and intrinsic factors, including stem cell 
regulators Oct4 and Nanog (Boyer et al, 
2005; Chambers et al, 2003; Niwa et al, 2000; 
Ying et al, 2003). Upon induction of lineage-
specific genes, these stem cell regulators 
are downregulated through a negative-
feedback-loop by not yet understood 
mechanisms (Fujikura et al, 2002; Niwa et al, 
2000; Ying et al, 2003). In line with this, the 
transcript levels of stem cell specific genes 
Sox2, Dppa3/Stella and Zfp42/Rex-1 were 
strongly downregulated in Ring1b-deficient 
ES cells (Boyer et al, 2005; Nakamura et al, 
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2007) (Figure 4D, Table S1). However, QPCR 
analysis showed that Nanog transcript levels 
had not altered and that Oct4 transcript levels 
had reduced only to about 55% (Figure 4D). 
Importantly, Oct4 was not identified as an 

outlier on the microarray and Western blot 
analysis showed no significant changes in 
Oct4 protein levels (Figure 3A, Table S1). 
To examine Oct4 expression in more detail, 
we also quantified the immunofluorescence 

Symbol EntrezID Regulation bound Symbol EntrezID Regulation Bound
Focal Adhesion TGFbeta signaling
Actg2 11464 up 0 Amhr2 110542 down ND
Actn3 11474 down 0 Bmp7 12162 up 1
Capn2 12334 up 0 Bmpr1a 12166 up 0
Capn5 12337 down 0 Cul1 26965 up 0
Ccnd1 12443 up 0 Id1 15901 up 0
Ccnd2 12444 up 1 Id2 15902 up 0
Col4a2 12827 up 1 Id3 15903 up 1
Grb2 14784 down 0 Lefty1 13590 up 0
Ilk 16202 up 0 Mapk3 26417 down ND
Nras 18176 down 0 Nodal 18119 up 0
Pdgfc 54635 up ND Pitx2 18741 up 0
Pten 19211 up 0 Thbs1 21825 up 0
Rras2 20130 down 0
Shc2 216148 down ND Cell cycle
Thbs1 21825 up 0 Anapc10 68999 up 0
Vegfa 22339 down 0 Ccnd2 12444 up 1
Zyx 22793 up 0 Cdc20 107995 up 0

Cdc27 217232 up 0
Gap junction Cdc7 12545 down 0
Itpr1 16438 down 0 Cdkn1c 12577 up 1
Adcy2 210044 up 1 Chek1 12649 down 0
Csnk1d 104318 up 0 Cul1 26965 up 0
Edg2 14745 down 0 Gadd45a 13197 down 0
Gja1 14609 up 1 Gadd45g 23882 up 1
Grb2 14784 down 0 Mcm6 17219 down 0
Nras 18176 down 0 Sfn 55948 up ND
Pdgfc 54635 up ND Smc1l2 140557 down 0
Rras2 20130 down 0

Adherens junctions
Actn3 11474 down 0
Baiap2 108100 up 0
Iqgap1 29875 up 0
Lmo7 380928 down ND
Mapk3 26417 down ND
Pvrl4 71740 down 0
Vcl 22330 down 0
Wasl 73178 up 0

Table 1. A selection of the deregulated genes and corresponding pathways affected in 
Ring1b-deficient ES cells.

DAVID Pathway analysis revealed the pathways deregulated in Ring1b-deficient ES cells. 
Shown are the deregulated genes per pathway, their EntrezIDs, the deregulated expression 
state, and binding of Ring1b to the promoter (1=bound, 0=not bound, ND=no data). For a 
complete overview of all identified pathways see Table S3.
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levels of Oct4 and Ring1b stainings in 
individual cells. We compared this to guided 
neural differentiation induced by retinoic acid 
(RA) treatment, which was demonstrated 
to result in significant downregulation of 
Oct4 (Minucci et al, 1996). As expected, 
we found that three days after RA induced 
neural differentiation Oct4 was completely 
downregulated, in about 65% of the cells 

(Figure 5A, 5B). However, whereas four 
days following Ring1b deletion, 81% of all 
cells were negative for Ring1b, only 5% had 
lost Oct4 expression (Figure 5A, 5B, 5C). To 
assess the extent of neural differentiation, 
we next examined the expression of 
neuronal-lineage marker Nestin (Cattaneo 
and McKay, 1990). We found that three 
days after RA treatment approximately 
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Figure 5. Ring1b-deficient ES cells retain expression of stem cell specific regulators. 
(A and D) Examples of immunofluorescence stainings in Ring1b-/Lox;CreERT2 ES cells of (A) Oct4 (red) 
and DAPI (blue), and (D) Nestin (green) and DAPI (blue), either untreated (upper panels) or treated 
for four days with 4-OHT (middle panels) or three days with RA (lower panels). (B and C) Histograms 
represent the distribution of the mean immunofluorescence levels per cell retrieved after quantification of 
immunofluorescence stainings of Oct4 (B) or Ring1b (C) in Ring1b-/Lox;CreERT2 ES cells either untreated, 
or treated for four days with 4-OHT or three days with RA. (E) Graph representing the number of 
Ring1b-/Lox;CreERT2 ES cells either untreated, or treated for four days with 4-OHT or three days with RA 
that show ubiquitous (black bars) or filamentous (grey bars) Nestin staining. (F) Alkaline phosphatase 
activity stainings in Ring1b-/Lox;CreERT2 ES cells either untreated, or treated for four days with 4-OHT or 
three days with RA.
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44% of the cells showed filamentous Nestin 
staining, compared to 32% of the cells after 
deletion of Ring1b (Figure 5D, 5E). This 
is remarkable considering the number of 
cells expressing Oct4. This suggests that 
expression of lineage markers co-exists with 
stem cell regulators in absence of Ring1b in 
ES cells. Finally, we examined the activity 
of alkaline phosphatase, which is highly 
expressed in undifferentiated, pluripotent 
ES cells (Pease et al, 1990). We found that 
after deleting Ring1b a substantial number 
of cells still showed high activity of alkaline 
phosphatase compared to RA treated ES 
cells, which is indicative for a pluripotent, 
undifferentiated state of ES cells (Figure 
5F). Combined, our findings suggest that 
Ring1b-deficient ES cells show features of 
differentiated cells, while retaining important 
ES cell characteristics.

Ring1b represses genes that are co-
occupied by stem cell regulators Oct4 
and Nanog in ES cells
The stem cell-specific transcription factors 
Oct4 and Nanog control ES cell pluripotency 
by regulating expression of stem cell specific 
genes and repression of differentiation-
specific genes, of which a subset is co-
occupied by PcG proteins (Boyer et al, 2005; 
Lee et al, 2006; Loh et al, 2006). Considering 
the retained expression of Oct4 and Nanog, 
we were interested to see the effect on gene 
transcription of these co-occupied genes in 
absence of Ring1b. We therefore analyzed 
the changes in expression of genes that were 
bound by Ring1b (Boyer et al, 2006) and by 
Oct4 and/or Nanog in mouse ES cells as 
was identified by Loh and co-workers (Loh 
et al, 2006). We found that the expression 
of 25 of the 212 Nanog/Oct4/Ring1b bound 
genes represented on our microarray was 
altered in Ring1b-deficient ES cells (Figure 
4D, Table S1). We found that 18 of these 25 
genes were derepressed, including Fgf15, 
Bmp7, Gata3, Bmi1, Msx2, Podxl, Col4a2, 
Gadd45g, Gja1 and Eif4g3. This suggests 
that Ring1b is required to repress a specific 
subset of Oct4 and Nanog bound genes to 
maintain a pluripotent, undifferentiated ES 
cell state.

Ring1b represses bivalent or H3K4me3 
marked genes with CpG-rich promoters 
Ring1b-mediated H2A mono-ubiquitination 
was shown to restrain a poised RNAPII 
configuration specifically at the promoters 
of bivalent genes, which were derepressed 
upon loss of Ring1b and uH2A (Stock et 
al, 2007). Therefore, we investigated the 
chromatin state of the genes that were 
deregulated in absence of Ring1b in ES cells. 
Hereto, we used a data set from Mikkelsen 
and colleagues, who generated genome-
wide chromatin-state maps for mouse ES 
cells, neural progenitor cells (NPC) and 
MEFs (Mikkelsen et al, 2007). Of 948 of the 
1078 Ring1b bound genes (Boyer et al, 2006) 
represented on our microarray chromatin-
state maps were retrieved for the histone 
modifications H3K4me3 and H3K27me3 
(Mikkelsen et al, 2007). Notably, virtually all 
(99%) of the Ring1b bound genes that were 
mapped as marked with both H3K27me3 and 
H3K4me3 or H3K27me3 alone, according 
to Mikkelsen-data set (Mikkelsen et al, 
2007), were associated with H3K27me3 
according to the H3K27me3 mapping data 
by Boyer et. al. (Boyer et al, 2006), indicating 
a strong overlap between the two data 
sets for this histone mark. The chromatin-
state maps also contain information about 
the CpG content of promoters genome-
wide. Mikkelsen and colleagues show that 
genes with high-CpG content promoters 
(HCP) and H3K4me3 marks generally 
have ‘housekeeping’ functions, including 
replication and basic metabolism, while 
genes with HCP and bivalent marks mainly 
include key developmental transcription 
factors, morphogens, and cell surface 
markers. Genes with low-CpG content 
promoters (LCP) are associated with highly 
tissue-specific genes. A third class of genes 
with intermediate CpG promoter content 
(ICP) was added to ensure discrimination 
between the HCPs and LCPs.
Comparative analysis showed that about 
two-third of the promoters genome-wide, 
i.e represented on our microarrays, or 
differentially regulated in Ring1b-deficient ES 
cells, had HCPs (Figure 6A, 6B). Remarkably, 
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Ring1b almost exclusively associated with 
and regulated transcription of genes with 
HCPs (93%; 882/948 and 94%; 119/126, 
respectively; Figure 6C, 6D). This suggests 
that Ring1b primarily regulates transcription 
of CpG-‘rich’ promoters.

We next analyzed the chromatin state of the 
Ring1b bound genes with HCPs. We found 
that these genes were strongly associated 
with bivalent marks (74%; 653/882). A 
similar fraction of deregulated Ring1b bound 
genes with HCPs was bivalently marked 

Figure 6. Deregulation of genes bivalent or H3K4me3 marked genes with HCPs in Ring1b-deficient 
ES cells. (A-D) Circle graphs show that Ring1b primarily occupies (C) and regulates (D) transcription 
of genes with high CpG content promoters (HCPs) rather than intermediate (ICP) or ‘low’ (LCP) CpG 
content promoters, compared to the distribution of HCPs in all genes (A) or only the deregulated 
genes (B) at the microarray (‘genome-wide’). (E) Bar graph showing the distribution (percentages) of 
the chromatin state of HCPs for all genes on the whole microarray (‘genome-wide’); only the genes 
deregulated in absence of Ring1b; Ring1b bound genes; only deregulated Ring1b bound genes in 
Ring1b-deficient ES cells. Graph shows that Ring1b binds and regulates transcription of bivalent, 
and to a lesser extend H3K4me3 marked genes (final two columns), in contrast to the genome-wide 
distribution of these marks on promoters (first two columns). (F) as (E), but for genes with ICPs. Graph 
shows that bivalent Ring1b bound genes with ICPs are not deregulated in Ring1b-deficient ES cells. (G) 
Blotplot representing Affimetrix array data of RNA expression levels in wild type ES cells (Mikkelsen 
et al, 2007), for the genes represented in (E). The blotplot shows that the median expression levels of 
H3K4me3 marked genes on the whole microarray (‘genome-wide’ ) are higher compared to the median 
RNA expression levels of H3K4me3+H3K27me3 marked genes (first two columns). This is similar for 
genes that are bound by Ring1b (middle two columns), and for Ring1b bound genes that are deregulated 
in Ring1b-deficient ES cells (last two columns). Black diamond represents median RNA expression 
level. (H-K) Line graphs showing changes (log2 ratio) in gene expression of bivalently (H-I) or H3K4me3 
(J-K) marked genes bound by Ring1b following deletion of Ring1b in Ring1b-/Lox;CreERT2 ES cells. Time 
is indicated in number of days of 4-OHT treatment.
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(73%; 87/119; Figure 6E). These deregulated 
bivalently marked Ring1b bound genes 
included mostly developmental genes, 
such as Bin1, Bmi1, Bmp7, Col4a2, Ccnd2, 
En1, Gata3, Lmx1a and Wnt6, and were 
predominantly derepressed in absence 
of Ring1b (86%; 75/87; Figure 6H, 6I). 
Interestingly, we found that Ring1b was also 
associated with a considerable number of 
HCPs with the H3K4me3 mark alone (25%; 
218/882; Figure 6E). The lack of repressive 
H3K27me3 marks at these genes, catalyzed 
by PRC2, implies that Ring1b might be 
recruited independent from PRC2 for these 
genes in ES cells. Of the deregulated 
H3K4me3 marked Ring1b bound genes 
with HCPs 66% (21/32) was derepressed, 
including Eif4g3, Gja1 and Sgce, and 
various histone encoding genes, such as 
Hist1h2bn, Hist1h2bf, Hist1h3i, Hist1h4h, and 
Hist1h4f (Figure 6J, 6K). Not all promoters 
associated with the active H3K4me3 mark 
are actively transcribed (Mikkelsen et al, 
2007). Considering the fact that Ring1b is a 
transcriptional repressor, we predicted that 
the H3K4me3 marked genes with relative 
low expression levels were bound by Ring1b. 
We therefore examined the RNA expression 
levels of these genes in wild type ES cells 
by using the Affimetrix RNA expression data 
that was available in the chromatin-state 
mapping study by Mikkelsen et. al. (Mikkelsen 
et al, 2007). Unexpectedly, Ring1b binding 
did not correlate with low expression levels 
of H3K4me3 marked genes, but instead 
seemed to associate with these actively 
marked genes indifferent of their level of 
expression (Figure 6G). Notably, in more 
committed NPCs and MEFs (89% and 83%, 
respectively) most of the Ring1b bound 
H3K4me3 marked genes retain this histone 
mark and corresponding transcriptional 
state, according to the chromatin-state maps 
generated for these cell types (Mikkelsen 
et al, 2007) (Figure S3). In contrast, of the 
bivalently marked genes only 11% and 51% 
retain both histone marks in NPCs and 
MEFs, respectively (Mikkelsen et al, 2007) 
(Figure S3), indicating that Ring1b does not 
act to silence the H3K4me3 marked genes 
in ES cells or during development. Although 

we cannot exclude that differentiation-
associated changes affect transcription of 
the Ring1b bound genes, these data suggest 
that Ring1b predominantly represses bivalent 
genes, and is also involved in modulating, 
rather than silencing, the transcriptional 
activity of genes with the active H3K4me3 
histone mark in ES cells. 
Strikingly, a specific subset of Ring1b bound 
genes was not affected following Ring1b 
deletion. This subset contains LCPs, which 
were all without H3K27me3 or H3K4me3 
marks, and bivalently marked genes with 
ICPs (Figure 6D, 6F). This implies that other 
mechanisms are involved in regulation of 
these genes in ES cells. 
Summarizing, these data suggest that 
Ring1b is involved in direct regulation of 
RNAPII controlled promoters with ‘high’ CpG 
content and epigenetically distinct histone 
marks, namely bivalent marks or the active 
H3K4me3 mark, in mouse ES cells.

Discussion

To investigate the role of Ring1b in mouse 
ES cells, we employed a conditional 
knockout system. By performing microarray 
analysis, we studied the genome-wide 
changes in gene transcription that occur 
following Ring1b deletion in ES cells. We 
found that in Ring1b-deficient ES cells key 
developmental genes were derepressed, 
including a subset of genes bound by stem 
cell regulators Oct4 and Nanog, suggesting 
that Ring1b deficiency results in activation 
of the differentiation program. Accordingly, 
specific differentiation-related pathways 
were differentially deregulated, including 
TGFbeta signaling, cellular communication 
and cell cycle pathways. Importantly, 
retained expression of stem cell regulators 
Oct4 and Nanog indicates that Ring1b-
deficient ES cells still have important ES 
cell specific characteristics. Based on re-
analysis of previously published global 
binding studies performed in mouse ES 
cells, we found that Ring1b predominantly 
binds and represses genes with CpG-‘rich’ 
promoters. Furthermore, these genes are 
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associated with bivalent domains or the 
H3K4me3 histone mark alone. We suggest 
that Ring1b contributes to stable maintenance 
of pluripotency of ES cells by repressing 
bivalently or actively marked genes.

We found that Ring1b is required to repress 
the differentiation program in ES cells, 
which is consistent with the observation 
that Ring1b-deficient ES cells are prone 
for differentiation (Leeb and Wutz, 2007). 
Comparative analysis with genome-wide 
Ring1b binding data of mouse ES cells 
(Boyer et al, 2006), indicated that Ring1b is 
involved in direct transcriptional regulation 
of key developmental genes, such as Bmp7, 
Gata3 and Msx. This is in agreement with 
other genome-wide and candidate-based 
PcG binding studies performed in mouse 
and human ES cells (Azuara et al, 2006; 
Boyer et al, 2006; Bracken et al, 2006; Lee 
et al, 2006; Leeb and Wutz, 2007; Squazzo 
et al, 2006; Tolhuis et al, 2006). Notably, 
by directly repressing these extracellular 
and down-stream effector components of 
differentiation-related pathways, such as 
Bmp7 and Id3 of the Bmp/TGFbeta signaling 
pathway, and Col4a2, Gja1 and Ccnd2 of the 
cellular communication pathways, Ring1b 
may have an important role in influencing 
lineage choice and other developmental 
events. For example, expression of ECM 
protein Col4a2 was shown to induce 
mesodermal differentiation of ES cells in vitro, 
while repression of Bmp7 at the dorsal site of 
zebrafish gastrula was shown to allow cellular 
migration as is required for limb development. 
(Nishikawa et al, 1998; von der Hardt et al, 
2007). In Ring1b knockout embryos, several 
developmental markers are misexpressed 
at early gastrulation stages, extraembryonal 
mesoderm is over-represented, epiblast 
has expanded improperly, and embryonic 
growth is delayed (Voncken et al, 2003). 
This is in line with the aberrant expression 
of developmental markers and induction 
of apoptosis observed in Ring1b knockout 
ES cells. The early embryonic lethality is 
partially rescued in a Cdkn2a-knockout 
background, one of 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 underscores the importance for 
Ring1b in regulating developmental genes 
during early embryogenesis.
The observation that only a subset of Ring1b 
bound genes is derepressed following 
deletion of Ring1b in ES cells, suggests that 
additional mechanisms mediate silencing of 
the other Ring1b target genes. This would 
be in correspondence with observations 
by others, who show that only part of the 
PcG bound genes are deregulated after 
RNAi-mediated depletion of PcGs in 
human embryonic fibroblasts and in ES 
cells deficient for Eed or Suz12 (Boyer et 
al, 2006; Bracken et al, 2006; Pasini et al, 
2007). Partial derepression could be also 
be explained by functional redundancy by 
related Ring1a, which possess ubiquitin E3 
ligase activity towards histone H2A, alike 
Ring1b, although with less efficiency (Cao et 
al, 2005; de Napoles et al, 2004; Wei et al, 
2006). In addition, the composition of PRCs 
can vary per tissue and developmental 
stage (de Napoles et al, 2004; Kuzmichev 
et al, 2005; Pasini et al, 2007; Squazzo et 
al, 2006). Therefore, Ring1b might not be 
essential in every promoter-bound PcG 
repressive complex.
We found that Ring1b represses genes that 
are co-occupied by Oct4 and Nanog. This is 
consistent with earlier reports, which show 
a role for PcG proteins in repressing a set 
of developmental genes that are bound by 
Oct4 and Nanog in ES cells (Lee et al, 2006; 
Loh et al, 2006). A possible link between 
these proteins is provided by Wang and 
colleagues, who co-purified Oct4, Yy1 
and Ring1b with stem cell specific protein 
Rex-1 from ES cells (Wang et al, 2006). In 
Drosophila, PcG-specific sequences (named 
Polycomb response elements or PREs) 
mediate PcG repression (Mulholland et al, 
2003). However, in mammalians, PREs have 
not been identified. Therefore, one might 
speculate that recruitment of PcG-silencing 
complexes to specific genes involves 
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interactions with site-specific DNA-binding 
factors. This could be the recruitment of the 
PcG silencing complex to key developmental 
genes through interaction with stem cell 
specific factors Rex-1 and/or Oct4 in order 
to maintain an undifferentiated state of ES 
cells. This suggestion is supported by the 
observation that Suz12 dissociates from 
PcG/Oct4 co-occupied promoters upon 
downregulation of Oct4 (Pasini et al, 2007). 
Interestingly, others have found that histone 
H2A E3 ligase 2A-HUB, but not RING1B, 
is selectively required for H2A mono-
ubiquitination and subsequent repression of 
chemokine genes following recruitment by 
co-repressor N-CoR in human monocytes 
(Zhou et al, 2008). Together, this suggests 
that different site-specific factors are involved 
in the recruitment of distinct H2A E3 ligases 
to mediate repression of a specific set of 
genes.
Ring1b-deficient ES cells retain expression 
of important stem cell regulators Oct4, 
Nanog and alkaline phosphatase, which 
was also observed in other PcG-deficient 
ES cells (Leeb and Wutz, 2007; Pasini et 
al, 2007; Stock et al, 2007). Derepression of 
developmental genes and downregulation 
of other stem cell markers, such as Rex-1, 
Sox2 and Dppa3, suggests activation of 
the differentiation program. During ES 
cell differentiation, repression of Oct4 
and Nanog is essential, considering that 
ectopic expression of Oct4 can block 
differentiation, while expression of Nanog is 
enough to maintain ES cell self-renewal and 
pluripotency, even in the absence of extrinsic 
factor LIF or Oct4 expression (Chambers et 
al, 2003; Hochedlinger et al, 2005; Niwa et 
al, 2000). Retained expression of Oct4 and 
Nanog could indicate that PcG proteins 
are either directly or indirectly involved in 
regulation of Oct4 and Nanog. A direct role 
for PcG proteins in regulating the expression 
of Oct4 and Nanog has been suggested 
by Pasini and co-workers, who show that 
PRC2 proteins bind to the Oct4 and Nanog 
promoters in ES cells (Pasini et al, 2007). 
Moreover, the H3K27me3 histone mark 
has been found at the Oct4 promoter in 
more committed cells, suggesting that PcG 

proteins are involved in direct repression of 
stem cell regulators in differentiated cells 
(Azuara et al, 2006). 
Comparative analysis of our expression 
profiling data with recently published 
global chromatin-state maps generated of 
mouse ES cells showed that Ring1b almost 
exclusively binds to genes with CpG-rich 
promoters. This is in consistent with a report 
showing that a strong correlation exists 
between promoters with highly conserved 
large CpG islands and Suz12 binding 
domains in undifferentiated human ES cells 
(Tanay et al, 2007). Furthermore, our data 
confirm that PcG proteins are involved in 
repressing bivalently marked developmental 
genes in ES cells (Azuara et al, 2006; 
Bernstein et al, 2006; Mikkelsen et al, 2007; 
Stock et al, 2007). This comparative analysis 
also revealed that a considerable number 
of actively transcribed H3K4me3 marked 
Ring1b bound genes are regulated (mainly 
repressed) in ES cells. The absence of 
H3K27me3 at these promoters suggests 
that Ring1b is recruited independently from 
PRC2. This is in agreement with other 
observations indicating that Xist RNA, but 
not PRC2, is required for PRC1 recruitment 
during X inactivation in differentiating ES cells 
(Schoeftner et al, 2006). The association 
of Ring1b to actively transcribed genes is 
consistent with global and candidate-based 
binding studies that show overlap between 
PcG and RNAPII occupancy or association of 
PcG proteins with expressed genes in mouse 
and human ES cells, neural progenitor cells 
and embryonic fibroblasts (Bracken et al, 
2006; Breiling et al, 2004; Lee et al, 2006; 
Pasini et al, 2007; Squazzo et al, 2006). 
This suggests that Ring1b does not function 
as a silencer of these genes in ES cells. 
Moreover, a large subset of actively marked 
genes retain this mark and corresponding 
transcriptional state in more committed 
NPCs and MEFs (Mikkelsen et al, 2007). 
Thus, rather than poising for activation or 
prolonged inactivation, as was proposed for 
the bivalent genes, Ring1b might be required 
to modulate the transcriptional activity of 
this subset of actively marked genes in ES 
cells and during later developmental stages. 
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Only recently, association of Ring1b and 
uH2A was shown to mediate a silenced 
state of RNAPII present at promoters and 
coding regions of bivalent genes (Stock et 
al, 2007). Dissociation of Ring1b and uH2A 
from these promoters results in activation of 
the RNAPII complex without major changes 
in the levels of PRC2 proteins or association 
of H3K27me3. In addition, others showed 
that the presence of uH2A in the promoter-
proximal region blocks recruitment of FACT 
resulting in pausing of RNAPII and inhibition 
of transcriptional elongation (Zhou et al, 
2008). One could speculate that Ring1b-
mediated mono-ubiquitination of histone 
H2A also interferes with the RNAPII complex 
at active H3K4me3 marked genes, but how 
remains to be investigated.
Altogether, our data suggest that Ring1b is 
important to maintain an undifferentiated 
state of ES cells through repression of key 
developmental genes. The finding that this 
involves direct transcriptional repression of at 
least two epigenetically distinct sets of genes 
helps to understand and further explore the 
role of Ring1b during development.

Materials and Methods

Generating Ring1b conditional knockout ES 
cells
The Ring1b wild type allele in Ring1b+/- ES cells 
(Voncken et al, 2003) was targeted with a construct 
containing loxP sequences at the EcoRI site in 
intron 2 and at the XhoI site in intron 4, followed 
by a third LoxP site enclosing a hygromycin 
cassette to allow for selection of targeted ES 
cells. Correct targeting of hygromycin resistant 
Ring1b-/LoxHyg ES cell clones was confirmed by 
Southern blot analysis. Next, to obtain Ring1b-/Lox 
ES clones the hygromycin cassette was removed 
by transiently expressing adenoviral Cre and 
subsequently screening for hygromycin sensitivity. 
Correct removal of the hygromycin cassette in the 
selected Ring1b-/Lox ES clones was confirmed 
by Southern blot analysis. Finally, to generate 
inducible conditional Ring1b-/Lox;CreERT2 ES cells 
a puromycin-selectable R26CreERT2 construct 
was targeted to the ROSA26 locus. CreERT2 
could be activated by adding 200 nM 4-OHT 
(Sigma, dissolved in absolute ethanol) to the ES 
cell medium.
Southern blot analysis of HindIII digested genomic 

DNA and a 5’end external probe in intron 1 to 
discriminate between the Ring1b wild type (11 
kb), conventional knockout (5 kb) (Voncken et al, 
2003), Lox (7 kb), and Del (4 kb) allele. The Del 
allele follows from deletion of exons 3 and 4 after 
4-OHT-mediated activation of CreERT2 in Ring1b-/

Lox;CreERT2 ES cells. 

Cell culture
ES cells were cultured on dishes coated with 0.1% 
gelatin (Sigma) without feeders in 60% conditional 
Buffalo Rat Liver (BRL) medium, which consisted 
of 60% BRL medium and 40% standard ES 
medium. Standard ES cell medium consisted of 
GMEM (Gibco), 10% foetal calf serum (Sigma), 
supplemented with 1% non-essential amino 
acids, 1 mM sodium pyruvate, L-glutamate, beta-
mercaptoethanol and 103 units LIF (all Gibco). 
BRL medium was derived by filtering (0.2 µM) 
the supernatant of BRL cells cultured for one 
week in standard ES cell medium without beta-
mercaptoethanol or LIF. 
Ring1b conditional ES cells or Ring1b+/+;CreERT2 
control ES cells were treated with 200 nM 4-OHT 
and MEFs with 1 µM 4-OHT for the indicated time. 
MEFs were isolated from 14.5 day old embryo’s 
and cultured as described before (Jacobs et al, 
1999). For RA treatment ES cells were cultured 
in standard ES medium without LIF and in 
the presence of 500 nM all-trans-RA (ATRA) 
(Sigma).

Protein isolation and Western blot analysis
Proteins were extracted from whole cells (RIPA 
lysates, protocol as described previously) 
(Hernandez-Munoz et al, 2005a) or from the 
nucleus (nuclear extraction). For nuclear extracts 
cells were washed with PBS, incubated on ice 
for 5 min in Triton lysis buffer (0.1 M NaCl, 0.3 M 
sucrose, 3 mM MgCl2, 50 mM HEPES pH 6.8, 1 
mM EGTA, 0.2% Triton-X100) supplemented with 
Complete™ protease inhibitor cocktail (Roche) 
and 10 mM N-ethylmaleimide (NEM) followed by 
spinning for 5 min at 3000 rpm at 4°C to pellet 
the nuclei. Nucleic proteins were recovered by 
incubating the nuclei in SDS-lysis buffer (0.1% 
SDS, 50 mM TrisHCl pH 7.5, 0.15 M NaCl) for 10 
min on ice, followed by sonification (10 pulses at 
50%, level 4) and spinning for 1 min at 14.000 rpm 
to remove insoluble material. Protein samples 
were assayed with SDS-PAGE using pre-cast 
gradient gels (Invitrogen) and conventional 
Western blotting techniques. 

Immunostaining, alkaline phosphatase, and 
Annexin V staining
ES cells were cultured for four days with 200 
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nM 4-OHT or three days with 500 nM RA on 
coverslips coated with 0.1% gelatin. Cells were 
fixed in 4% paraformaldehyde for 10 min at RT 
and permeabilization in 0.25% Triton-X100/
PBS for 5 min. Cells were then incubated for 30 
minutes at RT in blocking solution (5% foetal calf 
serum (Gibco), 5% normal goat serum (Vector 
laboratories), 0.02% Triton-X100/PBS). Next, cells 
were incubated with the 1st antibody for 1 hour at 
RT in blocking solution and afterwards washed 
five times 5 minutes with 0.02% Triton-X100/PBS. 
Hereafter, cells were incubated for 1 hour at RT 
with fluorescence labeled 2nd antibody in blocking 
solution, followed by five washes of 5 min each 
with 0.02% Triton-X100/PBS. Cover slips were 
mounted on object slides using Vectashield 
with DAPI (Vector Laboratories). For the uH2A 
immunostaining cells were permeabilized prior to 
fixation by in cytoskeletal buffer (100 mM NaCl, 
300 mM sucrose, 3 mM MgCl2, 10 mM PIPES pH 
6.8) for 30 sec, followed by 30 sec in cytoskeletal 
buffer containing 0.5% Triton-X100, and 30 sec in 
cytoskeletal buffer without Triton-X100, all on ice. 
For the alkaline phosphatase staining cells were 
cultured on dishes, followed by fixation and 
stained according to the manufactures protocol 
(Sigma). 
To determine the level of apoptosis, cells were 
collected by trypsinization, or first washed twice 
with PBS to obtain only the adherent cells, followed 
by staining with FITC-conjugated Annexin V-FITC 
(Roche) according to the manufactures protocol 
and analyzed by flow cytometry.

Antibodies
H3K27me3 rabbit polyclonal was a kind gift from T. 
Jenuwein. Ezh2 mouse monoclonal antibody was 
a kind gift from K. Helin. Ring1b mouse monoclonal 
and rabbit polyclonal antibodies were obtained 
from H. Koseki. Oct4 mouse monoclonal antibody 
C-10 and Lamin-B goat polyclonal antibody M20 
from Santa Cruz, Nestin mouse monoclonal 
antibody from BD, Eed rabbit polyclonal and 
Bmi1 and uH2A mouse monoclonal antibodies 
from Upstate. Secondary immunofluorescence 
antibodies were Alexa 488- or 568-conjucated 
anti-mouse, 568- or 488-conjucated anti-rabbit 
from Molecular Probes.

Image analysis and quantification
To quantify the fluorescence levels of 
immunofluorescence-labeled proteins in individual 
cells, we took sequential images of DAPI and 
the fluorescence labeled protein using a Leica 
confocal research microscope with a 63x lens and 
fixed laser settings per protein. Files were saved in 
TIFF format with a 512x512 resolution. The images 

were analyzed with Image-Pro 5.1 software (Media 
Cybernetics). In brief, mean fluorescence intensity 
levels of the immunofluorescence-labeled protein 
per cell were measured for the nucleic area as was 
determined by the DAPI staining for on average 
250 cells per quantification and three independent 
stainings. The distribution of the mean intensity 
per cell is displayed in histogram figures with 
same x-axis scale.

RNA isolation, real-time QPCR and microarray 
analysis
Ring1b-/Lox;CreERT2 and Ring1b+/+;CreERT2 
control ES cells (used as a reference for QPCR 
and microarray) were cultured under the same 
conditions and RNA was isolated at the indicated 
time points. Total RNA was isolated using TRIzol 
reagent (Invitrogen) according to the manufactures 
protocol followed by DNase treatment and aRNA 
amplification (Invitrogen). Real-time QPCR 
conditions and primer sequences are as described 
elsewhere (Boyer et al, 2006). Changes in RNA 
levels following 4-OHT treatment of Ring1b-/

Lox;CreERT2 relative to Ring1b+/+;CreERT2 ES cells 
were determined based on the results of three 
QPCRs. 
The oligonucleotide arays were printed at the CMF 
core facility of the NKI/AvL with mouse Operon 
microarray version 3 (http://microarrays.nki.nl/
download/geneid.html). Detailed information 
about the labeling and hybridization protocols 
and array analysis can be found on the NKI/AvL 
microarray website (http://microarrays.nki.nl/
download/protocols.html). In brief, amplified RNA 
was labeled with ULS Cy5 or Cy3 (Kreatech EA-
006, Amsterdam) was pooled and co-hybridized to 
the microarray (each experiment was performed 
in dye swap fashion and controlled with self-self 
hybridization experiments to correct for dye-bias). 
After 16 hours of hybridization the microarrays 
were washed and scanned using an Agilent DNA 
Microarray scanner (Agilent Technologies, Cat# 
G2505B). ImaGene v6.0 software (BioDiscovery 
Inc) was used to quantify the RNA expression 
levels using the TIFF images produced by the 
scanner. The background-corrected intensities 
from the Cy5- and Cy3 channel were used to 
calculate log2 transformed ratios. These ratios 
were normalized using a lowest fit per subarray 
(Yang et al, 2002). A weighted average ratio and 
confidence level (P-value) was calculated per 
gene by a NKI platform adjusted error model 
(Hughes et al, 2000), which was fine-tuned by 
self-self hybridizations. Significantly differentially 
expressed genes (outliers) between sample and 
reference were selected based on their P-value 
(a gene with a P-value <0.05 was considered an 
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outlier).
The microarray details and results are submitted to 
the ArrayExpress database (http://www.ebi.ac.uk/
arrayexpress/), reference number E-NCMF-14. 
Clustering of the microarray data was performed 
using the bioinformatics software program 
Genesis (Sturn et al, 2002). GO classification 
analysis was performed using bioinformatics 
program BiNGO (Maere et al, 2005). Pathway 
analysis was performed using the bioinformatics 
software program DAVID based on the KEGG 
pathway database available online (http://david.
abcc.ncifcrf.gov).
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Figure S1. Loss of uH2A after 
deletion of Ring1b in MEFs. Example 
of immunofluorescence stainings 
of Ring1b-/Lox;CreERT2 MEFs 6 days 
following 4-OHT treatment showing 
loss of uH2A in MEFs that have lost 
Ring1b.

Figure S3. Ring1b bound H3K4me3 
marked genes with CpG-rich 
promoters retain this mark in NPC 
and MEFs. Bar graph showing the 
distribution of the chromatin-state 
of the Ring1b bound genes with 
high-CpG content promoters (HCP) 
in neural progenitor cells (NPC) or 
MEF that were marked with either 
H3K4me3 or H3K4me3+H3K27me3 
in ES cells. Graph represents 
the chromatin state of all Ring1b 
bound genes that are represented 
on the microarray (‘all’), and only 
the Ring1b bound genes that are 
deregulated in Ring1b deficient ES 
cells (‘dereg’). These data show 
that most H3K4me3 marked genes, 
retain this mark in NPC and MEFs.
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Figure S2a. Graphical representation of GO categories that are significantly enriched one day after 
4-OHT treatment of Ring1b-/Lox;CreERT2 ES cells (see also Table S2a). Graphical map shows the 
hierarchical relations between the significantly enriched GO categories (yellow circles) identified by the 
BiNGO bioinformatics tool.
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Figure S2b. Graphical representation of GO 
categories that are significantly enriched two days 
after 4-OHT treatment of Ring1b-/Lox;CreERT2 ES 
cells (see also Table S2b). Graphical map shows 
the hierarchical relations between the significantly 
enriched GO categories (yellow circles) identified 
by the BiNGO bioinformatics tool.

Figure S2c. Graphical representation of GO 
categories that are significantly enriched three 
days after 4-OHT treatment of Ring1b-/Lox;CreERT2 
ES cells (see also Table S2c). Graphical map shows 
the hierarchical relations between the significantly 
enriched GO categories (yellow circles) identified 
by the BiNGO bioinformatics tool.
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Figure S2d. Graphical representation of GO categories that are significantly enriched four days after 
4-OHT treatment of Ring1b-/Lox;CreERT2 ES cells (see also Table S2d). Graphical map shows the 
hierarchical relations between the significantly enriched GO categories (yellow circles) identified by the 
BiNGO bioinformatics tool.
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Table S2a. BiNGO ontology analysis of genes deregulated after one day of 4-OHT treatment of 
Ring1b-/Lox;CreERT2 ES cells, using EntrezIDs.

Table S2b. BiNGO ontology analysis of genes deregulated after two days of 4-OHT treatment of 
Ring1b-/Lox;CreERT2 ES cells, using EntrezIDs.

File created with BiNGO (c) on 6-aug-2007 at 15:35:09

ontology: process
curator:  GO

Selected ontology file : D:\Cytoscape 22\cytoscape-v2.2\plugins\BiNGO\GO_Biological_Process
Selected annotation file : D:\Cytoscape 22\cytoscape-v2.2\plugins\BiNGO\M_musculus_default
Overrepresentation
Selected statistical test : Hypergeometric test
Selected correction : Bonferroni Family-Wise Error Rate (FWER) correction
Selected significance level : 0.1

Testing option : Test cluster versus network

Number of genes selected : 285
Total number of genes in annotation : 10855

GO-ID p-value corr p-value# selected # total Description
46165 1,99E-06 1,66E-03 6 16 alcohol biosynthesis
46364 1,99E-06 1,66E-03 6 16 monosaccharide biosynthesis
19319 1,99E-06 1,66E-03 6 16 hexose biosynthesis
6094 1,99E-05 1,65E-02 5 14 gluconeogenesis
6090 5,75E-05 4,79E-02 5 17 pyruvate metabolism

19752 9,71E-05 8,09E-02 22 342 carboxylic acid metabolism
6082 9,71E-05 8,09E-02 22 342 organic acid metabolism

File created with BiNGO (c) on 6-aug-2007 at 15:31:04

ontology: process
curator:  GO

Selected ontology file : D:\Cytoscape 22\cytoscape-v2.2\plugins\BiNGO\GO_Biological_Process
Selected annotation file : D:\Cytoscape 22\cytoscape-v2.2\plugins\BiNGO\M_musculus_default
Overrepresentation
Selected statistical test : Hypergeometric test
Selected correction : Bonferroni Family-Wise Error Rate (FWER) correction
Selected significance level : 0.1

Testing option : Test cluster versus network

Number of genes selected : 386
Total number of genes in annotation : 10855

GO-ID p-value corr p-value# selected # total Description
8151 1,23E-05 1,14E-02 296 7262 cellular physiological process
7049 2,65E-05 2,45E-02 36 489 cell cycle
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Table S2c. BiNGO ontology analysis of genes deregulated after three days of 4-OHT treatment of 
Ring1b-/Lox;CreERT2 ES cells, using EntrezIDs.

Table S2d. BiNGO ontology analysis of genes deregulated after four days of 4-OHT treatment of 
Ring1b-/Lox;CreERT2 ES cells, using EntrezIDs.

File created with BiNGO (c) on 6-aug-2007 at 13:48:33

ontology: process
curator:  GO

Selected ontology file : D:\Cytoscape 22\cytoscape-v2.2\plugins\BiNGO\GO_Biological_Process
Selected annotation file : D:\Cytoscape 22\cytoscape-v2.2\plugins\BiNGO\M_musculus_default
Overrepresentation
Selected statistical test : Hypergeometric test
Selected correction : Bonferroni Family-Wise Error Rate (FWER) correction
Selected significance level : 0.1

Testing option : Test cluster versus network

Number of genes selected : 639
Total number of genes in annotation : 10855

GO-ID p-value corr p-value# selected# total Description
8152 1,77E-07 2,10E-04 374 5286 metabolism

44237 3,15E-07 3,73E-04 354 4969 cellular metabolism
6139 9,90E-07 1,17E-03 180 2221 nucleobase, nucleoside, nucleotide and nucleic acid metabolw.
6334 1,14E-06 1,35E-03 14 52 nucleosome assembly
8151 1,32E-06 1,56E-03 481 7262 cellular physiological process

31497 1,68E-06 1,98E-03 15 61 chromatin assembly
50791 2,03E-06 2,41E-03 175 2169 regulation of physiological process
44238 3,29E-06 3,89E-03 335 4747 primary metabolism
51244 4,13E-06 4,89E-03 169 2102 regulation of cellular physiological process
6333 5,22E-06 6,18E-03 17 83 chromatin assembly or disassembly
9887 5,55E-06 6,57E-03 44 369 organ morphogenesis

48513 6,39E-06 7,56E-03 72 725 organ development
50794 6,57E-06 7,77E-03 175 2209 regulation of cellular process
50789 1,20E-05 1,42E-02 185 2384 regulation of biological process
9653 1,25E-05 1,48E-02 68 686 morphogenesis
6259 1,60E-05 1,89E-02 46 409 DNA metabolism
7275 2,20E-05 2,60E-02 129 1560 development

File created with BiNGO (c) on 6-aug-2007 at 15:10:50

ontology: process
curator:  GO

Selected ontology file : D:\Cytoscape 22\cytoscape-v2.2\plugins\BiNGO\GO_Biological_Process
Selected annotation file : D:\Cytoscape 22\cytoscape-v2.2\plugins\BiNGO\M_musculus_default
Overrepresentation
Selected statistical test : Hypergeometric test
Selected correction : Bonferroni Family-Wise Error Rate (FWER) correction
Selected significance level : 0.1

Testing option : Test cluster versus network

Number of genes selected : 466
Total number of genes in annotation : 10855

GO-ID p-value corr p-value# selected # total Description
48513 4,50E-05 4,46E-02 54 725 organ development
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Table S3. Pathway analysis of genes transcriptionally deregulated following Ring1b deletion. Excel file 
of DAVID pathway analysis (selecting the KEGG pathway database option) of all outliers, based on 
EntrezIDs, per day of 4-OHT treatment of Ring1b-/Lox;CreERT2 ES cells.

Term (based on KEGG pathway database) # genes % PValue
Day 1
MMU04110:Cell cycle 8 1,74% 0,03953
MMU00051:Fructose and mannose metabolism 6 1,30% 0,020727
MMU00710:Carbon fixation 4 0,87% 0,0305
MMU00030:Pentose phosphate pathway 4 0,87% 0,037932
MMU00010:Glycolysis/gluconeogenesis 6 1,30% 0,0257

Day 2
MMU00330:Arginine and proline metabolism 6 0,93% 0,059059
MMU00480:Glutathione metabolism 5 0,78% 0,093433
MMU00271:Methionine metabolism 4 0,62% 0,018164
MMU04520:Adherens junction 8 1,24% 0,02595
MMU00010:Glycolysis/gluconeogenesis 6 0,93% 0,062923
MMU00590:Arachindonic acid metabolism 7 1,09% 0,071111
MMU00970:Aminoacyl-tRNA synthetases 5 0,78% 0,021118
MMU00220:Urea cycle and metabolism of amino groups 4 0,62% 8,36E-02
MMU04730:Long-term depression 7 1,09% 0,074783

Day 3
MMU04540:Gap junction 9 1,15% 0,058752
MMU00910:Nitrogen metabolism 5 0,64% 0,017028
MMU04510:Focal adhesion 17 2,17% 0,032601
MMU04350:TGF-beta signaling pathway 9 1,15% 0,04452

Day 4
MMU04110:Cell cycle 13 1,26% 0,048647
MMU00340:Histidine metabolism 7 0,68% 0,07664
MMU03030:DNA polymerase 6 0,58% 0,030831
MMU00280:Valine, leucine and isoleucine degradation 9 0,87% 0,020638
MMU00030:Pentose phosphase pathway 6 0,58% 0,022619
MMU00271:Methionine metabolism 4 0,39% 0,07396
MMU00260:Glycine, serine, and threonine metabolism 8 0,77% 0,046524
MMU00010:Glycolysis/gluconeogenesis 8 0,77% 0,077236
MMU00564:Glycerophospholipid metabolism 11 1,06% 0,028432
MMU04350:TGF-beta signaling pathway 12 1,16% 0,026717
MMU00970:Aminoacyl-tRNA syntetases 6 0,58% 0,035555
MMU04320:Dorso-ventral axis formation 6 0,58% 0,052289
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Different flavors of PcG protein 
complexes

In mammals, PcG proteins act in two 
functionally distinct Polycomb repressive 
complexes (PRCs): PRC1 and PRC2. 
The enzymatic component of PRC2 is the 
histone methyltransferase Ezh2 that acts 
through the transfer of methyl groups to 
histone H3 at lysine 27 (H3K27me3), which 
is located in the N-terminally protruding tail 
of the histone (Cao et al, 2002; Czermin et 
al, 2002; Kuzmichev et al, 2002). For stable 
protein expression and function, Ezh2 
requires interaction with the two other PRC2 
members, Eed and Suz12 (Kuzmichev et 
al, 2002; Pasini et al, 2004). The presence 
of H3K27me3 at promoters and coding 
regions of genes indicates a role for PRC2 in 
transcriptional regulation of that gene. CBX 
PcG proteins, members of PRC1, recognizes 
trimethylated H3K27, which poses a model 
for how PRC1 is recruited (Czermin et al, 
2002). 
We mainly focused our study on the PRC1 
core members Ring1b and Bmi1. Absence 

of Ring1b in mice results in embryonic 
lethality (Voncken et al, 2003), with similar 
defects as PRC2 knockout mice (Faust 
et al, 1998; Gutjahr et al, 1995; Jones and 
Gelbart, 1990; O’Carroll et al, 2001; Pasini 
et al, 2004). In clear contrast, mice that 
are deficient for other PRC1 proteins also 
have developmental defects, but are viable 
(Akasaka et al, 1996; del Mar et al, 2000; 
Takihara et al, 1997; van der Lugt et al, 
1994). This implies a unique role for Ring1b 
within PRC1 during early embryogenesis. 
The identification of Ring1b as an E3 ligase, 
which catalyzes monoubiquitination of 
histone H2A (uH2A) at lysine 119 (Wang et 
al, 2004), gave insights into the function of 
PRC1 proteins in transcriptional repression. 

The E3 ligase activity of Ring1b and 
Ring1a is influenced by interaction with 
other PRC1 RING domain members
Like many other ubiquitin E3 ligases, Ring1b 
is a RING finger domain protein (Joazeiro 
and Weissman, 2000). The RING domain 
of Ring1b was shown to be required for self-
association as well as for interaction with 

General discussion

Petra van der Stoop and Maarten van Lohuizen

A multicellular organism can consist of hundreds of different cell types that exist 
in the various organs and body structures. Interestingly, it is created from only 
one set of genomic material. Throughout evolution, functionally distinct regulatory 
mechanisms have evolved that together regulate this unique set of genomic material. 
These mechanisms allow the expression of the right genes at the right time to 
guide proper execution of cellular processes, like proliferation, differentiation, and 
migration. Epigenetic regulatory systems mediate changes in expression at the 
chromatin level. These changes affect the readability of the DNA without the need to 
mutate it. Through epigenetic regulation, an active or repressed transcriptional state 
can be stably transmitted to daughter cells. Accumulating evidence has emerged that 
chromatin modifications that are mediated by epigenetic regulators are stable, but 
also reversible. Misexpression of epigenetic regulators is often found to be linked to 
cancer and other diseases. Understanding the function of epigenetic regulators will 
hopefully also bring us closer to the treatment of ‘epigenetically-linked’ diseases. 
A family of epigenetic regulators that is important for stable transcriptional 
repression throughout development, and moreover plays a role in various cancers, is 
the family of PcG proteins. We have examined the role of PcG proteins during various 
developmental processes. In this discussion, we dissect the function of PcG proteins 
in transcriptional regulation of distinct chromatin targets.



Chapter 5

102

other RING domain containing proteins, like 
Bmi1 and PcG proteins related to Bmi1, such 
as Mel18, Mblr, and NSPc1 (Akasaka et al, 
2002; Hemenway et al, 1998; Satijn and Otte, 
1999; Saurin et al, 1996; Wu et al, 2008). We 
found that the Ring1b homodimer catalyzes 
histone H2A ubiquitination, in agreement 
with other reports (Cao et al, 2005; Li et 
al, 2006; Wang et al, 2004) (Chapter 2). In 
addition, heterodimerization of Ring1b with 
Bmi1 strongly enhanced Ring1b’s E3 ligase 
activity in vitro (Cao et al, 2005; Li et al, 2006; 
Wei et al, 2006)(Chapter 2). The C-terminal 
part of both the Ring1b and Bmi1 protein 
were dispensable without any loss of activity 
(Li et al, 2006)(Chapter 2). This suggests 
that the RING domain Ring1b/Bmi1 complex 
is both essential and minimally required 
for the E3 ligase activity. The importance 
of the RING domain for the enzymatic 
activity of Ring1b was already suggested 
previously, since site-specific mutations 
in the RING domain of Ring1b were found 
to abolish H2A ubiquitination (Wang et al, 
2004). Furthermore, mutating the conserved 
lysine in the Drosophila Ring1b homolog 
Sce resulted in embryonic lethality (Fritsch 
et al, 2003). By solving the structure of the 
Ring1b/Bmi1 RING domain heterodimeric 
complex, we now show that these specific 
residues reside in the interface with Bmi1, 
suggesting that complex formation with Bmi1 
is of significant importance in vivo as well. 
We found that Bmi1 enhanced Ring1b’s E3 
ligase activity in a dose-dependent way, 
in line with observations by others (Li et 
al, 2006)(Chapter 2). A dosage-effect was 
also described for Bmi1 in vivo. A two-fold 
decrease in the levels of Bmi1 significantly 
reduced the susceptibility of mice to 
lymphomagenesis (Jacobs et al, 1999), 
whereas elevated levels resulted in mice that 
are more prone to tumor formation (Alkema 
et al, 1997). An intact RING domain appears 
to be essential for the dose-dependent 
effect, since mutations in the RING domain 
of Bmi1 abolished the stimulating effect on 
tumor formation (Alkema et al, 1997). 
Mel18 is highly homologous to Bmi1 and 
showed a perfect overlap with Bmi1 in the 
residues that are required for interaction 

with Ring1b, as predicted by the structure 
of the Ring1b/Bmi1 complex complemented 
with computational analysis (Li et al, 2006)
(Chapter 2)(G.B. personal communication). 
Mel18 differs from Bmi1 at 7 residues residing 
outside the Ring1b/Bmi1 interface, which 
could be required for substrate recognition 
of the PRC1 complex. Discrepancy exists 
about the stimulating effect of Mel18 on the 
E3 ligase activity of Ring1b (Cao et al, 2005; 
Elderkin et al, 2007). This might be due to 
differences in the post-translational state of 
Mel18 and Bmi1. While phosphorylation of 
Mel18 is required to stimulate the enzymatic 
activity of Ring1b and chromatin interaction 
(Elderkin et al, 2007), phosphorylation of Bmi1 
results in the dissociation from chromatin 
(Voncken et al, 1999). Together, these 
findings suggest that the function of Ring1b 
can be influenced by altering the composition 
of PRC1. Of note, Bmi1 is transcriptionally 
repressed by Ring1b (Boyer et al, 2006; Ku 
et al, 2008), while interaction of Ring1b with 
Bmi1 positively regulates protein stability of 
the both proteins (Ben Saadon et al, 2006). 
This poses the possibility of both positive and 
negative feedback loops that can influence 
the enzymatic activity of PRC1.

Ring1b expression is critical during early 
embryogenesis
Based on the structure that we solved for the 
Ring1b/Bmi1 RING-RING domain complex, 
we found that the Ring1b protein contains 
an N-terminally protruding arm that appears 
to embrace Bmi1 and fortify the interaction 
between the two (Li et al, 2006)(Chapter 
2). Interestingly, this N-terminal arm is also 
present in the Ring1a protein, which we found 
to have E3 ligase activity indistinguishable 
from Ring1b in vitro. We showed that the 
N-terminal arm was essential for the E3 
ligase activity of Ring1a and for complex 
formation with Bmi1. This might explain 
the lack of enzymatic activity observed by 
others, who used Ring1a constructs that 
missed these N-terminal residues in the in 
vitro ubiquitination experiments (Wang et 
al, 2004). Despite this strong homology in 
vitro, Ring1b and Ring1a appear to function 
differently in vivo. Absence of Ring1b 
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results in early embryonic lethality (Fritsch 
et al, 2003; Voncken et al, 2003), whereas 
the lack of Ring1a results in relative mild 
developmental aberrations compatible with 
life (del Mar et al, 2000). Ring1a expression 
is hardly detectable, in contrast to high 
expression levels of Ring1b (Puschendorf et 
al, 2008). Still, Ring1a has been shown to be 
functional redundant in absence of Ring1b in 
pluripotent embryonic stem (ES) cells, which 
are derived from the inner cell mass of early 
blastocysts. For instance, it has been shown 
that in Ring1b-deficient ES cells, uH2A 
levels have declined severely, but become 
undetectable when Ring1a is knocked out as 
well (de Napoles et al, 2004). Furthermore, 
additional loss of Ring1a derepressed 
Ring1b-bound genes further in Ring1b-
depleted ES cells (Stock et al, 2007). Ring1a 
was also shown to partially compensate for 
the loss of Ring1b during X chromosome 
inactivation (XCI) in differentiating ES cells. 
XCI is initiated during early embryogenesis 
and allows compensation in expression 
of X-linked genes in female cells by 
complete condensation of one of the two 
X chromosomes. uH2A staining at the 
inactivated X (Xi) chromosome increased 
significantly upon differentiation of Ring1b-
deficient ES cells, which were severely 
impaired in uH2A levels before inducing 
differentiation (Leeb and Wutz, 2007). In line 
with this, Ring1a protein levels were strongly 
upregulated and Ring1a was recruited to the 
Xi in both differentiated Ring1b-knockout 
and wild type control ES cells. Nonetheless, 
the upregulated levels of Ring1a did not 
result in restored levels of uH2A of other 
PRC1 proteins, which were downregulated 
after deletion of Ring1b. This suggests that 
Ring1a partially overlaps in function with 
Ring1b, but that Ring1b is the critical factor 
during early embryonic stages. 
By computational analysis, we found that 
the RING domain of Ring1b harbors a 
site that mediates interaction with the E2 
conjugating enzyme. Mutating this site in 
the Ring1b protein severely diminished H2A 
ubiquitination in vitro (Chapter 2).
Together, our findings show that Ring1b 
and Ring1a are bona-fide H2A E3 ligases in 

vitro. Besides the RING finger domain, the 
N-terminally protruding arm of the protein is 
important for complex formation with Bmi1. 
Interaction with Bmi1 enhances the E3 ligase 
activity of Ring1b, which creates a model for 
how the functional output of Ring1b can be 
modulated in vivo. 

PcG proteins mediate repression of 
distinct types of chromatin

PcG proteins can regulate transcription 
of different chromatin targets (Figure 1). 
These chromatin targets are all bound by 
PcG proteins, but differ in chromatin state 
and transcriptional activity. This variation in 
function is the result of a well-orchestrated 
interplay between PcG proteins and other 
epigenetic regulatory systems, including 
TrxG proteins, non-coding RNAs, and 
histone variants. 

PcG proteins are involved in stable 
regulation of the inactive X chromosome
PcG proteins can regulate expression of 
genes that are located in open chromatin 
or euchromatin. Yet, PcG proteins also 
associate with heterochromatic loci, such as 
the Xi chromosome. Over the years, several 
factors have been identified that play a role 
in XCI, including PcG proteins, non-coding 
RNAs (ncRNAs), histone variants, and DNA 
methyltransferases. 
XCI is initiated by the expression of ncRNA 
Xi specific transcript (Xist) during the first 
differentiation events early in embryonic 
development. Xist coats the Xi, which is 
essential to recruit HDACs, PRC2 and PRC1 
proteins to the Xi and to mediate incorporation 
of the histone variant MacroH2A1(Csankovszki 
et al, 1999; Kohlmaier et al, 2004; Plath et 
al, 2003; Plath et al, 2004; Schoeftner et 
al, 2006). Subsequently, the DNA of the Xi 
is hypermethylated and HP1 proteins are 
recruited to establish a stable heterochromatic 
structure (Barr et al, 2007). The Xi state is 
maintained throughout development, except 
in primordial germ cells, where Xi-linked 
genes are reactivated around embryonic 
day 12.5 by erasure of the epigenetic marks 
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(Chuva de Sousa Lopes SM et al, 2008).
When triggering XCI in cultured female ES cells 
by inducing differentiation, the appearance of 
MacroH2A1 staining on the Xi coincides with 
PRC1 recruitment, implying that these events 
are linked (Mermoud et al, 1999; Plath et al, 
2004). The observation that MacroH2A1 
staining overlaps with the localization of PcG 
proteins at other subnuclear locations, like 
PcG bodies, strengthens this suggestion 
(Chapter 3). PcG bodies are PcG protein-
enriched pericentromeric heterochromatin-
like structures containing amplified regions 
of alpha-satellite repeat DNA and are mostly 
found in transformed cells (Saurin et al, 
1998; Voncken et al, 1999). This overlap 
in localization implies a more general link 
between MacroH2A1 and PcG-mediated 
transcriptional repression.
A direct link between PcG proteins and 
MacroH2A1 was revealed when Ring1b 
was found to monoubiquitinate MacroH2A1 
at its histone domain (Ogawa et al, 2005). 
Nonetheless, Ring1b was dispensable for 
XCI initiation and localization of MacroH2A1 
in differentiated mouse ES cells (Leeb and 
Wutz, 2007). However, the absence of 
Ring1b might be compensated by expression 
of the Ring1b functional homolog Ring1a, 
which was shown to ubiquitinate histone 

H2A in absence of Ring1b (de Napoles et 
al, 2004; Leeb and Wutz, 2007). Whether 
localization of MacroH2A1 to the Xi involves 
Ring1b requires further research, including 
studies in a Ring1b/Ring1a double-negative 
background.
We identified another, previously unknown 
factor that is required for XCI and functionally 
links MACROH2A1 and PRC1 (Chapter 
3). We found that MACROH2A1 and BMI1 
were targets for ubiquitination by the 
SPOP/CULLIN3/ROC1 E3 ligase complex 
in vitro and in vivo. In agreement, SPOP 
colocalized with BMI1 and MACROH2A1 
in HeLa cells and C127 mouse fibroblasts 
(Takahashi et al, 2002)(Chapter 3). Besides 
BMI1 and MACROH2A1, one other target 
of the SPOP/CULLIN3 E3 ligase complex 
has been described, namely the death-
domain-associated protein DAXX. In 
HeLa cells, SPOP/CULLIN3-mediated 
polyubiquitination of DAXX protein results 
in proteasomal degradation of DAXX, which 
induces apoptosis (Kwon et al, 2006). We 
found that ubiquitination of MACROH2A1 or 
BMI1 by SPOP and CULLIN3 does not affect 
their protein levels. Instead, RNAi-mediated 
knockdown of SPOP or CULLIN3 resulted in 
delocalization of MACROH2A1 from the Xi 
in 293HEK cells and MEFs (Chapter 3). This 

Cellular communication
(focal adhesion, 
gap and adherence junction, 
cytoskeleton orginazation)

Developmental genes
(families of TGFbeta, Wnt, Fgf,
Hox, Sox, Pou genes)

Heterochromatin targets
(Xi, PcG bodies) PcG

Cell  cycle
(Cdkn1c, CyclinD)

Figure 1. PcG proteins are involved in transcriptional regulation of different targets. These include 
heterochromatic targets, like the inactive X (Xi) and PcG bodies (left), or euchromatic gene targets 
(right side) that are involved in distinct pathways and are found to play a role during development (see 
text and chapter 3 and 4).
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suggests that SPOP/CULLIN3-mediated 
ubiquitination is involved in localization of 
MACROH2A1 to the Xi. 
uH2A staining is enriched at the Xi (de 
Napoles et al, 2004; Fang et al, 2004). 
MACROH2A1 also localizes to the Xi and, 
moreover, is excluded from the active X, 
suggesting a strong link with XCI (Costanzi 
and Pehrson, 1998). Our data now suggest 
that the SPOP/CULLIN3-mediated 
ubiquitination events are involved in correct 
Xi localization of MACROH2A1 (Chapter 
3). In line with a report that showed that 
both poly- and monoubiquitinated proteins, 
including uH2A, reside at the Xi (Smith et 
al, 2004), polyubiquitinated MACROH2A1 
might be among these proteins. By using 
site-specific mutagenesis, we determined 
that ubiquitination of MACROH2A1 by the 
SPOP/CULLIN3 complex does not require 
the lysines in the conserved histone domain, 
which are targeted for monoubiquitination 
by Ring1b (unpublished data). However, 
we need to identify the sites involved in 
SPOP/CULLIN3-mediated ubiquitination 
of MACROH2A1, or generate antibodies 
against ubiquitinated MACROH2A1, to gain 
more insight in the role of MACROH2A1 
ubiquitination and the proteins SPOP and 
CULLIN3 in XCI.
XCI is very stable, because of the interplay 
between different regulatory mechanisms. 
The Xi state is not affect when only one of 
the factors that is involved in establishing XCI 
is lost. For instance, loss of MacroH2A1 did 
not to affect XCI in somatic cells (Changolkar 
et al, 2007)(Chapter 3). This also hold true 
for differentiated cells that lack Eed, Ring1b, 
or Bmi1 (Kalantry and Magnuson, 2006; 
Kohlmaier et al, 2004; Leeb and Wutz, 
2007; Plath et al, 2003; Plath et al, 2004; 
Schoeftner et al, 2006; Wang et al, 2001). 
Interestingly, absence of Ring1b, Eed, or 
MacroH2A1 resulted in deregulation of a 
subset of autosomal genes and Xi-linked 
genes without loss of the condensed Xi 
structure (Boyer et al, 2006; Changolkar 
et al, 2007; Leeb and Wutz, 2007)(Chapter 
4). This suggests that local Xi reactivation 
can occur, while the overall condensed Xi 
structure is retained. Equally interesting is 

the observation that expression of Xist, which 
is essential for recruitment of several other 
XCI factors, including MacroH2A1, PRC1 
and PRC2 proteins, can be downregulated 
in differentiated cells without affecting the 
Xi state (Csankovszki et al, 1999; Kohlmaier 
et al, 2004; Plath et al, 2003; Plath et al, 
2004; Schoeftner et al, 2006). This suggests 
that the other regulatory mechanisms can 
safeguard XCI maintenance in absence of 
one of the factors involved.
We investigated whether interfering with 
multiple layers of XCI affects XCI. Whereas 
RNAi-mediated knockdown of MacroH2A1 
showed no effect on the expression of a 
reporter gene that was located on the Xi, we 
were able to induce significant reactivation 
of Xi-linked genes in mouse embryonic 
fibroblasts (MEFs) when combining 
knockdown of MacroH2A1 with inhibition 
of DNA methylation and HDAC activity, by 
treatment with 5Aza-dC and the histone 
deacetylase inhibitor trichostatin A (TSA), 
respectively (Chapter 3). Importantly, 
comparable results were obtained when 
combining TSA and 5Aza-dC treatment 
with RNAi-mediated knockdown of Spop 
or Cullin3. The level of reactivation was 
similar to that obtained by deletion of Xist 
combined with TSA treatment observed 
by others (Csankovszki et al, 2001). These 
results strongly suggest that the effect of 
MacroH2A1 on XCI is mediated by Spop/
Cullin3 ubiquitination, and that MacroH2A1 
mediates XCI through cross-talk with other 
epigenetic regulatory mechanisms, including 
DNA methylation and histone acetylation.

The role of PcG proteins in dynamic 
regulation of developmental genes
Over the last couple of years multiple 
genome-wide chromatin-binding studies 
have been performed that have had a 
major impact on our understanding of how 
PcG proteins function in developmental 
processes. The global PcG chromatin-
binding profiles showed that PcG proteins 
have a high specificity for developmental 
genes. Furthermore, the PcG-bound genes 
mainly included transcription factors (TFs), 
belonging to the Hox, Sox and Pou domain 
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familiy, and cell signaling components, like 
Fgfs, Wnts and Tgf-beta family members 
(Figure 1)(Boyer et al, 2006; Bracken et 
al, 2006; Lee et al, 2006; Squazzo et al, 
2006). Chromatin profiling studies that were 
performed in flies yielded similar results, 
indicating that the association of PcG 
proteins with developmental genes is highly 
conserved (Schwartz et al, 2006; Tolhuis et 
al, 2006). These developmental genes were 
rapidly upregulated upon differentiation of 
ES cells. In the absence of PcG proteins in 
ES cells, a subset of the PcG-bound genes 
were derepressed, while an increase in 
spontaneous differentiation was observed 
(Boyer et al, 2006; Leeb and Wutz, 2007; 
Pasini et al, 2007; Stock et al, 2007)(Chapter 
4). These data imply that PcG proteins are 
involved in maintaining an undifferentiated 
ES cells state through direct transcriptional 
regulation of the developmental genes that 
are important in the differentiation program. 
The observation that only a subset of the 
genes that are bound by PcG proteins were 
derepressed in their absence furthermore 
suggests that regulation of these genes 
involves additional (epigenetic) regulatory 
mechanisms.
To understand the role of PcG-mediated and 
other epigenetic mechanisms in regulating 
ES cell pluripotency, but also in lineage 
choice and lineage commitment, global 
chromatin maps of various epigenetic 
marks were generated of ES cells, neural 
and hematopoietic stem cells, and more 
restricted fibroblasts and T lymphocytes 
(Figure 2)(Azuara et al, 2006; Bernstein et al, 
2006; Guenther et al, 2007; Mikkelsen et al, 
2007). Unexpectedly, it was found that in ES 
cells many of the genes that were marked 
by H3K27me3 or exhibited binding of PcG 
proteins, also carried the TrxG signature 
H3K4me3, a mark for transcriptional activity. 
Genes with this dual chromatin state were 
named bivalent genes. The bivalent genes 
were repressed or transcribed at low levels, 
and mainly devoid of H3K36me3, suggesting 
absence of transcriptional elongation. In 
agreement, RNA polymerase II (RNAPII) 
was found to bind to the promoter, but not 
to the downstream coding regions, implying 

paused transcriptional elongation (Mikkelsen 
et al, 2007; Stock et al, 2007; Zhou et al, 
2008). Upon differentiation of ES cells into 
a certain lineage, bivalent lineage-specific 
genes tended to lose the H3K27me3 mark 
and to become activated. The genes that 
were unrelated to that cell type lost the 
H3K4me3 mark or both marks and became 
fully repressed. Interestingly, a subset of the 
bivalent genes retained their marks in the cell 
types that still have differentiation potential, 
like neural precursor cells, hematopoietic 
stem cells and embryonic fibroblasts 
(Mikkelsen et al, 2007). This suggests that 
PcG occupancy at bivalent genes poises 
these genes for transcriptional activation or 
repression later in development to allow the 
transition into a more specialized lineage.
To obtain a more complete overview of the role 
of PRC1 and PRC2 proteins in the regulation 
of bivalent domains, Ku and colleagues 
generated global protein-DNA interaction 
maps of various PRC1 and PRC2 proteins 
and histone methylation marks (Ku et al, 
2008). This study showed that in both mouse 
and human ES cells about half of the bivalent 
genes is occupied by PRC1 member Ring1b 
and PRC2 proteins Suz12 and Ezh2 (PRC2/
PCR1-positive), and that the other bivalent 
genes are bound by PRC2 proteins alone 
(PRC2-only). PRC2/PRC1-positive bivalent 
genes comprised mainly key developmental 
regulators, including TFs, morphogens and 
cytokines. The PRC2-only bivalent genes 
mainly encoded for membrane proteins. 
Interestingly, only a small percentage (10%) 
of the PRC2-only bivalent genes retained 
the H3K27me3 mark upon differentiation, in 
contrast to significantly more (33%) PRC2/
PRC1-bound bivalent genes. This implies 
an important role for PRC1 in maintaining 
ES cell pluripotency and controlling lineage-
specific transcriptional programs by ensuring 
robust repression of PRC2-marked key 
developmental regulators.
PcG proteins were found to bind to a small 
number of genes that are actively expressed 
in ES cells and neural progenitor cells 
(Bracken et al, 2006; Lee et al, 2006)(Chapter 
4). Among these were developmental 
genes that require inactivation later in 
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development, like Hox genes, or genes that 
show variable expression levels depending 
on developmental stage or cell type, like 
the Connexin family member Cx43, which 
mediates cell-cell communication (Wong 
et al, 2006), and translation initiation factor 
Eif4g3 (Baker and Fuller, 2007; Franklin-
Dumont et al, 2007). The finding that PcG 
proteins bind to actively transcribed genes 
might pose a role for PcG proteins to regulate 
transcription at yet another level. 
Are there specific factors involved in recruiting 
PcG proteins to the developmental genes 
in ES cells, and if so, which are they? One 
hypothesis is that PcG protein recruitment is 
directed by stem cell-specific TFs. In mouse 
and human ES cells, a subset of the PcG-
bound genes that were repressed in ES cells 
were co-occupied at their promoters by stem 
cell-specific TFs Oct4, Sox2 and Nanog 

(Boyer et al, 2005; Boyer et al, 2006; Lee et 
al, 2006). Proper expression of these stem 
cell regulators is important to control ES cell 
pluripotency (Avilion et al, 2003; Chambers 
et al, 2003; Mitsui et al, 2003; Niwa et al, 
2000). Immunoprecipitation with the ES cell-
specific protein Rex-1 as bait yielded Oct4 
and Ring1b (Wang et al, 2006). Furthermore, 
Suz12 binding to target genes in ES cells was 
impaired upon RNAi-mediated knockdown 
of Oct4 (Pasini et al, 2007). These findings 
could suggest that Oct4 is involved in 
recruiting PcG proteins to genes in ES cells. 
Yet, the Oct4-binding site was not identified 
as one of the TF-binding motifs that were 
significantly overrepresented in PRC2/Ezh2-
bound promoters in mouse ES cells (Ku et al, 
2008). A mild enrichment was found for the 
binding motif of the transcriptional repressor 
REST/NRSF, which is expressed in ES cells 

Figure 2. Interplay between PcG proteins and other mechanisms to regulate transcription during 
development. The model shows the interplay between PcG proteins, TrxG proteins and RNA polymerase 
II (RNAPII), based on the results of large scale studies (see text). In ES cells (left), PcG proteins are 
associated with promoters, which can be in the co-presence of TrxG proteins/H3K4me3 and inactive 
RNAPII. Specific combinations of regulatory mechanisms relate to an active (left top), bivalent (left 
middle) or repressed (left bottom) chromatin state. In differentiated cells (right side), the chromatin state 
of a gene changes depending on the cellular state and lineage commitment.
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and is implicated in stem cell self-renewal 
(Singh et al, 2008). The PRC2-bound 
promoters were also slightly enriched in 
motifs that are recognized by TFs, which are 
specifically expressed in differentiated cells, 
including Brachyury, MyoD and Pou6F1 
(Donahue and Reinhart, 1998; Weintraub et 
al, 1991; Yamaguchi et al, 1999). In genomic 
regions that were not bound by PRC2 TF 
motifs did occur at relatively high incidence. 
Altogether, in ES cells known TFs do not 
appear to mediate genomic recruitment of 
PcG proteins, although this does not exclude 
a role for TFs in directing PcG association to 
genes in differentiated cells.
Several groups found a strong correlation 
between binding of PcG proteins and the CpG 
content of that genomic region (Eden et al, 
2007; Ku et al, 2008; Lee et al, 2006; Mikkelsen 
et al, 2007; Mohn et al, 2008; Schlesinger et 
al, 2007; Tanay et al, 2007)(also described 
in Chapter 4). PcG proteins were found to 
bind almost exclusively to genomic regions 
that are rich in CpG islands. CpG islands are 
targeted by DNA methyltransferases, which 
impose transcriptional repression through 
extensive methylation of the cytosines in the 
CpG islands (Lei et al, 1996). In ES cells, 
PcG association and DNA hypermethylation 
appear to exclude each other (Fouse et al, 
2008). Interestingly, PRC1/PRC2-occupied 
CpG-rich regions were about twice as large 
as those associated with PRC2 only (Ku et 
al, 2008). In addition, the bivalent domains 
that were bound by both PRCs showed a 
higher frequency of genomic clustering. 
This could suggest that PcG-mediated 
transcriptional repression is imposed at a 
higher chromatin level, involving complex 
chromatin structures. It might be that PcG 
binding motifs can be revealed when the 
DNA sequence is analyzed by retaining that 
specific chromatin structure.
Considering that PRC1 appears to regulate 
a specific subset of PRC2-occupied key 
developmental genes, it is unfortunate that 
Ku et.al. did not analyze common motifs of 
the Ring1b-bound genomic regions (Ku et 
al, 2008). This is especially true when taking 
into account that PRC1 can be recruited 
in PRC2-dependent ways (Czermin et al, 

2002), but also independently from PRC2 
(Pasini et al, 2007; Schoeftner et al, 2006), 
which implies that distinct motifs or factors 
for PRC1 and PRC2 recruitment might exist. 
Although PcG recruitment in ES cells does 
not appear to involve specific TF motifs, 
there might be a role for proteins that bind 
to H3K4me3 or CpG-islands; two features 
that strongly correlate with PcG binding 
in ES cells. ncRNAs might be involved in 
PcG recruitment, like the ncRNAs Xist and 
HOTAIR, which have been described to 
regulate repression of Xi and Hox genes, 
respectively (Petruk et al, 2007; Plath et al, 
2003; Plath et al, 2004; Rinn et al, 2007). In 
addition, there might be a role for incorporated 
histone variants, like the histone variant 
H2A.Z, of which the presence in promoters 
of developmental genes was recently found 
to strongly correlate with transcriptional 
repression and PcG association in ES cells 
(Creyghton et al, 2008). To better understand 
the roles of PRC1 and PRC2 proteins in 
transcriptional regulation, mapping the full 
PcG machinery is required, including all PcG 
related proteins, uH2A localization and other 
epigenetic features.

In conclusion, PcG proteins can regulate 
transcription at different levels. First, variation 
in the functional output of the PcG core 
complexes can be influenced by variation in 
their composition. PRC composition varies, 
because of tissue-specific expression 
patterns of the different PcG core members 
and their homologs. In addition, some PcG 
genes are bound by PcG proteins, which 
implies that PcG proteins themselves can 
regulate PcG complex composition. Second, 
the function of the PcG complex is influenced 
by post-translational modifications of the PcG 
proteins. Third, the presence and activity of 
other epigenetic regulatory mechanisms 
affects the functional output of the PcG 
complexes that are associated with a gene 
or genomic region. In the co-presence of 
TrxG proteins and inactive RNAPII, PcG 
proteins poise developmental genes for 
transcriptional repression or transcriptional 
activation later in development. Stable 
transcriptional repression of the Xi requires 
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an interplay with, amongst others, DNA 
methyltransferases, ncRNA Xist and histone 
variant MacroH2A1. Recently, histone 
demethylases and deubiquitinating enzymes 
have been identified that counteract PcG-
mediated transcriptional  repression and 
allow the PcG-mediated repression to be 
flexibility and reversible.
Together, these findings provide a model 
for how PcG proteins can be implicated 
in transcriptional regulation of different 
chromatin targets.
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Summary

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

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

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

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

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

Besides stable, life-long transcriptional 
repression, PcG proteins mediate repression 
of genes that are important for proper 
development of an organism, such as 
differentiation-related and tissue-specific 
genes. In chapter 4, we studied the role of 
Ring1b in undifferentiated, pluripotent ES 
cells, which have the potential to differentiate 
into any cell type required in vivo. We 
generated Ring1b conditional knockout 
mouse ES cells, which allowed us to study 
the effects of loss of Ring1b expression. We 
found that in absence of Ring1b ES cells 
are prone for differentiation. Loss of Ring1b 
resulted in derepression of a subset of 
differentiation-related genes. In agreement, 
PcG proteins have been shown to bind to 
developmental genes with key roles during 
cellular differentiation. Interestingly, the 
genes that are specific for ES cells retained 
to be expressed in Ring1b-deficient ES cells, 
while upregulation of developmental genes 
normally results in repression of ES cell-
specific genes. This suggests that Ring1b 
contributes to a stable, undifferentiated state 
of ES cells.
By comparative analysis, we found that 
the promoter regions of the genes that are 
bound by Ring1b and deregulated in its 
absence in ES cells, were predominantly 
characterized by a high CpG-content and 
a bivalent chromatin state (i.e. containing 
histone modifications that correlate with 
transcriptional activity and inactivity). This 
suggests that the expression of the Ring1b-
bound genes is regulated through a tight 
interplay with distinct epigenetic regulatory 
mechanisms that together with PcG proteins 
control the differentiation program.
 
Altogether, PcG proteins are transcriptional 
repressors that are found to have important 
roles throughout development. PcG proteins 
are involved in stable, life-long silencing of 
the Xi and in regulating genes with important 
roles in stem cells and in the differentiation 
program. Variation in PcG expression and 
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complex composition, as well as a well-
coordinated interplay with other epigenetic 
transcriptional regulation mechanisms, 
is essential for PcG proteins to flavor 
transcriptional repression.
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De ontwikkeling van een meercellig 
organisme is bijzonder te noemen. Alleen 
al, omdat het mogelijk is om met slechts 
één set genomische informatie (DNA) 
een organisme te creëren dat bestaat uit 
honderden verschillende celtypes, elk 
met unieke eigenschappen. Dit betekent 
dat de transcriptie (leesbaarheid) van het 
DNA strak gereguleerd moet zijn. De juiste 
genen moeten tot expressie komen of juist 
uitgeschakeld zijn in een bepaald celtype 
of tijdens een specifieke periode tijdens de 
ontwikkeling. Om dit mogelijk te maken is het 
DNA niet gereguleerd door het aanbrengen 
van onomkeerbare veranderingen in het 
DNA (genetisch), maar op een hoger 
(epigenetisch) niveau. Het DNA in de kern 
van een cel is gewikkeld om histon eiwitten. 
Het totaal van DNA met histon eiwitten wordt 
ook wel chromatine genoemd. De structuur 
of vouwing van het chromatine kan worden 
aangepast, zodat alleen specifieke delen 
van het DNA kunnen worden afgelezen. 
Veranderingen in de structuur van het 
chromatine kunnen worden geïnduceerd 
door chemische veranderingen aan de histon 
eiwitten, zoals het aanbrengen of verwijderen 
van methyl, fosfaat, of acetylgroupen. 
Deze histonmodificaties kunnen invloed 
hebben op het bindende vermogen van 
chromatine-bindende eiwitten, wat de 
chromatinestructuur verder kan stabiliseren 
in een leesbare (actieve) of niet-leesbare 
(gerepresseerde) status. 
Kanker kan ontstaan door mutaties in 
het DNA, maar ook door ontregelde 
epigenetische regulatiemechanismen. Om 
kankers met epigenetische eigenschappen 
te kunnen behandelen moeten we begrijpen 
wat de functie is van de eiwitten die betrokken 
zijn bij deze epigenetische regulatie. In 
dit proefschrift hebben we de rol van de 
Polycomb-groep (PcG) eiwitten bestudeerd. 
PcG eiwitten zijn een familie van eiwitten die 
op epigenetisch niveau transcriptie kunnen 
represseren. PcG eiwitten zijn bekend om 
hun rol tijdens de ontwikkeling van een 
organisme en zijn ontregeld in bepaalde 
typen kanker.

In zoogdieren bestaan twee basis PcG 
repressieve complexen (PRC): PRC1 en 
PRC2 (beschreven in hoofdstuk 1). Elk 
PcG complex heeft zijn eigen specifieke 
functie. In het PRC2 complex is het PcG 
eiwit Ezh2 het enzymatische component 
die methylgroepen aanbrengt op aminozuur 
lysine op positie 27 van het histone eiwit 
H3 (H3K27me3). De histonmodificatie 
H3K27me3 is de sleutel voor de binding van 
het PRC1 eiwit CBX en andere PRC1 eiwitten 
aan chromatine. Het PRC1 eiwit Ring1b is 
een ubiquitine E3 ligase dat een ubiquitine 
eiwit ligeert aan het histon eiwit H2A (uH2A). 
Onlangs is gebleken dat de aanwezigheid 
van uH2A in het promotorgebied van een 
gen het transcriptiemechanisme verstoort 
en zo bijdraagt aan de repressie van 
gentranscriptie.
Verschillende PcG eiwitten zijn ontdekt die 
sterk overlappen in aminozuursequentie 
en in functie. Deze homologen kunnen 
verschillende rollen hebben tijdens de 
ontwikkeling van een organisme. We hebben 
eerder laten zien dat Ring1b-deficiënte 
muizen al vroeg tijdens de embryogenese 
dood gaan, namelijk rond de tijd van 
blastocyst implantatie. Zowel Ring1a als 
Ring1b komen tot expressie in deze vroege 
embryonale fase. In hoofdstuk 2 laten we 
zien dat de PcG homologen Ring1b en Ring1a 
beide even actief zijn als E3 ligase in vitro. 
Ondanks deze functionele overlap geeft de 
embryonale dood van de Ring1b-deficiënte 
muizen aan, dat tijdens deze embryonale 
fase Ring1a niet volledig kan compenseren 
voor de afwezigheid van Ring1b en dat 
Ring1b een essentiële rol heeft.
In hoofdstuk 2 beschrijven we tevens dat voor 
de ubiquitine E3 ligase activiteit van zowel 
Ring1a als Ring1b het N-terminale RING-
vinger domein van het eiwit nodig is. Dit RING 
domein is ook nodig voor de complexvorming 
met andere RING domein PcG eiwitten, 
zoals Bmi1 en de Bmi1-homoloog Mel18. 
Met behulp van kristallografie hebben we de 
structuur van het RING-RING heterdimeer 
complex van de Ring1b en Bmi1 eiwitten 
opgelost. We hebben gevonden dat Ring1b 
en Ring1a identiek zijn voor de aminozuren 
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die betrokken zijn bij de interactie met Bmi1. 
De N-terminus van het Ring1b eiwit blijkt uit 
te steken en als een arm om het Bmi1 eiwit 
heen te vouwen. Deze arm is ook aanwezig in 
het Ring1a eiwit en lijkt belangrijk te zijn voor 
een stabiele complexvorming met Bmi1.
We hebben gevonden dat de interactie 
tussen Bmi1 en Ring1a of Ring1b een 
stimulerend effect heeft op de E3 ligase 
activiteit van zowel Ring1a als Ring1b. De 
aminozuren in het Bmi1 eiwit die betrokken 
zijn bij de complexvorming met Ring1b, zijn 
ook aanwezig in het Mel18 eiwit. Bmi1 en 
Mel18 verschillen in zeven aminozuren in 
het N-terminale stuk van de eiwitten. Deze 
aminozuren liggen buiten het Ring1b-Bmi1 
interactievlak en zouden betrokken kunnen 
zijn bij het herkennen van het substraat. 
Over het stimulerende effect van Mel18 
op de enzymatische activiteit van Ring1b 
bestaan tegenstrijdige publicaties. Dit zou 
te maken kunnen hebben met het dat Mel18 
gefosforyleerd moet zijn om de activiteit 
van Ring1b te kunnen stimuleren en aan 
chromatine te binden. Ring1b, Bmi1 en 
hun homologen kunnen ook complexen 
vormen met andere PRC1 eiwitten via het 
C-terminale deel van het eiwit. Een brede 
variatie in de samenstelling van het PRC1 
complex is hiermee mogelijk, elk potentieel 
met verschillende fysiologische functies.

PcG eiwitten dragen bij aan een stabiele 
repressie van gentranscriptie. Een voorbeeld 
van stabiele transcriptionele repressie 
waarbij PcG eiwitten een rol spelen is X 
chromosoom inactivatie (XCI). XCI houdt 
in dat één van de twee X chromosomen 
in vrouwelijke cellen volledig wordt 
samengevouwen en geïnactiveerd. Dit zorgt 
voor compensatie in het aantal actieve X 
chromosomen ten opzichte van mannen die 
slechts één X chromosoom hebben. Naast 
binding van PcG eiwitten is het inactieve X 
(Xi) chromosoom gecoat met het niet-voor-
eiwit-coderende RNA Xi-specifieke transcript 
(Xist), is het DNA gehypermethyleerd, de 
histonen gehypoacetyleerd en is de histon 
H2A variant MacroH2A1 ingebouwd in het 
chromatine. Deze factoren werken nauw 
samen om de levenslange transcriptionele 

inactivatie te onderhouden.
In hoofdstuk 3 beschrijven we een nieuw 
ubiquitin E3 ligase complex dat bestaat uit de 
eiwitten Spop, Cullin3 en Roc1. We hebben 
gevonden dat dit E3 ligase complex zowel 
Bmi1 als MacroH2A1 kan polyubiquitineren. 
Polyubiquitinering van eiwitten leidt vaak tot 
afbraak van het eiwit. Verminderde expressie 
van Spop of Cullin3 geeft echter geen 
veranderingen in de hoeveelheid van het 
Bmi1 of MacroH2A1 eiwit. Wel vinden we bij 
verminderde expressie van Spop of Cullin3  
dat het MacroH2A1 eiwit niet meer verrijkt is 
op het Xi chromosoom, maar verdeeld is over 
de hele kern van de cel. Verder vinden we 
dat verminderde expressie van MacroH2A1, 
Spop of Cullin3, indien dit gecombineerd 
wordt met remming van DNA methylering 
en histon deacetylering, resulteert in een 
gedeeltelijke reactivatie van transcriptie van 
genen die op het Xi chromosoom liggen. We 
concluderen hieruit dat het Spop/Cullin3/
Roc1 E3 ligase complex een nog niet 
eerder geïdentificeerde XCI factor is die een 
functionele link legt tussen PcG eiwitten en 
MacroH2A1.

PcG eiwitten spelen naast hun rol in stabiele, 
levenslange transcriptionele repressie 
ook een rol in het reguleren van genen die 
belangrijk zijn voor de juiste ontwikkeling 
van een organisme. Hiertoe behoren 
genen die betrokken zijn bij cellulaire 
differentiatie of specifiek zijn voor een 
bepaald celtype of weefsel. In hoofdstuk 
4 hebben we de rol bestudeerd van Ring1b 
in ongedifferentieerde, pluripotente ES 
cellen (die zich nog kunnen specialiseren 
in elk celtype). We hebben gevonden dat in 
afwezigheid van Ring1b ES cellen gevoelig 
worden voor differentiatie (celspecialisatie). 
Tevens zijn genen tot expessie gekomen 
die betrokken zijn bij cellulaire differentiatie 
en normaal gesproken inactief zijn in ES 
cellen. Ring1b bind aan een deel van deze 
genen. Dit is in overeenstemming met data 
van anderen dat liet zien dat PcG eiwitten 
voornamelijk genen bindt en represseert die 
een belangrijke rol spelen bij het aansturen 
van het differentiatieprogramma. Belangrijk 
is dat we hebben aangetoond dat eiwitten 
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die specifiek zijn voor ES cellen actief 
blijven in afwezigheid van Ring1b. Tezamen 
geeft dit aan dat Ring1b betrokken is bij het 
ongedifferentieerd houden van ES cellen.
Met behulp van data van anderen blijkt dat 
de promotorgebieden van de ontregelde 
genen een hoog CpG gehalte hebben (C 
en G zijn twee van de vier basen waaruit 
het DNA is opgebouwd). Daarnaast zijn 
deze genen bivalent, wat wil zeggen dat 
de modificaties van de histonen zowel 
een actieve als een gerepresseerde 
transcriptionele status aangeven. Dit 
suggereert dat transcriptie van deze genen 
wordt gereguleerd door verschillende 
epigenetische regulatiemechanismen die 
met PcG eiwitten samenwerken om het 
differentiatieprogramma in ES cellen te 
controleren.

De hoofdstukken in dit proefschrift 
illustreren dat PcG eiwitten transcriptionele 
repressoren zijn die diverse rollen vervullen 
gedurende de gehele ontwikkeling van 
een organisme. PcG eiwitten zijn zowel 
betrokken bij de stabiele, levenslange 
inactivatie van het Xi chromosoom, als bij 
de dynamische transcriptionele repressie 
van genen die belangrijk zijn in stamcellen 
en tijdens cellulaire differentiatie. De 
expressieniveaus van de verschillende PcG 
eiwitten en de samenstelling van de PcG 
complexen kan variëren. Daarnaast is een 
goed gecoördineerd samenspel met andere 
epigenetische transcriptionele repressie 
en activatiemechanismen belangrijk voor 
PcG eiwitten om op verschillende niveaus 
transcriptionele repressie te kunnen 
reguleren.
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