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terms epigenetics (epigenesis + genetics) 
is considered to have been introduced 
at around 1947 by Conrad Waddington 
(1905-1975) as a concept to explain how a 
fertilized egg can form the various organs 
and cell types in embryonic development.  
Waddington defined epigenetics as: “the 
branch of biology which studies the causal 
interactions between genes and their 
products which bring the phenotype into 
being” (Waddington, 1968). Nowadays, 
epigenetics is most commonly defined as: 
“heritable changes in gene expression or 
cellular phenotype caused by mechanisms 
other than changes in the underlying DNA 
sequence” (Wu and Morris, 2001). Well-
studied epigenetic modifications include 
DNA methylation, histone modification, 
histone exchange and nucleosome 
positioning.

Development and epigenetics: the body 
plan and Hox genes
Sexual reproduction is the primary 
form of reproduction in multicellular 
eukaryotes. In multicellular metazoans, 
development starts by the fusion of a 
fertilizing sperm with a mature oocyte. 
From this totipotent single cell, a complex, 
multicellular organism is formed by the 

Epigenetics
The concept of epigenesis (which means: 
“to form upon”) originates from Aristotle 
(384-322 BC). In De generatione animalium, 
Aristotle argued that the developmental 
process is hierarchical and temporally-
ordered. By opening chicken eggs at 
various developmental time-points, 
Aristotle demonstrated that the heart was 
formed prior to bigger organs like the lungs 
or liver and therefore concluded: “that the 
one is formed after the other”. This was 
in striking contrast to the preformation 
theory, which stated that all parts of an 
embryo were formed simultaneously and 
that development is merely the growth of 
the preformed parts. The struggle between 
epigenesis and preformation theories 
continued in the next centuries. The view 
that a sperm cell contained a fully formed 
miniature human was particularly popular 
in the seventeenth and eighteenth century. 
Indeed, both Antoni van Leeuwenhoek 
(1632-1723) and Nicolaas Hartsoeker (1656-
1725) supported the preformation theory 
and included drawings of little fetuses or 
“homunculi” within human spermatozoa. 
However, neither claimed to have actually 
seen homunculi (Hill, 1985). 
In modern time developmental biology, the 

An introduction into Polycomb group proteins
The development from a fertilized egg into a fully formed organism is one of nature’s 
most spectacular processes. Tight regulation of the transcriptome is critical for proper 
execution of the developmental program; genes must be expressed or repressed in a 
specific spatiotemporal fashion. 
In this second part of the thesis we focused on the developmental function of one 
specific class of epigenetic transcriptional silencers, the Polycomb group (PcG) 
proteins. Specifically, we addressed the function of the PcG protein Ring1b in zebrafish 
development. We used the zebrafish as model organism for these studies because of 
several virtues that make the zebrafish an excellent system to study developmental 
processes. This includes the large amount of eggs that are produced each mating, very 
rapid embryonic development and the fact that the fertilization is external, allowing 
the study of developmental processes in a non-invasive manner and making the 
embryo amendable for technical manipulation. 
To place the studies in context, key aspects of PcG-mediated gene expression regulation 
will be introduced in this chapter.
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genes, indicating that Hox clusters are 
repeatedly lost and duplicated throughout 
evolution (Seo et al., 2004). 

Regulation of Hox gene expression by 
Polycomb and Tritorax group proteins
During early development, prior to the 
onset of zygotic transcription, the Hox 
gene expression pattern is established by 
maternally supplied transcription factors 
(Pick, 1998). Upon activation of the zygote 
genome, maternal transcription factors 
are rapidly degraded and the regulation 
of Hox gene expression is taken over 
by zygotic proteins (Struhl and Akam, 
1985). Polycomb group (PcG) and Tritorax 
group (TrxG) proteins were discovered in 
Drosophila as, repressors and activators, 
respectively, of Hox genes (Jürgens, 
1985; Kennison and Tamkun, 1988). 
Indeed, Drosophila PcG mutants showed 
homeotic transformations, which could be 
suppressed in PcG/TrxG double mutants 
(Klymenko and Muller, 2004). Therefore, 
PcG and TrxG proteins were regarded as 
a binary epigenetic switch that regulates 
whether expression of a target gene is 
repressed or activated.
Like the Hox genes, PcG proteins are 
conserved throughout evolution and 
have been identified in metazoans, plants 
and even in fungi. Interestingly, the 
presence of PcG genes correlates, albeit 
loosely, with integrity of the Hox gene 
clusters and is therefore suggestive for 
co-evolution between Hox and PcG genes 
(Schuettengruber et al., 2007). 

Polycomb group proteins form 
multimeric complexes
In 1947, the first PcG protein discovered 
was Polycomb (Pc) itself (Lewis, 1947).  
Male Pc mutants develop ectopic sex 
combs on the second and third leg, 
hence the name “Polycomb”. In order to 
identify mutations that caused a similar 
phenotype as Pc, or could enhance the Pc 
phenotype, forward genetic screens were 

concerted action of specific gene networks. 
Correct integration and execution of 
the embryonic developmental program, 
including processes like proliferation, 
apoptosis, differentiation and migration, 
is essential for the development of a viable 
organism. At the chromatin level, the 
developmental program is orchestrated 
by epigenetic modifications of the genome 
in order to regulate gene expression in a 
spatiotemporal fashion. 
Great insight into how epigenetic 
mechanisms coordinate the developmental 
programs was derived from studies that 
addressed epigenetic Homeotic Complex 
(Hox) gene regulation in Drosophila 
melanogaster. Hox proteins control the 
establishment of the body plan and gain 
or loss of Drosophila Hox gene function 
causes homeotic transformations, which 
is the conversion of one body segment 
into “into the likeness of something else“ 
(Sanchez-Herrero et al., 1985; Simon et al., 
1992). In the most extreme scenario, all 
body segments of a Drosophila larva are 
specified as the most posterior abdominal 
segment (Simon et al., 1992). In the 1980’s, 
the Hox genes were identified (Nusslein-
Volhard and Wieschaus, 1980). In 
Drosophila, eight Hox genes are clustered 
into two complexes, the Antennapedia 
(Ant-C) and bithorax (BX-C) (Kaufman 
et al., 1980; Lewis, 1978). Remarkably, the 
genomic location within each complex 
corresponds to the gene expression pattern 
along the anterior-posterior (A-P) axis, 
a phenomenon called spatial colinearity 
(Lewis, 1978). The spatial colinearity of 
Hox clusters is conserved throughout the 
metazoan kingdom, although the number 
of genes and presence of clusters varies. 
In mammals, 39 Hox genes are organized 
in 4 clusters (HOXA-D) (Duboule, 2007), 
whereas zebrafish possess seven Hox 
clusters with at least 48 Hox genes (Amores 
et al., 1998).  In contrast, the Hox cluster 
has disintegrated in the urochordate 
Oikidopleura dioca, which only has nine 
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overview of PRC1 proteins in zebrafish, 
was only published recently, in 2011 (Le 
Faou et al., 2011). Using phylogenetic 
gene organization and gene location 
analysis, the following zebrafish genes 
encoding proteins of the PRC1 complex 
were identified:  8 Pc orthologs (cbx2, cbx4, 
cbx6a, cbx6b, cbx7a, cbx7b, cbx8a and cbx8b), 
6 Psc orthologs (bmi1a, bmi1b, pcgf1, pcgf5a, 
pcgf5b and pcgf6), 4 Ph orthologs (phc1, 
phc2a, phc2b and phc3) and a single Sce 
ortholog (ring1b). 
The second Polycomb Repressive Complex, 
PRC2, is around 600 KDa in Drosophila and 
encompasses in addition to Esc and E(z), 
the PcG protein Suppressor of zeste 12 
(Su(z)12). In the course of evolution, PRC2 
diverged to a lesser extent than PRC1. Both 
human and mouse posses a single homolog 
of Esc and Su(z)12, named embryonic 
ectoderm development (EED) and 
suppressor of zeste 12 homolog (SUZ12), 
respectively, whereas two paralogs of E(z) 
are present in the vertebrate genome: EZH1 
and EZH2. In zebrafish, whose genome 
has been partially duplicated, two copies 
of Suz12, suz12a and suz12b, are present. 
Although PRC1 and PRC2 are the most 
extensively studied PcG complexes, and 
possibly the most important, additional 
complexes have recently been described. 
For example, three additional PcG 
complexes have been found in Drosophila: 
Pho-repressive complex (PhoRC), dRing-
associated factors (dRAF) complex and 
Polycomb repressive deubiquitinase (PR-
DUB) complex (Klymenko et al., 2006; 
Lagarou et al., 2008; Scheuermann et al., 
2010; Shao et al., 1999).
Together, the expansion and diversification 
of the epigenetic repertoire of vertebrate 
PcG proteins allows a highly diverse 
composition of PRCs, making PcG 
proteins a suitable epigenetic toolkit to 
control diverse cellular processes in a 
spatiotemporal fashion. 

performed and, indeed, mutants were 
identified. It was estimated that more 
than 40 genes in the Drosophila genome 
could be classified as “Polycomb group” 
genes (Jürgens, 1985). The observation 
that enhancer mutations were retrieved 
from these genetic screens, suggested 
that PcG proteins could possibly interact 
and function in multimeric complexes 
(Brunk et al., 1991). In support of this 
view, it was found that the PcG proteins 
Pc and Polyhomeotic (Ph) colocalized 
on the Drosophila polytene chromosome 
(DeCamillis et al., 1992; Franke et al., 1992). 
Together, this, and other studies, led to the 
identification of two conserved multimeric 
complexes: Polycomb Repressive Complex 
1 and 2 (PRC1 and PRC2) (Kuzmichev et 
al., 2002; Levine et al., 2002; Ng et al., 2000; 
Shao et al., 1999).
In Drosophila, PRC1 forms a large complex 
of approximately 2 MDa and contains the 
PcG proteins Pc, Ph, Posterior sex combs 
(Psc) and dRing/ Sex combs extra (Sce) 
in addition to several other components, 
including more than 30 polypeptides such 
as TBP-associated factors (Saurin et al., 
2001). Of note, dRing/Sce was not initially 
identified as a PRC1 member (Fritsch et 
al., 2003). Yeast two-hybrid experiments in 
Xenopus however, indicated the presence 
of a fourth PRC1 member: Ring1 (Satijn et 
al., 1997). Studies in a mammalian system 
confirmed that a fourth core PcG protein 
was present in PRC1 (Satijn et al., 1997; 
Schoorlemmer et al., 1997). And, indeed, 
it was discovered that the Drosophila 
PRC1 also comprised a Ring1 homolog 
(Francis et al., 2001). Moreover, it turned 
out that a previously described Drosophila 
PcG mutant, named Sex combs extra (Sce), 
harboured a mutation in dRing (Fritsch et 
al., 2003).  
In vertebrates, PRC1 proteins diverged and 
multiple copies of each Drosophila PcG gene 
are present. At a glance, between 1 and 8 
copies of each Drosophila PRC1 protein are 
present in vertebrates. A comprehensive 
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identification of two mammalian PREs 
(Sing et al., 2009; Woo et al., 2010). Both 
studies implied a prominent role for 
YY1-mediated PcG protein recruitment, 
although YY1-binding sites alone were 
not informative as exemplified by the 
observation that there is no significant 
overlap between YY1 and SUZ12 binding 
(Xi et al., 2007). 
However, vertebrate DNA-binding 
proteins are possibly more generally 
involved in PcG recruitment after all. 
Several recent studies indeed showed that 
various DNA-binding proteins, including 
transcription factors, associate with and 
are potentially involved in targeting PcG 
proteins. These include a AEBP2, cKrox/
ThPOK, JARID2, REST, RUNX1 and 
SNAIL1, among others (Caretti et al., 2004; 
Dietrich et al., 2012; Herranz et al., 2008; 
Kim et al., 2009; Matharu et al., 2010; Pasini 
et al., 2010a; Yu et al., 2012). Although it is 
attractive to consider transcription factors 
as PcG protein recruiters, most of these 
studies only showed that PcG binding 
is reduced upon knockdown of each of 
these transcription factors and did not 
biochemically address the underlying 
mechanism.  Thus, a unifying view of how 
these DNA-binding proteins determine 
PcG protein recruitment is currently 
lacking.
In addition to proteins, it is now 
established that long non-coding RNAs 
(lncRNAs) are also involved in the 
recruitment of PcG complexes. A well-
known example from lncRNA-mediated 
PcG protein recruitment is described in a 
classical example of an epigenetic silencing 
process: the inactivation of the mammalian 
X chromosome. In this process, one of 
the female X chromosomes is randomly 
inactivated, an event which is initiated by 
the expression of a 17-kb lncRNA termed 
X-inactive specific transcript (Xist) that 
coats the X chromosome and induces 
compaction and heterochromatinization 
(Brockdorff et al., 1991; Brown et al., 

Targeting of PcG proteins
In order to silence target genes, PcG 
proteins must be recruited to chromatin, 
since neither PRC1 nor PRC2 core 
complexes contain sequence-specific DNA-
binding proteins. In Drosophila, it was 
readily discovered that defined sequences 
within the bithorax complex were able to 
mediate repression of a reporter gene in 
a PcG-dependent fashion (Simon et al., 
1993). These cis-regulatory elements were 
collectively termed Polycomb Responsive 
Elements (PREs). PREs can recruit PcG 
complexes independently of the genomic 
context; insertion of PREs in exogenous loci 
is sufficient for PcG recruitment and gene 
silencing. PREs contain multiple specific 
sequence motifs that can be recognized by 
sequence-specific DNA-binding proteins. 
Subsequent studies identified various 
factors that promote PcG-targeting. These 
include the Drosophila GAGA factor (GAF), 
Zeste, Pleiohomeiotic (Pho) and Specificity 
factor 1 (Sp1), among many others (Muller 
and Kassis, 2006; Ringrose and Paro, 2007; 
Schuettengruber et al., 2007; Simon and 
Kingston, 2009). All of these DNA-binding 
proteins, however, are rather general 
targeting factors that are involved in other 
processes besides PcG-mediated gene 
silencing. Therefore, it has been postulated 
that PRE-binding by a combination of 
these factors recruit PcG proteins to their 
target genes. Indeed, a subset of Drosophila 
PREs could be identified by computational 
analysis of clustered motif pairs, but not 
by clusters of single motifs (Ringrose et al., 
2003). 
In vertebrates, PcG recruitment 
remains poorly understood. Functional 
conservation of the Drosophila DNA-
binding proteins is seemingly lacking, 
since only Yin-Yang1 (YY1), the vertebrate 
homolog of Pho, is generally implied in 
vertebrate PcG protein recruitment. And 
until recently, it was even unclear whether 
mammalian PREs existed. In 2009 and 
2010, however, two studies reported the 
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it acts in general upstream of PRC1. As 
described, vertebrate PRC2 contains at 
least three core proteins: EZH2, EED 
and SUZ12. EZH2 forms the catalytic 
core of PRC2 and contains a SET domain 
that harbors methyltransferase activity. 
Specifically, EZH2 preferably mediates 
di-and tri-methylation on lysine 27 of 
histone H3 (H3K27me2/3) (Cao et al., 
2002; Czermin et al., 2002; Muller et al., 
2002). H3K27me3 is the most extensively 
studied posttranslational modification 
of the methylation statuses, is in general 
associated with a repressive chromatin 
landscape and it promotes recruitment of 
PRC1 (introduced in the next paragraph). 
However, H3K27me3 might also induce 
gene repression by sterically preventing 
proteins binding to chromatin (Margueron 
and Reinberg, 2011).
Many sites in the genome are bound 
by PCR2, but not PRC1 (Ku et al., 2008) 
and vice versa (Bracken et al., 2006; 
Puschendorf et al., 2008; Schoeftner et al., 
2006; Vincenz and Kerppola, 2008). In a 
simple view, this implies that H3K27me3 
often contributes to the recruitment of 
PRC1, but that the H3K27me3 mark is not 
sufficient to promote PRC1 recruitment 
(Simon and Kingston, 2009). 
More recently, Ezh1 was identified as a 
paralog of Ezh2 that can form a distinct 
PRC2 complex. Ezh1 only has weak histone 
methyltransferase activity towards H3K27, 
in contrast to Ezh2, and can mediate 
transcriptional repression independently 
of histone methyltransferase activity 
(Margueron et al., 2008). Thus, PRC2-
mediated gene repression may well extend 
beyond methylation of H3K27.
PRC2 members are also implicated in the 
monomethylation of H3K27, although 
the data supporting this are ambiguous. 
In Drosophila, E(z) is essential for all 
monomethylation of H3K27 (Ebert et 
al., 2004), but it remains questionable 
whether Ezh1/2 generally mediate 
H3k27me1 in vertebrates. In NIH 3T3 cells, 

1992; Kay et al., 1993). Although the exact 
mechanism underlying Xist-dependent 
recruitment of PcG remains largely 
unknown, it has been reported that a 1.6 
kb lncRNA, termed repeat A, within Xist, 
associates with Ezh2 and recruits PRC2 to 
the X chromosome (Zhao et al., 2008).  
A second lncRNA reported to associate 
with PRC2 is HOTAIR (Rinn et al., 2007). 
HOTAIR recruits PRC2 in trans to the 
HOXD cluster, thereby promoting PcG-
mediated gene silencing. Notably, HOTAIR 
belongs to a defined class of ncRNAs: large 
intergenic non-coding (linc) RNAs. This 
group of RNAs contains approximately 
3300 members and as much as 20% 
showed interaction with PRC2 (Khalil et 
al., 2009). Knockdown of PRC2-associated 
lincRNAs reactivates PRC2 target genes, 
thereby demonstrating that lincRNAs are 
tightly involved in the regulation of PcG-
mediated gene regulation (Khalil et al., 
2009). In light of these studies, ncRNAs 
form an interesting and possibly very 
essential class of targeting factors. Due to 
their sheer number, ncRNAs can provide 
the necessary versatility to direct PcG 
complexes to specific target genes.

Mechanisms underlying PcG-mediated 
gene silencing and outcome of PcG-
deficiency
As described above, PcG complexes 
repress Hox genes and are also generally 
associated with gene silencing. But how do 
PcG complexes mediate gene repression? 
The answer to this seemingly simple 
question remains poorly understood 
and therefore, important features of PcG 
protein function will be introduced in 
the following paragraphs. In the final 
paragraphs, a brief overview of the 
outcome of PcG deficiency in vivo will be 
introduced. 

PRC2: methyl transferase activity
Although the PRC2 complex was 
isolated later than PRC1, hence the “2”, 
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rounds of gene duplication and losses in 
recent evolution (Vidal, 2009). 
Mono-ubiquitination of H2AK119 has 
been reported more than 30 years ago 
(West and Bonner, 1980). In fact, it was 
the first ubiquitinated protein identified, 
which might not be surprising given 
that between 5-15% of all H2A histones 
are monoubiquitinated at lysine 119 
(Goldknopf et al., 1980; Matsui et al., 
1979). The function of this epigenetic 
mark remained controversial for a long 
time. While some studies suggested 
an association of H2AK119ub1 with 
transcriptionally active chromatin 
(Levinger and Varshavsky, 1982; Nickel 
and Davie, 1989), other studies failed to 
demonstrate such a link (Dawson et al., 
1991; Huang et al., 1986; Parlow et al., 1990). 
Only upon the discovery that Ring1b, in the 
context of PRC1, catalyzed this mark, it was 
generally appreciated that H2AK119ub1 
was involved in gene silencing (Wang et al., 
2004). The question remains however how 
central H2AK119ub1 is in the mechanism 
of PRC1-mediated gene silencing since 
loss of Ring1b only causes derepression of 
a subset of target genes. 
A key finding that gave some insight into 
the mechanism by which H2AK119ub1 
promotes gene silencing was derived 
from mouse ES cells, as will be shortly 
described hereafter. Many genes in ES 
cells are termed bivalent because they 
harbor both the active H3K4me3 mark as 
well as the repressive H3K27me3 mark. 
Gene expression of such bivalent genes, 
which are often PcG target genes, is low 
in general and short, abortive, transcripts 
are detected at their promoters (Kanhere 
et al., 2010). Further characterization 
showed that RNA polymerase II (RNAPII) 
was bound to these bivalent genes, but 
its phosphorylation status indicated that 
transcription was stalled (Stock et al., 
2007). Importantly, loss of H2AK119ub1, 
through removal of Ring1a and Ring1b, 
converted RNAPII to an active form by 

knockdown of both Ezh1 and Ezh2, albeit 
incomplete, does not diminish H3K27me1 
levels (Margueron et al., 2008), whereas 
knockdown of Ezh1 in Ezh2-/- ES cells 
completely abrogates monomethylation 
of H3K27 (Shen et al., 2008). PRC2 
proteins might indeed be involved in 
the monomethylation of H3K27, since 
H3K27me1 is not, or hardly, detectable in 
Eed-/- ES cells (Montgomery et al., 2005; 
Shen et al., 2008). 
The functions of EED and SUZ12 are less 
understood, although both are necessary 
for the integrity of the PRC2 complex as 
well as for the histone methyltransferase 
activity of PRC2. Briefly, the C-terminal 
domain of Eed, which contains five 
WD40 repeats that specifically mediate 
the binding to histone tails that harbor 
trimethylated lysines, is essential for 
histone methyltransferase activaty 
towards H3K27 (Margueron et al., 2009). 
Suz12 may fulfill a similar function as 
Eed, since it has been suggested that also 
Suz12 can mediate the interaction between 
nucleosomes and Ezh2, possibly through 
its C2H2 zinc fingers (Cao and Zhang, 
2004).

PRC1: Histone H2A ubiquitination
The trimethylation mark on H3K27 
can be recognized by the conserved 
chromodomain of Drosophila Polycomb 
or Cbx proteins in vertebrates. Upon 
binding of PRC1 to chromatin, PRC1 
monoubiquitinates histone H2A at lysine 
119 (H2AK119ub1) through the E3-ligase 
activity of the Ring1 proteins. In mammals, 
Ring1b is the major E3 ubiquitin-ligase for 
H2A, whereas Ring1a only moderately 
contributes to global H2AK119ub1 levels 
(de Napoles et al., 2004; Wang et al., 
2004). Teleosts only express a single Ring1 
ortholog that is most homologous to either 
Ring1a or Ring1b. Salmon, for example, 
express Ring1a whereas Tetranodon and 
zebrafish express Ring1b, implicating 
that Ring1 proteins underwent repetitive 
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dependent nucleosome remodeling by the 
SWI/SNF complex in vitro (Francis et al., 
2004; Shao et al., 1999). Moreover, PRC1 
can induce the compaction of nucleosomes 
that are composed of histones that lack 
their tails, indicating that PRC1 can 
promote compaction independently of the 
H2AK119ub1 (Francis et al., 2004). Indeed, 
it was more recently shown in ES cells that 
PRC1-mediated chromatin compaction at 
Hox loci is not dependent on the E3-ligase 
activity of Ring1b (Eskeland et al., 2010). 
The PRC2 complex has also been 
implicated in chromatin compaction: Ezh1-
PRC2 is capable to compact chromatin 
by bringing three to four nucleosomes 
together (Margueron et al., 2008). In 
addition, Ezh2-containing complexes 
also exhibit methyltransferase activity 
towards linker histone H1, which possibly 
helps to reinforce chromatin compaction 
(Kuzmichev et al., 2004).
PcG-mediated chromatin remodeling 
does not only include local chromatin 
compaction at the nucleosome level, but 
also comprises the folding of higher-
order chromatin structures. In Drosophila, 
it was shown that BX-C cluster can 
adopt a PcG-dependent multi-looped 
structure which involves long-range 
chromatin interactions (Lanzuolo et al., 
2007). This mode of chromatin folding is 
conserved in mammalian cells, although 
it was shown that Ezh2 was only partially 
required for the DNA looping (Ferraiuolo 
et al., 2010). Moreover, Ezh2 is not only 
involved in bringing together distant 
chromosome regions intrachromosal, 
but also interchrosomal (Tiwari et al., 
2008). Finally, a recent study showed 
that Ring1b mediated long-range cis- or 
trans-interactions of four loci (Choi et al., 
2011). Together, these studies show that 
both PRC1 and PRC2 are involved in the 
organization of higher-order chromatin 
structures, which is possibly another 
important mechanism of PcG-mediated 
regulation of gene repression.

changing the phosphorylation status and 
induced derepression these genes. Despite 
this finding, the underlying mechanism by 
which H2AK119ub1 blocks transcription 
elongation remains elusive. 
Mutation analysis of Ring1b demonstrated 
that the E3-ligase activity of Ring1b towards 
H2A depends on a functional RING 
domain, a zinc-binding motif related to 
the zinc finger domain (Wang et al., 2004). 
Bmi1 (B-cell specific Moloney murine 
leukaemia virus integration site 1), a core 
PRC1 member homologous to Drosophila 
Psc, stimulates the ubiquitination activity 
of Ring1b (Buchwald et al., 2006; Cao et al., 
2005). Bmi1 dimerizes with Ring1b (and 
Ring1a) through its Ring domain, forming 
a Ring-Ring heterodimeric complex, and 
the mere presence of the N-terminal Ring 
domain is sufficient to stimulate the H2A 
E3-ligase activity of Ring1b (Buchwald et 
al., 2006). The exact mechanism by which 
Bmi1 enhances Ring1b activity remains 
incompletely understood, but encompasses 
mutual stabilization through dimerization 
(Ben-Saadon et al., 2006). Moreover, 
Bmi1 modulates the self-ubiquitination 
of Ring1b, which is needed for efficient 
H2AK119 ubiquitination (Buchwald et al., 
2006). Finally, it has been postulated that 
Bmi1 facilitates association to histone H2A 
(Buchwald et al., 2006; Li et al., 2006). 
Little is known about the function of the 
fourth core protein in PRC1; the vertebrate 
homologues of Drosophila Polyhomeiotic. 
In Drosophila, it was demonstrated that a 
direct interaction between the FCS domain 
of Ph and nucleic acids was required for 
Ph-mediated repression in vitro (Wang et 
al., 2011).

PcG proteins orchestrate chromatin 
remodeling 
PcG complexes not only mediate histone-
modifying activities, but also function 
in chromatin compaction. Reconstituted 
PRC1 can compact nucleosome arrays, 
which was shown to inhibit ATP-
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other proteins, facilitates Polycomb 
binding and methylation of H3K27 in 
acute promyelocytic leukemia (Morey et 
al., 2008). 
Thus, PcG complexes act in a concerted 
fashion, together with other chromatin-
associated factors, in order to control gene 
expression.
 
PcG proteins target key developmental 
regulators
A breakthrough in the understanding of 
which genes are targeted by PcG proteins 
was derived from genome-wide mapping 
studies of individual PcG-members, as 
well as of H3K27me3 and H2AK119ub1 
(Boyer et al., 2006; Bracken et al., 2006; 
Ku et al., 2008; Lee et al., 2006; Leeb and 
Wutz, 2007; Schwartz et al., 2006; Tolhuis 
et al., 2006; van der Stoop et al., 2008). A 
conservative estimate of the number of 
PcG target genes emerges as up to 3-4% of 
all vertebrate genes. However, this number 
may vary greatly depending on the cell-
type, differentiation status and species. 
For example, it has been estimated that 
in ES cells at least 10% of the genes can be 
targeted by PRC2 (Mohn et al., 2008). The 
localization of PcG binding also greatly 
differs between species. In Drosophila, 30% 
of PcG binding sites occur within 2 kb of a 
promoter, and many binding sites are found 
at a distance of more than 10 kb (Negre 
et al., 2006). In contrast, the vast majority 
(>90%) of vertebrate PcG binding sites are 
found within 1 kb of a promoter (Boyer et 
al., 2006; Lee et al., 2006). Vertebrate PcG 
proteins can bind chromatin in two distinct 
fashions. The majority (~70%) of PcG-target 
genes exhibit a sharp peak of binding near 
the promoter, whereas various other sites, 
including the Hox loci, form a so-called 
“blanket” of bound PcG proteins along the 
transcriptional unit (Bracken et al., 2006; 
Lee et al., 2006).
Despite the differences in experimental 
setup and which of the PcG proteins were 
analyzed, the consensus is that PcG proteins 

Epigenetic modifications by PcG-
associated proteins
PcG complexes comprise, in addition to 
the core proteins, often, if not always, 
various other chromatin-associated 
proteins. Some of these associated proteins 
can epigenetically alter the chromatin, 
thereby providing an additional layer of 
PcG complex-mediated gene regulation. 
For example, the PRC2 core protein 
EZH2 can directly interact with DNA 
methylttransferases (DNMTs) and this 
interaction is critical for the maintenance 
of DNA methylation at some promoters 
(Schlesinger et al., 2007; Vire et al., 2006). 
PcG complexes are also associated with 
histone demethylation through interaction 
with the specific H3K4me2/3 demethylase 
JARID1A (Christensen et al., 2007; Klose 
et al., 2007; Lee et al., 2007). In mES cells, 
JARID1A associates with PRC2 and is 
recruited to a large fraction of PRC2 
target genes, where it is required for the 
repression of some of these genes (Pasini 
et al., 2008). Other JARID1 family members 
are also associated with PcG proteins and 
involved in the demethylation of H3K4, 
although not in the context of PRC1 or 
PRC2 (Lee et al., 2007).
Another important epigenetic modification 
is the acetylation of histones, an epigenetic 
mark that is in general associated with 
transcriptional activation. Several studies 
have shown that PcG proteins are involved 
in the regulation of the reverse process: 
the deacetylation of histones by histone 
deacetylases (HDACs). Already in 1999, 
it was shown that Eed can interact with 
HDAC1 and HDAC2  (van der Vlag and 
Otte, 1999). Later, it was found that indeed 
both HDAC1 and HDAC2 copurify with 
PRC2 or both PRC1 and PRC2, respectively 
(Chang et al., 2001; Kuzmichev et al., 
2002; Pasini et al., 2010b). A functional 
link between HDACs and PcG complexes 
has also been found in vivo, albeit by few 
studies. For example, the NuRD complex, 
which comprises HDAC1, HDAC2 among 
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anterior homeotic transformations (del 
Mar Lorente et al., 2000). The reasons 
behind this striking difference in severity 
are unclear, but possibly include distinct 
functions of the two homologs or 
differences in timing of gene expression. 
Mutations in the other PRC1 core members 
are not embryonic lethal, but do cause 
death within the first months of life. For 
example, loss of Bmi1 and Mel18 results in 
death between 1 and 3 months after birth 
(Akasaka et al., 1996; van der Lugt et al., 
1994). Moreover, both mutations cause, 
in addition to homeotic transformations, 
severe immune deficiency due to depletion 
of stem cells. Unique phenotypes are also 
observed. Bmi1-deficient mice display 
severe neurological defects whereas Mel18 
deficiency causes smooth muscle defects 
in the colon, indicating that the functions 
of the two paralogs have diverged during 
evolution from the ancestral Posterior sex 
comb.
Mutations in the Polycomb homolog Cbx2 
cause death within a couple hours after 
birth in about half of the homozygous 
mutants, whereas remaining Cbx2 mice 
display severe growth retardation and do 
not exceed a lifespan of 6 weeks (Core et 
al., 1997). Phenotypes include skeletal 
transformations, lymphoid abnormalities 
and proliferation defects.
Finally, deficiency of Mph1, the ortholog 
of Polyhomeotic, causes the most severe 
phenotype. Homozygous mutants 
die perinatally and show skeletal 
transformations as well as a pleiotropic 
phenotype affecting neural crest-derived 
tissues such as cardiac and ocular 
abnormalities and parathyroid and thymic 
hypoplasia (Takihara et al., 1997).

Various studies employing conditional 
knockout strategies showed that PcG 
proteins are essential also at later 
stages of development and in adult 
life. A comprehensive overview of the 
literature is beyond the scope of this 

target predominantly key developmental 
regulators (Boyer et al., 2006; Bracken et 
al., 2006; Ku et al., 2008; Lee et al., 2006). 
In addition to the Hox genes, PcG proteins 
target members of the FGF, TGF, WNT 
and retinoic acid signaling families as well 
as genes encoding transcription factors 
such as members of the DLX, FOX, PAX, 
SOX and TBX families. These studies thus 
place PcG proteins as “master regulators” 
situated at the heart of developmental 
programs. 

In vivo studies of vertebrate PcG function
Given that PcG are bound to and repress 
essential regulators of embryonic 
development, it is not surprising that 
several vertebrate PcG mutants display 
embryonic lethal phenotypes. In contrast 
to Drosophila however, severe homeotic 
transformations, such as the posterior 
transformation of an arm into a leg have not 
been observed. Homeotic transformations 
are observed in PcG-mutants, but often 
only comprise minor transformations, 
such as an extra vertebra or posterior 
transformation of the sternum (Akasaka et 
al., 2001; del Mar Lorente et al., 2000; van 
der Lugt et al., 1994) .  
In general, disruption of PRC2 genes leads 
to more severe phenotypes than disruption 
of PRC1 genes. Mouse embryos lacking 
Eed, Ezh2, or Suz12 all show defects in 
gastrulation and display defects in both 
embryonic and extraembryonic structures, 
resulting in death at around embryonic 
day E7-E9 (Faust et al., 1995; O’Carroll et 
al., 2001; Pasini et al., 2004). In contrast, 
Ring1b is the only PRC1 member whose 
disruption is embryonic lethal in mice.  
Loss of Ring1b also causes an arrest at 
gastrulation, similarly to PCR2 knockouts 
(Voncken et al., 2003). 
Intriguingly, Ring1a deficiency is not 
embryonic lethal (del Mar Lorente et al., 
2000). ring1a mice are fertile and do not 
display an overt phenotype although 
detailed characterization revealed minor 
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introduction. Nevertheless, in line with 
the expected functions of PcG proteins, 
it has been demonstrated that PcG 
proteins can orchestrate processes such as 
differentiation, proliferation, senescence 
and stem cell maintenance in various 
tissues, including the brain, epidermis, 
hematopoietic cells, intestine and muscles 
(Conerly et al., 2011; Konuma et al., 2010; 
Prezioso and Orlando, 2011; Testa, 2011).
Studies addressing the function of PcG 
proteins in vertebrate model organisms 
other than mice are sparse. To date, apart 
from our studies, the consequences of 
PcG protein deficiency have only been 
addressed by transient knockdown 
approaches. For instance, two studies in 
ricefish showed that PRC2 proteins Eed 
and Ezh2 are involved in the regulation 
of left-right patterning of internal organs 
(Arai et al., 2009; Arai et al., 2010). An 
interesting study in zebrafish revealed 
that bivalent genes, containing both the 
H3K4me3 and H3K27me3 mark, are re-
expressed during caudal fin regeneration. 
This coincided with the loss of the 
H3K27me3 mark at start sites of bivalent 
genes and general upregulation of PRC1 
and PRC2 core proteins (Stewart et al., 
2009). Finally, recent studies in zebrafish 
showed that PRC1 proteins are involved 
in the regulation of survival and self-
renewal of hematopoietic stem/progenitor 
cells during embryonic hematopoiesis, as 
observed in mice (Yu et al., 2012; Zhou et 
al., 2011).

In summary, PcG proteins play a central 
role at all stages of life and during 
development in particular. From early 
studies in Drosophila, it was readily 
clear that PcG proteins form multimeric 
complexes in order to mediate gene 
repression of Hox genes. In vertebrates, 
PcG proteins function in a similar fashion 
as in Drosophila, although several PcG 
genes duplicated during evolution.
Mechanistically, it is now known that 
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PcG-proteins are targeted to chromatin 
and mediate gene repression via several 
mechanisms, including PRC2-dependent 
methylation of H3K27, PRC1-dependent 
ubiquitination of histone H2A, chromatin 
compaction as well as through interaction 
with various other proteins, such as 
DNMTs and HDACs.
Insight into which genes are targeted and 
regulated by PcG proteins came from 
genome-wide mapping studies. It became 
clear that PcG proteins target a wide array 
of developmental regulators, including 
transcription factors morphogens and 
signaling proteins. It is thus not surprising 
that PcG proteins are essential for 
processes that require major rewiring of 
the transcriptome, including embryonic 
development, but also tissue regeneration 
and cancer.
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