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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 



71

     1

An introduction into Polycomb group proteins

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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mediated epigenetic modification of 
histones is probably the best characterized 
PcG function. Polycomb repressive 
complex 2 (PRC2) mediates trimethylation 
of histone H3 at lysine 27 (H3K27) through 
the action of the histone methyltransferases 
EZH1 and EZH2 (Cao et al., 2002; Czermin 
et al., 2002; Kuzmichev et al., 2002). 
This epigenetic mark is recognized by 
the chromodomain of Polycomb in the 
Polycomb repressive complex 1 (PRC1). 
Recruitment of PRC1 results in the mono-
ubiquitination of histone H2A at lysine 119 
through the E3 ligase activity of RING-
domain-containing proteins (de Napoles 
et al., 2004; Wang et al., 2004). In addition, 
Ring1b can participate in several PRC1-
like complexes (Gao et al., 2012) and PRC1 
can be found at chromatin independently 
of PRC2 (Trojer et al., 2011). Two orthologs 
of the Drosophila E3 ligase dRing, Ring1a 
and Ring1b, are found in mammals and 

Introduction

Polycomb group (PcG) proteins are 
transcriptional repressors that act as crucial 
regulators of differentiation, proliferation, 
DNA repair and cell-fate maintenance 
during embryonic development and 
in adult tissue homeostasis (Bracken 
and Helin, 2009; Gieni and Hendzel, 
2009; Sauvageau and Sauvageau, 2010; 
Sparmann and van Lohuizen, 2006; 
Surface et al., 2010). PcG proteins form 
multimeric protein complexes that 
mediate epigenetic gene silencing through 
multiple mechanisms, including the 
organization of higher-order chromatin 
structure, posttranslational modifications 
on nucleosomes and interference with the 
transcription machinery (Eskeland et al., 
2010; Sparmann and van Lohuizen, 2006; 
Stock et al., 2007; Surface et al., 2010; Vire 
et al., 2006; Zhou et al., 2008). PcG protein-

The Polycomb group protein Ring1b is essential 
for pectoral fin development 

Yme U. van der Velden, Liqin Wang, Maarten van Lohuizen and Anna-Pavlina G. Haramis
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Polycomb group (PcG) proteins are transcriptional repressors that mediate epigenetic 
gene silencing by chromatin modification. PcG protein-mediated gene repression 
is implicated in development, cell differentiation, stem-cell fate maintenance and 
cancer. However, analysis of the roles of PcG proteins in orchestrating vertebrate 
developmental programs in vivo has been hampered by the early embryonic lethality 
of several PcG gene knockouts in mice. Here, we demonstrate that zebrafish Ring1b, 
the E3 ligase in the Polycomb Repressive Complex 1 (PRC1), is essential for pectoral fin 
development. We show that differentiation of lateral plate mesoderm (LPM) cells into 
presumptive pectoral fin precursors is initiated normally in ring1b mutants, but fin bud 
outgrowth is impaired. Fgf signaling, which is essential for migration, proliferation 
and cell-fate maintenance during fin development, is not sufficiently activated in 
ring1b mutants. Exogenous application of FGF4, as well as enhanced stimulation of 
Fgf signaling by overactivated Wnt signaling in apc mutants, partially restores the 
fin developmental program. These results reveal that, in the absence of functional 
Ring1b, fin bud cells fail to execute the pectoral fin developmental program. Together, 
our results demonstrate that PcG protein-mediated gene regulation is essential for 
sustained Fgf signaling in vertebrate limb development.
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amphibians, whereas only a single gene 
that is most homologous to Ring1b is 
identified in zebrafish (Le Faou et al., 2011; 
Vidal, 2009).
Analysis of the roles of Ring1b in 
orchestrating differentiation programs 
during vertebrate development has been 
hampered because disruption of Ring1b 
(Rnf2 – Mouse Genome Informatics) in mice 
leads to an arrest at gastrulation (Voncken 
et al., 2003). To address the function of 
Ring1b in vertebrate development, we 
turned to zebrafish. In zebrafish, owing 
to external fertilization and optical 
clarity of the embryos, development 
can be followed from very early stages 
and, thus, even an early phenotype is 
informative. Furthermore, in zebrafish, 
maternal contribution for several critical 
factors enables completion of gastrulation, 
despite harboring mutations in embryonic 
essential genes. This provides the 
unique opportunity to investigate gene 
regulation mechanisms in early and late 
developmental processes in an unbiased 
manner.
In this study, we generated Ring1b-
deficient zebrafish and uncovered an 
essential function for Ring1b (Rnf2 – 
Zebrafish Information Network) in pectoral 
fin development. The development 
of the vertebrate limb bud is a tightly 
regulated developmental program that 
is well conserved from fish to tetrapods. 
Pectoral fin bud outgrowth depends on 
epithelial-mesenchymal communication; 
proliferation and differentiation need to 
be coordinated as the limb grows, and fin 
morphogenesis involves the orchestrated 
action of several intertwined molecular 
networks.
Establishment of the fin field by axial 
signals is controlled by retinoic acid 
(RA) signaling. RA is synthesized mainly 
by Aldehyde dehydrogenase 1 family 
member a2 (Aldh1a2) in the anterior 
somites (Begemann et al., 2001; Grandel 
et al., 2002). In response to RA signaling, 

wnt2ba expression is initiated in the 
intermediate mesoderm (Ng et al., 2002). 
In turn, Wnt2ba is required for expression 
of the T-box transcription factor tbx5 in 
the lateral plate mesoderm (LPM) (Neto 
et al., 2012). Between the 6- and 15-somite 
stages (ss, 12-16 hours post-fertilization, 
hpf) (Kimmel et al., 1995), tbx5-positive 
cells comprise two bilateral stripes that 
contain both heart and fin precursors (Ahn 
et al., 2002; Begemann and Ingham, 2000; 
Furthauer et al., 2001). From 15 ss onwards, 
heart precursors migrate medially to form 
the heart tube at the 20 ss (19 hpf). The 
more posteriorly located fin precursors 
condense into a compact fin field. Notably, 
tbx5 is the earliest known marker of 
prospective pectoral fin mesenchyme 
and is essential for the migration of these 
precursors (Ahn et al., 2002). 
Fin-mesenchyme compaction proceeds 
through Tbx5-mediated activation of 
fibroblast growth factor 24 (Fgf24), a 
teleost-specific Fgf and the first family 
member to be expressed in the pectoral 
fin mesenchyme (Fischer et al., 2003). 
Fgf24 signaling is required for both 
maintaining tbx5 expression and inducing 
fgf10 expression in the LPM cells, possibly 
through binding to Fgf receptor 2 
(Fgfr2) (Fischer et al., 2003; Harvey and 
Logan, 2006). In turn, Fgf10 maintains 
fgf24 expression and contributes to the 
induction of the Apical Ectodermal Ridge 
(AER), a signaling center that promotes 
outgrowth of the pectoral fin, starting at 
28 hpf (Norton et al., 2005). Fgf10 signaling 
is then uniquely required for maintenance 
of AER function. Notably, fgf24 expression 
in the fin mesenchyme is downregulated 
around 32 hpf, and ectodermal expression 
commences (Fischer et al., 2003). AER-
derived Fgfs signal back to the pectoral fin 
mesenchyme to maintain fgf10 expression, 
thereby creating a positive feedback loop 
in order to sustain tbx5 expression and 
further fin outgrowth (Fischer et al., 2003; 
Nomura et al., 2006; Norton et al., 2005).
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and incubated overnight at 4 °C while 
rotating.  Samples were centrifuged and 
the pellet discarded. Core histones were 
precipitated by the addition of 1 volume 
of ice-cold trichloroacetic acid and 
washed with ice-cold acetone containing 
0.006% HCl. The pellet was washed in 
ice-cold acetone and vacuum-dried. 
Pellet was solubilized in 50 mM Tris-
HCl, pH 7.5. 
To detect endogenous Ring1b, 30 
embryos per tube were lyzed in 100 mM 
PIPES (pH 6.8) containing 1 mM EGTA, 1 
mM MgCl2, PIC, 1 mM PMSF and 1 mM 
DTT. TritonX-100 (3.5 %) was added after 
5 minutes. Samples were centrifuged 
and pellets resuspended in RIPA lysis 
buffer containing PIC, 1 mM PMSF and 
1 mM DTT. Samples were sonicated for 
5 minutes (210 W, 30-second pulse) and 
after centrifugation, supernatant was 
collected. To detect myc-tagged Ring1b, 
5 embryos per tube were lyzed in RIPA 
lysis buffer containing PIC, 1 mM 
PMSF and 1 mM DTT. Samples were 
centrifuged and supernatant collected.
Protein extracts were separated on 4–12% 
bis-Tris precast gels (NuPAGE) and 
transferred to Immobilon-P membranes 
(Amersham Biosciences). Primary 
antibodies used were: mouse anti-β-actin 
(1:5000; ab6276, Abcam), rabbit anti-c-
myc (1:1000; SC789, Santa Cruz), rabbit 
anti-H2A (1:1000; 07-146, Millipore) and 
rabbit anti-H3 (1:1000; ab1791, Abcam). 
Ring1b rabbit polyclonal antibodies 
were obtained from M. Dyers. Secondary 
antibodies used were goat anti-mouse 
IgG (1:10.000; Zymed) and goat anti-
rabbit IgG (1:10.000; BioSource). 

Generation of expression vectors
ZFNs were generated essentially as 
described previously (Carroll et al., 
2006). The DNA sequence encoding both 
zinc fingers was obtained from Geneart 
and cloned into pENTR-NLS-G-FN 
using NdeI and SpeI restriction sites. 

Here, we show that pectoral fin 
development is initiated normally in 
Ring1b-deficient zebrafish embryos. 
Pectoral fin precursors express tbx5 
and are located at the correct position 
during somitogenesis in ring1b mutants. 
However, RA signaling is upregulated 
after somitogenesis and Fgf signaling is 
never fully activated. Indeed, we show that 
enhanced Fgf signaling partially rescues 
the defects in pectoral fin development. 
This demonstrates that the PcG protein 
Ring1b coordinates the evolutionary 
conserved pectoral fin program via 
regulation of the Fgf signaling pathway.

Materials and methods

Zebrafish strains and genotyping 
methods 
Zebrafish were maintained as previously 
described (Westerfield, 2000). Fish 
were cared for in accordance with 
institutional guidelines and as approved 
by the Animal Experimentation 
Committee of the Royal Netherlands 
Academy of Arts and Sciences. ring1b 
founder fish were out-crossed to AB 
and TL genetic backgrounds. Genotype 
analysis was performed by PCR using 
the primer set ring1b_F:AGGAGTGTC
CAACATGCAGAAAG and ring1b_R: 
GAGGATTTGTAACAAAGCCGC, 
followed by sequence analysis for the 
ring1b+4 allele or digestion of the PCR 
product with restriction enzyme TaqI to 
identify the ring1bΔ14 allele.

Sample preparation and western blot 
analysis
Histone extracts were prepared by lysis 
of 60 embryos per tube in 5% perchloric 
acid containing Complete protease 
inhibitor cocktail tablets (PIC, Roche), 1 
mM PMSF and 10 mM iodoacetamide. 
To extract core histones, the pellet was 
resuspended in 0.4 N HCl containing PIC, 
1 mM PMSF and 10 mM iodoacetamide 
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FGF4 at 4°C while rotating. Dechorionated 
embryos were embedded into 1.5% low 
melting agarose. After solidification, 
the gel was fenestrated to expose the 
epidermis. The epidermis was digested 
away by repetitive placing of light white 
mineral oil drops (Sigma) on the flank of 
the embryo, ventral of somites 5-7. A fire 
polished tungsten needle was used to open 
the epidermis further in order to create a 
tunnel below the epidermis. FGF4-soaked 
beads were inserted below the epidermis 
and pushed anteriorly through the tunnel 
to the level of somite boundary 2-3. 

Immunohistochemistry
Embryos were fixed in 40% ethanol, 5% 
acetic acid, and 10% formalin for 2 hours 
at room temperature, embedded in 1.5% 
low melting agarose and processed into 
paraffin. Primary antibody was rabbit 
anti-Tbx5 (1:50; 55866, Eurogentec) and 
secondary was biotinylated goat anti-
rabbit IgG (1:800; DakoCytomation). For 
whole-mount immunohistochemistry, 
embryos were fixed overnight at 4 °C in 
Dent’s fixative, digested in PBS containing 
10 µg/ml proteinase K, 0.1% Tween 20 and 
blocked in PBS containing 10% normal 
goat serum, 0.5% DMSO and 0.3% Triton 
X-100. Primary antibody was rabbit anti-
pH3 (1:750, sc8656R, Santa Cruz) and 
secondary goat anti-rabbit IgG (1:300, 
DakoCytomation).

TUNEL
To detect apoptotic cells, whole-mount 
TUNEL staining was performed using 
the In Situ Cell Death Detection Kit 
(Roche) according to manufacturers’ 
recommendations.

This construct was shuttled into the 
pCS2-DEST expression vector using the 
Gateway cloning system (Invitrogen). To 
generate the ring1b expression construct, 
the open reading frame of ring1b, 
excluding the 5’ and 3’ untranslated 
regions, was cloned into pCS2+-Myc 
using BamHI restriction sites.

mRNA and morpholino injections
Vectors were linearized with NotI. Capped 
mRNA was synthesized using the SP6 
mMessage mMachine kit (Ambion). mRNA 
(100 pg) encoding each ZFN and 25-500 pg 
ring1b-myc mRNA was injected into one-
cell stage zebrafish embryos. Morpholinos 
against ring1b were obtained from Gene 
Tools (Oregon, USA). ATGMO1 (5 ng) 
(ACACCACGTCTTTTATCTCAATGTT) 
and 20 ng of splice-blocking MO2 
(TTAATAACTCAAACAAACCCTGATC) 
were injected into fertilized oocytes.

Whole-Mount in situ hybridization
Whole-mount in situ hybridizations 
were carried out according to a standard 
protocol (Westerfield, 2000). BM purple and 
INT/BCIP (Roche) were used as alkaline 
phosphatase substrates. Probes for axin2, 
fgf8, myca and shh have been described 
previously (Haramis et al., 2006; Krauss 
et al., 1993; Reifers et al., 1998). Antisense 
riboprobes amplified from cDNA were 
dhrs3, dusp6, eng1a, hoxa9b, hoxb5b, hoxc6a, 
hoxc8a, hoxd9a, meis3, msxc, pea3, spry4 and 
wnt7a. Primer sequences can be found in 
supplementary material Table S1. The 
ring1b riboprobe was directed against the 
C-terminal 500 bp of the cDNA.

Bead implantation
Bead implantations were carried out 
essentially as described by Picker et al. 2009. 
Recombinant human FGF4 (R&D Systems) 
was dissolved in PBS containing 0.1% BSA 
at a concentration of 250 µg/ml. The bead 
solution was washed in methanol and air-
dried. Beads were overnight soaked with 
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and confirm that Ring1b is the sole H2A E3 
ligase in the zebrafish PRC1 complex.
Because mRNA and/or protein are often 
maternally deposited in zebrafish, we 
extended the expression analysis to stages 
before the onset of zygotic transcription. 
ring1b mRNA was indeed maternally 
deposited (supplementary material Fig. 
S1B). Moreover, Ring1b protein was 
also detected in embryos at 2.5 hpf, i.e. 

Results

Generation of ring1b mutants
To study the function of Ring1b in 
vertebrate development, we generated 
ring1b knockout zebrafish using zinc 
finger nuclease (ZFN)-mediated targeted 
gene inactivation (Meng et al., 2008). We 
identified potential ZFN-target sites in 
the coding sequence of zebrafish ring1b 
(BC164137.1) using ZiFit 3.0 (http://zifit.
partners.org/ZiFiT/). A suitable ZFN-target 
site (exon 4, bp 480-503) was recovered by 
using the “OPEN” strategy (Fig. 1A-B, 
(Maeder et al., 2008). ZFN recognizing the 
9 base pairs (bp) flanking the target-site 
were generated as described in Materials 
and Methods and 100 pg mRNA encoding 
each ZFN was injected into one-two-cell 
stage eggs. Functionality of the ZFN was 
verified in vivo and injected embryos were 
raised to adulthood. Out of 25 potential 
founders, we identified two fish in which 
ring1b was mutated at the ZFN cleavage 
site (Fig. 1B). As reported for other ZFNs, 
the mutated alleles were of insertion/
deletion origin (Doyon et al., 2008; Foley et 
al., 2009; Meng et al., 2008). One mutation 
leads to insertion of 4 bp within the ZFN-
target site, whereas the second mutation 
causes deletion of 14 bp (Δ14 mutation). 
Both mutations result in an open reading 
frame-shift leading to a premature stop 
codon.
We next assayed for ring1b mRNA and 
protein expression. Whole-mount in 
situ hybridization showed strong ring1b 
expression in the brain and pectoral fins in 
wild-type embryos at 72 hpf. By contrast, 
ring1b mRNA was not detectable in 
homozygous ring1b mutants (Fig. 1D,D’), 
suggesting that the mutant ring1b mRNA 
was degraded via non-sense mediated 
decay. In line with these results, Ring1b 
protein (Fig. 1E) and ubiquitination of 
H2A (Fig. 1F) were not detected in 72 hpf 
ring1b mutants. These results indicate that 
both mutant alleles are functional nulls 

Fig. 1. Generation of ring1b mutants. (A) Schematic 
representation of the zebrafish ring1b gene depicting 
the location of the ZFN-target site. (B) Wild-type 
ring1b sequence is shown at the top; the ZFN-target-
sites are highlighted in yellow. ZFN-induced base pair 
insertions are highlighted in red and deletions in grey. 
(C,C’)  ring1b mRNA staining in brain and pectoral 
fins in wild-type larvae. (D,D’) Expression is absent in 
ring1b mutants. (E,F) Ring1b and mono-ubiquitinated 
histone H2A are not detected in 3 dpf ring1b mutants 
by western blot analysis. (G,H) Dorsal view of wild-
type (G) and ring1b (H) larvae at 3 dpf. Asterisks 
indicate the lack of pectoral fins in ring1b mutants. 
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before onset of zygotic gene expression 
(supplementary material Fig. S1C). 
Maternal Ring1b protein persisted up to 
the 15 ss and was hardly, if at all, detectable 
in ring1b mutants at 24 hpf (supplementary 
material Fig. S1D). 

As the Hox genes are among the best-
characterized targets of Polycomb 
repression (Paro, 1995; Pirrotta, 1997), we 
investigated axial Hox gene expression in 
ring1b mutants over time. This analysis 
showed that, up to 24 hpf, axial Hox gene 
expression is largely normal in ring1b 
mutants (supplementary material Fig. 
S2A-H). However, at later stages, there 
was a progressive anterior expansion of 
the expression domain for the examined 
Hox genes (supplementary material 
Fig. S2I-X). Homozygous, as well as 
transheterozygous deletion of both alleles 
led to identical phenotypes, which further 
established that the mutations indeed 
disrupt Ring1b. Heterozygous mutants 
did not display any abnormalities. 
Homozygous mutants were phenotypically 
indistinguishable from wild-type siblings 
up to 24 hpf. During organogenesis, 
however, ring1b mutants displayed several 
defects, including jaw malformations, 
pericardial edema and diminished blood 
circulation (supplementary material Fig. 
S3). ring1b mutants died at around 4-5 
dpf. We were able to obtain the same 
developmental phenotype by injecting two 
independent morpholinos against ring1b 
(supplementary material Fig. S4).
Here, we focus our analysis on the striking 
absence of pectoral fins in ring1b mutants 
(Fig. 1H).

Rescue of the ring1b phenotype by wild-
type ring1b mRNA 
To validate that the observed developmental 
phenotype correlated with loss of Ring1b, 
we injected wild-type myc-tagged-ring1b 
mRNA in one- to two-cell stage eggs 
derived from heterozygote ring1b crosses. 

Fig. 2. Injection of ring1b mRNA rescues pectoral fin 
outgrowth and restores hoxd9a and tbx5 expression 
in ring1b mutants. (A-J) Lateral views of 32 hpf 
embryos stained for hoxd9a (A-E) and 48 hpf fin buds 
stained for tbx5 (F-J). Anterior expansion of axial 
hoxd9a expression in ring1b mutants is suppressed 
by exogenous wild-type ring1b mRNA in a dose-
dependent manner (C-E, arrowheads). Fin bud hoxd9a 
(A-E, arrows) and tbx5 expression (F-J) is restored in 
injected ring1b mutants and (K, L) fin bud outgrowth 
is rescued at 72 hpf. (M) Western blot analysis for myc-
tagged Ring1b shows dose-dependent expression 
in 24 hpf embryos. (N) Exogenous Ring1b protein is 
hardly detectable in 48 hpf embryos.
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the LPM was slightly delayed, resulting 
in a fuzzy tbx5 expression domain in 
the ring1b mutants at 32 hpf. At 40 hpf, 
tbx5 expression was greatly reduced in 
the mutant pectoral fin mesenchyme, 
indicating a defect in maintenance of 
tbx5 expression. We also addressed the 
localization of Tbx5 protein in the LPM 
of ring1b mutants, as it has been reported 
that the transcription factor Tbx5 shuttles 
between the nucleus and cytoplasm, 
providing an additional layer of Tbx5 
regulation (Camarata et al., 2006). Tbx5 
was detectable in the ring1b pectoral fin 
mesenchyme, and was correctly localized 
in the nucleus (supplemental material Fig. 
S5), indicating that the regulation of Tbx5 
localization is intact.
We found that hand2 expression was 
indistinguishable from wild-type siblings 
up to 24 hpf. However, at 32 hpf, hand2 
expression was diminished in ring1b 
mutants and was subsequently lost by 
40 hpf (Fig. 3R,T). In contrast to tbx5 and 
hand2 expression, we found that aldh1a2 
was overexpressed already at 18 ss and not 
restricted to the posterior margin of the 
fin field, as observed in wild-type siblings 
(Fig. 3U-DD).
Based on the early expression patterns 
of both tbx5 and hand2, we conclude that 
specification of LPM into pectoral fin 
mesenchyme is initiated in ring1b mutants. 
However, maintenance of gene expression 
is impaired.

Normal LPM patterning in ring1b mutants
As aldh1a2 expression has been shown 
to be feedback-controlled by RA during 
somitogenesis (Begemann et al., 2001), 
the altered expression of aldh1a2 in ring1b 
mutants at 18 ss (18 hpf) may reflect 
aberrant RA signaling at even earlier 
stages. We addressed the possibility that 
the LPM is not fully specified or correctly 
patterned owing to deregulation of RA 
signaling.
To investigate LPM patterning and the 

We assayed injected ring1b mutants for 
expression of tbx5 and hoxd9a, a reported 
direct target of Ring1b-mediated silencing 
(Li et al., 2011) that is also expressed in 
the fin bud. Injection of wild-type ring1b 
mRNA restricts the anterior boundary of 
axial hoxd9a expression in ring1b mutants, 
although not to the wild-type extent (Fig. 
2A-E). Moreover, exogenous wild-type 
ring1b mRNA restored tbx5 and hoxd9a 
expression in the fin bud in a dose-
dependent manner and partially rescued 
fin bud outgrowth in ring1b homozygotes 
at 72 hpf (Fig. 2L). Western blot analysis 
confirmed that myc-tagged Ring1b protein 
was expressed in a dose-dependent 
manner at 24 hpf (Fig. 2M). Of note, 
exogenous Ring1b protein was greatly 
diminished at 48 hpf (Fig. 2N), which likely 
explains the partial rescue and indicates 
that Ring1b activity is also required for 
later stages of fin bud outgrowth. These 
results, when taken together, confirm that 
we have induced null mutations in ring1b 
and that Ring1b is essential for pectoral fin 
development in zebrafish.

Gene expression defects in the pectoral 
fin mesenchyme of ring1b mutants
To address at which point during pectoral 
fin development the defect arises in ring1b 
mutants, we assayed expression of three 
genes that are expressed in the fin field 
mesenchyme and are important for fin 
development. In addition to tbx5, the 
earliest known marker for fin mesenchyme, 
we examined the expression of the bHLH 
transcription factor hand2 and of the RA-
synthesizing enzyme aldh1a2 (Ahn et 
al., 2002; Begemann and Ingham, 2000; 
Begemann et al., 2001; Grandel et al., 2002; 
Yelon et al., 2000).
In situ hybridization experiments 
showed that tbx5 was expressed at levels 
comparable to wild-type in the pectoral 
fin field of ring1b mutants at 18 ss albeit 
the expression domain appeared diffuse 
(Fig. 3A,B). Migration and compaction of 
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et al., 2008). This showed that the heart 
precursors were located correctly and 
express nkx2.5 at normal levels at 10-15 
ss in ring1b mutants. Moreover, tbx5 and 
hoxb5b were normally expressed at these 
stages, indicating that both the heart 
and fin fields are correctly specified in 
ring1b mutants (Fig. 4A-L). We noticed an 

response to RA signaling, we carried out 
double stainings at 10 ss and 15 ss, the 
time point at which the LPM separates 
into the heart and fin fields. We examined 
expression of the heart marker nkx2.5, the 
LPM marker tbx5 and the RA target genes 
dhrs3 and hoxb5b, which are expressed in 
the pectoral fin mesenchyme (Waxman 

Fig. 3. Gene expression defects in the ring1b pectoral fin mesenchyme. (A-DD) Dorsal views of embryos at 
the indicated stages stained for tbx5 (A-J), hand2 (K-T) and aldh1a2 (U-DD). Migration and compaction of tbx5-
positive pectoral fin precursors is slightly delayed in ring1b mutants (A-F), whereas hand2 expression is identical 
to wild-type siblings up to 24 hpf (K-P). Expression of tbx5 (G-J) and hand2 (Q-T) is not maintained in the ring1b 
fin mesenchyme. aldh1a2 is overexpressed and not restricted to the posterior LPM in ring1b mutants (U-DD, 
brackets). Arrowheads indicate staining at the fin bud region. 
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wild-type embryos, hoxb5b and meis3 
were expressed at normal levels in ring1b 
mutants. By contrast, expression of dhrs3 
was reproducibly upregulated in the ring1b 
fin field (Fig. 4P). Because of the observed 
upregulation of dhsr3 at 32 hpf, we next 
examined whether timed inhibition of 
RA signaling could rescue aspects of the 
ring1b fin phenotype. RA signaling was 
chemically inhibited by application of 
DEAB at two developmental time points; 
at 15 ss and at 24 hpf. We confirmed that 
10 µM and 100 µM DEAB efficiently 
inhibited RA signaling as demonstrated 

upregulation of dhrs3 expression in some 
ring1b embryos at 15 ss (Fig. 4H), which 
could reflect increased RA signaling or 
increased response to RA signaling.
To address a possible deregulation of RA 
signaling further, we stained for dhrs3, 
hoxb5b and meis3, another RA target gene 
expressed in the pectoral fin field, at 20 
ss and 32 hpf (Gongal and Waskiewicz, 
2008; Kudoh et al., 2002; Manfroid et al., 
2007). The expression of hoxb5, meis3 and 
dhrs3 was indistinguishable from wild-
type embryos at 20 ss (Fig. 4M,N,Q,R,U,V). 
At 32 hpf, when a fin bud is visible in 

Fig. 4. Analysis of LPM patterning and RA signaling in ring1b mutants. (A-L) Double in situ hybridizations for 
nkx2.5 in red and tbx5 (A-D), dhrs3 (E-H) and hoxb5b (I-L) in blue at 10 ss and 15 ss shows similar staining patterns 
in wild-type and ring1b mutants. (M-X) Dorsal views of embryos stained for the RA targets dhrs3 (M-P), hoxb5b 
(Q-T) and meis3 (U-X) at 20 ss and 32 hpf. Expression of hoxb5b and meis3 is normal in the ring1b LPM at 20 ss 
and 32 hpf, whereas dhrs3 expression is upregulated in the ring1b LPM at 32 hpf (P). Arrowheads and brackets 
indicate staining at the fin bud region.
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mutants at 24 hpf led to partial restoration 
of gene expression. Both tbx5 and hand2 
expression levels were increased when 
compared to untreated mutants, albeit not 
reaching wild-type levels (supplementary 
materials Fig. S6C). However, the partial 
rescue of mesenchymal gene expression 
was not sufficient to restore ectodermal 
fgf24 expression and fin outgrowth.
Overall, these data suggest that there is an 
increase in RA signaling or the response 
to RA signaling in ring1b mutants after 24 
hpf that may contribute to the pectoral fin 
phenotype.

by inhibition of the RA responsive genes 
dhsr3, hoxc6a and hoxc8a (supplementary 
material Fig. S6C).
DEAB treatment, when initiated at 15 ss, 
led to partial inhibition of fin formation 
in wild-type embryos accompanied by 
dose-dependent downregulation of gene 
expression (supplementary material Fig. 
S6B). DEAB treatment of 15 ss ring1b 
embryos led to even weaker tbx5 expression 
in the fin mesenchyme. DEAB treatment 
of wild-type embryos at 24 hpf had little 
impact on fin formation, as has been 
reported previously (Gibert et al., 2006). 
By contrast, DEAB treatment of ring1b 

Fig. 5. Reduced fgf24 and fgf10 expression in ring1b fin mesenchyme. (A-P) Dorsal views of embryos stained 
for fgf24 (A-H) and fgf10 (I-P). Expression of both genes is initiated at the correct developmental stage, but 
the levels are reduced in the ring1b pectoral fin mesenchyme. fgf24 and fgf10 expression is restricted to a very 
small domain in the ring1b fin mesenchyme at 32 hpf (H, P). Arrowheads indicate staining at the pectoral fin 
mesenchyme and fin bud region
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Impaired Fgf signaling in ring1b mutants
Tbx5 promotes expression of fgf24, which 
in turn, maintains tbx5 and induces fgf10 in 
the pectoral fin mesenchyme to promote fin 
bud outgrowth (Fischer et al., 2003). As tbx5 
expression is initiated, but not maintained, 
in ring1b mutants, we addressed whether 
processes directly downstream of tbx5 
were deregulated. We performed an 
expression time-course analysis for fgf24 
and fgf10. fgf24 was initiated in both wild-
type and ring1b mutants at 18 ss (Fig. 
5A,B). However, fgf24 was expressed at 
lower levels and in a smaller domain in 
the mutants. Low levels of fgf24 persisted 
at later developmental stages, although 
expression was progressively restricted 
to a very small domain. Expression of 
fgf10 was also properly initiated at 20 ss in 
ring1b mutants, albeit at greatly reduced 
levels. At later stages, fgf10 expression 
was markedly decreased, similar to fgf24 
(Fig. 5N,P). We also examined expression 
of the Fgf receptors fgfr1a, fgfr2 and fgfr3 
in the developing fin bud (supplementary 
material fig. S7). fgfr1a was not expressed 
in either wild-type or ring1b embryos at 
18 ss. At 24 hpf, fgfr1a expression was 
reduced in ring1b mutants and expression 
was diminished further at 32 hpf. The 

mesenchymal fgfr2 expression domain was 
slightly broader in ring1b mutants at 18 ss. 
However, expression was not maintained. 
We detected a slight expansion of the 
fgfr3 expression domain in ring1b mutants 
at 18 ss. At both 24 and 32 hpf, fgfr3 was 
overexpressed and the expression domain 
was expanded. Interestingly, a correlation 
between lack of Fgf8 signaling and 
expansion of the fgfr3 expression domain 
has been previously reported (Sleptsova-
Friedrich et al., 2001). These results suggest 
that Fgf signaling is never fully activated 
in ring1b mutants.
To test this further, we examined whether 
activation of Fgf target genes was disrupted 
in the pectoral fin field of ring1b mutants. 
Analysis of dusp6, pea3 and spry4 (Furthauer 
et al., 2001; Kawakami et al., 2001; Roehl 
and Nusslein-Volhard, 2001) showed that 
expression of all three genes was impaired 
in ring1b mutants at 24 hpf and 32 hpf 
(Fig. 6). pea3 levels were severely reduced, 
whereas dusp6 and spry4 expression was 
undetectable. This confirmed that Fgf 
signaling, which is essential for pectoral 
fin mesenchyme compaction and fin bud 
outgrowth, is disrupted in ring1b mutants. 
Importantly, all examined processes 
downstream of Fgf signaling were severely 
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Fig. 6. Loss of Fgf target gene expression in ring1b mutants. (A-L) Expression analysis of the Fgf target genes 
pea3 (A-D), dusp6 (E-H) and spry4 (I-L) at 24 hpf and 32 hpf. pea3 is greatly reduced and dusp6 and spry4 are 
undetectable in the ring1b pectoral fin mesenchyme. Arrowheads indicate staining at the fin bud region.
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impaired in ring1b mutants. This included 
reduced or absent expression of genes 
involved in anterior-posterior (AP) and 
dorsal-ventral (DV) patterning, as well as 
the absence of ectodermal gene expression 
(supplemental material Fig. S8). The latter 
finding indicated that the AER, an Fgf-
dependent signaling center essential for 
proximal-distal outgrowth of the pectoral 
fin bud (Kawakami et al., 2001), was not 
established in ring1b mutants. 
We also assayed for proliferation by pH3 
staining and found that it was impaired 
only from 32 hpf onwards (supplementary 
material Fig. S9A). Because Fgf signaling 
is greatly reduced at earlier time points, 
this reduction in proliferation reflects a 
secondary effect, which is in agreement 
with the previously reported role of 
Fgf signaling in cell-cycle progression 
(Prykhozhij and Neumann, 2008). Finally, 
only very few apoptotic cells were detected 
in the ring1b fin field (supplementary 
material Fig. S9B).

Exogenous FGF restores gene expression 
but is not sufficient to promote fin bud 
outgrowth in ring1b mutants
It has been shown that exogenously 
provided FGF, by means of FGF-coated 
bead implantation into the flank of 
zebrafish embryos, can replace AER 
function and rescue gene expression in 
the pectoral fin bud (Grandel et al., 2000; 
Norton et al., 2005). As mesodermal Fgf 
signaling is impaired in ring1b mutants, we 
explored whether exogenously provided 
FGF would be sufficient to restore the 
positive Fgf signaling feedback loop and 
promote fin bud outgrowth in ring1b 
mutants.
To test successful loading of the beads, 
we first confirmed that implantation of 
FGF-coated beads at the 1000 cell-stage 
promoted ectopic expression of the Fgf 
target genes dusp6, pea3 and spry4 at 90% 
epiboly (supplementary material Fig. S10).
We next implanted FGF4-coated beads in 

Fig 7. FGF4-soaked bead implantation restores tbx5 
expression but not fin bud outgrowth. (A-F) Dorsal 
views of bead-implanted embryos stained for tbx5 
(A-B’), fgf24 (C,D) an fgf10 (E,F) at 40 hpf. Exogenous 
FGF4 enhances tbx5 expression maintenance but 
is not sufficient to initiate mesenchymal fgf24 and 
fgf10 expression in ring1b mutants. Bead location is 
indicated by the white dashed circle. (G,H) Pectoral 
fin bud outgrowth is not restored in ring1b mutants. 
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the flank of embryos at the 15-20 ss because 
of the early defects in Fgf signaling in ring1b 
mutants. Exogenously provided FGF4 
promoted maintenance of tbx5 expression 
in the ring1b pectoral fin field (Fig. 7B). 
Importantly, the tbx5 expression domain 
was increased upon bead implantation and 
was always directly adjacent to the FGF4-
coated implanted bead. Thus, exogenously 
provided FGF4 enabled a domain of tbx5 
expression that more closely resembled 
that of wild-type embryos. However, 
fgf24 and fgf10 expression were not 
detectable in the pectoral fin field of bead-
implanted ring1b embryos at 40 hpf and 
fin bud outgrowth was not restored (Fig. 
7D,F,H). Taken together, we conclude that 
the Ring1b-deficient fin precursors are 
partially responsive to FGF signaling, as 
illustrated by maintained tbx5 expression.

Genetic activation of Fgf signaling 
stimulates fin bud outgrowth in ring1b 
mutants
We postulated that a stronger or different 
Fgf stimulus might be required to promote 
fin outgrowth in ring1b mutants. To test 
this hypothesis, we sought to stimulate 
mesodermal Fgf signaling by genetic 
means. Zebrafish mutants with locally 
increased pectoral fin mesenchymal Fgf 
signaling have not been described to our 
knowledge. However, Wnt signaling 
has been shown to cooperate with FGF 
signaling during limb initiation and 
outgrowth, in several studies in chick, 
mouse and zebrafish (Agarwal et al., 
2003; Galceran et al., 1999; Hill et al., 2006; 
Kawakami et al., 2001; Nagayoshi et al., 
2008; Narita et al., 2005; Ng et al., 2002; ten 
Berge et al., 2008). In chick, implantation 
of WNT2b- or β-catenin-expressing cells 
induces ectopic fgf10 expression and limb 
bud outgrowth (Kawakami et al., 2001). 
Therefore, we hypothesized that the 
apc mutants that exhibit hyperactivated 
Wnt signaling would provide a good 
candidate for increased Fgf signaling. 

In apc mutants, canonical Wnt signaling 
is hyperactivated due to destabilization 
of the axin-containing degradation 
complex, of which Apc is an essential 
component (Clevers, 2006; Fodde et al., 
2001; Hurlstone et al., 2003). Consequently, 
β-catenin is stabilized, accumulates in the 
nucleus, and together with TCF, activates 
Wnt target gene transcription (Korinek 
et al., 1997). Indeed, the Wnt target genes 
myca (c-myc) and axin2 (He et al., 1998; Jho 
et al., 2002) were overexpressed in the apc 
pectoral fin mesenchyme (supplementary 
material Fig. S11B,F). myca and axin2 
were downregulated in the ring1b fin field 
(supplementary material Fig. S11C,G); 
however, this likely represents a secondary 
effect resulting from disruption of the 
pectoral fin program.
To determine whether mesodermal Fgf 
signaling was increased in apc mutants, 
we assayed expression of tbx5, fgf24 and 
fgf10 at 32 hpf and 72 hpf. Indeed, all 
three genes were upregulated and the 
expression domains were expanded in apc 
fin buds at 32 hpf and this was exacerbated 
at 72 hpf (Fig. 8B,F,J,N,R,V). At 72 hpf, fin 
elongation was impaired in apc mutants, 
despite a large tbx5 expression domain. 
The pectoral fin ectoderm displayed a 
ruffled morphology and fgf24 and fgf10 
were expressed at high levels in the 
mesenchyme (Fig. 8R,V,Z). Furthermore, 
expression of the Fgf target genes dusp6, 
pea3 and spry was highly increased in apc 
mutants (supplementary material Fig. 
S12). These data showed that apc mutants 
exhibit increased activation of the tbx5-
fgf24-fgf10 signaling cascade although 
fgf24 expression remains confined to the 
mesenchyme and is not expressed in the 
ectoderm. 
To test whether this level of activation could 
rescue the pectoral fin developmental 
program, we generated apc/ring1b mutants. 
As expected, we found that fin outgrowth 
is initiated in the apc/ring1b animals, as a 
small fin bud visible at 40 hpf, continued 
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expression was not detectable at this stage. 
Expression of both fgf24 and fgf10 in 72 
hpf apc/ring1b fins resembles that of apc 
mutants, but the expression domains are 
smaller (Fig. 8T,X). Similarly, Fgf target 
genes are expressed in apc/ring1b mutants, 
but not in ring1b mutants (supplementary 
material Fig. S12). Taken together, genetic 
activation of Fgf signaling restores the 
pectoral fin program of Ring1b-deficient 
embryos and is sufficient to promote fin 
bud outgrowth. 

to grow and gave rise to a small, albeit 
misshapen fin at 72 hpf (Fig. 8BB). We 
analyzed expression of the tbx5-fgf24-fgf10 
axis in the apc/ring1b fin buds at different 
stages of development. At 32 hpf, tbx5 
expression in apc/ring1b mutants is similar 
to that of ring1b mutants: compaction of 
pectoral fin mesenchyme occurs, but tbx5 
is poorly expressed and the domain is not 
well demarcated. Expression of fgf24 and 
fgf10, while increased in apc/ring1b embryos 
when compared to ring1b mutants, did 
not reach wild-type levels. Interestingly, 
tbx5 expression is well maintained in apc/
ring1b mutants at 72 hpf. This is in striking 
contrast to ring1b mutants, in which tbx5 
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Fig. 8. Restoration of mesenchymal gene expression and fin bud outgrowth in apc/ring1b mutants. (A-X)
Dorsal views of embryos of the indicated genotypes stained for tbx5, fgf24 and fgf10 at 32 hpf (A-L) and 72 hpf 
(M-X). tbx5 (B,N), fgf24 (F,R) and fgf10 (J,V) are overexpressed in the apc pectoral fin mesenchyme at both 32 and 
72 hpf. Expression of fgf24 (H) and fgf10 (L) is increased in apc/ring1b mutants compared to ring1b mutants (G,K) 
at 32 hpf. Expression of tbx5 (P), fgf24 (T) and fgf10 (X) is maintained in apc/ring1b mutants at 72 hpf. Arrowheads 
indicate staining at the fin bud region. (Y-BB) Lateral views of 72 hpf embryos of the indicated genotypes at the 
level of the pectoral fin. A rudimentary fin bud is formed in apc/ring1b mutants at 72 hpf (BB).
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Discussion

In this study, we implemented ZFN-
mediated targeted gene inactivation to 
generate the first zebrafish mutant in 
a PcG gene. We show that, in contrast 
to mice, ring1b homozygote zebrafish 
mutants are embryonically viable and 
exhibit developmental defects that 
enable the study of Ring1b in vertebrate 
development. One striking feature of the 
ring1b phenotype is the lack of pectoral 
fins, whereas the Lateral Plate Mesoderm 
(LPM) is specified appropriately and 
the fin program initiates correctly with 
the expression of tbx5. In the absence of 
Ring1b, upregulation of RA signaling 
occurs and FGF signaling is not sufficiently 
activated in the pectoral fin mesenchyme, 
culminating to loss of fin bud outgrowth.

Hox genes in pectoral fin development
We observed that axial Hox gene 
expression is only mildly affected until 
24 hpf in ring1b mutants, indicating that 
initiation of axis specification is largely 
correct. ring1b mRNA and protein are 
maternally deposited, which could explain 
the relatively late onset of Hox gene 
deregulation in ring1b mutants.
Correct axial Hox gene expression is 
also essential for proper induction and 
positioning of the forelimb along the axis 
in vertebrates (Burke et al., 1995; Cohn et 
al., 1997). In zebrafish, it has been shown 
that regulation of axial Hox gene function 
by Pbx4 is essential for the establishment 
of the pectoral fin field (Popperl et al., 
2000). Pxb4 deficiency in the lazarus mutant 
results in a distinct lack of tbx5 expression 
at 24 hpf and suggests that the LPM is 
never specified as pectoral fin mesenchyme 
(Popperl et al., 2000). By contrast, in ring1b 
mutants, tbx5 expression in the LPM at 24 
hpf is fairly normal which strengthens the 
conclusion that Hox-mediated induction 
of the forelimb field is unaffected.
Interestingly, the forelimb field is 

positioned just anteriorly of axial hoxc6 and 
hoxc8 expression (Bejder and Hall, 2002). 
It has been demonstrated that anterior 
extension of hoxc6 and hoxc8 expression in 
pythons correlated with lack of forelimbs 
(Cohn and Tickle, 1999). In ring1b mutants, 
anterior expansion of the hoxc6 and hoxc8 
expression domains occurs only after 
the fin field has been established, at 24 
hpf. Indeed, several pectoral fin markers, 
including tbx5, hoxb5b and meis3 were 
expressed at the proper location along 
the AP axis in ring1b mutants. Thus, axial 
Hox gene function is sufficient to mediate 
correct specification and positioning of the 
pectoral fin field in ring1b mutants.

RA signaling in ring1b embryos
aldh1a2 is the only gene, from the genes 
involved in pectoral fin development we 
examined, that is robustly overexpressed 
in the ring1b LPM. This enzyme catalyzes 
the last step in RA synthesis (Begemann 
et al., 2001; Grandel et al., 2002). Axial 
aldh1a2 expression is essential for tbx5 
expression and initiation of the pectoral 
fin field, whereas aldh1a2 expression in 
the LPM is less critical, since chemical 
inhibition of RA signaling after 16-22 hpf 
does not abrogate pectoral fin emergence 
(Gibert et al., 2006). Despite the high 
aldh1a2 expression levels, we did not detect 
general upregulation of RA target genes 
in the LPM of ring1b mutants. However, 
the RA target gene dhrs3 was reproducibly 
upregulated in ring1b mutants at 32 hpf 
and potent inhibition of RA signaling from 
24 hpf onwards led to partial restoration 
of mesenchymal gene expression. It is 
plausible that increased RA signaling after 
24 hpf contributes to the developmental 
defect of fin formation in ring1b mutants. 
However, fin outgrowth is not initiated 
upon inhibition of RA signaling at 24 hpf 
and inhibition at 15 ss in fact enhances 
the defect in fin mesenchyme compaction. 
Thus, our data indicate that deregulation 
of RA signaling may contribute, but is 
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development is disrupted due to loss of 
Ring1b and that impaired Fgf signaling 
is causally linked to this phenotype. 
Although we cannot exclude the 
possibility that Ring1b directly represses a 
single negative regulator of Fgf signaling, 
we propose that Ring1b deficiency causes 
a broader deregulation of gene expression 
based on several observations. 
Zebrafish mutants that are deficient for 
globally acting chromatin-associated 
proteins show surprisingly tissue-specific 
defects, such as loss of pectoral fins. These 
mutants include the lazarus/pbx4 (Popperl 
et al., 2000), colgate/histone deacetylase 
1 (HDAC1) (Nambiar et al., 2007) and 
mediator component thyroid hormone 
receptor-associated protein (TRAP)230/
MED12 (Hong et al., 2005; Rau et al., 2006). 
Mechanistically, the lack of fins in ring1b 
mutants could possibly be ascribed to 
tissue-specific interactions between the 
PRC1 repressive pathway and single 
master-regulators of tissue development, 
as previously shown in some instances 
(Yu et al., 2012). Alternatively, the genetic 
disruption of an essential epigenetic 
pathway may have a broader impact, 
resulting in profound alterations of 
temporal and spatial controls of zebrafish 
fin development. For example, it is 
conceivable that loss of Ring1b alters 
the chromatin landscape and may allow 
the redistribution of activators and/or 
silencers at the expense of their normal 
targets. Thus, the consequences of Ring1b-
loss may involve activation and silencing 
of gene expression through altering the 
chromatin landscape, in addition to de-
repression of direct targets. 
Indeed, loss of Ring1b may not be 
seen as an activation switch for single 
genes in isolation. ring1b inactivation 
in mouse embryonic stem cells causes 
aberrant activation of several key 
developmental genes and deregulation of 
signaling pathways involved in cellular 
differentiation (Leeb and Wutz, 2007; 

not primarily involved in the ring1b fin 
phenotype.

The interplay of Wnt and Fgf signaling in 
pectoral fin development
Pectoral fin development is partially 
rescued in apc/ring1b mutants, through 
potentiation of the tbx5-fgf24-fgf10 axis, 
most probably owing to increased 
activation of Wnt signaling. In support of 
this, the Wnt target genes myca and axin2 
are overexpressed in the apc fin mesoderm, 
indicating an increased Wnt signaling-
response. We postulate that this augmented 
Wnt signaling response in the mesoderm 
stimulates, directly or indirectly, tbx5, fgf24 
and fgf10 expression. Interestingly, in apc 
mutants, fgf24 and fgf10 are overexpressed 
in other tissues besides the pectoral fin, 
including the pharyngeal arches. The 
overexpression in the pharyngeal arches is 
Tbx5 independent, as tbx5 is not expressed 
there. We postulate that the increased tbx5 
expression in the apc fin buds is attributed 
to the increased Fgf signaling, as tbx5 
expression is feedback controlled by Fgf 
signaling. This raises the possibility that 
the overexpression of fgf24 and fgf10 in 
both pharyngeal arches and pectoral fin 
mesenchyme of apc mutants is caused by 
a common mechanism, which is then Tbx5 
independent.
Importantly, mesodermal fgf24 expression 
is downregulated at 30 hpf (Fischer et al., 
2003) as ectodermal fgf24 commences. This 
“switch” does not occur in apc and apc/
ring1b mutants and, instead, high amounts 
of fgf24 remain mesodermal. Ectodermal 
Fgf signaling is required for elongation 
of the growing fin bud. Therefore, the 
deregulation in fgf24 distribution may 
account for the presence of small fins with 
ruffled morphology in apc and apc/ring1b 
mutants. 

Epigenetic regulation of pectoral fin 
development 
We have shown that pectoral fin 
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cellular response to hormones during 
mammary development (Pietersen et al., 
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Polycomb phenotype. 
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Fig. S1. ring1b mRNA and protein are maternally deposited. (A,B) Whole-mount in situ hybridization with a 
riboprobe against ring1b shows expression at the eight-cell stage, no staining is detected with the sense probe. 
(C) Western blot analysis of Ring1b protein in wild-type embryos at 2.5 hpf shows maternal Ring1b protein. 24 
hpf as control. (D) Ring1b protein is detected in lysates of ring1b-mutant embryos at 15 somites but is not or 
hardly detectable at 24 hpf (D). Histone H3 is used as a loading control.          
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Fig. S2. Hox gene expression in ring1b mutants. (A-X) Lateral views of in situ hybridizations for hoxa9b 
(A,B,I,J,Q,R), hoxc6a (C,D,K,L,S,T), hoxc8a (E,F,M,N,U,V) and hoxd9a (G,H,O,P,W,X) at 24 hpf (A-H), 48 hpf (I-
P) and 72 hpf (Q-X). Axial Hox gene expression is anteriorly restricted in wild-type larvae (A,C,E,G), whereas 
the anterior border of axial Hox gene expression is slightly less defined in ring1b mutants at 24 hpf (B,D,F,H) 
(arrowheads). Ectopic Hox gene expression is progressively upregulated in ring1b mutants (B,D,F,H versus 
J,L,N,P and R,T,V,X). Strong ectopic expression throughout the brain is observed especially for hoxa9b (R), hoxc6a 
(T) and hoxc8a (V) in ring1b mutants at 72 hpf. Also note that Hox gene expression is absent or severely reduced 
in the pectoral fin field of ring1b mutants. 
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Fig. S3. Lateral views of live embryos at 72 hpf. ring1b homozygotes display heart edema (line) and jaw 
abnormalities (arrow). 

Fig. S4. Injection of morpholinos against ring1b phenocopies the ring1b developmental phenotype. Lateral 
views of embryos at 72 hpf. MO1- and MO2-injected embryos display the heart edema (lines) and jaw 
abnormalities (arrows) similar to ring1b mutants (A-C). Expression of tbx5 (E,F), hand2 (H,I) and fgf24 (K,L) in 
ring1b MO-injected embryos at 48 hpf, shows the same pattern as the one in ring1b mutants. No Ring1b protein 
is detected in lysates from ring1b MO-injected embryos (M). Histone H3 serves as loading control. 
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Fig. S5. Nuclear Tbx5 localization in the ring1b pectoral fin mesenchyme. Transverse sections of wild type 
(A,C) and ring1b mutants (B,D) stained with an antibody against Tbx5 at 32 (A,B) and 48 hpf (C,D). Nuclei in the 
pectoral fin mesenchyme of ring1b mutants stain positive for Tbx5 at 32 and 48 hpf (B,D). 
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Fig. S6. DEAB treatment initiated at 24 hpf leads to partial restoration of mesenchymal gene expression in 
ring1b fin buds. (A) In situ hybridizations for the RA-responsive genes dhrs3 (A-F), hoxc6a (G-L) and hoxc8a 
(M-R) in wild-type and ring1b embryos at 48 hpf, treated with DEAB from 24 hpf. DEAB (10 µM and 100 µM) 
potently suppresses expression of dhsr3 in wild-type and ring1b embryos (A-F). While 10 µM DEAB suppresses 
ectopic overexpression of hoxc6a and hoxc8a in ring1b embryos, 100 µM DEAB leads to more potent inhibition 
(I,K,O,Q). 
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(B) In situ hybridizations for tbx5 (A-F), hand2 (G-L) and fgf24 (M-R) in wild-type and ring1b embryos at 40 hpf, 
treated with DEAB from 15 ss. Inhibition of RA signaling by DEAB leads to downregulation of tbx5 (C,E), hand2 
(I,K) and fgf24 (O,Q) expression in wild-type embryos in a dose-dependent manner. DEAB (10 µM) leads to 
almost complete downregulation of tbx5 expression in ring1b fin buds (D) and this effect is more pronounced 
with 100 µM DEAB (F). DEAB treatment initiated at 15 ss in ring1b embryos does not have an effect on the (lack 
of) expression of hand2 (J,L) and fgf24 (P,R) in ring1b fin buds. (C) In situ hybridizations for tbx5 (A-F), hand2 (G-
L) and fgf24 (M-R) in wild-type and ring1b embryos at 40 hpf, treated with DEAB from 24 hpf. DEAB treatment 
initiated at 24 hpf does not have a significant impact in expression of tbx5 (C,E), hand2 (I,K) and fgf24 (O,Q) in 
wild-type fin buds. DEAB treatment of ring1b embryos initiated at 24 hpf leads to partial restoration of tbx5 (D,F) 
and hand2 (J,L) expression in a dose-dependent manner. However, treatment does not lead to restoration of fgf24 
expression (P,R). 
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Fig. S7. Time-course expression analysis of the Fgf receptors. (A-R) Dorsal views of in situ hybridizations for 
fgfr1a (A-F), fgfr2 (G-L) and fgfr3 (M-R). fgfr1a is not expressed in either wild-type or ring1b LPM at 18 ss (A,B; 
asterisks indicate absence of expression). At 24 hpf, fgfr1a is expressed in the fin buds of wild-type embryos and 
at weaker levels in ring1b fin buds (C,D). At 32 hpf, strong fgfr1a expression is detected in the wild-type fin buds 
but is greatly reduced in the ring1b fin buds (E,F). fgfr2 is expressed in the LPM of wild-type and ring1b embryos 
at 18 ss (brackets, G,H). At 24 hpf, fgfr2 expression in ring1b fin buds is weak (I,J) and is hardly detectable in 
ring1b fin buds at 32 hpf (K,L). fgfr3 is expressed at higher levels in the LPM of ring1b mutants at 18 ss (M,N). 
At 24 hpf, fgfr3 expression is upregulated and expanded in mutants (O,P). At 32 hpf, fgfr3 remains high and the 
expression domain is expanded in ring1b embryos (Q,R). Brackets in M-R indicate the LPM. 
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Fig. S8. Impaired AP/DV patterning and loss of AER gene expression in ring1b mutants. (A) Dorsal view of 
in situ hybridizations for the AP markers msxc (A,B) and shh (C,D) and the DV markers eng1a (E,F) and wnt7a 
(G,H) at 32 hpf. msxc is not restricted to the anterior pectoral fin mesenchyme because shh is not expressed in 
the zone of polarizing activity (ZPA) of ring1b mutants (B,D). eng1a expression is greatly reduced, whereas 
wnt7a is not expressed in the ring1b pectoral fin ectoderm (F,H). (B) Dorsal (A-H) and lateral (A′-H′) views of in 
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Fig. S11. The Wnt-target genes myca and axin2 are overexpressed in apc and downregulated in ring1b fin 
mesenchyme. (A-H) Embryos of the indicated genotypes were stained at 56 hpf with axin2 (A-D) and myca 
(E-H). myca and axin2 are overexpressed in apc mutants, including the fin mesenchyme (B,F). In ring1b fin 
mesenchyme, myca and axin2 expression is very weak (C,G). myca and axin2 expression is restored in the nascent 
fin bud of apc/ring1b mutants (D,H). 

Fig. S10. FGF4-coated bead implantation induces ectopic expression of Fgf target genes. (A-C) Whole-mount 
in situ hybridization for the Fgf target genes dusp6 (A), pea3 (B) and spry4 (C) in embryos at 90% epiboly following 
FGF4-coated bead implantation at the 1000-cell stage. Arrowheads indicate the position of the bead and ectopic 
expression of the FGF-target genes induced in the proximity of the bead. 

Fig. S9. Decreased cell proliferation in the ring1b pectoral fin field. (A) Quantification of pH3-positive cells in 
pectoral fins of wild-type and ring1b embryos at 24, 32 and 48 hpf. Proliferation in the ring1b pectoral fin field 
is normal at 24 hpf, but decreased at 32 and 48 hpf. (B) Quantification of apoptotic cells in wild-type and ring1b 
pectoral fins. Very few pectoral fin cells stain TUNEL-positive in wild type and ring1b mutants. Although the 
difference between wild type and ring1b mutants at 48 hpf is statistically significant, it is unlikely that increased 
apoptosis contributes to the ring1b fin phenotype as the number of apoptotic cells is very low and it occurs at 
such a late stage. In all experiments, at least 15 embryos were analyzed. 
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situ hybridizations for the AER markers dlx2a (A-B′), fgf8 (C-D′), fgf24 (E-F′) and versican (G-H′) at 40 hpf. The 
examined AER markers are not expressed in the pectoral fin ectoderm of ring1b mutants at 40 hpf and fin bud 
outgrowth is not initiated (B-H′). 
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Fig. S12. The Fgf target genes dusp6, pea3 and spry4 are overexpressed in apc fin mesenchyme. Embryos of the 
indicated genotypes were stained at 32 hpf (A-L) and 72 hpf (M-X) with the indicated Fgf-target genes. dusp6, 
pea3 and spry4 are expressed in wild-type fin buds at 32 hpf (A,E,I). Expression of all three genes is upregulated 
in apc fin buds (B,F,J), not detectable in ring1b mutants (C,G,K) and expression is restored, albeit weakly, in 
apc/ring1b mutants (D,H,L). dusp6, pea3 and spry4 are expressed in wild-type growing fins at 72 hpf (M,Q,U). 
Expression of all three genes is upregulated in the apc fin buds (N,R,V) and not detectable in ring1b fin buds 
(O,S,W). Expression of the Fgf-target genes is restored in the apc/ring1b fin buds (P,T,X). 

Gene Forward primer Reverse primer
dhrs3 GGGCTGCGCGTTGCTTTTCC AAGCAGCTCCTGAGATTAAGTCCGT
dusp6 ACGGTAGAGTGGCTGAAGGAGCA GCCCTCCGAGACCCAGGACC
eng1a CCAGAGACTGAAGGCAGAGTTT GTCACTTTGCGAGCTTTTCAAG
hoxa9b CCCGTGGTCCAGCAGCAGTC GTGCACTCACCACTCCCAACC
hoxb5b TCGTTCTCAGGGCGCTATCCG TCTGCGTACGACTGGTGGTGGT
hoxc6a  GAACCCGTCGCTCTCGTGCC CTGGGCAACGTGGCTCTGCG
hoxc8a ACAGAGCGTTGCCCGAAGCC CGTGAGGCCGCATCCAAGGG
hoxd9a CCTCGTGCAGCTTCGCTCCC GTCCGCGCTCTCGGACACAG
meis3 TACCACAGCCCACTACCCTCAGC TCAGCAGGATTTGGTGCAGTTGT
msxc GCACGTCCTTCAATTCACCGTCTGT CCCCAATTAGGGCAGACCTATGGA
pea3 TCACCGAAGCTCAAGTTCCT GGCTCCTGTTTGACCATCAT
sprouty4 CGCCAGGTATCCTCGTGGCA CGATTGCAAACGTATACCCTAGCCT
wnt7a AGGAAAACGCGCCGCTGGAT TCAGCCGAGCATCCTCCCCA
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The Polycomb group protein Ring1b is critically 
involved in cranial skeleton development

Yme U. van der Velden, Liqin Wang, Maarten van Lohuizen and Anna-Pavlina G. Haramis

Division of Molecular Genetics, Netherlands Cancer Institute, Amsterdam, The Netherlands

Introduction

Polycomb group (PcG) proteins act as 
transcriptional repressors that were 
first identified in Drosophila melanogaster 
through their ability to silence homeotic 
genes. Nowadays, hundreds of PcG 
target genes have been identified in a vast 
number of organisms through genome-
wide mapping studies. PcG proteins 
are highly enriched at promoters of 
transcription factors, but are also found 
at genes that encode receptors, signaling 
proteins and morphogens (Boyer et al., 
2006; Bracken et al., 2006; Lee et al., 2006; 
Schwartz et al., 2006; Tolhuis et al., 2006; 
van der Stoop et al., 2008). Indeed, it is 
now appreciated that PcG proteins are key 
regulators of processes such as embryonic 
development, stem cell plasticity, cell 
fate maintenance, cellular differentiation 

and cancer. The mechanism underlying 
PcG-mediated gene silencing is still 
not fully understood, but includes the 
organization of higher-order chromatin 
structure, posttranslational modifications 
on nucleosomes and interference with the 
transcription machinery (Eskeland et al., 
2010; Sparmann and van Lohuizen, 2006; 
Stock et al., 2007; Surface et al., 2010; Vire 
et al., 2006; Zhou et al., 2008). Historically, 
PcG proteins are divided into two distinct 
multimeric complexes, termed Polycomb 
repressive complex 1 and 2 (PRC1 and 
PRC2). In a simplified view, PRC2 can 
be seen as the initiator complex that acts 
through trimethylation of histone H3 at 
lysine 27 (H3K27) (Cao et al., 2002; Czermin 
et al., 2002; Kuzmichev et al., 2002). This 
epigenetic mark can be recognized by 
PRC1 through the chromodomain of 
Polycomb. E3-ligase activity of RING-

Polycomb group (PcG) proteins form multimeric complexes that are dynamically 
involved in gene repression through chromatin modification. PcG proteins target 
literally hundreds of genes, many of which are critical regulators of embryonic 
development, stem cell plasticity, cell fate maintenance, cellular differentiation and 
cancer. Although great advances have been made in the understanding of PcG function, 
the role of PcG proteins in vertebrate embryogenesis remains poorly understood due 
to early lethality of mice deficient for several core PcG proteins. Here, we show that 
zebrafish Ring1b, the single E3 ubiquitin ligase in the Polycomb Repressive Complex 
1 (PRC1) critically regulates the developmental program of craniofacial cell lineages. 
Loss of Ring1b causes a severe craniofacial phenotype, which includes an almost 
complete absence of all cranial cartilage, bone and musculature. This study focused 
on the defect in cartilage development. We show that cartilage precursors, which are 
derived from the neural crest, migrate into the pharyngeal arches, but differentiation 
into chondrocytes is abrogated. This phenotype is rather specific for cartilage 
precursors, since other neural crest-derived cell lineages, including glia, neurons and 
chromatophores are formed in ring1b mutants. Thus, our results reveal a critical and 
specific role for Ring1b in promoting the differentiation of cranial neural crest cells 
into chondrocytes. 
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domain-containing proteins then leads to 
the mono-ubiquitination of histone H2A 
at lysine 119, a histone modification that 
is associated with gene repression (de 
Napoles et al., 2004; Wang et al., 2004). 
Recent data indicates however that the 
function of PcG proteins in gene silencing 
not this straightforward. For example, 
binding of PcG proteins to target genes 
does not per se lead to gene silencing 
(Beisel et al., 2007; Papp and Muller, 2006; 
Schwartz et al., 2006) and PRC1 can be 
recruited to chromatin independently of 
PRC2 (Dietrich et al., 2012; Schoeftner 
et al., 2006; Tavares et al., 2012; Yu et al., 
2012). Moreover, the composition of PcG 
complexes is highly versatile, allowing 
dynamic and tissue-specific regulation of 
PcG function depending on the cellular 
context (Yu et al., 2012). 
The study of PcG proteins in vertebrate 
embryonic development is hampered due 
to the early lethality of mice defective for 
the core proteins of PRC2 (Eed, Ezh2, and 
Suz12) and PRC1 (Ring1b). To gain more 
insight in the developmental functions of 
PcG proteins, we previously generated 
Ring1b-deficient zebrafish. Only a single 
ortholog of the Drosophila E3 ubiquitin 
ligase dRing is present in zebrafish 
whereas a genomic duplication event gave 
rise to two Ring proteins in mammals: 
Ring1a and Ring1b. The zebrafish ortholog 
is most homologous to Ring1b, and in 
contrast to mice, Ring1b deficiency does 
not cause a gastrulation arrest in zebrafish. 
Rather, ring1b mutants are phenotypically 
indistinguishable from wild-type siblings 
at 24 hpf.  Pleiotropic developmental 
defects arise during organogenesis, 
including loss of pectoral fins, craniofacial 
malformations, pericardial edema and 
diminished blood circulation, leading to 
the death of ring1b mutants at 4-5 dpf (van 
der Velden et al., 2012).

The skeleton of vertebrates is 
predominantly composed of two different 

structural tissues: cartilage and bone 
(Eames et al., 2003). Both cell populations 
are mainly derived from the neural crest 
(NC), which is an ectoderm-derived, 
multipotent cell population that is induced 
at the beginning of neurulation at the 
border of non-neural ectoderm and the 
neural plate (Gans and Northcutt, 1983; 
LaBonne and Bronner-Fraser, 1999). As 
neurulation progresses, NC cells undergo 
epithelial-to-mesenchymal transition, 
allowing delamination from the dorsal 
neuroepithelium and subsequent 
migration throughout the embryo. The 
NC gives rise not only to cartilage and 
bone, but also to neurons, glia, smooth 
muscle cells and chromatophores. Distinct 
cell types are formed according to their 
position along the anteroposterior axis. 
For example, NC cells that give rise to 
chromatophores originate from trunk 
NC cells whereas NC cells that will form 
craniofacial cartilage are located at the 
level of the mid/hindbrain (Raible and 
Eisen, 1994; Schilling and Kimmel, 1994). 
During cartilage development, the most 
anteriorly-located cranial neural crest 
(CNC)-derived cartilage precursors 
will mainly form skeletal elements 
that encase the brain (neurocranium) 
whereas the ventral viscerocranium is 
derived from more posterior located NC 
cells. Viscerocranial precursors migrate 
ventrally as three streams to populate the 
pharyngeal arches, an embryonic structure 
that will form several tissues of the head-
neck region in higher vertebrates. Stream 
1 migrates into the most anterior located 
mandibular arch (arch I), stream 2 into the 
hyoid arch (arch II) and stream 3 into the 
five posterior branchial arches (arch III-
VII). The mandibular arch and hyoid arch 
form the jaw and its supportive elements, 
respectively, whereas the five branchial 
arches give rise to the cartilaginous 
elements of the gill. 
Cranial bones are also derived from CNC 
cells and ossification occurs through two 
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distinct processes: endochondral and 
dermal ossification. In endochondral 
ossification, a skeletal template composed 
of replacement cartilage is formed 
first, which is then replaced by bone. 
Alternatively, bones can also be formed 
directly from osteogenic condensations 
(dermal ossification). Both processes are 
essential for cranial bone development. 

In this study, we show that zebrafish 
that are deficient for the E3 ubiquitin 
ligase Ring1b have a severe craniofacial 
phenotype, including an almost complete 
absence of all cranial cartilage, bone and 
musculature. We focused on the defect 
in cartilage development and show that 
specification and initial migration of 
CNC-derived cartilage precursors into the 
pharyngeal arches is largely unaffected, 
however, cartilage differentiation is 
abrogated. Moreover, the loss of Ring1b 
rather specifically affects CNC-derived 
cartilage precursors since other NC-
derived lineages, including neurons, glia 
and chromatophores are present in ring1b 
mutants. Finally, we reveal that both 
endochondral and dermal ossification are 
abrogated due to loss of Ring1b. 

Materials and methods

Zebrafish strains and genotyping 
methods 
Zebrafish were maintained as previously 
described (Westerfield, 2000). Fish were 
cared for in accordance with institutional 
guidelines and as approved by the Animal 
Experimentation Committee of the 
Royal Netherlands Academy of Arts and 
Sciences. ring1b founder fish were out-
crossed to AB and TL genetic backgrounds. 
Genotype analysis was performed by PCR 
using the primer set ring1b_F:AGGAGTG
TCCAACATGCAGAAAG and ring1b_R: 
G A G G AT T T G TA A C A A A G C C G C , 
followed by sequence analysis for the 
ring1b+4 allele or digestion of the PCR 

product with restriction enzyme TaqI to 
identify the ring1bΔ14 allele.

Whole-mount in situ hybridization
Whole-mount in situ hybridizations were 
carried out according to the standard 
protocol (Westerfield, 2000). BM purple 
(Roche) was used as alkaline phosphatase 
substrate. Probes for dlx2a, col2a1, col10a, 
hand2, runx2a, runx2b, sox9a and sox9b 
were described previously. Antisense 
riboprobes amplified from cDNA were 
cyp26a1, foxD3, hoxa3a, neuroD, and sox10. 
Primer sequences are available upon 
request.  

Whole-mount antibody staining
Embryos were overnight fixed in 20% 
DMSO, 80% Methanol at 4 °C, followed 
by dehydration and overnight storage 
in methanol at -20 °C. Endogenous 
peroxidase was blocked by 10 minute 
incubation in methanol containing 0.03% 
H2O2 and after rehydration; embryos 
were digested in PBS containing 10 µg/ml 
proteinase K, 0.1% Tween 20 and refixed 
in PBS containing 4% paraformaldehyde 
for 20 minutes. After extensive washing 
in PBS containing 1% DMSO and 0.3% 
TritonX-100, embryos were blocked for 
one hour in PBS containing 2% normal 
goat serum, 2 mg/ml BSA, 1% DMSO 
and 0.3% Triton X-100 (PTBN). Primary 
antibody was mouse anti-MF20 (1:20, 
Developmental Studies Hybridoma Bank). 
Secondary antibodies was biotinylated goat 
anti-mouse IgG (1:200, DakoCytomation). 
Signal was amplified using the ABC 
method (Vectastain Elite). 

Whole-mount cartilage stainings
Embryos were fixed in 40% ethanol, 5% 
acetic acid, and 10% formalin containing 
0.02% alcian blue for 6 hours at room 
temperature, followed by dehydration and 
overnight storage in 100% ethanol at -20 °C. 
Embryos were rehydrated and washed in 
MQ containing 0.2% Triton-X100. Pigment 
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was bleached by 30 minute incubation 
in MQ containing 1% KOH, 3% H2O2 
and 0.2% Triton-X100. After two washes 
in Mili-Q (MQ) water containing 0.2% 
Triton-X100, the bleaching was neutralized 
by 10 minute incubation in a saturated 
sodium tetraborate solution. Next, the 
embryos were digested in a 60% saturated 
tetraborate solution containing 0.01% 
trypsin (Sigma) for one hour. Embryos 
were cleared in a MQ containing 20% 
glycerol, 1% KOH and 0.2% Triton-X100 
for 20 minutes and stored in 70% glycerol.

Xanthophore staining
Embryos were incubated from 24 hpf 
onwards in embryo medium (+chorion) 
containing 0.000005% Methylene blue. 

Live imaging
For live imaging of melanophores, 
iridophores and xanthophores, embryos 
were anaesthetized in MS222 prior to 
mounting in methylcellulose and imaging 
on either an Olympus BX50 or Leica MZ 
FLIII stereo microscope. 

Results

ring1b mutants lack the jaw elements
Visible craniofacial defects in homozygous 
ring1b mutants were first observed around 
40 hpf by a reduction in the amount of tissue 
at the level of the anterior pharyncheal 
arches. At 72 hpf, ring1b mutants showed 
a reduction of tissue under the eye at the 
location of the jaw (Fig 1B). This dramatic 
phenotype led us to examine at which 
developmental stage and to which extent 
cartilage development is affected by loss of 
Ring1b. To visualize cartilage, we stained 
wild-type and ring1b mutants at different 
developmental time points with Alcian 
Blue, a dye that binds to carbohydrate 
moieties of the chondrogenic extracellular 
matrix.
In wild-type embryos at 56 hpf, the 
trabeculae cranii, which is a cartilage 

Fig. 1. ring1b mutants lack almost all head cartilage 
elements. Lateral view of wild-type (A) and ring1b 
(B) live embryos at 72 hpf. Alcian-Blue-stained head 
cartilages of wild-type (C,E,G,I) and ring1b (D,F,H,J) 
mutants at the indicated developmental stages, 
ventral views. Cartilage development initiates at 
48 hpf with the formation of paired trabeculae 
in wild-type embryos (E). The elements elongate 
and fuse posteriorly at 56 hpf and by 72 hpf the 
elaborate cartilagenous skeleton of the head has been 
established. Note that the cartilaginous structures 
from the posterior gill-bearing arches have formed by 
65 hpf, but are hardly visible due to the plane of focus. 
In contrast, two rudimentary cartilage deposits are 
present at both sides of the anterior notochord only at 
72 hpf ring1b mutants (J; arrowheads). ch: ceratohyal; 
ep: ethmoid plate; hys: hyosymplectic; m: Meckel’s 
cartilage; pc: parachordal, pq: palatoquadrate; tc: 
trabeculae cranii. 
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element of the prospective neurocranium, 
have fused posteriorly to the parachordals 
and the ethmoid plate starts to emerge 
anteriorly (Fig. 1E). At 65 hpf, the ethmoid 
plate has elongated in wild-type embryos 
and the first viscerocranial cartilage 
structures were also formed (Fig. 1G). 
Meckel’s cartilage and the palatoquadrate 
are formed respectively from ventral and 
dorsal groups of cartilage precursors 
resided in the mandibular arch. Cartilage 
elements derived from the hyoid arch 
include the ceratohyal and hyosymplectic 
(Knight and Schilling, 2006). At 72 hpf, 
craniofacial cartilage structures matured 
further, as illustrated by the more anterior 
location of the ethmoid plate and Meckel’s 
cartilage (Fig. 1I). 
In contrast to wild-type embryos, 
craniofacial cartilage was absent in ring1b 
mutants at both 56 and 65 hpf (Fig. 1F,H). 
At 72 hpf, two cartilage deposits were 
detected at both sides of the anterior 
notochord (Fig. 1J). A total absence of the 
cartilaginous pectoral fin girdle was also 
observed. Together, these results show that 
loss of Ring1b almost completely abrogates 
the formation of cartilaginous elements. 

Cranial muscle development is abrogated 
in ring1b mutants
Because both the viscerocranium and 
neurocranium are essential for the 
patterning of associated craniofacial 
musculature (Noden, 1983b; Schilling 
and Kimmel, 1997), we next examined 
to which extent loss of Ring1b affects 
cranial muscle development. To detect the 
developing muscles, we performed whole-
mount stainings with the MF20 antibody 
that recognizes the myosin heavy chain of 
vertebrate striated muscles (Bader et al., 
1982). 
The vertebrate craniofacial musculature 
is of paraxial mesoderm origin (Noden, 
1983a; Noden, 1983b; Schilling and 
Kimmel, 1994). Muscle precursors residing 
in the first two pharyngeal arches give 

rise to muscles that are associated with 
the jaw and its support elements whereas 
precursors residing in arches III-VII form 
muscles associated with gill cartilage.
The anterior mandibularis, which 
originates from the mandibular arch, had 
formed by 56 hpf in wild-type embryos 
(Fig. 2C,I). At 65 hpf, cranial musculature 
associated with the jaw started to emerge 
(Fig. 2E,K). The hyohyoideus and 
interhyoideus, derived from the hyoid 
arch, matured further at 72 hpf and various 
other muscles, including the mandibular 
arch-derived intermandibularis anterioris, 
intermandibularis posterioris, levator 
arcus palatine and dilator operculi as 
well as the hyoid arch-derived adductor 
hyomandibulae and adductor opercule, 
are also formed by this stage (Fig. 2G,M). 
In contrast, irregular MF20-positive 
patches of craniofacial musculature were 
only detected at 72 hpf in ring1b mutants 
(Fig. 2H,N) 
In addition to the analysis of the 
pharyngeal arch-derived craniofacial 
musculature, we extended the analysis 
to somite-derived muscles. Interestingly, 
the posterior hypaxial muscle (phm), 
which eventually will give rise to the 
most anterior two segments of the medial 
obliquus inferioris (Windner et al., 2011), 
had delaminated from the somites in both 
wild-type and ring1b mutants at 48 hpf 
(Fig.  2A,B). At 56 hpf, the sternohyoideus 
(sh) had also formed in both wild-type and 
ring1b mutants and the pectoral fin muscle 
(pfm) was prominently visible in wild-
type embryos (Fig. 2C,D). Although ring1b 
mutants lack pectoral fins, a population 
of MF20-postive cells, presumably pfm 
progenitors, was detected in between the 
sh and phm (Fig. 2D). The sh and phm 
elongated during later development and 
attached to the cleithrum in wild-type 
embryos, a bone of the fin girdle (Fig. 
2E,G). Elongation of these muscles was 
completely abrogated in ring1b mutants 
(Fig. 2F,H).



123

     3

The Polycomb group protein Ring1b is critically involved in cranial skeleton development

Our findings thus indicate that loss of 
Ring1b severely impairs the formation of 
craniofacial musculature, whereas initial 
formation and migration of somite-derived 
muscles is relatively unaffected.

Ring1b is not required for early CNC 
specification and migration
Because craniofacial cartilage development 
was abrogated in ring1b mutants, we next 
addressed whether CNC cells that will 
form the prospective viscerocranium 
migrate correctly into the pharyngeal 
arches.
We analyzed the expression pattern of 
two transcription factors that are required 
for pharyngeal arch development, the 

homeobox transcription factor dlx2a, which 
is already expressed in pre-migratory 
CNC cells, and the bHLH transcription 
factor hand2, whose expression is confined 
to a ventral subset of dlx2a-positive cells in 
postmigratory CNC cells (Akimenko et al., 
1994; Angelo et al., 2000; Miller et al., 2000). 
At 32 hpf, dlx2a-expressing CNC cells had 
migrated into the pharyngeal arches in 
both wild-type and ring1b embryos (Fig. 
3A-B’). In wild-type embryos, CNC cells 
from stream 3 were at this stage starting to 
split into five cell groups that populate the 
branchial arches: three distinct cell groups 
were readily visible. Although the three 
branchial dlx2a-exppressing cell groups 
were also detected in ring1b mutants, 
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Fig. 2. Cranial musculature development is severely impaired in ring1b mutants. Lateral (A-H) and ventral (I-
N) views of embryonic musculature in wild-type and ring1b mutants. Cranial musculature is almost completely 
absent in ring1b mutants (H,N). In contrast, the sternohyoideus and posterior hypaxial muscles are formed at the 
correct developmental stage (A-D), but maturation and migration is severely impaired (E-H, K-N). am: anterior 
mandibularis; ah: adductor hyomandibulae; ao: adductor opercule; do: dilator operculi; hh: hyohyoideus; ih: 
interhyoideus; ima: intermandibularis anterioris; imp: intermandibularis posterioris, lap: levator arcus palatine; 
phm: posterior hypaxial muscle; pfm: pectoral fin muscle; sh: sternohyoideus. 
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affected. In contrast, hand2 expression in 
the pharyngeal, hyoid and the two anterior 
branchial arches of ring1b mutants was 
indistinguishable from wild-type embryos 
(Fig. 3C-D’). 
We also included expression analysis of 
hoxa3a, a reported direct target of PcG 
proteins in mammals (Bracken et al., 
2006) that is expressed in the branchial 
arches (Fig. 3E-F’) (Hogan et al., 2004). 
hoxa3a was expressed at reduced levels 

in ring1b mutants, but the overall size 
of the expression domain was relatively 
unaffected. 
Because the separation of stream 3 CNC 
cells seemed slightly impaired in ring1b 
mutants, we extended the analysis to the 
branchial pouches, which are outpockets 
from the foregut. During migration, CNC 
cells encounter the pharyngeal pouches 
and populate the space in between each 
pouch. Importantly, impaired pharyngeal 
pouch development often results in 

Fig. 3. Cranial neural crest cells migrate into the pharyngeal arches of ring1b mutants. Dorsal (A-H) and 
lateral (A’-H’) views of whole-mount in situ hybridizations with riboprobes against the indicated genes in wild-
type and ring1b mutants at 32 hpf. Pre-chondrogenic gene expression in CNCs is largely unaffected in ring1b 
mutants. dlx2a expression is detected at near normal levels in the pharyncheal arches of ring1b mutants (A-B’). 
However, separation of dlx2a-positive CNCs (stream III) into distinct groups of cells that populate the posterior 
arches is slightly affected in ring1b mutants A-B’). hand2 expression in the pharyncheal arches of ring1b mutants 
is identical to that in wild-type siblings (C-D’). hoxa3a expression in the posterior pharyncheal arches is reduced 
in ring1b mutants (E-F’).  Expression of the pharyncheal pouch marker cyp26a1 is severely impaired in ring1b 
mutants (G-H’).
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impaired separation of migrating CNC 
cells, suggesting that pharyngeal pouches 
play a role in directing CNC cell migration 
(David et al., 2002; Knight and Schilling, 
2006; Piotrowski and Nusslein-Volhard, 
2000). In situ hybridization against 
cyp26a1, a pharyngeal pouch marker, 
indeed showed a severe reduction in 
expression, indicating that pharyngeal 
pouch development was indeed 

impaired in ring1b mutants (Fig. 3G-H’). 
Together, the data indicates that Ring1b 
is largely dispensable for the migration 
or specification of CNC cells into the 
pharyngeal arches. In addition, pharyngeal 
pouch development is affected by loss of 
Ring1b, as assessed by reduced cyp26a1 
expression, which might contribute to the 
defect in cartilage development.
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Figure 4. Loss of ring1b impairs the formation of prechondrogenic condensations and abrogates CNC cartilage 
differentiation. Ventral (A-J) and lateral (A’-J’) views of whole-mount in situ hybridizations with riboprobes 
against the indicated genes in wild-type and ring1b mutants at 50 hpf. Prechondrogenic condensation markers 
sox9a and sox9b are expressed in ring1b CNCs residing in pharyncheal arches 1 and 2, albeit the expression 
domain is smaller (A-D’). The expression domain of CNC markers sox10 and dlx2a is similarly reduced in 
pharyncheal arches 1 and 2 of ring1b mutants (E-H’). Expression of sox9a, sox9b and sox10 is not detected at 
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trabeculae cranii and pharyncheal arches I-II in wild-type embryos, but expression is abrogated in ring1b 
mutants (I-,J’). Note that expression of col2a1, a marker for differentiating chondrocytes, is normal in the otic 
vesicles and parachordals of ring1b mutants. tc: trabeculae cranii; pc: parachordal; ov: otic vesicle. Numbers 
indicate the respective pharyngeal arches.
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Ring1b is required for chondrocyte 
differentiation 
We next investigated whether 
differentiation of post-migratory CNC 
cells into chondrocytes was impaired. 
A master regulator of vertebrate 
chondrocyte differentiation is the 
transcription factor Sox9 (Akiyama et al., 
2002; Kist et al., 2002). In zebrafish, two 
orthologues of Sox9 exist; Sox9a and Sox9b 
(Yan et al., 2005). Although each ortholog 
has, apart from shared, unique expression 
domains and functions, both are critically 
involved in chondrocyte differentiation 
(Yan et al., 2005). 
In 50 hpf wild-type embryos, sox9a and 
sox9b were expressed in prechondrogenic 
condensations of the mandibular arch 
(1), hyoid arch (2) and the posterior 
branchial arches (3-7) (Fig. 4A,A’,C,C’). 
In addition, both genes were expressed 
in the developing trabeculae cranii. In 
ring1b mutants, sox9a was also expressed 
in the pharyngeal arches (Fig. 4B,B’). sox9a 
expression domains in the mandibular 
and hyoid arches were well demarcated, 
albeit the domain was clearly smaller. 
Faint staining was detected at the location 
of the pharyngeal arches, but individual 
branchial arches could not be identified. In 
addition, ring1b mutants lacked trabecular 
staining. sox9b showed a similar expression 
pattern as sox9a in the pharyngeal arches of 
wild-type embryos, whereas the trabecular 
expression domain was more extended 
(Fig. 4C). sox9b was not expressed in the 
branchial arches and at the presumptive 
trabeculae of ring1b mutants, whereas 
expression in the mandibular and hyoid 
arch was detected and similar to sox9a 
expression (Fig. 4D, D’). Notably, sox9a and 
sox9b expression in the hindbrain domains 
was unaffected in the mutants suggesting 
a specific defect in cartilage differentiation.
Similar results were obtained for the pan-
neural crest markers sox10 and dlx2a, 
which both continue to be expressed in 
post-migatory CNC cells (Fig. 4E-H’). Both 

genes were expressed in the two anterior 
pharyngeal arches of ring1b mutants, 
whereas trabecular expression was 
completely absent. 
To further assess craniofacial cartilage 
formation in ring1b mutants, we examined 
the expression of col2a1, which encodes the 
alpha I chain of type II collagen, the main 
extracellular matrix protein in cartilage 
(Vandenberg et al., 1991; Yan et al., 1995; 
Yan et al., 2005). Notably, Sox9 binds to 
an intron of Col2a1 in mammals, thereby 
enhancing gene transcription (Bell et 
al., 1997; Lefebvre et al., 1997; Ng et al., 
1997). In zebrafish, col2a1 is expressed in 
differentiating chondrocytes and Sox9a/b 
function is required for its expression 
(Yan et al., 2005). In 50 hpf wild-type 
embryos, col2a1 was strongly expressed in 
the trabeculae cranii, otic vesicle and to a 
lesser extent in the mandibular and hyoid 
arch (Fig 4I,I’). As expected, since Sox9a/b 
function is essential for col2a1 expression, 
col2a1 was not expressed at the location 
of the presumptive trabeculae cranii in 
ring1b mutants (Fig. 4J). Importantly, 
col2a1 expression was neither detected in 
the ring1b mandibular and hyoid arches, 
despite the observed sox9a/b expression in 
these structures. 
Together, these results demonstrate that 
Ring1b is required for proper execution of 
the cartilage differentiation program.

Development of non-ectomesenchymal 
NC derivatives is modestly affected in 
ring1b mutants
NC cells give rise to a wide array of 
cell lineages including cartilage, bone, 
neurons, glia, smooth muscle cells and 
chromatophores. Since the differentiation 
of CNC cells into cartilage is abrogated in 
ring1b mutants, we addressed whether NC 
differentiation in general is perturbed by 
loss of Ring1b.
First, we analyzed whether migration 
of trunk NC cells was affected by loss of 
Ring1b. We stained embryos for sox10, a 
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marker of NC lineages that is involved in 
the specification of non-ectomesenchymal 
NC derivatives, such as chromatophores, 
neurons and glia (Dutton et al., 2001). 
sox10-positive NC cells are migrating 
ventrally from their dorsal premigratory 
position in a rostrocaudal fashion. At 24 
hpf, ring1b trunk NC cells had migrated as 
far as in wild-type siblings and localization 
of sox10 expressing NC cells remained 
indistinguishable from wild-type siblings 
at 32 hpf (Fig. 5A-D). Thus, loss of Ring1b 
does not affect the migration of trunk 
NC cells while strong sox10 expression 
suggests normal specification of these cells.

To address whether glial differentiation 
was impaired, we analyzed the expression 
of forkhead transcription factor foxD3 at 
two developmental time-points (Kelsh 
et al., 2000). In ring1b mutants at 32 hpf, 
foxD3 was expressed at near-normal levels 
in the cranial ganglia-associated glia of 
the developing trigeminal ganglion as 
well as in the preotic and postotic ganglia, 
indicating that migration and initial 
differentiation of cranial glial precursors 
was largely unaffected by Ring1b loss 
(Fig. 5E,F). However, at 56 hpf, glial foxD3 
expression was reduced in ring1b mutants, 
particularly in glia associated with the 
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Figure 5. Migration and initial differentiation of trunk neural crest cells is modestly affected in ring1b 
mutants. sox10 staining of wild-type and ring1b mutants at 24 and 32 hpf shows that sox10-expressing NC cells 
have migrated timely and correctly to their ventral positions (A-D). Expression of foxD3 in cranial ganglia-
associated glia is comparable to wild-type siblings in ring1b mutants at 32 hpf (E,F), but reduced in the postotic 
ganglia of ring1b mutants at 56 hpf (G,H). neuroD expression in cranial ganglia precursors is reduced in ring1b 
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view of 32 hpf embryos shows normal distribution of melanocytes in ring1b mutants at 32 hpf (M,N). At 60 
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octaval/ statoacustic ganglia; pll/gP: posteriolateral line ganglia; pog: preotic ganglia; ptg: postotic ganglia; tg: 
trigeminal ganglia. 



128

Book II: Functional characterization of Ring1b in zebrafish

         3

postotic ganglia (Fig. 5H). Together, this 
suggests that the glial developmental 
program is fairly normally initiated, but 
not well maintained. 
Next, we analyzed the expression pattern of 
neuroD, a marker for all neurogenic placodes 
(Andermann et al., 2002). At 24 hpf, four 
distinct neuroD expression domains were 
detected in wild-type embryos (Fig. 5I). 
These include, from anterior to posterior, 
the trigeminal ganglia, octaval/statoacustic 
ganglia, medial lateral line ganglia and 
the posteriolateral line ganglia. In ring1b 
mutants, neuroD expression was clearly 
reduced and expression in the presumptive 
medial lateral line ganglia was too weak to 
be detected (Fig. 5J). However, prolonged 
staining revealed neuroD expression in this 
domain, showing that the medial lateral 
line ganglia were formed in ring1b mutants, 
but that neuroD was very weakly expressed 
(data not shown). At 56 hpf, neuroD 
was expressed in several tissues, which 

obscured the identification of ganglia in the 
depicted figures (Fig. 5K,L). Nevertheless, 
ring1b mutants expressed neuroD in the 
octaval/ statoacustic ganglia (gVIII) as well 
as in a single domain in which the vagal 
nerve (gX) and the posteriolateral line 
ganglia (gP) are located, which together 
showed that cranial ganglia development 
is affected, but not abrogated. 
Finally, we morphologically inspected 
chromatophore development. Three NC-
derived chromatophores are produced 
in zebrafish: melanophores (black), 
iridophores (iridescent) and xanthophores 
(yellow). While melanophores are found 
in wide variety of vertebrates, iridophores 
and xanthophores are not (Curran et al., 
2009).
At 32 hpf, melanophore pigmentation in 
ring1b mutants was indistinguishable from 
wild-type siblings. Melanophores had 
migrated ventrally over the yolk and yolk 
extension (Fig. 5M,N) and size and shape 
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appeared normal (data not shown). During 
later stages of development, melanophores 
in wild-type embryos matured further and 
changed their morphology accordingly; 
from spindly to a more compacted shape 
(Fig. 5S). In contrast, ring1b melanophores 
remained spindly (Fig. 5T). The significance 
of this phenotypical difference remains 
arguable, since melanophores in 3 dpf 
wild-type embryos from a different genetic 
background have been shown to display a 
very similar morphology to those in 60 hpf 
ring1b mutants (Kelsh et al., 1996). 
Iridophores terminally differentiate at 
around 42 hpf and initially populate the 
dorsal and ventral stripe (Curran et al., 
2010). At 60 hpf, iridophores were present 
in both wild-type and ring1b mutants, albeit 
the number of iridophores was slightly 
reduced in the mutants (Fig 5Q,R,U,V).
Yellow xanthophores also emerge at 
around 42 hpf (Odenthal et al., 1996). 
Individual xanthophores are difficult 
to distinguish. However, qualitative 
observations can be made by staining for 
methylene blue, which is specifically taken 
up by xanthophores (Le Guyader and 
Jesuthasan, 2002). Methylene blue staining 
showed that xanthophores were present 
in the tail of both wild-type and ring1b 
mutants (Fig. 5Q,R). However, ring1b 
xanthophores appeared smaller and less 
stellate (Fig. 5V). 
Collectively, these results show that 
migration and differentiation of non-
ectomesenchymal NC derivatives is 
modestly affected by loss of Ring1b. Glia, 
neurons and the three chromatophore 
lineages are formed in ring1b mutants, 
although further morphogenesis and 
maintenance of gene expression is 
somewhat impaired at later stages of 
development. Thus, the arrest in cartilage 
formation appears to be a rather specific 
developmental defect in ring1b CNC cells.  

Ring1b is required for ossification
Because of the severe defects in cartilage 

development, we next addressed to 
which extent ossification is affected by 
Ring1b loss. The transcription factor 
Runx2 was shown to be a key regulator of 
osteoblast differentiation (Komori et al., 
1997; Nakashima et al., 2002; Otto et al., 
1997). In addition, Runx2 is also critically 
involved in the maturation step from 
immature chondrocytes to hypertrophic 
chondrocytes during the process of 
endochondral ossification. Of note, runx2 
expression is never detected in permanent 
cartilage (Inada et al., 1999; Kim et al., 
1999).
We analyzed the expression pattern of 
the two runx2 genes that are present in 
zebrafish. In wild-type embryos, runx2a 
and runx2b were expressed in both 
hypertrophic chondrocytes and dermal 
ossification centers. Runx2a was expressed 
in the cleithrum, dentary, maxilla, 
operculum, pharyngeal arches and 
parasphenoid whereas runx2b expression 
was detected in differentiating osteoblasts 
of the branchiostegial ray, cleithrum, 
operculum, palatoquadrate, parasphenoid 
and pharyngeal arches (Fig. 6A,A’,C,C’). 
Because a cartilaginous template is 
needed for endochondral ossification, we 
expected that this process was impaired in 
ring1b mutants. Expression of runx2a and 
runx2b was severely reduced or absent in 
presumptive cartilaginous elements of the 
viscerocranium in 68 hpf ring1b mutants 
(Fig. 6B,B’,D,D’). Thus, endochondral 
ossification is indeed abrogated. 
In addition, weak runx2a/b expression 
was only detected at the presumptive 
parasphenoid, suggesting that dermal 
ossification is also abrogated by loss of 
Ring1b. To verify this observation, we 
next stained for type X collagen (col10a1), 
an extracellular matrix component known 
to be directly regulated by runx2 (Li et 
al., 2011). col10a1 expression is specific 
to developing dermal bones at 72 hpf. 
Indeed, strong staining was observed in the 
cleithrum, operculum and parasphenoid of 
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wild-type embryos (Fig. 6E,E’). Strikingly, 
col10a1 expression was completely absent 
in ring1b mutants (Fig. 6F,F’). Thus, these 
results show that also dermal ossification 
is severely impaired in ring1b mutants.

Discussion

Transcriptional regulation of cartilage 
differentiation
Chondrogenesis involves a cascade of 
events that requires the concerted action 
of an intricate gene regulatory network. 
Factors controling this process include 
signaling molecules (including bone 
morphogenetic proteins (BMPs), fibroblast 
growth factors (FGFs), hedgehog, 
transforming growth factor  beta (TGF-β) 
and WNT), transcription factors (including 
basic helix-loop-helix (bHLH), forkhead, 
HOX, NKX, PAX and SOX) and cell 
adhesion molecules (N-cadherin and 
NCAM). Despite the obvious complexity of 
this network, a single transcription factor, 
Sox9, is regarded as the master regulator 
of early cartilage development (Akiyama, 
2008). Sox9 is expressed before the onset 
of pre-chondrogenic condensations and 
is essential for both the initiation of pre-
condrogeneic condensations as well 
as for the early stages of chondrocyte 
differentiation (Mori-Akiyama et al., 2003; 
Yan et al., 2002).
Mechanistically, Sox9 directly promotes 
expression of various chondrocyte-
specific genes including genes encoding 
the extracellular matrix proteins Col2a1, 
Col11a2 and Aggrecan (Bell et al., 1997; 
Bridgewater et al., 1998; Lefebvre et al., 
1997; Ng et al., 1997; Oh et al., 2010). 
Among these targets, the binding of Sox9 to 
the promoter of Col2a1 is most intensively 
studied. At the Col2a1 promoter, Sox9 is 
found in a transcriptional complex that 
can include CBP/p300, PGC-1a, Smad2/3, 
Sox5 and Sox6 (Furumatsu et al., 2005; 
Kawakami et al., 2005). Moreover, Sox9 
also interacts with the thyroid hormone 

receptor-associated protein complex 
(Trap230/Med12), which is a co-activator 
that acts as a bridge to RNA polymerase II 
(Rau et al., 2006; Zhou et al., 2002). 
At later stages of cartilage development, 
chondrocytes either differentiate into 
permanent cartilage or, alternatively, 
differentiate into hypertrophic 
chondroncytes, which are ultimately 
replaced by osteoblasts in the process 
of endochondral ossification. The core 
binding transcription factors (CBFs) 
play a central role in both processes by 
promoting chondrocyte hypertrophy and 
inhibiting differentiation into permanent 
cartilage. CBFs are heterodimeric 
transcription factors composed of distinct 
CBFα subunits and a common CBFβ 
subunit. The CBFα subunit, which is also 
referred to as Runt-related transcription 
factor (Runx), contains a DNA-binding 
motif, whereas the CBFβ subunit enhances 
the binding of the CBFα subunit to DNA 
(Ogawa et al., 1993). Three CBFα subunits 
have been described, Runx1-3. In mice, 
the absence of both Runx2 and Runx3 
abrogates chondrocyte hypertrophy and 
thus endochondral ossification does not 
initiate (Yoshida et al., 2004). Knockdown 
experiments in zebrafish also indicate that 
runx2b and runx3 are critically involved in 
chondrogenesis: runx2b morphants lack 
the entire pharyngeal skeleton whereas 
only rudimentary trabeculae are formed 
in runx3 morphants (Flores et al., 2006). 
To date, a comprehensive understanding 
of which Runx target genes are critically 
involved in cartilage development remains 
elusive, although individual target genes 
have been identified, including Col10a1, 
Indian hedgehog and Tcf7 (Li et al., 2011; 
Mikasa et al., 2011; Yoshida et al., 2004). 
Thus, although recent studies have 
provided insight in the molecular 
mechanisms underlying chondrogenesis, 
much remains unknown. For instance, 
the role of (epigenetic) chromatin 
modifications, such as chromatin 
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remodeling, DNA (de)methylation and 
histone modifications has largely been 
overlooked. Our results illustrate the 
critical role of these proteins in cartilage 
development.

Zebrafish as model for the study of 
chondrogenesis
The zebrafish has provided a great platform 
for the identification of genes involved in 
cartilage development mainly through 
the numerous zebrafish mutants with 
affected cartilage development that were 
retrieved from genetic screens (Nissen et 
al., 2006; Piotrowski et al., 1996; Rau et 
al., 2006; Schilling et al., 1996a). However, 
surprisingly few mutants were identified 
with such a severe phenotype as ring1b 
mutants. Among the mutants in which 
cartilage development is totally abrogated 
is, not surprisingly, the sox9a/sox9b double 
mutant (Yan et al., 2005). In addition, three 
zebrafish mutants have been identified in 
which a transcriptional co-activator for 
Sox9, Trap230/Med12, is disrupted (Hong 
et al., 2005; Rau et al., 2006). These mutants 
also show a complete absence of cartilage.
Another note-worthy mutant is the 
lim-absent (lia) mutant, in which fgf3 is 
mutated (Kiefer et al., 1996). Although 
only posterior arch formation is abrogated 
in fgf3 mutants (Herzog et al., 2004), more 
potent inhibition of Fgf signaling, either 
chemically or by morholino-mediated 
knockdown of both Fgf3 and Fgf8, causes 
an almost complete loss of cartilage (David 
et al., 2002; Walshe and Mason, 2003). 
Together, these studies revealed that the 
endoderm is involved in patterning CNC 
cells through the action of both Fgf3 and 
Fgf8 
In addition to those, to our knowledge, 
only one other mutant with a near complete 
absence of cartilage has been described: 
the chinless (chn) mutant (Schilling et al., 
1996b). The causative mutation has not 
been identified, but the phenotypical 
similarity with ring1b mutants is striking. 

chn mutants not only lack nearly all cranial 
cartilage, but also all cranial musculature. 
Moreover, CNC cells migrate into the chn 
pharyngeal arches and heart oedema starts 
to develop at 30 hpf, similarly to ring1b 
mutants. Complementation experiments 
would establish whether chn and ring1b 
act in the same pathway or indeed if the 
mutated gene in chn is ring1b.

What is the molecular mechanism 
underlying the cartilage defect in ring1b 
mutants?
As described above, only few mutants are 
identified in which the defect in cartilage 
development is as severe as in ring1b 
mutants. To date, only impaired Sox9 and 
Runx function as well as robust inhibition 
of Fgf signaling has been shown to abrogate 
cartilage formation in zebrafish.
Previously, we have shown that Fgf 
signaling is not sufficiently activated in the 
lateral plate mesoderm of ring1b mutants, 
which causes the absence of pectoral fins 
(van der Velden et al., 2012). Our previous 
experiments showed the Fgf target genes 
dusp6, pea3 and spry4 were expressed at 
slightly reduced levels in the pharyngeal 
arches of 32 hpf ring1b mutants and that 
expression at 72 hpf was greatly reduced 
(van der Velden et al., 2012). Moreover, 
whereas fgf24 was expressed at normal 
levels in the pharyngeal arches of 40 hpf 
ring1b mutants, expression of fgf10 was 
severely reduced at this developmental 
stage. This indicates that Fgf signaling in the 
pharyngeal arches is indeed deregulated, 
although at a later developmental stage 
and to a lesser extent than in the pectoral 
fin mesenchyme. Thus, although it might 
not be the driving mechanism, it seems 
plausible that impaired Fgf signaling is 
involved in the cartilage defects of ring1b 
mutants.
Little is known about a possible role for 
PcG proteins in the regulation of Sox9 in 
chondrogenesis. Thus although we show 
for the first time that loss of a PcG protein 
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leads to a marked reduction in sox9a/b 
expression, the underlying mechanism 
remains elusive. 
One mechanism by which Ring1b possibly 
controls cartilage development can be 
deduced from recent data obtained by 
the group of Alan Cantor (Yu et al., 2012). 
In this paper, it was shown that PRC1 
binds directly to the Runx1/CBFβ dimer 
in lymphocytes. Loss of Runx1 caused 
a depletion of Ring1b at sites that are 
occupied by both Ring1b and Runx1/
CBFβ in wild-type mice, which led the 
authors to conclude that the Runx1/CBFβ 
dimer is involved in the recruitment of 
PRC1 to commonly bound sites. Perhaps 
surprisingly, knockdown of either Ring1b 
or CBFβ caused a co-directional change in 
gene expression in 88% of the genes that 
were commonly bound by CBFβ, Runx1 
and Ring1b. Thus, Ring1b in this setting 
functions not merely as gene repressor, 
but is rather required for a specific cellular 
program through both gene repression 
and activation. 
A very similar mechanism can be envisaged 
for the recruitment and function of Ring1b 
during chondrogenesis given the critical 
roles of Runx2a/b in this developmental 
process. 
Indeed, various recent studies showed 
that vertebrate transcription factors 
are capable to recruit PcG complexes, 
suggesting that transcription factors might 
be more generally involved in PcG protein 
recruitment than previously appreciated. 
Although our study did not address the 
mechanism underlying the cartilage defect 
in ring1b mutants, we do favor such a 
mechanism. Therefore, future studies will 
aim for the identification of transcription 
factors that interact and recruit Ring1b to 
critical regulators of cartilage development.
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zinc fingers per ZFN monomer ensures 
specificity towards the DNA sequence of 
interest and upon dimerization, the FokI 
endonuclease generates double stranded 
DNA breaks (DSBs). Repair of ZFN-induced 
DSBs via non-homologous end-joining 
(NHEJ), which is an error-prone process, 
frequently leads to insertions or deletions 
of base-pairs at the site of the DSB. Despite 
the elegant mechanism, widespread use 
of ZFN-technology has been hindered by 
the difficulty to engineer highly specific 
zinc finger arrays that function in vivo. 
To tackle this issue, various approaches 
have been employed. For example, in the 
selection-based method, a randomized 
recombinant zinc finger library is used to 
identify zinc finger arrays, whereas in the 
assembly-based methods pre-selected zinc 
fingers are joined together. 
At the time we initiated the generation of 
ring1b mutants through ZFN-mediated 
gene inactivation, the zinc finger 
consortium had recently used the publicly 
available selection-based method OPEN 
(Oligomerized Pool ENgineering) to 
identify combinations of zinc fingers that 
work optimally together (Maeder et al., 2008). 
This method was incorporated in the 
web-based ZiFiT software to simplify the 
identification of potential ZFN-target sites. 
The OPEN approach identifies target sites 
of nine base pairs and three individual 
zinc fingers (F1, F2 and F3) are thus used 

Generation of zebrafish mutants through 
Zinc Finger Nuclease-mediated gene 
inactivation
Zebrafish have been widely used in 
forward genetic screens to identify, in 
an unbiased way, mutants in which 
developmental processes are deregulated. 
However, reverse genetic approaches are 
underdeveloped. Transient targeted gene 
knockdown is achieved by the injection of 
morpholinos (single stranded morpholino-
modified antisense oligonucleotides) 
in fertilized eggs at the one-two cell-
stage, but their utility is hampered by 
specificity, knockdown efficiency and 
time-span of the knock-down (Eisen and 
Smith, 2008; Robu et al., 2007). Methods 
to obtain zebrafish mutants by reverse 
genetics include N-ethyl-N-nitrosourea 
(ENU)-induced mutagenesis or retroviral 
insertion mutagenesis. Drawbacks of these 
techniques include the inability to induce 
targeted mutations in the gene of interest, 
the laborious mutation mapping and the 
necessity for a large library of founder fish.
In recent years, it has been shown that 
targeted gene inactivation in zebrafish 
can be achieved via zinc finger nucleases 
(ZFNs) (Doyon et al., 2008; Meng et al., 
2008). ZFNs function as dimers and consist 
of chimeric fusions of an engineered zinc 
finger array fused to the nuclease domain 
of the FokI endonuclease (Kim et al., 1996; 
Kim et al., 1997).  The fusion of three or four 

General discussion Ring1b
Polycomb group proteins are critical regulators of embryonic development in 
all examined metazoans to date, including as our studies also demonstrated, the 
zebrafish. In Chapter two and three, we provided a detailed characterization of two 
of the most prominent developmental defects that arise due to Ring1b deficiency: 
the absence of pectoral fins and cartilage. We demonstrated that Fgf and retinoic 
acid signaling are deregulated in ring1b mutants, but the precise mechanism of 
how Ring1b deficiency affects gene regulation at the chromatin level, remains 
undetermined. Here, we discuss some possible mechanisms by which Ring1b 
deficiency culminates into the observed developmental defects. We also provide 
more information regarding the generation of ring1b mutants by Zinc Finger 
Nuclease-mediated gene inactivation.
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that recognize a DNA sequence of choice. 
The methodology to disrupt genes via 
TALEN is similar to that of ZFN-mediated 
gene inactivation: TALE proteins are 
fused to the nuclease domain of the FokI 
endonuclease that direct the chimeric 
protein to the target site where, upon 
dimerization of the FokI nuclease, double 
stranded breaks are generated.
In principle, the engineering of TALEN 
is easier and applicable to virtually every 
DNA sequence, and thus superior to ZFNs. 
Some studies indeed showed that TALEN 
induced less off-target effects (Clark et al., 
2011), whereas another recent study in 
human iPS cells indicated that the TALEN 
approach can modify the genome with a 
similar efficiency and precision as ZFN-
mediated gene inactivation (Hockemeyer 
et al., 2011). Accordingly, the zebrafish 
community expects that TALEN-mediated 
gene inactivation will increase the success 
rate and therefore switched from ZFN to 
TALEN for the generation of future NIH-
sponsored zebrafish gene knockouts.
Of note, the requirement for ZFNs or 
TALEN to generate zebrafish knockouts 
might prove short-lived due to the 
Zebrafish Mutations Project, which aims 
to generate a knockout allele in every 
protein-encoding gene in the zebrafish 
genome. This ambitious project, which 
was started several years ago, has not been 
very efficient in generating mutants so 
far. However, it is expected that the use of 
Illumina next-generation sequencing will 
rapidly increase the number of identified 
mutants (Leshchiner et al., 2012). The 
current number of mutated genes (July 
2012) is 6092, which is around 23% all 
protein-encoding genes in the zebrafish 
genome (http://www.sanger.ac.uk/
Projects/D_rerio/zmp/).

ring1b phenotypes
Upon identification of the two ring1b 
founder fish, we generated homozygous 
ring1b mutants. This revealed that loss of 

to construct each ZFN monomer.
Using the OPEN approach, we identified 
an appropriate ZFN-target site in 
exon 4 (bp 480-503) of ring1b, albeit an 
experimentally validated combination of 
the three fingers was not found for either 
monomer.  Suitable F2 zinc fingers, shown 
to be functional when fused to both the F1 
and F3, were not identified. Therefore, we 
used F2 zinc fingers that were shown to 
target the DNA triplet when fused to either 
the F1 or F3 zinc fingers. 
We omitted experimental validation of the 
in silico engineered zinc finger arrays, and 
injected the mRNA encoding each of the 
ZFN monomers to verify the activity of the 
ZFNs in vivo. The percentage of retrieved 
mutations did not exceed 5%, as determined 
by genotyping of injected embryos. 
Regardless, germline transmission of ZFN-
induced ring1b mutations was observed in 
two out of 25 potential founder fish, which 
places the ring1b mutants among one of the 
first zebrafish mutants that are generated 
by ZFN-technology. 
Our approach demonstrates that it is 
indeed possible to design functional ZFNS 
in silico. With further optimization of 
the methods to engineer functional zinc 
finger arrays, it seems feasible that the 
ZFN prediction models will prove robust 
enough to generally omit validation of 
ZFNs. If this holds true, the creation of 
zebrafish mutants would become a simple 
procedure, only limited by the generation 
time of the zebrafish.
Alternatively, TALEN (transcription 
activator–like effector nuclease)-mediated 
gene inactivation has recently been shown 
to also efficiently disrupt endogenous 
genes in zebrafish (Huang et al., 2011; 
Sander et al., 2011). TALE proteins contain 
a varying number of repetitive domains 
(33-35 amino acids) and each domain 
can specifically recognize a specific DNA 
nucleotide through two amino acids 
within the repeat domain. This enables the 
engineering of customized TALE repeats 
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Ring1b leads to the pleiotropic phenotype 
at the chromatin level. Therefore, possible 
mechanisms and findings from our studies 
will be discussed hereafter.
Genome-wide mapping studies revealed 
that PcG proteins target key developmental 
regulators, including transcription factors, 
morphogens and signaling proteins 
(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). The 
picture that emerges from these studies 
is that disruption of PcG protein function 
perturbs differentiation programs due to 
aberrant derepression of lineage-specific 
target genes and insufficient repression of 
pluripotency genes during differentiation. 
In such a scenario, a given cell population 
receives conflicting signals and the 
consequence of that is abrogation of the 
tissue-specific differentiation program.
Interestingly, we observed largely loss of 
tissue-specific gene expression, instead 
of ectopic gene activation as would 
be expected from the inactivation of a 
transcriptional repressor. In the course 
of our studies, we performed in situ 
hybridization experiments against various 
potential PcG target genes, including 
members of the bHLH, Fgf, Fox, Hox, Pax, 
Hh, Sox, Tbx and Wnt family and ectopic 
or overexpression of these genes was 
generally not observed, except from the  
ectopic expression of several Hox genes. 
Although these results appear somewhat 
contradicting to the model of Ring1b 
function, it is likely that loss of gene 
expression is in most cases a secondary 
effect, resulting from the disruption of the 
developmental program.
Indeed, few exceptions were identified, 
including tbx5 that was ectopically 
expressed throughout the brain, whereas 
expression in the lateral plate mesoderm 
(LPM) was not maintained (Chapter 
two). In addition, we showed that the RA-
synthesizing enzyme Aldh1a2 is robustly 

Ring1b causes a pleiotropic phenotype 
affecting several organs and tissues. In 
Chapter two, we analyzed in detail the 
defect in pectoral fin development, whereas 
in Chapter three we studied the defect 
in craniofacial development, including 
defects in chondrocyte differentiation, 
ossification and musculature. However, 
the embryonic defects in ring1b mutants 
are not limited to the above-described 
phenotypes. Another prominent 
phenotype of ring1b mutants is a defect in 
heart development. Initial patterning of the 
heart field appears normal, as addressed 
by in situ hybridization experiments, 
and the heart fields fuse normally at the 
midline. However, the onset of heart 
beat is slightly delayed and heart rate is 
reduced by approximately 20% at 32 hpf. 
The heart initiates jogging to the left, but 
fails to subsequently loop. From two days 
onwards, the heart stretches to a thin, 
“string-like” structure and circulation 
ceases. Other phenotypes include the 
inability to hatch, a reduced or absent 
response to tactile stimuli, reduced brain 
size, eye abnormalities and reduced cell 
numbers in the liver and intestine that, 
at least for the intestine, correlate with 
impaired cellular differentiation (data not 
shown).

Possible mechanisms underlying the 
ring1b phenotype
Given that PcG protein function is fairly 
well conserved throughout evolution, it is 
not surprising that terminal differentiation 
of various cell lineages is affected in ring1b 
zebrafish (Leeb and Wutz, 2007; van 
der Stoop et al., 2008). Indeed, defects in 
differentiation potential due to Ring1b 
deficiency have been demonstrated in 
other systems. For instance, differentiation 
of Ring1b-deficient embryoid bodies into 
contractile cardiomyocytes is impaired 
(Leeb and Wutz, 2007). In our studies 
we did not experimentally address the 
molecular mechanism(s) by which loss of 
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hematopoietic differentiation program. 
Moreover, knockdown experiments 
showed that a subset of direct target genes 
is co-regulated by Ring1b and Runx1/
CBFβ.  Ring1b functions in this setting thus 
not merely as a gene repressor, but is rather 
required for a specific cellular program 
that involves both gene repression and 
activation. Further studies are however 
needed to address whether transcription 
factors are generally involved in recruiting 
PcG proteins in vertebrates and whether 
this is a key mechanism by which PcG 
proteins ensure correct execution of tissue-
specific differentiation programs. 
Regardless of the general mechanism 
by which Ring1b orchestrates the 
differentiation program, it remains 
unclear how loss of Ring1b in zebrafish 
mechanistically impairs initiation or 
maintenance of gene expression of 
individual differentiation genes, as can 
be illustrated by the defect in pectoral fin 
development. We showed in Chapter two 
that tbx5 expression is initiated normally 
and that nuclear Tbx5 protein is detected 
in the pectoral fin mesenchyme of ring1b 
mutants, even at 48 hpf, indicating that 
the defect in pectoral fin development is 
downstream of Tbx5. Indeed, we showed 
that fgf24, a proposed direct target of Tbx5, 
was only weakly induced, which suggests 
that loss of Ring1b impairs the ability of 
Tbx5 to induce fgf24 expression. If fgf24 
is indeed a direct target of Tbx5, it would 
be mandatory to study the fgf24 locus in 
greater detail and unravel the underlying 
molecular mechanism that abrogates fgf24 
expression. Is, for instance, Tbx5 bound to 
the fgf24 promoter in ring1b pectoral fin 
cells? How does loss of Ring1b affect the 
epigenetic landscape of the fgf24 locus? 
Are chromatin-associated proteins that are 
critical for fgf24 transcription titrated-out at 
the expense of their normal targets? What 
is the status of RNA polymerase II? Does 
loss of Ring1b perhaps alter the higher 
chromatin structure in such a way that the 

overexpressed from late somitogenesis 
onwards and that inhibition of RA 
signaling partially rescues gene expression 
defects in the ring1b LPM (Chapter two). 
Because it has been shown that ALDH1A2 
is a direct target of PcG proteins in human 
embryonic fibroblasts (Bracken and Helin, 
2009), we deduce that aldh1a2 is possibly 
a direct target of Ring1b, also in zebrafish. 
Loss of Ring1b then may directly cause 
overexpression of aldh1a2, which, in 
turn, leads to increased RA signaling that 
ultimately interferes with normal execution 
of the pectoral fin developmental program. 
To gain insight into the extent of gene 
derepression caused by loss of Ring1b, we 
performed gene expression profiling of 48 
and 72 hpf ring1b mutants. GO analysis 
showed that the GO terms “DNA-binding” 
and “transcription factor activity” were 
in fact the two most enriched categories 
and several developmental regulators, 
including gsc, klf2b, dlx6a, foxq1 and pax9 
become overexpressed upon loss of Ring1b 
(data not shown). Thus, derepression of 
Ring1b target genes might indeed be more 
generally involved in the ring1b phenotype 
than can be appreciated from our studies 
presented in Chapter two and three, 
which is in line with Ring1b function as 
transcriptional repressor.
Loss of Ring1b affects differentiation 
programs also through impaired ability 
to initiate and maintain expression of 
required tissue-specific differentiation 
genes, as shown in Chapter two and 
three. Although impaired differentiation 
capacity might prove a mere consequence 
of aberrant gene derepression, as 
described above, recent studies suggest 
that the underlying mechanism is more 
complex. For instance, the group of 
Alan Cantor recently demonstrated that 
Ring1b is recruited to target genes by the 
transcription factor complex Runx1/CBFβ, 
a master regulator of hematopoiesis, and 
that recruitment of Ring1b by Runx1/ 
CBFβ is essential for the execution the 
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provided gene products mask earlier 
developmental defects as we showed 
that both ring1b mRNA and protein are 
maternally deposited and that maternally 
provided Ring1b persists up to the 15 
somite stage (Chapter two).
Although maternal mRNAs are 
actively degraded at the start of zygotic 
transcription, it is well established that 
maternally provided gene products can 
regulate embryonic development way 
beyond zygotic gene activation (ZGA) 
(Gritsman et al., 1999; Kane et al., 1996; Kim 
et al., 2000; Waskiewicz et al., 2002). An 
extreme example of prolonged retention of 
maternal gene function has been shown for 
the dicer mutant, in which maternal Dicer 
activity persists up to 10 dpf (Giraldez et 
al., 2005; Wienholds et al., 2003). 
To study whether maternally provided gene 
products regulate embryonic development 
beyond ZGA, mutants deficient for 
maternally provided gene products can be 
generated through primordial germ cell 
(PGC) replacement (Ciruna et al., 2002). 
In this procedure, PGC development of 
wild type host embryos is blocked by the 
injection of morpholinos directed against 
dead end, which are then replaced by mutant 
donor cells. Successful replacement of the 
host germ line subsequently allows the 
generation of maternal zygotic mutants. 
Since such maternal-zygotic mutants lack 
all maternally provided gene products, 
protein function before the onset of ZGA 
is also abrogated. In zebrafish, zygotic 
transcription commences around the 
1000 cell stage (midblastula transition 
MBT). This implicates that maternally 
provided gene products regulate 
embryonic development for a relative long 
developmental time span in comparison 
to mice, where the ZGA commences at the 
late one-cell stage.
Ring1 proteins have indeed been 
implicated in both prolonged maternal 
protein activity as well as in regulating 
development before the onset of ZGA 

fgf24 locus is repositioned to a repressive 
chromatin environment? 
Taken together, it is clear that future studies 
are essential for a better understanding of 
how Ring1b deficiency deregulates the 
execution of differentiation programs at 
the chromatin level. 

The effect of maternal ring1b contribution
Although our studies show that Ring1b 
is required for terminal differentiation of 
several cell lineages, they also reveal that the 
developmental defects in ring1b mutants 
arise surprisingly late in comparison with 
other model organisms. ring1b mutants 
can be phenotypically distinguished 
from wild-type siblings only after 24 hpf, 
primarily due to their decreased heart rate. 
Gene expression is indeed, at least in the 
pectoral fin mesenchyme, fairly normal 
during early somitogenesis. Moreover, 
expression of axial Hox genes, the well-
established direct targets of PcG proteins, 
only becomes robustly deregulated after 
24 hpf (Chapter two). There are four 
explanations for the relatively late onset 
of the ring1b phenotype. 1) Ring1b is not 
essential in the first stages of development, 
2) maternal contribution of Ring1b gene 
products masks the function of zygotic 
Ring1b at early developmental stages, 
3) the ring1b mutation is not a true null 
mutant, or 4) Ring1b is not the sole E3 
ubiquitin ligase of PRC1 after all. 
The latter two options are unlikely 
as we demonstrated that Ring1b and 
mono-ubiquitinated histone H2A are 
undetectable by western blot in 72 hpf 
ring1b mutants. In addition, in situ 
hybridization experiments showed that 
ring1b mRNA is also undetectable at this 
developmental stage in ring1b mutants 
(Chapter two). Given that all examined 
teleosts express only a single Ring1 
protein, we also exclude the existence of 
another Ring1 paralog in zebrafish (Vidal, 
2009). 
However, it is possible that maternally 
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locus is among the most critical targets of 
PcG proteins in mammals (Bracken et al., 
2007; Cales et al., 2008; Jacobs et al., 1999; 
Voncken et al., 2003). For example, the 
gastrulation arrest in ring1b mutant mice 
is alleviated by genetic inactivation of 
Cdkn2a and Arf (Voncken et al., 2003). This 
demonstrates that this locus is a crucial 
target of Ring1b in murine embryonic 
development and raises the question 
whether this locus is also critically involved 
in the zebrafish ring1b phenotype.
Briefly, the mammalian Cdkn2a/Arf/Cdkn2b 
locus encodes three proteins that regulate 
cell proliferation through either the pRb or 
p53 pathway. Cdkn2a and Cdkn2b encode 
p16INK4A and p15INK4B, respectively, and 
both function as inhibitors of the cyclin-
dependent kinases 4 and 6 (Cdk4/6). 
Binding to Cdk4/6 prevents the binding 
of the cyclin regulatory proteins, thereby 
inhibiting the formation of a functional 
kinase complex that phosphorylates 
pRb. Consequently, hypophosphorylated 
pRb remains associated to E2F, which 
actively represses transcription of E2F-
target genes, resulting in the inhibition of 
cell cycle progression from G1 to S that 
eventually leads to a cell cycle arrest, 
apoptosis or senescence, depending on 
the context (Burkhart and Sage, 2008; Gil 
and Peters, 2006; Sharpless and DePinho, 
1999). The third protein, Arf, is derived 
from an independent first exon (1β) and 
an alternative reading frame of exon 2 
from Cdkn2a, hence its name Alternative 
Reading Frame (Quelle et al., 1995). Arf 
activates p53 function by binding to 
Mdm2, a negative regulator of p53. Mdm2 
inhibits p53 function by binding to the 
transacivation domain of p53 as well as by 
functioning as ubiquitin ligase that targets 
p53 for degradation by the proteasome 
(Lowe and Sherr, 2003). Binding of Arf to 
Mdm2 abrogates the interaction between 
Mdm2 and p53, thereby activating p53.
An important difference between mammals 
and teleosts that one should keep in mind 

in other model organisms. In Drosophila, 
maternal dRing/Sce contribution reduces 
the severity of posteriorly directed 
segmental transformation (Breen and 
Duncan, 1986; Gorfinkiel et al., 2004), 
whereas the combined function of 
maternally provided Ring1a and Ring1b is 
critical for zygotic gene activation (ZGA) 
in mice (Posfai et al., 2012).
To investigate whether indeed maternally 
provided ring1b gene products mask 
earlier developmental defects, we initiated 
a collaboration with dr. Leonie Kamminga 
and dr. Rene Ketting at the Hubrecht 
Institute to generate maternal zygotic 
ring1b mutants. Two females in which 
the germ line was successfully replaced 
by ring1b homozygote mutant germ cells 
were generated. When these females were 
crossed to heterozygote ring1b males, 
maternal-zygotic ring1b mutants were 
generated. Strikingly, preliminary results 
show that maternal-zygotic ring1b mutants 
display a very similar phenotype as zygotic 
ring1b mutants. Moreover, the onset of the 
ring1b phenotype remains unaltered.
Because of this highly unexpected result, 
we conclude that maternally provided 
ring1b gene products do not mask earlier 
developmental defects in zygotic ring1b 
mutants. Moreover, these results also 
indicate that the function of Ring1b in 
zebrafish before the onset of ZGA is 
non-essential. This raises the intriguing 
possibility that the function of PcG proteins 
before the onset of ZGA is intrinsically 
distinct from mice (Posfai et al., 2012). 
It would be interesting to uncover the 
mechanism that underlies the divergence 
in Ring1b and Ring1a/b function during 
these early developmental stages.

One difference between mammals and 
teleosts: the Cdkn2a/Arf/Cdkn2b locus
In the light of an evolutionary divergence 
of Ring1b function, it is also noteworthy to 
discuss the Cdkn2a/Arf/Cdkn2b (Ink4A/Arf/
Ink4b) locus. It is well appreciated that this 
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when studying PcG function in zebrafish, is 
the lack of conservation of the Cdkn2a/Arf/
Cdkn2b locus in teleosts. Detailed analysis 
in puffer fish, Fugu rubripes, revealed that 
this locus only contains a single gene 
that is most similar to either p16INK4A or 
p15INK4B. Moreover, a sequence encoding 
Arf was not detected, implying that the 
p53 and pRb pathways are not regulated 
by a single locus in puffer fish (Gilley 
and Fried, 2001). In zebrafish, this locus 
has not been thoroughly studied, but it 
seems that also this locus contains a single 
gene, most homologous to Cdkn2b, that 
lacks a sequence encoding Arf (Sharpless, 
2005). The one study that did address the 
expression status of p15INK4B in zebrafish, 
showed that p15INK4B is expressed in non-
cycling radial glia, but not in PCNA-
positive cells, as has been observed in 
other systems (Chapouton et al., 2010). 
Thus, the function of p15INK4B in regulating 
G1/S transition may be conserved. 
Our own experiments indicate however 
that deregulation of Cdkn2b may not be 
causally linked to the embryonic defects in 
ring1b mutants: injection of morpholinos 
directed against p15INK4B did not rescue any 
aspect of the ring1b phenotype. Instead, 
both wild-type and ring1b mutants 
displayed a “piggy-tail” phenotype, which 
is indicative for defects in dorsoventral 
patterning (Mullins et al., 1996). Thus, 
our studies do not support the notion that 
deregulation of p15INK4B is directly involved 
in the ring1b phenotype.

Concluding remarks
This part of the thesis presents the 
generation of ring1b mutants and 
characterization of their phenotypes, 
focusing on pectoral fin development and 
cranial neural crest cells. Because ring1b 
mutants survive gastrulation, in contrast 
to mice, they provide an excellent platform 
to study the developmental functions of 
Ring1b in great detail. Further studies 
are clearly necessary to better understand 
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development. Mutations in PRC2-
encoding genes give in general rise to 
more severe developmental defects than 
mutations in PRC1-encoding genes. One 
notable exception is the PRC1 protein 
Ring1b, which results in lethality around 
the implantation stage in mice. 
To gain more insight in the developmental 
functions of Ring1b, we examined the 
role of Ring1b in zebrafish. In contrast to 
mice and human, zebrafish posses only a 
single Ring1 ortholog, Ring1b. The study 
of Ring1b function in zebrafish is therefore 
of reduced complexity in comparison to 
mammals, since it has been shown that 
Ring1A and Ring1B function partially 
redundant in mice. 
In Chapter two, we describe the generation 
of ring1b mutants. We identified two 
heterozygous ring1b founder zebrafish 
and demonstrated that homozygous 
ring1b mutants were functional nulls. 
We surprisingly observed that the 
developmental process in ring1b mutants 
is in many aspects fairly normal and that 
Ring1b deficiency causes rather tissue-
specific defects. We focused on two severe 
developmental defects that arise upon 
Ring1b deficiency: the loss of pectoral fins 
and defects in craniofacial development. 
In Chapter two, we studied in detail 
the pectoral fin defect and showed that 
the initial differentiation into pectoral 
fin precursors occurs normally, but that 
downstream signaling cascades become 
deregulated. Fgf signaling, which is critical 
for fin bud outgrowth, was not sufficiently 
activated in the mesenchymal pectoral 
fins cells of ring1b mutants. Potentiation 
of Fgf signaling through exogenous 
application of human FGF4 protein 
modestly rescued expression maintenance 
of the transcription factor tbx5, but did 
not rescue fin bud outgrowth. However, 
fin bud outgrowth was partially rescued 
in apc/ring1b double mutants, presumably 

The single cell of a fertilized oocyte 
contains all the required information 
to generate a fully developed organism 
that contains, in humans, more than 200 
different cell types and literally trillions 
of cells. To better understand the complex 
process of embryogenesis, various model 
organisms are nowadays used. The 
zebrafish has become a favorite model 
organism because of several advantages 
that this animal offers. This includes a very 
rapid development, external development 
of the embryo, transparency of the embryo 
and the large number of offspring. 
As the fertilized egg only has one set of 
genomic information, gene expression 
must be tightly regulated to express the 
right proteins in the right tissue at the 
right time in the course of embryonic 
development. To control gene expression, 
the DNA sequence itself is not changed, 
but the chromatin, which is the complex 
of DNA and proteins in the cell nucleus, 
is epigenetically modified. Examples 
of epigenetic modifications include 
DNA methylation, posttranslational 
modifications of histones (proteins to 
which DNA is wrapped around) and 
the replacement of histones by histone 
variants.
One class of epigenetic regulators is 
formed by the family of Polycomb group 
(PcG) proteins. PcG proteins are generally 
regarded as transcriptional repressors 
and function in multimeric complexes: 
Polycomb repressive complex 1 and 2 
(reviewed in Chapter one). PcG proteins 
were originally identified in the fruit fly 
(Drosophila melanogaster) as repressors 
of homeobox genes, but it is now well 
established that they target and repress 
many key developmental regulators, 
including transcription factors and genes 
encoding signaling proteins. It is therefore 
also not surprising that mutations in PcG 
genes can severely disrupt embryonic 
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because APC deficiency strongly 
potentiates Fgf signaling. 
In Chapter three, we characterized the 
craniofacial defects of ring1b mutants 
and focused on the defect in cartilage 
development. Our results indicated that 
ring1b cartilage precursors migrate into the 
pharyngeal arches, but that differentiation 
into chondrocytes is abrogated. Because 
craniofacial cartilage is derived from the 
cranial neural crest, we also examined to 
which extent loss of Ring1b disrupts the 
developmental program of neural crest 
derived tissues in general. We found that 
glia, neurons and chromatophores, which 
are neural crest-derived, were formed in 
ring1b mutants. The defect in cartilage 
development reflects therefore not a 
general developmental defect of neural 
crest cells.
In summary, we found that loss of Ring1b 
affects the embryonic developmental 
program in a rather tissue-specific fashion. 
Moreover, the greater picture that emerges 
from our studies indicates that Ring1b 
function is dispensable for the initiation 
of various developmental programs but is 
critically required for its maintenance. 
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belangrijke regulatoren van embryonale 
ontwikkeling represseren, zoals 
transcriptiefactoren en genen die coderen 
voor signaaleiwitten. Het is dan ook niet 
verwonderlijk dat mutaties in PcG genen 
de embryonale ontwikkeling ernstig kan 
verstoren. Mutaties in PRC2 coderende 
genen leiden meestal tot ernstigere 
ontwikkelingsstoornissen dan mutaties in 
PRC1 coderende genen. Een uitzondering 
is het PRC1 eiwit Ring1b. Verlies van 
Ring1B functie resulteert in de dood van het 
embryo rond de implantatie fase in muizen. 
Om meer inzicht te krijgen in hoe Ring1b 
de embryonale ontwikkeling reguleert, 
onderzochten we de rol van de Ring1b in 
de zebravis. In tegenstelling tot de muis 
en mens bezit de zebravis slechts één 
Ring1 ortholoog, Ring1B. Het onderzoek 
naar de functie van Ring1b in de zebravis 
is dus minder gecompliceerd dan in 
zoogdieren, aangezien is aangetoond 
dat Ring1A en Ring1B gedeeltelijk 
overlappende functies hebben in muizen. 
In Hoofdstuk twee beschrijven we het 
genereren van ring1b zebravis mutanten. 
We identificeerden twee zebravissen 
waarin ring1b gemuteerd was in de 
kiembaan en toonden aan dat deze 
mutaties resulteren in het verlies van 
Ring1b eiwit, en dus functie, wanneer 
beide allelen van het ring1b gen gemuteerd 
zijn. We stelden vast dat de embryonale 
ontwikkeling in homozygote ring1b 
mutanten in veel opzichten relatief 
normaal verloopt en dat verlies van Ring1b 
functie verscheidene, vrij weefselspecifieke 
ontwikkelingsdefecten veroorzaakt. We 
hebben ons gericht op twee ernstige 
defecten die optreden in ring1b mutanten: 
het verlies van de pectorale (borst)vinnen 
en defecten in craniofaciale ontwikkeling. 
In Hoofdstuk twee bestudeerden we 
in detail het defect in pectorale vin 
ontwikkeling. Hieruit bleek dat de initiële 
differentiatie naar pectorale vin cellen 

De bevruchte eicel bevat alle benodigde 
informatie om vanuit één cel een   volledig 
ontwikkeld organisme te generen dat, 
in het geval van de mens, bestaat uit 
meer dan 200 verschillende celtypes 
en letterlijk triljoenen cellen. Om beter 
inzicht te krijgen in de complexiteit van 
het embryonale ontwikkelingsproces 
worden tegenwoordig verschillende 
modelorganismen gebruikt. De zebravis 
is echter uitgegroeid tot het favoriete 
modelorganisme. Zo leggen zebravissen 
grote hoeveelheden eieren (meer 
dan 300), is de ontwikkeling van het 
embryo zeer snel, vindt de embryonale 
ontwikkeling plaats buiten de moeder en 
zijn de embryo’s doorzichtig, zodat het 
ontwikkelingsproces goed kan worden 
gevolgd op een niet-invasieve wijze. 
Omdat de bevruchte eicel slechts beschikt 
over één set genomische informatie, moet 
genexpressie strak worden gereguleerd om 
de juiste eiwitten in het juiste weefsel op 
het juiste moment tijdens de embryonale 
ontwikkeling te krijgen. Hiertoe wordt 
niet de DNA sequentie zelf veranderd, 
maar wordt het chromatine, het complex 
van DNA en eiwitten in de celkern, 
epigenetisch gemodificeerd. Voorbeelden 
van epigenetische modificaties zijn 
DNA methylering, posttranslationele 
modificaties van histonen (eiwitten waar 
het DNA omheen is gewikkeld) en het 
vervangen van histonen door histon 
varianten.
Eén klasse van epigenetische regulatoren 
wordt gevormd door de familie van 
Polycomb group (PcG) eiwitten. PcG 
eiwitten represseren genexpressie en 
bevinden zich in multimere complexen: 
Polycomb repressieve complex 1 en 2 
(Hoofdstuk één). PcG eiwitten zijn ontdekt 
als repressoren van homeobox genen in 
de fruitvlieg (Drosophila melanogaster), 
maar het is nu bekend dat ze veel meer 
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craniofaciaal kraakbeen, zeer ernstig zijn 
gedereguleerd, terwijl andere weefsels 
wel vrij normaal worden gevormd. 
Het beeld wat ook uit beide studies 
tevoorschijn komt is dat Ring1b functie 
niet nodig is voor de initiatie van sommige 
ontwikkelingsprogramma’s, maar wel 
essentieel is voor het instant houden ervan.

normaal verloopt, maar dat downstream 
signaalcascades gedereguleerd waren. 
Zo ontdekten we dat Fgf signalering, 
een signaalcascade die essentieel is voor 
uitgroei van de pectorale vin, onvoldoende 
was geactiveerd in de pectorale vin cellen 
van ring1b mutanten. Stimulering van Fgf 
signalering door toediening van menselijk 
FGF4 eiwit zorgde voor een bescheiden 
expressie herstel van de transcriptiefactor 
tbx5, maar niet tot uitgroei van de pectorale 
vin. Echter, uitgroei van pectorale vinnen 
was gedeeltelijk hersteld in zebravis 
mutanten waarin zowel ring1b als apc 
gemuteerd was. Het is aannemelijk dat dit 
komt doordat APC deficiëntie resulteert 
in een verhoging van Fgf signalering. 
In Hoofdstuk drie hebben we de 
craniofaciale defecten van ring1b 
mutanten gekarakteriseerd, waarbij we 
ons voornamelijk gericht hebben op het 
defect in het kraakbeen ontwikkeling. 
Ons onderzoek toonde aan dat de neurale 
lijst cellen, waaruit in wildtype vissen 
kraakbeen wordt gevormd, wel migreren 
naar de kiewbogen in ring1b mutanten, 
maar dat deze cellen vervolgens niet 
differentiëren naar kraakbeencellen 
Omdat craniofaciaal kraakbeen ontstaat 
uit craniale neurale lijst cellen, hebben 
we ook onderzocht in welke mate het 
verlies van Ring1b functie resulteert 
in ontwikkelingsdefecten van andere 
weefsels die worden gevormd uit neurale 
lijst cellen. We vonden dat glia, neuronen 
en chromatoforen, welke allen ontstaan 
uit neurale lijst cellen, wel worden 
gevormd in ring1b mutanten. Het defect 
in kraakbeen ontwikkeling reflecteert 
daarom ook geen algemeen defect in het 
ontwikkelingsprogramma van neurale lijst 
cellen.
Samenvattend hebben we gevonden 
dat verlies van Ring1b functie resulteert 
in verscheidene defecten tijdens de 
embryonale ontwikkeling, waarbij 
bepaalde ontwikkelingsprocessen, zoals 
de vorming van pectorale vinnen en 


