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regulator” of energy homeostasis, cell 
polarity, DNA damage and cell cycle 
control (Hezel and Bardeesy, 2008). 
Genetic analyses of LKB1 deficiency 
in higher eukaryotes have provided a 
framework to further dissect the functions 
of LKB1. However, the biology of LKB1 
signaling appears to be highly complex, 
as loss of LKB1 function in invertebrates 
and vertebrates have generated divergent 
results in different tissues and contexts. In 
this research perspective, we review the 
current understanding of LKB1 function 
in cellular polarity and energy metabolism 
derived from loss-of-function studies 
performed in different model organisms. 
For a more comprehensive overview of 
LKB1 function, we refer the reader to 
these recent excellent reviews (Alessi et 
al., 2006; Jansen et al., 2009; Mirouse and 
Billaud, 2010; Shackelford and Shaw, 2009; 
Shelly and Poo, 2011; van Veelen et al., 
2011). In the last section we will discuss 
how the recently generated Lkb1-deficient 
zebrafish can provide a new tool to gain 
important insight into the function of this 
tumor suppressor protein.

LKB1 function during early development: 
polarization of the oocyte
Ten years before the human LKB1 gene 
was cloned, the C. elegans LKB1 homolog, 
abnormal embryonic PARtitioning of 

Introduction

In 1998, the gene responsible for the 
rare dominantly inherited disorder 
Peutz-Jeghers syndrome (Jeghers et al., 
1949), characterized by gastrointestinal 
hamartomatous polyposis and an 
increased predisposition to cancer 
(Hemminki et al., 1998), was identified as 
LKB1, which encodes a serine/threonine 
protein kinase. In addition to the familial 
syndrome, somatic mutations in LKB1 
were later found in over 30% of lung 
adenocarcinomas (Sanchez-Cespedes et 
al., 2002) and as recurrent mutation in 
endometrial cancer (Contreras et al., 2008). 
However, clues as to its function were first 
discovered only in 2003, when LKB1 was 
identified as the long sought-after kinase 
that activates the alpha subunit of AMP-
activated protein kinase (AMPK) (Hawley 
et al., 2003; Woods et al., 2003), linking 
LKB1 signaling to energy metabolism 
control. Since then, LKB1 has been found 
to phosphorylate 12 other AMPK-related 
kinases including the microtubule affinity-
regulating kinase 1-4 (MARK1-4), brain 
specific kinase  1-2 (BRSK1-2), nuclear 
AMPK-related kinase  1-2 (NUAK1-2), 
salt-inducible kinase  1-3 (SIK1-3) and 
SNF-related kinase (SNRK) (Jaleel et al., 
2005; Lizcano et al., 2004). These results 
suggest that LKB1 is an upstream “master 

Insights from model organisms on the functions 
of the tumor suppressor protein LKB1: zebrafish 

chips in
Yme U. van der Velden and Anna-Pavlina G. Haramis

The tumor suppressor LKB1 has emerged as a critical regulator of cell polarity and 
energy metabolism. Studies in diverse model organisms continue to unravel the 
pathways downstream of LKB1; the emerging picture is that the outcomes of LKB1 
signaling are mediated by a plethora of tissue-specific and context-dependent effectors.
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conditions. Similar results were obtained 
for AMPKα-mutant follicle cells (Mirouse 
et al., 2007). Indeed, many aspects of the 
polarity defects in LKB1-deficient follicle 
cells were rescued by introduction of a 
phosphomimetic AMPKα, demonstrating 
the involvement of the LKB1-AMPK axis 
in polarization during early development 
(Lee et al., 2007).
Together, this illustrates the high 
conservation of LKB1 function in the 
earliest polarization processes in both 
worms and flies. Although it remains to be 
determined whether this function is also 
conserved in vertebrates, it is interesting to 
note that LKB1 is asymmetrically localized 
to the animal pole in the mouse oocyte 
(Szczepanska and Maleszewski, 2005).

LKB1 and cell polarization in later stages 
of development 
LKB1 also has a conserved role in 
polarization during later stages of 
development. For example, loss of LKB1 
signaling leads to impaired neuronal 
polarity in both invertebrates and 
vertebrates. In C. elegans, temperature-
sensitive par-4 mutants showed neuronal 
polarity defects in ventral cord neurons 
(Kim et al., 2010). This function was 
thought to be regulated by PAR-4-
dependent phosphorylation of PAR-1, 
which is the homolog of human MAP/
microtubule affinity-regulating kinases, 
MARK. In Drosophila, depletion of LKB1 
in neuroblasts caused polyploidism in 
larval brains, but via a PAR-1-independent 
mechanism (Bonaccorsi et al., 2007). Instead, 
defects in mitotic spindle formation and 
mislocalization of the Baz/PAR-6/aPKC 
complex, a protein complex involved in 
cellular polarity, likely contributed to the 
reported phenotype (Bonaccorsi et al., 
2007). In mice, conditional Lkb1 deletion in 
telencephalic progenitors led to impaired 
polarization of cortical neurons through 
impaired activation of the AMPK-related 
kinases SAD-A/B. Thus, LKB1 is required 

cytoplasm family member 4 (par-4), was 
retrieved from a maternal-effect-lethal 
screen for genes required for proper 
segregation of cytoplasmic factors in 
the first cell cycles of embryogenesis 
(Kemphues et al., 1988). par-4-mutant 
embryos had defects in several aspects of 
cell polarity and asymmetric cell division, 
which resulted in the formation of an 
amorphous mass of cells without distinct 
morphogenesis (Morton et al., 1992).
This function for LKB1 in polarization 
during early embryogenesis was 
subsequently found to be conserved, at least 
in Drosophila melanogaster. The Drosophila 
egg is a highly polarized structure well 
before fertilization and the origin of this 
polarization might even be traced back 
to the first cell division of the cytoblast 
in the fly ovary (Huynh and St Johnston, 
2004). Differentiation of germline cells 
into oocytes coincides with asymmetric 
localization of proteins and mRNAs that 
set up the anterior-posterior (A-P) and 
dorsal-ventral (D-V) axes within the oocyte 
(Huynh and St Johnston, 2004). lkb1-
mutant germline clones showed disrupted 
localization of various mRNAs resulting 
in defective oocyte polarity (Martin and 
St Johnston, 2003). LKB1 deficiency in 
follicle cells also led to polarization defects 
including disorganization of the epithelial 
monolayer (Martin and St Johnston, 
2003). These polarity defects were not 
fully penetrant and it was suggested that 
LKB1 is essential for the establishment 
of epithelial polarity in the follicle, but 
not for its maintenance (Mirouse et al., 
2007). However, polarity defects were 
observed in all examined follicle cells 
under conditions of glucose starvation, 
indicating that LKB1 is critical also for 
the maintenance of epithelial polarity in 
follicle cells upon energetic stress. As LKB1 
is known to regulate energy homeostasis, 
as outlined in more detail below, this 
suggests that diverse LKB1 functions are 
connected under certain physiological 
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particularly through AMPK activation and 
the target of rapamycin (TOR) pathway 
(Shaw, 2009; Shaw et al., 2004). Upon 
energetic stress induced by a variety of 
stimuli such as food-deprivation, exercise, 
osmotic stress and hypoxia, AMPK is 
phosphorylated and activated by LKB1. 
AMPK then phosphorylates tuberous 
sclerosis complex 2 (TSC2), which leads 
to inhibition of TOR complex 1 (TORC1) 
activity (Shaw et al., 2004). TORC1 activity 
is associated with cell growth and viability, 
since TORC1 stimulates anabolic processes 
such as protein synthesis while inhibiting 
catabolic processes like the degradation 
of cellular components by autophagy 
(Wullschleger et al., 2006). Thus, upon 
LKB1-dependent activation of AMPK, 
TORC1 signaling is inhibited, which 
promotes energy conservation under 
conditions of energetic stress. 
Given the embryonic lethal phenotype 
of the knockout mouse, the role of LKB1 
in energy homeostasis at the whole 
organism level in animals has only been 
studied in C. elegans and, more recently, 
in the zebrafish. These studies, which are 
described in detail below, have revealed a 
far more complex role for LKB1 in energy 
homeostasis beyond only the regulation 
of TORC1 signaling via AMPK. Indeed, in 
addition to TSC2, AMPK has a multitude 
of direct substrates, many of which are 
also involved in metabolism control 
(Shackelford and Shaw, 2009; van Veelen 
et al., 2011).
In C. elegans, larvae developmentally 
arrest and enter the so-called “dauer” 
phase under unfavorable environmental 
conditions. Dauer larvae do not feed, 
become stress-resistant, are extremely 
long-lived and “non-aging” (Klass and 
Hirsh, 1976). In order to ensure long-term 
survival, fat is stored in the hypodermis, 
which is an organ akin to the skin of higher 
organisms (Burnell et al., 2005).  Dauer 
larvae with compromised LKB1/AMPK 
signaling rapidly depleted hypodermic fat 

for polarization also in the vertebrate 
brain, although the molecular mechanisms 
involved are to a certain extent organism-
specific (Barnes et al., 2007).
In addition to neuronal polarization, LKB1 
has been implicated in the polarization of 
epithelial structures, such as photoreceptors 
in the Drosophila eye. The Drosophila retina 
is derived from the eye imaginal disc, 
which is an epithelial structure. Eye-
specific inactivation of LKB1 led to severe 
loss of polarity in photoreceptors at pupal 
stages (Amin et al., 2009). Importantly, 
AMPK was not the primary LKB1 target 
in Drosophila eye development, but rather 
other AMPK-related kinases, including 
SIK, NUAK and PAR-1 (Amin et al., 
2009). In vertebrates, activation of LKB1 
induced complete polarization of single 
intestinal epithelial cells in culture (Baas et 
al., 2004). Furthermore, AMPK activation 
is required for tight-junction formation 
and polarization in the Madin-Darby 
Canine Kidney (MDCK) epithelial cell 
line, although this may not be exclusively 
dependent on LKB1 (Zhang et al., 2006; 
Zheng and Cantley, 2007). Lkb1 null mice 
do not survive beyond E10.5 and show 
several defects including mesenchymal cell 
death as well as neural tube and vascular 
abnormalities associated with increased 
VEGF signaling (Ylikorkala et al., 2001). 
Somewhat unexpectedly, inactivation of 
Lkb1 in several mouse tissues did not lead 
to gross epithelial polarity defects, with the 
notable exception of the pancreas (Granot 
et al., 2009; Hezel et al., 2008).
Thus, it appears that LKB1 regulates 
polarization during development 
throughout the animal kingdom in a tissue- 
and context-dependent manner, and via 
phosphorylation of distinct substrates.

LKB1: a master regulator of energy 
homeostasis
Probably the best-studied function of 
LKB1 to date, at least in vertebrates, is 
the regulation of energy homeostasis, 
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decreased ATP levels and became energy-
depleted much sooner that food-deprived 
wild-type animals. Thus, in both worms 
and zebrafish, Lkb1 is essential for control 
of whole-body energy homeostasis and 
adaptation of metabolism to changes in 
energy availability, which is essential for 
long-term viability of the organism.
Zebrafish lkb1 mutants die two days 
after yolk absorption, which is in stark 
contrast to wild-type larvae that can 
survive food deprivation for more than 
six days. Interestingly, two days of food 
deprivation did not lead to detectable 
AMPK phosphorylation in wild-type 
larvae, suggesting that deregulated AMPK 
signaling may not be the sole cause for 
impaired energy metabolism control in lkb1 

storages and died prematurely due to vital 
organ failure (Narbonne and Roy, 2009). 
This inappropriate fat depletion was found 
to be due to increased activity of adipose 
triglyceride lipase (ATGL-1), a proposed 
direct target of AMPK.
Similar to this result in C. elegans, we recently 
reported that lkb1-mutant zebrafish are 
also unable to cope with energetic stress 
(van der Velden et al., 2011). Although 
Lkb1 deficiency in zebrafish did not lead to 
overt developmental defects, lkb1 mutants 
did fail to downregulate metabolism once 
the yolk, which provides energy in the 
first days of development, was consumed. 
These lkb1 mutants exhibited hallmarks of 
a starvation response at the cellular and 
biochemical level, displayed profoundly 

Fig. 1. Studies of LKB1 deficiency in flies, mice, worms and zebrafish have revealed that the tumor suppressor 
LKB1 has conserved and divergent roles in the regulation of cell polarization and energy metabolism processes.
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labeled reporters, this allows real-time, 
in vivo visualization of various processes 
such as cell migration and organogenesis. 
Thus, questions pertaining to the biology 
of tissue physiology in a setting of Lkb1 
deficiency can be addressed. 
Although addressing whether neuronal 
polarity was impaired was beyond 
the scope of our previous study, it is 
still possible that Lkb1 is required for 
polarization or asymmetric cell division 
in neuronal tissues in zebrafish, given that 
this function is conserved in C. elegans and 
Drosophila. Should this be the case, the ease 
of performing forward genetic screens in 
zebrafish could help to dissect the pathway 
of neuronal polarization in vertebrates by 
identification of new proteins involved in 
this process.
Interestingly, we did not observe polarity 
defects in either the gut or the eye of 
zebrafish lkb1 mutants, in contrast to 
studies in human cell lines and Drosophila 
respectively, again highlighting the cell-
type specificity and context dependency of 
LKB1 function.
Since Lkb1 deficiency leads to impaired 
metabolic control upon energetic stress, it 
will be interesting to determine whether 
lkb1 mutants are hypersensitive to other 
types of stress, such as osmotic stress 
and DNA damage. Our preliminary 
results showed that lkb1 mutants are 
hypersensitive to mechanical stress, 
but only when they are under energetic 
stress, again illustrating that the metabolic 
functions of Lkb1 are tightly linked with 
other Lkb1-dependent processes. 
Finally, since zebrafish lkb1 mutants are 
embryonic viable, they provide an excellent 
platform to conduct chemical genetic 
screens to identify molecular pathways that 
are regulated and/or cooperate with Lkb1 
and lead to deregulation of metabolism. 
These types of screens could also identify 

larvae. Furthermore, TORC1 signaling was 
not severely deregulated in lkb1 mutants. 
Thus, we proposed that the AMPK-TORC1 
axis might not be the critical or only 
effector of Lkb1-mediated maintenance of 
whole-organism energy homeostasis, at 
least in this setting. Interestingly, recent 
work on the effect of Lkb1 inactivation in 
mouse hematopoietic stem cells showed 
that, while LKB1 was critically required to 
regulate energy metabolism and maintain 
cell survival, the effects were again largely 
independent of AMPK and TORC1 
signaling (Gan et al. 2010; Gurumurthy 
et al. 2010; Nakada et al. 2010). Together, 
these findings illustrate that LKB1 controls 
metabolism in vivo through several 
pathways in addition to TORC1 signaling 
and showcase the complexity of LKB1 
biology. 

A zebrafish perspective on Lkb1
As zebrafish lkb1 mutants survive 
embryonic development, unlike mice, 
they provide the first embryonic viable 
vertebrate model of homozygous lkb1 
deletion. This, combined with the many 
advantages of using zebrafish as a model 
organism, some of which are described 
below, should rapidly advance our 
understanding of LKB1 function. 
One of the advantages of zebrafish is that 
the oocyte is externally fertilized, allowing 
early developmental processes, from 
fertilization onwards, to be easily analyzed. 
In addition, germline replacement methods 
are available in zebrafish (Ciruna et al., 
2002), which means that an animal lacking 
both maternal and zygotic LKB1 can be 
generated. Maternal-zygotic zebrafish lkb1 
mutants will provide a system to address 
whether and how Lkb1 functions in the 
first cleavage stages in vertebrates.
Another attractive feature of the zebrafish 
is their small size and transparency during 
development. In combination with the 
availability of numerous transgenic lines 
expressing tissue-specific fluorescently-
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compounds that can modulate metabolism 
and may prove to be useful for inhibiting 
growth of LKB1-deficient tumors.

Conclusion

LKB1 is a tumor suppressor gene and 
is mutated in a wide variety of human 
cancers. Thus, deciphering its function 
could have direct clinical implications. 
Given the complexity of LKB1 function, 
which is illustrated by the diversity of its 
mutant phenotypes in a variety of model 
organisms and contexts, lkb1-mutant 
zebrafish offer a powerful new tool for 
unraveling the numerous mechanisms 
and pathways regulated by LKB1. It also 
provides the unique opportunity to study 
LKB1 function at the whole organism level 
in vertebrates. 
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Introduction

Germline mutations in the serine-threonine 
kinase LKB1 (also known as STK11) cause 
the cancer-predisposition syndrome 
Peutz-Jeghers Syndrome (PJS) (Hemminki 
et al., 1998). PJS is an autosomal dominant 
disorder that is characterized by multiple 
hamartomas of the gastrointestinal tract 
and abnormal pigmentation of the mucus 
membranes (Jeghers et al., 1949). PJS 
patients are prone to develop cancer in 
the gastrointestinal tract and other types 
of tumors (Giardiello et al., 1987). Somatic 
mutations in LKB1 have been identified 
in ~30% of lung adenocarcinomas (Ji et 
al., 2007). Furthermore, somatic recurrent 
LKB1 mutations are found in endometrial 
cancer (Contreras et al., 2008).
LKB1 phosphorylates and activates AMP-

activated protein kinase (AMPK) as well 
as 12 AMPK-related kinases (Lizcano et 
al., 2004; Shaw et al., 2004). Because AMPK 
acts as a central energy checkpoint in the 
cell (Hardie, 2007), these findings linked 
LKB1 signaling to energy metabolism 
control. Upon energetic stress, LKB1 
phosphorylates and activates AMPK, 
which, in turn, leads to the phosphorylation 
of several targets, including the tuberous 
sclerosis complex component 2 (TSC2). 
Phosphorylation of TSC2 then leads to 
inhibition of the TOR signaling pathway 
with subsequent suppression of protein 
synthesis and translation, which are major 
energy consuming processes in the cell. In 
addition, an important role in establishing 
cell polarity has been demonstrated for 
LKB1 (Baas et al., 2004). 
The LKB1 homolog in Caenorhabditis 
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Germline mutations in the serine-threonine kinase LKB1 lead to a gastrointestinal 
hamartomatous polyposis disorder with increased predisposition to cancer (Peutz-
Jeghers Syndrome). LKB1 has many targets, including the AMP-activated protein 
kinase (AMPK) that is phosphorylated and activated under low energy conditions. 
AMPK targets several signaling pathways, including the Target of Rapamycin 
(TOR) pathway, which collectively leads to a down-regulation of energy-consuming 
processes in order to restore the energy balance. To gain insight into how LKB1 
mediates its effects during development, we have generated zebrafish mutants in the 
single Lkb1 ortholog. We show that Lkb1 in zebrafish is dispensable for embryonic 
survival but becomes essential under conditions of energetic stress. Following yolk 
absorption, lkb1 mutants rapidly exhaust their energy resources and die prematurely 
from starvation. Notably, intestinal epithelial cells are polarized properly in the 
lkb1 mutants. We show that attenuation of metabolic rate in lkb1 mutants, either by 
application of the TOR inhibitor rapamycin, or by crossing with vhl-mutant zebrafish 
(in which constitutive hypoxia signaling results in reduced metabolic rate), suppresses 
key aspects of the lkb1 phenotype. Together, we demonstrate a critical role for Lkb1 
in the regulation of energy homeostasis at the whole-organism level in a vertebrate.
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elegans, PAR-4, was originally identified 
as part of the partitioning-defective (PAR) 
proteins that control polarity (Wodarz, 
2002). Recent analysis showed that C. 
elegans par-4 mutants also display metabolic 
defects, as par-4 mutants rapidly consume 
their energy after entering Dauer, a kind 
of stasis that allow C. elegans larvae to 
survive under harsh conditions (Narbonne 
and Roy, 2009).  Drosophila Lkb1 is required 
for early anterior-posterior polarization of 
the oocyte (Martin and St Johnston, 2003), 
whereas homozygous deletion of Lkb1 in 
mice causes vascular and neuronal defects 
that culminate in embryonic death of the 
mutants (Ylikorkala et al., 2001). Perhaps 
surprisingly, tissue-specific inactivation of 
Lkb1 in several mouse tissues does not lead 
to polarity defects except in the pancreas 
(Granot et al., 2009; Hezel et al., 2008). 
Thus, the study of several LKB1-mutant 
model organisms has lead to the proposal 
that LKB1 functions are often cell–type-
specific and context-dependent. To 
investigate the effects of homozygous loss 
of function of Lkb1 during development, 
energy homeostasis and physiology in 
vertebrates, we turned to the zebrafish. 
We show that lkb1-mutant zebrafish 
survive gastrulation, unlike their mouse 
counterparts. Lkb1 is dispensable for 
embryonic development while the 
embryo consumes nutrients from the yolk. 
However, as soon as the yolk is absorbed, 
the lkb1 mutants deteriorate rapidly and 
die at 7 or 8 days post fertilization (dpf). We 
observe hallmarks of a starvation response 
in lkb1 mutants, such as premature 
depletion of liver glycogen and precocious 
lipid accumulation in the liver (hepatic 
steatosis). The lkb1 mutants exhibit an 
accelerated metabolic rate, exhaust their 
energy resources abnormally early and die 
from organ failure caused by starvation.

Materials and Methods

Zebrafish strains
Zebrafish were maintained at 28 °C. 
Fish were cared for in accordance with 
institutional guidelines and approved by 
the Animal Experimentation Committee 
of the Royal Netherlands Academy of Arts 
and Sciences. Details of the ENU screening 
and identification of the mutations are 
described in SI Materials and Methods.

Western Blot Analyses 
Larvae were lysed in Brye buffer for 30 
min followed by sonication for 5 min. 
Protein extracts were separated on 4 to 
12% bis-Tris precast gels (NuPAGE) and 
transferred to Immobilon-P membranes 
(Amersham Biosciences). Primary 
antibodies were diluted in PBS with 
Triton-X (PBT) containing 1% BSA and 
4% Western blot blocking reagent (Roche). 
Primary antibodies used are described in 
SI Materials and Methods. 

Metabolic rate assay
The assay was performed essentially as 
described in Makky et al., 2008, with some 
modifications, listed in SI Materials and 
Methods.

Results
 
Generation of lkb1-mutant zebrafish
To study the effects of loss of Lkb1 in 
zebrafish development, we screened a 
library of N-ethyl-N-nitrosourea (ENU)-
mutagenized zebrafish by TILLING 
(Wienholds et al., 2003) and identified 
two independent lines carrying germline 
nonsense mutations in zebrafish lkb1. Both 
mutations are nucleotide substitutions 
resulting in premature stop codons in 
the kinase domain (Fig. S1A,B). The 
mutations correspond to position Y246 
and Y261 in human LKB1 (Y245X and 
Y260X in zebrafish). Notably, the Y246X 
mutation has also been found in human 
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AMPK phosphorylation in response to 
anoxia, induced by potassium cyanide 
(KCN) treatment (Mendelsohn et al., 
2008). We treated wild-type and lkb1-
mutant embryos at 3 dpf with KCN and 
assessed phosphorylation of AMPK and 
its downstream substrate acetyl CoA 
carboxylase (ACC). KCN treatment led to 
AMPK and ACC phosphorylation in wild-
type embryos whereas this response was 
severely impaired in lkb1 mutants (Fig. 1B). 
These data indicate that the mutation is a 
functional null.

Lkb1 is dispensable for embryonic 
survival in zebrafish
lkb1 mutants were indistinguishable 
from wild-type larvae for the first 5 days 
of development. However, at 7 dpf, lkb1 
mutants were emaciated, displayed an 
abrupt loss of intestinal folding, and 
had a small, dark liver (Fig. 2C,D). 
The phenotype was identical for both 
mutations and transheterozygote animals 
demonstrated no allelic complementation. 
The flattened intestinal epithelia and a 
dark liver were also observed in wild-type 
larvae after prolonged food deprivation (at 
11 dpf, Fig. 2E,F). The lkb1 mutants died 
at 7-8 dpf whereas wild-type larvae could 
survive without food for up to two weeks. 
The abrupt loss of intestinal folding in the 
lkb1 mutants and the reported role of LKB1 
in controling epithelial polarity prompted 
us to investigate whether intestinal 
epithelial cells were polarized properly in 
lkb1 mutants.

No intestinal polarity defects in lkb1 
mutants
The intestinal epithelium initiates folding 
at around 3-4 dpf in wild-type embryos 
and extensive folding occurs at subsequent 
developmental stages (Horne-Badovinac 
et al., 2001). In lkb1 mutants, the intestinal 
epithelium initiated folding normally and 
the villi were visible at 5 dpf. However, at 7 
dpf, an abrupt loss of folding characterized 

PJS patients (Nakagawa et al., 1998). We 
studied lkb1 mRNA expression pattern 
during embryonic development by whole-
mount in situ hybridization. lkb1 mRNA 
was maternally deposited and expression 
was uniform across the embryo in the 
first two days of development. At 3 dpf, 
we detected strong lkb1 expression in 
the head region in wild-type larvae (Fig. 
1A). lkb1 mRNA expression was severely 
reduced in lkb1 mutants, indicating 
nonsense mediated decay of the mutant 
mRNA.  To assess whether any remaining 
Lkb1 was functional, we addressed 

Fig. 1. Characterization of zebrafish lkb1 mutations. 
(A) Whole-mount in situ hybridizations show 
decreased lkb1 mRNA expression in 3 dpf lkb1 larvae. 
(B) Western-blot analysis of AMPK and ACC upon 
KCN treatment. KCN treatment results in activation 
of the AMPK pathway in 3 dpf wild-type larvae, but 
not in 3 dpf lkb1 larvae.
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a flattened intestinal epithelium. Sections 
along the intestinal tract of wild-type and 
mutant larvae harvested at 5 and 7 dpf were 
stained with polarity markers. We did not 
observe any polarity defects in the intestine 
of the lkb1-mutant larvae. Specifically, the 
apical markers atypical protein kinase 
C (aPKC) and F-actin were expressed at 
normal levels and were correctly localized 
(Fig. S2A-D). Similarly, stainings with 
β-catenin, E-cadherin and NA+/K+-ATPase 
revealed normal basolateral localization 
(Fig. S2E-J). Transmission electron 
microscopy confirmed normal distribution 
and morphology of tight junctions and the 

presence of an apical brush border in the 
intestinal cells of the lkb1 mutants (Fig. S3). 
These results showed that epithelial cell 
polarity is intact in zebrafish lkb1 mutants 
and that the observed phenotype must be 
attributed to other functions of Lkb1. 

lkb1 mutants resemble starved wild-type 
larvae 
We observed that 7 dpf lkb1 larvae 
phenotypically resembled starving wild-
type animals at 11 dpf. We also noted that 
lkb1 mutants did not feed at 5 dpf, as expected 
for wild-type larvae. We established that 
lack of feeding was not caused by any 

Fig. 2. The intestinal architecture of lkb1 mutants resembles that of starved wild-type larvae. (A,C,E) High-
power images depicting the liver and intestine of live larvae of the indicated genotypes; anterior is to the left. 
Red brackets demarcate the thickness of the intestinal wall, and livers are outlined. At 7 dpf, lkb1 larvae (C) and 
starved 11 dpf wild-type larvae (E) exhibit a small dark liver and flattened intestine (asterisks). (B, D, F) H&E 
staining of saggital sections of the intestine. Note loss of intestinal folding in 7 dpf lkb1 larvae and in starved 
wild-type larvae. L: liver; sb: swim bladder.
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structural abnormalities in the jaw or 
any occlusions in the digestive tract that 
would prevent lkb1 mutants from eating. 
We showed that lkb1 mutants were capable 
of ingestion and digestion using N-{[6-
(2,4-dinitrophenyl)amino]hexanoyl}-1-
palmitoyl-2-BODIPY-FL-pentanoyl-sn-
glycero-3-phosphoethanolamine (PED6), 
a phospholipase A2 (PLA2) substrate 
that exhibits increased fluorescence upon 
cleavage by PLA2 in the intestine. In lkb1 
larvae, fluorescence in both intestinal 
lumen and gall bladder was detected at 
levels equivalent to those in wild-type 
larvae (Fig. S4). These results show that 
lkb1 mutants are capable of ingestion and 
digestion, but do not feed, which may 
suggest a failure to sense energy stress.
 
lkb1 mutants exhibit accelerated energy 
depletion and high metabolic rate 
One of the major LKB1 substrates is 
AMPK, a critical energy “checkpoint”. 
The observation that the lkb1 mutants 
morphologically resembled starving wild-
type animals prompted us to investigate 
whether the lkb1 mutants are experiencing 
prematurely severe energetic stress. We 
first addressed glycogen consumption. 
Zebrafish (like other vertebrates) consume 
glycogen stored in the liver in order 
to generate energy. The zebrafish liver 
contains high amounts of glycogen that is 
gradually used during the first few days of 
development (Pack et al., 1996). Glycogen 

Fig. 3. lkb1 mutants exhibit hallmarks of a starvation 
response and high metabolic rate. (A) Transverse 
vibratome sections of PAS-stained wild-type and 
lkb1 livers at 5 and 7 dpf. The wild-type liver at 7 dpf 
contains still a moderate amount of glycogen whereas 
glycogen is depleted in the lkb1 liver at 7 dpf. (B) 
Transverse vibratome sections of ORO-stained wild-
type and lkb1 livers on indicated days. Note strong lipid 
accumulation in the lkb1 liver at 7 dpf and in starved 
wild-type liver at 11 dpf. (C) lkb1 mutants exhibit high 
metabolic rate. Histograms depict acid production 
rates of wild-type and lkb1 larvae at different days of 
development. The rate of acid production correlates 
with metabolic rate and was calculated as described in 
the SI Materials and Methods.

wt lkb1
6 

dp
f

5 
dp

f
7 

dp
f

A

A

C

B

D

B

D

A
7 

dp
f

C

11
 d

pf

E

B

A

C

0

1

2

3

4

days post fertilization

wt lkb1

Ac
id 

pr
od

uc
tio

n r
ate

 (n
m/

h/e
mb

ryo
) 

p=0.02 p=0.01

5 6 7



Lkb1 is essential for survival under energetic stress in zebrafish

27

     2

phosphorylation triggers a signaling 
cascade to enable an organism to cope 
with limited nutrient supply (Hardie, 
2007). We assessed the levels of AMPK and 
its phosphorylation in wild-type and lkb1 
larvae at 5 and 7 dpf and in starved wild-
type larvae at 11 dpf. As expected, AMPK 
was not phosphorylated in lkb1 larvae at 
any point. AMPK was not phosphorylated 
in 7 dpf wild-type larvae either, indicating 
that at 7 dpf any energetic stress in wild-
type is not sufficient to induce detectable 
phosphorylation of AMPK. Only 
prolonged food deprivation led to high 
levels of AMPK and ACC phosphorylation 
in starved wild-type larvae at 11 dpf (Fig 
4A). 
These data suggest that the observed 
down-regulation of metabolic rate in wild-
type larvae is mediated by additional 
mechanisms and that the inability to 
activate AMPK might not be the primary 
reason for the rapid deterioration of 
lkb1 mutants once the yolk is consumed. 
Interestingly, total levels of AMPK were 
increased in lkb1 larvae at 7 dpf. This 
finding suggested that LKB1 function is 
implicated in the turnover of the AMPK 
pool. 
We next investigated the status of the 
TOR complex 1 (TORC1) pathway in lkb1 
mutants. We evaluated the phosphorylation 
status of ribosomal p70S6 kinase (p70S6K), 
ribosomal S6 protein (RS6) and factor 4E 
binding protein 1 (4EBP1), well-established 
effectors of TORC1 signaling (Inoki et al., 
2002). TORC1 activity exhibited a dynamic 
pattern of regulation during development. 
p70S6K, RS6 and 4EBP1 were highly 
expressed and phosphorylated at 2 dpf in 
both wild-type and lkb1 larvae, concomitant 
with rapid growth and organ expansion 
(Fig. 4B). During the course of subsequent 
development (5 dpf), the activity of the 
TORC1 was down-regulated as judged 
by lower levels of p70S6K, RS6, and, to 
a lesser extent 4EBP1 phosphorylation. 
Presumably, energetic demand following 

content of the liver was assessed by periodic 
acid-Schiff (PAS) staining before and after 
yolk absorption (5 and 7 dpf, respectively). 
At 5 dpf, high amounts of glycogen were 
detected in the liver of wild-type and 
lkb1 larvae (Fig. 3A). In contrast, at 7 dpf, 
the lkb1 livers were already depleted of 
glycogen whereas the wild-type liver still 
contained a moderate amount of glycogen 
(Fig. 3A). These results demonstrated 
premature glycogen depletion from the 
liver of lkb1 larvae. 
Starvation induces accumulation of 
triglycerides and lipids in the liver because 
of transport of free fatty acids from 
peripheral adipose tissue to the liver (Lee 
et al., 2010). These lipids can be visualized 
by staining with the Oil Red O (ORO) dye. 
ORO staining of wild-type and lkb1 larvae 
revealed increased lipid accumulation 
in the liver (hepatic steatosis) of lkb1 
mutants at 7 dpf (Fig. 3B). Starved wild-
type larvae at 11 dpf also showed a high 
degree of hepatic steatosis (Fig. 3B). 
Thus, the lkb1 larvae exhibit a response 
to starvation long before wild-type larvae 
do, suggesting accelerated exhaustion of 
energy reserves. To measure this process, 
we performed a whole-animal colorimetric 
assay measuring metabolic rate in 
zebrafish (Makky et al., 2008). This assay 
is based on the direct correlation of acid 
production with metabolic rate. We found 
that although the lkb1 larvae had a similar 
metabolic rate as wild-type larvae for the 
first 5 days of development, they had an 
increased metabolic rate starting at 6 dpf, 
and at 7 dpf the exacerbation was more 
pronounced (Fig. 3C). We concluded that 
lkb1 mutant zebrafish exhibit accelerated 
morphological and cellular hallmarks of 
starvation. We next examined whether lkb1 
mutants display a response to starvation 
also at the molecular level.

lkb1 mutants display a response to 
starvation at the molecular level
Under energetic stress, AMPK 
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organogenesis is diminished. In 7 dpf 
wild-type larvae, we observed remarkable 
down-regulation of p70S6K and 4EBP1 
total levels. In lkb1 mutants at 7 dpf, we 
observed high expression of p70S6K 

and 4EBP1 accompanied by moderate 
levels of phosphorylation (Fig. 4B). 
Prolonged fasting induced re-expression 
and phosphorylation of p70S6K and 
4EBP1 in 11 dpf wild-type larvae. Thus, 

Fig. 4. Analysis of AMPK and TORC1 signaling. (A) Western-blot analysis with antibodies against phospho-
AMPK, AMPK, phospho-ACC and ACC of total protein lysates from embryos at the indicated days and 
genotypes. AMPK and ACC are not phosphorylated in wild-type or lkb1 larvae at 5 or 7 dpf. Prolonged fasting 
induces phosphorylation of AMPK and ACC in 11 dpf wild-type larvae. Elevated expression of AMPK in 7 dpf 
lkb1 larvae is detected. (B) Western-blot analysis using antibodies against phospho-p70S6K, p70S6K, phospho-
RS6, RS6, phospho-4EBP1 and 4EBP1 antibodies of total protein lysates from embryos at the indicated days and 
genotypes. (C) Sections of livers obtained from wild-type and lkb1 embryos at the indicated days stained with 
anti-phospho-RS6 and anti-phospho-4EBP1.
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the lkb1 mutants displayed an identical 
p70S6K phosphorylation status to that 
in starved wild-type larvae, whereas 
phosphorylation of 4EBP1 was higher in 
starved wild-type larvae. We next sought 
to determine regulation of these markers 
in a time- and organ-specific manner. 
Immunohistochemistry (IHC) on larvae 
with antibodies specific to phospho-
RS6 and phospho-4EBP1 showed that 
expression was strong in the liver (Fig. 
4C) and intestine (Fig. S5) of 5 dpf wild-
type and lkb1 larvae. Expression of these 
markers was weaker in both wild-type 
and lkb1 larvae at 7 dpf. Consistent 
with the Western-blot results, phospho-
4EBP1 expression was increased in the 
liver of starved wild-type animals (Fig. 
4C). We noted that although phospho-
RS6 and phospho-4EBP1 expression 
were regulated over time in the liver and 
intestine, expression of these markers in 
the pancreas remained strong throughout 
development (Fig. S5). Interestingly, we 
observed that TORC1 activity is high 
in starved wild-type animals despite 
significant phosphorylation of AMPK 
at this stage. It is plausible that under 
severe energetic stress other pathways (in 
addition to or independently of AMPK 
signaling) regulate TORC1 activity. These 
results showed that 7 dpf lkb1 mutants 
display a TORC1 status more similar to 
starved wild-type larvae than to age-
matched wild-types. 
It was reported that treatment with 
rapamycin, a specific TOR inhibitor 
(Wullschleger et al., 2006), lowers 
metabolism in fish (Makky et al., 2007). 
To investigate the effects of rapamycin 
treatment in the lkb1 phenotype, we treated 
lkb1 larvae from fertilization onwards. 
Rapamycin treatment initiated at this very 
early stage prolonged survival of lkb1 
mutants. At 7 dpf, treated lkb1 larvae did 
not manifest the lkb1 phenotype (Fig. S6B). 
However, at 10 dpf, the lkb1 larvae exhibited 
a dark liver and flattened intestine (Fig. 

S6C). This showed that pharmacological 
retardation of metabolism leads to 

Fig. 5.  Analysis of the PI3K-AKT signaling pathway. 
(A) Transverse sections of wild-type and lkb1 livers at 
the indicated days of development stained with an 
antibody against phospho-AKT. Strong phospho-
AKT staining is detected in wild-type and lkb1 livers 
at 5 dpf. Wild-type liver is strongly stained at 7 dpf, 
whereas phospho-AKT staining is barely detectable in 
the liver of 7 dpf lkb1 mutants and in starved wild-
type larvae at 11 dpf. (B) Inhibition of PI3K signaling 
leads to a starvation-like phenotype in wild-type 
larvae. Wild-type larvae at 7 dpf treated for 3 days 
with either LY294002 or its inactive analog LY303511. 
LY294002 treatment of wild-type larvae from 4 dpf 
onwards leads to dark liver (arrowheads) and hepatic 
steatosis as revealed by ORO staining. Treatment with 
the inactive analog LY303511 has no effect on the 
morphology of the larvae.
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prolonged survival of the lkb1 mutants, 
but rapamycin treatment is not sufficient 
to rescue the lkb1 phenotype.

Analysis of IGF and PI3K-AKT signaling 
in lkb1 mutants 
It is known that starvation in several 
models leads to reduction of Insulin 
Growth Factor (IGF) and up-regulation of 
the expression of the inhibitory molecule 
IGF-binding protein 1 (IGFBP1) (Lee et al., 
2010; Raffaghello et al., 2008). A reduction 
in growth factor signaling leads to reduced 
PI3K signaling, and, via protein kinase B 
(PKB)/AKT and TSC2, to an inhibition 
of TOR signaling. A feedback loop also 
exists in which phosphorylated p70S6K in 
turn leads to inhibition of PI3K signaling 
(Manning, 2004). 
Given the intimate link between the two 
signaling pathways, we next addressed 
the status of PI3K-AKT signaling in 
lkb1 mutants. First, we studied igfbp1 
expression in lkb1 mutants by in situ 
hybridization. In 7 dpf wild-type embryos, 
igfbp1 is expressed exclusively in the liver. 
In lkb1 mutants, igfbp1 expression was 
high in the liver and was also found in the 
intestine (Fig. S7B), as observed in 11 dpf 
starved wild-type larvae (Fig. S7C). 
We next evaluated the status of 
phosphorylated AKT at different time-
points in wild-type and lkb1 larvae by 
IHC. Strong phospho-AKT expression 
was detected in the liver of wild-type and 
lkb1 larvae at 5 dpf (Fig. 5A). In contrast, 
phospho-AKT was no longer detected in 
the liver of 7 dpf lkb1 larvae, but expression 
persisted in the liver of 7 dpf wild-type 
larvae (Fig. 5A).  Phospho-AKT expression 
was barely detectable in the liver of starved 
wild-type at 11 dpf (Fig. 5A). We obtained 
an identical pattern of phospho-AKT 
regulation in the intestine (Fig. S8). These 
results show that under energetic stress 
the PI3K pathway is switched-off and that 
in lkb1 mutants this happens prematurely. 
We next investigated the effects of PI3K 

inhibition in wild-type larvae. Remarkably, 
we found that treatment of wild-type 
larvae with LY294002, an inhibitor of 
PI3K signaling, phenocopied the lkb1 liver 
phenotype in wild-type larvae. LY294002-
treated wild-type animals exhibited a 
dark liver and abnormal hepatic steatosis 
at 7 dpf (Fig 5B). Treatment with the 
inactive analog LY303511 had no effect 
on the morphology of the larvae (Fig. 5B). 
These results show that PI3K signaling 
is prematurely downregulated in lkb1 
larvae and that inhibition of this pathway, 
even after organogenesis is completed, 
can phenocopy certain aspects of the lkb1 
phenotype.

Genetic interaction between VHL and 
Lkb1
In several settings, lkb1 inactivation 
leads to increased sensitivity to stress 
states including hypoxia; furthermore, 
hypoxia causes attenuation of metabolism. 
Biochemically, hypoxia leads to activation 
of TSC1/2 complex and thus TOR inhibition. 
To determine whether the lkb1 mutants 
are hypoxic, we studied expression of 
hypoxia inducible factor 1 subunit alpha 
(HIF1α) target genes. Expression of HIF1α 
target genes lactate dehydrogenase a (ldha1) 
and NADH dehydrogenase (ubiquinone) 1 
α subcomplex 4 (ndufa4) was not altered 
in 7 dpf lkb1 larvae as compared to wild-
type larvae, indicating that the HIF1α 
transcription program was not activated 
in lkb1 larvae (Fig. S9). These data appear 
somewhat contradictory to recent studies 
reporting that LKB1-deficient polyps in 
mice and human PJS patients manifested 
markedly upregulated activity of HIF1α 
and its downstream transcriptional targets 
(Shackelford et al., 2009). However, in 
that setting, HIF1α is a target of increased 
TORC1 activity, which is not significantly 
up-regulated in lkb1 zebrafish mutants. 
To simulate a situation of constitutive 
hypoxia signaling in the context of 
Lkb1 homozygous loss of function, we 
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crossed the lkb1 mutants with von Hippel-
Lindau (vhl)-mutant zebrafish. The tumor 
suppressor VHL is an E3 ubiquitin ligase 
that triggers degradation of HIF1α in the 
presence of oxygen. Zebrafish vhl mutants 
exhibit a systemic hypoxia response, 
including up-regulation of hypoxia-
induced genes (van Rooijen et al., 2009). 
Remarkably, we found that the lkb1/
vhl double mutants morphologically 
resembled the vhl mutant alone; no 
characteristics of the lkb1 phenotype such 
as the flattened intestine and the dark 

liver were evident (Fig. 6A). Thus, loss of 
vhl suppressed manifestation of the lkb1 
phenotype. The lkb1/vhl larvae still died at 
8 dpf (as do the vhl mutants). The observed 
suppression of the lkb1 phenotype in the 
lkb1/vhl mutants made us wonder whether 
metabolic changes induced by VHL loss-
of-function could account for this effect. To 
address this possibility, we first measured 
cellular ATP levels of 7 dpf larvae. We 
found that 7 dpf lkb1 larvae exhibit, as 
expected, profoundly decreased ATP levels 
(Fig. 6B). Interestingly, 7dpf vhl and lkb1/
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Fig. 6.  Loss of vhl suppresses manifestation of the lkb1 phenotype. (A) High power images depicting the liver 
and intestine of live larvae of the indicated genotypes at 7 dpf; anterior is to the left. Note that some yolk is still 
present. The intestine is folded and the liver is clear in the lkb1/vhl larvae. L: liver; Y: yolk. (B) Graph showing 
ATP levels as measured in relative light units (RLU). The lkb1 embryos have very low ATP levels; ATP levels are 
also decreased in vhl and lkb1/vhl larvae. (C) Graph representing the metabolic rate of larvae of the indicated 
genotypes at 3 dpf. The lkb1 larvae have a normal metabolic rate as compared to wild-type larvae at 3 dpf. The 
vhl and lkb1/vhl larvae display a dramatically low metabolic rate.
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vhl mutants also displayed reduced ATP 
levels as compared to wild-type larvae.
We noted that some 7 dpf vhl and vhl/lkb1 
mutants had retained some yolk at this late 
stage. This suggested that the vhl mutants 
have a slower metabolic rate. Indeed, we 
observed that at 3 dpf, the vhl mutants 
displayed a dramatically decreased 
metabolic rate compared to wild-type 
larvae (Fig. 6C). We propose that the 
rewired overall slow metabolism caused 
by VHL loss-of-function is sufficient to 
suppress the lkb1 ”starvation” phenotype. 

Discussion

We describe here the role of Lkb1 during 
vertebrate development and physiology. 
We uncovered that Lkb1 deficiency in 
zebrafish leads to a broad inability to 
maintain energy homeostasis at the 
whole-organism level and that Lkb1 is 
critically required for the adaptation of 
energy metabolism in anticipation of 
scarce nutrient conditions. lkb1 mutants 
fail to down-regulate their metabolism at 
the transition between endonutrition and 
ectonutrition states; thus, Lkb1 function 
becomes critically essential once the 
yolk is consumed. lkb1 mutants exhibit 
hallmarks of a starvation response at the 
cellular and biochemical level, display 
profoundly decreased ATP levels and 
become energy depleted much sooner 
than food-deprived wild-type animals. 
We do not observe an overt upregulation 
of TORC1 activity in the lkb1 mutants, and 
although rapamycin treatment prolongs 
survival, it fails to rescue the mutant 
phenotype. LKB1 activates several AMPK-
related kinases, some of which are also 
involved in energy-metabolism control, 
and AMPK regulates cell metabolism 
through multiple pathways in addition 
to TORC1. We propose that the AMPK-
TORC1 axis may not be the only or critical 
effector of Lkb1-mediated maintenance 
of whole-organism energy homeostasis 

in this setting. Indeed, very recently the 
effects of Lkb1 inactivation in mouse 
hematopoietic stem cells were reported 
(Gan et al., 2010; Gurumurthy et al., 2010; 
Nakada et al., 20101). Although LKB1 
is critically required to regulate energy 
metabolism in mouse hematopoietic stem 
cells and to maintain their survival, the 
effects were largely independent of LKB1-
mediated regulation of AMPK and TORC1 
signaling in this setting (Gan et al., 2010; 
Gurumurthy et al., 2010; Nakada et al., 
2010).
We demonstrate that the intestinal 
epithelial cells in lkb1 zebrafish mutants 
were properly polarized. Despite 
flattening of the intestinal epithelium in 
7 dpf lkb1 mutants, polarity markers are 
localized properly and are expressed at 
levels comparable to those in wild-type 
larvae. The lkb1 intestinal epithelial cells 
show a normal microvilli network and 
normal distribution of tight junctions. No 
malformations in other polarized organs, 
such as the eye, were observed either. The 
Drosophila lkb1 mutant exhibits polarity 
defects (Martin and St Johnston, 2003; 
Mirouse et al., 2007), but Lkb1 deficiency 
in mice does not lead to polarity defects 
with the exception of the pancreas (Granot 
et al., 2009; Hezel et al., 2008). Our data 
and those of others (Shackelford and 
Shaw, 2009) suggest that in vertebrates the 
function of LKB1 in epithelial polarity may 
be compensated by other pathways. 
lkb1 in zebrafish is a larval-lethal mutation, 
and homozygous mutant embryos do not 
display gross morphological abnormalities 
during early embryonic development. It is 
plausible that Lkb1 protein is maternally 
provided in zebrafish and is sufficient 
to enable the embryos to complete 
gastrulation. This is in alignment with a 
recent study reporting the effects of Lkb1 
knockdown by morpholinos in zebrafish 
(Marshall et al., 2010). In this study, no 
gastrulation defects were observed, and 
the analysis focused on the role of Lkb1 
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in intestinal differentiation. Our analysis 
focuses on later larval stages and indicates 
that the essential function of Lkb1 in 
zebrafish is to regulate energy metabolism. 
We found that Lkb1 has a critical role in 
the ability to maintain energy homeostasis 
in response to changing conditions in 
the environment in zebrafish. The lkb1 
mutant larvae will serve as valuable tools 
in chemical genetic screens aimed at 
identifying compounds that can suppress 
their high metabolic rate.
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SI Materials and Methods

Zebrafish strains and screening methods
Zebrafish were maintained as previously 
described (Westerfield, 2000). An N-ethyl-
N-nitrosourea (ENU) mutation library was 
used to screen for mutations in zebrafish 
lkb1. Sequence analysis identified two 
mutant alleles in exon 7; lkb1Y245X and lkb1 
Y260X. F1 founder fish were out-crossed to 
AB and TL genetic backgrounds. In all 
experiments, lkb1Y245X/Y245X, lkb1Y260X/Y260X, 
and lkb1Y245X/Y260X were used with identical 
results. Genotype analysis for lkb1Y245X and 
lkb1Y260X was performed by PCR using primer 
set: lkb1_F: GATGCGATTTATCTTTGCAC, 
lkb1_R: GGAAGAGCAGAAAGGCTATG, 
followed by sequence analysis for allele 
lkb1Y245X. Digestion of the PCR product 
with restriction enzyme XbaI identified 
allele lkb1Y260X.

Histology, immunohistochemistry and 
immunofluorescence
Larvae were fixed in 40% ethanol, 5% 
acetic acid, 10% formalin (EAF) for 2 h at 
room temperature, followed by 3 washes 
in PBS with Triton-X (PBT) before being 
embedded in 1.5% low melting agarose. 
Agarose pellets were dehydrated in 
ethanol, cleared in xylene and processed 
into paraffin. Four-micrometer sections 
were stained with H&E.
For Immunohistochemical stainings, 
sections were deparaffinized and 
hydrated, followed by 15 min microwave 
antigen retrieval in 10 mM Tris, 1 mM 
EDTA, pH 9.0. Endogenous peroxidase 
activity was blocked in 3% H2O2 for 10 
min. Sections were blocked in 5% goat 
serum (DakoCytomation) for 30 minutes 
at room temperature and incubated 
overnight at 4 °C in rabbit anti-phospho-
AKT (Ser473) (1:50; Cell Signaling #4060), 
rabbit anti-phospho-4EBP1 (Thr 37/46) 
(1:50 Cell Signaling #2855), and rabbit anti-

phospho-S6 ribosomal protein (Ser240/244) 
(1:50 Cell signaling #2215). Secondary 
antibody was biotinylated goat anti-rabbit 
IgG (1:800; DakoCytomation). Sections 
were incubated with StreptABComplex/
HRP (DakoCytomation) for 30 
min followed by detection with 
3,3’-diaminobenzidine (DAB) substrate-
chromagen (DakoCytomation) and 
counterstaining with hematoxylin.
For Immunofluorescence analysis, sections 
were deparaffinized and hydrated, 
followed by microwave antigen retrieval 
for 15 min in pre-heated 1.9 mM citric acid, 
8.2 mM sodium citrate, pH 6.0, or in pre-
heated 10 mM Tris, 1 mM EDTA, pH 9.0. 
Sections were blocked in PBS containing 
5% normal goat serum for 30 min at room 
temperature and incubated in primary 
antibody overnight at 4 °C. Primary 
antibodies used were: rabbit anti-PKC ζ 
(1:200; Santa Cruz), mouse anti β-catenin 
(1:100; BD Biosciences), mouse anti-E-
cadherin (1:100; BD, Biosciences), rabbit 
anti-ZO-1 (1:200; Zymed laboratories) 
and rabbit NA+/K+-ATPase (1:100; 
Developmental Studies Hybridoma Bank). 
Secondary antibodies were: anti-rabbit 
Alexa 568 and anti-mouse Alexa 568 (1:200, 
Molecular probes).  Nuclei were stained 
with DAPI.

Antibodies used for Western Blot 
Analyses
Primary antibodies used were: rabbit 
anti-Acetyl-CoA Carboxylase (1:500; Cell 
Signaling #3662), rabbit anti-phospho-
Acetyl-CoA Carboxylase (Ser79) (1:500; 
Cell Signaling #3661), rabbit anti-AMPK 
(1:500; Cell Signaling #2532), rabbit anti-
phospho-AMPKα (Thr 172) (1:500; Cell 
Signaling #2531), rabbit anti-p70 S6 Kinase 
(1:500; Cell Signaling #9202), mouse 
anti-phospho-p70 S6 Kinase (Thr389) 
(1:500; Cell Signaling #9206), mouse anti-
ribosomal S6 protein (1:500 Cell signaling 
#2317), rabbit anti-phospho-S6 ribosomal 
protein (Ser240/244) (1:50 Cell signaling 



36

         2

Book I: Functional characterization of Lkb1 in zebrafish

#2215), rabbit anti-4EBP1 (1:500 Cell 
Signaling #9644), rabbit anti-phospho-S6 
ribosomal protein (Ser240/244) (1:500 
Cell signaling #2215), mouse anti-β-actin 
(1:5000 Abcam #ab6276), mouse anti-
tubulin (1:5000; Sigma Aldrich #T9026). 
Secondary antibodies used were goat anti-
mouse IgG (1:10.000; Zymed), goat anti-
rabbit IgG (1:10.000; Bioscource). Proteins 
were detected using ECL (Amersham) 
followed by exposure to high performance 
autoradiography films (Amersham).

Oil red O staining
Larvae were fixed in 4% paraformaldehyde 
(PFA) overnight at 4 °C. After three 
washings in PBS, larvae were infiltrated 
with a graded series of propylene glycol. 
Staining with freshly filtered 0.5% Oil 
Red O in 100% propylene glycol was 
performed overnight at room temperature 
on an orbital shaker (GFL-3016). Stained 
larvae were embedded in 4% low melting 
agarose and 50-µm sections were obtained 
by vibratome sectioning (Microm HM 650 
V).

Periodic Acid-Schiff staining
Larvae were fixed in 4% PFA overnight at 
4 °C. After three washings in PBT, larvae 
were permeabilized in 40 µg/ml proteinase 
K for 30 minutes at room temperature. 
Specimens were washed three times in 
PBT, rinsed in mili-Q (MQ) water, and 
oxidized in periodic acid for 30 min at room 
temperature.  After three 20-min washings, 
larvae were stained with Schiff reagent for 
30 s followed by immediate rinsing in tap 
water. Stained larvae were sectioned by 
vibratome as described above.

Whole-mount in situ hybridization
Whole-mount in situ hybridizations 
were carried out as described previously 
(Westerfield, 2000) with the following 
modifications: larvae were permeabilized 
with 10 µg/ml proteinase K for 90 minutes 
at room temperature. Riboprobes for lkb1 

(MDR1734-97029820; Open Biosystems), 
insulin-like growth factor (IGF)-binding 
protein 1 (igfbp1) (amplified from genomic 
DNA; forward: cggaattcctgggtggcagcattcag 
reverse: gctctagactgtctcgctttggctgtg), 
lactate dehydrogenase a (ldha1) (van Rooijen 
et al., 2009), and NADH dehydrogenase 
(ubiquinone) 1 α subcomplex 4  (ndufa4) (van 
Rooijen et al., 2009) were synthesized by 
in vitro transcription. Hybridization was 
performed overnight at 68-70 °C with 500 
ng anti-sense RNA probe per 500 µl. Larvae 
were developed in nitro blue tetrazolium/ 
5-bromo-4-chloro-3-indolyl phosphate 
(NBT/BCIP) (Roche) by incubation at room 
temperature for a few hours or overnight 
incubation at 4 °C. 

Metabolic rate assay
The metabolic rate assay was performed 
essentially as described in Makky et al., 
2008, with the following modifications: 
larvae were raised in assay medium that 
consisted of reverse osmosis-purified 
water with added mineral salts (Sera 
mineral salts) to obtain a conductivity of 
350 µS/cm. Larvae were rinsed 3 times 
with pH 8.5-adjusted assay medium to 
which 0.01% wt/vol phenol red was added. 
Larvae then were transferred manually 
into wells of a 96-well flat-bottomed plate 
(Fluka) in 50 µl assay medium. Wells were 
covered with 100 µl mineral oil to limit gas 
exchange, and absorbance of phenol red 
at 570 nm was measured on a microplate 
reader (Tecan Infinite M200) after 1 h 
incubation. A modified Henderson-
Hasselbach equation: A570 = [K*(A570(max))/
(H++K)]+A570(min) was used to convert 
absorbance to moles of acid. A570(min) and 
A570(max) were determined using an empiric 
titration curve. A570(min)=0.05; A570(max)=0.90. 
Calculated parameter K= 1.20.10-08.

ATP measurements
Total ATP was measured with the 
ENLITEN luciferase ATP assay kit 
(Promega) following manufacturer’s 
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instructions. Individual embryos (eight 
per genotype) were homogenized in 1% 
tricholoroacetic acid (TCA), the lysate 
was diluted 200 times in acetate buffer pH 
7.75 and luminescence was measured in a 
Berthold luminometer. The amount of light 
produced is proportional to the amount 
of ATP in the sample. Measurements are 
given in Relative Light Units (RLU).
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SI Figures

Fig. S1. Identification of zebrafish lkb1 alleles. 
(A) Schematic representation of the zebrafish Lkb1 
protein depicting the location of the two recovered 
lkb1 mutations. (B) Sequence peaks at the sites of the 
lkb1 mutations. In the Y245 allele, a C-to-A substitution 
leads to a premature stop codon (TAA). In the Y260 
allele, a T-to-G substitution leads to a premature stop 
codon (TAG).

A

N-term kinase domain                      C-term

Y245
STOP

Y260
STOP

N-term                kinase domain                      C-term

30848

 c  a c  a g  A T A C A A C A T C
Y          N          I

 c  a c  a g  A T  A  A  A A C A T C
X          N          I

wt Y245

 A A C  A T C      T A T   A A G      C T A
 N           I                 Y          K             L

 A A C  A T C      T A G      A A G      C T A
 N           I                 X          K             L

wt Y260

B

Fig. S2. No polarity defects in the intestine of lkb1 
larvae. Immunofluorescent analysis of transverse 
sections of intestinal bulb in wild-type larvae 
(A,C,E,G,I) and lkb1 larvae (B,D,F,H,J) at 7 dpf. 
Apical localization and levels of F-actin (A,B) and 
atypical protein kinase C (aPKC) (C,D)  are normal 
in lkb1 larvae. Basolateral localization of β-catenin 
(E, F), E-cadherin (G, H) and Na/K ATPase (I, J) is not 
affected in lkb1 larvae.
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Fig. S3. Intact apical brush border and tight junctions in lkb1-mutant intestines. Transmission Electron 
Microscope micrographs of wild-type and lkb1 intestinal cells at 7 dpf. The microvilli constituting the apical 
brush border are depicted in the intestinal cells. lkb1 intestinal cell also have microvilli and an apical brush 
border in their apical surface. Magnifications show hemidesmosomes (black arrows) and tight junctions (red 
arrows) in wild-type and lkb1 intestinal cells. 

wt 7 dpf lkb1 7 dpf

A BA

Fig. S4. Intestinal lipid processing is intact in lkb1 larvae. Fluorescent live image of wild-type larvae (A,C) and 
lkb1 larvae (B,D) incubated with 0.3 mg/l N-{[6-(2,4-dinitrophenyl)amino]hexanoyl}-1-palmitoyl-2-BODIPY-FL-
pentanoyl-sn-glycero-3-phosphoethanolamine (PED6) for two h. Lateral views, anterior to the right. Cleavage 
of PED6 by PLA2 relieves intramolar quenching and results in increased fluorescence. Gall bladder fluorescence 
(arrow in all panels) is observed because of rapid transport through the intestine and hepatobillary systems. In 
lkb1 larvae, fluorescence in both intestinal lumen and gall bladder was detected at levels equivalent to those in 
wild-type larvae.
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Fig. S5. Analysis of intestinal TORC1 signaling. Transverse sections of wild-type and lkb1 intestines at indicated 
days of development were stained with an antibody against phospho-RS6 (Ser240/244) (A-E) and phospho-
4EBP1 (Thr 37/46) (F-J). Strong phospho-RS6 staining is detected in wild-type and lkb1 intestines at 5 dpf. (A,B). 
Food-deprived wild-type larvae show moderate staining at 7 and 11 dpf (C,E). Staining in lkb1 mutants (B,D) 
is not overtly different in age-matched wild-type larvae (A,C). Moderate phospho-4EBP1 stating is detected in 
wild-type and lkb1 intestines at 5 dpf. (F,G). Food-deprived wild-type larvae show decreased staining at 7 and 11 
dpf (H,J). Staining in lkb1 mutants (G,I) is similar to in age-matched wild-type larvae (F,H). Red arrows indicate 
expression in the pancreas.
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Fig. S6.  Rapamycin treatment prolongs survival but is not sufficient to rescue the lkb1 phenotype. Untreated 
lkb1 larva at 7 dpf (A). Note the black liver (L) and flat intestine (arrow). Rapamycin-treated lkb1 larva at 7 dpf 
shows a clear liver and some folding of the intestine (B). Rapamycin-treated  lkb1 larva at 10 dpf (C). Note the 
dark liver (L) and flat intestine (arrow).
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Fig. S7.  Starvation induces intestinal igfbp1 expression. Whole-mount RNA in situ hybridization with a probe 
against igfbp1. Lateral views, anterior to the left. igfbp1 is expressed in the liver of 7 dpf wild-type larvae (A). In 7 
dpf lkb1 larvae, igfbp1 is expressed in the liver and intestine (arrow) (B). Starved wild-type larvae at 11 dpf show 
a staining pattern similar to that in 7 dpf lkb1 larvae (C).
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Fig. S9. lkb1 larvae are not hypoxic. Whole-mount in situ hybridization for expression of the HIF1α target genes 
ldha1 and ndufa4 in wild-type (A, D), lkb1 (B,E) and vhl embryos (C,F). Lateral views, anterior to the left. Wild-
type embryo at 7 dpf stained for ldha1; expression is detected in the brain (A). The same pattern is observed in 
lkb1 embryos at 7 dpf (B), whereas vhl embryos that exhibit constitutive activation of the hypoxia program show 
up-regulation of ldha1 expression throughout the embryo (C). Wild-type embryo at 7 dpf showing expression 
of ndufa4 in the brain (D). The same pattern is observed in lkb1 embryos at day 7 (E), whereas vhl embryos show 
widespread up-regulation of ndufa4 expression (F).

Fig. S8. Analysis of intestinal AKT signaling. Transverse sections of wild-type and lkb1 intestines at indicated 
days of development were stained with an antibody against phosphorylated AKT. Strong phospho-AKT staining 
is detected in wild-type and lkb1 intestines at 5 dpf (A,B). Wild-type intestine at 7 dpf is strongly stained (C), 
whereas in lkb1 intestine at 7 dpf phospho-AKT staining is barely detectable (D). Starved wild-type larvae at 11 
dpf also show very little phospho-AKT staining in the intestine (E). 
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         3 essential for early embryonic development 
in lower organisms. For example, in 
Caenorhabditis elegans, maternal deletion 
of the Lkb1 homolog PARtitioning of 
cytoplasm family member 4 (par-4) causes 
cell polarity and cell division defects, 
resulting in an amorphous early embryo 
without distinct morphology (Kemphues 
et al., 1988; Morton et al., 1992). Cell 
polarity defects are also observed upon 
maternal deletion of Lkb1 in the Drosophila 
oocyte (Martin and St Johnston, 2003). 
Although knockdown of maternally 
provided lkb1 mRNA does not seem to 
cause an overt early embryonic phenotype 
in zebrafish (our preliminary results and 
Marshall et al., 2010), maternally provided 
Lkb1 protein might be sufficient to mask 
developmental defects, which should be 
taken in account in the analysis of Lkb1 
function at early embryogenesis.
Zygotic LKB1 is essential for normal 
embryonic development in higher 
vertebrates. For instance, Lkb1 deficiency 
in mice causes a developmental arrest at 
mid-gestation. Homozygous Lkb1 mice 
display severe developmental defects, 
including defects in neural tube closure, 
abnormal development of the aorta and 
abnormal vasculature (Jishage et al., 2002; 
Miyoshi et al., 2002; Ylikorkala et al., 

The function of Lkb1 in development
To study how Lkb1 function relates to 
energy metabolism and polarity control 
at the whole-organism level, we generated 
lkb1-mutant zebrafish. Homozygous 
deletion of genes that are essential for 
embryonic development in mice often do 
not cause such an early developmental 
arrest in zebrafish, thus allowing the study 
of such proteins at later embryonic stages. 
Although the underlying mechanisms 
are not fully understood, it is generally 
appreciated that maternal mRNA and/or 
protein deposition in the oocyte together 
with the rapid development of the zebrafish 
embryo often enables completion of the 
first developmental stages and delays the 
developmental arrest. We indeed observed 
that lkb1 mutants normally completed 
early embryonic development. In Chapter 
two, we therefore stated that “Lkb1 is 
dispensable for embryonic survival”. 
However, a more correct statement would 
be that zygotic Lkb1 is dispensable for 
embryonic survival, as lkb1 mRNA is 
maternally provided. In addition, because 
phosphorylation of AMPK can be induced 
by KCN treatment in unfertilized eggs 
(Mendelsohn et al., 2008), it is also likely 
that Lkb1 protein is maternally provided. 
Maternal Lkb1 has indeed been shown to be 

General discussion Lkb1
Germline mutations in LKB1 result in Peutz-Jeghers syndrome (PJS), an autosomal 
dominant disorder that is characterized by intestinal hamartomatous polyps, 
abnormal pigmentation of mucous membranes and an increased predisposition to 
several sporadic tumors. LKB1 encodes a serine/threonine kinase and functions as 
the long-sought upstream kinase of AMP-activated protein kinase, in addition to 12 
AMPK-related kinases. LKB1 has emerged as a master upstream kinase that controls 
and connects energy metabolism to growth and cell polarity. LKB1 function has 
also been implicated in DNA-damage control, proliferation, apoptosis, embryonic 
development, longevity and sporadic cancers.
In Chapter two, we focused on the identification of defects that arise upon Lkb1 
deficiency in zebrafish. We observed that loss of Lkb1 did not result in an overt 
embryonic phenotype. However, upon yolk absorption, lkb1 mutants do not adapt 
their metabolism accordingly. This causes premature starvation and death of the lkb1 
larvae only two days later.
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epithelium.

Intestinal polarity 
It was already shown in 2004 that forced 
expression of LKB1 and its binding partner 
STRADα in the goblet cell-like colorectal 
cancer LS174T cell line induced complete 
polarization, including the formation of 
an apical brush border and sorting of 
basolateral proteins (Baas et al., 2004). 
Later, it was proposed that LKB1-induced 
formation of brush borders, but not other 
aspects of epithelial polarity, depended 
upon binding of the kinase MST4 to 
MO25, another binding partner of LKB1 
in LS174T cells (ten Klooster et al., 2009). 
This caused subsequent translocation of 
MST4 to the subapical domain, which 
led to the phosphorylation and activation 
of the cytoskeletal linker protein Ezrin. 
Lee and colleagues showed that energy 
deprivation-induced activation of AMPK 
was sufficient to promote polarization 
in LS174T cells, implicating that LKB1 
orchestrates cellular polarity in this cell 
line at least through two mechanisms (Lee 
et al., 2007). Furthermore, knockdown of 
LKB1 in Caco2 enterocyte-like cell line 
has been shown to inhibit spontaneous 
polarization (Baas et al., 2004), whereas 
another study showed that LKB1-depleted 
Caco2 cells were largely unaffected, even 
though E-cadherin and villin staining 
appeared somewhat irregular (Sebbagh et 
al., 2009). 
Although LKB1 regulates epithelial 
polarity in cell culture systems, it seems 
that LKB1 does not function as critical 
regulator of vertebrate intestinal polarity 
in vivo, since our and other studies indicate 
that Lkb1 deficiency does not cause overt 
intestinal polarity defects. The Alan Clarke 
lab showed that conditional deletion of 
Lkb1 in the mouse intestine did not cause 
epithelial polarity defects (Shorning et 
al., 2009). We demonstrated that Lkb1 
deficiency in zebrafish did not lead to gross 
polarity defects in enterocytes neither, since 

2001). In addition, conditional deletion 
of Lkb1 in mice results in differentiation 
defects of several tissues, including the 
intestine, pancreas, adipose tissue, muscle, 
neurons, lymphocytes and germ cells 
(Udd and Makela, 2011). It was therefore 
surprising that lkb1 zebrafish mutants were 
phenotypically indistinguishable from 
wild-type siblings, even up to day five 
post fertilization. This suggests that loss 
of Lkb1 function does not grossly disrupt 
organogenesis, or, since we did not study 
every organ in detail, that the defects are 
relatively mild (as will be discussed for the 
intestine later on). 
In addition to the differentiation defects 
that arise upon LKB1 deficiency, it is also 
well established that LKB1 has a critical 
role in vertebrate neuronal polarization. 
Lkb1 deletion from the developing cortex 
impairs axon specification due to the 
inability to activate the AMPK-related 
kinases BRSK1 and BRSK2, whereas 
overexpression of Lkb1 promotes the 
formation of multiple axons (Barnes et al., 
2007). However, a general role for LKB1 in 
non-neuronal cellular polarization is less 
clear than would be expected from the 
studies in lower organisms. Although Lkb1 
does control the polarity of pancreatic beta 
cells and perhaps of hepatic bile ducts, 
it has not unambiguously been shown 
that LKB1 controls vertebrate epithelial 
polarity in vivo (Granot et al., 2009; Woods 
et al., 2011). It was therefore of interest to 
address whether Lkb1 has a critical role in 
cellular polarization in the zebrafish. Our 
study was focused on addressing a possible 
role of Lkb1 in the regulation of intestinal 
polarity, but did not extend to other tissues. 
Our interest in the role of Lkb1 in zebrafish 
intestinal development was two-fold. First, 
the abrupt loss of intestinal folding at 7 dpf 
represented one of the most severe lkb1 
phenotypes and second, because of the 
hamartomatous polyps in PJS patients, it 
is of general interest to get a better insight 
into how Lkb1 functions in the intestinal 
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developed parallel mechanisms in order to 
ensure the robustness of the polarization 
system.

Intestinal differentiation
Preliminary experiments indicated that 
intestinal differentiation might be affected 
in lkb1 mutants. Alcian blue stainings, 
which reveal acid mucins, showed that 
goblet cells were increased in number and/
or in size in 5 and 7 dpf lkb1 mutants (data 
not shown). Although we did not quantify 
these findings, similar results have been 
reported. For example, knockdown of Lkb1 
in zebrafish led to a transient increase in 
goblet cell-specific Rhodamine-conjugated 
wheat germ agglutinin staining intensity 
in lkb1 morphants (Marshall et al., 2010). 
The defect in goblet cell differentiation was 
studied in more detail in mice (Shorning 
et al., 2009). Here, it was shown that in 
mice in which Lkb1 was conditionally 
deleted in the intestinal epithelium, the 
average surface of goblet cells in crypts 
and villi was increased at least three 
times compared to controls. Moreover, 
terminal differentiation of goblet cells was 
also impaired as so-called “intermediate 
cells”, which bear features of both goblet 
and Paneth cells, were more frequently 
observed. The authors showed that delta 
1 ligand was downregulated upon Lkb1 
deletion and they speculated that impaired 
Microtubule affinity-regulating kinase 1 
(MARK1)-dependent localization of delta 
1 ligand would provide a mechanistical 
explanation. Delta-Notch signaling directs 
differentiation towards a secretory cell 
type and loss of deltaD was shown to 
cause increased intestinal secretory cell 
numbers in zebrafish (Crosnier et al., 
2005). Moreover, given the results from 
the LS174T cell line, which is a goblet cell-
like cell line, it is interesting to speculate 
that perhaps a defect in goblet cell polarity 
may underlie the defect in goblet cell 
differentiation. 

several polarity markers were correctly 
localized and normal apical brush borders, 
tight junctions and hemidesmosomes 
were formed. One note of caution is here 
in place; intestinal polarization in the 
zebrafish commences at around 2 days post 
fertilization with the formation of a lumen. 
Intestinal cells change their morphology 
at this developmental stage, from cuboid 
to columnar, nuclei relocate to the basal 
side of the cell and adherens junctions are 
formed (Ng et al., 2005). We determined 
that Lkb1 function is lost in 72 hpf lkb1 
mutants, but did not extent our analysis 
to earlier developmental time points, due 
to time limitations. Therefore, we cannot 
formally state that Lkb1 is dispensable for 
the initiation of intestinal polarization in 
zebrafish development. 
It has recently been suggested that 
LKB1 may regulate intestinal polarity 
in mammals in the context of energetic 
stress (Sebbagh et al., 2011). In Drosophila, 
loss of Lkb1 indeed disrupts epithelial 
polarity in follicle cells, only upon 
energetic stress (Mirouse et al., 2007) and 
a similar mechanism can be envisaged 
in the vertebrate intestine. Our study, 
however, clearly showed that 7 dpf lkb1 
mutants are under severe energetic stress, 
while retaining intestinal polarity, which 
shows that Lkb1 function in zebrafish is 
not required for maintenance of intestinal 
polarity under energetic stress. 
The absence of an overt polarity defect 
upon Lkb1 loss in zebrafish suggests 
that Lkb1 is not, or perhaps only to a 
limited extent, involved in the vertebrate 
intestinal polarization process. On 
the other hand, Lkb1 may orchestrate 
intestinal polarization in a redundant 
fashion. Acquisition and maintenance 
of cell polarity is critical for normal 
epithelial physiology and homeostasis 
and even exerts a tumor suppressive 
function through prevention of epithelial 
to mesenchymal transition. It is therefore 
expected that evolutionary mechanisms 
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esophagus that would prohibit feeding. 
Because we also showed that lkb1 mutants 
can absorb and process lipids normally, 
a normal swim bladder might alleviate 
the absence of feeding behavior in lkb1 
mutants. 

Appetite control and food intake
The lack of feeding behavior and food 
intake may prove to be a mere secondary 
defect due to defective swim bladder 
development. However, Lkb1 deficiency 
might also be more directly involved in 
this process.
In vertebrates, it is well established that 
the hypothalamus is the primary centre 
for appetite control through integration 
of signals that are derived from the 
gastrointestinal tract (e.g. the orexigenic 
peptide hormone ghrelin) and adipose 
tissue (e.g. the anorexigenic peptide 
hormone leptin) (Schwartz et al., 2000). 
In a simplified view, feeding behavior 
is primarily controlled by two distinct 
sets of neurons in the hypothalamus: 
neuropeptide Y / agouti-related protein-
expressing neurons (NPY/AgRP neurons) 
and pro-opiomelanocortin neurons 
(POMC neurons). Feeding is induced by 
increased activity of NPY/AgRP neurons, 
whereas feeding is inhibited by increased 
activity of POMC neurons. 
Both LKB1 and AMPK have been 
implicated in the hypothalamic modulation 
of appetite control. Several studies show 
that AMPK acts as an important player in 
this process. In agreement with its function 
as cellular energy sensor, hypothalamic 
AMPK activity is increased upon fasting 
and decreased after refeeding (Minokoshi 
et al., 2004). Moreover, pharmacological 
activation of hypothalamic AMPK 
increases food intake, whereas deletion of 
the AMPKα2 subunit in POMC neurons 
impairs the ability to sense a reduction in 
extracellular glucose levels (Andersson et 
al., 2004; Claret et al., 2007; Claret et al., 
2011). One molecular mechanism by which 

The Lkb1 “starvation” phenotype
In Chapter two, we showed that lkb1 
mutants display a premature starvation 
phenotype that is manifested after the 
embryos have completed yolk absorption 
and become dependent upon external 
energy sources. We showed that lkb1 
mutants do not feed, rapidly deplete their 
energy resources and fail to adjust their 
metabolic rate in response to changes in 
nutrition status. However, the precise 
mechanism of how Lkb1 deficiency 
causes these phenotypes remains elusive. 
Hereafter, we will discuss possible 
mechanisms and thoughts relating to the 
observation that lkb1 mutants do not display 
feeding behavior and, subsequently, the 
defects in energy metabolism control that 
arise upon energetic stress.

The swim bladder
A thought that comes to mind is how the 
absence of feeding behavior relates to the 
lkb1 starvation phenotype. If lkb1 mutants 
would eat, or if it was possible to force-
feed the mutants, would there still be a 
phenotype? Or is Lkb1 dispensable for 
larval development under such conditions 
of non-energetic stress? 
One mechanism by which feeding behavior 
and food intake could be impaired in lkb1 
mutants is their defect in swim bladder 
development. The majority of lkb1 mutants 
do not inflate their swim bladder, whereas 
in some mutants the swim bladder is 
hyperinflated, which leads to the larvae 
floating at the surface. Of note, defective 
swim bladder development is in fact the 
first phenotypical difference between 
wild-types and lkb1 mutants. 
Defective swim bladder development is a 
very common defect in zebrafish mutants 
that interferes with food intake and 
correlates with larval lethality (Driever 
et al., 1996; Kim et al., 2011; McCune 
and Carlson, 2004). In Chapter two, we 
showed that lkb1 mutants do not display 
any structural abnormalities in the jaw or 
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and obtain more insight into the possible 
hypothalamic functions of Lkb1. 

What is the underlying mechanism of 
premature starvation in lkb1 mutants?
Regardless of the molecular mechanism 
that underlies the lack of feeding behavior 
and food intake, our study demonstrated 
that lkb1 mutants exhibit prematurely 
hallmarks of starvation, at the organismal, 
organ, as well as at the cellular and 
molecular level.  However, the outstanding 
question of which Lkb1 substrates are 
critically involved in this premature 
starvation phenotype remains unresolved. 

The role of AMPK in the lkb1 “starvation” 
phenotype
Because of its function as cellular energy 
sensor, we considered impaired AMPK 
activation as the prime mechanism by 
which loss of Lkb1 could result in defective 
energy metabolism control. AMPK was 
indeed, as expected, not phosphorylated 
at detectable levels in lkb1 mutants at 7 
dpf, but neither in food-deprived wild-
type larvae at this developmental stage. 
This latter result was unexpected and begs 
the question whether the loss of AMPK 
is causally involved in the perturbed 
metabolism control under energy-limiting 
conditions in lkb1 mutants. 
Because AMPK is such a central player 
in the sensing of energetic stress, it was 
to be expected that two days of food 
deprivation, which did result in decreased 
hepatic glycogen and low level steatosis 
in 7 dpf food-deprived wild-type larvae, 
would promote AMPK phosphorylation. 
It is plausible that AMPK phosphorylation 
is only moderately increased in wild-
type larvae in response to two days of 
food deprivation and that, because of 
technical limitations, low levels of AMPK 
phosphorylation were not detected. It is 
also possible that AMPK is only robustly 
phosphorylated in a subset of tissues and 
since we used whole embryos as input 

hypothalamic AMPK activation stimulates 
food intake has recently been reported 
(Yang et al., 2011). The authors proposed 
that binding of ghrelin to its receptor 
causes an increase in intracellular Calcium 
concentration in presynaptic neurons 
that act upstream of NPY/AgRP neurons. 
In response to the increased calcium 
concentration, AMPK is phosphorylated 
in a CaMKKβ-dependent manner, 
which ultimately results in a release 
of neurotransmitters onto NPY/AgRP 
neurons, thereby triggering an increase in 
promoting appetite. 
The role of LKB1 in the modulation 
of appetite control is less studied. 
Nevertheless, it has been shown that Lkb1 
deletion both in pancreatic beta-cells and 
in a diverse set of hypothalamic neurons, 
caused diminished food intake and a 
reduced body weight under fed conditions 
(Sun et al., 2011). The authors argued that 
this phenotype was caused by disruption 
of the Lkb1 function in the hypothalamus, 
because mice in which Lkb1 was 
specifically deleted from the pancreas 
did not show a change in body weight. 
Another recent study demonstrated that 
specific deletion of Lkb1 in POMC neurons 
did not affect POMC neuron glucose 
sensing, food intake or body weight, but 
did alter peripheral glucose homeostasis 
(Claret et al., 2011). Together, these studies 
imply that although both LKB1 and AMPK 
function in the hypothalamus to control 
aspects of appetite control, their functions 
are, at least partially, distinct.
The genetic framework in lkb1 zebrafish 
mutants is clearly different from the mouse 
models described above, since lkb1 is 
deleted in the whole organism. Therefore, 
it can be envisaged that hypothalamic 
modulation of food intake and appetite 
control is deregulated to a greater extent 
in Lkb1-deficient zebrafish larvae than 
in mice in which Lkb1 is deleted in only 
a subset of hypothalamic neurons. It 
would be of interest to address this point 
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a critical splicing site. Thus, generation 
and analysis of prkaa1/prkaa2 double 
mutants would reveal whether or to which 
extent loss of AMPK phosphorylation is 
implicated in the lkb1 phenotype. 

TORC1 signaling in zebrafish
It is well established that LKB1, via AMPK, 
can inhibit TOR Complex 1 (TORC1)  
signaling in order to ensure a general 
downregulation of anabolic processes and 
upregulation of catabolic processes upon 
energetic stress (Gwinn et al., 2008; Inoki et 
al., 2003; Shaw et al., 2004a). Loss of Lkb1 
has indeed been associated with increased 
activation of TORC1 signaling (Corradetti 
et al., 2004; Shackelford et al., 2009; Shaw et 
al., 2004a). Moreover, inhibition of TORC1 
signaling by rapamycin reduces polyp 
burden and polyp size in Lkb1+/- mice, 
which demonstrates the physiological 
relevance of the LKB1-AMPK-TORC1 axis 
(Robinson et al., 2009; Wei et al., 2009). 
Our study did not reveal a similar function 
for Lkb1 in the regulation of TORC1 
signaling in zebrafish. Lkb1 deficiency does 
not promote increased TORC1 signaling 
during embryogenesis and the defect in 
energy metabolism control upon energetic 
stress may be largely TORC1 independent. 
Although somewhat surprising, it is not 
without precedent. LKB1 deficiency in the 
hematopoietic system has also been shown 
to perturb energy metabolism control in 
a largely mTORC1 independent fashion 
(Gan et al., 2010; Gurumurthy et al., 2010; 
Nakada et al., 2010).
The lack of increased TORC1 signaling in 
lkb1 mutants before the onset of energetic 
stress indicates that loss of LKB1 does not 
intrinsically promote increased TORC1 
signaling in zebrafish. The situation in 7 
dpf lkb1 mutants is however more complex. 
TORC1 signaling in 7 dpf lkb1 mutants 
is clearly increased compared to food-
deprived age-matched siblings, but very 
similar to larvae at 5 dpf as well as to 11 
dpf starved wild-types. This could indicate 

material, AMPK phosphorylation may 
be masked. Together, we do not exclude 
that impaired AMPK phosphorylation 
contributes to the premature starvation 
phenotype in lkb1 mutants. 
It remains therefore of interest to address 
whether impaired AMPK phosphorylation 
is causing the premature starvation 
phenotype. In the course of experiments, 
we tried to activate AMPK through 
pharmacological means, including 
incubation of larvae in AICAR, metformin, 
phenphormin, berberine, H2O2 and 
osmotic stress. Although these compounds 
have been shown to require LKB1 for 
AMPK phosphorylation in certain cell 
types (Sakamoto et al., 2005; Shaw et al., 
2004b; Xie et al., 2008), several other reports 
have shown that these pharmacological 
compounds and treatments can result in 
AMPK phosphorylation also in an LKB1-
independent manner (Emerling et al., 2009; 
Imai et al., 2006; Sun et al., 2007; Turner et 
al., 2008; Xie et al., 2006). However, because 
these treatments did not cause AMPK 
phosphorylation in 7 dpf wild-type larvae 
and did not rescue the lkb1 phenotype, we 
were unable to address whether impaired 
AMPK phosphorylation causes premature 
starvation. 
To address directly the role of AMPK in the 
starvation response in a genetic manner, 
zebrafish carrying mutations in the 
catalytic subunits of AMPK would be an 
excellent genetic tool. Interestingly, such 
mutants may become available within 2012 
through the Zebrafish Mutation Project, 
which aims to create a knockout allele in 
every protein coding gene in the zebrafish 
genome (http://www.sanger.ac.uk/
Projects/D_rerio/zmp/). Mutant alleles 
in prkaa1 and prkaa2, the genes encoding 
AMPKα1 and AMPKα2, respectively, 
have been identified. Both mutations are 
expected to disrupt the function of the 
respective AMPK protein. The mutation in 
prkaa1 results in a premature stop codon, 
whereas the mutation in prkaa2 affects 
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A possible role of AMPK-related kinases 
in the premature starvation phenotype
Our study focused on a possible role for 
AMPK and TORC1 signaling in causing 
the premature starvation phenotype 
because of their well established function 
in the regulation of energy metabolism. 
Nevertheless, this does not necessarily 
mean that AMPK is the sole physiologically 
relevant substrate that exerts the effects of 
LKB1 function on metabolism, since LKB1 
also phosphorylates 12 AMPK-related 
kinases (Lizcano et al., 2004). Of particular 
interest are NUAK2 and SIK2, because both 
have been reported to be activated upon 
energetic stress (Du et al., 2008; Lefebvre 
and Rosen, 2005). A detailed  disquisition  
goes beyond the scope of this discussion, 
but the few studies that addressed NUAK2 
and SIK2 function indeed showed a role 
for these proteins in energy metabolism 
control (Du et al., 2008; Ichinoseki-Sekine 
et al., 2009; Tsuchihara et al., 2008).  
Finally, LKB1 has also been shown to 
interact with a number of other proteins, 
including LKB1 interacting protein 1 
(LIP1), brahma-related gene 1 (BRG1), 
Phosphatase and tensin homolog (PTEN) 
as well as transcription factors (Marignani 
et al., 2001; Mehenni et al., 2005; Setogawa 
et al., 2006; Smith et al., 2001; Upadhyay 
et al., 2006). Although this further 
highlights the multifunctional role of 
LKB1, it is currently unclear whether these 
interactions are of physiological relevance 
under energetic stress.

Concluding remarks
In this part of the thesis, we revealed 
that Lkb1 functions as critical regulator 
of metabolism control upon energy 
limiting conditions at the organismal 
level in vertebrates. Although our study 
confirms and highlights the conserved 
role of Lkb1 in metabolism control, 
further studies are required to identify 
the critical Lkb1 substrates and precise 
molecular mechanisms underlying the lkb1 

that lkb1 mutants fail to downregulate 
TORC1 signaling in response to energetic 
stress. Another possibility is that TORC1 
signaling remains active due to the 
extreme energetic stress that lkb1 mutants 
experience. It seems counterintuitive that 
severe energetic stress promotes TORC1 
signaling, but it is, in fact, a described 
phenomenon (Anand and Gruppuso, 2005; 
Yu et al., 2010). A mechanism by which 
prolonged energetic stress promotes 
increased TORC1 signaling has been 
proposed a few years ago (Anand and 
Gruppuso, 2005). In this study, the authors 
suggested that the observed increase 
in TORC1 signaling upon prolonged 
starvation might be caused by an increase 
in circulating branched amino acids. It is 
known that circulating branched amino 
acid concentrations increase upon fasting 
due to skeletal muscle catabolism (Adibi, 
1976; Hutson and Harper, 1981) and that 
branched amino acids, including leucine, 
potently induce TORC1 signaling (Kim and 
Guan, 2011). Although correlation does not 
always mean causation, this view has been 
supported by a more recent publication. 
In this study, the authors showed that 
autophagy, a conserved catabolic process 
critical for survival upon energetic stress, 
is essential for reactivation of TORC1 
signaling upon prolonged starvation (Yu et 
al., 2010). During autophagy, a membrane 
is formed around a specific targeted 
region of the cytoplasm, generating an 
autophagosome. Fusion with a lysosome, 
forming an autolysosome, then promotes 
lysosomal degradation of cytoplasmic 
components in order to reuse and replenish 
nutrients. This renewed availability of 
nutrients then supposedly triggers the 
reactivation of TORC1 signaling. In light of 
these findings, we favor the view that the 
TORC1 status in 7 dpf lkb1 mutants reflects 
a response to starvation, as seen in 11 dpf 
starved wild types, but that this happens 
prematurely.
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phenotype. 
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balance, ATP is converted to adenosine 
monophosphate in order to free the energy 
locked in the energy-rich phosphate bond. 
As consequence, AMP can now bind to 
AMPK because of the increase in AMP:ATP 
ratio. For complete activation, AMPK 
must also be phosphorylated. Although 
several kinases can phosphorylate AMPK, 
LKB1 is by far the most physiologically 
relevant kinase during energetic stress. 
Activation of AMPK then ensures that 
energy-consuming anabolic processes 
are inhibited and energy-generating 
catabolic processes become activated, 
to further restore the energy balance. 
To gain more insight into how LKB1 
regulates energy metabolism and cell 
polarity in vertebrates, we examined the 
role of Lkb1 in zebrafish. We were able to 
investigate the consequence of loss of Lkb1 
function in the zebrafish as mutations in 
zebrafish lkb1 were identified previously. 
We showed that Lkb1 deficiency does not 
cause visible morphological defects during 
embryonic development in the zebrafish. 
In more detail, we examined whether Lkb1 
deficiency results in polarization defects 
of the intestinal epithelium. Our research 
indicated that this was not the case.
However, we did reveal a metabolic 
defect caused by loss of Lkb1. At day 5 
post fertilization, the yolk is absorbed and 
zebrafish larvae become dependent on 
external energy sources. We observed that 
lkb1 mutants did not eat and died within 
3 days, at day 7 or 8 post fertilization. We 
showed lkb1 mutants rapidly exhausted 
their energy resources and failed to down-
regulate their metabolic rate. 7 dpf lkb1 
mutants looked phenotypically similar 
to 11 days old wild-type larvae that were 
food-deprived for 6 days: the larvae were 
emaciated, obtained a “dark” liver as 
well as a flattened epithelium without 
visible villi. This “starvation” phenotype 
of lkb1 mutants could be suppressed 

Germline mutations in the serine-
threonine kinase LKB1 cause Peutz-Jeghers 
syndrome (PJS). PJS is a dominantly 
inherited disorder that causes polyps in 
the gastrointestinal tract, pigmentation 
of mucous membranes and an increased 
risk for sporadic cancers. At the molecular 
level, LKB1 functions as kinase, a protein 
that regulates the function of other proteins 
by the addition of a phosphate group 
(phosphorylation). LKB1 is the kinase for 
AMP-activated protein kinase (AMPK) as 
well as 12 AMPK-related kinases. LKB1 is, 
through phosphorylation of these proteins, 
involved in a variety of cellular processes, 
including metabolism and cell polarity. 
Cell polarity is a term used to describe 
the spatial differences of a cell in form, 
structure and function. The role of LKB1 
in regulating cell polarity is complex and 
depending on the organ, organism and 
even energetic state of the cell. However, 
LKB1 function is in general often required 
for the induction and/or maintenance 
of cell polarity. More is known about 
the defects in cell polarity due to loss of 
LKB1 function in lower organisms, such 
as the roundworm Caenorhabditis elegans 
and the fruit fly (Drosophila melanogaster), 
than in vertebrates. Although it is clear 
that LKB1 regulates polarity of neuronal 
cells in vertebrates, it remains to be 
determined whether LKB1 is generally 
involved in the regulation of cell 
polarity of non-neural tissues in vivo. 
It is therefore also not clear whether a 
defect in cell polarity is directly causing 
the formation of polyps in PJS patients. 
The other well-established function 
of LKB1 is the regulation of energy 
homeostasis via activation of AMPK, a 
protein which is considered as the “energy 
sensor” of the cell. Energy deprivation 
causes a reduction of adenosine 
triphosphate (ATP), the universal energy 
carrier of cells. To restore the energy 
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by attenuation of metabolism through 
both genetic and pharmacological ways, 
suggesting that severe energetic stress is 
causing the lkb1 “starvation” phenotype.
In summary, our research has shown that 
loss of Lkb1 function in zebrafish does not 
lead to polarity defects in the intestinal 
epithelium, but that Lkb1 function is 
essential for energy metabolism control 
during energetic stress in vivo.
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eiwit wat wordt gezien als de “energie 
sensor” van de cel. Energie tekort leidt 
tot een afname van adenosine trifosfaat 
(ATP), de universele energiedrager 
van cellen. ATP wordt omgezet naar 
adenosine monofosfaat om de energie 
die is vastgelegd in ATP vrij te maken en 
daarmee de energie balans te herstellen. 
Een gevolg van deze reactie is dat AMP nu 
kan binden aan AMPK door de stijging in 
AMP:ATP verhouding. Voor activatie moet 
AMPK echter ook worden gefosforyleerd. 
Ofschoon verschillende kinasen AMPK 
kunnen fosforyleren, is LKB1 veruit 
de belangrijkste bij energetische stress. 
Activatie van AMPK zorgt er vervolgens 
voor dat energie verbruikende anabole 
processen worden geremd en dat energie 
genererende katabole processen worden 
geactiveerd om de energiebalans verder te 
herstellen. 
Om meer inzicht te krijgen in hoe LKB1 
energie metabolisme en cel polariteit 
reguleert in gewervelde dieren hebben 
we gekeken naar de rol van Lkb1 in 
zebravissen. Een gebruikelijke methode 
om meer over de functie van een eiwit te 
weten te komen is om het DNA wat codeert 
voor het desbetreffende eiwit zodanig te 
muteren dat er geen functioneel eiwit meer 
wordt gevormd. Doordat in een eerder 
stadium van het onderzoek zebravissen 
met mutaties in lkb1 waren geïdentificeerd, 
konden wij bestuderen wat het gevolg is 
van verlies van Lkb1 functie in dit model 
organisme. We observeerden dat verlies 
van LKB1 functie niet leidt tot zichtbare 
morfologische defecten tijdens de 
embryonale ontwikkeling in de zebravis. 
In meer detail hebben we bekeken of 
verlies van Lkb1 functie resulteert in cel 
polarisatie defecten van het darmepitheel. 
Dit bleek niet het geval te zijn. 
Echter, nadat de dooier is geabsorbeerd 
(op dag 5 na bevruchting) en de zebravis 
larven afhankelijk worden van externe 

Kiembaan mutaties in de serine-threonine 
kinase LKB1 veroorzaken Peutz-Jeghers 
Syndroom (PJS). PJS is een dominant 
overervende aandoening die poliepen in 
het maag-darm stelsel, pigmentvlekken 
op de lippen en een verhoogde kans op 
sporadische kankers veroorzaakt. Op 
moleculair niveau functioneert LKB1 
als kinase, een eiwit dat de functie van 
andere eiwitten reguleert door middel 
van het aanbrengen van een fosfaatgroep 
(fosforylering). LKB1 is de kinase voor 
AMP geactiveerd proteïne kinase (AMPK) 
alsmede 12 AMPK gerelateerde kinasen. 
Door de fosforylatie van deze eiwitten is 
LKB1 betrokken bij een verscheidenheid 
aan cellulaire processen, waarvan cel 
metabolisme en cel polariteit wellicht de 
belangrijkste zijn.
Cel polariteit is een term die wordt 
gebruikt om de ruimtelijke verschillen 
van een cel in vorm, structuur en functie 
aan te duiden. De rol van LKB1 in de 
regulering van cel polariteit is complex 
en afhankelijk van het orgaan, organisme 
en zelfs energetische toestand van de cel. 
Over het algemeen kan worden gesteld 
dat LKB1 vaak nodig is om cel polariteit 
te induceren en/of te handhaven. Er is 
meer bekend over de defecten in cel 
polariteit die optreden door verlies van 
LKB1 functie in lagere organismen, zoals 
de rondworm Caenorhabditis elegans en de 
fruitvlieg (Drosophila melanogaster), dan in 
gewervelde dieren. Ofschoon het duidelijk 
is dat LKB1 polariteit van neuronale cellen 
in gewervelde dieren reguleert, moet nog 
worden vastgesteld of LKB1 algemeen 
betrokken bij de regulatie van cel polariteit 
van niet-neurale weefsels in vivo. Het is 
dus ook niet duidelijk of een defect in cel 
polariteit direct ten grondslag ligt aan de 
darmpoliepen in PJS patiënten.
De andere veel onderzochte functie 
van LKB1 is de regulering van energie 
homeostase via activatie van AMPK, een 
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energielbronnen, zagen we dat lkb1 
mutanten niet aten en vervolgens binnen 3 
dagen, op dag 7 of 8 na bevruchting, dood 
gingen. Ons onderzoek heeft aangetoond 
dat de energievoorraad van lkb1 mutanten 
in slechts twee dagen raakt uitgeput en dat 
lkb1 mutanten hun stofwisseling niet goed 
kunnen aanpassen aan de energetische 
stress die ontstaat vanaf het moment dat de 
dooierzak is geabsorbeerd. lkb1 mutanten 
zien er fenotypisch dan ook hetzelfde uit 
als 11 dagen oude wild-type larven die 6 
dagen geen voedsel hebben gekregen: de 
larvaen zijn dun en hebben een “donkere” 
lever en afgevlakt darmepitheel zonder 
zichtbare darmvlokken. Dit fenotype 
kon worden onderdrukt door attenuatie 
van het energie metabolisme op zowel 
pharmacologische als genetische wijze, 
wat suggereert dat energetische stress het 
lkb1 fenotype veroorzaakt.
Samenvattend heeft ons onderzoek 
aangetoond dat verlies van Lkb1 functie in 
zebravissen niet leidt tot polariteit defecten 
in het darm epitheel, maar dat Lkb1 functie 
wel essentieel is voor het aanpassen van de 
stofwisseling bij energetische stress. 
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terms epigenetics (epigenesis + genetics) 
is considered to have been introduced 
at around 1947 by Conrad Waddington 
(1905-1975) as a concept to explain how a 
fertilized egg can form the various organs 
and cell types in embryonic development.  
Waddington defined epigenetics as: “the 
branch of biology which studies the causal 
interactions between genes and their 
products which bring the phenotype into 
being” (Waddington, 1968). Nowadays, 
epigenetics is most commonly defined as: 
“heritable changes in gene expression or 
cellular phenotype caused by mechanisms 
other than changes in the underlying DNA 
sequence” (Wu and Morris, 2001). Well-
studied epigenetic modifications include 
DNA methylation, histone modification, 
histone exchange and nucleosome 
positioning.

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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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van der Stoop et al., 2008). Furthermore, 
PRC1 ablation lowers the threshold for 
cellular response to hormones during 
mammary development (Pietersen et al., 
2008), highlighting the role of non-cell 
autonomous effects in determining the 
Polycomb phenotype. 
In line with this complex scenario of 
Ring1b function, we found that fin-specific 
expression of hoxa9b, hoxc8a and hoxd9a, 
reported direct targets of PcG/Ring1b-
mediated repression, was impaired 
in ring1b mutants, whereas their axial 
expression domains were expanded. This 
illustrates that Ring1b loss can lead to 
distinct aberrations in gene expression, in a 
context-dependent fashion, and highlights 
the importance of PcG proteins in the 
coordinated control of gene expression 
during development. Future work will 
aim at elucidating the exact mechanisms 
of the role of PcG protein epigenetic gene 
regulation on the limb developmental 
program.
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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).
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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 
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phm: posterior hypaxial muscle; pfm: pectoral fin muscle; sh: sternohyoideus. 



124

Book II: Functional characterization of Ring1b in zebrafish

         3 the separation process appeared slightly 
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 
the presumptive location of the trabeculae cranii in ring1b mutants (B,B’,D,D’,F,F’). col2a1 is expressed in the 
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 
mutants at 32 hpf (I,J), but remains detectable in the hindbrain region of ring1b mutants at 56 hpf (L). Lateral 
view of 32 hpf embryos shows normal distribution of melanocytes in ring1b mutants at 32 hpf (M,N). At 60 
hpf, ring1b melanophores remain more stellate than wild-type melanophores, which have started to round 
up (S,T). Iridophores are present in near normal numbers in ring1b mutants at 60 hpf (O,P), whereas ring1b 
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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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Figure 6. Loss of endochondral and dermal ossification in ring1b mutants.
Ventral (A-D), dorsal (E,F) and lateral (A’-F’) views of whole-mount in situ hybridizations with riboprobes 
against the indicated genes in wild-type and ring1b mutants. In wild-type embryos, runx2a and runx2b are 
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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 

Boyer, L. A., Plath, K., Zeitlinger, J., Brambrink, 
T., Medeiros, L. A., Lee, T. I., Levine, S. S., Wernig, 
M., Tajonar, A., Ray, M. K., et al. (2006). Polycomb 
complexes repress developmental regulators in 
murine embryonic stem cells. Nature 441, 349-353.
Bracken, A. P., Dietrich, N., Pasini, D., Hansen, K. 
H., and Helin, K. (2006). Genome-wide mapping of 
Polycomb target genes unravels their roles in cell 
fate transitions. Genes Dev 20, 1123-1136.
Bracken, A. P., and Helin, K. (2009). Polycomb 
group proteins: navigators of lineage pathways led 
astray in cancer. Nat Rev Cancer 9, 773-784.
Bracken, A. P., Kleine-Kohlbrecher, D., Dietrich, N., 
Pasini, D., Gargiulo, G., Beekman, C., Theilgaard-
Monch, K., Minucci, S., Porse, B. T., Marine, J. 
C., et al. (2007). The Polycomb group proteins 
bind throughout the INK4A-ARF locus and are 
disassociated in senescent cells. Genes Dev 21, 525-
530.
Breen, T. R., and Duncan, I. M. (1986). Maternal 
expression of genes that regulate the bithorax 
complex of Drosophila melanogaster. Dev Biol 118, 
442-456.
Burkhart, D. L., and Sage, J. (2008). Cellular 
mechanisms of tumour suppression by the 
retinoblastoma gene. Nat Rev Cancer 8, 671-682.
Cales, C., Roman-Trufero, M., Pavon, L., Serrano, 
I., Melgar, T., Endoh, M., Perez, C., Koseki, H., 
and Vidal, M. (2008). Inactivation of the polycomb 
group protein Ring1B unveils an antiproliferative 
role in hematopoietic cell expansion and 
cooperation with tumorigenesis associated with 
Ink4a deletion. Mol Cell Biol 28, 1018-1028.
Chapouton, P., Skupien, P., Hesl, B., Coolen, M., 
Moore, J. C., Madelaine, R., Kremmer, E., Faus-
Kessler, T., Blader, P., Lawson, N. D., and Bally-
Cuif, L. (2010). Notch activity levels control the 
balance between quiescence and recruitment of 
adult neural stem cells. J Neurosci 30, 7961-7974.
Ciruna, B., Weidinger, G., Knaut, H., Thisse, 
B., Thisse, C., Raz, E., and Schier, A. F. (2002). 
Production of maternal-zygotic mutant zebrafish 
by germ-line replacement. Proc Natl Acad Sci U S 
A 99, 14919-14924.
Clark, K. J., Voytas, D. F., and Ekker, S. C. (2011). 
A TALE of two nucleases: gene targeting for the 
masses? Zebrafish 8, 147-149.
Doyon, Y., McCammon, J. M., Miller, J. C., Faraji, 
F., Ngo, C., Katibah, G. E., Amora, R., Hocking, T. 
D., Zhang, L., Rebar, E. J., et al. (2008). Heritable 

how Ring1b regulates the various 
developmental programs at the chromatin 
level.

References



147

     4

General discussion  Ring1b

targeted gene disruption in zebrafish using 
designed zinc-finger nucleases. Nat Biotechnol 26, 
702-708.
Eisen, J. S., and Smith, J. C. (2008). Controlling 
morpholino experiments: don’t stop making 
antisense. Development 135, 1735-1743.
Gil, J., and Peters, G. (2006). Regulation of the 
INK4b-ARF-INK4a tumour suppressor locus: all 
for one or one for all. Nat Rev Mol Cell Biol 7, 667-
677.
Gilley, J., and Fried, M. (2001). One INK4 gene 
and no ARF at the Fugu equivalent of the human 
INK4A/ARF/INK4B tumour suppressor locus. 
Oncogene 20, 7447-7452.
Giraldez, A. J., Cinalli, R. M., Glasner, M. E., 
Enright, A. J., Thomson, J. M., Baskerville, S., 
Hammond, S. M., Bartel, D. P., and Schier, A. F. 
(2005). MicroRNAs regulate brain morphogenesis 
in zebrafish. Science 308, 833-838.
Gorfinkiel, N., Fanti, L., Melgar, T., Garcia, E., 
Pimpinelli, S., Guerrero, I., and Vidal, M. (2004). 
The Drosophila Polycomb group gene Sex combs 
extra encodes the ortholog of mammalian Ring1 
proteins. Mech Dev 121, 449-462.
Gritsman, K., Zhang, J., Cheng, S., Heckscher, E., 
Talbot, W. S., and Schier, A. F. (1999). The EGF-CFC 
protein one-eyed pinhead is essential for nodal 
signaling. Cell 97, 121-132.
Hockemeyer, D., Wang, H., Kiani, S., Lai, C. S., Gao, 
Q., Cassady, J. P., Cost, G. J., Zhang, L., Santiago, 
Y., Miller, J. C., et al. (2011). Genetic engineering 
of human pluripotent cells using TALE nucleases. 
Nat Biotechnol 29, 731-734.
Huang, P., Xiao, A., Zhou, M., Zhu, Z., Lin, S., 
and Zhang, B. (2011). Heritable gene targeting 
in zebrafish using customized TALENs. Nat 
Biotechnol 29, 699-700.
Jacobs, J. J., Kieboom, K., Marino, S., DePinho, R. 
A., and van Lohuizen, M. (1999). The oncogene 
and Polycomb-group gene bmi-1 regulates cell 
proliferation and senescence through the ink4a 
locus. Nature 397, 164-168.
Kane, D. A., Hammerschmidt, M., Mullins, M. 
C., Maischein, H. M., Brand, M., van Eeden, F. 
J., Furutani-Seiki, M., Granato, M., Haffter, P., 
Heisenberg, C. P., et al. (1996). The zebrafish 
epiboly mutants. Development 123, 47-55.
Kim, C. H., Oda, T., Itoh, M., Jiang, D., Artinger, 
K. B., Chandrasekharappa, S. C., Driever, W., 
and Chitnis, A. B. (2000). Repressor activity of 
Headless/Tcf3 is essential for vertebrate head 
formation. Nature 407, 913-916.
Kim, Y. G., Cha, J., and Chandrasegaran, S. (1996). 
Hybrid restriction enzymes: zinc finger fusions to 
Fok I cleavage domain. Proc Natl Acad Sci U S A 
93, 1156-1160.
Kim, Y. G., Shi, Y., Berg, J. M., and Chandrasegaran, 

S. (1997). Site-specific cleavage of DNA-RNA 
hybrids by zinc finger/FokI cleavage domain 
fusions. Gene 203, 43-49.
Ku, M., Koche, R. P., Rheinbay, E., Mendenhall, 
E. M., Endoh, M., Mikkelsen, T. S., Presser, A., 
Nusbaum, C., Xie, X., Chi, A. S., et al. (2008). 
Genomewide analysis of PRC1 and PRC2 
occupancy identifies two classes of bivalent 
domains. PLoS Genet 4, e1000242.
Lee, T. I., Jenner, R. G., Boyer, L. A., Guenther, 
M. G., Levine, S. S., Kumar, R. M., Chevalier, B., 
Johnstone, S. E., Cole, M. F., Isono, K., et al. (2006). 
Control of developmental regulators by Polycomb 
in human embryonic stem cells. Cell 125, 301-313.
Leeb, M., and Wutz, A. (2007). Ring1B is crucial for 
the regulation of developmental control genes and 
PRC1 proteins but not X inactivation in embryonic 
cells. J Cell Biol 178, 219-229.
Leshchiner, I., Alexa, K., Kelsey, P., Adzhubei, I., 
Austin, C., Cooney, J., Anderson, H., King, M., 
Stottman, R., Ha, S., et al. (2012). Mutation mapping 
and identification by whole genome sequencing. 
Genome Res.
Lowe, S. W., and Sherr, C. J. (2003). Tumor 
suppression by Ink4a-Arf: progress and puzzles. 
Curr Opin Genet Dev 13, 77-83.
Maeder, M. L., Thibodeau-Beganny, S., Osiak, 
A., Wright, D. A., Anthony, R. M., Eichtinger, M., 
Jiang, T., Foley, J. E., Winfrey, R. J., Townsend, J. 
A., et al. (2008). Rapid “open-source” engineering 
of customized zinc-finger nucleases for highly 
efficient gene modification. Mol Cell 31, 294-301.
Meng, X., Noyes, M. B., Zhu, L. J., Lawson, N. D., 
and Wolfe, S. A. (2008). Targeted gene inactivation 
in zebrafish using engineered zinc-finger nucleases. 
Nat Biotechnol 26, 695-701.
Mullins, M. C., Hammerschmidt, M., Kane, D. A., 
Odenthal, J., Brand, M., van Eeden, F. J., Furutani-
Seiki, M., Granato, M., Haffter, P., Heisenberg, C. 
P., et al. (1996). Genes establishing dorsoventral 
pattern formation in the zebrafish embryo: the 
ventral specifying genes. Development 123, 81-93.
Posfai, E., Kunzmann, R., Brochard, V., Salvaing, 
J., Cabuy, E., Roloff, T. C., Liu, Z., Tardat, M., van 
Lohuizen, M., Vidal, M., et al. (2012). Polycomb 
function during oogenesis is required for mouse 
embryonic development. Genes Dev.
Quelle, D. E., Zindy, F., Ashmun, R. A., and 
Sherr, C. J. (1995). Alternative reading frames of 
the INK4a tumor suppressor gene encode two 
unrelated proteins capable of inducing cell cycle 
arrest. Cell 83, 993-1000.
Robu, M. E., Larson, J. D., Nasevicius, A., Beiraghi, 
S., Brenner, C., Farber, S. A., and Ekker, S. C. (2007). 
p53 activation by knockdown technologies. PLoS 
Genet 3, e78.
Sander, J. D., Cade, L., Khayter, C., Reyon, D., 



148

Book II: Functional characterization of Ring1b in zebrafish

         4

Peterson, R. T., Joung, J. K., and Yeh, J. R. (2011). 
Targeted gene disruption in somatic zebrafish cells 
using engineered TALENs. Nat Biotechnol 29, 697-
698.
Schwartz, Y. B., Kahn, T. G., Nix, D. A., Li, X. Y., 
Bourgon, R., Biggin, M., and Pirrotta, V. (2006). 
Genome-wide analysis of Polycomb targets in 
Drosophila melanogaster. Nat Genet 38, 700-705.
Sharpless, N. E. (2005). INK4a/ARF: a 
multifunctional tumor suppressor locus. Mutat 
Res 576, 22-38.
Sharpless, N. E., and DePinho, R. A. (1999). The 
INK4A/ARF locus and its two gene products. Curr 
Opin Genet Dev 9, 22-30.
Tolhuis, B., de Wit, E., Muijrers, I., Teunissen, H., 
Talhout, W., van Steensel, B., and van Lohuizen, 
M. (2006). Genome-wide profiling of PRC1 and 
PRC2 Polycomb chromatin binding in Drosophila 
melanogaster. Nat Genet 38, 694-699.
van der Stoop, P., Boutsma, E. A., Hulsman, D., 
Noback, S., Heimerikx, M., Kerkhoven, R. M., 
Voncken, J. W., Wessels, L. F., and van Lohuizen, 
M. (2008). Ubiquitin E3 ligase Ring1b/Rnf2 of 
polycomb repressive complex 1 contributes to 
stable maintenance of mouse embryonic stem cells. 
PLoS One 3, e2235.
Vidal, M. (2009). Role of polycomb proteins 
Ring1A and Ring1B in the epigenetic regulation of 
gene expression. Int J Dev Biol 53, 355-370.
Voncken, J. W., Roelen, B. A., Roefs, M., de Vries, 
S., Verhoeven, E., Marino, S., Deschamps, J., and 
van Lohuizen, M. (2003). Rnf2 (Ring1b) deficiency 
causes gastrulation arrest and cell cycle inhibition. 
Proc Natl Acad Sci U S A 100, 2468-2473.
Waskiewicz, A. J., Rikhof, H. A., and Moens, C. B. 
(2002). Eliminating zebrafish pbx proteins reveals a 
hindbrain ground state. Dev Cell 3, 723-733.
Wienholds, E., Koudijs, M. J., van Eeden, F. 
J., Cuppen, E., and Plasterk, R. H. (2003). The 
microRNA-producing enzyme Dicer1 is essential 
for zebrafish development. Nat Genet 35, 217-218.



149

     4

General discussion  Ring1b





Apendices

English summary

Nederlandse samenvatting

List of publications

Curriculum Vitae

Dankwoord



152

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 



156

List of publications

van der Velden Y.U., Wang L, van Lohuizen M, Haramis AP. The Polycomb group protein 
Ring1b is essential for pectoral fin development. Development. 2012 Jun;139(12):2210-20

van der Velden Y.U., Haramis AP. Insights from model organisms on the functions 
of the tumor suppressor protein LKB1: zebrafish chips in. Aging (Albany NY). 2011 
Apr;3(4):363-7. 

van der Velden Y.U., Wang L, Zevenhoven J, van Rooijen E, van Lohuizen M, Giles RH, 
Clevers H, Haramis AP. The serine-threonine kinase LKB1 is essential for survival under 
energetic stress in zebrafish. Proc Natl Acad Sci U S A. 2011 Mar 15;108(11):4358-63.

Haramis AP, Hurlstone A, van der Velden Y.U., Begthel H, van den Born M, Offerhaus 
GJ, Clevers HC. Adenomatous polyposis coli-deficient zebrafish are susceptible to 
digestive tract neoplasia. EMBO Rep. 2006 Apr;7(4):444-9.

List of publications



157

Curriculum Vitae

Yme U. van der Velden was born on the 15th of June 1982, in Amsterdam. He received his 
Gymnasium diploma from the Keizer Karel College, Amstelveen, in 2000. The same year, 
Yme started his studies in Biomedical Sciences at the University of Amsterdam. His first 
internship was performed in the laboratory of prof. dr. John Haanen, under supervision of 
dr. Willem W. Overwijk, at the division of Immunology, The Netherlands Cancer Institute 
in Amsterdam. Here, he worked on the cytokine interleukin 23 as novel cancer adjuvant 
in a murine melanoma model. Yme performed his second internship in the laboratory 
of prof. dr. Roel van Driel at the Nuclear Organization Group, Swammerdam Institute 
for Life Sciences (SILS), University of Amsterdam. Under supervision of dr. Pernette J. 
Verschure and drs. Maartje C. Brink, Yme worked on the role of heterochromatin protein 
1 in chromatin compaction. In 2006, he received his Master’s degree Biomedical Sciences. 
Directly after his graduation, Yme started as OIO (onderzoeker in opleiding) in the 
laboratory of prof. dr. Maarten M.S. van Lohuizen, under supervision of dr. Anna-Pavlina 
G. Haramis, at the division of Molecular Genetics, The Netherlands Cancer Institute in 
Amsterdam. Here, he studied the role of Lkb1 and Ring1b in zebrafish. The results of this 
work are presemted in this thesis.

Curriculum Vitae



158

vissenwetenschap, leerde mij veel 
technieken en stond erop dat ik gelijk 
naar de internationale zebravis meeting in 
Madison, USA, ging. Super! Ook de vele 
discussies, die soms wel eens hoog opliepen 
(“read the f*cking manual”), waren altijd 
uitdagend en je gedachtes en ideeën 
hebben enorm bijgedragen aan de vorming 
van mijn wetenschappelijk denken. 
Thanks! Nu, in deze laatste fase van mijn 
PhD, zien we elkaar helaas wat minder. Jij 
zit nu in Leiden, terwijl ik dit proefschrift 
voornamelijk thuis heb geschreven. Anna: 
ik hoop dat je een geweldige tijd in Leiden 
tegemoet gaat! Dank je wel voor alles!!!! 
(Een van de voordelen van je nieuwe baan 
in Leiden is wel dat je nu (eindelijk!) lessen 
in de Nederlandse taal volgt. Daarom ook 
dit stukje in het Nederlands!)

Bruce (aka “the Leaking One”), without 
you, this thesis wouldn’t exist. From 
taking care of the fish and the fish 
facility, performing literally thousands of 
genotypings and in situ hybridizations 
to the generation of endless amounts of 
probes and the actual injection of the 
ZFN for the generation of the ring1b 
mutants, you did it all! As innocent young 
technician you joined our lab, and thus 
also the Dirty Triangle. It must have been 
a weird experience… However, you told 
me a couple of times that you missed that 
time. Who would have thought! 
It was sad to see you leave our small group, 
but wonderful to know that you received 
your Master’s degree and are now starting 
a PhD yourself. By now, you are prepared 
to endure all the involved suffering (oh no, 
not again, it hurts!). The first grey hears are 
already visible: that is a good start! Don’t 
forget to invite me to your first paper 
borrel :-). 
On a more social-off work-level: you also 
introduced me to the real Chinese cuisine 
(Foe Yong Hai, what’s that??). Not only 

Dankwoord
Als wij nu doctors waren… 

wie timmerde er dan?

Maarten, natuurlijk wil ik jou, mijn 
promotor, als eerste bedanken. Ondanks 
dat we elkaar misschien niet zo heel vaak 
hebben gesproken in de afgelopen jaren, 
heb je zeker een grote bijdrage gehad 
in mijn ontwikkeling als zelfstandig 
wetenschapper. Je hebt nooit gezegd dat 
ik echt niet of iets echt wel MOEST doen. 
Hierdoor voelde ik mij altijd vrij om mijn 
eigen ideeën te ontwikkelen en uit te 
voeren. Maar ook was er genoeg ruimte 
om fouten te maken, wat in mijn ogen 
minstens zo belangrijk is. Maarten, dank je 
wel voor de afgelopen zeven jaar. Ik had ze 
niet willen missen!

Anna-Pavlina, mijn copromotor en 
dagelijkse begeleidster. Het is alweer zeven 
jaar geleden dat ik voor je kwam werken. 
Bijna een eeuwigheid. Om kort de situatie 
voor eenieder te schetsen: nadat je had 
besloten dat je mij als oio ging aannemen, 
wilde je dat ik zo snel mogelijk zou gaan 
beginnen (het liefst de dag nadat ik had 
gesolliciteerd). Dat was makkelijker gezegd 
dan gedaan, aangezien jij nog dagelijks op 
het Hubrecht werkte en er nog nog geen 
vissenlab op het NKI was gebouwd. Om 
de tijd te overbruggen ging ik dus ook 
forensen naar het Hubrecht. Na een klein 
half jaar was het echter zover: het vissenlab 
werd opgeleverd en de eerste vissen 
konden we verhuizen naar Amsterdam. 
Spannend! Hoewel de verhuizing van de 
vissen naar het NKI goed ging, moesten 
we toch constateren dat er meer vissen 
doodgingen dan ons lief was. Het duurde 
maar liefst een jaar voordat het systeem 
stabiel werd en het onverwacht doodgaan 
van op het oog gezond uitziende vissen 
stopte. Desondanks heb ik in dit eerste 
jaar heb ik veel geleerd. Je introduceerde 
mij in de wonderlijke wereld van de 
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ideeën ontstaan soms tijdens kerstborrels)

Ons P1  kantoortje:
Vroeger, toen er nog een P-gebouw was, 
deelde ik het kantoortje (naast Bruce en 
Anna-Pavlina) met Ellen, Els en Marleen. 
Een heleboel geblabblablablablablabla 
en nog meer geleuter was het resultaat. 
Wellicht niet de meest geschikte ruimte 
om een paper te lezen, maar wel gezellig! 
Zeker als er dan weer een vogel begon te 
tsjilpen (Ellen, welke website bekijk je nu 
weer??). Marleen en Ellen, ook jullie erg 
bedankt voor het verzorgen van de vissen. 
Ik zie Ellen nog op de grond zitten voor 
de Artemia bak :-). Het zag er niet erg 
comfortabel uit… 

Some MvL-labmembers from the past:
Erwin, Panthea, Petra en Sophia. Toen ik 
begon met mijn PhD waren jullie (er) al 
bijna klaar (mee). Jullie hadden al ervaren 
wat ik nog moest meemaken. Dat was 
ergens hoopgevend: uiteindelijk lukt het 
wel!!! Bas en Hans, de Jut en Jul van het 
Van Lohuizenlab(?). Voor degenen die het 
niet (meer) weten (uit het oog, uit het hart), 
Bas en Hans deden iets met Drosophila. Van 
Hans hebben we enkele jaren geleden al 
afscheid genomen (Hans ging werken voor 
die andere Hans). Bas heeft een stuk langer 
volgehouden, maar is ook afgelopen jaar 
ervandoor gegaan. Bas en Hans: het was 
leuk! Bart, Jaap en Koen: ook jullie zijn al 
een tijdje weg, en ik/we mis(sen) jullie nog 
altijd. JB and Karim, it was fun working 
with you guys. I will never forget JB’s 
fascination for Dutch music: thanks a lot 
for introducing me to Starla. And mister 
Movember 2010, you were the lab-DJ. It’s 
quiet without you…. 

Present MvL-labmembers:
Betty, Cesare, Gaetano, Michaela: the 
Italian invasion. Despite your presence, 
my Italian has not really improved. Only 
some words here and there (most not really 
suitable for daily use (Thanks Cesare)), it’s 

did we eat little duck tongues as 5 o’clock 
snacks, but you also invited me and Aniek 
as well as Anna, Thassos and kids to your 
place to enjoy the result of your cooking. 
Great food and even better company. 
Bruce, Thanks a lot for everything!! It was 
a great time! (at least from my perspective 
:-)

Fietsers en een paar andere oio’s die 
ongeveer tegelijkertijd met mij begonnen 
zijn:
Joep, Jaco, Joanna (zie verderop voor meer 
Joanna), Marieke, Marjon en zeker niet te 
vergeten Annabel en Inès. Annabel, Inès: 
het was echt heel gezellig om met jullie op 
de afdeling te werken. Ik had graag nog 
een paar extra jaar met jullie doorgebracht! 
Marjon: wat heb je eigenlijk tegen kaneel? Jij 
was de eerste van ons die glansrijk de PhD 
titel mocht (en natuurlijk mag) dragen. Het 
kon dus toch! Nu, een paar jaar later, blijkt 
dat ook de rest van het zooitje genoeg heeft 
gepresteerd om te mogen promoveren. Wie 
had dat gedacht! Marieke: tsja, wat moet 
ik zeggen/schrijven… we kennen elkaar 
al meer dan 12 jaar. Lijkt me duidelijk 
dat dit niet in een zinnetje valt samen te 
vatten. Om er toch iets uit te lichten: een 
hoogtepuntje vond ik toch wel het filmen 
en monteren van Joep’s promotie filmpje. 
Jaco en Joep: de fietsers. Helaas is het voor 
mij de laatste twee jaar niet meer gelukt 
om mee te rijden. Natuurlijk omdat mijn 
bagger knie niet meewerkte, maar zeker 
ook vanwege het onzalige idee om op 
zaterdag vroeg in de ochtend (half acht!!) 
te gaan fietsen. Dat was voor mij natuurlijk 
geen optie. Joep: enorm veel plezier aan 
de andere kant van de aardkloot. Ik zal je 
missen!! Jaco: Jou zal ik niet missen, want 
jij blijft (net als ik) voorlopig gewoon in 
Amsterdam wonen :-). Heb jij nu al een 
datum??? In ieder geval wel al een nieuwe 
baan!!! jeee!!!!!  (hoorde ik ook pas via 
Huub op het afscheidsetentje van Kate). 
Jaco en Joep: ook echt Super dat jullie 
allebei mijn paranimfen zijn!!! (de beste 
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Alleen al omdat je de enige bent die ik ken 
met een Star Trek uniform! Maar natuurlijk 
ook vanwege je voorliefde voor fotografie 
en de whisky. Dit brengt me dan natuurlijk 
bij Natalie: Jee, Natalie! Thanks voor alle 
opbeurende praatjes in de loop der jaren. 
Soms was het echt nodig! Waseem and 
Andrej: my darts buddies. Although we 
only started to play after the move to H4, I 
greatly appreciated our matches; it was an 
essential part of the process that ultimately 
led to this thesis. I know that our skills 
are not great, but it was always fun to see 
the launching of the Pakistan missile or to 
see another Biggus Dickus. Waseem: erg 
aardig van je dat ik altijd je pipetten mocht 
lenen! Was altijd erg handig! Lorenzo: 
another year, another Italian. However, 
you brought important knowledge to the 
lab: how to brew your own beer! Since 
then, I joined the brewing (and drinking) 
more than a few times. It is Great fun. Keep 
up the good work! 

Some Peeper-associated colleagues:
Basically, there was clear time-based 
division. The first batch Peepertjes 
comprised Liesbeth, Marjon, Thos and 
Thomas. The second batch Joanna, Judith 
(including Flo and Lena), Patricia and 
Sedef. Laat ik beginnen met degenen 
die het NKI alweer lang geleden hebben 
verlaten. Het eerste wat bij me opkomt 
is: wow, is het alweer zo lang geleden??? 
Soms lijkt het als gisteren dat we bij L&B 
whisky zaten te proeven of op een weer 
uit de hand gelopen borrel Piet van P2 
haalden. Thomas, nu is het mijn beurt: 
schapenballen!! Liesbeth, leuk dat je zo 
nu en dan nog eens langs komt. Ik ga 
ervan uit dat je er ook op 1 maart bij bent! 
Thos, after you left, we never had another 
whisky tasting, despite our promises. You 
were clearly the Organizing One. Thanks! 
Marjon: zie hierboven…  
Then the second batch Peepers. Joanna, as 
you asked me to write: thanks so much for 
asking me to join the skating lessons! You 

clear that I am not such a language master 
as Waseem. Anyway: thanks a lot for 
everything! For you being you, the great 
food/dinners and of course the alcoholic 
beverages that you brought along. 
Martijn: Je was lang de “nieuwe” oio van 
Maarten. Ik zal nooit vergeten dat we een 
(vrijdag?) borrel hadden toen jij nog (denk 
ik) in je eerste jaar zat. Een aantal mensen 
(waaronder ik) stonden op het balkon van 
een B-etage en jij zat achter je computer 
in het P-gebouw. Wij zagen dat je aan 
een biertje toe was en dat werd je ook op 
allerlei manieren duidelijk gemaakt. Als 
Hardwerkende oio zag je dat kennelijk 
anders: je sloot de luxaflexen en ging 
onverstoord verder met het lezen van een 
of ander belangrijk artikel. Nu, een paar 
jaar later, sta je toch regelmatig als een 
van de eerste bij de verschillende borrels. 
Al doende leert men! Santi(ago): You are 
now the newbie oio! Although it seems 
you are already years at the NKI, you are 
still just getting started (that’s what I told 
people up to my fourth year). Keep up the 
good work (although I have no idea what 
the status of your project is). In only a few 
years you (and Martijn as well) will have a 
PhD degree yourself.
And then finally some other past and 
present MvL-labmembers that I didn’t 
mention so far: Anke, Alexandra, 
Daniëlle, Denise, Inka, Nienke and 
Paulien. Thanks a lot for the past year-
to-seven years (depending on when you 
started working in the MvL lab). It was 
great working/talking/drinking with you! 
(No Waseem, I didn’t forget you… see 
below).

Some Berns-associated colleagues:
Kate: You were the one that always put a 
smile on my face. Thank you for everything 
(including marrying Joep :-). John Z.: 
Super dat je al die jaren coupes voor mij 
hebt gesneden terwijl ik er onderuitgezakt 
naast zat! Andor, ook alweer een tijdje weg, 
maar wel een eervolle vermelding waard. 
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buiten onze groep die voor de verandering 
wel verstand heeft van vissen onderzoek. 
Thanks voor alle support! Roel: een 
paar jaar geleden kwam je als oio voor 
Jan-Hermen werken en je had eigenlijk 
gelijk een eerste auteur paper. Tergend 
jaloersmakend voor de andere P1 oio’s!!! 
Fra: you see: in the end everything works 
out! In your case that culminated in a great 
paper (and great borrel). Too bad that I 
missed the latter one. Kitty: long time no 
see! Was echt feest toen ik je opzocht in 
Edinburgh! Joke: ook wij hebben samen 
gestudeerd en zelfs bij dezelfde afdeling 
stage gelopen. Alleen daarom al: jee!!! 
Joke!!!! Johan: Daar waar een borrel/feestje 
was, was jij (of je stond buiten/op het 
balkon te roken). Het waren mooie tijden 
:-) Andy, Rob, Tada: my new H4 office 
buddies. Although it was brief, I highly 
appreciated our time together. Thank you 
guys!! 

Of course I would also thank all the 
members of the borrel-committee (thanks 
Johan for the list): Anna, Bastiaan, Bert, 
Carmen, Christiaan, Ewald, Guillaume, 
Gosia, Jorma, Marcello, Marco, Marieke V., 
Marit, Michiel, Monique, Niek, Norman, 
Philip, Rieuwert, Rik, Rinske and Silvia:  
Thanks for all the fun we had together! 

Also some special thanks to: Alexandre, 
André. Anthony, Arantxa, Arnold, 
Christelle, Christophe, Colin, Celia, Dilek, 
Donna, Erica, Erik, Erwin, Ewa, Fina, 
Fred, Gerjon, Giustina, Guus, Henri, 
Hilda, Huub, Ivo, Jacqueline, Jacobien, 
Jan-Hermen, Jan-Paul, Jeroen, Jitendra, 
Johan v B., John H., Karin de P., Karin de 
V., Katrin, Kristel, Leonie, Linda, Maaike, 
Mandy, Marcello, Marieke v K., Marie 
Anne, Margriet, Metello, Michael, Min-
Chul, Monique, Paul, Paul Andre, Petra, 
Rahmen, Renée, Sirith, Tanja, Ton and 
Wilbert.
En aan alle mensen die ik niet genoemd 
heb (i.e. iedereen die een e-mail krijgt 

unfortunately quit last year, but Jeroen and 
I are still going strong! Without you, Jeroen 
and I would have never completed the 100 
k. And although the “winter-camping” 
never worked out, perhaps we can organize 
an (annual) “spring-camping”? Judith, 
Patricia and Sedef (and Marjon and Joanna 
of course as well): I really missed you after 
the move to the H building. You were the 
Party people of the P building!!! Judith and 
Flo: among other things, thanks for all the 
great German food that I consumed during 
the years! The Bavarian Breakfast was 
great and I am looking forward to another 
one (yes, I am inviting myself :-). 

En natuurlijk was dit proefschrift er niet 
zonder:
Bjørn, Henk en Jolanda. Julie waren 
geweldige vissenverzorgers! Zeker Henk 
heeft ons erg geholpen met zijn handigheid 
en kunde op aquarium gebied. Altijd leuk 
om te praten over een gezamenlijke hobby. 
Jolanda: geen idee wat je nu aan het doen 
bent, maar ik hoop dat je met iets leuks is! 
Lauran en Lenny: bedankt voor alle 
microscopie hulp! Natuurlijk ook iedereen 
van proefdierpathologie: bedankt voor 
het processen van alle samples, maar 
zeker ook voor de mogelijkheid die jullie 
mij hebben geboden om zelf samples te 
dehydrateren en in te bedden. 

Some others…
Dalila, opeens was je er. En opeens was je 
er niet meer. Jammer dat je zo kort in het 
Van Lohuizen lab hebt uitgehouden. Je 
leukte de soms toch wel saaie boel goed op! 
En vergeet vooral de Sinterklaas Hakken 
CD niet! Altijd goed, zo rond december. 
En uiteindelijk toch een zebravispaper!!! 
(althans, daar ga ik alvast van uit :-). 
En Ruben, mister Movember 2009, jij 
was eigenlijk de enige buiten ons lab die 
geregeld in het vissenlab werkte (afgezien 
dan van die twee blauwe maandagen die 
Dalila er doorbracht). Het was leuk om 
eens te kunnen overleggen met iemand 
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of kreeg van Res-P1, Res-H4, Res-H5 of 
desnoods Res-mail): bedankt voor de 
geweldige tijd!!!!

Er is ook een leven buiten het NKI (ja 
echt!!). Natuurlijk heeft dat niet direct 
bijgedragen tot het tot stand komen van 
dit boekje, maar zonder jullie was het toch 
wel echt een heel stuk minder leuk!!!!. 
Daarom ook een (eervolle?) vermelding 
voor: Agnes, Bart, Elmy, Dina & Marco, 
Frieda, Hanneke, Jacqueline, Jeroen, 
Koos, Lieke, Martijn S., Martijn v S., 
Matthijs, Reina, Reinier & Sylvia, Rianne 
& Argi, Riekelt & Laura, Sil, Tesse en 
Tjibbe. Jacqueline,voor jou een paar extra 
woorden: allebei tegelijkertijd in de ww… 
en dan maar schrijven en schrijven. Er zijn 
leukere tijden… Enorm bedankt voor alle 
hulp die je me hebt gegeven gedurende die 
periode!!!!

Het laatste woord is uiteraard voor het 
thuisfront. Ub, Ingrid, Eeke, mama Corrie, 
oom Jan, Jannie en Aniek: Jullie zijn 
natuurlijk het aller-aller belangrijkst. De 
afgelopen 9 (bijna 10!) 27 en 30 jaar hebben 
we lief en leed met elkaar gedeeld. Dank 
jullie wel voor alles!!!! Ik kan me geen 
lievere ouders/zussie/vriendin voorstellen.

LOVE YOU!!!!!! 
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