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General Introduction

1 The Early Ages of Forward Genetics

For more then a hundred years, the use of mutant material has aided in an 
understanding of the genetic program underlying embryonic development. In the 
early 1900s, Thomas H. Morgan tried to uncover the molecular basis of inheritance 
by identifying a tractable mutation in the fruit fly Drosophila melanogaster. After 
numerous attempts he identified a mutant displaying white eyes, where wild type 
flies have red eyes. When a male with white eyes was crossed with a red-eyed 
female, 100% of the progeny had the red-eye phenotype, indicating that the red-
eye phenotype is dominant over the white- eye. In a second generation, white-
eyes flies were present again, all turning out to be males, a first example of a sex-
linked recessive trait [1]. Together with previous findings that sex determination 
is controlled by chromosomes present in the nucleus [2], final proof was found 
that information within a chromosome is correlated with inherited characters of an 
organism. Afterwards, multiple mutants have been identified by Morgan and his 
colleagues, enabling them to study more complex inheritance patterns. One of the 
mutants identified in his lab, showing miniature wings, was also located on the sex 
chromosome. Morgan observed that occasionally, the miniature wing phenotype 
was inherited independently from the white locus. He therefore hypothesized 
that parts of sister chromosomes can be exchanged, a process now well-known as 
crossing-over. He observed that the amount of crossing-over between different genes 
was dependent on the physical distance between these genes on the chromosome. 
These finding allowed to generate the genetic map of the Drosophila X-chromosome 
[3]. In the honor of Morgan, the unit for the degree of linkage became Morgan, as 
suggested by J.B.S Haldane. The next century, these outstanding achievements of 
Morgan turned out to be the basis for all genetic screens, performed to unravel the 
genetic programs specifying all aspect of development. 

2 Large-Scale Forward Genetic Screens  

The small-scale forward genetic screens, performed at the beginning of the genetic 
era, illuminated several aspects of inheritance and basic developmental processes. 
To gain further insight in the early mechanisms forming an embryo, large-scale 
forward genetic screens were suggested to study the development of Caenorhabditis 
elegance (Sulston) in 1974. However, one of the first large-scale forward genetic 
screens was performed in Drosophila, by Wieschaus and Nüsslein-Volhard, focusing 
on the regulation of segmentation [4], in which they tried to setup a saturated screen. 
This labor-intensive approach resulted in the identification of multiple genes, which 
later on turned out to be conserved throughout evolution to specify the initial body 
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plan. Afterwards, similar approaches have been performed for mice [5-7], and the 
zebrafish Danio rerio [8-10]. These screens laid the basis for the identification of 
the basic developmental pathways specifying the initial framework for a developing 
embryo by determining the anteroposterior-, dorsoventral-, and left-right axis. 
Additionally, multiple more specific aspects of biology were investigated, ranging 
from morphological to behavioral anomalies [6], finally resulting in a further 
understanding of the regulation of vertebrate development.

 
3 Building a Genetic Map of the Genome

With the identification of a mutant displaying a certain phenotype of interest, the 
quest starts for the induced alteration in a gene, being responsible for the identified 
abnormality. First of all, linkage to a chromosome should be assigned from whereon 
fine mapping will eventually lead to the identification of the induced mutation. The 
process of positional cloning, in an attempt to finally find the induced variation, 
heavily relies on the presence of a genetic map on which traceable markers are 
positioned according to their physical position on the chromosome. In zebrafish, a 
genetic linkage map was first generated [11] using haploid genetics, containing over 
400 polymorphic markers with an average distance of 5.8 cM along the genome. 
The generation of the MGH cross-reference panel [12] and a microsatellite genetic 
map [13], increased the number of available markers significantly. Additionally, an 
initial build of each of the 25 chromosomes was generated, which facilitated the 
formation of a physical map of the zebrafish genome. Additionally, hybrid maps 
were generated, known as T51 [14]; [15, 16] and LN54 [16-18],  covering over 80% 
of the zebrafish genome. In 2000, a genetic map was generated using a double-
haploid strategy, known as the heat shock (HS) map [19-21], further facilitating the 
process of positional cloning of identified zebrafish mutants by providing a high 
density genetic map.

The major improvement for positional cloning came with the initiation of the whole-
genome sequencing of the zebrafish in 2001. Combining information from the genetic 
maps with the enormous amount of sequencing data generated by the whole-genome 
sequencing approaches resulted in a draft build of the zebrafish genome (www.
ensembl.org/danio_rerio/index.html). Additionally, a physical map was generated 
using a BAC-fingerprinting and end sequencing approach [22], further improving 
the quality of the genome build. With the endless amount of data coming from this 
sequencing project, single-nucleotide polymorphisms (SNPs) could be identified 
to further increase the number of polymorphic positions in the zebrafish genome, 
which can be used for positional cloning strategies [23, 24]. 

4 Markers and Strategies for Positional Cloning

The generation of high-quality genetic maps of different organisms facilitated the 
identification of mutated genes responsible for the observed phenotype. In the 
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zebrafish genome there are numerous variations which can be used for association 
studies, like RAPDs (Random Amplified Polymorphic DNAs, [11, 25], SSCPs (Single-
Stranded Conformation Polymorphisms, [20],  and SSLPs (Simple Sequence Length 
Polymorphisms, [15]. The analyses of these markers all rely on a PCR amplification 
step and subsequent separation of the products on gel, which is labor intensive 
and hardly automatable. The most abundant type of genetic variation present in 
the genome are Single Nucleotide Polymorphisms (SNPs), which can serve as a 
Restriction Fragment Length Polymorphism (RFLP) or SSCP. These SNP detection 
methods still rely on size separation, hampering high-throughput analysis. Multiple 
different methods have been developed to discover or genotype SNPs, of which 
several allow a robotic analysis, thereby achieving a throughput which is necessary 
for large-scale association studies (reviewed in [26]. Additionally, high density 
SNP-maps of, for example, the human genome have been generated which can be 
analyzed to detect genome-wide association with a given disease state. High-density 
micro-arrays have been generated, containing over a 100.000 features, allowing this 
genome-wide SNP typing in a single experiment (reviewed in [27]. However, for 
the zebrafish only a low-density SNP map has been generated [24] which has been 
shown to facilitate positional cloning experiments. Relatively large gaps up to 58 
cM are still present in this SNP-map, showing the need for additional SNP discovery 
to generate a high-density map to further improve this approach to clone all the 
identified mutants in the different forward genetic screens. In an ideal situation, this 
would then allow a high-throughput method to identify a linked marker in close 
vicinity of the mutation. This approach will facilitate the identification of the mutated 
genes responsible for all the observed phenotypes in forward genetic screens. 

5 Hedgehog Signaling  

5.1 Signaling from Cell to Cell
In the first large-scale genetic screen in Drosophila several segment polarity 
mutants were identified, showing partial deletions of individual segments while the 
remainder is duplicated as a mirror-image [4]. One of the mutants shows a duplicated 
anterior denticle band, resulting in segments, which are completely covered with 
denticles. This mutant was called hedgehog. Additional segment polarity mutants 
were identified, like fused, patched, cubitus interruptus [4] and smoothened [28], 
which later on all turned out to function in a highly conserved, basic developmental 
pathway, the Hedgehog (Hh) signaling pathway. At present, multiple mutants in 
different organisms have been identified encoding components of the Hh signaling 
pathway, showing its importance during development and disease (reviewed in [29-
32]. 

The vertebrate Hh gene is mainly expressed in midline structures from where it 
finally instructs surrounding tissues, acting as a morphogen. In the Hh sending cell, 
the immature Hh protein undergoes autoprocessing and lipid modifications, where 
N-terminal palmitoyl and C-terminal cholesteryl moieties are added (reviewed 
in[33]. The generated signaling peptide is then secreted via the sterol-sensing 
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transporter-like protein Dispatched [34] into the extracellular matrix, where it forms 
multimers to obtain a soluble state [35], in turn facilitating trafficking. Hh acts as a 
morphogen which can signal to neighboring cells (short range: 10-15 cell diameters, 
approximately 20 μm), to instruct patterning [36]. Additionally, Hh can also act in a 
long-range distance (over 200 μm). This long-range activity is known to pattern the 
vertebrate neural tube to induce different cell fates according to their distance from 
the source of Hh [37, 38]. The importance of Hh signaling in vertebrate development 
was shown by the shh-/- mouse, showing severe developmental defects including 
cyclopia, neural defects and loss of midline structures [39].  

The exact mechanisms involved in this trafficking are unknown but is thought that 
the attached lipid modifications on Hh proteins regulate its diffusion capacities 
and transportation to the appropriate sites of action. Additionally, interference 
with lipoproteins [40] and the heperan sulfate proteoglycans Dally and Dally-like 
are known to be involved in trafficking of the Hh protein [41-43] possibly via a 
direct interaction with the lipid moieties of the Hh protein [44]. The Hh protein is 
recognized by Patched (Ptc), which contains twelve transmembrane-domains and 
serves as the major receptor for the Hh protein to transduce the signal [45]. Upon 
binding, the Ptc-Hh complex is internalized, thereby sequestering the Hh protein 
from the extracellular space to limit its active range [46]. In Drosophila, the Hh-Ptc 
complex is then targeted to the lysosome for degradation [47]. 

Besides Ptc, another Hh receptor have been identified in vertebrates, called Hedgehog 
interacting protein (Hip), which can bind the three different Hh proteins (Shh, Ihh and 
Dhh), encoded in the vertebrate genome, with equal affinities. The main function of 
Hip has long been thought to sequester the Hh signal [32], restricting the effective 
signaling area. However, Hip has been shown to be the receptor for Shh to regulate 
postcommissural axon guidance independent of Ptc, since this gene is not expressed 
in postcommissural neurons [48]. This suggests that Hip can also function as a signal 
transducer, besides its supposed role in Hh sequestering.

Recently, a novel component of Hh signaling was discovered, called Interference 
Hedgehog (Ihog), which functions as an additional receptor for Hh [49]. Drosophila 
Ihog and brother of Ihog (BOI) have vertebrate homologues known as cell-adhesion-
molecule related / downregulated by oncogenes (CDO) and Brother of CDO (BOC) 
[50, 51]. Targeted disruption of CDO in mice results in phenotypes resembling 
shh-/- mice [52]. This suggests that Cdo and Boc are regulating Shh activity, which 
has been proven by additional studies in the cdo-/- mice, demonstrating that these 
genes are indeed components and targets of Hh signaling [53, 54].  Both the Cdo 
and Boc proteins are characterized by multiple Ig domains and two or three FNIII 
domains, which have been shown to bind Hh via a heparin intermediate. The first 
FNIII domain is necessary and sufficient to bind Hedgehog, thereby stimulating 
homodimerization of the Ihog-Hh complex [55]. In vitro studies have shown that 
the second FNIII domain is crucial for Ihog to act synergistically with Patched (Ptc), 
enabling a higher affinity binding of Hh to the membrane [49]. It is suggested that 
Hh can form a ternary structure with a receptor complex of Ihog and Ptc, which 
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might have a higher affinity for Hh then the individual receptors [55].  

5.2 Signaling from Ptc to Smo
Hedgehog proteins are mainly expressed in signaling structures, like the notochord, 
floorplate and the polarizing area of the limb bud, from where they transduce the 
signal, finally establishing a morphogenetic gradient. In vertebrates, Hh mainly 
binds to one of the two Ptc homologues, resulting in a derepression on Smoothened, 
which then attenuates the signal to regulate the expression of downstream targets of Hh 
signaling via the Gli family of transcription factors. However, many of the intermediate 
signaling steps are largely unknown and highly diverged between invertebrates and 
vertebrates. 

Smoothened is a 7-transmembrane domain protein which resembles a G protein-
coupled receptor [56]. Smoothened is required to transduce the signal, since 
inactivating mutations within the Smo gene results in a complete loss of Hh activity 
[57, 58]. However, the exact mechanism of the inhibiting effects of Ptc on Smo is 
unclear. Ptc and Smo co-localize in the absence of Hh on the plasma membrane, and 
are internalized upon ligand binding, entering the endocytic pathway [59]. Evidence 
for a direct significant interaction between Ptc and Smo has not been found and it 
is known that one Ptc molecule can inhibit the activity of multiple Smo molecules, 
excluding a stoichiometric interaction [60]. Some intermediate processes have been 
suggested, which come from structural homology of Ptc to the RND (resistance, 
nodulation, division) family of bacterial proton gradient driven transmembrane 
molecular transporters [61, 62]. This suggests that Ptc might be able to transport small 
molecules, which might regulate Smo functioning. Additionally, Ptc has similarities to 
Niemann-Pick C1 (Npc1) in its sterol-sensing domain, which might indicate that Ptc 
is regulated by sterols or that Ptc regulates the Hh pathway by transporting sterols. A 
hint to this latter hypothesis is the fact that several small molecules, mainly cholesterol 
derivatives, are potent modulators of Hh signaling acting on the level of Smo [63, 64]. 
A well described inhibitor of Hh signaling is cyclopamine, a sterol alkaloid, which is 
now commonly used to inhibit Hh signaling in vitro [65] and in vivo [66]. 

Recently, Vitamin D3 has been shown to be excreted via Ptc, which then serves as a potent 
antagonist of Smo, possibly in a similar way as other cholesterol-like small molecules. 
Zebrafish embryos treated with vitamin D3 resembled Smo-/- mutants, suggesting a role for 
Vitamin D3 in the signaling between Ptc and Smo. However, transplantation experiments 
have not been performed yet to prove that Ptc might functionally act in a non cell-autonomous 
manner, via the excretion of small molecules inhibiting Smo on neighboring cells.

In vertebrates, Smo is shown to be internalized upon activation of the Hh pathway, entering 
the endocytic pathway [59]. Smo can be phosphorylated on the plasmamembrane by G 
protein-coupled receptor Kinase 2 (GRK2), which results in the recruitment of β-arrestin 2 
(Arrb2) [67, 68], enabling internalization of Smo via clathrin mediated endocytosis.  Until 
now, no direct link between Ptc and Grk2 have been identified suggesting an additional level 
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of regulation on Smo activity. It was suggested that a physical separation of Ptc and Smo might 
relieve the inhibition on Smo [59].  Both Hh-bound Ptc and Smo enter the endocytic pathway 
after which the two are separated to different vesicles, where Smo can signal to downstream 
components without the inhibitory effect of Ptc [59]. Ptc is subsequently directed to the 
lysosome for degradation. Surprisingly, recent findings have shown that Smo is enriched in 
primary cilia upon activation of the pathway [69]. This seems to be in contradiction with the 
finding that Smo is internalized after binding of Hh to Ptc. However, it might be possible that 
Smo enriched vesicles are redirected to the plasmamembrane and  specifically towards 
primary cilia, possibly via intraflagellar transport (IFT). 

5.3 Signaling from Smo to Gli
In Drosophila, Smo is transducing the signal to a complex containing Cos2, 
Fused, Suppressor of Fused and Ci (Gli in vertebrates). This complex dissociates 
from microtubular structures upon Hh activation, and the transcription factor Ci is 
protected from proteolytic cleavage, resulting in a full-length activated form which 
will be transported to the nucleus where it in turn activates downstream targets 
[29].

In mammals, no obvious homologue of Cos2 has been identified, however similarity 
with intraflagellar transport proteins (IFT) proteins Kif7 and Kif27 has been identified. 
IFT proteins have been shown to be required for Hh signaling [70], functioning 
between Smo and one of the members of the Gli family of transcription factors 
[71, 72]. This class of proteins is functioning in the assembly and maintenance of 
all cilia. Mouse mutants encoding IFT proteins, like polaris/IFT88, wimple/IFT172, 
ngd/IFT52 and Kif3a lack ventral neural cell types in the neural tube, as observed 
in gli2-gli3 double mutants [70] indicating a reduced level of Hh signaling. This 
could indicate that the primary cilium serves as a signaling center for Hh signaling 
[29], a notion that has recently been strengthened by the observation that Gli1,2 
and 3 and Sufu are enriched in cilia of the mouse primary limb bud cells [73]. This 
recruitment of Smo to the cilia can be inhibited by cyclopamine and enhanced by 
shh overexpression [69]. Additionally, IFT proteins have been shown to be required 
for Gli3 processing and Gli activation but not for the transport of Gli to the nucleus 
[71, 72, 74].  However, it is still unclear whether IFTs play a direct role in Hh signaling 
or whether IFTs are purely involved in the assembly of the cilia, which subsequently 
might serve as a center for Hh signaling. 

The open brain mutant mouse, encoding Rab23, has identified another regulator 
of Hh signaling. Rab proteins are members of the small GTPase family, involved 
in vesicular trafficking. Rab23 has been shown to act cell autonomously and the 
rab23-/- mice show enhanced Hh activity, assigning a negative role for Rab23 
in Hh signaling. Rab23 co-localizes with Ptc1 [75] in endosomes and functions 
downstream of Ptc and Smo but upstream of Gli [76]. It has also been shown that 
Rab23 is not involved in subcellular localization of Smo and Ptc [76, 77], raising 
the possibility that Rab23 regulates trafficking of Smo containing vesicles towards 
or within the primary cilium. Rab23 has been shown to act as a repressor on Gli2 
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activity [76] and is functioning downstream of Smo. This raises the possibility that 
Rab23 functions in a similar manner as the IFT proteins, playing a supporting role in 
Hh signaling and not acting as a primary effector. Genetically, IFT172 and polaris/
IFT88 are required for Rab23 activity, which suggests that Rab23 can only function 
as a transporter to or within a correctly assembled cilium. 

5.4 Transporting Gli to the Nucleus
The final effectors of the Hh signaling pathway are members of the Gli family of 
transcription factors, identified to be upregulated in gliomas [78]. In vertebrates, at 
least three Gli proteins are present in the genome. Gli1 acts primarily as an activator 
of Hh signaling, where Gli2 and Gli3 can serve as a repressor and an activator. In 
the absence of Hh, Gli2 and Gli3 can be proteolytically processed to a N-terminal 
repressor, where Gli3 is the main repressor [79-81]. Additionally, Gli1 activity is mainly 
regulated on transcriptional level, controlled by Gli2 and-3 [82, 83].  IFT proteins have 
been shown to be required for processing of Gli, possibly by recruiting other proteins, 
needed to phosphorylate and cleave the Gli protein. These processes are known to be 
controlled by several proteins, like CKI, PKA, GSK3β and βTRCP [84], finally producing 
a transcription factor whose activity is determined by the presence or absence of the 
Hh ligand. The exact mechanism regulating the transport of Gli proteins to the nucleus 
is unknown, however, Suppressor of Fused and Dzip1(iguana) appear to control the 
nuclear localization, possibly by tethering Gli to the cytosol, thereby limiting nuclear 
activity [85, 86]. Additionally, Sufu has been shown to recruit the SAP18-mSin3 co-
repressor complex [87], suppressing Gli mediated transcription, presumably in the 
absence of Hh ligand. Altogether, multiple genes are acting to tightly regulate the activity 
of Gli and thereby Hh, necessary to protect against aberrant activation of Hh signaling. 
Transcription of Hh target genes starts when Gli proteins bind to their consensus 
sequence, GACCACCCA [88], initiating a genetic program controlling multiple aspects 
of developmental processes. Hh induced activation results in transcription of several 
components of the Hh pathway like Ptc1, Ptc2 and Hip, all negative regulators of the 
pathway, and Gli1, an activator, adding an additional level of security against aberrant 
activity of Hh signaling. 

6 Vertebrate Hedgehog Models and Mutants

In addition to forward genetic screens, multiple mutants have been generated by a 
reverse genetic approach, in which a gene of interest is knocked out by, for example, 
homologous recombination or ENU-mutagenesis. Especially in mice, this approach has 
resulted in a significant amount of mutants encoding components of Hh signaling. In 
table1, a summarized overview of the consequences of aberrant activation of Hh signaling 
in mice is presented. This overview is only focusing on systemic knockouts, leaving 
out the conditional knockouts. Many of the mouse mutants show the consequences 
of altered Hh signaling capacity by midline defects and limb abnormalities. Striking 
morphological features for a severe decreased activity of Hh (like the Smo and Shh 
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mutant) are absence of digits or short limb structures, holoprosencephaly, and cyclopia. 
The former one has been intensely studied, and assigned a pivotal role for Shh signaling 
in anteroposterior patterning of the developing limb bud [89]. The latter one has been 
shown to be a result of impaired Hh signaling from the midline, normally instructing the 
developing forebrain, to form the two bilateral hemispheres [90], and the subsequent 
structures arising from the forebrain, like the optic- and olfactory bulbs. On the other 
hand, increased activity of Hh signaling in mice is typically demonstrated by polydactyly, 
for example in the case of Rab23 and Gli3 mutants, [89], and an open neural tube and/
or hindbrain (like the Rab23, Gli3, Ptc1 and Sufu mutant). Additionally, different types 
of cancer have been observed in mouse mutants including medulloblastomas, basal 
cell carcinomas and rhabdomyosarcomas.

Gene Phenotypes Reference
Shh Mutants die perinetally [39]

Defective midline structures (notochord and floorplate) 
Absence of distal limb structures
Cyclopia 
Absence of ventral cell types within the neural tube
Absence of the spinal column and most of the ribs

Dhh Viable [91]
Spermatogenesis defect

Ihh Die around gestation due to respiratory failure [92]
Short limbs 
Reduced chondrocyte proliferation
Failure of osteoblast development
Ectopicchondrocyte maturation

Ptc1 Embryonic lethal (E10) [93]
Open neural tube
Medulloblastomas 
Rhabdomyosarcomas
Hindlimb defects
Larger embryos than normal
Skeletal and craniofacial defects 
BCNS model

Ptc2 Viable [94]
Alopecia
Epidermal hyperplasia

Smo Embryonic lethal (E9.5) [95]
Cyclopia 
Holoprosencephaly
Reduced embryonic turning
Linear heart tube (Left/Right asymmetry defect)

Hip Neonatal lethality due to lung defect [96]
Pancreas and spleen abnormalities

Sufu Embryonic lethal (E9.5) [97, 98]
Incomplete embryonic turning
Open neural tube
Left/right asymmetry defects
Brain hemorrhages
Skin and coat abnormalities 
Medulloblastomas 
BCNS model

Fused Die around 2 weeks postnatally due to hydrocephalus [99]
Growth retardation

Gli1 Mutants are viable and fertile without abnormalities [100]
Gli2 Embryonic lethal (E18.5) [101]

Skeletal malformations 
Absence of foregut and floorplate
Neural guidance defects 
Lung and anorectal abnormalities

Gli3 Mutants die perinetally [102]
(Preaxial) polydactyly
Craniofacial defects
Exencephaly 
Pallister-Hall Syndrome model

Rab23 Embryonic lethal (E13) [5,103]
Exencephaly
Open neural tube
Polydactyly
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Table1. Mouse Models and Knockouts.
Summarized overview of mouse knockouts generated for components of the Hh signaling 
pathway. In bald, a human syndrome is indicated for which a well-established mouse model 
has been generated by knocking out the indicated gene.  

In zebrafish, the majority of Hh mutants have been identified by a forward genetic 
approach. In these forward genetic screens, classes of mutants with U-shaped 
somites, retinotectal axon pathfinding defects and muscle type specification defects 
were identified. For the majority of these mutants the encoding genes have been 
identified, among which several components of Hh signaling, like Shh, Smo, Gli1, 
Gli2 and Dispatched. Additionally, several novel genes were identified with a clear 
involvement in the Hh signaling pathway, like Scube2. This gene functions upstream 
of Smo [104], and has similarities with the endocytic reporter cubulin, suggesting an 
early role in Hh perception. 

Since zebrafish embryos develop in an extra-uterin manner and can be monitored 
from fertilization on, a broader spectrum of phenotypes has been observed compared 
to the mouse mutants. However, like in mice, partial cyclopia, neural tube defects 
and fin defects have been observed, as a consequence of reduced Hh signaling 
(like Gli2a, Disp, Shh and Smo). Until now, no mutants have been identified, or 
positionally cloned, showing the consequences of highly increased Hh signaling 
by inactivating mutations in a negative regulator of the pathway. Studying the 
consequences of overactivation of Hh signaling during zebrafish development has 
mainly been studied by overexpressing shh [105] or a dominant negative form of 
PKA (dnPKA) [106]. These experiments have shown that, for example, specification 
of the optic cup versus stalk [105, 106] and dorsoventral patterning of the brain 
[107] are controlled by Hh signaling. 

The best described role for Hh during zebrafish development is the specification of 
the myotome. Shh is expressed by the notochord and floorplate cells and instructs the 
surrounding somites to finally form the functional muscle fibers. A strict regulation 
for the formation of slow (for endurance) and fast (for escaping) muscle type fibers 
has been shown to be instructed by Hh signaling. This became apparent with the 
identification of the Smo mutant, slow muscle omitted, lacking slow-muscle type 
fibers, as a consequence of an absence of Hh signaling [57]. On the other hand, 
overexpression of Shh results in a lack of fast muscle cells [108, 109]. In zebrafish, 
slow muscle-pioneers (MPs), are positioned at the most anterior part of each somite, 
and are thought to be responsible for the chevron shape of the somites. A loss of Hh 
signaling, like in the Smo mutant, reduces the number of slow muscle precursors 
resulting in U-shaped, instead of chevron-shaped somites. By activating Hh signaling, 
an enlarged population of MPs are recruited to the most anterior part of the somite, 
resulting in a flattened, straight somite boundary. Morphologically, these alterations 
are the landmarks of altered Hh signaling during zebrafish development. The u-
boot mutant was identified by its U-shaped somites [110], and positional cloning 
identified this locus to encode Prdm1 [111, 112]. The morphological change in 
somite shape is in this case not a direct consequence of Hh signaling, but rather an 
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effect on a downstream target of Hh signaling, resulting in a phenotype similar to a 
loss of Hh phenotype. Prdm1 is therefore not a designated signaling component of 
the Hh pathway. 

Screen focus(# alleles) Affected gene Phenotypes Reference 

U-Shaped Somites Majority of mutants lack HM, circulation and motility [110]
you  (4) Scube2  Indistinct floor plate [113]

Two alleles viable [104]
you-too (2) Gli2a Neural tube and hindbrain defects [114]

Disturbed Ipsilateral projection
Eyes closer together
No Horizontal myoseptum
Immotile
No circulation

sonic-you  (5) Shh Small eyes [115]
Brain necrosis 
Reduced pectoral fins

U-boot / narrowminded (3) Prdm1 Absence of Rohon Beard neurons [116, 112]
First wave of neural crest severely reduced
Reduced pigmentation
Irregular fin edges
No Horizontal myoseptum

chameleon (8) Dispatched1 Neurocranial cartilaginous reduced, [117]
Thin neural tube 
Retinal tectal pathfinding errors 
Reduced pectoral fins
Eyes closer together
No Horizontal myoseptum
Immotile
No circulation

choker  (1) Not identified Pigment pattern defects
Dented hindbrain

Retinotectal Projections Retinal tectal pathfinding errors [118]
detour  (3) Gli1 Affected neural tube [119]

Turned-in eyes 
Curly tail down
Hanging jaw

blowout (1) Not identified Eyes evaginated ("blown out") into brain
belladonna (4) LIM homeobox2 Reduced pigment around the lens [120]

10-40% viable
iguana  (3) Dzip1 Tail curled down [121]

Defects in floor plate and neurocoel
Posterior somites lack horizontal myoseptum 

umleitung  (1) Not identified Tail curled down 
chameleon (8) Dispatched1 Neurocranial cartilaginous reduced [117]

Thin neural tube
Reduced pectoral fins 
Eyes closer together

you-too  (2) Gli2a See U-shaped Somite mutant class [114]
Muscle type specification Lack of slow muscle precursors [57]
slow muscle omitted  (1) Smoothened Primary and secondary motoneurons missing [57]

Absence of lateral floor plate
Absence of parts of ventral forebrain
Absence of pituitary placode
Retinal tectal pathfinding errors 
Reduced anterior cartilage structures
Reduced pectoral fins
No circulation
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Table 2. Overview Hedgehog Mutants in Zebrafish.
Overview of three classes of zebrafish mutants identified in forward genetic screens, of which 
positional cloning experiments have shown that the majority encodes components of the Hh 
signaling pathway. References are referring to the initial screen identifying these mutants and 
the identification of the encoding gene. For additional information on phenotypes: www.zfin.
org.  HM: horizontal myoseptum.

7 Mutations in Human Hedgehog Pathway Components 

Holoprosencephaly (HPE) is a autosomal dominant congenital disorder characterized 
by skull and facial defects, which occurs with a frequency of 1 in 15,000 live births 
and 1 in 200 spontaneous abortions. In its most severe form, the forebrain is not 
divided in a left and right hemisphere, diencephalon and telencephalon, which 
then result in cyclopia. Less severe cases show a combination of cleft lip, nose or 
palette, close set eyes and a single nostril nose (for a review: [90]. Familial HPE 
is often associated with markers on chromosome 7q36, a region containing the 
shh gene. Cytogenetic analysis of affected pedigree showed large chromosomal 
anomalies, deleting the entire gene [122]. Additionally, small insertions, deletions 
and point mutations have been identified, resulting in a loss of function of the shh 
gene [123]. Besides HPE, loss of shh activity affects limb development such as fusion 
of multiple digits (polysyndactyly) [124]. Another manifestation of reduced activity 
of Hh signaling during human development is the Greig encephalopolysyndactyly 
syndrome, which affects the developing brain, limbs and facial structures. Here, 
inactivating mutations have been identified in Gli3 [125].  On the other hand, 
activating mutations in Gli3 have been identified in Pallister-Hall syndrome 
patients [126], showing polydactyly, hypothalamic hamartoblastoma, craniofacial 
abnormalities and kidney defects. Another manifestation of aberrant Hh signaling 
has been observed in patients with Basal Cell Nevus Syndrome (BCNS; also Gorlin 
syndrome), showing facial abnormalities and a predisposition to hydrocephalus, 
basal cell carcinoma and medulloblastomas. Association studies have shown that 
the affected locus contains Patched [127], in which inactivating mutations have 
been identified in multiple patients. 

Medulloblastomas are the most common type of solid childhood tumors where 
inactivating mutations in Sufu and activating mutation in Smo have been identified to 
predispose for these types of cancer, independent from other characteristics of BCNS. 
All these examples emphasize the importance of Hh signaling during early human 
development, summarized in Figure 1. In adults, an activation of Hh signaling has 
been described for a plethora of different types of cancer. However, in the majority 
of these cases, Hh activity has been shown to be increased, by analyzing gli1 or ptc1 
expression in tumors, without identifying mutations in Hh pathway components 
that result in this activation of Hh activity. With the identification of Hh specific 
inhibitors, more specific therapies for these different types of cancer might become 
available. This approach has already successfully applied to a mouse model for 
medulloblastomas, a disease for which no effective therapies are available in the 
clinics, in which cyclopamine treatment reduced tumor size (for review, [128]. 
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Figure 1. Overview of Hedgehog Related Syndromes and Diseases in human.

8 Outline of this Thesis

The research described in this thesis was based on mutants that were identified in a 
forward genetic screen that focused on early embryonic proliferation. These mutants 
were analyzed and the mutated genes were positionally cloned. In order to facilitate 
this process, a panel of polymorphic markers was developed. 

In Chapter 2, we report about the generation of a high density SNP map for the 
zebrafish genome to facilitate positional cloning efforts. In total, over 50.000 SNPs 
were identified using an in silico approach, with subsequent confirmation in different 
zebrafish strains. These genetic markers are publicly accessible, and significantly 
increase the number of genetic markers available. Additionally, this analysis revealed 
a high level of genetic variation between commonly used zebrafish strains. 

Chapter 3 describes the identification and characterization of two zebrafish mutants, 
hu418B and hu540A, both of which showing an increased level of proliferation. 
The embryonic phenotypes resembled a previously identified class of mutants, and 
complementation tests identified both alleles to be allelic tohe uki mutant. Positional 
cloning of the complete class of mutants identified mutations in three negative 
regulators of Hh signaling, called Hip, Sufu and Ptc2, resulting in an activation of 
Hh signaling. Surprisingly, concurrent loss of all three negative regulators did not 
enhance the phenotype suggesting that additional regulators are still functioning, 
most likely Ptc1. 
This hypothesis was tested in Chapter 4, in which the identification of a ptc1 mutant 
is described, using a reverse genetic approach. We have shown that combined loss of 
ptc1 and ptc2 activity results in severe developmental defects. Novel and unexpected 
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roles for Hh signaling could be assigned regarding the induction of the fin field 
and the establishment of anteroposterior polarity of the developing somites. These 
mutants provide a unique genetic model to study the consequences of constitutive 
activation of Hh signaling, especially since mouse ptc1 mutants are early embryonic 
lethal, hampering detailed analysis. 

In Chapter 5 we show that the ptc1/ptc2 mutants lack circulation, without affecting 
blood formation. Detailed analysis revealed that these mutants lack venous structures 
due to an imbalance of artery versus vein (A/V) differentiation. The signaling 
mechanism between Hh and final differentiation of endothelial precursors is studied, 
focusing on the VEGF signaling pathway, which is functioning downstream of Hh 
signaling in the specification of endothelial fate.

All these data are discussed and summarized in Chapter 6.
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Abstract

Although zebrafish was introduced as a laboratory model organism several decades 
ago and now serves as a primary model for developmental biology, there is only limited 
data on its genetic variation. An establishment of a dense polymorphism map becomes 
a requirement for effective linkage analysis and cloning approaches in zebrafish. By 
comparing ESTs to whole-genome shotgun data, we predicted >50,000 high-quality 
candidate SNPs covering the zebrafish genome with average resolution of 41 kbp. 
We experimentally validated ~65% of a randomly sampled subset by genotyping 
16 samples from seven commonly used zebrafish strains. The analysis reveals very 
high nucleotide diversity between zebrafish isolates. Even with the limited number 
of samples that we genotyped, zebrafish isolates revealed considerable interstrain 
variation, ranging from 7% (inbred) to 37% (wild-derived) of polymorphic sites being 
heterozygous. The increased proportion of polymorphic over monomorphic sites 
results in five times more frequent observation of a three allelic variant compared 
with human or mouse. Phylogenetic analysis shows that comparisons between even 
the least divergent strains used in our analysis may provide one informative marker 

approximately every 500 nucleotides. Furthermore, the number of haplotypes per 
locus is relatively large, reflecting independent establishment of the different lines 
from wild isolates. Finally, our results suggest the presence of prominent C-to-U and 
A-to-I RNA editing events in zebrafish. Overall, the levels and organization of genetic 
variation between and within commonly used zebrafish strains are markedly different 
from other laboratory model organisms, which may affect experimental design and 
interpretation. 
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Introduction 

The zebrafish (Danio rerio) serves as a unique model for vertebrate development 
and pharmacological studies [1]. With a draft genome assembly available and 
thousands of mutants described [2], a dense map with genetic markers is essential 
for linkage analysis and cloning approaches. Previous studies employed RAPD [3], 
CA-repeat or simple sequence length polymorphism (SSLP) markers [4], or single-
strand conformational polymorphism (SSCP) markers [5] to place >7000 independent 
markers on various mapping panels. Despite these advances, there is an increasing 
demand for higher map density that is required for effective positional cloning [6]. 

There are several key advantages that distinguish another type of marker, single 
nucleotide polymorphism (SNP), as a marker of choice for many genetic studies. To 
mention a few, SNPs are the most common type of variation in genomes, allowing 
the generation of ultra-dense genetic maps, and there are efficient low- and high-
throughput typing procedures for SNPs currently available (for review, see [7]. Until 
now only a low-density SNP-based mapping panel with ~2000 polymorphisms 
was available [8]; the SNP-map contains large gaps up to 58 cM and needs further 
refinement for routine applications. 

In addition to simplifying genetic mapping experiments, studies on genetic variation 
in model organisms can clarify rate and composition as well as distribution and 
organization of polymorphic loci in the genome. In particular, it is not clear how 
much variation still persists in zebrafish laboratory inbred and outbred strains and 
how it compares to that present in wild isolates. The discovered variation at 9% of 
tested polymorphic loci in initially homozygous zebrafish C32 strain [9] raised a 
discussion of whether high mutation rate [10] or introgression [11] has introduced 
polymorphisms to this strain. However, the abundance of genetic variation in 
zebrafish inbred strains alone suggests that individuals within a strain have a diverse 
genetic background. From this perspective, zebrafish inbred strains differ from other 
commonly used vertebrate laboratory animals such as inbred mouse or rat strains. 

Finally, the analysis of genotype data contributes to better understanding of strain 
history and the degree of interstrain variation. The variety of methods used to generate 
inbred lines, e.g., gynogenetic diploids and half-tetrad diploids, inbreeding (for 
review, see [6], different natural sources of animals, and breeding regimes, is likely to 
influence the allele fixation rates in different zebrafish isolates and strains. Knowledge 

of the phylogenetic relationships between laboratory strains greatly facilitates the 
choice of strains, which will be most informative for a genetic experiment. The 
polymorphism and genotype data from this study have been submitted to dbSNP 
under accession nos. ss49785942–ss49839678

Results and Discussion

Candidate SNP Discovery
We have developed a computational SNP discovery pipeline and candidate SNP 
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database named CASCAD (Cascad Snp Candidate Database, http://cascad.niob.
knaw.nl) [12, 13]. Here, we report an application of this pipeline for construction 
and verification of a single-nucleotide variation database for zebrafish (D. rerio). 
Publicly available EST and mRNA sequences were compared to each other and to 
whole-genome shotgun (WGS) trace sequences for the occurrence of SNPs (Table 
1). We did not predict variations within the WGS set. The polymorphisms that are 
observed in expressed sequences may be particularly useful for genetic mapping 
studies as well as for drawing inferences about functional differences of genes in 
different strains.

                                                                                                                            
Input data (number of reads)
 mRNA        3366
 EST        283,572
 WGS        11,588,394
Candidate SNPs predicted      51,769
 Synonymous       9111
 Nonsynonymous      6217
 Nonsense       158 
                                                                                                                           
Table 1. Input and output statistics for the computational prediction of zebrafish candidate 
SNPs using the CASCAD pipeline.

The resulting raw data set (>1 x 106 mismatches) was filtered for high-ranking candidate 
SNPs based on a variety of parameters, including masking out repetitive sequences 
and the presence of high PHRED quality score (>20) in each of the candidate SNP 
alleles. After clustering, 51,769 unique candidate SNPs were obtained. Although a 
similar amount of input EST sequences was used in this study compared with our 
previous analysis for the rat [12], we found 55% more candidate SNPs, suggesting 
a higher SNP frequency in zebrafish. Despite the high number of SNPs discovered 
in this effort, the CASCAD database currently contains only a small part of variation 
associated with expressed sequences. This point is illustrated by the small overlap 
of the CASCAD SNP set with the previously published set of EST-derived SNPs [8], 
of which only 6% are present in our database. Furthermore, intergenic regions and 
introns are expected to harbor polymorphisms with much higher density compared 
with expressed sequences that possess functional constraints such as coding capacity 
and splice signals. 

The average frequency of candidate SNP is 1 per 41 kbp, and the largest gap 
between two adjacent markers is 2 Mb on linkage group 14. About one-third of the 
candidates reside in genomic regions that are annotated as protein coding, including 
9111 synonymous and 6375 nonsynonymous changes. The candidate SNPs cover 
13,016 of 31,219 UniGene clusters and 7841 of 22,877 predicted Ensembl genes, 
or approximately one-third of zebrafish genes. 
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Over 66% of the candidate SNPs could be assigned to unique positions in the 
current zebrafish genome build (Zv5; http://www.sanger.ac.uk/Projects/D_rerio/ 

Zv5_assembly_information. shtml). We failed to place 4% of the candidate SNPs 
to any location on the assembly, and a further 19% of the candidate SNPs mapped 
to multiple locations. Presumably, the major part of the nonunique fraction was 
assigned to fragments that are present redundantly in Zv5 as an artifact of the 
assembly process in its intermediate stage, although a small fraction may result from 
sequence difference between otherwise highly similar paralogs. We should mention 
here that Zv5 is a draft assembly and in addition to false duplications also contains 

other misassemblies and dropouts, meaning that all interpretations based on it should 
be treated with caution. Our analysis indicates that 73% candidate SNPs map to the 
same linkage group in Zv5 as they would be placed on gene-based meiotic map 
of Woods and coworkers [5], considerably better than 66% overlap between this 
meiotic map and our candidates mapped on previous Zv4 assembly. 

Validation of SNPs
To validate the computationally predicted SNPs, we assayed 398 candidate SNP-
containing amplicons evenly distributed over the 25 zebrafish linkage groups (Fig. 
1). By resequencing these regions in a panel of 16 individuals representing seven 
widely used laboratory strains, we were able to confirm ~65% (256) of them. This 
relatively low confirmation rate may at least partially be explained by the presence 
of false negatives due to high intrastrain variation (see below) in combination with 
the small sampling size per strain (typically two individuals). In addition, the origins 
of some of the strains used in EST library construction are unknown, or samples 
from the same population were not available to us. Although segmental genomic 
duplications could potentially result in false positives, we did not observe evident 
deviations from Hardy-Weinberg equilibrium of allele frequencies, such as excess of 
heterozygotes that distinguishes paralogous sequence variants from true SNPs, in our 
verification experiments. 

Figure 1. Distribution of candidate and verified SNPs on zebrafish physical map 
(working draft genome assembly Zv5). Vertical bars represent zebrafish linkage 
groups; horizontal bars on left side of each linkage group show candidate SNP 
density given in red for coding and in blue for noncoding candidates (according 
to Ensembl genome annotation 35.5b, window size 280 kbp). The filled and 
open boxes to the right of the linkage group correspond to amplicons with 
confirmed and nonconfirmed candidate SNPs, respectively. The number in each 
box indicates the total number of confirmed polymorphisms in each amplicon. 
Genotype information and oligonucleotide primers are available from http://
cascad.niob.knaw.nl/snpview.
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A consequence of validating SNPs by resequencing from genomic amplicons 
(average, ~300 bp) was the opportunity to identify and analyze additional variation. 
Thus, in addition to the 256 confirmed candidate SNPs, we found as many as 1942 
additional variable positions. Only 155 of these were present in our database of 
51,769 computationally derived SNP candidates. The high fraction of new SNPs 
discovered in our validation stage is accounted for by the presence of intronic and 
intergenic regions in our validation assay that could not be scored for polymorphisms 

by our EST and mRNA-centered computational approach. 

More than 96% of all polymorphic loci were diallelic (2118/2198), and the remainder 
consisted predominantly of short SSLPs. One-tenth of the variants observed (228) 
were due to small insertions or deletions (indels), displaying an intermediate indel 
frequency if compared to human and chicken (6.6% and 13.9%, respectively; source, 
dbSNP build 124). Only a small fraction of polymorphisms identified in this study 
was observed within coding sequence as annotated in the Ensembl database, with 
178 of them being silent, 85 missense, and two frameshift mutations. 

We have designed a Web interface (http://cascad.niob. knaw.nl/snpview) that 
facilitates the selection and use of the validated SNPs in genetic experiments. This 
tool allows the interactive retrieval and visual representation of validated SNPs for 
arbitrary combinations of strains. 

Candidate SNP Characteristics and Validation
A comparison of SNP prediction and its verification results for different organisms 
can shed light on species-specific characteristics of variation. Our CASCAD SNP 
discovery pipeline [13] used a comparable amount of input data but resulted in 

many more candidate polymorphisms for zebrafish than for rat, providing indirect 
evidence for higher nucleotide diversity in zebrafish. A comparison of the verification 
experiment results in rat and zebrafish can reveal classes of candidate polymorphisms 

with increased or reduced confirmation success rates. We calculated the correlation 
between various SNP characteristics and the confirmation status (Table 2), potentially 
revealing driving forces that shape polymorphism composition in these two organisms. 

In addition, these correlations were used to define a confirmation likelihood score 
(categories 0–9), allowing database users to restrict their search to a subset of SNPs 
with higher expected validation rates. 
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Characteristics  Correlation  Correlation discription
   coefficienta 
                                                                                                                                  
SNP functional class -0.1680  Predicted silent substitutions were more fre  
     quently  confirmed than were missense ones
EST vs. EST  -0.2358  Candidate SNPs observed between EST reads  
     wereless reliable
EST vs. WGS   0.1618  Variants observed between EST and WGS  
     reads were more likely to be confirmed
Number of reads  0.1221  Candidates supported by multiple reads for  
     each allele had increased verification rates
CpG    0.0017b Polymorphisms predicted at hypervariable  
     CpG sites were more frequently confirmed
Transition  -0.1311  Transitive candidates (G<>A, T<>C) were less 
     reliable than were transversive ones
                                                                                                                                  
Pearson r correlation coefficient based on 398 samples
b  P > 0.05, not significant

Table 2. Correlation between validation of candidate SNPs and their characteristics.

As expected, candidate SNP verification in both rat and zebrafish is sensitive to 
the functional context of the polymorphism; silent substitutions are more often 
verified than are missense. Some trends were found to be species specific: Unlike 
that in laboratory rat, positive correlation was not found for SNP confirmation at 
CpG positions in zebrafish. Comparative analysis of methylation and dinucleotide 
frequencies in different organisms revealed that in spite of the higher methylation 
level in fish, compared to mammals, CpG depletion is clearly lower in fish [14]. 
Together with our data, this suggests that CpG possesses more characteristics of a 
hypervariable site in a mammalian rather than in a fish genome. 

Surprisingly, transitive substitutions were less frequently confirmed in zebrafish 
in contrast to rat, for which they had a higher verification level. As the ratio 
between transitions and transversions is similar for both organisms, an organism-
specific mechanism is suspected. Interestingly, we found two classes of frequently 
nonconfirmed transitive variants in our verification set, and these correspond to the 
most frequent type of vertebrate RNA editing events: ADNA to GcDNA (P < 0.1) and CDNA 
to TcDNA

 (P < 0.01) due to A-to-I editing and C-to-U editing, respectively. As editing 
events usually affect multiple consecutively located sites, many of these events may 
easily be filtered out by our stringent filtering for candidates. Therefore, we performed 

a computational whole-genome screen for individual mismatches between EST 
sequences and the zebrafish genome assembly. The search was restricted to the sense 
strand as annotated in Ensembl build 31 and showed 8% overrepresentation of A-
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to-G over G-to-A substitutions and 11% excess of C-to-T versus T-to-C substitutions. 

From the analysis of this limited set of ESTs, we estimate that there are at least 2600 
editing sites (C-to-U and A-to-I). Similarly to primates, RNA editing may be very 
abundant in zebrafish, with a frequency of A-to-I editing of one order of magnitude 

larger compared with that of mouse, rat, chicken, or fly [15]. However in contrast 
to primates, C-to-U editing events seem to be more common than are A-to-I editing 
in zebrafish. 

When we now eliminate all nonconfirmed polymorphisms from our confirmation 
experiment that may have been due to RNA-editing events, we observe a positive, 
although not significant (possibly due to lower sample size, n = 339) verification 
correlation with both CpG sites and transitive mutations, similar as for the rat. These 
results strongly suggest that high rates RNA editing events in zebrafish account for 
the observed relatively low confirmation rate of transitive candidate SNPs. We need 

to note that in absence of solid experimental data, one cannot exclude an alternative 
explanation for this apparent bias between ESTs and genomic sequence, namely, 
the occurrence of cytosine deamination during sample preparation and library 
construction, but it seems unlikely as it is observed for two independent EST data sets 
(Washington University EST project, http://genome.wustl.edu/est) [16]. 

Nucleotide Diversity
Our validation assay employed ~400 amplicons evenly distributed throughout all 
zebrafish linkage groups and covering coding, intronic, untranslated, and intergenic 
parts of its genome with the great prevalence of newly discovered variants over 
computationally predicted SNPs. This justifies the use of our genotyping results for 
establishing an estimate of nucleotide diversity in zebrafish. To this end, we used 
only regions for which high-quality sequence data were obtained for at least half 
of the samples that were tested (total, 105 kbp). Gene annotation from the Ensembl 
zebrafish genome database build 33 enabled us to calculate the nucleotide diversity 
for functionally different fractions of the genome (Table 3). Polymorphisms are 
distributed in a nonrandom fashion between coding and noncoding parts of the 
genome (P < 0.001) at a rate of one per 82 and 47 bp, respectively. Within coding 

sequences, there is a strong bias toward synonymous substitutions: The ratio between 
nonsynonymous and synonymous substitutions per available site (Ka/Ks) is 0.142. This 
value is similar in other vertebrate organisms and illustrates a pronounced negative 

selection on coding regions. Extrapolation of the variation data over the complete 
genome suggests the presence of 425,000 coding SNPs, including 146,000 missense 
variants that may result in phenotypic effects. It should be mentioned that these 
numbers are likely to be an underestimation because some polymorphisms that 
were missed in our study assayed only two samples per strain, but also because of 
incomplete genome assembly and annotation. The incompleteness is exemplified by 
the fact that although all candidate regions are associated with an EST read, only 206, 
roughly half of the tested amplicons, correspond to an annotated Ensembl transcript 
(based on zebrafish mRNAs and ESTs), while 57 of them overlap with predicted 
transcripts (based on ESTs and predicted open reading frames) and the remaining 135 

were not associated with any known or predicted transcript. 
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Genome Fraction  No of nucleotides  No of SNPs      Estimated 
nucleotide  scored (bp)                    iscovered (s)     Diversity (θ)a           
                                                                                                                                         
Coding   20,830   253      3 x 10-3 

UTR   17,122   333   4.8 x 10-3

Introns + noncoding 66,848   1448   5.4 x 10-3

Total   104,800  2034   4.8 x 10-3

                                                                                                                            
a Nucleotide diversities were calculated as θ = (s/n (1/i)), where k is the number of sampled chromosomes.

Only 2034 SNPs, out of 2198 in total, are included in this analysis as the others reside in genomic regions 

that were represented by <50% of the samples.

Table 3. Estimates of nucleotide diversity for different functional fractions of the zebrafish 
genome.

Similarly, the estimated average nucleotide diversity (Table 3) is likely to be an 
underestimate as there is a bias toward functionally constrained expressed sequences 
in our verification set. Strikingly, even this value is about one order of magnitude 

higher than that observed in human populations [17] and four times higher than 
that in a large set of commonly used rat strains [12] or that between two mouse 

subspecies [18]. Although this value is similar to that observed in three Drosophila 
species [19], it represents, to our knowledge, the highest nucleotide diversity seen 
in any vertebrate species. Since our estimate is based on genome-wide selection 
of SNP markers and thus reflects abundance of polymorphic loci in the zebrafish 
genome, and given the fact that teleosts make up more than half of living vertebrate 

species (23,600 species) [20], high nucleotide diversity may be a prerequisite factor 
enabling the rapid radiation that is commonly seen in teleosts. An increased variation 
at the nucleotide level could comprise a genetic basis for phenotypic differences 
underlying adaptive evolution and, together with recent whole-genome duplication 
events, promoting speciation. However, SNP data from more teleosts will be needed 
to conclude if the high nucleotide diversity is specific for zebrafish or common to 
teleosts. 

The high nucleotide diversity in zebrafish also results in more frequent occurrence 
of three alleles at a single locus. About 1% of single nucleotide variants had three 
alleles, which is significantly higher than observed in mouse, human, or chicken 

(0.19%, 0.22%, and 0.28%, respectively, as calculated from NCBI dbSNP build 
124). The observed number of triallelic SNPs in zebrafish is close to an estimate 
based on diallelic SNPs frequency (18–21), suggesting that most triallelic SNPs 
result from independent, unselected mutations, rather than the identification of sites 
of strong positive selection. Although such triallelic SNPs are mostly neglected in 
genetic studies in other vertebrates where they are rare, in zebrafish they may prove 
advantageous in designing mapping probes sets useful for a greater fraction of loci 
tested across a wider variety of genetic backgrounds used. 
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Phylogenetic Relationships
To assess the degree of similarity between different strains, we used 2120 confirmed 
SNPs that were genotyped in 16 zebrafish samples representing seven widely used 
laboratory isolates for construction of a phylogenetic tree (Fig. 2). The tree is mostly 

consistent with previously described CA-repeat and SSCP-based results [11, 21]. The 
relatively large distance between most of the lines can be explained by the high 
nucleotide diversity in combination with the recent independent establishment of 
different laboratory lines from wild populations from around the world [22]. This 
is fundamentally different from the history of laboratory mice and rats, which are 
thought to have originated from a limited source of domesticated animals [23, 24]. 

The SJD and C32 strains are the most polymorphic with respect to any of the other 
strains that we analyzed due in part to fixation to homozygosity of many unique 
alleles in these inbred strains. Nevertheless, the closest relationship of our C32 isolate 

with SJD contradicts with the previously observed lowest divergence between C32 
and AB [11] and may reflect the more recent breeding and maintenance history of 
these lines, by which genes from SJD were introgressed into C32, to enhance strain 
vigor, and reciprocally, genes from C32 were introgressed into SJD to improve sex 
ratios. Resultant C32 and SJD lines each bear ~5%–10% of SSLP markers from the 
reciprocal line [25]. 

Although this phylogenetic tree can be used to choose optimal pairs of strains for 
setting up genetic mapping experiments, the diversity between any of the lines 
will in most cases already be ample for the selection of sufficient SNP markers. For 
example, the rate of polymorphisms homozygous in both closely related AB and Tu 
strains is estimated to be about one per 500 bp. 

Figure 2. Neighbor-joining tree for 16 
zebrafish samples representing seven 
different strains, based on genotyping 
of 2120 SNPs. Coefficients represent 
bootstrap test support values for tree 
nodes.
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Intrastrain Variation
Most zebrafish lines originate and are maintained as outbred stocks. Only C32 
and SJD have been bred to obtain inbred lines. Although most strains are kept as 
independent stocks at many laboratories worldwide, only very limited data are 
available on the degree of genetic variation within a line and the potential genetic 
differences between various (sub-)stocks. As expected, the Singapore local wild-type 
isolate (n = 4) was found to be the most heterozygous “strain,” with 37% of the SNPs 
being polymorphic; 14.1%, 14.6%, 17.6%, and 24.8% of the SNPs are heterozygous 

in WIK, Tu, TL, and AB, respectively (n = 2 per strain). For the inbred strains, we found 
that 7% and 11% of the loci are polymorphic in SJD and C32, respectively, which 
is in line with previous observations showing that inbred zebrafish strains are not 
genetically uniform [10, 11]. Interestingly, most of the heterozygous loci (172/184) in 
the C32 strain are also polymorphic in the other samples, supporting the hypothesis 
that these polymorphisms originate from a common origin, were inherited, and did 
not appear in this strain due to mutation process as was proposed earlier [10]. 

Structure of Genetic Variation
An important question for any model organism is organization of its genetic 
variation. A limited number of founder animals and continuous inbreeding result 
in genome blocks with limited haplotype diversity that can greatly simplify genetic 
and QTL mapping in laboratory strains. Data available for eight mouse laboratory 
strains [26], show that most multi-SNP regions resequenced (136/226; average, 5.32 
SNPs/region) contain only two haplotypes. On the opposite, only a small fraction 

of zebrafish amplicons containing multiple SNPs (19/334; average, 5.74 SNPs/
amplicon; Singapore wild-types were excluded from the analysis) is compatible 
with the presence of only two haplotypes, suggesting that zebrafish strains used in 
a laboratory will not reveal a pronounced high-level structure of genomic variation, 

providing little reason for building a detailed haplotype map for this organism. 

Conclusions
 
The degree and organization of genetic variation between and within zebrafish 
strains was not found to be comparable to other commonly used vertebrate model 
organisms. Therefore, one should take into account possible effects of genetic variation 
in experimental design and interpretation and should be careful when comparing 

results from different laboratories using different (sub-)strains. The development and 
use of well-characterized inbred zebrafish lines, preferentially marked with a unique 
recessive phenotype, could significantly reduce confounding effects resulting from 

genetic heterogeneity. 
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Methods

SNP Discovery
The mRNA and EST sequence data used in this study were downloaded from NCBI 
GenBank (http://www.ncbi.nlm.nih.gov/Genbank) and Ensembl trace repository 
(http://trace.ensembl.org). EST sequences and quality data from Singapore isolate were 
provided by Dr. Jinrong Peng (Institute of Molecular and Cell Biology, Singapore). 

We used Ensembl trace archive (http://trace. ensembl.org) as a source of genomic 
traces. EST and mRNA sequences were masked for zebrafish-specific repeats, low-
complexity regions, and zebrafish mitochondrial DNA by using RepeatMasker. 
Local SSAHA searches were performed to collect hits with nearly exact homology 

containing a single mismatch in mRNA/EST subset and remote searches (using 
Ensembl SSAHA search server) in case of mRNA/EST versus WGS comparison. Only 
hits with a high-quality mismatch (phred score >20 for both reads) within a sequence 
stretch of >80-bp identity were retained. The mRNA subset that is not annotated for 
base-calling quality data was treated as having a reliable overall quality. Hits were 
clustered to represent unique variations and stored in a MySQL database. Candidate 
SNPs were annotated and placed on the Zv5 genome assembly by using methods 
reported previously [12]. 

Predicted and discovered SNPs as well as genotype data obtained in this study 
were submitted to dbSNP under the following accession numbers: ss49785942–
ss49839678. The CASCAD database of candidate SNPs and underlying supporting 
information is publicly available at http://cascad.niob.knaw.nl. All scripts are freely 

available upon request. 

SNP Validation
For the verification experiment, we used 16 samples from seven different zebrafish 
isolates: AB (two individuals), C32 (two), SJD (two), TL (two), Tu (two), WIK (two), 
and Singapore wild type (four). AB, TL, Tu, and WIK samples were taken from the 

colony kept at the Hubrecht Laboratory, C32 and SJD originated from Washington 
University, and the Singapore wild types were kindly provided by Dr. Jinrong Peng. 
DNA isolation was done by using the protocol described in Westerfield [27]. 

We have semirandomly sampled candidate SNPs to generate a set of markers with 
even distribution throughout the zebrafish linkage groups. For this purpose we have 
divided the assembled zebrafish genome into equally sized bins and randomly 
selected a candidate from every bin. Primers for PCR amplification and sequencing 

of the genomic region were designed by using a customized Web interface (http://
primers.niob.knaw.nl) to the Primer3 program (http://www-genome.wi.mit.edu/
genome_software/other/primer3.html). Primer sequences can be obtained upon 
request or retrieved interactively from the Web interface (http://cascad.niob.knaw.
nl/snpview) that allows the retrieval and visual representation of validated SNPs 
between arbitrary combinations of strains. 
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PCRs were carried out by using a touchdown thermocycling program (60 sec at 
92°C; 30 cycles for°20 sec at 92°C, 20 sec at 65°°C with a decrement of 0.4°°C per 
cycle, and 30 sec at 72°°C; followed by 10 cycles of 20 sec at 92°°C, 20 sec at 58°°C, 
and 30 sec at 72°°C; and 18 sec at 72°°C; GeneAmp9700, Applied Biosystems) and 
contained 30–50 ng genomic DNA, 0.2 µM of each forward primer and 0.2 µM of 
each reverse primer, 400 µM of each dNTP, 25 mM Tricine, 7.0% glycerol (w/v), 
1.6% DMSO (w/v), 2 mM MgCl2, 85 mM ammonium acetate (pH 8.7), and 0.2 U 
Taq polymerase in a total volume of 10 µL. After thermocycling, the PCR reactions 
were diluted with 25 µL water and mixed by pipetting, and 1 µl was used as template 
for dideoxy cycle sequencing, as recommended by the manufacturer (BigDye 
v3.1, Applied Biosystems) using one of the primers used for the PCR amplification. 
Sequencing reactions were analyzed on an ABI3730XL capillary sequencer (Applied 
Biosystems), and the obtained sequences were scored for polymorphic positions by 
using the PolyPhred program [28] followed by manual inspection. 

Phylogenetic Reconstruction
Sequence alignments of 2120 confirmed variable positions were used as an input 
for the MEGA3 program [29]. Phylogenetic tree was built with a Neighbor-joining 
algorithm using p-distances with a pair-wise deletion option. Support for each node 
was determined by a bootstrap test. 

Whole-genome Mutation-type Screen
EST sequences were mapped to zebrafish assembly Zv4 by using the GMAP program 
[30]. We scored only candidate SNPs occurring in exons having at least 90% identity 
between EST and genome sequences. Genome annotation from Ensembl build 31.4d 
was used to deduce alleles observed in genomic and cDNA-based reads. 
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Abstract 

Proliferation is one of the basic processes that control embryogenesis. To identify 
factors involved in the regulation of proliferation, we performed a zebrafish genetic 
screen in which we used proliferating cell nuclear antigen (PCNA) expression as 
a readout. Two mutants, hu418B and hu540A, show increased PCNA expression. 
Morphologically both mutants resembled the dre (dreumes), uki (ukkie), and 
lep (leprechaun) mutant class and both are shown to be additional uki alleles. 
Surprisingly, although an increased size is detected of multiple structures in these 
mutant embryos, adults become dwarfs. We show that these mutations disrupt 
repressors of the Hedgehog (Hh) signaling pathway. The dre, uki, and lep loci 
encode Su(fu) (suppressor of fused), Hip (Hedgehog interacting protein), and Ptc2 
(Patched2) proteins, respectively. This class of mutants is therefore unique compared 
to previously described Hh mutants from zebrafish genetic screens, which mainly 
show loss of Hh signaling. Furthermore, su(fu) and ptc2 mutants have not been 
described in vertebrate model systems before. Inhibiting Hh activity by cyclopamine 
rescues uki and lep mutants and confirms the overactivation of the Hh signaling 
pathway in these mutants. Triple uki/dre/lep mutants show neither an additive 
increase in PCNA expression nor enhanced embryonic phenotypes, suggesting that 
other negative regulators, possibly Ptc1, prevent further activation of the Hh signaling 
pathway. The effects of increased Hh signaling resulting from the genetic alterations 
in the uki, dre, and lep mutants differ from phenotypes described as a result of Hh 
overexpression and therefore provide additional insight into the role of Hh signaling 
during vertebrate development.
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Introduction

During development, proliferation is one of the key processes in the formation of 
an embryo, but how it is controlled spatiotemporally is still poorly understood. A 
tight regulation of proliferation is necessary during development and the remaining 
lifespan of an organism, as disrupted regulation might result in tumorigenesis. Several 
essential developmental signaling pathways are reported to control embryogenesis 
and many of these are involved in regulating proliferation in vertebrates and 
invertebrates. These basic developmental pathways all involve receptor ligation of 
highly conserved sets of secreted peptides like the TGF-β superfamily [1], FGF [2], 
Wnt [3], and Hedgehog (Hh) [4]. The Hh signaling pathway is highly conserved 
throughout evolution and has been documented to control proliferation [5]. In our 
current understanding, Hh proteins are expressed in a signaling cell, secreted and 
bound to the 12-transmembrane receptor Ptc (Patched) on a neighboring cell. Upon 
this binding, Ptc is thought to be internalized into endosomes where it is unable 
to repress the activity of Smo (smoothened) [6, 7]. The signal is transmitted to the 
downstream proteins Cos2 (Costal2), Fused, Su(fu) (suppressor of fused), and one 
of the at least three members of the Gli family of zinc finger transcription factors 
[4]. In the presence of Hh, the Gli protein can be activated and transported to the 
nucleus where it activates genes mainly involved in patterning, proliferation, and 
cell structure [8]. Multiple genes are described to limit the activity of Hh signaling. 
Besides its own receptors Ptc1 and Ptc2, Hip (Hedgehog interacting protein) [9] is 
also expressed at the membrane in response to Hh activity. All three are involved 
in sequestering Hh to limit its effective range [10]. Further down the pathway, 
casein kinase I (CKI), glycogen synthase 3β (GSK3β), and protein kinase A (PKA) 
are involved in the processing or degradation of the Gli transcription factor [4]. The 
nuclear activity of Gli proteins is inhibited by Cos2 (Costal2) [1, 11-13] and Su(fu) 
[14-18], which are both reported to be involved in tethering Gli in the cytoplasm, 
preventing overactivation of the pathway.

Hh signaling regulates multiple developmental processes in specific tissues in 
vertebrates and invertebrates [4]. In addition to the role of Hh during development, 
it is necessary to tightly regulate its activity during adulthood, where its aberrant 
activation is reported to predispose to malignant types of tumors in bone [19], 
pancreas [20], gut [21], skin, and brain [22, 23]. Mutations in the negative regulator 
Su(fu) have been reported to predispose to medulloblastomas [24]. The formation of 
medulloblastomas has also been observed in patients suffering from Nevoid basal-
cell carcinoma syndrome (NBCCS), where mutations in the Ptc protein have been 
identified [25].

Here we report about a forward genetic screen, performed to identify proliferation 
mutants. In this screen we used an in situ hybridization (ISH) approach in which we 
used PCNA expression levels as a specific marker for proliferation. Two zebrafish 
mutants, called hu418B and hu540A, were identified showing increased levels of 
proliferation at 40 h post fertilization (hpf). After 4 d, a combination of phenotypes 
was observed, similar to a known class of mutants from the Tübingen large-scale 
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zebrafish screen [26]. These mutants, known as dre (dreumes), uki (ukkie), and lep 
(leprechaun), were identified based on their eye [27], ear [28], and pectoral fin [29] 
phenotypes. Both proliferation mutants from our screen are shown to be additional 
alleles of the uki mutation. In addition to the previously described phenotypes, adult 
dre mutants specifically show a disturbed regulation of chondrocyte differentiation 
in the branchial arches.

Positional cloning of this class of mutants identified mutations in negative regulators 
of Hh signaling. The dre, uki, and lep mutants encode the zebrafish homologs of the 
negative regulators Su(fu) [30], Hip [9], and Ptc2 [31]. As a result, the Hh signaling 
pathway is aberrantly activated. Treating mutant embryos with cyclopamine, a 
specific inhibitor of Hh signaling, rescues the phenotypes of uki and lep mutants. 
In an attempt to enhance the level of proliferation, double and triple mutants were 
generated showing equal levels of proliferation, compared to uki hu418B and uki hu540A, 
and no additive effect on the embryonic phenotypes. This suggests that additional 
regulators are still capable of inhibiting the Hh pathway, preventing further activation. 
In this report we describe the identification of the first vertebrate su(fu) and ptc2 
mutants, and three nonsense mutations in Hip, all showing similar phenotypes. 
All mutants demonstrate the effects of aberrant activation of Hh signaling, which 
differs from all previously described Hh mutants in the zebrafish, which mainly 
show inhibition of Hh activity. This class of mutants will therefore contribute to the 
understanding of the role of Hh signaling during vertebrate development.

Results

A Genetic Screen for Proliferation Mutants
To identify mutants showing altered levels of embryonic proliferation, we used 
proliferating cell nuclear antigen (PCNA) as a readout, a commonly used marker 
in proliferation studies. PCNA is a protein that cooperates with DNA polymerase 
δ during DNA replication and repair [32]. We found that it was difficult to use the 
standard antibody (PC10, Novocastra Laboratories Ltd, Newcastle upon Tyne, United 
Kingdom) in a whole-mount procedure, but PCNA ISH gave robust results. Early 
in development, all cells are PCNA positive and expression gradually diminishes 
as patterning and differentiation proceed. At 40 hpf, a number of tissues are still 
positive, and these correspond to ones known to develop late, e.g., the pectoral 
fins, the gut, and the branchial arches. Furthermore, the cells that line the lumen of 
the neural tube, or cells in several brain folds that are derived from that region, are 
PCNA positive (Figure 1A). Finally, a ring of cells around the lens, called the ciliary 
marginal zone (CMZ), is PCNA positive (Figure 1B). The CMZ is known to contain 
stem cells that continue to generate retinal cells throughout life in lower vertebrates 
[33]. BrdU (bromo-2-deoxy-uridine) labeling experiments have shown that these 
regions indeed contain actively dividing cells (Figure 1C) [34]. Later in development, 
expression further decreases and at 120 hpf, PCNA expression becomes almost 
undetectable.
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Figure 1. PCNA and Proliferation Patterns
(A) PCNA pattern as scored during the screen. In a dorsal view at 40 hpf, PCNA staining is 
observed in the medial and posterior part of the tectum, and in the cerebellum, the neural 
crest (arrowhead), and the pectoral fin (arrow). (B) In a sideview (42 hpf), a ring of positive 
cells is visible around the lens. (C) In a whole-mount BrdU labeling from day 3.5 to 4.5, 
similar regions are labeled indicating that PCNA RNA expression prefigures where BrdU will 
be incorporated. (D and E) Sibling and hu418B mutants, respectively, showing increased 
PCNA labeling in the CMZ, but most prominently in the tectum.

We screened 100 mutagenized genomes for mutations that affect the level of PCNA 
expression. Several mutants with an increased expression were noted, but the 
majority showed typical degeneration/apoptosis phenotypes. Two mutants, however, 
showed an increase in PCNA expression, most prominently visible in the tectum, 
and did not show degeneration. These mutants, named hu418B and hu540A, show 
an increased expression of PCNA in the peripheral retina and the tectum (Figure 
1D and 1E). These regions are known to be highly proliferative and are thought to 
contain stem cells. The increase can be observed at 36 hpf, but not at 24 hpf when 
a larger proportion of the embryo is PCNA positive. Furthermore, expression still 
undergoes a general reduction as the embryo ages. At 96 hpf, PCNA is difficult to 
detect in both mutant and wild-type embryos using an ISH approach. To exclude the 
possibility that a low level of apoptotic cell death is responsible for the increase of 
PCNA expression, we performed a whole-mount terminal transferase dUTP nick-end 
labeling (TUNEL) assay on hu418B mutants and siblings at 40 hpf. No difference 
in the level of apoptosis could be observed (data not shown), indicating that these 
mutants purely display increased levels of PCNA, independent of apoptosis.

Altered Level of Proliferation Affects Several Structures of the Developing 
Embryo
Morphological analysis of hu418B and hu540A mutants shows abnormalities that 
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correspond with an increased level of cell proliferation. At 72 hpf, the volume 
of the head is increased (Figure 2A and 2B), mainly in the region of the tectum, 
where an increased level of proliferation is observed. Additionally, hu418B and 
hu540A mutant embryos show a reduced size of the pupil, whereas the overall 
size of the eye is unaffected (Figure 2C and 2D). Measurements revealed that both 
length and width of the pupil are significantly decreased (Figure 2E). However, 
the formation of the lens is normal (data not shown). This eye phenotype might 
result from the increased rate of proliferation in the CMZ. The retina is reported to 
grow as a result of several division steps of retinal stem cells in the CMZ [35]. An 
increased level of proliferation of these cells might cause the retina to overgrow 
the lens, reducing the size of the pupil. Additionally, the pectoral fins of the 
hu418B and hu540A mutants were enlarged (Figure 2F and 2G). Dorsoventrally 
the fins have approximately increased in size by 50% (0.01 < p < 0.02, n = 6), 
the area has increased by 65% (p < 0.001, n = 3) (Figure 2H and 2I).

Figure 2. Phenotypes of uki hu418B Mutant Embryos
(A and B) Lateral view of a wild-type (wt) and uki hu418B mutant. (B) Showing an increased 
volume of the head. The size of the pupil is reduced in the uki hu18B mutant without affecting 
the size of the eye. (C–E) The size of the pupil is reduced in the uki hu18B mutant compared to 
wild-type, without affecting the size of the eye. Measurements revealed that the length and 
width of the pupil is significantly reduced in the uki 418B mutant (n = 5, *p < 0,001). (F–H) 
Pectoral fins showing the increased size of an uki 418B mutant in which the dorsal/ventral (D/V) 
size of the pectoral fin is increased by 50%, (n = 3, *0.01 < p < 0.02). (I) The anterior/posterior 
size is not significantly affected, but the fin area has increased by 65% (n = 3, p < 0.001). (J 
and K) uki hu418B mutants lack the dorsolateral septum in the ear (arrowhead). Scale bar is 100 
μm.
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An additional phenotype is observed in the otic vesicle in the hu418B and hu540A 
mutants, in which the dorsolateral septum is missing (Figure 2J and 2K). However, 
the otoliths are correctly positioned, indicating that the anlage of the ear is correct.
This phenotypic combination was already observed in a class of mutants identified 
in a large-scale screen [26], covering the dre, uki, and lep mutants [27-29]. 
Complementation analysis revealed that hu418B and hu540A are additional alleles 
of uki (now referred to as uki hu418B and uki hu540A). Of this complementation group, the 
uki hu418B mutant shows the most consistent and strongest phenotype and is therefore 
used for further experiments. The morphological phenotype of dre and lep is slightly 
weaker and no clear difference in PCNA expression can be detected in the dre and 
lep mutants using an ISH approach.

Adult Mutants Show Additional Phenotypes
Raising homozygous uki, dre, and lep mutants demonstrates that approximately 10% 
of the uki and lep mutants reach 2 mo of age, and all die before the third month. Only 
dre mutants can be raised in significant numbers (50%) for 3 mo, with a maximum 
lifespan of 9 mo (5%). All mutants stay infertile and show a dwarfism phenotype [29]. 
This could be a result of the absence of growth hormone, which is secreted by the 
pituitary gland. However, sectioning an adult dre mutant revealed the presence of a 
pituitary gland (data not shown). The adenohypophysis secretes multiple hormones 
that are reported to play a role in the development of a dwarfism phenotype [36]. 
However, ISH experiments show that expression levels of growth hormone (GH), 
proopiomelanocortin (POMC), prolactin (PRL) and thyroid stimulating hormone 
(TSH) are not altered in dre mutants (data not shown).

Histological analysis of a 5-mo-old dre mutant (n = 4) and sibling (n = 3) reveals an 
additional phenotype concerning the gills of the adult fish. The gills contain branchial 
arches that are composed of multiple primary lamellae, formed by a stack of single 
chondrocytes (Figure 3A and 3B). To increase the area for sufficient oxygen uptake, 
these primary lamellae are branched into a large number of secondary lamellae 
(Figure 3A). However, in the dre mutant, the degree of branching to form secondary 
lamellae is severely diminished. The primary lamellae contain large clusters of cells, 
which morphologically resemble chondrocytes (Figure 3C). The strictly organized 
stacks of single chondrocytes are mainly absent. Occasionally, lines of chondrocytes 
appear to branch instead of the epithelium (Figure 3D). To investigate whether 
these clusters are indeed composed of chondrocytes we performed an Alcian Blue 
staining (Figure 3E and 3F) staining differentiated chondrocytes. In a wild-type fish 
the presence of differentiating chondrocytes could be confirmed in these single cell 
stacks. However, in the mutant, the clusters of cells were shown to be Alcian Blue 
negative (Figure 3F). On the other hand, the chondrocytes in the region where the 
primary lamellae are attached to the skeleton are Alcian Blue positive. This suggests 
that the chondrocytes in the gills are specifically affected in the dre mutant. One 
of the possibilities is that these Alcian Blue–negative cells are not able to properly 
differentiate during the development of the branchial arches. To examine whether 
these cells are in an earlier stage of cartilage formation, a Periodic Acid Schiff (PAS) 
staining was performed to detect ovotransferrin, a glycoprotein transiently expressed 
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by differentiating hypertrophic chondrocytes, before they become Alcian Blue 
positive [37]. Both the mutant and the wild-type sections are negative for the PAS 
staining (data not shown). We therefore suggest that the chondrocyte-like cells in the 
mutant are prehypertrophic chondrocytes, which are arrested in their proliferative 
stage, which are therefore unable to finally differentiate into mature chondrocytes. 
This branchial arch phenotype appeared to be dre specific because primary lamellae 
in uki and lep mutants are able to branch (Figure 3G and 3H) and do not contain 
these foci of chondrocytes.

Figure 3. Patterning of the Branchial Arches in a five month old dre Mutant
(A and B) The strict organization of the brachial arch into primary (p) and secondary (s) 
lamellae in a wild-type situation (100× magnification). Higher magnification shows stacks 
of single chondrocytes in the primary lamellae. (C and D) Sectioning of a dre mutant shows 
disturbed patterning, resulting in the absence of secondary lamellae and the presence of 
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foci of chondrocyte-like cells in the primary lamellae (arrowsHE, hematoxylin and eosin 
stain; wt, wild-type. (E and F) Alcian Blue staining reveals the presence of differentiated 
chondrocytes in the wild-type (wt) primary lamellae, but not in the dre mutant, indicating 
that the differentiation of these chondrocytes is affected (200×). (G and H) Branchial arches of 
uki and lep mutants appear to be wild-type (wt).

The dre Locus is Encoding the Suppressor of Fused Protein
To identify the genes responsible for the observed phenotypes, we intended to 
positionally clone this class of mutants. The dre mutation was roughly mapped to 
linkage group (LG) 13 near z5395. Linkage analysis on 765 mutants reveals that the 
mutation was positioned close to z5395, leaving nine recombinants (0.6 cM) and 
z25745, leaving six recombinants (0.4 cM) (Figure 4A). Both markers mapped north 
of the mutation (referring to the MGH mapping panel at the Zebrafish Information 
Network at http://zfin.org). We identified an assembled contig of the Zv2 zebrafish 
genome assembly containing these markers, called ctg11890 (http://www.ensembl.
org). We assumed that, based on the physical distance between these two markers, 
the mutation could be located on this contig. Several simple sequence length 
polymorphisms (SSLPs) mapping to this contig were tested for linkage, leaving zero 
recombinants with 11890.2A (Figure 4A). However, no marker was identified on this 
contig that would enclose the mutation on the south side. The closest marker was 
positioned in a region containing four predicted genes (Figure 4A). One of those, the 
β-mannosidase precursor gene, manba, was not considered to be a likely candidate. 
The other three candidates were screened for mutations by direct sequence analysis 
of all 28 predicted exons. This analysis revealed several silent mutations and one 
missense mutation in the third exon of Su(fu) [30], changing a threonine (ACG) to a 
lysine (AAG) at amino acid position 111 (Figure 4B), indicated as T111K. This residue is 
highly conserved in a stretch of eight amino acids: GFELTFRL, from bacteria (Bacillus 
circulans) to human (Figure 4C). No additional mutations affecting protein sequence 
could be identified in the other predicted coding regions, so we expected this mutation 
to be responsible for the dre phenotype. 

Figure 4. Positional Cloning of the dre Mutant
(A) Schematic representation of assembled contig 11890 of the Zv2 genome assembly. SSLP 
markers z5395 and z25745 and newly identified SSLPs 11890.2A and 11890.2 were closely 
linked with the dre locus. Remaining recombinants of a complete panel of 765 mutant embryos 
are indicated. Four genes were predicted in the region of marker 11890.2A that encode 
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Su(fu), TRC8, ubiquitin conjugating enzyme E2, and β-mannosidase precursor protein. (B) 
The dre mutation is a C to an A substitution, changing a threonine to a lysine.
(C) Multiple alignment of Su(fu) homologs revealed that the induced mutation changes an 
amino acid in a highly conserved region of Su(fu).

To test the hypothesis whether a loss of function of Su(fu) was able to phenocopy 
the mutants, we injected morpholino antisense oligonucleotides (MO) targeted 
against the predicted initiation codon of Su(fu) (Figure 5). The characteristic eye 
(Figure 5A and 5B) and ear (Figure 5E and 5F) phenotype of the dre mutant could be 
phenocopied effectively (75% phenocopy in two different strains, n = 58), in contrast 
to a control MO. Besides the eye and ear phenotype, the MO also induced a somite 
phenotype (Figure 5I and 5J). The normally chevron-shaped somites become partially 
flat, an effect previously described [30]. This could be due to a maternal component, 
which can be inhibited by the MO, enhancing the phenotype. Alternatively, the 
dre tm146d allele may be a partial loss of function allele. To distinguish between these 
possibilities, we injected up to 25 ng of MO against a splice site, thereby affecting 
only the zygotic component of Su(fu). This results in a clear phenocopy of the dre 
mutant without a somite defect (>90% phenocopy in two different strains, n = 66). 
Additionally, injecting the same amount of splice MO into dre mutants, does not 
enhance the phenotype (>95% phenocopy, n = 71), suggesting this allele of Su(fu) 
to be a severe loss of function.

Figure 5. MO Injection Experiments against Su(fu), Hip, and Ptc2
(A) Dorsal view of the eye showing the lens in the eye chamber. (B–D) Dorsal view of embryos 
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injected with the indicated MOs, resulting in a phenocopy of dre, uki, and lep mutants. (E) A 
wild-type ear showing the presence of the dorsolateral septum (arrow), which is not present 
after injections with the indicated MOs (F–H, arrow). (I) Injections with control MOs against 
the initiation codon of Su(fu) results in chevron-shaped somites with an angle of 97°. (J) 
Injection of MOs against Su(fu) results in a more obtuse angle of the somite (126°).

The uki and lep Loci Encode Negative Regulators of the Hedgehog 
Signaling Pathway
The similarity of phenotypes between dre, uki, and lep mutants suggested that all 
the mutants encode negative regulators of Hh signaling. Positional cloning of the uki 
and lep mutations was therefore initiated by linkage analysis of SSLPs neighboring 
14 candidate genes, all members of the Hh signaling pathway. The uki hu418B mutation 
is tightly linked with marker z13452 and z27361 on LG 1, enclosing Hip. Sequence 
analysis of all predicted coding sequence of Hip revealed a nonsense mutation in 
exon 5, changing a tyrosine to a stop codon at position 295 (Y295STOP) of the 
transcript encoding 694 amino acids (Figure 6A). Sequence analysis of the uki 
hu540A mutant identified a stop codon in exon 5 at position 285 (Y285STOP) of the 
Hip protein. The uki tc256d allele contained a premature stop codon at position 406 
(Y406STOP) in exon 7 (Figure 6A). Amino acids 285, 295, and 406 of the zebrafish 
homolog of Hip corresponds to amino acids 293, 303, and 414 in human Hip. The 
identified mutation in the uki hu418B mutant should lead to a truncated protein without 
a membrane anchor, possibly resulting in a malfunctioning protein.

Positional cloning of the lep tj222 mutants was performed in a similar way. No 
recombination events were detected with marker z11948 and four newly identified 
SSLP markers on contig 10160 in genome assembly Zv2, containing Ptc2 (http://
www.ensembl.org). The zebrafish Ptc2 protein has a transcript of 3,732 base pairs, 
encoding for 1,244 amino acids [31]. Exon sequencing identified a T to A substitution 
changing a tyrosine to a premature stop at position 590 (Figure 6B) directly after 
the sixth transmembrane domain. When this transcript is expressed, Ptc2 misses 
the second large extracellular domain known to be necessary for Hh binding and 
probably the inhibitory capability on Smo. We therefore expect this truncated protein 
to be a functional null.

To confirm that the identified mutations in these genes are responsible for the 
phenotypes, we injected wild-type embryos with an MO against the initiation codon 
of Hip and a splice MO for Ptc2. For the uki mutant, a clear phenocopy could be 
observed after 4 d, affecting the head, eyes, and ears (see Figure 5C and 5G) (60% 
phenocopy in two different strains, n = 64). Injection of wild-type embryos with 20 
ng of Ptc2 splice MO resulted in a phenocopy of the ear and eye phenotype, however 
with a lower success rate (12/44; 28.5%) (see Figure 5D and 5H). This might be 
an effect of the positive feedback loop on Ptc2 when the Hh signaling pathway is 
activated, counteracting the efficiency of the MO. These experiments show that the 
uki and lep mutant phenotypes are indeed caused by Hip and Ptc2.
Loss of a negative regulator of Hh signaling should increase Hh activity, for 
which Ptc1 expression is generally used as a readout. An ISH was performed on 



59

C
ha

pt
er

 3
  
  

dre, uki, and lep mutants, resulting in a slight increase in Ptc1 expression only for 
uki and lep mutants (Figure 6C). dre mutants do not show a significant increase 
in Ptc1 expression (data not shown). Taken together, we conclude that aberrant 
activation of the Hh signaling pathway is responsible for the uki, dre, and lep 
mutant phenotypes.

Figure 6. Premature Stop Codons Were Identified in the uki and lep Mutant in hip and ptc2, 
respectively
(A) Schematic representation of the genomic organization of the Hip gene. All three alleles of 
the uki mutation contain premature stop codons positioned in exon 5 and exon 7.
(B) Representation of the protein structure of Ptc2 shows that the identified nonsense mutation 
is positioned after the sixth transmembrane domain, probably resulting in a malfunctioning 
protein. (C) ISH experiments show that Ptc1 expression is increased in uki and lep (arrow), 
confirming the aberrant activation of the Hh signaling pathway.

Double and Triple Mutants Do Not Enhance the Phenotypes
Because the increase in proliferation can only significantly be detected in uki 
mutants, we initiated the generation of double and triple mutants in an attempt 
to enhance the level of proliferation. Current models suggest that the three genes 
should independently inhibit Hh signaling, therefore a higher level of proliferation 
could be expected. Analyzing PCNA expression in the progeny of two uki+/−-/dre+/−-

/lep+/−- carriers shows increased PCNA expression for a small subset, which upon 
genotyping turned out to be mainly uki mutants. Additionally, after sorting 96 
genotyped embryos into all the possible genotypic combinations, it turned out that 
double and triple mutants do not show an obvious increase of the strength of the 
morphological phenotypes (Figure 7A–7E). The only morphological difference in 
double or triple mutants, compared to single mutants, comprises the ear (Figure 
7F–7I). In a wild-type situation, the semicircular canal is formed after the ingrowth 
of the epithelial projections from the outline of the otic vesicle, which fuses in the 
center of the ear to form the ear lumen (Figure 7F). In the uki/lep double and uki/dre/
lep triple mutants, all epithelial projections fail to grow toward the lumen of the ear 



60 dre, uki and lep Encode Hedgehog Pathway Components

(Figure 7G and 7I). These findings suggest that other negative regulators might still 
be present to prevent further activation of the Hh signaling pathway.

Figure 7. Phenotypic Analysis of dre/uki/lep Triple Mutants
(A) Wild-type (wt) embryo at 96 hpf. (B–E) The indicated double and triple mutants do 
not show severe enhancement of the phenotype. (F–I) dre/lep double mutants have an ear 
phenotype comparable with a single mutant. In the uki/lep and dre/uki/lep triple mutants, the 
epithelial projections (arrows) fail to grow out to fuse in the middle of the ear to form the ear 
lumen.

The uki and lep Mutants Can Be Rescued by Cyclopamine Treatment
To further prove that the described mutants are a result of increased Hh signaling, 
we attempted to inhibit Hh signaling, and thereby rescue the mutant phenotypes, 
by cyclopamine treatment. Cyclopamine is an inhibitor of Hh signaling acting on 
the level of Smo [38] at the initial stage of the signal transduction pathway. Treating 
lep mutants with limited amounts of cyclopamine (3 μM) clearly rescued the eye 
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and ear phenotype. Genotyping of all apparent wild-type embryos identified the 
presence of lep mutants (Table 1). Wild-type embryos were unaffected using this 
concentration. However, a treatment using 25 μM of cyclopamine clearly mimicked 
the syu phenotype [39], showing the functionality of the cyclopamine.

Table 1. Rescuing Experiment Using Cyclopamine on uki, dre, and lep Mutants
Data represent the numbers of embryos. Rescue experiment for uki, dre and lep by inhibiting 
Hh activity using cyclopamine. lep mutants can be fully rescued using 3 uM cyclopamine, a 
concentration not affecting siblings. uki mutants can be rescued using 25 uM cyclopamine. 
However, the cyclopamine affects the development of the siblings, shown by the curly tail 
phenotype. Cyclopamine treatment did not rescue dre mutants. a Weak mutant and curly 
tail.

The eye phenotype of uki mutant can be partially rescued using 10 or 15 μM 
cyclopamine, and fully rescued using 25 μM (Table 1). However, using 25 μM of 
cyclopamine, a subset of both siblings and mutants in the same clutch are affected, 
shown by a curly tail. Apparently, uki mutants are not protected against the effects 
of cyclopamine. This shows a limitation of using cyclopamine for rescuing the uki 
mutant, which is not the case for rescuing lep mutants, in which a much lower 
concentration is able to fully rescue without any side effects.

When dre mutants are treated with 25 μM cyclopamine, the mutant eye phenotype 
can be observed in combination with a curly tail, which is a result of the cyclopamine 
(data not shown). Increasing the cyclopamine concentration to 50 or 75 μM severely 
affected the development of all embryos, and therefore the eyes and ears could not 
be analyzed. Thus dre mutants are not protected against the effects of cyclopamine, 
but they also cannot be rescued by a cyclopamine treatment. The latter is expected 
because dre/Su(fu) acts downstream of Smo. These results emphasize that the 
phenotypes in this class of mutants are a result of an increased level of Hh activity.

Discussion

Proliferation Is Increased in the hu418B and hu540A Mutants
In our forward genetic screen, we were able to identify two proliferation mutants 
based on altered expression levels of PCNA and detected by an ISH approach. The 
identified mutants show an increase in the level of PCNA expression after 40 hpf, 
which is ectopically expressed in the developing tectum and in the CMZ of the eye. 
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Unfortunately, no mutants were identified with a decreased proliferation rate. This 
could be explained by the fact that this screen covered only 1%–10% (100 genomes) 
of the zebrafish genome, leaving several additional genes to be identified in a larger 
screen. The limited amount of identified mutants suggests that there might be a high 
level of redundancy in controlling proliferation. Mutants showing an altered level of 
proliferation associated with increased apoptosis were excluded due to their frequent 
occurrence. We speculate that an increase in the amount of apoptosis results in an 
increase in proliferation/PCNA expression as part of a wounding/repair response 
[40], on which altered levels of proliferation are a secondary effect. Possibly, this 
secondary defect has obscured some interesting early defects.

TUNEL experiments have shown that the increase in proliferation in the hu418B 
and hu540A mutants is not associated with increased apoptosis. The increased 
PCNA expression could therefore be a result of impaired regulation of proliferation. 
The phenotypes observed after 4 days are similar to a previously described class of 
mutants identified in the large-scale Tübingen zebrafish screen [26], containing dre, 
uki, and lep. Complementation analysis revealed that both hu418B and hu540A 
are additional alleles of the uki mutation. dre and lep mutants are weaker than 
uki as judged from morphology and do not show a comparable increase of PCNA 
expression. Possibly, the increase in proliferation in the uki mutant might reflect a 
specific function for Hip, but considering the overall morphological similarity of the 
mutants, it is more likely that the difference is due to other factors (see below).

Aberrant Hh Activation Is Responsible for the dre, uki, and lep Mutants
We show that dre, uki, and lep encode components of the Hh signaling pathway. 
The lesion in the dre mutant is a missense mutation in the su(fu) gene. The mutation, 
changing a threonine to a lysine, has been proposed as a potential PKC target site 
[41]. It is positioned in a highly conserved N-terminal region shown to be involved 
in binding the Gli protein [42]. Crystal structure analysis revealed that this threonine 
is buried and therefore suggested to be unimportant for the activity of Su(fu) [42]. 
However, our data indicate that this residue is crucial for the proper functioning of 
Su(fu), therefore it might become accessible for certain kinases due to conformational 
changes.

By injecting MOs against Su(fu), the mutant phenotype of dre could be copied, 
confirming that the dre locus encodes Su(fu). However, Su(fu) MOs against the 
initiation codon of Su(fu) induce a somite phenotype [30], which could be explained 
in a situation in which the Su(fu) MO also affects a maternal contribution. This is 
confirmed by the finding that an MO against a splice site does not result in a somite 
phenotype. Additionally, the phenotypes of dre can not be enhanced by the splice 
MO, suggesting this allele of Su(fu) to be a strong loss of function or a null. The 
similarity of the phenotypes within this mutant class suggested that the uki and lep 
mutants are also a result of aberrant activation of Hh. Linkage analysis of markers 
near multiple candidate genes confirmed this. Premature stop codons in Hip and 
Ptc2 were identified to be responsible for the uki and lep mutants, respectively, 
which was confirmed by the MO-induced phenocopies. In the lep tj222 mutant, the 
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identified premature stop is positioned at amino acid 590 directly after the sixth 
putative transmembrane domain [31], only producing the N-terminal half of the 
protein. In Drosophila, multiple alleles of Ptc have been analyzed, showing that 
expression of either the N- or C-terminal half alone will abolish its function [43]. 
We therefore expect that this severe truncation will abolish Ptc2 protein function 
in the mutant. The three nonsense mutations in the Hip protein result in all cases 
in a comparable phenotype, suggesting these alleles to be nulls. As a result, the Hh 
signaling pathway will be aberrantly activated, confirmed by the increase in Ptc1 
expression in uki and lep mutants. However, the effect of the overactivation of the 
Hh pathway is subtle compared to Hh overexpression data. This might be a result of 
a restricted expression pattern of these negative regulators. ISH experiments showed 
that Su(fu) is ubiquitously expressed until 24 hpf [30] and becomes more anteriorly 
restricted at 42 hpf (data not shown). The expression pattern of Ptc2 is generally 
overlapping Ptc1 expression, with some minor differences [31]. Hip transcripts can 
be detected in the adaxial cells in the developing trunk and in the head, generally 
resembling the expression pattern of Ptc1 (Figure 8A). Within the developing trunk, 
two rows of adaxial cells are shown to be Hip positive at 24 hpf (Figure 8A and 
8B). Hip expression is reduced in uki mutants at 24 hpf, which is probably due 
to nonsense-mediated decay (data not shown). At 40 hpf the pectoral fins, some 
branchial arches, and the tectum opticum are Hip positive, linking the expression 
pattern with the observed embryonic phenotypes (Figure 8C and 8D). Combining 
these expression patterns suggests that the subtle phenotypes observed in these 
mutants are not a result of a restricted pattern of one of these negative regulators, but 
are probably due to other negative regulators, most likely Ptc1, preventing further 
activation of the pathway.

Figure 8. Expression Pattern of hip in Wild-Type Embryos
(A and B) At 24 hpf, hip is expressed in the brain and in two lines of adaxial cells in the 
developing tail.
(C and D) At 42 hpf, hip expression is reduced in the somites. The mid-hindbrain boundary, 
some branchial arches, and the pectoral fins are hip positive. hip expression is also detected 
in the tectum (arrowhead).
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Phenotypic Consequences of Aberrant Hh Activation
The uki hu418B and uki hu540A mutants were picked up showing an increased level 
of proliferation in the developing brain. Hh activity is reported to be involved in 
the proliferation of cells in the central nervous system [44-50]. The increase in the 
volume of the head of the uki hu418B mutant is therefore in line with previous studies 
in which the growth of the brain is shown to be regulated by the activation of Shh-
Gli1 signaling [47, 51].

All the affected structures and tissues in the described mutants are known to be under 
control of Hh signaling during development. Hh signaling is one of the key regulators 
in the development of the eye, in which the formation of the retina is driven by a 
wave of Hh signal, secreted by the cells of the ganglion cell layer [52]. As a result, 
Hh controls proliferation of multiple cell types of the eye like photoreceptors and 
glia [53]. All described mutants show a decreased size of the pupil, which might 
be due to an overgrowing activity of the cells of the retina. Therefore the lens is not 
visible from a dorsal view, but no defects are observed in the lens itself.

The increased fin size in the uki hu418B mutant embryos could be linked to impaired 
Hh signaling. It is the opposite of the phenotype of syu mutants, in which finbuds 
are established, but fail to grow out, due to the absence of Shh signaling [39]. The 
observed phenotypes in the dre, uki, and lep mutants can therefore be linked to 
aberrant activation of the Hh signaling pathway.
Surprisingly, dre, uki, and lep mutants can be grown for several months, but remain 
small and are infertile. One explanation for the dwarfism phenotype involves the 
absence of growth hormone secreted by the pituitary gland. The formation of the 
pituitary gland is reported to be regulated by Hh signaling [54, 55], indicating that its 
functioning might be hampered in these mutants and resulting in the observed small 
phenotype. However, sectioning of a dre mutant embryo revealed that the pituitary 
gland is morphologically present. The secreted hormones of the adenohypophysis 
are reported to be involved in the development of a dwarfism phenotype [36]. 
However, dre mutants do not show obvious altered levels of POMC, TSH, PRL, and 
GH expression, indicating that the formation of the adenohypophysis is not affected 
in this class of mutants. Currently, we are examining a potential role for the IGF 
signaling pathway in the development of the dwarfism phenotype.

The dre mutants show an abnormality in the development of the branchial arches. 
Normally, the primary lamellae are strictly patterned and intensely branched into 
secondary lamellae. Occasionally, the chondrocyte-like cells appear to form the 
secondary lamellae itself instead of the branching of epithelial cells. Branching of the 
mammalian lungs is reported to be regulated by Shh activity [56], in which increased 
Shh activity disrupts branching and increases the level of proliferation. The primary 
lamellae gain their rigidity by stacks of single chondrocytes. However, in the dre 
mutant the primary lamellae contain large clusters of prehypertrophic chondrocytes, 
which might be unable to start the differentiation process. The formation of cartilage 
is reported to be tightly regulated by the action of Indian hedgehog (Ihh) and 
parathyroid hormone-related protein (PTHrP) [57, 58]. In this process the amount 



65

C
ha

pt
er

 3
  
  

of Ihh acts like a sensor, thereby limiting the group of cells that are stimulated to 
enter the differentiation stage [57]. This might be deregulated in the dre mutant, in 
which an aberrant activation of Ihh signaling increases the amount of PTHrP, thereby 
preventing hypertrophic differentiation. The prehypertrophic chondrocytes therefore 
remain in their proliferative stage and might form the observed clusters in the primary 
lamellae. The branchial arch phenotype has not been observed in uki/Hip and lep/
Ptc2 mutants, suggesting that this is a unique function for Su(fu). Therefore Su(Fu) 
could be modulating signals via Ptc1 as well. This is in agreement with results on 
Su(Fu) morphants that mimic Ptc1 morphants in their somite phenotype [30]. If the 
Su(fu) allele is a strong loss of function and affects signals via Ptc1 and Ptc2, why is 
the phenotype not any stonger? In addition to rescue by maternal protein, the role 
of Su(fu) in Hh inhibition may be accessory rather than absolutely central. This has 
been shown in Drosophila, in which complete inactivation of Su(Fu) does not lead 
to a full Hh overactivation phenotype [59].

Complex Regulation of Hh Activity
We have shown that aberrant activation of the Hh signaling pathway is responsible 
for the dre, uki, and lep mutants. Nevertheless, none of the mutants that was 
identified shows a typical phenotype described for aberrant Hh activation as was 
obtained by the overexpression of dnPKA or Shh [30, 60]. Surprisingly, triple mutants 
of su(fu), Hip, and ptc2 still do not show a further increased PCNA expression or a 
strongly enhanced phenotype. This could be explained in a scenario in which a 
slight activation of the Hh pathway exceeds a certain threshold upon which Ptc1 
will be expressed via an autoregulatory loop, preventing further activation of the 
pathway. Inhibiting Ptc1 functioning in these triple mutants could probably result 
in the expected Hh-overexpression phenotypes. Ptc1/Ptc2 double morphants were 
described, confirming this idea [30].

The ability of cyclopamine to rescue the uki and lep mutants is in line with 
expectations. Cyclopamine acts on the level of Smo and can revert the effect of 
upstream components such as Hip and Ptc2. The ability of cyclopamine to rescue 
the effects of mutations in Ptc is also documented for cell lines [38]. Because 
Su(fu) acts downstream of Smo (the point where cyclopamine acts), it is likely to 
be independent of the presence of an upstream signal. Similar results have been 
reported in a system with Gli2 overexpression, in which cyclopamine was unable 
to revert the effects [38]. Indeed, we find that dre mutants cannot be rescued by 
cyclopamine treatment.

Aberrant postnatal activation of the Hh signaling pathway is implicated in various 
types of neuronal and epithelial tumors. However, no obvious tumors have been 
observed in the mutants and heterozygotes. Future experiments using additional 
mutants, like a p53 knockout, might induce tumorigenesis in a background with 
aberrant Hh activity.
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Materials and Methods

Strains and Screening methods
uki tc256d, lep tj222, and dre tm146d stocks were obtained from the Max Planck Institute for 
Developmental Biology stock center in Tübingen, Germany. ENU mutagenesis was 
performed on TL males as described [60]. F1 families were generated and interbred 
to obtain F2 families. Inbreeding generated F3 embryos for screening. Embryos were 
incubated in PTU and dechorionated by pronase treatment according to standard 
protocols (http://zfin.org). Staging of embryos was according to Kimmel et al [61]. 
Embryos were fixed in 4% paraformaldehyde/PBS at 40 hpf. During screening, 
PCNA whole-mount ISH (WISH) was performed on an Abimed 96-wells ISH 
robot (Intavis Bioanalytical Instruments, Cologne, Germany; settings available on 
request). Mutants that were detected by morphological screening at 24 hpf were 
processed separately for WISH, along with two wild-types as controls. In addition, 
morphological screening was performed at 72 hpf on a duplicate clutch.

In Situ Hybridization
Manual ISH was carried out as described [62]. An antisense probe for PCNA was 
generated by linearizing EST clone fc43g05 (MPMGp609L0932, RZPD Deutsches 
Ressourcenzentrum für Genomforschung, Berlin, Germany; http://www.rzpd.
de), using SalI and transcription using SP6 polymerase. Ptc1 probe synthesis was 
performed according to Concordet et al. [63]. ISH for POMC, TSH, GH, and 
PRL was performed according to Herzog et al. [64]. A 2-kb fragment of Hip was 
amplified from cDNA, using primers 5’-AATTTGTGCTCTTGTTAGCC-3’ and 5’-
AGTGAGGTCCAGCAGGTAAG-3’, cloned and subsequently transcribed.

TUNEL assay and BrdU labeling
To determine the amount of apoptosis, a whole-mount TUNEL assay was performed 
on 40 hpf embryos as described [65]. The presence of mutants was confirmed by 
genotyping the analyzed embryos. BrdU labeling was performed according to a 
previous report [66].

Histology
Adult fish were fixed in 4% paraformaldehyde at 4 °C for 4 days and subsequently 
decalcified in 0.25M EDTA (pH 8) for 2 d. Paraffin sections (6 μm thick) were stained 
with eosin, Alcian Blue, or PAS in combination with hematoxylin using standard 
protocols.

Measurements
The size of the fins and pupils was determined on a Zeiss Axioplan microscope 
(Carl Zeiss, Jena, Germany) using a micrometer. The area of the pectoral fins was 
measured by determining the amount of pixels of a scanned photograph using Paint 
Shop Pro version 5 (Jasc Software, Corel Corporation, Ottawa, Ontario, Canada).
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Genetic Mapping and Positional Cloning of dre.
The rough genome mapping of dre tm146d to LG 13 was performed by bulked 
segregation analysis of F2 embryos and genome scanning with SSLPs [67]. To fine map 
the mutation, a mapping strain was created by crossing a dre/+ male in a Tübingen 
background to a wild-type WIK female. F2 fish carrying the dre mutation were crossed; 
765 mutant F3 embryos were collected and genomic DNA was isolated. In total, 35 
SSLPs from the Massachusetts General Hospital [68] were used for positional cloning 
on LG 13 in the region around 40 cM. Marker names and primer sequences can be 
obtained on request. Additionally, 12 SSLPs were identified on assembled contig 
11890 of version Zv2 of the zebrafish genome assembly (http://www.ensembl.org) 
that contained the two most closely linked markers (z5395 and z25743) from the 
MGH database. Linkage analysis of these newly identified markers was performed 
to enclose the mutation. All predicted exon sequences south (corresponding to the 
MGH map) of the most closely linked SSLP marker were amplified and sequenced 
using DyeNamic ET (Amersham Biosciences, Little Chalfont, United Kingdom) 
protocols. All used zebrafish genome sequence data were produced by the Sanger 
Institute (http://www.sanger.ac.uk).

Candidate Gene Approach to Positional Clone uki and lep
Mapping crosses were generated crossing a female uki hu418B or lep tj222 carrier in 
Tübingen background, with a WIK or TL male, respectively. Fourteen known 
regulators of the Hh signaling pathway were selected, and homologs were identified 
in the Zv2 zebrafish genome build at http://www.ensembl.org. A likely map position 
of the identified contigs was determined using the comparative map at http://zfin.
org and http://www.sanger.ac.uk. Forty SSLPs surrounding these candidates were 
analyzed for linkage on 10 uki or lep mutants and two siblings. In the case of linkage 
to a candidate gene, all predicted exons were amplified and sequenced. Predicted 
Hip exons were obtained using EST clone fc52e12 and additional homology-based 
assembly of the transcript.

MO antisense knockdown
MOs (Gene Tools, LLC, Philomath, Oregon, United States) were designed against the 
predicted initiation codon or splice donor site of Su(fu), Hip, and Ptc2, along with a 
five-mismatch MO as a control. Their sequences are as follows (mismatches in lower 
case): Su(fu) MO: 5’-GCTGCTAGGCCGCATCTCATCCATC-3’, Su(fu) mismatched 
control: 5’-GCTGgTAcGCCGaATCTgATaCATC-3’, Su(fu) splice MO: 5’-TGACATT
CTTACTCGTGAACTCTGT-3’; Hip MO: 5’-AATGCTTCATTTTTGCAGGGATGA-3’, 
Hip mismatched control: 5’-AATGgTTgATTTTTcCAGcGATcA-3’, Ptc2 splice MO: 5’-
CTAGCAAATAAGCCATACCTGTTGT-3’, Ptc2 control 5-mm–splice MO: 5’-CTAcCA
AAaAAcCCATAaCTGaTGT-3’. MOs were diluted in water to a stock concentration 
of 50 ng/nl. Ranges from 0.33 to 25 ng of MO were injected into one- to four-cell 
stage TL or ABxTL embryos and screened for the expected phenotypes 4 days after 
fertilization.
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Cyclopamine Treatment
Progeny from a cross of two uki, dre, or lep heterozygotes were grown in embryo 
medium in the presence of various concentrations of cyclopamine (from a 10 mM 
stock in 96% ethanol), ranging from 2 to 75 μM, administered at 5.5 hpf. Control 
embryos were treated with equal amounts of 96% ethanol. Genotyping was 
performed to identify mutants in the clutch of treated embryos.

Accession Numbers

The GenBank (http://www.ncbi.nlm.nih.gov/Genbank) accession numbers for the 
described ESTs, genes, and proteins are Bacillus circulans, (CAD41946), zebrafish 
Hip EST clone fc52e12 (AI878265), PCNA EST clone fc43g05 (AI794381), su(fu) 
(NP_958466), and ptc2 (CAB39726), and human Hip (AAH25311).

Abbreviations 

CMZ, ciliary marginal zone; ENU, ethyl-nitrosourea; GH, growth hormone; Hh, 
Hedgehog; hpf, hours post fertilization; Ihh, Indian hedgehog; ISH, in situ hybridization; 
LG, linkage group; MO, morpholino antisense oligonucleotide; PAS, Periodic Acid 
Schiff; PCNA, proliferating cell nuclear antigen; POMC, proopiomelanocortin; PRL, 
prolactin; PTHrP, parathyroid hormone-related protein; PTU, phenylthiourea; SSLP, 
simple sequence length polymorphism; TSH, thyroid stimulating hormone; TUNEL, 
terminal transferase dUTP nick-end labeling.
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Abstract   

Aberrant activation of the Hedgehog (Hh) signaling pathway in different organisms 
has shown the importance of this family of morphogens during development. Genetic 
screens in zebrafish have assigned specific roles for Hh in proliferation, differentiation 
and patterning, but mainly as a result of a loss of its activity. We attempted to fully 
activate the Hh pathway by removing both receptors for the Hh proteins, called 
Patched1 and 2, which are functioning as negative regulators in this pathway. Here 
we describe a splice-donor mutation in Ptc1, called ptc1hu1602, which in a homozygous 
state results in a subtle eye and somite phenotype. Since we recently positionally 
cloned a ptc2 mutant, a ptc1/ptc2 double mutant was generated, showing severely 
increased levels of ptc1, gli1 and nkx2.2a, confirming an aberrant activation of Hh 
signaling. As a consequence, a number of phenotypes was observed that have not 
been reported previously using Shh mRNA overexpression. Somites of ptc1/ptc2 
double mutants do not express anteroposterior polarity markers, however initial 
segmentation of the somites itself is not affected. This is the first direct evidence that 
segmentation and anterior/posterior (A/P) patterning of the somites are genetically 
uncoupled processes. Furthermore, a novel negative function of Hh signaling is 
observed in the induction of the fin bud, acting well before any of the previously 
reported functions of Shh or Gli3 in limb formation. The ptc1/ptc2 double mutant 
will provide a useful system to further investigate the consequences of constitutively 
activated Hh signaling during vertebrate development. 
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Introduction

The Hedgehog (Hh) signaling pathway has been the focus of much research in the 
last two decades, showing the importance of this morphogen to control patterning, 
differentiation and proliferation during development and disease [1-3]. The 
consequences of aberrantly activated Hh signaling became apparent by multiple 
mutants identified using forward and reverse genetic approaches in vertebrates 
and invertebrates. Large-scale genetic screens using zebrafish identified mutants 
encoding several components of the Hh signaling pathway, like Shh [4], Smo [5], 
Gli1 [6], Gli2 [7], Dispatched [8], dzip1 [9], [10]  and Scube2 [11, 12]. Mutants of 
the Hh pathway were mainly identified morphologically by their effect on somite 
development, as they resulted in U-shaped somites. This defect probably results 
from the absence of adaxial cells/ muscle pioneers in the mutant myotome [13]. The 
genes encoded by these mutants are mainly positive regulators, where inactivating 
mutations result in an inhibition of the pathway. Recently, we showed that a class 
of mutants consisting of dre, uki and lep, encode the negative regulators of Hh 
signaling, Sufu, Hip, and Ptc2, respectively [14]. These mutants show an increased 
level of proliferation in different tissues but do not show the usual patterning defects 
described for Hh overexpression experiments. The slight activation of Hh in these 
mutants did not result in similar defects as seen by ectopic expression of shh [15] 
or dnPKA [16], morphologically resulting in flattened somites. Additionally, optic 
cup vs. stalk differentiation defects [17], dorsoventral patterning of the brain [18] 
and neural tube (for a review: [19], are described to be controlled by Hh signaling. 
Knocking out all three genes simultaneously did not enhance the phenotype, 
suggesting a pivotal role for Ptc1 in inhibiting the pathway.  

A well-described role for Hh during development involves the specification of the 
myotome in fast and slow muscle fibers (for a review: [20, 21]. Overactivation of the 
Hh signaling pathway by shh overexpression, results in a complete conversion of the 
myotome into slow muscle cells, at the expanse of fast muscle cells [22, 23]; [16, 
24, 25]. The exact genetic program controlled by Hh, underlying this specification, 
is still largely unknown. Positional cloning of the ubo mutant, a member of the u-
type mutant class, shed some light on this regulation, when was found that this locus 
encodes Prdm1 (previously described as Blimp-1, [26]. This gene is shown to be 
a downstream target of Hh signaling [27] an can act as a transcriptional repressor 
[28]. Ectopic prdm1 expression is able to rescue slow muscle development in smu 
mutants, completely lacking Hh signaling [26], indicating a pivotal role for Prdm1 
in specifying slow muscle cell identity. 

Besides its role in specification and differentiation of muscle cell identity, a well-
established role for Hh is the regulation of A/P patterning of the outgrowing fin buds. 
The fin buds arise from specified regions of the lateral plate mesoderm (LPM) by a 
cascade of different genes. One of the earliest factors involved in fin field induction 
is Vitamin A derived Retinoic acid (RA), produced by Aldh1a2. Gibert et al, [29], 
have shown that RA produced in the somitic mesoderm is necessary during early 
segmentation (6 to 8 somite stage) for proper fin induction. The RA signal is thought 
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to be transferred to the intermediate mesoderm where it activates Wnt2b [30]. 
Subsequently, the T-box transcription factor tbx5 [31], one of the earliest gene known 
to be expressed in the fin field, is induced in the LPM under control of wnt2b [32]. 
In the fin mesenchym, tbx5 induces, among other genes, fgf24, fgf10 and prdm1 
expression to further specify the fin primordium. fgf24 induces the expression of shh 
in the posterior mesenchym of the fin bud [33] called the zone of polarizing activity 
[34], which organizes the A/P patterning of the outgrowing fin. The importance 
of Hh for zebrafish fin development became apparent in the syu and smu mutant 
encoding Shh and Smoothened respectively. These mutants do form finbuds, but 
subsequently fail to grow out correctly [5, 35]. On the other hand, a slight activation 
of Hh signaling, as described for the uki hu418b mutant, results in enlarged pectoral 
fins, probably as a result of increased proliferation within the developing fin bud 
[14]. These data show that Hh is functioning rather late in the genetic program 
controlling pectoral fin development. 

Here we describe the identification of two ptc1 alleles, showing subtle Hh 
overexpression phenotypes, affecting eye and somite development. Conversely, 
zebrafish mutants for both ptc genes show severe developmental problems, 
indicating redundancy between the two Ptc homologues. Unexpectedly, an early 
negative role for Hh in the induction of the pectoral fin is observed, besides its well 
described role in A/P patterning of the outgrowing fin bud. Additionally, a negative 
role for Hh signaling in the specification of A/P patterning of the somites is observed.  
Surprisingly, somites of the ptc1/ptc2 mutants appear to be apolar, without effecting 
segmentation. This is the first evidence that A/P patterning and segmentation are 
uncoupled processes. The described mutants assign novel roles to Hh signaling 
during development and will be of major importance for further studies on the effects 
of constitutive activation of Hh signaling during development and disease.  

Results 

Identification and Recovery of a Splice-donor Mutation in the ptc1 Gene
The dre, uki, and lep mutant class has shown that multiple regulators secure 
the activity of the Hh signaling pathway. This was illustrated by the fact that the 
concurrent loss of function of the negative regulators Sufu, Hip and Ptc2 did not 
result in the typical Hh overexpression phenotype, mainly concerning the chevron 
shape of the somites [14]. Presumably, the slight increase in Hh signal is enough to 
increase Ptc1 expression via a sensitive auto-regulatory loop, thereby maintaining 
the pathway at a certain level of activity, which does not exceed the threshold for Hh 
activation that will lead to patterning defects. 

To test this hypothesis we generated a target-selected knockout of the ptc1 gene. 
An ENU-induced mutation library of approximately 12.000 F1 fish was screened 
for mutations in this gene using the TILLING method [36]. This resulted in the 
identification of a splice donor mutation, changing the 5’ consensus sequence of the 
intron after exon 10, from GT, to AT (Figure 1 A, referred to as Ptc1 hu1602). By removing 



78 Constitutive Hedgehog Signaling in ptc1/ptc2 Mutants

this splice site, the intron containing 81 bp will be inserted in the transcript (Figure 1 
B). RT-PCR (Figure 1 C) and sequencing experiments on a fragment containing exon 
10 to 13 confirmed that this complete intron is inserted in the ORF, resulting in an 
expansion of the second extracellular loop of the Ptc1 protein with 27 amino acids 
(Figure 1 D).

Figure 1. Identification and characterization of a splice-donor mutation in the zebrafish ptc1 
gene.
A splice donor mutation was identified in the first base pare of intron 10, changing the 
consensus sequence GT to AT, probably affecting splicing (A). The intron after exon 10, 
shown in lower case in yellow, contains 81 bp, and the splice donor position mutated in 
ptc1hu1602 is indicated in red (B). RT-PCR analysis confirms that splicing is affected as a result of 
the mutation, which extends the transcript with 81 bp compared to wild type (C). Schematic 
representation of the Ptc1 protein showing the 12 transmembrane domains (black dots), 
and the extension of the second extracellular loop with 27 AA in red. The blw mutation is 
positioned directly after the eighth transmembrane domain of the protein (D).  

ptc1hu1602 Mutants show an Eye and Somite Phenotype
Zebrafish homozygous for ptc1 hu1602 display a subtle somite phenotype at 32 hours 
post fertilization (hpf), where the angle of the chevron shaped form of the somites 
becomes more obtuse (Figure 2 A,B). The average angle of the somite is 84° in a wild 
type situation (n=6, 4 somites measured), compared to 99° for the ptc1 hu1602 mutant  
(n=6, 4 somites measured). However, the typical flattened somite phenotype, as 
observed after Shh overexpression in zebrafish, was not observed probably due to 
the fact that other negative regulators are still limiting Hh activity, most likely Ptc2. 
Additionally, at 72 hpf a partially penetrant eye phenotype is observed, where the 
retinal pigmented epithelium (RPE) extends into the diencephalon (Figure 2 C,D). 
This phenotype was already described for the blowout (blw tc294z) mutant [37], 
identified in a screen focusing on retinotectal axon pathfinding abnormalities. 
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Complementation analysis showed that ptc1 hu1602 is an additional allele of blw tc294z. 
Subsequent sequence analysis of all exons of ptc1 identified a premature stop codon 
(W1039X) in the blw tc294z allele, located after the eighth transmembrane domain 
(Figure 1 D). Comparing ptc1 hu1602 with blwt c294z revealed that ptc1 hu1602 has a higher 
penetrance of the eye phenotype (21.4% in total, 3.4% single eye, 18% both eyes 
affected, n=261) than blw tc294z (5% in total, 4.4% one eye, 0.6% both eyes, n=521). 
Additionally the RPE in the ptc1 hu1602 extends more severely into the diencephalon 
of the embryo compared to blwt c294z (Figure 2 E), suggesting that the ptc1 hu1602 allele 
is stronger. In situ hybridization (ISH) experiments have shown that the difference 
in expression level of ptc1 in a blw tc294z mutant (Figure 2 F-H) is significantly lower 
than in a ptc1 hu1602 mutant (Figure 2 I-K) at 18 hpf, compared to the wild type, again 
indicating that the former allele is stronger.  An explanation for this observation might 
be that the splice donor mutation in ptc1 hu1602 increases the stability of the ptc1 
transcript, subsequently resulting in a higher expression level after ISH. Therefore 
we analyzed the expression levels of gli1, a downstream target of Hh signaling [6] to 
confirm the overactivation of the pathway in the ptc1 hu1602 mutant. The expression 
levels of gli1 at 19 hpf distinguishes wild types from heterozygotes and mutants (Fig 
2 L-N). This confirms that the pathway is indeed activated, and that the increase 
in ptc1 expression is not a consequence of altered stability of the transcript, due 
to the induced mutation, but a representation of the activity of Hh signaling in this 
mutant.

The ptc1 hu1602 allele results in an in frame insertion of 27 amino acids into the protein 
sequence, and therefore we investigated whether this is a full null or a partial loss 
of function allele. To test this hypothesis we injected a MO against ptc1 [25] into a 
ptc1 hu1602 mutant background, which did not enhance the phenotype. Additionally, 
we checked whether the ptc1 hu1602 allele has a dominant negative effect, by injecting 
wild type embryos with ptc1 hu1602 mRNA. No phenotypes comparable with the 
ptc1 hu1602 mutant were observed, excluding a dominant negative effect. Together 
the data suggest that ptc1 hu1602 is at least a strong loss of function allele. Since the 
ptc1hu1602 allele is stronger than blw tc294z, we used this allele for subsequent analysis 
and therefore we will refer to ptc1 hu1602 when ptc1 is mentioned. 
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Figure 2. Phenotypic consequences of zebrafish ptc1 mutants.
Homozygous ptc1hu1602 mutants show a subtle somite phenotype at 32 hpf, where the average 
angle of the somite becomes more obtuse  (A,B). At 72 hpf, ptc1hu1602 mutants exhibit an eye 
phenotype where the pigmented epithelium is extended into the diencephalon. The similar 
phenotype described for the blw mutant is weaker compared to the ptc1hu1602 mutant (C-E). 
The expression level of ptc1, the general readout for Hh activity, show a mild increase in the 
blw mutant compared to wild type (F-H). The ptc1hu1602 mutant shows a severely increased 
level of ptc1, where wild types, heterozygotes and mutants can be distinguished based on ptc1 
levels (I-K). Additional to the difference in the strength of the eye phenotype, the activation 
of the pathway is significantly higher in ptc1hu1602 mutants compared to blw mutants. An 
increased expression level of gli1 confirms an activation of the Hh pathway in the ptc1hu1602 
mutant (L-N). 
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The Hh Signaling Pathway is Constitutively Activated in ptc1/ptc2 Mutants
By the identification of a zebrafish ptc1 mutant we are now able to investigate 
whether the inhibition of the pathway is dependent on the presence of both Ptc 
homologues. Based on the current model, the absence of both Ptc proteins will 
constitutively activate Smo, normally inhibited by Ptc, which in turn activates 
the entire downstream pathway. Double mutants for lep(ptc2)tj222 and ptc1hu1602 
were generated (hereafter referred to as ptc1/ptc2 mutants) expected to show the 
consequences of increased Hh signaling. From previous studies it has been shown 
that overactivation of the Hh pathway, after injection of Shh or dnPKA [16, 25], 
results in a flattened somite phenotype. Phenotypically, ptc1/ptc2 mutants clearly 
exhibit a flattened somite phenotype at 18 hpf (Figure 3 A,B) confirming an activation 
of the pathway, by losing both Ptc homologues. At 24 hpf, the primitive eye field is 
present but the lens is missing (Figure 3 C,D), where at 48 hpf a complete absence 
of the eyes and the nose could be observed (Figure 3 E,F).  To confirm an activation 
of the pathway we analyzed the expression level of nkx2.2a [15]  and gli1 [6]. The 
expression of nkx2.2a is only induced when Hh activity is high. A clear increase 
in nkx2.2a (Figure 3 G-J) and gli1 (data not shown) expression could be observed 
between the different genotypes, confirming that the activity of the Hh signaling 
pathway is severely upregulated in ptc1/ptc2 mutants. Administration of 10 mM 
of cyclopamine to ptc1/ptc2 partially rescued the phenotype and ptc1 expression 
levels clearly decrease (data not shown). This confirms again that the differences 
in transcription levels of ptc1 in the ptc1/ptc2 mutants is not a result of increased 
stability of the transcript due to the splice donor mutation, but a direct effect of Hh 
activation. 

The eye phenotype of a single ptc1hu1602 mutant, a protrusion of the pigmented 
epithelium towards the medial region of the brain, could be a result of a disturbed 
balance between optic cup versus optic stalk differentiation. This process is reported 
to be under control of Hh signaling [17]; [38]. Possibly, the absence of the eyes in 
the ptc1/ptc2 double mutants could be a further disturbance of cup versus stalk 
differentiation. To test this hypothesis, we analyzed the expression pattern of pax2 
and pax6, identifying the presumptive optic stalk and cup respectively. Indeed, ptc1/
ptc2 mutants expand pax2 expression and lose pax6 expression in the presumptive 
optic cup region (data not shown), confirming a differentiation defect during eye 
development. Finally, ptc1/ptc2 mutants show an expansion of the lateral floor 
plate, indicated by foxa1 ISH, whereas shh expression in the medial floor plate 
was unaffected (data not shown). Again, this is in line with previous reports [39], 
and confirms the overactivation of the Hh pathway in the ptc1/ptc2 mutants. These 
observations justify the assumption that the Hh pathway can be constitutively 
activated in a genetic manner, by losing activity of both Ptc homologues.
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Figure 3. Concurrent inactivation of ptc1 and ptc2 results in severe developmental defects.
At 18 hpf, a somite phenotype becomes apparent in the ptc1/ptc2 double mutants, where the 
chevron shaped form of the somites becomes straight (A,B), which is a typical consequence 
of increased activity of the Hh pathway. At 24 hpf, ptc1/ptc2 double mutants do not develop a 
lens but the primitive eye field is still present (C,D). At 48 hpf the eyes are completely absent. 
Additionally, reduced pigmentation, an absence of the nose, and an underdeveloped ear can 
be observed at 48 hpf (E,F). Expression levels of nkx2.2a confirms that the pathway becomes 
more activated upon losing wild type alleles of ptc1 or ptc2, with the highest expression in 
the ptc1/ptc2 mutant, mainly in the anterior brain structures (G-J).

ptc1/ptc2 Mutants Show Mediolateral and Anteroposterior Patterning 
Defects
In zebrafish, somites give rise to several muscle types. The earliest event concerns 
the formation of the adaxial cells, which will later go on to form the slow muscles, 
whereas the rest of the somite will mainly produce fast muscle. Adaxial cells that 
are located at the apex of the somite will become muscle pioneers, cells strongly 
positive for Engrailed (eng1) [40]. Hh signaling from the midline induces both adaxial 
cells and muscle pioneers. As predicted by Hh injection experiments we find that 
both myod (Figure 4 A,B) and eng1 (Figure 4 C,D) [16, 25, 41] are strongly induced 
in ptc1/ptc2 mutants, indicating that these mutants mainly form slow muscle type 
fibers. To gain further proof for a conversion of the myotome towards the slow 
muscle fate, we analyzed the expression of prdm1, known to be a key regulator for 
slow muscle cell differentiation [26]. In a wild type situation, prdm1 is expressed in 
the most posterior somites and spinal cord neurons (Figure 4 E,F). The expression 
of prmd1 is regulated by Hh signaling [27], which is confirmed by the fact that the 
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expression level increases in the ptc1 mutant, and to an even higher level in the 
ptc1/ptc2 mutants. This strongly suggests that the differentiation between fast and 
slow muscle cell differentiation in the myotome is shifted towards slow muscle type 
fiber formation, possibly by upregulating prdm1 expression.

Additionally, we also investigated whether the anteroposterior patterning of the 
somites was affected. Although myod is expressed in the posterior part of recently 
formed somites, the expansion of the adaxial domain of myod expression in ptc1/
ptc2 mutants means that this marker cannot be used as A/P marker. Therefore, we 
analyzed uncx4.1, a marker which expression is normally restricted to the posterior 
part of the somite, and surprisingly, we found that it was lost (Figure 4 G,H). This 
suggested that the somite is anteriorized, and to test this hypothesis we stained 
for fgf8, which demarcates the anterior somite. However, neither this marker was 
expressed in the somitic mesoderm (Figure 4I,J), suggesting that the somites have 
lost their polarity. 

Since A/P polarity of the somites is likely to be determined during- and in fact may 
be necessary for, proper somite formation we analyzed the expression of deltaC 
(dlc) (Figure 4 K,L) and her1 (data not shown). In wild types, the expression of these 
genes shows oscillation in the presomitic mesoderm and is required for proper 
segmentation. These markers showed a normal expression pattern in presomitic 
mesoderm. Furthermore dlc expression showed that although it is normal in presomitic 
mesoderm and during somite formation, it is not maintained in the posterior part of 
older, more anterior somites (Figure 4 I,J). 

In an attempt to identify a link between increased Hh signaling and the loss of polarity 
markers, we analyzed a possible role for prdm1 in this process.  Prdm1 can act as 
a transcriptional repressor, whose expression is controlled by Hh signaling [27]. 
Morpholino knockdown of prdm1 did not rescue the expression of fgf8 or uncx4.1 
(data not shown), indicating that additional negative regulators are involved in the 
loss of polarity markers in the ptc1/ptc2 mutant somites.

We conclude that the somites of ptc1/ptc2 mutants become apolar after somite 
boundaries have been established. To our knowledge, this is the first instance in 
which the process of somite formation has been genetically uncoupled from A/P 
patterning of the formed somite. 
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Figure 4. Ptc1/ptc2 double mutants show mediolateral and anteroposterior somite patterning 
defects.
Patterning of adaxial cells and slow muscle cell precursors is disturbed in ptc1/ptc2 mutants. 
The region of myod positive adaxial cells and eng1 expressing slow muscle precursors are 
expanded at 19 hpf (A-D). At 19 hpf, prdm1 expression is highly induced in the ptc1/ptc2 
mutant, suggesting that the myotome is mainly developing slow muscle type precursors (E,F). 
Anteroposterior patterning of the somites is lost in segmented somites, since the posterior 
somite marker uncx4.1 (G,H) and anterior somite marker fgf8 (I,J) are strongly reduced or 
not detectable at 19 hpf. Additionally, dlc necessary for proper segmentation is present in 
presomitic mesoderm but failed to be expressed in the posterior part of segmented somites 
(K,L), suggesting that somite formation and A/P patterning of formed somites are genetically 
uncoupled processes.
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Hedgehog Signaling Inhibits Pectoral Fin Formation Independent of RA 
Signaling
The Hh signaling pathway is known to regulate the formation and patterning of the 
vertebrate limb. However Hh signaling is supposed to perform a rather late function 
in maintenance and outgrowth of the fin bud. Unexpectedly, the ptc1/ptc2 fin buds 
are completely lost. To investigate at which level Hh is acting on the induction 
of the fins, we investigated the expression pattern of several genes involved in fin 
development, like fgf24 and prdm1. Both genes were absent in the presumptive fin 
field (Figure 5 A-D). Additionally, the expression level of the transcription factor tbx5, 
one of the earliest markers for fin bud initiation was hardly detectable, and a slight 
scattered expression was observed at 40 hpf (Figure 5 E-H). Hand2 (or dHAND) is 
another important factor in limb bud formation in zebrafish [42]. The expression of 
tbx5 and hand2 is mutually dependent since hand2 expression is reduced in tbx5 
mutants and tbx5 expression is reduced in hand2 mutants [42, 43]. We therefore 
tested whether we could see defects in hand2 expression. ISH at 20 hpf, shows the 
expected expression pattern of hand2 in posterior lateral mesoderm with a subtle 
difference in the future fin bud region where hand2 is absent (Figure 5 I-L). Published 
analysis of early stages of fin bud formation suggests that tbx5 is only mildly reduced 
in a hand2 mutant and fin buds are still formed [42]. The strong reduction of tbx5 in 
ptc1/ptc2 mutants suggests that although hand2 is reduced it is probably not the only 
causal factor. Since both hand2 and tbx5 are reduced we sought to identify defects in 
signals that are to be upstream of these two genes. One factor that has been implicated 
in tbx5 expression is wnt2b [32], however no difference could be observed in wnt2b 
expression at 18 hpf (data not shown). Finally, fin bud induction is known to be 
under direct control of RA signaling, as shown by the neckless (nls) mutant encoding 
aldh1a2 [44]. Furthermore, mouse Aldh1a2 -/- embryos neither express tbx5 nor 
hand2 [45]. Manipulation of RA signaling in the Aldh1a2 mutant neckless (nls), has 
shown that it is required before 10 ss [44] for development of the pectoral fin bud, as 
indicated by dlx2 expression. Additionally, RA signaling has also been shown to be 
necessary during early segmentation, when it is produced in the anterior somites, to 
induce the fin field [46], where it rescues tbx5 expression in the neckless mutant. In 
the ptc1/ptc2 mutant aldh1a2 expression, required for the production of RA, was not 
significantly altered at the 60% epiboly stage or at 18 somites in ptc1/ptc2 double 
mutants (data not shown). In an attempt to rescue the fin phenotype, we treated 
double mutant embryos with RA. Concentrations ranging from 10-7 to 10-6 M did not 
rescue the formation of the pectoral fins (n=60 per concentration, including 3 to 4 
ptc1/ptc2 mutants). However, the expected morphological defects in axis formation 
were obtained, showing that RA can signal in the ptc1/ptc2 mutants. We conclude 
that the Hh signaling pathway plays an early negative role in the induction of the fin 
field, independent, or in parallel, of RA signaling. 
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Figure 5. Hh signaling has an early negative role in the induction of the fin field.
Expression analysis of fgf24 and prdm1 in a wild type embryo shows that these genes are 
restricted to the fin field at 26 hpf (A,C). ptc1/ptc2 mutants do not express these markers 
confirming that aberrant activation inhibits fin bud formation (B,D). To determine at which 
level Hh is inhbiting fin formation, the expression of tbx5, one of the earliest markers expressed 
in the finbud, was analyzed. At 20 hpf (E,F) tbx5 expression is lost in the  presumptive finbud 
region. At 40 hpf (G,H), the fin bud has established and tbx5 expression is restricted to the 
pectoral fin in a wild type situation. However, in the ptc1/ptc2 double mutant a scattered low 
expression can be observed, showing that the pectoral fin bud is not induced. hand2, acting 
upstream of tbx5 is not expressed in the future pectoral fin area (I-L: white arrow), suggesting 
a very early negative role for Hh signaling in fin bud induction.
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Hedgehog Signaling is Inhibiting Fin Induction During Segmentation 
Since the expression of wnt2b is not affected in the ptc1/ptc2 mutants and exogenous 
RA treatment is unable to rescue the fin phenotype, we tried to determine in which 
time window Hh is preventing fin field induction. Therefore, we treated 90 embryos, 
obtained from a ptc1+/-/ptc2+/- incross, with 10 μM cyclopamine between 50% 
epiboly and different developmental stages. This concentration of cyclopamine does 
not severely affect wild type siblings. By using this rather low concentration we do 
not affect the later role for Hh in outgrowing of the fin bud, but specifically focus on 
its supposed early role in fin bud induction. As a readout for a possible rescue, we 
examined tbx5 expression at 40 hpf, showing a clearly distinct finbud in the wild 
types (Figure 6 A-D, E-H) and an absence of tbx5 in the ptc1/ptc2 mutant (Figure 6 
I,M). Transient inhibition of Hh by cyclopamine between 50% and 100% epiboly 
(Figure 6 B,F,J,N) did not re-establish a localized tbx5 expression in the presumptive 
fin field. However, low tbx5 expression could be detected, in contrast to the untreated 
ptc1/ptc2 mutant (Figure 6 I,M). Localized expression of tbx5 was detected when Hh 
was inhibited between 50% epiboly and the 5 somite-stage (ss) (Figure 6 K,O). This 
can be enhanced when ptc1/ptc2 mutants are treated with cyclopamine between 
50% and the 10 ss (Figure 6 L,P). Inhibiting Hh signaling during early segmentation 
stages clearly rescued tbx5 expression in the finfield. These data show that a transient 
inhibition of Hh can re-establish tbx5 expression in the fin field, with a time window 
between late gastrulation and early segmentation. However, no obvious outgrowth 
of the pectoral fin bud was observed in these embryos at 40 hpf, which indicates 
that high levels of Hh signaling can still inhibit pectoral fin outgrowth after the 10 
ss in the ptc1/ptc2 mutant. To further investigate the time window in which Hh is 
negatively regulating fin induction, we treated embryos with 10 μM cyclopamine 
from 12ss, 18ss, 24ss and 24 hpf towards 40hpf (Figure 6 Q-T). Restricted expression 
of tbx5 can only be rescued when Hh activity is inhibited upon the 12 (data not 
shown) or 18 ss stage (Figure 6 R). Adding cyclopamine at 24 ss or 24 hpf results 
in a scattered tbx5 expression (Figure 6 S,T) which is nearly similar to the untreated 
ptc1/ptc2 mutants (Figure 6 Q). The reported experiments show that Hh signaling 
is inhibiting a cascade of genes during segmentation, which finally prevents the 
recruitment of tbx5 positive cells towards the fin field to finally form the pectoral fin. 
This suggests an instructive role for Hh on fin induction from the midline, and not a 
direct effect on the fin field itself. 
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Figure 6. Cyclopamine treatment determines time window where Hh signaling inhibits fin 
induction.
Treatment with 10 μM cyclopamine between 50% epiboly and the indicated developmental 
stages, identified the critical time window for Hh where it actively inhibits fin induction. 
From a dorsal (A,D, I-L) and lateral (E-H, M-P) view  recruitment of tbx5 positive cells in the 
fin field can be slightly rescued when cyclopamine is administered between 50%- and 100% 
epiboly (J,N). However, tbx5 expression can obviously be detected when cyclopamine is 
administered between 50% epiboly and 5- and 10 somite stage (K,L,O,P). The constitutive 
activation of Hh signaling after removing cyclopamine, inhibits the outgrowth of the fin 
bud, clearly visible from a lateral view  (M-P). Inhibiting Hh signaling from the 18 ss till 40 
hpf, rescues a restricted expression of tbx5, which is not, observed when cyclopamine is 
administered at 24ss or 24 hpf (Q-T). These data show that Hh signaling inhibits fin induction 
during late gastrulation and the segmentation stage. 
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Discussion

Isolation and Characterization of a Patched1 Mutant
Our previous research has shown that the Hh signaling pathway is strictly controlled 
to prevent overactivation, since the concurrent loss of Sufu, Hip and Ptc2 does not 
result in the severe morphological defects [14], that have been described for Hh 
overactivation. We previously hypothesized that a combined loss of both Patched 
proteins should result in a constitutive activation of the Hh pathway. Contrary to 
Ptc2, there was no zebrafish Ptc1 mutant available to confirm this idea. Here we 
report the identification of a zebrafish Ptc1 mutant via a reverse genetic approach. 
The identified splice donor mutation, results in the insertion intron 10 consisting 
of 81 base pairs into the transcript, enlarging the second extracellular loop of the 
protein by 27 amino acids and the inserted amino acid sequence has no homology to 
known proteins or domains. Previous reports have described that the first and fourth 
extracellular loops are required to bind Hh [47]. There are two likely explanations 
for the observed effect. Firstly, the modified protein is not inserted correctly in the 
membrane, and can therefore not exert its normal function. An alternative possibility 
is that the extended loop mimics the effect that Hh binding normally has, or that it 
somehow affects the sterol-sensing domain. This scenario might result in a correctly 
localized protein, which would however, lose its repressive capacity on Smoothened.  
Although the consequence of this insertion on a protein level is hard to predict, 
the Hh pathway is clearly constitutively activated, since ptc1, nkx2.2a and gli1 
expression are severely increased in ptc1 hu1602 mutants.  

Zebrafish mutants homozygous for ptc1 hu1602, show a somite defect, as expected 
from Hh overexpression experiments, where the angle of the somite becomes more 
obtuse. However, the strength of the phenotype is surprisingly mild, since mouse 
data suggest that Ptc1 is the main inhibitor of Hh signaling. In mice, ptc1 knockouts 
are embryonic lethal [48] and ptc2 mutants are viable without obvious defects 
[49], indicating that Ptc1 is the major regulator in mammals. This could indicate 
a functional shift between zebrafish and the mouse homologues of Ptc. This shift 
may also be reflected by the fact that the comparisons between the mouse and fish 
genes does not result in a clear one-to-one relationship between the Ptc1 and Ptc2 
homologs [50].   

ptc1/ptc2 Double Mutants Show the Consequences of Constitutive 
Activation of Hh Signaling
The identification of a Ptc1 mutant enabled us to confirm our hypothesis that Ptc1 
is the key regulator preventing the activity of the Hh pathway to exceed a certain 
threshold in triple mutants of Sufu, Hip and Ptc2. The ptc1/ptc2 double mutants 
showed the expected flat somite phenotype, which is the classical effect of Hh 
overexpression. Additionally, mutants homozygous for both the ptc1 hu1602 and 
uki(hip) hu418B mutations also resulted in flattened somites confirming the idea that ptc1 
expression is induced above a certain activity, thereby preventing the pathway from 
further activation (data not shown) This is a likely scenario since subtle increases in 
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ptc1 expression could be observed in ptc2 and hip mutants [14], confirming the idea 
that Ptc1 has a pivotal role in controlling the activity of the pathway. The constitutive 
activation of the pathway in ptc1/ptc2 double mutants results in similar phenotypes 
as described after injection of shh or dnPKA, concerning the optic stalk versus cup 
differentiation in the developing eye, patterning of the floor plate and differentiation 
of fast and slow muscle cell types, thereby validating these mutants as a model 
system to study the consequences of aberrantly activated Hh signaling. 

ptc1/ptc2 Double Mutants do not Express Polarity Markers in the Somites 
Somite A/P information has previously been shown to be necessary for proper 
segmentation [13, 46].  In the zebrafish mutants fused somites (fss) [13], anterior 
information is lost and the complete somite is posteriorized [46], resulting in the 
lack of somite boundary formation. When anterior and posterior polarity genes 
are expressed throughout the complete somite, segmentation is disturbed. This has 
been shown for the beamter (bea), deadly seven (des) and after eight  (aei) mutants 
[13], which do only form the first four, seven and eight somites respectively, as a 
consequence of mutated components of the Notch signaling pathway [51, 52].  The 
A/P information is thought to be established in the presomitic mesoderm, which is 
required for morphological boundary formation.

The ptc1/ptc2 mutants show that A/P patterning in the presomitic mesoderm/ nascent 
somite can be separated from maintenance of A/P patterning in existing somites. 
We analyzed expression of her1 and dlc in the presomitic mesoderm and found 
no defects, indicating that the oscillations in their expression occur normally. This 
is confirmed by a normal morphological progression of somitogenesis in double 
mutants. From the known role of Hh signaling in paraxial mesoderm, and myod 
labeling experiments, we expect that the paraxial mesoderm is completely induced 
to become adaxial. We conclude that adaxial cells are capable of executing the 
oscillations required for segmentation and are capable to form a somite boundary. 
However, analysis of dlc has shown that the somites are not able to maintain the 
A/P pattern in the somites. Surprisingly, such somites do not show a default A or P 
identity, rather they appear to be apolar, based on the loss of markers that demarcate 
the anterior (fgf8) or posterior (uncx4.1) region of a formed somite. Since the 
hedgehog signaling leads to activation of transcription via the Gli genes, repression 
of these genes has to occur via intermediate repressors. prdm1 was tested as an good 
candidate, but morpholino-knockdown of this gene could not rescue fgf8 or uncx4.1 
expression, indicating that additional repressors are induced. Since we have tested 
only a limited set of markers we cannot exclude that the somites have some currently 
undetectable A/P polarity. Several markers suggest, however, that adaxial cells are 
not under the influence of the A/P patterning system of the fully formed somite. 
Markers that stain the posterior of the fully formed somite are either not expressed 
(e.g. uncx4.1, notch5, deltaC) or additionally expressed in all adaxial cells (myod). 
To our knowledge the same holds up for anterior markers (e.g. fgf8). We propose that 
ptc1/ptc2 mutant somites are apolar because adaxial cells do not have A/P fates.
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Hedgehog is a Negative Regulator of Pectoral Fin Formation
One of the most surprising phenotypes of the ptc1/ptc2 double mutant is the absence 
of the pectoral fins. Thus far, a positive role for Shh signaling in limb development has 
been described, and this function is supposed to be rather late in development after 
the establishment of the limb bud [53]; [54-56]. Indeed, zebrafish mutants that abolish 
Hh signaling, like syu or smu, do have finbuds, but these fail to grow out [35, 57, 
58].  Although Shh is required late in limb formation, Gli3, a downstream component 
of the Hh pathway, may act earlier. This has been shown convincingly by several 
reports [59-61]. The results indicate that the repressor form of Gli3 (Gli3R) prevents 
expression of hand2 in the anterior limb bud, thereby prepatterning this structure. 
According to this model activation of Hh signaling should lead to processing of 
Gli3R to Gli3Act and hand2 should become expressed in the anterior limb bud. This 
leads to expansion of posterior genes and ectopic shh expression. Morphologically 
it should lead to polydactylous limbs rather than absence of limbs, similar to what 
has been observed in mouse Gli3 deficient limbs. This is in fact the opposite of what 
we find in ptc1/ptc2 double mutants. We find that hand2 is suppressed and that shh 
expression is lost in the prospective fin bud. There are several explanations possible 
for this result. Of course there may be evolutionary differences between fish and 
more advanced vertebrates. Therefore, it will be interesting to create a mouse ptc1/
ptc2 double mutant to test whether the findings from zebrafish hold up in mammals. 
Recently, a mouse ptc2 mutant has been generated [49], but since the Ptc1 mutant 
[62] is embryonic lethal, more sophisticated inducible mutants should be generated 
to test whether our finding on fin induction are conserved in mammals.

In the zebrafish, our results suggest that Hh signaling may have a very early negative 
effect on the establishment of the limb field. Possibly, early Hh signals from the 
midline are capable to put a boundary to the limb territory. A full ectopic activation 
from the earliest stages would then lead to repression of early hand2 and tbx5. This 
function can obscure later influences that Hh has on limb formation. Retinoic acid 
may have an early role in establishing the fin bud territory, since RA has been found 
to affect tbx5 and hand2 expression. During segmentation, RA formed in the first few 
somites is necessary to induce fin induction with a critical time window between 
gastrulation and 12 hpf [29]. We have not found any evidence that the effect of Hh 
acts through a RA signal. The expression of aldh1a2 is not altered by Hh activation 
and exogenous RA does not rescue pectoral fin formation. Also wnt2b has been 
implicated in setting up the pectoral fin territory, down stream of RA, but our data 
suggest that at least wnt2b expression is unaffected. Further experiments will have to 
be done to test which genetic program is activated finally resulting in an inhibition 
of fin field induction. 

Altogether, this report describes identification of a ptc1 mutant in zebrafish and two 
novel and unexpected roles for Hh signaling during development, as observed in the 
ptc1/ptc2 mutant. Using this model system, we are now able to study the consequences 
of constitutive activation of Hh signaling during vertebrate development, in a stable 
genetic manner, which will be important for fully understanding the role of Hh 
during development and disease.
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Material and Methods

Zebrafish lines and maintenance
Zebrafish were maintained and staged according to standard protocols [63]. Zebrafish 
lines used: ptc1 hu1602, lep tj222, blw tc294z.

Screening Mutation library
An ENU induced mutation library was screened for Ptc1 mutants, analyzing an 
amplicons covering exon 9-12, using the TILLING protocol [36]. Primer sequences 
can be obtained upon request.

Morpholino Injections
MOs for Ptc1 were injected at the 1-cell stage according to [25] in a range from 0.5 
to 3 ng. Prdm1 MOs were injected according to Baxendale et al, 2004 [26].

Whole Mount in situ Hybridizations and Immunohistochemistry
ISH experiments were performed as described in Thisse et al, 1993 [64]. The 
following probes where generated according to the indicated articles: ptc1 [15], fgf8 
[65], myod [66], tbx5 [31], hand2 [42], uncx4.1 [67], eng1 [41], dlc [67]), dlx2 [68]. 
gli1 [6]. The prdm1 and nkx2.2a probes were generated from PCR product, using 
T3-tailed primers and subsequent transcription with T3-RNA polymerase. Whole 
mount immunohistochemistry was performed according to standard protocols [69].  

Retinoic Acid Treatment
Progeny of ptc1hu1602/+ / lep(ptc2)+/- was treated with all-trans RA as described before 
[70]. Concentrations were ranging from 10-6 to 10-7 M, diluted from a 10-2 M stock 
in DMSO. Embryos were treated and analyzed from 4 hpf till 48 hpf. Genotypes 
were determined subsequently on the complete clutch to confirm the presence of 
ptc1/ptc2 double mutants. 

Cyclopamine Treatment
Cyclopamine was dissolved in 96% EtOH to a concentration of 10mM. Zebrafish 
embryos were treated from 5.5 hpf with varying concentrations of cyclopamine and 
controls with an equal volume of 96% EtOH. 

Accession numbers

Ptc1: ENSDART00000056664

Abbreviations

A/P: anterior/posterior; Cos2: Costal2; Hh: Hedgehog; Hip: Hedgehog interacting 
protein; hpf: hours post fertilization; ISH: in situ hybridization; LPM: lateral plate 
mesoderm; MO: Morpholino; RA: retinoic acid; RPE: retinal pigmented epithelium; 
ss: somite stage; Sufu: Suppressor of Fused; Ptc: Patched;
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Abstract

During development multiple signaling pathways control the specification of 
endothelial cells to become either arteries or veins. Mutant analysis in mouse and 
zebrafish resulted in the identification of components of several signaling pathways 
involved in endothelial specification. According to the current model the Hedgehog 
(Hh) / VEGF / MAP-kinase / Notch signaling cascade is able to instruct endothelial 
progenitors, located in the lateral plate mesoderm, to acquire an arterial or venous 
fate.  With the generation of a ptc1/ptc2 mutant, we are now able to investigate 
the consequences of constitutive activation of the Hh pathway on endothelial 
specification in order to test some predictions of the current model. The ptc1/ptc2 
mutant shows a general lack of venous structures, as shown by a lack of flt4 and agtrl1a 
expression in the posterior cardinal vein (PCV). Surprisingly, expression analysis of 
ephrinB2, hrT, grl and runx1 shows that, besides arterial specification, functional 
characteristics of the dorsal aorta (DA) are acquired ectopically in the PCV region. 
Downstream of Hh signaling, the specification of arteries and veins is controlled 
by the VEGF signaling pathway. To test whether we could rescue the duplication 
of the DA, we used the plc-γ1 mutant, known to lose arterial specification. Since 
plc-γ1 is functioning downstream of Hh one would expect a similar phenotype for 
the ptc1/ptc2/plc-γ1 mutant as for the plc-γ1 mutant. Surprisingly, ptc1/ptc2/plc-γ1 
triple mutants still show a duplication of the DA, and lose the inter-somitic vessels. 
These results suggest that additional pathways are functioning in parallel with VEGF 
to control endothelial specification. 
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Introduction

The circulatory system is the first functional organ system in the embryo, and for it to 
function properly, arteries and veins need to be specified. The underlying signaling 
mechanisms involved in the formation of the vascular system are still poorly 
understood. In zebrafish it has been shown that the hematopoietic and endothelial 
cell lineages are derived from common precursors called the hemangioblasts, 
which are already specified as two bilateral cell populations before gastrulation [1]. 
This pool of cells eventually contributes to both the arteries and veins of the major 
vasculature in the trunk and tail, called the dorsal aorta (DA) and posterior cardinal 
vein (PCV).

It has long been thought that the specification of arteries and veins is controlled by 
differences in blood pressure and direction of blood flow. Recently it became apparent 
that arterial and venous specification of endothelial cells is already determined before 
the onset of circulation, with the identification of small clusters of endothelial cells 
in the PLM specifically contributing to the DA or PCV [2, 3].  The exact regulation 
and timing of the specification of arterial and venous endothelial cells is still under 
debate. It has been suggested that the arterial progenitors, expressing ephrinB2a, 
precede the flt4 positive venous progenitors, in migrating towards the midline [3, 
4]. The first endothelial cells reaching the midline will form the DA (ventral to the 
notochord), while the second wave of endothelial cells establishes the PCV ventral 
to the DA. These experiments suggest that before or during migration the endothelial 
progenitors are programmed towards its final differentiation status, but it cannot be 
excluded that differentiation of endothelial cells is controlled while positioned at the 
midline.

Genetic screens in mice and zebrafish have elucidated that a signaling pathway 
involving Shh, VEGF and Notch controls the establishment of arteries and veins 
[5]. The zebrafish mutants sonic-you and you-too, encoding shh and gli2a, do not 
express the arterial markers ephrinB2a, due to a reduced activity of the Hedgehog 
pathway. Similarly, treating zebrafish embryos with cyclopamine, a specific Hh 
inhibitor, reduces ehprinB2a expression, indicating that Hh is a strong inducer of 
arterial fate [6].  Additionally, overexpressing shh in zebrafish induces expression 
of ephrinB2a, resulting in the formation of ectopic lumenized arteries [6]. Shh is 
mainly expressed in the notochord and floorplate, and induces the expression of 
VEGF in the neighboring somites. VEGF can bind to its receptor complex containing 
VEGFR2 (also called Kdr or Flk1), a receptor tyrosine kinase, and Neuropilin, thereby 
activating Phospholipase C gamma1 (Plc-γ1). Mutants for VEGFR2 [7, 8]) and Plc-
γ1 [9] , [10] show defects in establishing arteries, but not veins. Additionally, the 
differential presence of different VEGF receptors, on endothelial progenitors has been 
suggested to be required for final differentiation of arteries and veins [8]. Downstream 
of VEGF, components of the Notch signaling pathway are further specifying arterial 
or venous differentiation, where components of the Notch pathway are restricted 
to arteries [6, 11-13]. Activation of Notch signaling in arterial progenitors induces 
the expression of gridlock (hey2), identified as a key regulator of arterial induction 
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[3, 14], finally resulting in the expression of ephrinB2a,  which in turn controls final 
arterial differentiation. 

Recently, is has been shown that venous endothelial cells express the transcription 
factor COUP-TFII, which can inhibit the Notch signaling pathway, thereby specifying 
venous identify [15].  Additionally, a pivotal role for the PI3 kinase and MAP kinase/
ERK signaling pathways has been assigned in artery and vein specification in 
zebrafish. Arterial progenitors activate the ERK signaling pathway, finally resulting in 
the expression of foxc1/2 [16] and downstream components of the Notch pathway. 
In venous progenitors, an opposing PI3 kinase/AKT signaling mechanism suppresses 
the activation of ERK, leading to venous specification program [5, 17]. 

In this study, we analyzed the consequences of a constitutive activation of Hh signaling 
in A/V specification. Recently, we generated a zebrafish a ptc1/ptc2 double mutant, 
showing the consequences of aberrant activation of the Hh signaling pathway [18]. 
The ptc1/ptc2 mutants show an increase in arterial progenitors at the expanse of 
venous progenitors, mainly by activation of VEGF. Surprisingly, ptc1/ptc2 mutants 
show a duplication of the DA, where endothelial cells with arterial gene expression 
are positioned in the PCV region. These endothelial cells are capable of sprouting 
and express genes normally restricted to the DA, suggesting a functional duplication 
of the DA. We also generated ptc/1ptc2/plc-γ1 triple mutants, which still express 
arterial markers in the DA and PCV region. Contrary to what current models predict, 
we find that Hh signaling can still induce arteries in this background, suggesting that 
pathways are functioning in parallel to plc-γ1.

Results

Constitutive Hedgehog Signaling in the ptc1/ptc2 Mutant Affects 
Vasculogenesis 
The ptc1/ptc2 mutants show severe developmental defects as a consequence of 
constitutive activation of the Hh signaling pathway. One of the affected processes 
during development is the formation of the vasculature, since the ptc1/ptc2 mutant 
do not show circulation, despite the presence of a heartbeat. To determine whether 
primitive hematopoiesis is disturbed we analyzed the expression of gata1 and scl, 
both known to control the formation of red blood cells in zebrafish.  At 18 hpf, no 
differences in gata1 and scl expression could be observed between wild types and 
ptc1/ptc2 mutants (Figure 1A-D). Additionally, at 24 hpf, red blood cells can be 
detected morphologically (data not shown), indicating that the lack of circulation is 
not due to the absence of erythrocytes. This suggests that the formation of the basic 
vasculature is affected, which is confirmed by analyzing the endothelial specific 
expression of cdh5. At 18 hpf, cdh5 is expressed in the endothelial cells present at 
the midline, in a regular pattern (Figure 1E). The ptc1/ptc2 mutants show a disturbed 
irregular expression of cdh5 (figure 1F). In wild type embryos at 24 hpf, the basic 
vasculature is already specified as shown by cdh5 expression (Figure 1G). In the tail, 
the DA and PCV are clearly visible (Figure 1H, black and white arrow respectively), 
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with intersegmental vessels (ISV) sprouting from the DA. In the ptc1/ptc2 mutant, the 
formation of the vascular network is severely disturbed (Figure 1I), with the DA and 
PCV widely separated (Figure 1J) and multiple connections forming between these 
two structures. Additionally, in the trunk region, cdh5 expression shows that the 
paired PCV and Duct of Cuvier  (DV) are absent (Figure 1K,L). These data suggest 
that specification of venous identity of the endothelial cells is affected in the ptc1/
ptc2 mutant.

Figure 1. Vasculogenesis is disturbed in ptc1/ptc2 mutants.
ptc1/ptc2 mutants lack circulation although primitive blood formation is normal as shown by 
the early hematopoietic markers gata1 (A,B) and scl (C,D). The expression of cdh5, expressed 
in vascular endothelial cells, is highly organized in a wild type embryo at 19 hpf (E), while 
the ptc1/ptc2 mutants show highly irregular patterning of the endothelial progenitors (F). At 
27 hpf the primary vasculature is formed with the DA (black arrow) and PCV (white arrow) 
clearly separated and the ISV sprouting from the DA (G,H). The ptc1/ptc2 mutants show 
widely spaced DA and PCV with multiple projections from the PCV (I,J). The trunk vasculature 
is composed of the lateral dorsal aorta (lda), PCV and duct of cuvier (DV) (K), but both the DV 
and PCV are absent in the ptc1/ptc2 mutant.
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Constitutive Hedgehog Signaling Induces a Duplication of the DA and a Loss 
of the PCV
Since the expression of the general endothelial marker cdh5 suggests that venous 
specification is affected in the ptc1/ptc2 mutant, we analyzed the expression of arterial 
and venous specific markers. Endothelial cells with a venous fate are expressing flt4 
and agtrl1a, which are restricted to the PCV at 28 hpf (Figure 2 A,C). In the ptc1/ptc2 
mutants the expression of both flt4 and agtrl1a are severely reduced (Figure 2 B,D). 
This shows that the balance between venous and arterial specification is disturbed 
at the expense of venous fate. To further confirm this, we analyzed the expression 
of ephrinB2a and flk1, normally restricted to the DA (Figure 2E,G). Surprisingly, 
the ptc1/ptc2 mutants show ectopic expression of both ephrinB2a and flk1 in the 
region of the PCV (Figure 2 F,H) and occasional sprouts originating from the PCV. 
The expression of arterial markers in endothelial cells of the PCV, and sprouting of 
intersegmental vessel-like structures suggests strongly that the DA is duplicated. To 
gain further insight in the formation of the vasculature in the tail, sections were made 
showing a lumenized DA and PCV in a wild type situation (Figure 2J). However, in 
the ptc1/ptc2 mutant lumenized vessels are absent (Figure 2J), while a large cluster of 
endothelial cells is present in the DA/PVC region. In wild type embryos the DA and 
PCV are normally formed, and specifically express ephrinB2 and flt4 respectively 
(Figure 2 K,M). Contrarily, the ptc1/ptc2 mutant shows ectopic expression of 
ephrinB2 and severely reduced levels of flt4 (Figure 2L,N). Downstream of Hh, the 
VEGF signaling pathway controls specification of arteries and veins, where VEGF 
is expressed in the somites under the control of Shh (Figure 2 O). The expression 
domain of VEGF is severely expanded in the ptc1/ptc2 mutant (Figure 2 P) suggesting 
that the observed phenotype is mainly a consequence of increased activity of the 
VEGF signaling pathway. All together, these data show that a constitutive activation 
of the Hh signaling pathway suppresses venous specification and enhances arterial 
specification, probably by overactivation of the VEGF signaling pathway. 



104 Hedgehog Controls Endothelial Differentiation

Figure 2. The balance in arterial versus venous expression is disturbed in the ptc1/ptc2 
mutants.  
The expression of flt4 (A) and agtrl1a (C) are restricted to the PCV, but severely reduced 
in the ptc1/ptc2 mutant (B,D) at 28 hpf. In contrast, the expression of arterial ephrinB2a 
and flk1 (E,G) is ectopically in the PCV region in ptc1/ptc2 mutants (F,G). At 30 hpf, 
siblings clearly show lumenized vessels, which cannot be observed in ptc1/ptc2 
mutants. Additionally, flt4 (K,L) and ephrinB2a (M,N) are present in the PCV and DA 
respectively, but expression of these markers is severely affected in the ptc1/ptc2 mutant. 
VEGF is normally expressed in a restricted part of each somite (O) but as a consequence 
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of increased Hh signaling its expression domain has expanded lateral and dorsoventrally 
(P).

Endothelial Cells in the PCV Region Show Arterial Characteristics
Since endothelial cells in the PCV region ectopically express arterial genes we 
investigated whether these cells have additional arterial characteristics. The 
ISH experiments already showed that sprouts arise from the PCV, at a time point 
where venous cells normally do not form sprouts. This can also be observed in the 
ptc1/ptc2:fli1::eGFP transgenic line (Figure 3 A-D). To obtain additional proof, a 
3D reconstruction of the tail vasculature was generated, clearly showing that the 
observed sprouts arise from the cells in the PCV region (Figure 3 E,F). The capacity 
to form sprouts is known to be controlled by hrT/tbx20, which is normally restricted 
to the dorsal wall of the DA and the forming ISVs (Figure 3G). However, in the 
ptc1/ptc2 mutant hrT/tbx20 is ectopically expressed in the PCV region (Figure 3 
H). Similarly, the expression of grl, a basic HLH transcription factor involved in 
arterial specification, is ectopic (Figure 3 I,J), showing that these endothelial cells 
have obtained arterial characteristics. 

Endothelial cells in the DA are capable of recruiting the runx1-positive blood 
progenitors [4], which are attached to the ventral wall of the DA. The expression 
of runx1 is therefore restricted to the DA (Figure 3 K). However, in the ptc1/ptc2 
mutants, runx1 positive cells can be detected in the PCV region directly flanking 
the yolk extension. The formation of these runx1 positive cells is dependent on Hh 
signaling since smu mutants, encoding Smoothened, do no express runx1 in the 
DA [4]. Surprisingly, the increase in Hh activity in the ptc1/ptc2 mutant does not 
increase the number of runx1 positive cells. In contrast, it shows a loss of runx1 
expression in the ventral wall of the DA and ectopic expression of runx1 in the PCV 
region. Taken together, these results show that the DA is duplicated at the expanse of 
the PCV, and that endothelial cells in the PCV have adopted arterial characteristics 
as a consequence of a constitutive activation of Hh signaling. 
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Figure 3. The ptc1/ptc2 mutants show a duplication of the DA with arterial characteristics.
ISVs normally sprout from the DA (A,C) but ectopic sprout formation can be observed in the 
PCV region of the ptc1/ptc2 mutants (B,D). A 3D representation of a confocal image of a wild 
type (E) and a ptc1/ptc2 mutant clearly shows the sprouting capacity of the endothelial cells 
in the PCV region (F). Additionally, hrT and grl, normally restricted to the DA, are ectopically 
expressed in the PCV region, showing that these endothelial cells have arterial characteristics 
(G,J). The expression of runx1 restricted to the ventral wall of the DA in a wild type situation 
(K). Surprisingly, runx1 expression is severely reduced in the DA (L), but ectopically present 
in the PCV region of the ptc1/ptc2 mutant.
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ptc1/ptc2/plc-γ1 Triple Mutants Still Induce Arterial Fate, but Lose ISVs.
The VEGF signaling pathway is functioning downstream of Hh signaling and is the 
main regulator of vasculogenesis by controlling proliferation and differentiation. The 
current model for arterial differentiation suggests that Shh induces VEGF expression 
in the somites, resulting in a gradient of VEGF. VEGF can bind to one of its receptors 
on endothelial cells, thereby activating Phospholipase C γ1 (plc-γ1).  Subsequently, 
the MAP kinase/ERK is activated, eventually instructing a genetic program controlling 
arterial differentiation. Mutants for plc-γ1 do not form arteries and ISVs, possibly 
because the MAP kinase/ERK pathway is not activated. Since the expression domain 
of VEGF is dorsoventrally and laterally expanded, a constitutive activation of plc-γ1 
could explain the loss of veins in the ptc1/ptc2 mutant. The plc-γ1 mutant shows that 
plc-γ1 plays a pivotal role in arterial specification since a DA cannot be observed 
in the trunk of the plc-γ1 mutant, where it is clearly visible in a wild type situation 
(Figure 4, A,B). The ptc1/ptc2 mutants show a duplication of the DA (Figure 4 C), 
but a concurrent loss of ptc1, ptc2 and plc-γ1 results in disturbed formation of the 
DA and an absence of ISVs (Figure 4 D,E). Most surprisingly, the vascular defects of 
the triple mutant does not resemble the plc-γ1 phenotype, which could be expected 
when plc-γ1 is functioning downstream of Hh, indicating that additional pathways 
are controlling A/V specification. To check whether the DA is still duplicated, the 
expression of ephrinB2a and flk1 was analyzed. Although the expression of both 
arterially restricted genes is different between the ptc1/ptc2/plc-γ1 versus the ptc1/
ptc2 mutant, ectopic expression of ephrinB2a and flk1 could be detected in the 
PCV region, confirming that additional regulators downstream of Hh are functioning 
besides the VEGF signaling pathway.

Discussion

Hedgehog is a Master Regulator of Arterial Specification
The role of Hh signaling in vasculogenesis is mainly determined by the identification 
of mutants with circulatory or endothelial specification defects. The majority of these 
mutants turned out to encode positive regulators, showing the consequences of a 
loss of Hh activity in vasculogenesis. Additionally, the identification of Hh specific 
inhibitors, like cyclopamine, further enabled detailed analysis of the Hh signaling 
pathway in multiple processes. The ptc1/ptc2 mutant enables us to determine the 
consequences of constitutive Hh signaling during vasculogenesis. Aberrant activation 
of Hh signaling results in an absence of circulation, without affecting primitive 
hematopoiesis, and a general loss of veins. The ptc1/ptc2 mutants show ectopic 
expression of arterial flk1 and ephrinB2, and a reduction of venous expression of 
flt4 and agtrl1a, confirming that Hh is involved in the specification of arterial and 
venous identity. Although the expression of flt4 and agtrl1a are severely reduced, 
no complete loss of venous identity could be observed. This could be explained by 
the fact that the ptc1 allele contains a splice donor mutation, for which is has not 
been determined whether it is a full null. It is possible that a further activation of Hh 
signaling removes the residual venous expression. Overexpression of Shh has been 
shown to induce the formation of an ectopic lumenized DA [6], however no data 
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on venous specification has been reported. An additional explanation might be that 
the signaling cascade, involving the Shh/VEGF/MAP-kinase/Notch pathways [5], is 
not the only determinant of venous specification. Venous identity is thought to be 
determined by the activity of COUP-TFII, repressing Np1, thereby specifying venous 
identity. Possibly, additional signaling pathways are functioning in parallel with the 
Shh/VEGF pathways regulating venous specification. 

Figure 4. The ptc1/ptc2/plc-γ1 triple mutants show a partial duplication of the DA
The fli1:eGFP line was used to visualize the vasculature in the indicated genetic backgrounds 
(A-E). The plc-γ1 mutant only forms a PCV (B) and the ptc1/ptc2 mutant does form two 
separate vessels, both with sprouting capacity (C). In the ptc1/ptc2/plc-γ1 triple mutant, two 
separate vessels could be observed (D, zoom in E),but no ISV are formed. Expression analysis 
of ephrinB2a and flk1 shows that the DA is still duplicated although the expression patterns 
are different compared to the ptc1/ptc2 mutant (F-I).

The exact mechanism for the differentiation of endothelial cells originating from the 
lateral plate mesoderm is still under debate. Whether endothelial cells are specified 
before, during or after migrating towards the midline, or a combination of these, 
is not fully resolved. The ptc1/ptc2 mutants could be useful in determining which 
scenario is most important for endothelial specification. Since the expression of VEGF 
is laterally and dorsoventrally expanded, this could affect endothelial progenitors in 
the LPM, before migration, which could be determined by early embryonic analysis 
of flt4 and flk1. Endothelial cells are migrating towards the midline taking a route 
ventral to the somites, which in turn severely upregulate VEGF in the ptc1/ptc2 
mutant. This might affect the response of the migrating cells, possibly expressing 
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different combinations of VEGF receptors, resulting in a disturbed differentiation of 
arteries and veins. Temporal inhibition of Hh signaling, using cyclopamine, between 
the 10- and 17 ss could rescue the loss of venous identity, in the period when 
endothelial cells are migrating towards the midline.  The increase in VEGF expression 
could disturb the formed gradient ventrally to the notochord, where endothelial 
cells of the DA receive the highest, and the PCV the lowest VEGF signal. This could 
result in an increased response to VEGF in the PCV region, activating the signaling 
cascade towards arterial specification. Treating ptc1/ptc2 mutants with cyclopamine 
after the 17 ss could therefore restore proper differentiation of the endothelial cells 
in the midline. For all these possibilities, Hh activity is the most upstream signaling 
pathway resulting in an overactivation of VEGF signaling. In avians, it has been 
shown that shh is also expressed in the endoderm underlying the migratory track 
of the endothelial cells [28]. Additionally, ptc1, ptc2 and smo transcripts could 
be detected in the DA, suggesting that Hh signaling might be directly instructing 
endothelial cells, independent of VEGF. However, expression analysis of these genes 
in zebrafish did not confirm this finding at first glance [29], although detailed analysis 
on sections has yet to be performed. 
 
ptc1/ptc2 Mutants Show a Duplication of the DA
Experiments in mice, chick and zebrafish have shown that the Shh/VEGF/Notch 
signaling cascade controls the balance between arterial and venous differentiation. 
However, the majority of these mutants show a loss of either venous or arterial 
differentiation, but to our knowledge no duplication of a main vessel has been 
reported so far. The endothelial cells in the PCV region express ephrinB2 indicating 
arterial differentiation. Additionally, these endothelial cells express HrT, and are 
therefore capable to form intersegmental sprouts, while in a wild type situation these 
venous progenitors never form intersegmental sprouts. One surprising observation is 
the fact that runx1 expression is nearly completely lost in the DA, but is ectopically 
expressed in the PCV region. The expression of runx1 is restricted to hematopoietic 
progenitors attached to the ventral wall of the DA. The formation of these progenitors 
is depending on Hh signaling, since smu mutants do not express runx1 [4].  The 
ptc1/ptc2 mutants now show that constitutive activation of Hh signaling reduces the 
amount of hematopoietic stem cells (HSC). The HSCs are originating from the ill-
defined hemangioblasts [1], so possibly aberrant Hh signaling during earlier stages of 
development affects the differentiation of these cells, resulting in a reduced number 
of runx1 positive HSCs.

ptc1/ptc2/plc-γ1 Triple Mutants Still Express Arterial Markers
The current model for the specification of arteries and veins places the VEGF signaling 
pathway downstream of Hh signaling [5]. This scenario would suggest that reducing 
VEGF signaling in the ptc1/ptc2 mutant might rescue the loss of venous fates. If 
plc-γ1 functions downstream of Hh, the triple mutant should therefore display the 
plc-γ1 phenotype. Surprisingly, the ptc1/ptc2/plc-γ1 triple mutant still shows ectopic 
expression of ephrinB2 and flk1 in the PCV region. Detailed analysis of venous 
markers will determine whether venous expression could be rescued by removing 
plc-γ1 activity in the ptc1/ptc2 mutant. These results suggest that additional signaling 
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pathways are functioning in parallel with VEGF in endothelial specification. The 
loss of ISVs could indicate that certain arterial characteristics are lost, due to the 
loss of plc-γ1 activity. Expression analysis of hrT, grl and runx1 can be performed 
to confirm this hypothesis. Downstream of plc-γ1, the MAPkinase/ERK pathway 
is activated, including PKC, RAF, MEK1/2 and ERK1/2 [5]. For example, specific 
inhibitors for MEK1/2 have been successfully used in zebrafish (C. Jopling, personal 
communication). This raises the possibility to temporally inhibit these components, 
to study at which level in the signaling cascade the consequences of constitutive Hh 
signaling might be circumvented, resulting in a rescue of venous identity. 

Materials and Methods

Zebrafish lines and Maintenance
Zebrafish were maintained and staged according to standard protocols [19]. Zebrafish 
lines used: ptc1 hu1602; ptc2(lep tj222) , (fli1::egfp) y1;ptc1 hu1602;lep tj222 and (fli1::egfp) 
y1;ptc1 hu1602;lep tj222;plc-γ1 jp125 .
The plc-γ1jp125 allele is derived from the Tübingen 2000 Screen Consortium (personal 
communication, Stefan Schulte-Merker). 
 
In situ Hybridization and Immunohistochemistry
ISH experiments were performed as described in Thisse et al, 1993 [20]. The 
following probes where generated according to the indicated articles:  gata1 [21], 
scl [22], cdh5 [23], flt4 [24], ephrinB2a [2], flk1[25], vegf [26], hrT [4], grl [14], 
runx1 [27]. Agtrl1a was amplified from genomic DNA with T3-adapted primers and 
subsequently transcribed using T3 RNA polymerase.

Sections 
Embryos were dehydrated and subsequently brought to 70% ethanol, mounted in 
paraffin. Subsequently, transversal sections of 6 µm were generated. Sections from 
ISH were counterstained with neutral red and haematoxylin, respectively. 
 
3D Reconstruction of Confocal Images
Confocal images were collected using a Leica DM IRE2 microscope. Images were 
deconvoluted and subsequently analyzed using Volocity software to reconstruct a 
3D representation. 
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Concluding Remarks

The Zebrafish SNP Map can Facilitate all Positional Cloning Experiments

The popularity of the zebrafish as a model organism has dramatically increased in 
recent years since large-scale forward genetic screens identified thousands of mu-
tants in different processes of development, organogenesis and behavior. The iden-
tification of the encoding gene, however, is still a time-consuming and labor-inten-
sive endeavor, and highly dependent on the quality of the genome assembly. The 
genomes of different zebrafish strains are highly polymorphic, and different attempts 
to obtain inbred strains of the zebrafish did not result in a genetically homozygous 
line. This is one of the major disadvantages of using zebrafish as a genetic model. 
On the other hand, the high level of polymorphisms enabled us to generate a high-
density SNP map and determine the phylogenetic relationship between commonly 
used zebrafish strains (Chapter 2). We generated a SNP panel of 384 SNPs covering 
the complete genome with an average density of 4.2 MB. Commonly, sequencing 
products of 300 basepairs are generated using PCR, and it turned out that a signifi-
cant number of these fragments contained additional SNPs, besides the initial one. 
This panel can be applied to pooled DNA from wild types and siblings where sub-
sequent analysis of the sequence data can identify linkage to a certain chromosome. 
The approach of using pooled DNA for SNP detection in linkage experiments has 
been successfully employed before [1, 2]. This process can be automated, thereby 
significantly reducing time and costs compared to the commonly used gel-based 
assays, like microsatelite markers. The SNP panel has been applied to four mutants, 
all identified at the Hubrecht lab. In three out of four cases a clear linkage to a chro-
mosome was established (personal communication, S. van de Water, E. van Rooi-
jen, J. Peterson-Maduro). For the remaining one, the genetic difference between the 
mutagenized and wild type strain turned out to be small, resulting in a low amount 
of informative polymorphisms. While the numbers are low, it is clear that by se-
quencing 384 SNPs on pooled DNA of 48 siblings and mutants, any given mutation 
can be linked to a chromosome. When a SNP marker is not linked to the mutation, 
the sequence reads of the sibling and mutant DNA pools are highly similar (Figure 
1A), and ideally they should be the same. By calculating the area under the peak 
of the wild type and mutant alleles, a ratio can be calculated, ideally with a ratio of 
one (Figure 1 and personal communication, V. Guryev). When a SNP is linked to 
a given mutation, the sequence read for the pooled sibling DNA should show two 
peaks, representing 2 mutant alleles and 4 wild type alleles, since only the follow-
ing combinations are present in the sibling pool: wt/het, het/wt and wt/wt. The ratio 
of the area under the peaks can be calculated by dividing the wild type area with 
the mutant area, ideally resulting in a ratio of 2. For the pooled DNA of the mutants 
you would expect a single peak when the SNP is in close vicinity to the mutation. In 
that case, the chance of recombination between the SNP and the mutation is small. 
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When a SNP is positioned further from the mutation, the chance of recombination in 
one of the 48 embryos increases. This will be visible in the sequence read as a small 
peak representing the wild type allele. The degree of linkage between a marker and 
the mutation can be analyzed by determining the ratio between the area under the 
peaks of the wild type and mutant alleles in the electropherogram of the sequences 
of pooled mutant DNA. 

As proof of principle, we used a mutant, which had been mapped to linkage group 
(LG) 20, and calculated the ratio of the peak areas for 4 linked SNPs. In Figure 1B, 
the ratio for the peak areas for the sequence of the siblings varies from 0.6 to 1.9, in-
dicating technical variation between the experiments, since a ratio of 2 is expected. 
However, the ratio for the mutant DNA pool, varying from 0.05 to 0.27, is signifi-
cantly smaller than the sibling ratio. A tightly linked marker would show one mutant 
allele in the electropherogram, where a loosely linked marker also shows wild type 
alleles, due to recombination events. When the ratio of the areas is reaching 0, the 
marker is more closely linked to the mutation. As shown in Figure 1, the ratio for 
the mutants is increasing from 0.05 at 19.5 MB to 0.27 at 55.5 MB. This indicates 
that the mutation is positioned at the beginning of the chromosome (between 0 and 
19 MB). Subsequent analysis of the individual mutants will show the exact number 
of recombinants, enabling a more reliable prediction of the distance between the 
marker and the mutation. 

Figure 1. Positional cloning of a mutant using SNPs.
Pooled DNA of mutants and siblings was used to analyze SNPs to link the mutation to a cer-
tain chromosome. When a SNP is not linked, the sequence reads, and the ratio of the peak ar-
eas, are highly similar between siblings and mutants (A). In the case of linkage, the ratio of the 
peak areas reaches 0 when a marker is tightly linked. For this mutant, the ratio is reaching 0 
in a leftward direction, indicating that the mutation is positioned on LG20 before 19 MB (B).

This approach has now been implemented in a fully automated pipeline where all 
ambiguous positions within the parental DNA can be determined and listed. The 
identified SNPs can subsequently be analyzed for the pools of sibling and mutant 
DNA. The peak areas can be calculated identifying the closely linked markers. Al-
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together, the generation of this high-density zebrafish SNP panel and automated 
analysis pipeline, will significantly improve the positional cloning approaches for all 
available zebrafish mutants. 

Zebrafish is a Perfect Model Organism to Study the Role of Hedgehog Signal-
ing During Development   

The large-scale genetic screens in zebrafish have identified several roles for Hh in 
patterning and differentiation of the developing embryo. The majority of these mu-
tants, listed in Chapter 1, show the consequences of a decreased activity of Hh sig-
naling. Contrary, the consequences of an increased level of Hh signaling are mainly 
studied by injecting RNA or Morpholinos. With the identification and positional 
cloning of the zebrafish mutants uki, dre and lep, encoding Hip, Sufu and Ptc2, 
we are now able to study the affects of increased Hh signaling in a genetic manner 
(Chapter 3). All three mutants are phenotypically similar and do not show severe 
patterning defects, as one might expect for a mutant with overactivated Hh sig-
naling. A subtle increase in proliferation in these mutants results in an increased 
growth of different tissues. Recently, the mouse homologues of Sufu and Ptc2 have 
been knocked out, besides the previously described Hip mutant. Surprisingly, where 
the zebrafish mutants uki, dre and lep show highly similar phenotypes, the mouse 
mutants are displaying different phenotypes. For example, the Sufu mutant shows 
severe developmental abnormalities, including neural tube and heart defects [2, 
3], which are highly similar to the Ptc1 knockout mouse [4]. In contrast, the Ptc2 
mutant is homozygous viable showing some skin defects in the adult stage [5]. This 
indicates that the regulation of Hh activity by these negative regulators has diverged 
between fish and mouse. The identification of a zebrafish ptc1 mutant via a reverse 
genetic approach gave us the opportunity to check the importance of Ptc1 in regu-
lating Hh activity in the zebrafish. In mouse, Ptc1 is the main repressor, and loss of 
one copy already results in an increased incidence of tumorigenesis. Homozygous 
mutants are early embryonic lethal [4]. The zebrafish ptc1 mutants show surprisingly 
subtle phenotypes affecting the eye and somites (Chapter 4), again demonstrating a 
functional difference in Hh regulation between mammals and fish. 

The identification of the ptc1 mutant enabled us to generate a unique model to study 
the consequences of constitutive activation of Hh signaling during development. 
The ptc1/ptc2 mutants have been shown to be a useful model system to investigate 
the role of Hh during development. Since the ptc1/ptc2 mutants in mice are early 
embryonic lethal [5], no detailed analysis can be performed on the consequences of 
increased activity of the Hh signaling pathway. By injecting zebrafish embryos with 
RNA encoding shh, dnPKA or Morpholinos, one could activate the Hh pathway, al-
though technical variations are inherent to these techniques. Compound screens in 
cell culture systems have identified Hh agonists like Purmorphamine [6, 7], oxyster-
ols [8] and Hh-Ag [9], but up to this moment, the specific Hh activating properties of 
these compounds are not fully explored in an in vivo model system. Taken together, 
the generation of the zebrafish ptc1/ptc2 mutant will be an important and useful tool 
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to study the role of Hh signaling during development. 
In Chapter 4, we describe the general characterization of the ptc1/ptc2 mutants, as-
signing novel and surprising functions to Hh signaling during development. Besides 
the reported abnormalities, severe defects were observed in the formation of carti-
lage structures in the head (data not shown). Preliminary data suggests that the ptc1/
ptc2 mutants does not form differentiated craniofacial cartilage structures at 3.5 dpf. 
This could be in line with the observation that in the dreumes mutant, chondrocytes 
in the gills are arrested in their proliferative stage, unable to differentiate (Chapter 
3). The craniofacial cartilage structures in the head originate from the first pharyn-
geal arch, a region severely affected in the ptc1/ptc2 mutant (data not shown). At 
3 dpf, two severely enlarged bilateral bulges are formed at the level of the arches. 
Currently, we do not know what kinds of tissue contributes to these structures, but 
it indicates that the formation of the arches is severely affected as a consequence of 
aberrantly activated Hh signaling. Future research should determine at which level 
Hh is acting, and also exclude a possible secondary effect on cartilage formation due 
to severe patterning defects in the arches. In summary, the identification and genera-
tion of the hip, sufu, ptc1, and ptc2 mutants have shown to be useful in assigning 
novel functions to the Hh signaling pathway.
 

Hedgehog and Disease

Aberrant activation of the Hh signaling pathway is one of the underlying causes of 
multiple types of cancer. Inactivating mutations in Ptc1 and Sufu in human predis-
pose to the formation of basal cell carcinomas and medulloblastomas, respectively 
[10-12]. For additional types of cancer, including breast-, prostate-, bone-, and pan-
creas cancer, an activation of the Hh pathway could be observed in the affected tis-
sues. For these cases the causative mutations have not been identified yet, therefore 
the activation of Hh signaling could still be a secondary effect. These observations 
emphasize the importance of a tightly regulated activity of the Hh signaling path-
way. The Ptc1 mutant mouse is early embryonic lethal, but in a heterozygous situ-
ation an increased incidence of tumorigenesis is observed, which can be increased 
by losing the activity of Ptc2 [5]. In zebrafish, the ptc1 and ptc1/ptc2 heterozygotes 
did not form obvious tumors, not even after 2 years. Similarly, the semi-viable hip, 
sufu and ptc2 mutants did not show increased tumor formation, although detailed 
histological analysis has never been performed to observe possible smaller lesions 
in these fish. In mice, loss of p53 in combination with mutations in ptc increases the 
susceptibility to cancer. Possibly, by crossing in a loss-of-function allele of p53 into 
the ptc1/ptc2 mutants or heterozygotes, we could obtain a model system to study the 
role of Hh in tumorigenesis in more detail in the future.  
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Een Korte Introductie in de Ontwikkelingsbiologie

Het uitgroeien van een bevruchte eicel tot een volledig functionerend organisme is 
een van de meest fascinerende onderdelen van de biologie. Al meer dan honderd 
jaar proberen wetenschappers te begrijpen welke achterliggende mechanismen 
betrokken zijn bij dit proces. Met de ontdekking van chromosomen en genen is 
dit in een stroomversnelling geraakt. Elk organisme is opgebouwd uit verschillende 
weefsels en organen, zoals spieren, zenuwen, bloedvaten, hart etc., die op zichzelf 
ook weer verschillende soorten cellen bevatten. Al deze cellen dragen de erfelijke 
informatie van zowel de vader als de moeder, gebundeld in chromosomen, het 
zogenaamde DNA. DNA is opgebouwd uit vier verschillende basen: C, A, T en G, 
waarvan er ongeveer 3 miljard in het volledige genoom van de mens aanwezig zijn. 
Op deze chromosomen liggen genen, voor de mens ongeveer 25.000, die omgezet 
kunnen worden in eiwitten. In elk type cel is een bepaalde groep genen actief die 
uiteindelijk bepaalt wat de functie van die cel wordt. De genetische informatie die op 
de chromosomen ligt is van cruciaal belang voor een correcte ontwikkeling van elk 
organisme, en de kleinste beschadiging van het DNA kan al verstrekkende gevolgen 
hebben. Deze beschadigingen kunnen spontaan optreden of worden veroorzaakt 
door bepaalde schadelijke invloeden van buitenaf. Deze beschadigingen kunnen 
bijvoorbeeld resulteren in een aangeboren afwijking, zoals een open ruggetje, 
waterhoofd, of een verhoogde kans op suikerziekte of kanker op latere leeftijd. 

Om beter te begrijpen welke genen cruciaal zijn tijdens de ontwikkeling zijn in de 
laboratoria methodes opgezet waarmee genen selectief beschadigd worden, waarna 
gekeken wordt of de ontwikkeling verstoord is. Hiervoor worden modelorganismen 
gebruikt, zoals de fruitvlieg, de muis en de zebravis. De resultaten beschreven in dit 
proefschrift zijn allemaal verkregen door het bestuderen van de ontwikkeling van 
de zebravis. Een groot voordeel van de zebravis voor dergelijk onderzoek is het feit 
dat de embryo’s zich buiten de moeder ontwikkelen en transparant zijn gedurende 
de vroege stadia van de ontwikkeling. Hierdoor kunnen verschillende processen in 
real time onder de microscoop gevolgd worden. Daarnaast is gebleken dat ongeveer 
80% van alle genen vergelijkbaar zijn met die van de mens. Mede hierdoor kan de 
opgedane kennis in de toekomst mogelijkerwijs toegepast worden in de medische 
wereld.

De Genetische Zoektocht naar het Beschadigde Gen

Door volwassen zebravissen te behandelen met een DNA beschadigende stof, worden 
er genen beschadigd die in de volgende generatie de ontwikkeling van de embryo’s Sa

m
en

va
tt
in

g 
 



122 Samenvatting

kan verstoren. Deze werkwijze wordt ook wel “forward genetics” genoemd. Dit 
houdt in dat eerst de afwijking gevonden wordt waarna het beschadigde gen moet 
worden geïdentificeerd. Het genoom van de zebravis bevat 1.7 miljard basen, en 
1 ervan kan gemuteerd zijn in een embryo waarvan de ontwikkeling verstoord is, 
ook wel mutant genoemd. Om dit minuscule foutje te ontdekken wordt er gebruik 
gemaakt van bepaalde markers die op een van de 25 chromosomen van de vis 
aanwezig zijn. Wanneer een marker alleen voorkomt in vissen met een afwijking 
geeft dit aan dat deze marker op hetzelfde chromosoom ligt als de mutatie. Een 
voorbeeld van een dergelijke marker is een Single Nucleotide Polymorphism (SNP), 
wat een verandering van een enkele base inhoudt: bijvoorbeeld een C op een 
positie op het chromosoom van de moeder, en een A op dezelfde positie op het 
chromosoom van de vader. Hiermee kan een verband worden vastgesteld tussen 
de mutatie en de marker, waarmee bepaald kan worden op welk chromosoom de 
mutatie ligt. In hoofdstuk 2 wordt de identificatie van ongeveer 50.000 van deze 
SNPs beschreven die gebruikt kunnen worden om geïnduceerde mutaties op een 
chromosoom te plaatsen. Dat deze nuttig kunnen zijn in de zoektocht naar het 
beschadigde gen is beschreven in hoofdstuk 6, waar wordt beschreven dat een 
mutatie hiermee kan worden gelinkt aan een chromosoom. Door andere markers in 
dezelfde regio te testen kan uiteindelijk de regio verkleind worden tot een enkel gen, 
waarna de beschadigde base kan worden geïdentificeerd.

In hoofdstuk 3 beschrijven we een screen waarin we op zoek zijn naar mutanten 
die een verhoogde mate van celdeling laten zien, ook wel proliferatie genoemd, 
resulterend in een versnelde groei van bepaalde weefsels. Door het verkrijgen van 
deze mutanten zouden we uiteindelijk genen kunnen identificeren die betrokken 
zijn bij het reguleren van celdeling. Dit is een belangrijk aspect van de biologie 
omdat de vorming van een tumor ook gepaard gaat met een verhoogde celdeling. 
Door het vinden van de beschadigde genen zou er inzicht kunnen worden verkregen 
in het ontstaan van kanker. In onze screen hebben we een groep van 3 mutanten 
gevonden die verhoogde proliferatie vertoont, wat een oorzaak bleek te zijn van een 
verhoogde activiteit van een embryonale signalerings route, door mutaties in de genen 
genaamd Hip, Sufu, en Patched2. Tijdens de ontwikkeling zijn er signaleringsroutes 
die betrokken zijn bij het bepalen van links/rechts, kop/staart en boven/onder, die 
qua werking vergelijkbaar zijn met hormonen. Eén van deze signaleringsroutes, de 
Hedgehog signaleringsroute, is een fundamentele route die de organisatie van een 
zich ontwikkelend embryo registreert. De drie mutanten die we gevonden hebben 
laten de gevolgen zien van een subtiele verhoogde activiteit van deze route wat 
resulteert in een verhoogde groei in de ogen, vinnen en hersenen. Verrassend genoeg 
wordt de algemene ontwikkeling van deze mutanten niet drastisch aangetast, terwijl 
dit wel is beschreven na een sterke activatie van deze route. 

Het belang van een juiste regulatie van deze signaleringsroute werd onderstreept 
toen bij kinderen met een aangeboren afwijking, mutaties werden gevonden in genen 
die functioneren in deze route. Deze kinderen werden geboren met een afwijkende 
hoeveelheid vingers en/of tenen, vertoonde aangezichtsafwijkingen en hadden 
een verhoogde kans op kanker in de hersenen. De Hedgehog signaleringsroute is 
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normaal gesproken voornamelijk actief tijdens de ontwikkeling en zorgt voor groei 
en organisatie van het embryo. Door verschillende oorzaken kan een volwassen 
persoon in een bepaald weefsel een activatie van deze route krijgen waardoor deze 
cellen een “embryonaal” signaal krijgen om te gaan groeien, wat uiteindelijk kan 
leiden tot, bijvoorbeeld, een vorm van huidkanker. Verdere bestudering van de 
regulatie van deze route in de zebravismutanten zou uiteindelijk kunnen leiden tot 
een verbeterde en meer specifieke behandeling van deze vormen van kanker.

Het Maken van een “Knock Out” Vis

Eerder onderzoek in muis en zebravis hadden al aangetoond dat een eiwit, genaamd 
Patched1, een zeer belangrijke remmende functie had op de activiteit van de 
Hedgehog signaleringsroute. Voor de zebravis was er nog geen mutant, ook wel 
“knock out” genoemd, beschikbaar voor dit gen, dus om deze mogelijkheid te testen 
hebben we dit gen zelf uitgeschakeld in de zebravis. Hierdoor kunnen we te weten 
komen wat de functie is van dit gen tijdens de ontwikkeling. Het is dus een omgekeerd 
proces vergeleken met “forward genetics”, en wordt daarom beschreven als “reverse 
genetics”. In hoofdstuk 4 laten we zien dat embryo’s waarvan dit gen beschadigd 
is, subtiele afwijkingen laten zien maar wederom geen ernstige afwijkingen in de 
organisatie van het embryo. Mogelijkerwijs functioneren verschillende remmende 
eiwitten samen om de activiteit van de Hedgehog signaleringsroute te controleren. 
Deze mogelijkheid werd bevestigd door gelijktijdig zowel Patched1 als Patched2 
uit te schakelen in één embryo. Deze mutanten laten zeer ernstige afwijkingen 
zien waaronder een afwezigheid van ogen, neus, pectorale vinnen, bloedcirculatie 
en verminderd pigment. Dit toont aan dat de activiteit van deze belangrijke 
signaleringsroute inderdaad bewaakt wordt door meerdere eiwitten. Daarnaast 
hebben we hiermee een unieke situatie gecreëerd waarin we op een genetische 
manier kunnen kijken naar de gevolgen van een continue activatie van de Hedgehog 
signaleringsroute in allerlei processen tijdens de ontwikkeling. 

Hedgehog Controleert de Specificatie van de Bloedvaten

In hoofdstuk 5 proberen we de onderliggende oorzaak te vinden voor het feit dat 
dubbel mutanten voor Patched1 en Patched2 geen bloedcirculatie hebben. Dit blijkt 
veroorzaakt te zijn door een verstoorde ontwikkeling van het bloedvatstelsel, en 
niet door een afwezigheid van bloed. Het blijkt dat een verhoogde activiteit van 
de Hedgehog signaleringsroute de vorming van slagaders stimuleert en de vorming 
van aders remt. De specificatie van aders en slagaders wordt gecontroleerd door 
verschillende signaleringsroutes en momenteel proberen we te bepalen op welk 
niveau dit proces verstoord wordt in deze mutanten. Samengevat, door gebruik te 
maken van een misschien niet voor de hand liggend modelsysteem als de zebravis, 
kan veel kennis worden opgedaan over allerlei verschillende processen die 
mogelijkerwijs toepasbaar zijn in de mens. Maar momenteel zijn we nog steeds in 
de verkennende fase van het volledig begrijpen van het ontstaan van een compleet 
organisme uit een verzameling chromosomen in één enkele cel. 
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Promoveren doe je nooit alleen dus ook dit proefschrift is tot stand gekomen door de 
samenwerking tussen verschillende personen in het lab en daarbuiten. Daarom wil 
ik, voordat ik iemand vergeet, iedereen bedanken die me de afgelopen jaren heeft 
bijgestaan, op welke manier dan ook! Helaas kan ik hier niet iedereen, in detail, 
persoonlijk bedanken maar toch wil ik er een paar personen uitlichten.

Ten eerste natuurlijk Freek. Bedankt dat je mij de kans hebt gegeven om OIO te 
worden in je lab! Ik heb echt ontzettend veel van je geleerd. Daarnaast kwam ik, door 
met jou samen te werken, ook mijn beperkingen tegen, voornamelijk op het gebied 
van geduld en fijne motoriek. Helaas hebben we het laatste jaar niet meer direct met 
elkaar kunnen samen werken, maar uiteindelijk is het allemaal weer op zijn pootjes 
terecht gekomen. 

Stefan, thanks for giving me the opportunity to finish my thesis in your lab. As a 
scientific “outsider” in your group, I always enjoyed working together! One of the 
things I’ve learned from you is that science is not just pipetting, but also involves a 
policital aspect to get your things done. 

Hans, hartelijk dank dat je op het laatste moment de rol van promotor over hebt willen 
nemen van Ronald.

Uiteraard wil ik ook Ronald en Edwin bedanken voor het introduceren van de termen 
“high-throughput” en “robotics” in mijn wetenschappelijke denken! Alles kan sneller, 
goedkoper of in grotere schaal en ik weet zeker dat deze manier van denken mijn 
verdere loopbaan zal beïnvloeden. Dana, bedankt voor je immer kritische blik en 
frisse kijk op mijn project en alles wat zich daarom heen heeft afgespeeld de afgelopen 
jaren! Ook wil ik alle PI’s bedanken voor hun interesse en vele suggesties.

Gelukkig heb ik niet alles alleen hoeven doen om dit boekje te vullen. Carina en 
Marjo, bedankt voor jullie bijdrage en al die in situs die jullie voor me gedaan hebben! 
Ook de studenten van het eerste uur, Gerwen en Robin, bedankt! Victor, it was realy 
nice working together and getting a short introduction in Russian culture. No Vodka 
for me anymore!

En dan natuurlijk mijn Angels: Saskia, Evelyn en Hiljanne. Veel meer geluk met 
studenten kan je haast niet hebben. Alledrie handig met de pipet, niet bang voor een 
vrouwonvriendelijke opmerking, altijd hun woordje klaar en in voor een biertje! Ze 
bestaan dus echt! Uiteraard wil ik hierbij ook alle collega’s/vrienden in de groep van 
Stefan bedanken voor een geweldig laatste jaar. Hennetjes, ik mis jullie nu al!

Het mooie van onderzoek doen op het Hubrecht is dat er altijd wel iets te bietsen valt 
bij een van de andere groepen, als ik bijvoorbeeld geen zin had om het zelf te maken. 



125

D
an

kw
oo

rd
  

Hierbij wil ik dan ook iedereen bedanken die mij op deze manier heeft geholpen! 
Uiteraard zou ik geen onderzoek hebben kunnen doen zonder alle ondersteunende 
diensten in het Hubrecht. Hierbij wil ik de civiele dienst, schoonmakers, dierverzorgers, 
IT, P&O, financiële afdeling en iedereen van de media keuken bedanken voor hun 
ondersteuning. Romke, ik kan je helaas niet meer omkopen met goede muziek, dus 
ik hoop dat de volgende “Borrel-generatie” zich iets beter gaat gedragen! 

Voor bijna elke OIO in het Hubrecht is er één vrouw die een steeds prominentere rol 
gaat vervullen als de jaren verstrijken: Ira! Ontzettend bedankt voor je gezelligheid, 
altijd goede humeur en alles wat je voor me geregeld hebt!  

Op het sociale vlak ben ik gelukkig weinig tekortgekomen: borrels, feestjes, de 
Klater, Winterberg, retraites, pokeren, borrels, de Rex, terrasje pakken, bootje varen, 
borrels, zaalvoetballen, BBQs, etc. etc. De volgende mensen hebben er echt voor 
gezorgd dat ik mijn studententijd met 4 jaar heb kunnen verlengen. De borrel club 
oude stijl: Bart, Arnoud, Bas, Edwin, Ewart,  Erno, Olaf, Ralph en Josine! En natuurlijk 
de borrel club nieuwe stijl: Pim, Henk, Ruben, Erik, Robert, Jeroen, Saskia, Mul, Ive, 
Ben, Kirsten, Manon, Gwen, Anne, Ellen, Frank, Kelly en iedereen die ooit een 
biertje met me heeft gedronken! Ik zal het gaan missen…

Eelke, soul mate vanaf mijn eerste stappen in Utrecht, bedankt voor alle goede 
gesprekken, muziekavondjes, concert bezoeken en natuurlijk je “air drum” lessen! 
Ellen, als je samen door een bepaalde situatie heen moet, leer je elkaar pas goed 
kennen. Alvast veel sterkte met het lay-outen van je proefschrift, maar ik hoop dat je 
toch iets van me geleerd hebt! En ons 24 uurs lab komt er ongetwijfeld! Geweldig 
dat jullie mijn paranimfen zijn!

Zonder goede roots kom je natuurlijk nergens. Iedereen bedankt in hometown 
Barneveld en omstreken, die altijd voor me klaar staan: Paul, Robert, Marc, Jordan 
en Ralph. Uiteraard ook iedereen van SDVB5: bedankt voor de mooie wedstrijden 
(Zeewolde uit!!) en onophoudelijke interesse in de wondere wereld der zebravis! 

Uiteindelijk kom ik dan terecht bij mijn echte roots. Pa en Ma, Diane en Danny en 
Jan, ontzettend bedankt dat jullie altijd achter me hebben gestaan! Een ding is me 
duidelijk geworden: Een goede basis is het begin van alles! 

Lieve Mirjam, ik ben ontzettend blij dat jij de afgelopen jaren altijd achter me hebt 
gestaan! Ook al weten we nog niet wat de nabije toekomst ons gaat brengen, ik weet 
zeker dat we er samen uit gaan komen. Ik kan niet wachten om met jou de wijde 
wereld in te trekken! Ik hou van je… 
 

 Marco
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Curriculum Vitae

De schrijver van dit proefschrift is geboren op 17 juli 1979 in Barneveld. In 1997 
behaalde hij  het VWO-diploma op het Johannes Fontanus College te Barneveld. 
Hierna ging hij Medische Biologie studeren aan de Universiteit van Utrecht. In de 
doctoraalfase van zijn opleiding heeft hij zijn eerste onderzoeksstage uitgevoerd bij 
de vakgroep Celbiologie, onder leiding van dr. Giel Hendriks en dr. Peter van der 
Sluijs. Een tweede stage werd uitgevoerd in de Functional Genomics groep binnen 
het Hubrecht Laboratorium onder leiding van dr. Erno Wienholds en prof.dr. Ronald 
Plasterk. Na het behalen van het doctoraalsdiploma in december 2002 is hij gestart 
als Onderzoeker in Opleiding in de onderzoeksgroep van Freek van Eeden binnen 
het Hubrecht Laboratorium. Vanaf januari 2006 zette hij hier zijn onderzoek voort 
binnen de groep van Stefan Schulte-Merker. De behaalde resultaten van dit onder-
zoek zijn gebundeld in dit proefschrift.
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