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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 



145

     4

General discussion  Ring1b

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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