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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 
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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.
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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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