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Outline of this thesis

In the research described in this thesis we set out to identify and analyze cilia-associ-
ated disease genes using the zebrafish (Danio rerio) as a model system. 

After a brief introduction on cilia structure, function and its connection to disease 
in Chapter 1, the first part of this thesis describes the genetic analysis of the previous-
ly uncharacterized highly conserved ciliary leucine-rich repeat containing protein 
Lrrc50 that we isolated from a forward genetic N-ethyl-N-nitrosourea (ENU)-based 
mutagenesis screen for ciliary immotility in zebrafish. 

In Chapter 2 we show that homozygous inactivation of lrrc50 in zebrafish em-
bryos disrupts ciliary structure and function, resulting in ciliary dyskinesia, left-
right polarity defects, impaired pronephric fluid flow and the development of highly 
proliferative pronephric cysts. Our studies indicate that lrrc50 is involved in regu-
lation of microtubule-based cilia and actin-based brush border microvilli and that 
its leucine-rich repeat domains are necessary for Lrrc50 function. In vitro studies 
reveal a functional conservation between the zebrafish and mammalian gene, and 
we therefore propose lrrc50 to be a novel candidate gene for ciliary dyskinesia and 
human cystic kidney disease.

In Chapter 3, we report the observation that adult heterozygote lrrc50+/- male fish 
are predisposed to the development of germ cell tumors. Using morphological and 
immunohistochemical techniques we demonstrate these tumors to exhibit enhanced 
levels of proliferative spermatogonia reminiscent of the human testicular malignan-
cy seminoma. This is the first report of an animal model for seminoma development. 
Because our preliminary analyses indicate a loss of the wild-type allele in a subset of 
tumors, we propose lrrc50 to be a potential tumor suppressor.

In the second part of this thesis we investigate the role of the von Hippel-Lindau 
(VHL) tumor suppressor in zebrafish. VHL plays an important role in the develop-
ment of highly vascularized tumors and cysts in many organ systems, and has been 
associated with ciliary function. Chapter 4 gives an introduction on the hereditary 
cancer syndrome VHL disease, an overview of the wide variety of regulatory func-
tions of the VHL protein (pVHL), and the animal models that have been generated 
to elucidate its function. Since Vhlh knock-out mice die in utero during early embry-
onic stages, we set out to generate a novel somatic vertebrate model organism to 
study pVHL function throughout development. In Chapters 5, 6 and 7 we present a 
novel zebrafish model for pVHL, and show that loss of function mutants in this gene 
display key aspects of the human disease condition.

In Chapter 5 we describe the generation of two zebrafish lines carrying inacti-
vating germline mutations in the VHL gene ortholog vhl via target selected ENU-
mutagenesis. Mutant embryos display a general systemic hypoxic response, which in-
cludes the upregulation of hypoxia-induced genes and a severe hyperventilation and 
cardiophysiological response. vhl mutants furthermore develop severe polycythemia 
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that shares many similarities with human VHL-associated Chuvash polycythemia. 
Our data demonstrate pVHL function to be conserved between mammals and ze-
brafish, and vhl mutants to represent the most accurate model for VHL-associated 
polycythemia to date. 

In Chapter 6, we show that zebrafish vhl mutants display a severe neovasculari-
zation response, as a consequence of hypoxia inducible factor α (Hif-α) stabilization 
and the subsequent upregulation of vascular endothelial growth factor (vegf) and 
its receptors. Angiogenic vessels in the vhl mutant retina and brain express cxcr4a, 
a marker gene expressed by tumor and vascular cells in VHL-associated hemangio-
blastomas and renal cell carcinomas. We furthermore show that vhl mutant zebrafish 
embryos carrying blood vessel-specific transgenes represent a unique and clinically 
relevant angiogenesis model, where in the context of hypoxia signaling, the process 
of pathological angiogenesis can be studied non-invasively in a tissue-specific con-
text under normoxic conditions. 

Renal neoplasms are one of the most common features in VHL disease and in 
Chapter 7, we report that loss of vhl in zebrafish embryos results in severe prone-
phric abnormalities. Our preliminary data indicate that vhl is required to maintain 
pronephric tubule and glomerulus integrity during zebrafish development. While we 
did not observe pronephric cysts, electron microscopic analysis revealed vhl mutant 
proximal tubule cells tend to accumulate large numbers of vesicles of unknown con-
tent. Since we show glomerular filtration and endocytosis in vhl -/- proximal tubule 
cells is not impaired, we hypothesize our data may indicate a defect in microtubule-
based exocytosis (or transcytosis), that may reflect impaired kinesin-2 mediated 
transport towards the basolateral membrane.

 Since Vhlh knock-out mice are embryonic lethal, zebrafish vhl mutants repre-
sent a unique systemic vertebrate animal model in which the role of pVHL can be 
studied during both embryonic and post-embryonic stages. The results presented 
in Chapters 5, 6 and 7 demonstrate that this novel genetic zebrafish vhl model will 
contribute to our understanding of the complex nature of VHL-associated processes 
that may underlie the development of pathological neoplasms in human patients.

A summarizing discussion is given in Chapter 8.



Chapter 1 
Introduction to ciliary structure, 

function and its connection to disease
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Eukaryotic cilia and flagella are evolutionarily ancient microtubule-based cellular 
extensions that perform essential motile and sensory functions central to many de-
velopmental and physiological processes throughout most of the animal kingdom 1-3 
(Figure 1). The origin of these (interchangeable) organelles is unclear, however it is 
postulated that they may be derived from endosymbiosis of eukaryotic cells with spi-
rochete bacteria 4, or by autogenous specialization of the cytoskeleton 1. The high de-
gree of protein sequence conservation between unicellular flagella and mammalian 
cilia suggests that the functional role of the genes encoding cilia has been preserved 
throughout evolution 5. Since cilia have been broadly implicated in human disease 6, 
great effort has been taken to define a comprehensive ciliary proteome (referred to 
as ‘ciliome’), using systematic comparative bioinformatic screens 7-13. It has become 
clear that cilia and flagella are highly complex structures that are thought – to date –  
to comprise over 650 proteins 6. In this general introduction, we will provide an over-
view of the organization of the cilium and the most important processes that under-
lie its function in relation to disease.  

Figure 1: Examples of flagella in (a) the biflagellated algae Chlamydomonas (adapted from Quarmby and 

Parker 14) and (b) mammalian sperm. (c) A cilium (green) extending from a human retinal pigmented 

epithelial cell (adapted from Pazour and Witman 15 ). (d) Cilia and flagella are present throughout most 

phyla of the animal kingdom, except Arabidopsis, Saccharomyces, Dictyostelium and Cyanidoschyzon 

(adapted from Pazour et al.5). IFT, intraflagellar transport; mya, million years ago.
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Ciliary structure
Cilia are present on most polarized cells of the human body (see the Primary Cilia 
Resource website 16), where they extend from a highly organized centrosome-derived 
structure called the basal body (Figure 2). The microtubule cytoskeleton grows out-
ward from the basal body and comprises a 9 + 2 or 9 + 0 microtubule doublet back-
bone, or axoneme 17. Cilia can be classified as motile or non-motile, depending on the 
presence of inner (IDA) and outer (ODA) dynein arms attached to the peripheral 
microtubule doublets. These dynein arms are multisubunit protein complexes with 
ATPase activity that promote sliding between adjacent microtubules, and their coor-
dinated activation and inactivation generates a ciliary wave. While ODAs influence 
ciliary beat frequency, IDAs are involved in generation of the ciliary waveform 18,19.

Since protein synthesis does not occur inside the cilium, pre-assembled axonemal 
substructures (like the ODAs 21) and other proteins are recruited to the basal body 
to undergo microtubule-based intraflagellar transport 22 (IFT). As cells enter the cell 
cycle, cilia are resorbed in interphase to liberate the centrosome for participation in 
cell division. Cilia are re-assembled when the cell exits from mitosis 14. Cilia are thus 
dynamic cell-cycle dependent organelles whose integrity and functionality depend 
on proper anterograde kinesin-driven and retrograde dynein-dependent transport 
along the axoneme 22,23 (see Figure 2). 

Although the basic structure underlying these motile or non-motile, 9 + 0 or 9 + 2 
cilia types is similar, they exert distinct tissue-type specific functions that have be-
come apparent by the wide array of pathologies that have now been associated with 
their disruption. These so-called ciliopathies involve a wide range of human disor-
ders (for review see Badano et al. 24, Bisgrove and Yost 25), including: polycystic kidney 
disease (PKD), primary ciliary dyskinesia (PCD), left-right polarity defects, infertil-
ity, retinal degeneration, skeletal defects, nephronophthisis (NPHP), Bardet-Biedl 
syndrome (BBS), Joubert syndrome, Alström syndrome, and Meckel-Gruber syn-
drome (MGS), Oral-facial-digital syndrome type 1 (OFD1) and von Hippel-Lindau 
disease (described in Chapter 4 of this thesis). Ciliary dysfunction is also considered 
to contribute to the etiology of common disorders such as obesity, cardiopulmonary 
disease, and cancer. Some aspects are discussed in more detail below.

Primary ciliary dyskinesia
The connection between cilia and human disease first became apparent in individu-
als with chronic respiratory infections, infertility and hydrocephalus, when ultra-
structural and functional defects were observed in the motile cilia of these respective 
tissues 26-28. Mutations have since been identified in several genes encoding compo-
nents of the ciliary axoneme, including the most frequently affected dynein heavy 
and intermediate chain subunits DNAH5 (29), DNAH11 (30) and DNAI1 (31; for a 
comprehensive review see Zariwala 32). Patients displaying this primary ciliary dys-
kinesia (PCD) syndrome (MIM #242650) are often found to have situs inversus, a 
mirrored position of the visceral organs (also termed Kartagener’s syndrome). 
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Left-right patterning
Similar to human patients, the inversum viscerum (iv) mouse mutant for DNAH11 
ortholog Ldr develops primary ciliary dyskinesia and situs inversus 33. Functional 
studies in this mouse led to the hypothesis that monocilia present on the embryonic 
node might be involved in the determination of left-right polarity 33. It has since been 
widely established that these monocilia are responsible for the generation of a direc-
tional fluid flow that triggers asymmetric gene expression and the establishment of 
laterality in the early vertebrate embryo 34-38. However, it still remains unclear how 
this asymmetric gene expression is induced. The ‘two-cilia’ model proposes that the 
nodal flow generated by motile cilia is sensed by non-motile mechanosensory cilia at 
the periphery of the node 39. In the nodal vesicular parcel (NVP) model it is postulat-
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Figure 2: A schematic representation of the components and organization of motile and non-motile 

cilia and the intraflagellar transport (IFT) machinery (Adapted from Inglis et al.20). Ciliary axonemes con-

sist of microtubule doublets. Motile and non-motile cilia differ in the presence of inner (IDA) and outer 

(ODA) dynein arms and radial spokes (not shown). The IFT machinery consists of kinesin and dynein 

molecular motors, IFT particle subcomplexes (A and B), and various other components. Motor-IFT par-

ticles probably dock near the basal body, presumably at the structures termed transitional fibers. From 

there, ciliary cargo (e.g. axonemal components, receptors) are moved towards the tip of the cilium by 

one or two IFT-kinesin(s) (heterotrimeric and homodimeric kinesin-II in Caenorhabditis elegans) and 

IFT components are recycled back to the base by IFT-dynein-mediated transport. Other abbreviations:  

A, A-tubule; B, B-tubule; BBS proteins, Bardet-Biedl syndrome associated proteins. 
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ed that secreted morphogens (eg. sonic hedgehog and retinoic acid) are transported 
to the left side of the node, where the transporting vesicles rupture40. In both models, 
the consequence of nodal flow is the stimulation of Ca2+ release at the left side of the 
node that induces downstream signaling events that mediate the transition from bi-
lateral symmetry to left-right asymmetry in vertebrates.

Polycystic kidney disease 
The link between polycystic kidney disease (PKD) and cilia came from studies on 
the mouse mutant for Tg737 orpk, which exhibits shorter cilia, situs inversus and devel-
ops cysts in the kidney, pancreas, hepatic fibrosis, hydrocephaly and polydactyly 41. 
Tg737 orpk was shown to encode polaris or IFT88 42,43. Mechanoregulation of Ca2+ is de-
fective in the Tg737 orpk mouse kidney, leading to abnormal cilia function, abnormal 
cell division and the development of PKD 44. 

Polycystin-1 (PC1) and polycystin-2 (PC2) belong to the transient receptor po-
tential (TRP) channel familiy 45. PC2 is a Ca2+ channel that forms a complex with the 
transmembrane reporter PC1 that, when activated by shear force, will lead to Ca2+-
mediated downstream signaling events (Figure 3A). In mice and humans it is hy-
pothesized that cyst-lining kidney epithelial cells lose their ability to sense mechani-
cal fluid flow, resulting in dedifferentiation and hyperproliferation of mutant cells 46,47. 
In support of this notion, mutations in PC1 and PC2 are responsible for the most fre-
quent human autosomal dominant polycystic kidney disease type (ADPKD) that af-
fects more than 1 in 1000 individuals 48 .

Many proteins associated with PKD localize to the basal body, centrosome and/
or renal cilium, where they are involved in a wide variety of processes. Several signal-
ing pathways (reviewed by Fliegauf et al.6) have now been implicated in ciliary func-
tion that may be involved in planar cell polarity, such as the Wnt signaling pathway 
(Figure 3B), or in cell cycle control like the Hedgehog (Figure 3C) and PDGF signal-
ing pathways (Figure 3D). Cilia are now perceived as important cellular antennae or 
gatekeepers for normal cellular function, and mechanisms underlying ciliogenesis 
and cilia maintenance have recently become a major focus of research (for reviews 
see 49–52). 

Zebrafish models 
In the last two decades, zebrafish has become a valuable model system for vertebrate 
biology, human disease and cancer 53-57. The short generation time, large numbers of 
progeny and the excellent optic properties of the zebrafish embryos and its devel-
opment ex-utero allow processes to be followed non-invasively and in great detail. 
Chemical 58 and insertional 59,60 mutagenesis screens have identified many known 
and novel conserved ciliary genes. Together with morpholino-based knock-down 
approaches it has become apparent that there is a great degree of conservation of ge-
netic processes underlying ciliopathies between zebrafish and mammals, including 
PKD 60-63, BBS 64,65, NPHP 66, Joubert syndrome 67,68, OFD1 69 and MKS 69 syndromes. 
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These and other studies have contributed to the understanding of ciliary structure 
and maintenance 70-72 and signaling 73,74, validating zebrafish to be an excellent model 
to study vertebrate ciliogenesis. 
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Figure 3: Adapted from Fliegauf et al.6 (a, b) Mechanosensory-dependent signaling mechanisms in 

the cilium. (a) The polycystin-1 (PC1)-polycystin-2 (PC2) complex on the ciliary membrane is sensitive to 

shear stress by fluid flow. The subsequent bending of the cilium induces activation of the PC1-PC2 chan-

nel, an influx of Ca2+ into the cell, and Ca2+ release from intracellular stores that mediates downstream 

responses. (b) Cilia-mediated signaling acts as a switch between canonical and non-canonical Wnt sig-

naling pathways. In the absence of fluid flow, canonical Wnt signaling predominates. WNT binds to the 

receptor frizzled, dishevelled (DSH) is recruited to frizzled, and glycogen synthase kinase-3β (GSK3β) is 

inactivated. β-catenin (β-cat) translocates to the nucleus where it acts as a transcriptional co-activator 

and induces transcription of WNT target genes such as cMYC and AXIN2. On mechanosensation of 

fluid flow, intracellular Ca2+ release causes increased inversin (INVS) expression. In non-canonical Wnt 

signaling (planar cell polarity (PCP) pathway), β-catenin undergoes degradation by a complex of AXIN, 

adenomatous polyposis coli (APC) and GSK3β. (c, d) Mechanosensory-independent ciliary signaling 

mechanisms. (c) Hedgehog (Hh) signaling in cilia involves the intraflagellar transport machinery, which 

moves components of the Hh signaling pathway to their functional sites. The transcription factors glio-

ma (GLI) and suppressor of fused (SUFU) are transported to the ciliary tip. Upon Hh ligand binding to 

its receptor patched-1 (PTCH1), smoothened (SMO) is released and transported to the ciliary tip, where 

it turns off GLI processing by interacting with SUFU. The activator form of GLI is transported to the cell 

body and enters the nucleus, where it induces the expression of genes involved in e.g. renal patterning 

and cell-cycle regulation. (d) Receptors such as platelet-derived growth factor receptor-a (PDGFRa) are 

located within the axonemal membrane. Ligands in the tubular flow bind to their receptors, inducing 

cellular responses through downstream signaling pathways such as the MEK/ERK cascade.
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This thesis

In the search for novel pieces of the complex ciliary puzzle, we performed a N-ethyl-
N-nitrosourea (ENU)-based forward genetic screen for ciliary immotility in zebra-
fish. We screened approximately 100 genomes and identified several mutants dis-
playing ciliary dyskinesia, left-right polarity defects and polycystic kidney disease.  
In Chapters 2 and 3 of this thesis, we describe the positional cloning and functional 
analysis of one of these mutants, which we identified to encode a previously un-
characterized conserved leucine-rich repeat containing protein Lrrc50. Our results 
suggest that lrrc50 is a novel candidate gene for ciliary dyskinesia and human cystic 
kidney disease, which may act as a possible tumor suppressor in the development of 
germ cell tumors in the adult male zebrafish.
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Abstract 

Cilia perform essential motile and sensory functions central to many developmen-
tal and physiological processes. Disruption of their structure or function can have 
profound phenotypic consequences, and has been linked to left-right patterning and 
polycystic kidney disease. In a forward genetic screen for mutations affecting ciliary 
motility, we isolated zebrafish mutant hu255H. The mutation was found to disrupt an 
ortholog of the uncharacterized highly conserved human SDS22-like leucine-rich 
repeat (LRR)-containing protein LRRC50 (16q24.1) and Chlamydomonas Oda7p. 
Zebrafish lrrc50 is specifically expressed in all ciliated tissues. lrrc50 hu255H mutants 
develop pronephric cysts with an increased proliferative index, severely reduced 
brush border, and disorganized pronephric cilia manifesting impaired localized 
fluid flow consistent with ciliary dysfunction. Electron microscopy analysis revealed 
ultrastructural irregularities of the dynein arms and misalignments of the outer-dou-
blet microtubules on the ciliary axonemes, suggesting instability of the ciliary archi-
tecture in lrrc50 hu255H mutants. The SDS22-like leucine-rich repeats present in Lrrc50 
are necessary for proper protein function, since injection of a deletion construct of 
the first LRR did not rescue the zebrafish mutant phenotype. Subcellular distribution 
of human LRRC50-EGFP in MDCK and HEK293T cells is diffusely cytoplasmic and 
concentrated at the mitotic spindle poles and cilium. LRRC50 RNAi knock-down 
in human proximal tubule HK-2 cells thoroughly recapitulated the zebrafish brush 
border and cilia phenotype, suggesting conservation of LRRC50 function between 
both species. In summary, we present the first genetic vertebrate model for lrrc50 
function and propose LRRC50 to be a novel candidate gene for human cystic kid-
ney disease, involved in regulation of microtubule-based cilia and actin-based brush 
border microvilli.

Introduction 

Cilia are highly complex evolutionarily conserved microtubule-based cellular exten-
sions that perform essential motile and sensory functions central to many develop-
mental and physiological processes 1. They are nucleated by the centrosome-derived 
basal body and comprise a 9 + 2 or 9 + 0 microtubule doublet backbone or axoneme. 
Ciliary motility depends on the presence of inner (IDA) and outer (ODA) dynein 
arms attached to the peripheral microtubule doublets. These dynein arms are multi-
subunit protein complexes with ATPase activity that promote sliding between ad-
jacent microtubules, and their coordinated activation and inactivation generates a 
ciliary wave. While ODAs influence ciliary beat frequency, IDAs are involved in gen-
eration of the ciliary waveform 2,3. 

Immotile or misassembled cilia have been implicated in many pathologies, in-
cluding left-right patterning defects and polycystic kidney disease (PKD) 1,4-6. Many 
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proteins involved in PKD localize to the basal body, centrosome and/or renal cilia, 
where they are involved in a wide variety of processes including modulating signal-
ing pathways, cell cycle control and planar cell polarity (for reviews see 7-10). Cilia 
are now perceived as important cellular antennae and mechanisms underlying cilio-
genesis and cilia maintenance have recently become a major focus of research in-
cluding systematic bioinformatic screens to define a comprehensive ciliary proteome 
or ciliome 4,11-16.

In search for novel genes essential for ciliary motility we performed a forward ge-
netic ENU-screen in zebrafish. Here, we report the isolation of a mutant with ciliary 
dyskinesia that develops proliferative kidney cysts. The causative gene encodes the 
highly conserved leucine-rich repeat-containing protein Lrrc50. Recently, Mitchell 
and co-workers identified the Chlamydomonas oda7 locus to encode an lrrc50 or-
tholog 17. Oda7p is an axonemal dynein-associated protein and its loss of function 
results in the absence of outer row dyneins and a reduced flagellar beat frequency. 
We report the first functional characterization of lrrc50 in both zebrafish and mam-
malian cell culture systems. Our data suggest LRRC50 to be a ciliary component in 
vertebrates. We propose LRRC50 to be a novel candidate gene for human cystic kid-
ney disease, involved in the regulation of apical cell specializations, including motile 
cilia and actin-based microvilli.

Results

To identify recessive mutations affecting ciliary motility, we performed a forward 
genetic ENU-mutagenesis screen in zebrafish. F3-generation embryos were screened 
and mutant hu255H (hereafter called lrrc50 hu255H) was isolated, based on the absence 
of motile cilia in the nose and neural tube (Supplemental movie 1).

lrrc50 hu255H mutants develop kidney cysts and brush border abnormalities 
lrrc50 hu255H mutant embryos manifest a pronounced ventral body curvature. Around 
2.5 days post fertilization (dpf) fluid-filled cysts become apparent in the pronephric 
tubule region. As development progresses, pronephric tubular cysts expand, bulge 
out behind the pectoral fin and the pronephric duct becomes dilated (Figure 1a–b). 
Histological sections of the mutant pronephros show the glomerulus to be stretched 
at the midline and glomerular cells to be enlarged (Figure 1c insert). The cuboidal ep-
ithelium seen in the wild-type pronephric tubule is completely flattened (Figure 1c). 
To examine whether the observed pronephric phenotypes correspond to increased 
localized proliferation, we performed a time-course BrdU incorporation assay. Prior 
to visible cyst development no obvious difference in proliferation rate was observed 
between lrrc50 hu255H mutants and siblings at 50 hours post fertilization (hpf; Data 
Supplement 1a). In three day old mutants, however, we observed increased prolifera-
tion in the pronephric tubule (16/18 animals) where the first cystic expansion oc-
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curs (Data Supplement 1b,c). As development progresses, increased proliferation be-
comes more pronounced and is detected in both lrrc50 hu255H-/- pronephric tubules and 
ducts (35/35, Figure 1d). These data indicate pronephric proliferation to be closely 
associated with pronephric cyst development in lrrc50 hu255H mutants. Further ultra-
structural analyses revealed a severely reduced brush border with shorter microvilli 
in posterior pronephric ducts of 4 dpf mutants (Figure 1e). Since prominent irregu-
larities of the pronephric duct brush border microvilli are already observed in 2 dpf 
lrrc50 hu255H mutants without visible tubular cysts, and in 3dpf mutants with tubular 
cysts but without visible dilation of the pronephric duct (Data Supplement 2), we 
suggest this to represent a primary defect. Homozygous mutant embryos ultimately 
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Figure 1: lrrc50 is involved in the development of cystic kidney disease and brush border abnormalities 

in zebrafish. (a) lrrc50 hu255H mutants are characterized by a curved body axis, the development of pro-

nephric tubular (PT) cysts and dilated pronephric ducts (PD), as shown at 54 hpf and 7 dpf. (b) Confocal 

imaging with Cy3-labeled 3G8 (green), staining the lateral part of the PT and the anterior half of the 

PD in 6.5 dpf embryos. (c) Cross-sections (H&E) of a wild-type and lrrc50 hu255H-/- pronephros at 6.5 dpf. 

Mutants show a grossly distended cyst in place of the pronephric tubule (black arrow), glomerular de-

fects and dilated pronephric ducts. An enlargement of the glomerulus of a wild-type fish (detail Insert I) 

and a lrrc50 hu255H mutant glomerulus with dilated cells (black arrowheads; detail Insert II) are depicted in 

the right panels. (d) BrdU incorporation demonstrates increased proliferation in the pronephric tubule 

and pronephric duct in lrrc50 hu255H mutants at 6.5 dpf. (e) Ultrastructural analysis reveals a severe reduc-
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die during early larval stages, around 8 dpf, due to severe edema that is likely to be a 
consequence of pronephric disease progression. 

Lrrc50 is required for cilia function in zebrafish 
Motile cilia in Kupffer’s vesicle (KV) are essential for breaking bilateral symmetry 
in zebrafish and in this respect KV is similar to the mouse node 18-21. In lrrc50 hu255H 

mutants ciliary motility in KV was not observed (not shown). While irregularities in 
ciliary distribution in KV are found (7/9), cilia number and length are not strongly 
affected (Data Supplement 3a). To determine whether loss of cilia-dependent fluid 
flow in KV resulted in laterality defects, we performed in situ hybridization analy-
sis for the first asymmetrically expressed nodal-related gene southpaw (spaw) 22,23. 
We observed randomized expression in lrrc50 hu255H-/- at the 18 somite stage (Data 
Supplement 3b). In zebrafish, the first morphological marker for a break in symme-
try is the leftward movement of the heart, called jogging. lrrc50 hu255H mutants display 
a randomized left-right polarity of the heart, as illustrated by altered heart jogging 
in somewhat more than half the embryos (Figure 2a). Sibling embryos manifested a 
very low level of abnormal jogging (7/398, 1.8%). Similarly, polarity of the visceral or-
gans (liver, pancreas and gut) is also affected in lrrc50 hu255H-/- (see Data Supplement 3c). 
In humans and mice, organ left-right polarity disturbances (situs inversus) have been 
strongly associated with impaired cilia function in early embryogenesis 10,24, which 
support a profound cilia defect in the lrrc50 hu255H mutants.

Cilia in lrrc50 hu255H mutants appear morphologically different in organization and 
distribution, as shown by confocal analysis of cilia in the anterior and posterior pro-
nephric duct of 52 hpf embryos immunostained with α-acetylated α-tubulin (green) 
and DAPI (blue) (Figure 2b). Due to the densely packed cilia in the wild-type pro-
nephros we were unable to confidently quantify this defect. We examined the lateral 
line organs and found kinocilium number (with median values of 12.1 versus 8.8 in 
lrrc50 hu255H) and length (median 17.87 versus 12.22 μm in lrrc50 hu255H) to be reduced in 
7 dpf lrrc50 hu255H mutants (Figure 2c). 

Ciliary motility in the lrrc50 hu255H -/- pronephros was not observed (not shown). 
An established functional assay of ciliary motility measures pronephric fluid flow 
in a dye excretion test 21,25. Tetramethylrhodamine conjungated 70k MW dextran 
(TAMRA) was injected into the heart of 4.5 dpf old embryos and excretion of fluo-
rescent dye at the cloaca (end of urinary tract) was monitored. In wild type animals, 
TAMRA is filtered by the glomerulus and excreted via the pronephric ducts at the 
cloaca, generally within 5 minutes (75%, n = 15) or between 5–10 min (20%, n = 4) 
after injection due to the cloaca-directed ciliary beat pattern. However, dye excretion 
in mutant embryos was markedly slower (33.3% in 10–20 min, n = 6) or completely 
absent (61.1% >30 min, n = 11) (Figure 2d, white arrows). Glomerular filtration did 
not seem to be affected since TAMRA dye accumulation was observed in both the 
pronephric tubule and anterior pronephric duct. 
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Figure 2: lrrc50 is required for cilia function in zebrafish. (a) Dysfunctional cilia in the Kupffer’s vesicle 

are implicated in left-right polarity defects, characterized by random heart jogging in lrrc50 mutants. 

Absolute numbers of embryos scored are depicted in the bars; the bottom panel displays representa-

tive frontal images of the different heart jogging phenotypes. (b) Confocal analysis of cilia in the an-

terior (left panels) and posterior pronephric duct (right panels) immunostained with anti-acetylated 

α-tubulin (green) and DAPI (blue). Cilia in lrrc50 hu255H mutants appear morphologically disorganized at 

52 hpf. Asterix demarcates motor axons, which also stain for acetylated tubulin. (c) Scanning electron 

micrographs of the lateral line organs (LLO) show a reduction in kinocilia number and length in 7 

dpf lrrc50 hu255H mutants. SEM, standard error of the mean. (d) To investigate the fluid excretion via the 

pronephros, 4.5 dpf embryos were injected with tetramethylrhodamine conjungated 70k MW dextran 

(TAMRA). While in wild type siblings the first TAMRA excretion via the cloaca (asterisk) can be observed 

within 5 minutes, in mutants time to excretion is markedly slower (mutant 1) or completely absent 

(mutant 2). White arrowheads indicate final position TAMRA. Glomerular filtration does not seem to 

be affected since TAMRA dye accumulation can be seen in both the pronephric tubule and anterior 

pronephric duct. T, time post injection; hpf/dpf, hours/days post fertilization.
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These data collectively indicate that lrrc50 hu255H -/- cilia defects, as observed in the 
pronephric ducts and lateral line organs, impair normal ciliary function, resulting 
in ciliary immotility, left-right polarity defects, a severe pronephric fluid flow defi-
ciency and the development of pronephric cysts.

Positional cloning and expression of lrrc50 hu255H

Linkage analysis using 622 meioses positioned the responsible mutation on chro-
mosome 7 between single-sequence length polymorphism (SSLP) markers z15270 
(39 cM) and z8693 (41.5 cM), on the Zv4 zebrafish genome assembly. Using this as-
sembly, we analyzed further markers until a region was identified that did not show 
any recombinations in our mapping panel. Exons from this region were sequenced 
and a T/A mutation was identified, changing a conserved leucine into a stop codon 
(L88X) in a novel Ensembl gene zgc::56169  (Figure 3a, b). Zgc::56169 encodes an or-
tholog of the uncharacterized human leucine-rich repeat (LRR)-containing protein 
LRRC50 of unknown function. LRRs are short motifs (20–30 residues) thought to 
provide a structural framework for the formation of protein-protein interactions 26,27. 
The putative LRRs of Lrrc50 are highly conserved from Chlamydomonas (oda7) to 
Drosophila and vertebrates (Figure 3c), and their orthology is further supported by 
phylogenetic analysis 17.

Injection of 320pg full-length lrrc50-EGFP mRNA into 1-cell stage lrrc50 hu255H em-
bryos rescued the mutant phenotype: cilia were motile, the body axis was straight 
and pronephric cysts did not develop before 4 dpf (Figure 3d). This experiment con-
firms the lrrc50 L88X mutation to cause the observed phenotype. To assess whether 
the conserved leucine rich repeats are necessary for proper protein function, we gen-
erated a construct deleting the LxxLxL-consensus sequence of the first LRR (Figure 
3e, f). Injection of 300pg ∆LRR1-lrrc50-EGFP mRNA did not rescue the mutant phe-
notype (Figure 3g), while western blot analysis for GFP showed proper translation of 
the injected mRNA in lrrc50 hu255h mutants and siblings (Figure 3h).

The expression profile of zebrafish lrrc50 was determined by whole-mount in situ 
hybridization. At gastrula stages lrrc50 is highly expressed in dorsal forerunner cells 
(Figure 4a) which aggregate to form the ciliated Kupffer’s vesicle 19. Approximately 
14 hours post fertilization, at the 12-somite stage, expression is restricted to the otic 
placode, pronephric duct primordia, and floorplate (Figure 4b). At 20 hpf lrrc50 is 

Figure 3: Genomic organization and expression pattern of zebrafish lrrc50. (a) Genomic organization 

of zebrafish lrrc50. lrrc50 hu255H was mapped to chromosome 7, flanked by SSLP markers z15270 (39 cM) 

and z8693 (41.5 cM) on the MGH mapping panel (www.zfin.org). Exons are represented as black boxes. 

Sequencing revealed a mutation in exon 4 of lrrc50, highlighted in red. (b) In lrrc50 hu255H mutants a 

T/A mutation is introduced, changing a conserved leucine into a premature stop codon. (c) ClustalW 

alignment shows Lrrc50 to be a highly conserved protein from Chlamydomonas to man (for acces-

sion numbers see Data Supplement 4). Leucine-rich repeats (LRRs) are outlined and lrrc50 hu255H L88X is 

highlighted in red. (d) The mutant phenotype is rescued by injection of 320pg lrrc50-EGFP mRNA, as 
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expressed in the pronephric duct, neural tube, nose and diffusely in the brain (Figure 
4c), and expression becomes restricted to the nose and lateral line organs at 72 hpf 
(Figure 4d). Thus, lrrc50 is expressed in ciliated tissues throughout zebrafish develop-
ment. In lrrc50 hu255H mutants lrrc50 mRNA could still be detected (not shown).

Characterization and expression of human LRRC50
Human LRRC50 is an undescribed gene located on chromosome band 16q24.1 and 
its two predicted transcripts encode proteins of 637 and 725 amino acids (Figure 5a). 
Both isoforms feature six N-terminal leucine-rich repeat (LRR) motifs, a LRRcap, a 
coiled-coil and a non-conserved proline-rich domain [based on predictions Uniprot/
SWISSPROT (Q8NEP3), PROSITE MotifScan 28 and SMART5 29] (Figure 5b). The 
first three LRRs in LRRC50 show high homology to the LRR_SDS22-like subfamily 
(Figure 5c). The sixth LRR (residues 244–270) partially overlaps with the putative 
LRRcap (residues 261–279), a motif occurring C-terminally to LRRs in ‘SDS22-like’ 
and ‘typical’ LRR-containing proteins 30,31. 

To examine normal subcellular localization, we fused the human LRRC50 to 
EGFP and examined the localization in living and fixed 293T and MDCK kidney 
cells. Distribution of the LRRC50-EGFP construct was diffusely cytoplasmic, with 
bright foci at the spindle poles of mitotic cells, as seen by co-localization with spindle 
pole component γ-tubulin (Figure 5d). In 28 out of 44 ciliated MDCK cells scored, 
LRRC50-EGFP localized to the ciliary structure extending from the basal body im-
munostained with γ-tubulin (Figure 5e). 
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Figure 4: Zebrafish lrrc50 is expressed in all ciliated tissues. Whole-mount in situ hybridization displays 

expression at (a) 90% epiboly in the dorsal forerunner cells, which aggregate to form the ciliated 

Kupffer’s vesicle, (b) 12 somites (14 hpf ) in the otic placode, pronephric duct primordia and floor plate, 

(c) 20 hpf in the pronephric duct, neural tube, nose and diffusely in the brain, and (d) 72 hpf in nose 

and lateral line organs.  Hpf, hours post-fertilization.
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Figure 5: Genomic organization and subcellular localization of human LRRC50. (a) Genomic organiza-

tion of human LRRC50. The putative alternative translation start site at methionine 88 is in exon 3 (ATG2). 

(b) Schematic representation of human LRRC50 showing the locations of six putative N-terminal leu-

cine-rich repeats, an LRRcap partially overlapping with the sixth LRR, a coiled coil and a non-conserved 

proline-rich domain. Residue numbers below the cartoon mark putative domain boundaries. (c) hsLRR 

1–3 show close homology to the LRR_SDS22-like consensus motif, while hsLRR 4–6 only contain the 

conserved consensus LRR sequence. (d) Subcellular localization of LRRC50 was determined by transfec-

tion of 293T cells with a full-length LRRC50-EGFP construct. Distribution of LRRC50-EGFP (green) appears 

diffusely cytoplasmic with bright spots at the spindle poles of mitotic cells as shown by co-staining 

with gamma-tubulin (red). (e) LRRC50-EGFP was observed to localize to the ciliary structure extending 

from the basal body in MDCK cells but never to the basal body itself as determined by co-staining with 

α−γ-tubulin. Nuclei are counterstained with DAPI (blue).
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LRRC50 is required for brush border and cilia regulation  
in human kidney cells 
To address the role of LRRC50 in a mammalian cell system, we transfected normal 
human proximal tubule (HK-2) cells with either of two RNAi constructs (RNAi-
1 and RNAi-2). RT-PCR confirmed both RNAi’s to completely knock down levels 
of the gene product as compared to mock (empty vector) transfected HK-2 cells 
(Figure 6a). Interphase cells were immunostained for ezrin, a cytoskeletal protein 
that anchors actin polymers to the plasma membrane and major component of cel-
lular brush borders 32. Similar to zebrafish lrrc50 mutants, both LRRC50 RNAi con-
structs severely reduced the brush border at the apical cell surface of polarized HK-2 
cells (Figure 6b). Co-staining with zona occulans-1 (ZO-1) did not reveal gross al-
terations in apical tight junctions. 

Reducing LRRC50 levels in HK-2 cells induced a reduction in ciliated interphase 
cells, from 70% (±2.3) in mock-transfected to 38.7% (±2) in RNAi-2 transfected cells, 
as visualized by α-acetylated α-tubulin immunostaining (Figure 6c). Moreover, in 
cells that did form a cilium, the ciliary length was reduced from 8.43 μm (±0.43) to 
2.74 μm (±0.29) in mock- and RNAi-2- transfected cells, respectively. RNAi-1 pro-
duced similar results (not shown). 

lrrc50 ultrastructural cilia defects
Because our data suggest a ciliary function for Lrrc50 we performed electron micro-
scopy of pronephric lrrc50 hu255H mutant cilia. We observed that these cilia show ultra-
structural irregularities. Most mutant cilia lack the outer dynein arm (ODA) nor-
mally present on the outer-doublet microtubules of ciliary axonemes (Figure 7a). 
However, some axonemes were observed to completely lack all dynein arms or to 
have misplaced inner dynein arms (IDA). 

In addition, we observed increased misalignments of outer microtubule doublets  
in mutant cilia axonemes. In a wild type cilium, outer microtubule doublets are 
aligned in a circle (or ellipse, depending on the cilium angle at sectioning) around 
the central pair (for schematic representation see Figure 7b). By determining the tan-
gent angle of the microtubule doublet with respect to the peripheral circle as a whole, 
we observed that most (88.7%) phenotypically normal siblings display outer doublets 
aligned in a 0–3 degree angle on the axoneme. On the contrary, in lrrc50 hu255H mutants 
this number was decreased two-fold (43.5%) (Figure 7c). We observed outer-doublet 
misalignments in 56.5% of the measured doublets (n = 52), with angles ranging from 
5 up to 75 degrees. 

While no obvious correlation between the severity of doublet misalignment and 
nature of the ultrastructural irregularity could be made, these data suggest instability 
of the ciliary architecture in lrrc50 hu255H mutants.
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Figure 6: LRRC50 is required for brush border and cilia regulation in human proximal tubule cells. (a) 

RT-PCR analysis of human LRRC50 in HK-2 cells, either mock (empty vector) transfected or with the 

indicated RNAi construct, demonstrating complete knock-down of LRRC50 mRNA levels. 18S RNA was 

taken as loading control. (b) LRRC50 RNAi knock-down with two different constructs in human proxi-

mal tubule HK-2 cells, reduces the ezrin stained brush border (green). Immunostaining with ZO-1 (red) 

indicates intact tight junctions. (c, d) LRRC50 RNAi-2 knock down in HK-2 cells reduces the number of 

ciliated cells and cilia length as shown by anti-acetylated α-tubulin staining (green). Nuclei are coun-

terstained with DAPI (blue). SEM, standard error of the mean.
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Discussion

In this study, we present the first functional characterization of zebrafish and human 
LRRC50, a recently reported ortholog of the axonemal dynein-associated Oda7 pro-
tein in Chlamydomonas. LRRC50 was identified as a putative ciliary protein in two 
independent bioinformatic studies 11,12. Reminiscent of the localization of other PKD 
associated proteins (for a comprehensive overview see reference 10), we showed loca-
lization of human LRRC50-EGFP at the mitotic spindle poles and cilium in human 
and dog kidney cells, suggesting LRRC50 to be a ciliary component in vertebrates. 

Oda7 mutants lack outer dynein arms normally present on the outer-doublet mi-
crotubules of ciliary axonemes, and display a reduced flagellar beat frequency 17,33. The 
zebrafish lrrc50 hu255H-/- ciliary phenotype is more severe, including ciliary dys kinesia, 
ODA defects, as well as additional dynein arm irregularities and misalignments 
of outer-microtubule doublets suggestive of architectural instability. Structures on 
the inner surface of microtubules have been suggested to increase their stability 34. 

A sibling
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Figure 7: Aberrant ciliary ultrastructure in lrrc50 mutant zebrafish. (a) Electron microscopy reveals ultra-

structural irregularities in lrrc50 hu255H -/-. Most mutant cilia lack the outer dynein arm (ODA) normally 

present on the outer-doublet microtubules of ciliary axonemes (I). However, misplacement of the inner 

(IDA, II/III), outer (IV) dynein arm, or complete lack of all dynein arms (V) is also observed. (b) Outer-

doublet alignments were measured as depicted in the schematic overview. Briefly, a best-fitting ellipse 

was drawn through the center (red dot 2) of the doublets. Then, a straight line a was drawn through 

the middle points of the individual doublet microtubules (dots 1–3). The angle between the drawn tan-

gent line b through dot 2 with the best fitting ellipse, and line a was measured. (c) lrrc50 hu255H mutants 

show a marked increase in outer-doublet misalignments. 
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Consistently, Oda7p regulates protozoan-specific dynein heavy chain alpha stability 
and resides in a doublet-associated complex that interacts with both outer row and 
I1 inner row dyneins 17, possibly in the recently identified Outer-Inner Dynein (OID) 
complex 34. Furthermore, Oda7p is localized to the cytoplasm where it regulates pre-
assembly of the outer-row dynein complex 33. Cytoplasmic distribution of LRRC50-
EGFP might suggest a conserved role for vertebrate LRRC50 in this sense. 

Motile cilia in the zebrafish pronephros (9 + 2), KV (9 + 2) and neural tube (9 + 0), 
and teleost lateral line sensory kinocilia (9 + 2) contain dynein arms on their ciliary 
axonemes 21,35, however, it is currently debated whether immotile mammalian renal 
monocilia (9 + 0) do. A pioneer study on the ultrastructure of human and rat re-
nal monocilia clearly showed a dynein arm-like structure pointing outwards from 
the microtubule doublets 36, while in mouse no dynein arms were observed 37. The 
literature remains elusive on this issue and, as Ibañez-Tallon and co-workers state, 
electron microscopy has not yet verified whether dynein arms are actually present 
in human renal monocilia 1. Nonetheless, we report conserved LRRC50 function in 
the regulation of microtubule-based cilia and actin-based brush border microvilli 
between zebrafish and humans. It is surprising that an axonemal dynein-associat-
ed protein might underlie the regulation of both types of apical structures and we 
therefore speculate LRRC50 might have additional and/or converged functions in 
vertebrates. Interestingly, polycystin 2 function was recently found to be regulated 
by both microtubular organization involving IFT component KIF3A 16, and the ac-
tin cytoskeleton via anchoring with actin bundling protein α-actinin 38. Furthermore, 
myosin VIIa was shown to be a common component of cilia and renal microvilli in 
mice 39. It is intriguing to speculate that interaction with actin might be a common 
denominator. Flagellar inner-arm dyneins contain an actin subunit 40 and actin is 
dynamically turned over in static Chlamydomonas flagella, however its function re-
mains unknown 41. 

Pronephric fluid flow deficiency is representative of pronephric ciliary dysfunc-
tion in zebrafish 21,25. While most lrrc50 hu255H mutants have impaired fluid excretion, in 
39.1% of animals tested this is markedly slower but not absent, suggestive of residual 
movement. Similarly, pronephric ciliary movement was not detected in the recently 
described shy mutant 25 either, although 1/10 of injected mutants displayed fluores-
cence at the cloaca after 30 minutes at 3 dpf. Even though lrrc50 hu255H-/- glomerular 
cells are enlarged, glomerular filtration did not seem to be affected since TAMRA 
dye accumulation can be seen in both the pronephric tubule and anterior pro nephric 
duct. Glomerular filtration pressure might contribute to the observed residual prone-
phric fluid flow.

In mice and humans it is hypothesized that cyst-lining kidney epithelial cells lose 
their ability to sense mechanical fluid flow, which may result in dedifferention and 
hyperproliferation of mutant cells 42,43. We show pronephric hyperproliferation to be 
closely associated with, yet never preceding, cystic disease progression in lrrc50 hu255H-/- 
zebrafish embryos, indicating this to be a secondary defect.
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LRRC50 appears to be the newest addition to an emerging pattern linking proteins 
containing the subfamily SDS22-like LRRs to flagellar/ciliary function. Other mem-
bers include the Chlamydomonas dynein light chain 1, involved in protein-protein 
interactions in motor complexes 44,45, the Ciona flagellar radial spoke protein LRR37 
(reference 46) and Chlamydomonas VFL1 protein which establishes the correct rota-
tional orientation of basal bodies 47. Trypanosomal TbLRTP was shown to suppress 
basal body replication, flagellar biogenesis and to play a critical role in cell cycle con-
trol 48. The zebrafish TbLRTP homolog seahorse (lrrc6l) develops pronephric cysts 5,49. 
We provide direct evidence that the SDS22-like leucine-rich repeats present in Lrrc50 
are necessary for proper protein function, since injection of a deletion construct 
lacking the consensus LxxLxL sequence of the first LRR did not rescue lrrc50 hu255h-/- 

ciliary dyskinesia and pronephric cyst development. Our data suggest LRRC50 to be 
a novel candidate gene for human disease affecting the kidney. Identifying LRRC50 
interaction partners will help place LRRC50 in the complex context of ciliogenesis, 
cilia maintenance, planar cell polarity and cell cycle control.

Material and Methods

Zebrafish strains, screening methods and positional cloning
Zebrafish were maintained as described 50, and experiments were conducted in ac-
cordance with the Dutch guidelines for the care and use of laboratory animals. ENU-
mutagenesis was performed on TL males 51 and F3 embryos were morphologically 
screened for ciliary motility defects in the neural tube and nose on a Zeiss Axioplan 
microscope. Positional cloning was performed using single-sequence length poly-
morphisms (SSLP) from the MGH mapping panel 52, the Ensembl Zv4 zebrafish 
genome assembly, and SNP markers (http://cascad.niob.knaw.nl). Candidate genes 
were sequenced. Marker information is available upon request. 

In situ hybridization and immunohistochemistry 
Whole-mount in situ hybridizations were performed as described53 with minor mod-
ifications. A partial 1.3 Kb antisense digoxygenin (Roche) labeled mRNA probe for 
lrrc50 was synthesized from EST clone IMAGp998E0413112Q (BQ419779, RZPD). 
lrrc50 and spaw 54 transcripts were purified using NucleoSpin RNA clean-up col-
umns (Machery-Nagel). Immunohistochemistry for acetylated alpha-tubulin (1:400, 
Sigma), Ntl (notail, 1:100) 55 and 3G8 (1:40, kind gift from Dr. E. Jones 56) were per-
formed as described 21. Embryos were fixed with Dent’s (20% DMSO/80% MeOH) or 
4% paraformaldehyde (3G8). Secondary antibodies were goat-anti-mouse Alexa 488 
(1:500, Molecular Probes) and goat-anti-rabbit Cy3 (1:250, Jackson Labs) or Alexa 555 
(1:500, Molecular Probes). Confocal images were collected using a Leica DMI 4000B 
microscope. 
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BrdU labeling studies
Two and three day old embryos were pulsed with 10 mM BrdU (Sigma), 15% DMSO 
in embryo medium on ice for 20 minutes 57. After several short washes, embryos 
were incubated at 28 °C for 20 or 60 minutes, respectively. Six day old embryos were 
pulsed with 3 mM BrdU in embryo medium for 6 hours at 28 °C. Embryos were fixed 
in 4% paraformaldehyde and BrdU-incorporation was detected with primary anti-
BrdU antibody (1:100, DAKO) and secondary anti-mouse IgG-HRP (1:300, DAKO) 
as described 58.

Histology
Transversal plastic sections (7 μm) were stained with Heamatoxylin and Eosin (H&E) 
using standard protocols. 

Generation of full-length zebrafish lrrc50-EGFP and  
∆LRR1-lrrc50-EGFP constructs and mRNA
Full length zebrafish lrrc50 cDNA was amplified from EST clone IRAKp961I11103Q 
(BC045963, RZPD) and cloned into the pCS2+ vector, C-terminally fused with EGFP 
(derived from pEGFP-N2, Clontech). Primers: 5'- ACTCCTGGATCCTAATATCACT-
GCGAAATGAAGACAAA-3', 5'-GTCAGTGGATCCTGTCCAGTTCCTCAATCA-
GAACAGT-3' (Biolegio). The sequence was verified. A deletion construct was gen-
erated by removing nucleotides 391–408 encoding the consensus LxxLxL of the first 
leucine-rich repeat (∆LRR1) using the QuickChange Site-Directed Mutagenesis Kit 
(Stratagene) according to the manufacturer, on the lrrc50-EGFP fusion construct de-
scribed above. Primers: 5'-GTATAGAGGGTTTGGAAGAATATACTGGCGAGTG-
TAATGGTATTCGAAAGATTGAAAA-3', 5'-TTTTCAATCTTTCGAATACCATT-
ACACTCGCCAGTATATTCTTCCAAACCCTCTATAC-3' (Biolegio). Clones were 
verified by HindIII digestion and sequencing. After KpnI linearization, lrrc50-EGFP 
and ∆LRR1-lrrc50-EGFP mRNAs were transcribed in vitro using the SP6 mMESSAGE 
mMACHINE kit (Ambion). Respectively, 320 and 300 pg mRNA was injected into 
1 cell stage embryos, within 30 minutes post fertilization. Only GFP-positive embry-
os were analyzed, and all embryos were genotyped after termination of the experi-
ment. Furthermore, translation of the mRNAs was verified by western analysis us-
ing an anti-GFP antibody (1:500, Santa Cruz Biotechnology, Inc.). In short, anesthe-
tized embryos were frozen in liquid nitrogen and sonicated on ice in 15 μl per em-
bryo RIPA buffer, supplemented with protease inhibitors [1:1000 apoprotein, leupep-
tin and PMSF (Roche)]. Laemmli sample buffer was added (1:1) and samples were 
boiled for 10 minutes. One embryo equivalent was loaded per lane and proteins were 
separated on a 8% SDS polyacrylamide gel as described 59. Anti-Integrin-Linked Ki-
nase (ILK) was used as a loading control (1:4000, Sigma). 
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Generation full-length human LRRC50-EGFP
Full-length human LRRC50 cDNA was amplified from verified EST clone IRAT-
p970C0324D6 (BC024009, RZPD) using the Advantage-2 PCR enzyme system 
(Clontech), introducing a 5' EcoRI and a 3' SacII restriction site. Primers: 5'-ACTC-
CTGAATTCACCACCATGCACCCTGAGCCCTC-3', 5'-GTCAGTCCGCGGTAT-
GATGCTTTCGGTGCTGGG-3' (Biolegio). After EcoRI/SacII digestion, the 2.2 Kb 
product was cloned into the pcDNA3 vector (Stratagene), establishing a C-terminal 
EGFP fusion (derived from pEGFP-N2, Clontech). The sequence was verified.

Fluorescent dye injection and excretion assay
For dye excretion assays one nanoliter of a 7 mg/ml tetramethylrhodamine conjun-
gated 70k MW dextran (TAMRA, Molecular probes) solution was injected into the 
heart of 4.5 dpf old embryos that were anesthetized with MS222 (final concentra-
tion 0.17 mg/ml) and embedded in 0.5% agarose. Embryos were monitored under a 
Leica fluorescence stereo microscope and the time from injection to the first visible 
excretion at the cloaca was recorded. Only embryos that immediately after injection 
showed TAMRA throughout the cardiovascular system were included.

Scanning and transmission electron microscopy
Embryos were fixed in Karnovsky fixative (2% paraformaldehyde, 2.5% glutaral-
dehyde, 0.08 M Na-cacodylate pH 7.4, 0.25 mM calcium chloride, 0.5 mM mag-
nesium chloride set to pH 7.4) for at least 24 hours at 4 degrees Celcius. Briefly, 
for scanning electron microscopy embryos were dehydrated in ethanol and 
critical point dried from CO2. Samples were sputter-coated with 5 nm Au/Pd  
and analyses at 20 kV accelerating voltage with a Hitachi S-800 field emission scan-
ning electron microscope. For transmission electron microscopy samples were post-
fixed in 1% osmiumtetroxide and embedded in Epon 812. Ultrathin sections (60 nm) 
were contrasted with 3% uranyl magnesium acetate and lead citrate and viewed with 
a Jeol JEM 1010 or a Philips CM10 transmission electron microscope. 

Cell culture and transfection
Cells were cultured in DMEM supplemented with antibiotics and 6–10% fetal calf 
serum. Transfection with LRRC50-EGFP in pCDNA3 was performed by electropo-
ration (270 V, 1.0 mF). Constructs were co-transfected with pBABE-puro (gift of the 
Nolan lab) in a 5:1 ratio, then selected with puromycin (1 μg/ml, Sigma-Aldrich) 24 
hours later.

Immunofluorescent staining
Confluent cells were cultured on coverslips for four days in serum-free medium, then 
fixed in either 4% paraformaldehyde for 15 minutes and permeabilized in 0.1% triton/
PBS for 10 minutes or in ice-cold methanol for 2 minutes. Primary antibodies used 
were: α-ezrin (1:400, BD-Pharmingen), α-acetylated alpha-tubulin (1:10,000, Sigma-
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Aldrich), α-γ-tubulin (1:500, Sigma-Aldrich), α-ZO-1 (1:1000, Zymed). Secondary 
antibody was goat-anti-mouse Alexa 488 (1:500, Molecular Probes) and/or goat-
anti-rabbit Alexa 568 (1:500, Molecular Probes). Confocal analysis was performed 
on a Zeiss LSM510. For cilia detection, 300 interphase nuclei (as determined by 
DAPI) were scored for the presence of cilia without knowledge of the sample identity. 
Experiments were performed on at least two different days and the data combined.

RNAi
shRNAi clones v2HS_73906 (RNAi-1, target CCTTCACAGACATCTTTAA), 
v2HS_73908 (RNAi-2, target CAGAATATGTGCTTTCCGA) or empty vec-
tor (‘mock’, pSM2c) were isolated as recommended by the manufacturer (Open 
Biosystems). Ten micrograms of plasmid were co-transfected with 2 micrograms 
of pBABE-puro into approximately 2 million HK-2 cells by electroporation on two 
consecutive days before puromycin selection 24 hours later. LRRC50 expression in 
mock and RNAi transfected HK-2 cells was detected by RT-PCR, using standard 
touch down PCR (25 cycles) with primers: 5'-ATGCACCCTGAGCCCTC-3' and 
5'-GCAGAGTTTTTGCAGGGAAC-3'. 18S RNA was taken as loading control, prim-
ers 5'-AGTTGGTGGAGCGATTTGTC-3', 5'-TATTGCTCAATCTCGGGTGG-3'.

Note

At the time of final submission of this manuscript, the zebrafish pronephros was 
thought to consist of a short pronephric tubule and a long duct. During this period, 
Wingert et al.60 published a key paper showing the segmental organization of the ze-
brafish pronephros to be more complex and similar to the mammalian metanephros 
(for a schematic overview see Figure 1a, Chapter 7, this thesis). In this manuscript, 
the pronephric tubule corresponds to the proximal convoluted tubule; the anteri-
or pronephric duct corresponds to the distal early segment; and the posterior pro-
nephric duct corresponds to the distal late segment.
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Data Supplement 1: Pronephric proliferation is not obviously affected at 50 hpf in lrrc50hu255H-/- embryos 

without a visible cyst, as determined by BrdU incorporation (a). At 3 dpf lrrc50hu255H mutants display 

enhanced proliferation in the pronephric tubule, shown in (b) whole mount embryos, and (c) cross-

sections. PT – pronephric tubule (arrows); PF – pectoral fin; G – glomerulus. Arrowheads indicate pro-

liferating cells. 

Data Supplement 2: Ultrastructural analyses reveal severe irregularities of pronephric duct brush bor-

ders in (a) 2 dpf lrrc50hu255H-/- embryos without a visible cyst, and (b) 3dpf lrrc50hu255H-/- embryos with a 

tubular cyst but without visible dilation of the pronephric duct. Arrows indicate apical microvilli.
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Data Supplement 3: lrrc50hu255H-/- Kupffer’s vesicle (KV) and laterality defects. (a) Confocal analysis of 

cilia in KV at the 10 somite stage, immunostained with anti-acetylated α-tubulin (green); nuclei in the 

notochord and KV are labeled with anti-Ntl (red). lrrc50hu255H-/- KV display irregularities in ciliary distribu-

tion, while cilia number and length are not strongly affected. (b) Dorsal view of spaw mRNA expression 

in lateral plate mesoderm of 18 somite stage embryos. lrrc50hu255H  mutants show a randomized spaw 

expression. (c) Quantification visceral organ polarity and gata5 mRNA expression at 3 dpf. 

Data Supplement 4: ClustalW accession numbers used in Figure 3C: zebrafish NP_942121, human 

NP_848547, mouse NP_080924, rat NP_001014176, Chlamydomonas ABI63572 and fruitfly NP_724335.

Supplemental movie 1: Ciliary movement in the neural tube of a 2 dpf sibling (left panel) and a  

lrrc50hu255H mutant (right panel) was imaged using a Zeiss Axioplan microscope with a 40x DIC objective. 

Embryos were mounted in 2% methylcellulose in a depression slide. This movie can be viewed on the 

JASN website.
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Abstract 

Zebrafish are increasingly used as a novel model system for cancer studies. The prac-
ticality of performing mutagenesis screens allows for the identification of novel genes 
involved in human disease. From a previously described forward genetic screen we 
isolated a zebrafish line carrying a mutation in the ciliary leucine rich-repeat con-
taining lrrc50 gene. Homozygous mutant embryos develop severe ciliary defects that 
underlie ciliary dyskinesia and the development of proliferative kidney cysts. In this 
study we report that adult lrrc50 heterozygous males are predisposed to the develop-
ment of germ cell tumors. Using morphological and immunohistochemical tech-
niques we demonstrate these tumors to exhibit enhanced levels of proliferative sper-
matogonia reminiscent of the human testicular malignancy seminoma. Although 
seminomas are the most commonly observed neoplasm in young adult males, little 
is known about genetic disorders related to the formation of these tumors. This is the 
first report of an animal model for seminoma development. Because our preliminary 
analyses indicate a loss of the wild-type allele in a subset of tumors, we propose lrrc50 
to be a potential tumor suppressor.

Introduction 

In recent years, zebrafish have become a valuable novel model system to study hu-
man disease and cancer. Numerous reports have shown a high degree of similarity 
in the pathology and mechanisms underlying a wide variety of diseases between 
human and zebrafish 1-4. In addition, mutagenesis screens have contributed greatly 
in the identification of novel genes involved in different disease etiologies, including 
ciliopathies 5,6.

Leucine rich-repeat containing protein Lrrc50 is one of the newest additions of 
ciliary proteins associated with the development of cystic kidney disease and ciliary 
dyskinesia, identified from a zebrafish ENU-mutagenesis screen in our laboratory 7. 
Homozygous inactivation of lrrc50 in zebrafish embryos disrupts ciliary struc ture 
and function, resulting in ciliary dyskinesia, left-right polarity defects, impaired 
pro nephric fluid flow and the development of highly proliferative pronephric cysts. 
lrrc50 mutants do not survive past early larval stages due to renal failure. 

Functional studies in Chlamydomonas 8,9 have shown the Lrrc50 ortholog Oda7p 
to be a structural flagellar component, that also plays a function in the preassembly 
of the outer-row dynein complex in the cytoplasm. Localization of LRRC50-EGFP 
to the cilium during the G 0 /early G 1 phase and its remaining association with the 
centriole and mitotic spindle poles throughout cell division of mammalian cells 7 
suggest a similar function of Lrrc50 in vertebrates. We have shown that the leucine-
rich repeats present in lrrc50 are required for proper protein function 7; however, the 
exact role of lrrc50 is currently subject of investigation.
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Here, we report the observation that adult heterozygote lrrc50+/- fish are predis-
posed to the development of germ cell tumors, with nearly complete penetrance 
by 3 years of age. Using morphological and immunohistochemical techniques we 
demonstrate these tumors to exhibit enhanced levels of proliferative spermatogonia 
reminiscent of the human testicular malignancy seminoma. This is the first report 
of an animal model for seminoma development. Because our preliminary analyses 
indicate a loss of the wild-type allele in a subset of tumors, we propose lrrc50 to be a 
potential tumor suppressor.

Results

lrrc50+/- zebrafish males develop testicular tumors 
A group of 30 male and 15 female adult zebrafish heterozygous for the lrrc50 hu255H 
mutation (L88X) were maintained according to standard aquarium conditions. 
Compared to wild-type zebrafish lines, no apparent morphological or behavioral dif-
ferences were observed, although an overall reduced male fertility was increasingly 
noted from around 15 months of age. During the second year of life, an increasing 
number of male fish were identified to have a large tumor mass in their lower abdo-
men (Figure 1a). In total 12/30 fish were euthanized and fixed in paraformaldehyde 
for post-mortem dissection and microscopic examination, which demonstrated a 
testicular origin of these tumors. While a wild-type testis is composed of two paired 
gonads 10, this could not be discerned in the large lrrc50+/- testicular tumors (Figure 
1b). No noticeable abnormalities in other organs surrounding the tumor were ob-
served (not shown). 

Upon detailed inspection of the remaining family members, considerably more 
male fish were identified to bear a small tumor mass in the abdominal region. These 
fish were allowed to age and tumor progression was monitored by weekly observa-
tion. At 29 months of age, a group of 10 lrrc50+/- male fish was sacrificed and testes 
were removed for extensive histological and genetic analysis. Six of these lrrc50+/- fish 
were observed to harbor externally discernable tumors. The remaining four males 
appeared wild-type, however, upon testis removal, one additional male was identi-
fied to contain a clear tumor. Although no gross anatomical defects were observed, 
the three remaining males all displayed an enlarged testis. To investigate whether fe-
male ovaries might be affected, the gonads from ten female lrrc50+/- family members 
were isolated. Visual and histological examination did not reveal any abnormalities 
in these organs (not shown). In addition two control groups were sacrificed: six un-
related wild-type males (18 months of age), and five vhl +/- males (23 months of age) 
that were considered to be an age-matched control. VHL is a known tumor suppres-
sor, however, as described elsewhere in this thesis, tumors have not been observed 
in vhl +/- fish. 

A remaining group of five males, including four fish showing small externally 
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discernable tumors, and five female heterozygotes were allowed to age for future 
studies. Interestingly, other neoplasms were observed in four males and one female 
(for further information see supplemental Figure 1). An overview of the total tumor 
incidence is provided in Figure 1c.

Isolated lrrc50+/- testicular tumors are composed of  
spermatogonial stem cells 
Since the quality of paraformaldehyde fixed tissue did not allow a satisfactory anal-
ysis of the testis cell morphology, glutaraldehyde fixation was used. As shown in 
Figure 2a, the wild-type testis is composed of multiple cell types that can be discerned 
based on morphology 11. These include the various types of germ cells; spermatogo-

sibling

lrrc50+/-

22 months

sibling

lrrc50+/-

22 months

22 months

A B

            

   age   spermatogonial tumor  enlarged  other tumor   other neoplasm
< 2 years   11          -              2         2 males

< 3 years   11          2              -    1 male, 1 female

   total    22          3              2    4 

testis (males)C

Figure 1: Identification of testicular tumors in lrrc50+/- zebrafish. (a) Euthanized wild-type male (upper 

panel) and lrrc50+/- male zebrafish with a large testis tumor in its abdomen (lower panel). The skin is re-

moved around the tumor area. (b) Paraformaldehyde fixed wild-type testis (left panel) and lrrc50+/- testis 

tumor (right panel). A wild-type testis consists of two long tubular arms forming the paired gonad. The 

lrrc50+/- tumor is composed of a large tissue mass, but no tubular arms can be discerned. (c) Overview 

of the lrrc50+/- tumor incidence. A total of 27/30 lrrc50+/- fish developed tumors. 24/27 lrrc50+/- males de-

velop testicular tumors; 3/30 males were found to have enlarged testis with normal architecture; 3/27 

males and 1/11 female developed tumors of different make up. 
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nia (SPG), primary spermatocytes (PS), secondary spermatocytes (SS) spermatids 
(ST) and spermotazoa (sperm), as well as supporting somatic tissues. Spermatogonia 
are morphologically characterized by having a small condensed nucleus and a large 
cytosolic compartment. Histological analysis of seven glutaraldehyde fixed lrrc50+/- 
tumors clearly showed a variable yet consistent increase in the number of sper-
matogonial stem cells (Figures 2biii, ciiii). In addition, the architecture of the testis 
tumors appears disorganized. While in the enlarged testis group the overall archi-
tecture was not affected, the spermatogonial and spermatocytic compartments seem 
enlarged (Figure 2bii, cii). No abnormalities were observed in the different male 
control groups (not shown). 

To date, no specific marker for (zebrafish) spermatogonia has been described. 
However, several proteins have been associated with spermatogonia, depending on 
variable expression levels during different stages of spermatogenetic differentiation. 
Ziwi, a member of the Argonaute protein family of small RNA binding proteins, was 
previously shown 12 to be highly expressed in primordial germ cells and spermato-
gonia,  where it localizes in a ring-like structure/pattern around the cell membrane. 
Upon differentiation of spermatogonial stem cells into primary spermatocytes Ziwi 
expression decreases and can no longer be detected in spermatids and spermatozoa. 

To confirm the spermatogonial nature of lrrc50+/- tumors, we performed immu-
no-histological analyses for Ziwi. Compared to control testes (Figure 2di), testicular 
tumors uniformly show increased Ziwi expression (Figure 2diii), supporting the no-
tion that lrrc50+/- tumors are composed of a high spermatogonial content. 

Overall, 22/24 (92%) of the lrrc50+/- testes tumors displayed an increased sperma-
togonial compartment, which inversely correlated with the presence of spermatozoa. 
The enlarged lrrc50+/- (n = 3) testes appear to represent a precursor phase, displaying 
a regular testis architecture, but displaying a composition that is slightly enriched for 
early germ cells. We therefore propose a model (Figure 2e) where a gradual increase 
of spermatogonial stem cells is accompanied by the gradual loss of differentiated 

Figure 2: lrrc50+/- testicular tumors are composed of spermatogonial stem cells. (a) Toluidine blue 

stained control testis showing all stages of spermatogenic differentiation. Spermatogenesis originates 

from single spermatogonia (SPG), which divide and form clusters of paired and aligned spermatogonia 

(SPG_al). These then collectively differentiate into primary spermatocytes (PS). During the first (MI) and 

second (MII) meiotic phases, PS give rise to secondary spermatocytes (SS) and spermatids (ST) eventu-

ally differentiating into mature sperm. Original magnification 10x. Morphological analysis of toluidine 

blue stained control (i), enlarged (ii) and tumor (iii) tissues at 10x (b) and 20x (c) magnification. lrrc50+/- 

tumors (iii) contain more SPG compared to control (i) and enlarged (ii) samples. (d) Immunostaining 

for Ziwi confirms the high SPG composition of tumor tissue (iii). (e) Model of lrrc50+/- testis tumor 

progression where the gradual increase in spermatogonial stem cells is accompanied by the gradual 

loss of differentiated germ cells as the tumor matures. a–c, glutaraldehyde fixed material; d, paraform-

aldehyde fixed material.
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germ cells as the tumor progresses. The loss of these differentiated cells can be ex-
plained by the irreversibility of spermatogenesis 11. Normally, a single spermatogo-
nium can either divide into two single spermatogonial cells to maintain the stem cell 
population, or progress into the paired spermatogonia stage. Once paired spermato-
gonia are formed, spermatogenesis is irreversible and under appropriate conditions 
these germ cells are bound to progressively differentiate until they become mature 
sperm 11. The consistent observation that fertility rates decreased severely during the 
life span of lrrc50+/- males (not shown) supports this model. 

Although our results indicate that spermatogonial tumors are the main mani-
festation of lrrc50+/- associated testis neoplasms, we observed 2/24 (8.3%) addition-
al tumors of stromal (Supplemental Figure 1b) and cystic nature (Supplemental  
Figure 1c).

Tumors display an increased number of single proliferating germ cells 
Proliferation in the testis plays an important role in (1) the maintenance of the sper-
matogonial stem cell compartment, and (2) the accurate regulation of spermatogen-
esis. Spermatogonial stem cells are the only testicular cell type, in addition to the so-
matic Sertoli cells, Leydig cells and fibroblasts, to have the ability to divide as single 
cells 11. Upon spermatogenic differentiation, spermatogonia remain interconnected 
via intercellular bridges, allowing synchronous division (visible as clusters of prolif-
erating cells) and differentiation of germ cells 11. To investigate the proliferative char-
acter of lrrc50+/- tumors we performed immunohistochemistry for phosphorylated 
histone H3 (PH3). Compared to the different control groups, lrrc50+/- tumor samples 
displayed a significant 4–5 fold increase (p<0.05) in the number of single prolifera-
tive germ cells, that might suggest an increased proliferation of the spermatogonial 
stem cell compartment. (Figure 3a–c). Proliferation counts between control samples 
did not differ significantly.

Immunohistochemistry for cleaved caspase 3 did not reveal changes in apoptosis 
between lrrc50+/- tumors and control samples (not shown), which indicates that the 
increased proliferation is not compensated by apoptosis. 

lrrc50+/- tumor genotype 
Classic tumor suppressor proteins require inactivation of both alleles to become in-
volved in tumorigenesis. The near complete penetrance of tumors in zebrafish males 
heterozygous for an inactivating mutation of lrrc50 (L88X) suggests a tumor suppres-
sor function for lrrc50, possibly in a situation where the second allele is inactivated 
(loss of heterozygosity or LOH) via chromosomal loss or additional mutation. To in-
vestigate this hypothesis, we isolated DNA form 11 tumor samples and are currently 
genotyping these tumors for additional mutations.
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Thus far we have identified at least 4/11 tumors (36.4%) in which the wild-type 
allele is lost, resulting in LOH at position T269A (L88X). It is intriguing to specu-
late that LOH of lrrc50 is a possible mechanism by which these tumors could have 
formed. Further analysis will be necessary to determine the frequency of somatic 
biallelic inactivation in the genesis of testicular tumorigenesis in lrrc50+/- male ze-
brafish and whether human seminomas and/or other germ cell tumors are also as-
sociated with mutations in lrrc50. 
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Figure 3: lrrc50+/- tumors display an increased number of single proliferating germ cells. (a) Immuno-

staining for phosphorylated histone H3 (PH3) on paraformaldehyde fixed (i) control sample, (ii) enlarged 

testis and (iii) tumor testis tissue reveals increased proliferation of single germ cells in lrrc50+/- tumors, 

possibly reflecting an increased spermatogonial stem cell proliferation. Arrow indicates single prolif-

erating spermatogonial cell. (b) Relative PH3 staining per tissue fragment. (c) Box plot representation 

of relative PH3 staining per tissue fragments shows a significant 4–5 fold increase of spermatogonial 

proliferation in tumor samples (* p<0.05).
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Discussion

Although the tumor incidence in adult zebrafish is generally low, spontaneous tu-
mors have been most commonly identified in the testis and liver (for review see 
Feitsma and Cuppen 2). Different laboratories reported the occurrence of testicular 
tumors in wild-type lines 13,14 with numbers up to a 44% incidence in the third year 14. 
These data indicate that the genetic background plays a crucial role in the susceptibil-
ity of testis tumors.

Here, we described that adult heterozygous lrrc50 male zebrafish develop testicu-
lar tumors with nearly complete penetrance by 3 years of age. This high tumor inci-
dence has not been observed in the wild-type lines present in the Hubrecht Institute 
zebrafish facility, although it must be noted that zebrafish lines are usually replaced 
after 2 years to maintain high fecundity levels. Since we noted a decreased fertility 
rate by 15 months of age, the actual onset of the testis tumors might be earlier then 
the first histological confirmation at 22 months. In support of this notion, we have 
thus far observed three 13-month-old males baring a small tumor mass in the new 
lrrc50 families we are currently raising (n = 80 males).

Since the lrrc50 allele was isolated from an ENU-mutagenized zebrafish library, 
founder fish were likely to contain many other point mutations. To reduce the chance 
of background mutations lrrc50+/- fish were consecutively outcrossed three times to 
wild-type lines. While genetic selection for the lrrc50 allele would dilute out unlinked 
mutations over the different generations, we cannot entirely exclude the presence 
of other linked mutated gene(s) that might contribute to the development of these 
tumors. However, we have thus far identified 36.4% (4/11) of lrrc50+/- tumors to have 
lost the remaining wild-type lrrc50 allele. At least in these instances the contribution 
of an unidentified linked mutation is less likely. Two other lrrc50 alleles have since 
been described by Sullivan-Brown et al.15 We are unaware if these fish develop tes-
ticular tumors, and will obtain these lines for comparison with our lrrc50 hu255H allele.

In humans, testicular tumors can be of germinal or somatic origin 10. Testicular 
germ cell tumors (TGCT) account for up to 60% of all malignancies diagnosed in 
males aged 20–40. Based on the cell type of which the tumor emerges, this heteroge-
neous group of neoplasms can be grossly divided into non-seminomas (embryonal 
carcinoma, teratoma, yolk-sac tumor and choriocarcinoma) and seminomas, the 
most frequently occurring form (up to 50%) 10.

Seminomas have been shown to originate from primordial germ cells (PGC), the 
earliest germ cell progenitor present in the testis. Morphologically, PGCs strongly 
resemble spermatogonia, distinctive only by marker gene expression 10. In zebrafish, 
the genital ridge is formed by PGCs, however, it remains elusive whether these cells 
remain present in the mature gonad. In the adult zebrafish testis, the earliest mor-
phologically distinguishable germ cell progenitor present is the single spermatogo-
nium 11. Based on the fact that both human seminomas and the lrrc50+/- zebrafish 
tumors are mainly comprised of cells morphologically categorized as spermatogonia, 
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we postulate the lrrc50+/- tumors might be comparable to human seminomas. In sup-
port of this notion, human ziwi ortholog hiwi was shown to be specifically overex-
pressed in seminomas 16.

Several zebrafish groups reported the presence of seminomas in zebrafish 13,14. 
However, careful examination of the provided data merely showed these variable 
tumors to be of testicular origin, as we could not observe morphological similari-
ties with human seminomas. We are currently investigating the exact nature of the 
lrrc50+/- germ cell tumors. PH3 analysis revealed an increased proliferation of single 
germ cells in lrrc50 tumors of high spermatogonial content. This might reflect in-
creased spermatogonial stem cell proliferation since these cells are the only testicular 
cell type to have the ability to divide as single cells 11. However, since specific sper-
matogonial markers are not available, this remains speculative. Crossing lrrc50 fish 
into the vasa:egfp transgenic line will allow us to specifically follow and analyze the 
contribution of germ cells in the development of testicular tumors.   

Despite the high prevalence of human seminomas, few genetic predispositions 
are known. The human LRRC50 ortholog resides on locus 16q24, a genetic region 
which is found to be deleted in several malignancies, including tumors of the breast 17, 
gastro-intestinal tract 18 and the prostate 19. However, to the best of our knowledge, 
no 16q24 deletions have been linked to GCT development. To test the relevance 
of LRRC50 inactivation in human testicular neoplasms, we will investigate LRRC50 
mRNA levels and tumor genotypes in human GCT collections. 

We have previously shown ciliary defects to underlie the development of prolifer-
ative pronephric cysts in homozygous lrrc50 mutant embryos 7. It is unclear whether 
a ciliary defect might be involved in the development of proliferative lrrc50+/- testis 
tumors, since to date the presence of cilia on early germ cells has not been described, 
nor has their absence been confirmed. Aberrant proliferation seems to be a unifying 
theme between the embryonic and adult lrrc50 phenotype. Therefore, a putative role 
for lrrc50 in cell cycle regulation cannot be excluded. We are currently undertaking 
several in vitro approaches to investigate the exact role and regulatory mechanisms 
behind lrrc50 function. Preliminary results confirm a possible regulatory role for 
lrrc50 in the cell cycle since overexpression studies show a delayed G2/M transition. 

It is intriguing to speculate that lrrc50 might exert a tumor suppressor role. Since 
we have not observed abnormalities in the female zebrafish ovaries, lrrc50 tumor 
suppressor function in adults might be restricted to spermatogonia. It needs to be in-
vestigated whether the low occurrence of other tumors we observed, is in fact related 
to loss of lrrc50 in different cell types. Dimethylbenzanthracene (DMBA) carcinogen 
treatments that induce random mutations throughout the zebrafish body 20 will allow 
us to investigate whether lrrc50+/- zebrafish are more susceptible to the development 
of tumors, and if so, what tissues would be mainly involved. Furthermore, we are 
currently generating a conditional Lrrc50 knock out mouse to investigate this poten-
tial novel tumor suppressor in a mammalian system. 
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Materials and Methods

Zebrafish lines
Zebrafish were maintained according to standard protocols 21. All animal experi-
ments were approved by the Animal Care Committee of the Royal Dutch Academy 
of Science according to the Dutch legal ethical guidelines.  Zebrafish carrying a non-
sense mutation in lrrc50 were isolated from a forward genetic N-ethyl-N-nitrosourea 
(ENU)-based mutagenesis screen as previously described 7. Heterozygote lrrc50 hu255H 
founder fish were outcrossed three consecutives times to wild-type lines to reduce 
the chance of background mutations. We incrossed once to maintain the line. 

Testis isolation and histology
Zebrafish were euthanized using an overdose of MS222. Wild-type testis and testis 
tumors from heterozygous mutants were isolated and split into a maximum of four 
fragments. The fragments were either directly frozen in liquid nitrogen and stored at 

-80 °C for future DNA and RNA analysis, or immediately fixed for histology. Multiple 
fixation protocols were used depending on the suitability for subsequent manipula-
tion of the sections. Fragments used for immunohistology were fixed overnight using 
a 4% paraformaldehyde solution containing 2% acetic acid and embedded in paraffin. 
Fragments used for morphological analysis were fixed in 4% glutaraldehyde and em-
bedded in glycol methacrylate (Technovit 7100, Hereaus Kulzer). The glutaraldehyde 
fixed tissue was sectioned at 4 µm and stained with toluidine blue. Images were cap-
tured using a Nikon Eclipse E800 equipped with a Nikon DXM1200 digital camera. 

Immunohistochemistry
Immunostainings were performed on 6 µm paraformaldehyde-fixed sections as 
described 22. Primary antibodies used were anti-phosphorylated-histone H3 (PH3; 
1:1000, Upstate 06-570), and anti-Ziwi (1:100, Houwing et al.22). Secondary antibody 
was powervision-HRP IgG (1:200, Immunologic) and sections were counterstained 
with hematoxylin according to standard protocols.

Quantification and statistical analysis of spermatogonial proliferation
To assess and compare the amount of proliferating spermatogonial stem cells be-
tween wild-type and tumor tissue, PH3-labeled sections were quantified. For analysis 
of the tumor samples, three photographs (20× magnification) from three different 
sections were used (16–20 µm distance between sections) to obtain a representation 
of various regions of the tumor. For the control samples, two sections were ana-
lyzed since the testis fragments were much thinner. The quantification protocol was 
adapted from ImageJ (http://rsbweb.nih.gov/ij/). Briefly, a picture is first converted to 
RGB and the green channel is selected for further manipulation. A threshold is then 
set to ensure only PH3-positive cells are selected, which is made possible through 
the substantial difference in intensity between these cells and the background tis-
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sue. Upon defining a threshold the picture is converted to a binary image, and the 
percentage of total surface area covered with positive cells can be calculated. To en-
sure only proliferating spermatogonial stem cells are measured, large clusters (>5–6 
cells) of proliferating cells originating from progressively differentiated germ cells 
are manually removed. The total amount of tissue on the image is determined by 
setting the threshold in such a way that only the surface covered with tissue is select-
ed. To correlate the amount of proliferative spermatogonial stem cells with the total 
amount of tissue on a given image, the calculated surface area is set to 100% and the 
proliferation percentage is extrapolated. The percentage of proliferation per picture 
is averaged for each tissue fragment. The lrrc50+/- testis tumor (n = 7) and lrrc50+/- en-
larged testis (n = 2) groups each average 3 quantified sections per sample; whereas 
vhl +/- (n = 5) and wild type (n = 5) testis control groups averaged 2 sections. Using a 
non parametric Mann-Whitney test at p<0.05 with a confidence interval of 95%, sta-
tistical analysis between the different testis groups (lrrc50+/- tumor, lrrc50+/- enlarged, 
wild-type and vhl +/-) is calculated. Results are represented in a box-plot.

Genotypic analysis lrrc50+/- tumors
DNA isolation, PCR and sequencing of tumor fragments was performed according to 
standard procedures of the Hubrecht Institute (http://www.niob.knaw.nl/researchpag-
es/cuppen/protocols.html). Amplicons spanning lrrc50 exons were designed using the 
Primer3 software (http://fokker.wi.mit.edu/primer3/input.htm). The following prim-
ers were used (5'–3'): exon 1 fw – GGGACACATTCGTGAGTTTC, rev – ACT-
GAATAATGCAGCAATGG; exon 2+3 fw – AGCCAAAGCTGAAGGATATG, 
rev – TACAATGGAGAATTAACAGTTTC; exon 4 fw – TGAATGACA-
CACTTTATCTTCAC, rev – TCTGTAGAGTGGACAAGTCG; exon 5+6 fw – 
GCACGCTTAATGTCTCAAAC, rev – AGCTTTGTGGAGAAAACTGC; 
exon 7 fw – AGGACACCAGCCCTCTATG, rev – CCAAAGTAAGAGAAT-
GTGAGTGC; exon 8 fw – CTGTTCATGCCAATTCAAAG, rev – GAA-
GATCCTAGGGAGAATCC; exon 9 fw – ATCAACCTTTCAGATGAACC, 
rev – GACACTGCAGTTCACAAAATG; exon 10 fw – TCACTTGGT-
GAGAAAGCAAG, rev – TATGGTAGACGTCCCATTTG. Sequence analysis 
was performed using polyphred software 23.
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Supplemental figure 1: Other tumors found in lrrc50+/- zebrafish. (a) Large lrrc50+/- eye tumor. (i) Merged 

image of two 0.5x images, to illustrate the size of the tumor. (ii) 10x close up of reveals the eye tumor 

to contain two types of stromal tissue, resembling a nerve sheath tumor. (b) Testis tumor consisting of 

stromal tissue. Original magnification 0.5x (i) and 10x (ii). (c) Cystic testis tumor, nearly depleted of germ 

cells and consisting only of supporting tissue. Original magnification 0.5x (i) and 10x (ii). All sections are 

counterstained with hematoxylin and eosin.
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von Hippel-Lindau (VHL) disease is a rare autosomal dominant hereditary cancer 
syndrome associated with heterozygous germline mutations in the VHL tumor sup-
pressor gene. VHL disease affects one in 36,000 live births and is 90% penetrant by 
65 years of age 1. Consistent with the Knudson’s two-hit hypothesis of tumorigenesis 2, 
inactivation of the remaining allele in somatic cells predisposes VHL patients to the 
development of highly vascularized benign and malignant tumors and cysts in many 
organ systems 1,3-5. 

The most common cause of morbidity in patients with VHL disease is the devel-
opment of vascularized hemangioblastomas of the retina and central nervous system 
(CNS), which occur in up to 72% of the patient population with an onset between 
25–33 years of age 1. While these tumors are rarely malignant, enlargement of these 
masses within the eye can lead to vision loss and retinal detachment, and in the 
CNS can induce neurological damage and hemorrhage, that can result in death. VHL 
disease also affects visceral organs, inducing the development of pancreatic tumors 
and cysts, epididymal and broad ligament cystadenomas, and renal phaeochromo-
cytomas and cysts 1,3-5.  

Mortality in VHL patients is mainly caused by the malignant development of 
clear-cell renal cell carcinoma (ccRCC; 35–75% prevalence), thought to emanate 
from cells lining the premalignant tubular renal cysts 6. ccRCC is the most common 
type of renal cancers and inactivating somatic VHL mutations have been found in 
around 70% of all sporadic incidences, supporting the notion of VHL functioning as 
a tumor suppressor 1,7.  

The VHL tumor suppressor gene is located on the short arm of chromosome 3 
(3p23–26) 8, contains three exons and is ubiquitously expressed. In humans, VHL en-
codes two protein isoforms, a 30 kDa full-length protein (pVHL30) and a 19 kDa 
protein (pVHL19) which is generated by alternative translation initiation from the 
second methionine at residue 54 (references 9, 10). Isoforms (collectively called 
pVHL) differ in subcellular localization; pVHL30 is primarily present in the cyto-
plasm, whereas pVHL19 is equally distributed between the nucleus and the cyto-
plasm in interphase cells 10,11. These isoforms do not contain domains with enzymatic 
activity, and it has recently become apparent that pVHL acts as a multi-purpose 
adaptor protein in a wide array of gene expression programs 12.  

In this general introduction we will give a brief overview of these VHL-mediated 
pathways and will discuss some of the animal models that were created to study VHL 
function in vivo.

VHL regulates HIF signaling
The best understood function of pVHL relates to its role in the adaptive cellular 
response to hypoxia through the negative regulation of hypoxia-inducible factors 
(Figure 1). The hypoxia-induced transcription factor HIF is a heterodimer composed 
of a hypoxia-regulated alpha subunit (HIF-1α, HIF-2α and HIF-3α), and a constitu-



Chapter 4

66

tively stable HIF-1β subunit (also known as the arylhydrogencarbon receptor nuclear 
translocator ARNT) 13. 

Under normoxic conditions, HIF-α is hydroxylated on either of two prolyl resi-
dues (Pro402, Pro564) within the oxygen-dependent degradation domain (ODD) 14 
by the family of prolyl hydroxylases (PHD1–3) 15-17, and targeted for rapid protea-
somal degradation by a multisubunit E3 ubiquitin ligase complex, containing the 
von Hippel-Lindau (VHL) protein as substrate recognition component, elongin B 18, 
elongin C 18, Ring-box 1 (Rbx1, ROC1 or Hrt1) 19 and cullin 2 (Cul2) 18,20,21. Additionally, 
HIF-α is hydroxylated on asparagine residue 803 by factor-inhibiting HIF (FIH) 22, 
which prevents recruitment of the transcriptional co-activator p300 and the closely 
related protein CBP 23. 

In the absence of oxygen or functional pVHL 24, HIF-α protein is stabilized and 
translocated to the nucleus where it partners with HIF-β to form functional HIF. 
HIF is perceived as the master transcriptional regulator of over 60 hypoxia-induc-
ible genes, including those whose protein products are involved in oxygen sensing 
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Figure 1: Schematic representation of hypoxic signaling. Under normoxic conditions, HIF-α is hydroxy-

lated on either of two prolyl residues, and targeted for rapid proteasomal degradation by a multisub-

unit Skp1/cullin/F-box protein (SCF)-like E3 ubiquitin ligase complex, containing the von Hippel-Lindau 

(VHL) protein as substrate recognition component, elongin B, elongin C, Ring-box 1 (Rbx1) and cullin 

2 (Cul2). Additionally, HIF-α is hydroxylated on asparagine residue 803 by factor-inhibiting HIF (FIH), 

which prevents recruitment of the transcriptional co-activator p300 and the closely related protein CBP 

(not shown). In the absence of oxygen or functional pVHL, HIF-α protein is stabilized and translocated 

to the nucleus where it partners with HIF-β to form a functional transcription factor HIF, binding to 

hypoxia-response elements (HRE) and initiating transcription of target genes. Adapted from Cohen 

and McGovern 32.
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and transport (PHD1–3, EPO, GATA1), angiogenesis (VEGF, PAI-1), anaerobic en-
ergy metabolism (GLUT-1, LDHA) and cell growth and survival (Cyclin D1, TGF-α,  
c-MYC) (for reviews see 25–27).  

With regard to their ability to transcriptionally regulate specific hypoxia-respon-
sive genes, HIF-1α and HIF-2α members have distinct functions that only partial-
ly over lap. Glycolytic genes, for instance, are predominantly regulated by HIF-1α 28, 
while HIF-2α appears to be the main regulator of VEGF and EPO in tissues that ex-
press both HIFs 29-31. Target gene selectivity between HIF-1α and HIF-2α may be a 
result of tissue-specific interaction with other nuclear factors or transcriptional co-
factors, or might reflect tissue- and cell type dependent differences in the ratios of 
HIF-α protein levels (for review see Ruas and Poellinger 27).

 Overproduction of hypoxia-inducible mRNAs, including VEGF and EPO, are a 
hallmark of the highly vascularized neoplasms associated with biallelic inactivation 
of the VHL 1,3,4,33, however, the ability of the different VHL disease alleles to regu-
late HIF levels differs greatly. Strong genotype-phenotype correlations have been 
found with respect to the absence or presence of phaeochromocytomas (VHL dis-
ease type 1 or 2, respectively), and the development of hemangioblastomas, pan-
creatic tumors and ccRCC 1,34,35 (see Table 1). VHL alleles linked to type 1, type 2a 
and type 2b VHL disease encode proteins that are at least partially defective with 
respect to HIF-α regulation, indicating a HIF-dependency for the VHL tumor sup-
pressor function. However, Chuvash polycythemia patients carrying homozygous 
germline VHL mutations display upregulated HIF-α levels, yet are not predisposed 
to cancer 36. Thus, upregulation of HIF-α alone does not appear to be oncogenic in 
humans. Furthermore, while products of type 2C VHL alleles are able to fully regu-
late HIF levels, patients develop familial phaeochromocytoma without an increased 
risk of hemangioblastomas and ccRCC 37,38. Affected cells are found to have a de-
creased fibro nectin (FN) matrix assembly 38 and over-express atypical protein kinase 
C (aPKC), that was shown to protect phaeochromocytoma cells from apoptosis after 
growth factor withdrawal via JunB 39, indicating that alternate VHL functions are 
required for the development of phaeochromocytomas.

HIF-independent functions of pVHL
In the last few years, several other HIF-independent pVHL functions have been iden-
tified and it has become apparent that pVHL acts as a diverse multi-purpose adaptor 
protein regulating a wide variety of cellular processes 12 (summarized in Figure 2). 
pVHL has been shown to mediate in the transcriptional regulation of the nuclear fac-
tor NF-κB 40, the Rbp1 large subunit of the RNA polymerase complex II (references  
41, 42), the p53 tumor suppressor 43, the p400 chromatin remodeling factor 44 and 
the JunB transcription factor via aPKC 39,45. However, pVHL also plays an important 
transcription-independent role in the regulation of the extracellular matrix and the 
microtubule cytoskeleton.
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Table 1: Classification in VHL disease

Classification VHL mutation Molecular defect Clinical manifestation

Type 1
Total or partial VHL loss,  
improper folding

HIFα stabilization

High risk of hemangioblastoma
Low risk of phaeochromocytoma
High risk of ccRCC
Pancreatic neoplasms and cysts

Type 2A
VHL missense mutation  
(only 2 known mutations)

Partial HIFα stabilization
Inability to stabilize microtubules

High risk of hemangioblastoma
High risk of phaeochromocytoma
Low risk ccRCC

Type 2B VHL missense mutation HIFα stabilization

High risk of hemangioblastoma
High risk of phaeochromocytoma
High risk of ccRCC
Pancreatic neoplasms and cysts

Type 2C VHL missense mutation
No HIFα stabilization
Decreased FN matrix assembly
Inability to regulate JunB 

Phaeochromocytoma only

Chuvash
polycythemia

Homozygous or compound 
heterozygous C-terminal VHL 
missense mutations

HIFα stabilization
Increased VEGF and EPO serum levels

Polycythemia
Increased cardiophysiological 
response under hypoxia
Vertebral hemangiomas 
Peripheral thrombosis
No phaeochromocytoma or ccRCC

ccRCC, clear cell renal cell carcinoma; HIF, hypoxia inducible factor; FN, fibronectin; VEGF, vascular en-

dothelial growth factor; EPO, erythropoietin.

VHL is involved in the correct formation and turnover of the extracellular ma-
trix (ECM) 46 by interacting with collagen IV (Col IV) 47 and fibronectin (FN) 38,48,49.  
Caenorhabditis elegans vhl-1 knock out worms also displayed genetic evidence for 
defects in ECM formation 50. Furthermore, the activity of enzymes involved in degra-
dation and remodeling of the ECM, matrix metalloproteinases MMP-2 and MMP-9 
(reference 51), is increased in VHL-mutant cells, and HIF-2α induces the expression 
of membrane type 1-MMP. Since endothelial cells require VHL for correct vascu-
lar patterning and maintenance of vascular integrity during development 52, loss of 
pVHL function causes both HIF-independent and HIF-dependent defects in the 
ECM that may promote angiogenesis, invasion and metastasis of tumor cells 46,48. 

pVHL has been found to function in the regulation of the microtubule (MT) cy-
toskeleton, where it promotes MT stability 11,53, controls the orientation of MT forma-
tion 54, and interacts with MTs through binding with the kinesin-2 motor protein 55,56 
that is involved in the plus-end directed transport of vesicles and protein cargos 
along MTs. 

Dynamic regulation of the MT cytoskeleton is important for many MT-based 
cellular processes, including mitotic cell division, cell migration and ciliogenesis. 
As shown in Chapter 1 of this thesis, ciliary dysfunction plays a crucial role in the 
development of proliferative kidney cysts 57, a hallmark feature of VHL disease. 
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Interestingly, pVHL localizes to the primary cilium in vivo and in vitro and func-
tions in the formation or maintenance of this organelle 54,58-60. However, how pVHL 
might exert this function is still unclear. It has been hypothesized that pVHL might 
be necessary for correct intraflagellar transport (IFT) since pVHL has been found 
to bind the polarity protein Par3-Par6-aPKC complex that is targeted to the cilium 

aPKC

Kinesin-2

Cul2

EloC
EloB

Col IV

CARD9

pVHL

HIF-α Rbp1 NF-κB p53

Transcription regulatory 
pathways

Cytoskeleton and
extracellular matrix

 p400 JunB EC MTs

Metabolism
Angiogenesis

Invasion
Metastasis

Stress-induced
transcription

Survival Cell cycle arrest
Apoptosis

Senescence Neuronal
apoptosis

Adhesion
Invasion

Primary cilium
function

Rbx1

CKII

pVHL 

p300
ATM

p53
pVHL

Par3 Par6

pVHL

?

pVHL

aPKC

pVHL

FN

pVHL

Kinesin-2

pVHL

pVHL

pVHL pVHL

Phaeochromocytoma Renal cyst formation

Figure 2: Adapted from Frew and Krek 12. Overview of the diverse adaptor protein functions of pVHL 

that regulate both transcription-dependent and transcription-independent cellular responses. pVHL 

functions as the recognition subunit of the VCB E3 ubiquitin ligase complex composed of Cul2, Elongin 

B and C (EloB and EloC), and Rbx1 that targets HIF-α and Rbp1. pVHL also interacts with and inhibits 

aPKC, resulting in a decreased activity of JunB in antagonizing c-Jun–mediated apoptosis. pVHL acts as 

a linker to bring CKII into contact with the substrate CARD9, thereby inhibiting NF-κB signaling. pVHL 

interacts with p53, ATM, and p300 to nucleate a multimeric complex that leads to p53 activation. pVHL 

participates in an unidentified protein complex through which pVHL post-transcriptionally stimulates 

the accumulation of p400 and inhibits cellular senescence. The interaction of pVHL with collagen IV 

(Col IV) and fibronectin (FN) likely underlies its function in ensuring the correct formation of the ECM. 

pVHL promotes MT stabilization and associates with the MT motor protein kinesin-2 and the polarity 

proteins Par3 and Par6, as well as aPKC. Note that with the exception of the VCB E3 ubiquitin ligase 

complex, the topology and binding domains of the protein-protein interactions in pVHL-associated 

protein complexes have not been fully characterized. An arrow represents a stimulatory or activating 

effect on a protein or cellular response; a blunted arrow represents an inhibitory effect; a question mark  

represents an unknown subunit of a pVHL complex.
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by the kinesin-2 motor complex 12,54. Alternatively, but not mutually exclusive, it is 
thought that pVHL might act as an adaptor for the transport of unidentified MT-
stabilizing factors, or organelles like the centrosome 61, to the plus ends of MTs (apical 
membrane) 12. 

However, loss of pVHL function in primary renal proximal epithelial cells 
(RPTECs) and mouse embryonic fibroblast (MEFs) primary cells results in the loss 
of the pre-established primary cilium only when glycogen synthase kinase beta 
(GSK3β) is simultaneously inactivated, likely through activation of protein kinase 
Akt 62. This was recently supported in vivo, where only the combined deletion of Vhlh 
and the tumor suppressor Pten (a negative regulator of the phosphatidylinositol-3-
kinase (PI3K) signaling pathway and thus Akt activity) in the renal epithelium of 
Ksp1.3-cre mice resulted in the robust formation of proliferative cysts with reduced 
cilia numbers 62. Combined deletion of Vhlh and Pten in this mouse strain also in-
duced epididymal cystadenomas 63. Notably, human VHL patients with renal cysts 
or epididymal cystadenomas frequently display elevated PI3K pathway signaling 12,63. 
These data indicate that cyst and tumor formation in VHL patients likely results not 
only from the combined effects of deregulation of multiple independent function of 
pVHL, but also from deregulation of other (cancer) signaling pathways or cellular 
processes that cooperate with mutated pVHL to allow malignant progression 64.

VHL animal models
The VHL tumor suppressor is highly conserved and orthologs have been identified in 
a variety of species from invertebrates such as the fruit fly (Drosophila melano gaster) 
and worm (C. elegans), to vertebrates like mouse, rat 65 and zebrafish (Chapter 5, this 
thesis).

To obtain information on the specific functions of pVHL several in vivo models 
were generated, as listed in Table 2. C. elegans vhl-1 mutants have contributed to the 
understanding of HIF regulation and led to the identification of the EGL-9 prolyl 
hydroxylase ortholog PHD-3 (reference 16).  However, by far the most popular model 
has been the mouse due to its possible predictive value for the clinic. Initial attempts 
demonstrated Vhlh-/- knock-out mice, which were obtained by conventional homo-
logous recombination to die in utero between E9–12.5 due to hemorrhagic lesions 
and reduced vascularization in the placenta 66-68. Drosophila morphants in the VHL 
ortholog d-VHL display ectopic and excessive branching and looping of the smaller 
tracheal branches and breakage of dorsal trunks (tracheal tubes) 69, similar to the pla-
cental vascularization defects in Vhlh-deficient mice. It was suggested that a defect in 
endothelial cell migration and tube fusion at the end of the vascular outgrowth could 
underlie the vascularization defects in both organisms 69.  

Even though retinal and CNS hemangioblastomas and ccRCC are the most com-
mon VHL disease manifestations in humans, these were not observed in mice in 
which Vhlh was inactivated in a systemic mosaic pattern 67, or in systemic Vhlh+/- 
mice 66-68, even after exposure to the renal carcinogen streptozotocin 62,70. Renal cysts 
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were found at a very low frequency in Vhlh heterozygotes: 1/30 in a study by Haase 
et al. 67, and 1/28 as reported by Kleymenova and co-workers 68. Mice mutant for the 
Chuvash polycythemia R200W allele develop polycythemia with some features of 
the human disease condition 71.

Vhlh+/- mice are predisposed to the development of cavernous liver hemangio-
mas 67,68, a very rare VHL disease manifestation 72,73. However, there is a strong back-
ground dependence, as this was not observed in C57BL/6 mice by Gnarra et al. 66 
while the same mice in the lab of Kleymenova et al. 68 developed liver hemangiomas in 
21% of the population, a number increasing to 88% in BALB/c mice 67,74. Likely, these 
discrepancies reflect polymorphic differences in modifier genes between strains 74.

To avoid embryonic lethality, Cre/lox site-specific recombination technology was 
employed and a variety of different Vhlh conditional knock-out mice have thus far 
been generated (Table 2). The availability of mice deficient for Hif-1α, Hif-2α and Hif-
1β (ARNT) allows a double knock out approach to determine the relative contribu-
tions of HIF subunits to the VHL phenotype. 

In the kidney, deletion of Vhlh in the renal proximal tubule using a Cre recom-
binase under the control of a phosphoenolpyruvate carboxykinase (PEPCK) pro-
moter resulted in a low incidence (around 30% of mice in their second year of life) 
of glomerular and tubular cysts in a HIF-1α independent, HIF-1β dependent man-
ner 70. These results, however, are complicated by Cre–transgene expression in the 
liver, inducing increased Hif-2α expression, upregulated Epo levels and the develop-
ment of polycythemia. Deletion of Vhlh from podocytes resulted in the generation 
of, among others glomerulomegaly, proteinuria and rapid progressive glomerulo-
nephritis (RPGN) 75. In another study using the same transgene, mice exhibited a 
milder phenotype, including glomerulomegaly, an increased Bowman space, glom-
erulosclerosis and no significant proteinuria 76. Again, background-related polymor-
phisms likely underlie the differences between phenotypes.

Intriguingly, it was recently discovered in mice that the skin is a critical mediator 
of systemic responses to environmental oxygen, by release of nitric oxide induced by 
the HIF pathway that acts on cutaneous vascular flow to increase systemic erythro-
poietin expression. Deletion of Vhlh from the skin results in increased EPO synthesis 
and polycythemia 77. 

While these murine models have contributed greatly to our understanding of 
pVHL function, their use is somewhat limited for they lack important aspects of 
VHL-associated pathologies. Furthermore, phenotypic analysis is apparently compli-
cated by different backgrounds and aberrant Cre-transgene expression. To study the 
complex regulatory functions of pVHL in development and disease a more simple 
vertebrate model is warranted.

Zebrafish have become a valuable model system for vertebrate biology, human 
disease and cancer 78-82. The short generation time, large numbers of progeny and the 
excellent optic properties, anatomical simplicity, and the ex-utero development of 
the zebrafish embryo allow processes to be followed non-invasively and in great de-
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tail. The availability of target-selected mutagenesis 83 allows for the generation of mu-
tants in a gene of choice, while with morpholino-based approaches transient knock-
downs can be achieved. Importantly, the HIF pathway 84-86 is highly conserved and 
the zebrafish vascular 87-90 and hematopoiesic 91,92 systems are well studied and show a 
remarkable functional conservation with humans. 

This thesis

It will be a challenge to unravel which of the multiple known – and yet to be iden-
tified – VHL functions play a role in the development of the different disease as-
pects. To explore a new model organism for VHL, we undertook a reverse genetics 
approach by screening a large ENU-mutagenized zebrafish library to identify a ze-
brafish vhl mutant.

In this thesis, we report the identification and first characterization of the ze-
brafish VHL ortholog vhl. We show that homozygous and transheterozygous mu-
tants faithfully recapitulate key aspects of the human disease condition, including 
Chuvash polycythemia (Chapter 5), severe neovascularization defects predominantly 
in tissues with high vegf mRNA expression such as the brain and retina (Chapter 6), 
and pronephros abnormalities (Chapter 7). Unlike Vhlh knock-out mice, which die 
during early embryonic stages, zebrafish vhl mutants complete embryogenesis and 
survive up to larval stages (8–11 days post-fertilization). Therefore, vhl-/- zebrafish 
represent a unique vertebrate animal model in which the role of VHL can be studied 
during both embryonic and post-embryonic stages. Our results demonstrate that 
this novel genetic zebrafish vhl model will provide a basis for further studies to gain 
new insights into the role of VHL in the context of oxygen homeostasis, hematopoi-
esis, angiogenesis and renal pathology.
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Abstract  

We have generated two zebrafish lines carrying inactivating germline mutations in 
the von Hippel-Lindau (VHL) tumor suppressor gene ortholog vhl. Mutant em-
bryos display a general systemic hypoxic response, including the upregulation of 
hypoxia-induced genes by 1 day post-fertilization and a severe hyperventilation and 
cardiophysiological response. vhl mutants develop a profound increase in circulating 
blood cells (polycythemia); epo mRNA levels and Epo signaling are elevated. In situ 
hybridizations reveal a global up-regulation of hematopoietic markers of both red 
and white lineages. Hematopoietic tissues are highly proliferative and the CD41+ he-
matopoietic stem cell population is enlarged. The number of circulating erythrocyte 
precursors is increased 8-fold. Our data demonstrate VHL function to be conserved 
between mammals and zebrafish, and vhl mutants to represent the most accurate 
model for VHL-associated polycythemia to date. Since Vhlh knock-out mice die in 
utero during early embryogenesis, zebrafish vhl mutants are the first embryonic vi-
able systemic vertebrate animal model in which the role of VHL can be studied even 
at larval stages. Zebrafish mutants will contribute to our understanding of hypoxic 
signaling, hematopoiesis and VHL-associated disease progression, and provide a 
unique vertebrate model to study genotype-phenotype correlations and screen ther-
apeutic agents. 

Introduction 

The von Hippel-Lindau tumor suppressor (VHL) plays a critical role in the adaptive 
cellular response to hypoxia through the negative regulation of hypoxia-inducible 
factors (HIFs). VHL protein (pVHL) is the substrate recognition component of the 
multisubunit VHL-E3 ubiquitin ligase complex. The interaction between pVHL and 
HIF alpha subunits (HIF-1–3α) requires oxygen-dependent hydroxylation of HIF-α 
on either of two prolyl residues by the family of prolyl hydroxylases (PHD1–3). Upon 
binding pVHL, HIF-α is targeted for proteasomal degradation by polyubiquitination. 
In the absence of oxygen or functional pVHL, HIF-α is stabilized and translocated to 
the nucleus where it partners with HIF-β to mediate transcription of hypoxia-induc-
ible genes to facilitate glucose uptake, glycolysis and oxygen delivery by increasing 
angiogenesis and erythropoiesis (for review see Kaelin 1). 

Congenital erythrocytoses or polycythemias are rare autosomal recessive dis-
orders often found to be associated with homozygous or compound heterozygous 
germline mutations in VHL (for review see Gordeuk et al. 2). The most frequently 
found mutation in VHL-related erythrocytosis is the C598T transition 3, inducing the 
Chuvash form of polycythemia (CP). The resulting Arg200Trp (R200W) substitution 
at the extreme C-terminus of pVHL diminishes the binding affinity for hydroxylated 
HIF-α, thereby partially inhibiting its normoxic ubiquitination and degradation that 
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results in the pathological upregulation of HIF target genes including: facilitated 
glucose transporter member 1 (GLUT1), vascular endothelial growth factor (VEGF) 
and erythropoietin (EPO) 3. Chuvash polycythemia is further characterized by high 
hemoglobin and hematocrit levels. Patients have abnormalities in respiratory and 
pulmonary vascular regulation. Basal ventilation and pulmonary vascular tone are 
elevated, and ventilatory, pulmonary vasoconstrictive and heart rate responses to 
acute hypoxia are greatly increased 4. Premature mortality is observed as a result of 
cerebral vascular events or peripheral thrombosis 5. 

CP is distinct from the hereditary cancer syndrome known as VHL disease, 
that is associated with heterozygous fully inactivating germline mutations in VHL 1. 
Inactivation of the remaining allele in somatic cells predisposes VHL patients to the 
development of highly vascularized tumors and cysts in many organ systems, in-
cluding hemangioblastomas of the retina and central nervous system, pheochromo-
cytomas and clear-cell renal cell carcinoma (ccRCC) 1,6.  Patients with VHL disease 
can develop secondary polycythemias in response to EPO production from these tu-
mors (prevalence of around 5–20 percent) 6,7, Chuvash polycythemia patients, how-
ever, are not predisposed to cancer 5. 

To study VHL function in vivo and to gain insight into these two distinct disease 
etiologies, several murine models have been generated (for review see Haase 8). Vhlh 
knock-out mice obtained by conventional homologous recombination die in utero 
between E10.5–12.5 due to hemorrhagic lesions in the placenta 8. To avoid embryonic 
lethality, Cre/lox site-specific recombination technology was employed and multiple 
tissue or organ specific Vhlh deletions were engineered. While several VHL disease 
aspects were observed, conditional knock-out mice do not develop VHL-associated 
tumors or ccRCC. Deletion of Vhlh in the liver and kidney result in secondary poly-
cythemias as a cause of increased Epo production in the liver 8. Mice homozygous for 
the CP R200W mutation were recently shown to develop polycythemia from 10–14 
weeks after birth similar to the human disease, however cardiopulmonary defects 
were not described 9. 

While these murine models have contributed greatly to our understanding of 
VHL function, their use is limited for they lack important aspects of VHL-associated 
pathologies. To explore the underlying mechanisms of CP and VHL disease an addi-
tional animal model is warranted. Zebrafish have become a valuable model system 
for vertebrate biology, human disease and cancer 10. Importantly, the HIF pathway 11,12 
is highly conserved and functional, as are other vertebrate genetic programs includ-
ing hematopoiesis 13-15 and EPO 16,17 signaling. 

Here, we report the identification and first characterization of the zebrafish VHL 
ortholog vhl. Via target-selected gene inactivation 18 we have generated two different 
zebrafish lines carrying early inactivating germline mutations in vhl. Homozygous 
and transheterozygous mutants faithfully recapitulate Chuvash polycythemia, in-
cluding key aspects that were not observed in existing VHL mouse models. Unlike 
Vhlh knock-out mice, which die during early embryonic stages, zebrafish vhl mutants 
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complete embryogenesis and survive up to larval stages (8–11 days post-fertilization). 
Therefore, vhl -/- zebrafish represent a unique vertebrate animal model in which the 
role of VHL can be studied during both embryonic and post embryonic stages. Our 
results demonstrate that this novel genetic zebrafish vhl model will provide a basis 
for further studies to gain new insights into the role of VHL in the context of oxygen 
homeostasis and hematopoiesis.

Results

Identification of zebrafish VHL ortholog vhl
The zebrafish VHL ortholog was determined in silico by blast search analysis of the 
human VHL (p30) protein against the zebrafish translated database (tblastn) (http://
www.ncbi.nlm.nih.gov/BLAST/). Identified EST clone CK360574 showed the high-
est sequence similarity with VHL. A blastx query against the human non-redundant 
protein database confirmed this coding sequence to represent the best reciprocal 
hit. Phylogenetic analysis showed the zebrafish clone to cluster with VHL homologs 
from fish to mammals, confirming its orthology (Data supplement 1). Zebrafish vhl 
(zgc:158722) is located on chromosome 6, around position 27.3 Mb on the current 
Zv7 Ensembl genome assembly. This region is syntenic with the location of human 
VHL on chromosome band 3p25.3 (Data supplement 2). vhl consists of 3 exons which  
encode a 175 amino acid protein that is 52% identical and 70% similar to human 
pVHL. Zebrafish vhl has one transcript, and protein sequence alignment reveals 
high conservation of the Elongin C binding domain involved in the poly-ubiqui-
tination of HIF-α subunits and the HIF-α binding domain. Furthermore, four of 
the five residues binding the HIF1-α core hydroxyproline Pro564 within the oxygen- 
dependent degradation domain (W88, Y98, H115, W117) 19 are conserved  (Figure 1a, 
highlighted in yellow). Zebrafish Vhl lacks the N-terminal acidic domain, found in 
the first 53 amino acids of VHLp30. Noteworthy, comparative genomics shows this 
domain of unknown function to be mammal specific, shorter in rodents and absent 
in the fly and worm 20. During early embryonic development vhl is ubiquitously ex-
pressed, as shown by whole-mount in situ hybridization on wild-type embryos at 
14 and 24 hours post-fertilization (hpf; Figure 1b). In the adult hematopoietic com-
partment (the zebrafish kidney marrow is considered to be the organ of definitive 
hematopoiesis, analogous to the mammalian bone marrow 21), vhl is specifically ex-
pressed in hematopoietic stem/progenitor cells and not in the more mature erythro-
cytes (Figure 1c).

Careful analysis of the tblastn hits of the human VHLp30 against the zebrafish 
translated database revealed another vhl-like predicted sequence (XM_001335821), 
35 and 33% identical and 52 and 56% similar to the human and zebrafish Vhl protein, 
respectively. A blast search of the putative vhl-like protein sequence against the EST 
database (NCBI) revealed the presence of a homolog only in some other fishes (min-
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now, rainbow trout and dogfish). Phylogenetic analysis showed Vhl-like homologs 
to cluster together in a separate group from Vhl (Data supplement 1), suggesting this 
gene to be a fish-specific. vhl-like, or Dr.19805, is located on chromosome 4, around 
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Figure 1: Identification of zebrafish vhl and loss of function alleles. (a) The zebrafish VHL ortholog vhl 

encodes a single 175 amino acid protein that is 52% identical and 70% similar to human pVHL. ClustalW 

alignment shows high conservation of the pVHL ElonginC and HIF-α binding domains (HIF1-α core 

hydroxyproline Pro564 binding sites are highlighted in yellow). The VHLp30-isoform specific acidic 

domain (residues 1–53) is not present. By screening the Hubrecht target-selected ENU-mutagenized 

library, we identified two different zebrafish lines carrying inactivating germline vhl mutations within 

the HIF-α binding domain (Q23X and C31X; highlighted in red). (b) Whole mount in situ hybridizations 

show ubiquitous vhl expression in wild-type embryos at 14 and 24 hours post fertilization (hpf ). (c) 

Vibratome section (25 µm) of wild-type adult kidney tissue showing vhl expression in hemato poietic 

stem/progenitor cells (arrow; large, round morphology) and not in the more mature erythrocytes 

(small and elongated). (d) Vhl protein (~19 kDa) is not detected in 6.5 dpf vhl mutant zebrafish. One 

embryo-equivalent is loaded per lane. Beta-actin is used as a loading control. Original magnifications 

×5 (b) and ×40 (c). Wt, wild-type; hpf, hours post-fertilization; Sib, sibling.
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position 13.5 Mb on Zv7 in a region that is not syntenic with human 3p25.3 (not 
shown). Intriguingly, alignment of Vhl-like and VHL proteins revealed the presence 
of several amino acids in Vhl-like that have been reported in the VHL Mutations 
Database (http://www.umd.be:2020/I, consulted by E.V.R. on 07-05-08) as loss of 
function mutations in human VHL disease [P86A (within the HIF-α domain), T133S, 
V155M and Q164R (within the Elongin C binding domain)]. Furthermore, while the 
arginine at position 200 is conserved in zebrafish Vhl, in Vhl-like it is substituted for 
a threonine residue. In humans, the only mutation described at this position is CP 
R200W, however, using PolyPhen (http://tux.embl-heidelberg.de/ramensky/polyphen.cgi) 
the impact of an R200T substitution was predicted to be possibly damaging to the 
structure and function of VHL (PSIC score >2). We have not yet been able to gener-
ate genetic vhl-like mutant zebrafish and therefore restrict our analysis here to the 
pathophysiological implications of vhl loss. 

By screening the Hubrecht target-selected ENU-mutagenized F1 zebrafish li-
brary 18 we identified two different lines carrying early nonsense mutations in the 
Hif-α binding domain of vhl (Figure 1a, highlighted in red). Mutations were con-
firmed by re-sequencing and identified mutant alleles, designated vhl hu2117(C/T, Q23X) 
and vhl hu2081(C/A, C31X), were successively out-crossed 3–4 times into wild-type lines 
to reduce the chance of background mutations. We verified Mendelian co-segrega-
tion of the developmental defects in F3 progeny of single and complemented mutant 
alleles, and did not observe any phenotypical differences between alleles. Unless in-
dicated otherwise, complemented alleles are presented (vhl hu2117 × vhl hu2081, hereafter 
called vhl -/-). We have not observed phenotypes in embryonic or adult vhl hetero-
zygotes. Since western blot analysis using an anti-human VHL antibody 22 could not 
detect Vhl protein (~19 kDa) in 6.5 day old vhl mutants (Figure 1d), we assume both 
vhl alleles to represent a loss-of-function situation.  

vhl mutants display a systemic hypoxic response
Loss of VHL stabilizes HIF-α subunits and leads to expression of a suite of hypoxia 
response genes. To determine whether HIF-α target genes are up-regulated in vhl 
mutants, we performed whole-mount in situ hybridizations. Figure 2a shows that 
genes involved in oxygen sensing [prolyl hydroxylase 3 (phd3)] and anaerobic meta-
bolism [NADH dehydrogenase 1α subcomplex 4 (ndufa4) and lactate dehydrogenase 
A (ldh1a)] were over-expressed in vhl -/- already from 1 day post-fertilization (dpf), 
indicating a general and early molecular hypoxic response. Similar to CP, glut1 (liver), 
vegf (glomerulus, pancreatic islet, brain and pronephric hematopoietic tissue) and 
epo (liver and glomerulus) mRNA levels were also highly up-regulated in vhl mu-
tants as shown at 7.5 dpf (Figure  2b).

Additionally, vhl mutants show a striking behavioral hypoxic response. From 
3 dpf frequent movements of the pectoral fins, operculum and gills are observed. 
When the mouth is fully developed by 4-5 dpf, vhl -/- embryos begin to hyperventilate, 
displaying up to 80 buccal movements per minute versus 1 per minute in siblings at 8 
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Figure 2: vhl mutants display a systemic hypoxic response. (a) Loss of vhl leads to over-expression of hy-

poxia response genes, including genes involved oxygen sensing (phd3) and the anaerobic metabolism 

(ndufa4, ldh1a) as early as 1 dpf. (b) Similar to Chuvash polycythemia, glut1 (liver), vegf (glomerulus, pan-

creatic islet, brain and pronephric hematopoietic tissue) and epo (liver and glomerulus) mRNA levels 

are highly up-regulated in vhl mutants as shown at 7.5 dpf. (c) From 7 dpf onwards, vhl mutants display 

a significantly increased heart rate. Cardiac output (stroke volume x heart rate) is significally upregu-

lated 3.2 fold at 4 dpf (139±7.6 vs. 43.5±4.1 nl/min) to 15 fold (137.3±17.5 vs. 9.4±1.5 nl/min) in 10 dpf vhl -/- 

larvae. (d) vhl mutants develop progressive cardiac hypertrophy as shown by cardiomegaly at 8 dpf  

[TG(cmlc2:egfp background)]. (e) Sectioning (7 µm) through the heart reveals vhl -/- cardiomyocytes to 

be stretched (arrow), suggestive of dilated cardiomyopathy. Sibling and mutant hearts are presented 

with the same magnification. Blood cells are stained with o-dianisidine (brown). Original magnifica-

tions ×5 (a, b) and x20 (e). G, glomerulus; PI, pancreatic islet; L, liver; PHT, pronephric hematopoietic 

tissue; H&E, heamatoxylin and eosin; dpf, days post-fertilization.
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dpf (Supplemental movie 1).  Collectively, these data support the notion that vhl mu-
tants experience a prolonged systemic artificial hypoxic response under normoxic 
conditions.

To investigate the effect of Vhl loss on the cardio-physiology of zebrafish em-
bryos, we performed a time course analysis of the heart rate and cardiac output. 
Cardio-physiological analysis revealed the heart rate to be significantly higher in vhl 
mutants from 7 dpf (Figure 2c). Stroke volume was increased (not shown), result-
ing in a significantly elevated cardiac output (heart rate × stroke volume) from a 3.2 
fold increase at 4 dpf (139±7.6 vs. 43.5±4.1 nl/min) to a 15 fold increase (137.3±17.5 vs. 
9.4±1.5 nl/min) in 10 day old vhl mutants. While overall cardiac output in mutants 
did not significantly alter from 4–10 dpf (around 152±10.6 nl/min), siblings showed 
a significant reduction from 43.5 to 9.4 nl/min, according to normal developmental 
trends as described previously 23. In response to the increased cardiac output, vhl 
mutants developed progressive cardiac dilation that is characterized by cardiomegaly 
and stretched cardiomyocytes at 8 dpf (Figure 2d, e). Vhl -/- larvae survive up to 8–11 
days, when more frequent arrhythmias and atrial shape defects were observed, sug-
gesting the onset of congestive heart failure. Vhl mutants ultimately develop severe 
edema and die.  

vhl mutants develop severe polycythemia 
vhl -/- embryos develop a marked increase in circulating red blood cells (polycythe-
mia). This becomes apparent by 40 hours post fertilization (hpf), when blood accu-
mulation on the yolk sack is observed (Figure 3a). As development progresses, total 
blood volume further rises. vhl mutants expressing the gata1:egfp transgene showed 
increased blood flow at 6 days post fertilization (dpf) in all blood vessels, including 
the intersegmental and parachordal vessels, through which normally only occasion-
ally blood cells pass (Supplemental movie 2). Furthermore, while in siblings a single 
row of blood cells is transported through the dorsal aorta and posterior cardinal vein 
at 8 dpf, several rows of circulating blood cells were observed in vhl -/- (Figure 3b and 
Supplemental movie 2). 

Epo signaling is mediated via the JAK/STAT signaling pathway. Upon binding 
to its receptor EpoR, Jak2a is recruited, leading to the phosphorylation and activa-
tion of transcription factor STAT5. Since dysregulated JAK/STAT signaling is a key 
feature of polycythemia in patients, we performed western analysis of STAT5/phos-
phoSTAT5 levels. Already at 2 dpf, phosphoSTAT5 levels were highly increased in vhl 
mutants, while STAT5 levels remained comparable to aged matched siblings (Figure 
3c). We conclude that EPO-signaling is increased in vhl mutants. 

In zebrafish, the first known marker distinguishing between hematopoietic and 
endothelial stem cells is CD41 (reference Murayama et al.21). In the CD41:egfp trans-
genic line 24, CD41-GFP low expressing cells have been shown to represent hematopoi-
etic stem cells (HSCs), while the CD41-GFP high population represents thrombocytes 
and thrombocyte precursors 21. The caudal hematopoietic tissue (CHT) is thought 
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to exert a similar hematopoietic function as the mammalian fetal liver 21. To investi-
gate whether hematopoietic stem cell numbers were altered, we performed confocal 
analysis through the CHT of 5 dpf vhl mutants expressing the CD41:egfp transgene 
and observed a larger CD41-GFP low hematopoietic stem cell population (Figure 3c). 

Enhanced proliferation hematopoietic compartments 
To determine whether vhl -/--induced polycythemia is attributable to increased hema-
to  poietic proliferation, BrdU incorporation assays were performed. While in siblings 
a general low proliferation rate was observed at 7.5 dpf, vhl mutants displayed specific 
hyperproliferation in hematopoietic tissues. The pronephric hematopoietic tissue 
(PHT, site of definitive hematopoiesis 21), CHT and sub-aortic hematopoietic patches 
could be clearly discerned (Figure 3e). 

Upregulation of red and white hematopoietic lineages 
In situ hybridizations revealed a global upregulation of both red and white hemato-
poietic lineages as shown at 7.5 dpf (Figure 4). Increased expression of red lineage 
markers scl/tal-1 (HSC, erythrocytes), cmyb (HSC), gata1 (immature erythrocytes, 
not shown), beta-E1 globin (differentiated erythrocytes), and white lineage markers 
ikaros (immature lymphocytes), lck (differentiated lymphocytes), mpo (neutrophils) 
and l-plastin (monocytes) were observed, predominantly in the pronephric hemat-
opoietic tissue. Ikaros, lck and l-plastin were also expressed in the bilateral thymus. 

Increased circulating erythroid progenitors 
To investigate whether blood composition was altered, we analyzed May-Grünwald 
Giemsa stained blood smears at 8 dpf. We observed a marked increase in circula-
ting orthochromatophilic erythroblasts in vhl mutants (40%, n = 9) compared to  

Figure 3: vhl mutants develop severe polycythemia. (a) vhl mutants develop a severe increase in cir-

culating red blood cells, apparent by 40 hours post fertilization (hpf ) by blood accumulation under 

the heart on the yolk sack (arrow). (b) Circulating blood cells imaged just posterior to the cloaca. 

While normally a single row of blood cells is transported through the DA and PCV at 8 dpf, several 

rows of circulating blood cells are observed in vhl mutants. Anterior is left. (c) Western blot analysis 

of STAT5/phosphoSTAT5 levels at 2 and 4 dpf. At both time points, phosphoSTAT5 levels are highly 

increased in vhl mutants, while STAT5 levels remain comparable to siblings, indicating increased 

Epo signaling. One lane represents 1.5 embryo equivalents. Beta-actin is used as a loading control.  

(d) Confocal analysis through the CHT (posterior to cloaca) of 5 dpf embryos expressing the CD41:egfp 

transgene, reveals an enlarged population of CD41-EGFP low hematopoietic stem cells between the DA 

and PCV in vhl mutants. Anterior is left. Scale bar indicates 100 µm. (e) BrdU incorporation assays dem-

onstrate increased proliferation in all hematopoietic tissues in 7.5 dpf vhl -/-, as shown in whole-mount 

and cross sections (panels i–iii). Original magnifications ×5 (a, e), x20 (b, e i–iii) and ×40 (d). DA, dorsal 

aorta; PCV, posterior cardinal vein; CHT, caudal hematopoietic tissue; PHT, pronephric hematopoietic 

tissue; HSC, hematopoietic stem cell; dpf, days post-fertilization.
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sibling vhl-/- vhl-/- dorsal view

scl

cmyb

ikaros

betaE1 globin

l-plastin
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lck

PHT

thymus

7.5 dpf

Figure 4: In situ hybridi zations reveal a global upregulation of both red and white he-

mato poietic lineages in vhl mutants as shown at 7.5 dpf. Increased expression of red lin-

eage markers scl/tal-1 (HSC, erythrocytes), cmyb (HSC), beta-E1 globin (differentiated eryth-

rocytes), and white lineage markers ikaros (immature lymphocytes), lck (differentiated  

lymphocytes), mpo (neutrophils) and l-plastin (monocytes) are observed, predominantly in the horseshoe- 

like pronephric hematopoietic tissue (arrow) adjacent to the glomerulus. cmyb, ikaros, lck and l-plastin 

are also expressed in the bilateral thymus (arrowhead). Accumulated blood cells in the heart remain scl, 

ikaros and beta-E1 globin positive. Original magnification ×5. PHT, pronephric hemato poietic tissue.
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siblings (5%, n = 9), indicating an increased number of erythroid precursors (Figure 
5a). Furthermore, the cytoplasm of the morphologically more mature vhl -/- erythro-
cytes appeared paler or hypochromic. To assess whether this could be attributed to 
anemia (iron deficiency), blood cells were stained with o-dianisidine, which reacts 
with iron in heme. Whereas erythrocytes uniformly stained dark brown in siblings, 
variable heme levels were detected in vhl -/- erythrocytes at 6.5 dpf (Figure 5b i, iii) 
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Figure 5: vhl mutants display an altered blood composition and develop anemia. (a) May-Grünwald 

Giemsa stained blood smears of 8 dpf vhl mutants and siblings. Compared to the number of (more) 

mature erythrocytes vhl mutants display a marked increase in circulating orthochromatophilic erythro-

blasts (40%, n = 9) compared to siblings (5%, n = 9). Similar to human embryonic blood, zebrafish 

erythro  cytes are nucleated. The cytoplasm of the morphologically more mature vhl -/- erythrocytes ap-

pears paler (hypochromic). (b) To investigate whether vhl mutants are iron deficient, blood cells were 

stained with o-dianisidine. While in siblings uniformously stained dark brown erythrocytes are obser-

ved (panel b i), in vhl mutants no (arrowhead) or variable heme levels are detected at 6.5 dpf (panel b iii). 

Injection of 100 mM iron-dextran at 2 dpf rescued the observed anemic phenotype (panel b iiii), which 

is even observed in (c) live vhl mutants by darker red circulating blood cells. Original magnifications 

×40 (a, b), x5 (c). Scale bar indicates 25 µm. Dpf, days post-fertilization. 
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and 8 dpf (Figure 2e). Injection of 100 mM iron-dextran at 2 dpf rescued the ob-
served anemic phenotype (Figure 5b iiii), which could even be observed in live vhl 
mutants by darker red circulating blood cells (Figure 5c). Since zebrafish embryos 
in this study were not fed and thus iron stores are limited, the observed late anemia 
is likely secondary to the constant over-production of red blood cells. Similarly, CP 
patients undergoing venesection display lower iron levels and as a consequence often 
develop secondary anemia 4. 

Human VHLp30 mRNA rescues vhl -/- polycythemia
To confirm the described polycythemic phenotype to reflect loss of vhl we injected  
vhl mutants with 7.5 pg mRNA of either the full-length human VHLp30 or the CP VHL  
R200W allele at the 1-cell stage (Figure 6a, b), and verified translation by western  
analysis (Figure 6c and not shown). Uninjected vhl mutants show clear o-dianisidine 
staining in the blood cells accumulated in the enlarged heart (arrow) at 4.75 dpf. After 
VHLp30 injection this was not observed in genotyped vhl -/- indicating a complete 
rescue. Accordingly, injection of VHL R200W mRNA did not rescue the zebrafish 
mutant phenotype, suggesting a conserved function for this residue between the two 
species. Importantly, this shows the potential power of our novel in vivo vhl model 
as a tool to assess the possible impact of VHL mutations on different disease aspects, 
and permitting investigation of protein functionality at the amino acid level.

Discussion  

Here we report the first systemic embryonic viable vertebrate animal model for VHL. 
Zebrafish mutants carrying early inactivating mutations in vhl faithfully recapitulate 
Chuvash polycythemia, including aspects that have not been observed in a mouse 
model homozygous for the VHL R200W mutation [Vhl(R/R)]) 9. Similarly, both mu-
tants display enhanced epo and vegf mRNA levels, as well as an upregulation of other 
HIF-target genes. Severe polycythemia is observed that becomes progressively worse 
during development. However, in zebrafish, vhl -/- defects become eminent at early 
embryonic stages (40 hpf), while mutant mice develop polycythemia from 10–14 
weeks after birth due to splenic erythropoiesis 9. Zebrafish vhl mutants display a gen-
eral hyperproliferation of the primitive and definitive hematopoietic tissues through-
out development, suggesting a more general contribution to the polycythemic phe-
notype. Splenic erythropoiesis does not yet occur during these embryonic and early 
larval stages. 

In vhl mutants the number of circulating erythrocyte precursors was increased 
8-fold and blood cells appeared to remain immature retaining scl, gata1 and ikaros 
expression. Similarly, Vhl(R/R) mice displayed an increase in CD17+Ter119+ erythroid 
precursors in circulation (2-fold) and in the spleen (6-fold) 9. Bone marrow defects 
were not observed and Hickey et al. (2007) show the polycythemic mouse phenotype 
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to result from HIF-2α-induced splenic erythropoiesis. Since transgenic mice constitu-
tively over-expressing human EPO cDNA develop severe polycythemia with normal 
erythrocyte maturation 25,26, it is less likely that the increase in erythroid precursors 
is secondary to an increased demand. Specific vhl expression in hematopoietic stem/
progenitor cells might suggest Vhl to exert a role in erythroid maturation, either 
directly or via HIF. HIF-1α has been shown to play an important role in the expan-
sion of committed erythroid progenitors and in terminal differentiation of erythroid 
cells, however it is not essential for the formation of multipotential hemato poietic 
progenitors 27. Furthermore, hypoxia has been described to promote the undifferenti-
ated cell state in various stem and precursor cells via notch1a-ICD 28. 

In CP patients white blood cell numbers are not affected 29. Interestingly, vhl 
mutants display a global upregulation of white hematopoietic lineages and also in 
Vhl(R/R) mice circulating white blood cell numbers were slightly higher (tending 
towards significance) 9. Since over-expression of Epo in zebrafish induced increased  
expression of red lineages only, and mpo, pu.1, rag1, and lck mRNA levels remained 
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Figure 6: Human VHLp30 mRNA rescues vhl -/- polycythemia. (a, b) Embryos were injected with 7.5 pg of  

either full-length human VHLp30 or VHL R200W mRNA at the 1-cell stage. Uninjected vhl mutants show 

clear o-dianisidine staining in the blood cells accumulated in the enlarged heart (arrow) at 4.75 dpf. 

After VHLp30 mRNA injection this is not observed in genotyped vhl mutants indicating a rescue of the  

poly cythemic phenotype. Injection of VHL R200W mRNA does not rescue the zebrafish mutant pheno type.  

(c) Translation of VHLp30 is verified by western analysis at 24hpf. One lane represents 3 embryo equi va-

lents. Beta-actin is used as a loading control. Original magnification ×5 (a). Hpf, hours post-fertilization.
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unchanged 16, vhl might play a more general role in hematopoietic differentiation. 
This is further supported by a study where inactivation of Vhlh in myeloid cells 
result ed in a hyper-inflammatory response in one model of acute inflammation, as 
measured by MPO activity 30. Since inactivation of vhl here resulted in a stronger 
response than systemic R200W substitution in Vhl(R/R) mice, this might indicate 
genotype-phenotype correlations to be important. Since the CP R200W mutation 
still allows partial VHL function, it might not be sufficient to induce a strong inflam-
matory response in patients. However, inter-species differences cannot be excluded.

Similar to CP patients and unique to our zebrafish model, vhl mutants have strik-
ing abnormalities in heart and basal ventilation rates, characteristic of acclimatization 
to hypoxia at high altitude. Induced hypoxia in zebrafish has been shown to increase 
heart rate from 4–12 dpf at PO2 ≤10 kPa 31,32, however, enlargement of the heart was not 
described. Recently, it was reported that specific deletion of Vhlh in mouse cardio-
myocytes results in HIF-1α-dependent cardiac dilation, increased cardiac weight, 
and heart failure from 5 months of age 33. Malignant cardiac transformations were 
frequently found that have not been observed in human VHL patients. Since cardio-
physiological parameters were not altered, this study shows that chronic cardiac ac-
tivation of HIF-α alone does not affect heart rate and cardiac output. Interestingly, 
adult transgenic mice over-expressing human EPO develop an increased heart size 
and weight, while blood pressure was not elevated and cardiac output was not de-
creased (which is normally observed during prolonged hypoxia) 26. However, other 
studies using similar transgenic mouse strains did not observe changes in heart size 
and cardiac output 34. EPO has been shown to be a key factor in modulating neural 
respiratory control in hypoxia by acting on both the central nervous system via EPO 
receptors in respiratory neurons in the brainstem and peripheral chemoreceptors 
(carotid bodies). Transgenic mice over-expressing human EPO in neuronal cells dis-
play an increased ventilation response to acute reduction of environmental oxygen 35. 
EPO is thus a multi-target factor which modulates hyperventilation response, ca-
rotid body activity, but above all increases red cell mass. Our results indicate vhl to 
play a mayor role in underlying calibration and homeostasis of the respiratory and 
cardiovascular systems via Epo. 

Our data demonstrate VHL function to be conserved between mammals and 
zebrafish, and vhl mutants to represent the most accurate vertebrate model for VHL-
associated polycythemia to date. Since Vhlh knock-out mice die in utero during early 
embryogenesis, zebrafish vhl mutants represent the first embryonic viable systemic 
vertebrate animal model in which the role of Vhl can be studied even at larval stages. 
Our results demonstrate that this novel genetic zebrafish vhl model will provide a 
basis for further studies to gain new insights into the role of VHL in the context of 
oxygen homeostasis, cardiac function and hematopoiesis. Furthermore, we are cur-
rently investigating other VHL disease aspects in our vhl mutant, including late pro-
nephric tubule abnormalities that possibly share similarities with ccRCC. Since we 
have shown VHLp30 mRNA to rescue the vhl -/- polycythemic phenotype, while the 
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CP R200W form could not, our model provides a powerful tool in which genotype-
phenotype correlation studies could be performed to decipher VHL function at the 
amino acid level. Additionally, small molecule screens in the vhl mutant background 
could identify novel compounds for the intervention and treatment of different as-
pects of VHL disease. 

Material and Methods

Zebrafish strains and screening methods
Zebrafish were maintained as described 36. An F1 N-ethyl-N-nitrosourea (ENU)-
induced mutation library was screened for vhl mutants by sequence analysis 
of the fist two exons, according to the Hubrecht TILLING protocol 18. Primer se-
quences can be obtained upon request. Identified mutant alleles vhl hu2117(Q23X) and 
vhl hu2081(C31X) were out-crossed to wild-type AB and TL lines, as well as transgenic 
lines TG(gata1:egfp) 37, TG(CD41:egfp) 38 and TG(cmlc2:egfp) 39. Unless indicated oth-
erwise, transheterozygote embryos (vhl hu2117/ vhl hu2081) were used in experimental as-
says. Where indicated, embryos were anesthetized with MS222 (final concentration 
of 0.17 mg/ml). 

In situ hybridization
Full-length vhl was amplified from adult zebrafish head cDNA by cloned Pfu DNA  
polymerase (Stratagene) under PCR conditions recommended by the manu facturer,  
with primers containing a BamHI restriction site (italics): 5'-ACTGACGGATCC-
ACGATGCCCCAGGACTCT-3' and 5'-GTCAGTGGATCCCATGTTGATGTTTTC- 
GTCTGTT-3' (Biolegio). The PCR product was subcloned into the pCS2+ expression  
vector. Sequence verified full-length clones were used to synthesize anti-sense dig-
oxygenin (Roche) labeled mRNA 40. Other anti-sense mRNA probes used were either 
transcribed from EST clones (RZPD): phd3 (BC066699), ldha (BC067188), ndufa4 
(BC059706), epo (CK239342), glut1 (slc2a1, BI706432), lck (NM_001001596); or as 
previously described: vegf 41, scl 42, gata 43, ikaros 44, l-plastin 45, mpo 46, c-myb 47, beta-E1 
globin 48. Following transcription, probes were purified using NucleoSpin RNA clean-
up columns (Machery-Nagel). Whole-mount in situ hybridizations were performed 
as described 40 with minor modifications. To improve probe penetration, larvae 
older than 5 dpf were partially cut open at the level of the yolk sack extension after 
ProtK permeabilization. Following in situ hybridization, pigmented embryos were 
in cubated with 0.1 M K2Cr2O7 in 5% acetic acid for 30 minutes, washed extensively 
with PBS-0.1% Tween-20 (PBT) and subsequently bleached in a 1–3% H2O2 -PBT 
solution in bright light for approximately 2 hours. Embryos were mounted in 2% 
methylcellulose on a depression slide and imaged on a Zeiss axioplan microsope 
with a 5× objective.
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BrdU labeling studies
Seven day old embryos were pulsed with 3 mM bromodeoxyuridine (BrdU; Sigma 
Aldrich) in embryo medium for 6 hours at 28 °C. Embryos were fixed in 4% paraform-
aldehyde and BrdU-incorporation was detected with primary anti-BrdU antibody 
(1:100, DAKO) and secondary anti-mouse IgG HRP (1:300, DAKO) as described 49. 
Embryos were embedded in plastic and transversal sections (7 μm) were stained with 
haematoxylin using standard protocols. Sections were imaged on a Zeiss Axioplan 
microscope with a 20× objective, using a Leica DFC480 digital camera.  

Confocal analysis CD41-GFP low HSCs
Anesthetized TG(cd41:egfp) embryos were embedded in 0.5% agarose on a coverslip 
and confocal images were collected on a Leica DM IRE2 microscope using a 40× oil 
objective.

Blood smears
To extract blood cells, anaesthetized embryos were transferred to a drop of 2% BSA,  
1 mM EDTA in Dulbecco-PBS on a glass slide. The tail was cut off with a sharp 
needle just anterior to the cloaca, and blood cells were spread by gently moving the 
bleeding embryo through the droplet. Slides were dried overnight at RT, and stained 
with o-dianisidine 43 to detect hemoglobin or May-Grünwald Giemsa according to 
standard protocols. Images were collected on a Zeiss Axioskop 2 with a 40× objec-
tive, using a Leica DFC490 digital camera.

Iron injection
Two day old anesthetized embryos were embedded in 0.5% agarose. One nanoliter 
of a 100 mM iron-dextran (Sigma-Aldrich) solution was administered by cardiac 
puncture, as described previously 50. 

Determining heart rate, stroke volume and cardiac output
Heart rate, stroke volume and cardiac output were determined by high speed video-
microscopy, as previously described 31. A minimum of 10 mutants and siblings were 
recorded per time point. Briefly, heart rate (beats/min) was determined in triplicate 
by measuring the time interval necessary for 30 heart beats. End-diastolic and end-
systolic ventricle volumes were determined in triplicate by outlining the perimeter of 
the ventricle and using a ‘fit-to-ellipse’ algorithm. The mean stroke volume was cal-
culated as the difference between diastolic and systolic ventricular volumes. Cardiac 
output was calculated as the product of heart rate and stroke volume. Embryos were 
genotyped after measurements.

Supplemental video recordings blood flow and ventilation rate
Circulating blood cells were recorded in anesthetized TG(gata1:egfp) embryos 
mounted in 2% methylcellulose on a Leica MZ16 Fluorescence stereomicroscope 
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with a Leica DFC300FX high speed video camera. The ventilation rate was recorded 
in un-anesthetized embryos by fixing the tail in a drop of 2.5% agarose, on either 
a Zeiss Axioplan microscope linked to a Leica DFC420C digital camera, or on an 
inverted Zeiss Axiovert 25 microscope linked to a Basler A504k high speed digital 
video camera.

Generation of full-length human VHL and VHL R200W rescue constructs
Published full-length human GFP-VHLp30 (reference Lolkema et al.51) was sub-
cloned into the pCS2+ expression vector using BamHI/EcoRI restriction digestion, 
thereby omitting the N-terminal GFP-tag. The C598T (R200W) mutation was gen-
erated using the QuickChange Site-Directed Mutagenesis Kit (Stratagene) on the 
above generated plasmid, according to the manufacturers protocol. Primers used 
were 5'-CAGAAAGACCTGGAGTGGCTGACACAGGAGC-3' and 5'-GCTCCT-
GTGTCAGCCACTCCAGGTCTTTCTG-3' (Biolegio). mRNA from both sequence 
verified constructs was transcribed in vitro after PvuII linearization, using the SP6 
mMESSAGE mMACHINE kit (Ambion). For mRNA injections, 7.5 pg VHLp30 or 
VHL R200W mRNA was injected into the yolk of 1-cell stage embryos and trans-
lation of the mRNAs was verified by western blot analysis. Following phenotypic 
analysis embryos were genotyped. 

Western analyses
Anesthetized pooled embryos were frozen in liquid nitrogen and sonicated on ice in 
5–15 µl per embryo RIPA buffer, supplemented with protease inhibitors [1:1000 apo-
protein, leupeptin and PMSF (Roche)]. Laemmli sample buffer was added (1:1) and 
samples were boiled for 10 minutes. One to three embryo equivalents were loaded 
per lane as indicated. Vhl protein bands were visualized using supernatant from anti-
VHL monoclonal hybridoma 1B3B11 (1:4) 22, specifically recognizing the C-terminus 
of VHL. Other antibodies used were anti-STAT5 (1:500, sc-836, SantaCruz) and anti-
phosphoSTAT5 (Y694) (1:500, 9351S, NEB). Proteins were separated either on 12% 
or 10% SDS polyacrylamide gels. Beta-actin was used as a loading control (1:20,000, 
Abcam) and protein bands were detected by rabbit anti-mouse HRP (1:20,000, 
Pierce) or swine anti-rabbit HRP (1:2000, DAKO). 
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Supplemental movie 1: Ventilation rate in vhl siblings (left panels) and mutants (right panels) at 9 dpf 

(lateral view, left panels) and 7 dpf (ventral view, right panels) in real time. 

Supplemental movie 2 : Blood circulation in the tail of a 6 day old TG(gata1:egfp) sibling (upper panel) 

and vhl mutant (lower panel) in real time. 

Data supplement 1: Phylogenetic tree of VHL homologues. An unrooted phylogenetic tree was con-

structed (http://www.ebi.ac.uk/Tools/clustalw2/index.html), which shows zebrafish Vhl to cluster with 

VHL homologs from fish to mammals, confirming its orthology. The putative Vhl-like protein is only 

present zebrafish, minnow, rainbow trout and dogfish, which cluster together in a separate group 

from other fishes and higher vertebrates, suggesting this gene could be a fish-specific duplication. 

Human VHL-like protein (VLP), which behaves as a dominant negative form of VHL, is more distant from 

both zebrafish genes.  Accession numbers: NP_000542 (human); NP_033533 (mouse); NP_43468 (rat); 

XP_414447 (chicken); NP_001016367 (xenopus); CK360574 (zebrafish); ENSTRUP00000028576 (fugu);  

CAG06777 (tetraodon); ENSORLP00000001841 (medaka); EG536853 (minnow; Rutilus rutilus); CU063334 

(rainbow trout; Oncorhynchus mykiss); EB687673 (dogfish; Squalus Acanthia); XM_001335821 (zebra-

fish Vhl-like); EG531650 (minnow Vhl-like); CU063690 (rainbow trout Vhl-like); (dogfish Vhl-like); 

NP_001004319 (human VLP).

Data supplement 2: Comparison of the chromosomal regions containing human VHL (chr 3p25.3, 

8.6–10.6 Mb) and zebrafish vhl (chr 6, 27–29.4 Mb, Zv7) in Ensembl (www.ensembl.org) reveals 

synteny between both locations.  
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Abstract 

Biallelic inactivation of the von Hippel-Lindau (VHL) tumor suppressor predis poses  
human patients to the development of highly vascularized neoplasms. Here we show  
that zebrafish vhl mutants display a marked increase in blood vessel formation 
through out the embryo, starting at 58 hours post-fertilization. The most severe neo-
vascularization was observed in distinct areas that overlap with high vegf mRNA ex-
pression, including the vhl mutant brain and retina. Interestingly, angiogenic vessels 
in these tissues express cxcr4a, a marker gene expressed by tumor and vascular cells 
in VHL-associated hemangioblastomas and renal cell carcinomas. VEGFR-2 tyro-
sine kinase inhibition blocked the vhl -/--induced angiogenesis in all affected tissues, 
indicating that as a consequence of systemic stabilization of Hif-α through loss of 
vhl, vegf is the key angiogenic effector in vhl mutants. Furthermore, upregulation of 
kdr and kdr-like receptors indicates increased sensitivity to Vegf. Since we show that 
the vhl -/- angiogenic phenotype shares distinct characteristics with VHL-associated 
vascular neoplasms, zebrafish vhl mutants will provide a valuable in vivo vertebrate 
model to elucidate underlying HIF-dependent and independent mechanisms that 
contribute to the development of these lesions. Furthermore, vhl mutant zebrafish 
embryos carrying blood vessel-specific transgenes represent a unique and clinically 
relevant angiogenesis model, where in the context of hypoxia signaling, the process 
of pathological angiogenesis can be studied non-invasively in a tissue-specific con-
text under normoxic conditions. 

Introduction 

Blood vessel formation is a dynamic and tightly regulated process to ensure oxygen 
homeo stasis in vertebrates. During embryogenesis, this involves the de novo forma-
tion of blood vessels by differentiation of endothelial precursors, or angioblasts, to 
form the primary vascular network (vasculogenesis), and the formation of new blood 
vessels that branch off from existing vessels (angiogenesis or neovasculari zation) 1. 
Adult blood vessels are normally quiescent unless the balance of angiogenic inhibi-
tors is tipped in favor of angiogenic activators (termed ‘angiogenic switch’) during 
normal physiological processes, such as in wound healing or the female repro ductive 
cycle 1. Angiogenesis is also critical for pathological progression of tumor growth and 
angiogenic-related disorders, including many retinopathies that lead to vision loss 2 
such as age-related macular degeneration and  diabetic retinopathies. 

The hypoxia-induced transcription factor (HIF) is perceived as the master tran-
scriptional regulator of hypoxia-inducible genes involved in adaptive cellular respon-
ses to oxygen 3 including those that involve angiogenesis (reviewed in 4–6). HIF is 
a heterodimer composed of a hypoxia-regulated alpha subunit (HIF-1α, HIF-2α 
and HIF-3α), and an oxygen-insensitive HIF-1β subunit (also known as the aryl-
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hydrogencarbon receptor nuclear translocator ARNT) 7. Under normoxic condi-
tions, HIF-α is hydroxylated on either of two prolyl residues by the family of prolyl 
hydro xylases (PHD1–3) and targeted for rapid proteasomal degradation by a multi-
subunit E3 ubiquitin ligase complex, containing the von Hippel-Lindau (VHL) pro-
tein as substrate recognition component. In the absence of oxygen or functional 
pVHL, HIF-α protein is stabilized and translocated to the nucleus where it partners 
with HIF-β to form functional HIF, triggering an increased expression of multiple 
angio genic growth factors 4, including vascular endothelial growth factor (VEGF, or 
VEGF-A) 8,9, plasminogen activator inhibitor-1 (PAI-1) 10, angiopoietin-2 (ANG-2) 11, 
platelet-derived growth factor (PDGF) 12, and stromal-derived factor-1 (SDF-1, or 
CXCL12) and CXC chemokine receptor 4 (CXCR4) 13. 

The secreted glycoprotein VEGF is regarded as the key regulator of both physio-
logical and pathophysiological angiogenesis, as it facilitates blood vessel growth and 
remodeling processes by increasing vascular permeability and changes to the extra-
vascular matrix, as well as providing mitogenic and survival stimuli for endothelial 
cells (reviewed in 14–16). Recently, it was shown that autocrine VEGF signaling is 
also required for vascular homeostasis 17. VEGF acts through two high affinity re-
ceptor tyrosine kinases, VEGF receptor-1 (VEGFR-1 or Flt-1) and VEGF receptor-2 
(VEGFR-2 or Flk-1/KDR). VEGFR-2 is thought to mediate most of the angiogenic 
functions of VEGF, whereas VEGFR-1 may act as a sink for VEGF or as a decoy re-
ceptor to negatively regulate signaling through VEGFR-2 (reference 14). 

Overproduction of hypoxia-inducible mRNAs, including VEGF, is a hallmark of 
the highly vascularized neoplasms associated with biallelic inactivation of the VHL 
tumor suppressor gene, including hemangioblastomas of the retina and central ner-
vous system and clear cell renal cell carcinoma (ccRCC) 18-21. Hemangioblastomas 
are the most common manifestation of VHL disease, affecting 60–80% of all pa-
tients, and frequently causing neurological morbidity and mortality 22,23. These cystic 
tumors contain many thin-walled blood vessels which are separated by non-inva-
sive neoplastic VHL-/- stromal cells 24, that were shown to be embryonically arrested 
hem angioblasts that express Brachyury, VEGFR-2 and the stem cell leukemia factor 
(SCL) 25. While activated HIF is a mayor contributor to the vascularization pheno-
type of VHL-associated neoplasms, pVHL appears to be is essential for endothelial 
extracellular fibronectin matrix deposition in a HIF-independent fashion 26,27. It has 
furthermore been shown that endothelial cells require pVHL for correct vascular 
patterning and maintenance of vascular integrity during development 26. However, 
further in vivo studies are warranted to understand the exact HIF-dependent and 
independent mechanisms involved in VHL-associated neovascularization in the 
context of the distinct VHL-disease etiologies.

 We have previously reported (Chapter 5, this thesis) that zebrafish mutants in 
the von Hippel-Lindau ortholog vhl display a general hypoxic response, which in-
cludes the upregulation of hypoxia-induced genes and a severe hyperventilation 
and cardiophysiological response. vhl mutants furthermore develop severe poly-
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cythemia that shares many similarities with human VHL-associated  Chuvash poly-
cythemia.

Here, we investigate the effect of vhl loss on blood vessel formation in a zebrafish 
vhl model. The zebrafish vascular system is well studied and shows a remarkable 
func tional conservation with humans 28-31. Furthermore, tumor cells excreting hu-
man VEGF have been shown to strongly promote zebrafish vessel remodeling and 
angiogenesis 32, indicating zebrafish to be a suitable model to investigate conserved 
mechanisms of human tumor-induced angiogenesis.  

We show that vhl mutants are more sensitive to Vegf signaling, and display a 
marked increase in blood vessels throughout the embryo. Using fli1:egfp and kdr-
like:egfp transgenes marking blood vessels, severe neovascularization of the brain, 
eye and trunk is observed, which displays characteristics of VHL-associated vascular 
neoplasms. Treatment with a potent VEGFR-2 tyrosine kinase inhibitor halted ex-
cess blood vessel formation, demonstrating that Vegf, via signaling through the kdr 
and kdr-like receptors, is the key effector of the vhl -/- angiogenic phenotype.   

 

Results

vhl mutants display an increased sensitivity to Vegf
VHL plays a critical role in the adaptive cellular response to hypoxia through HIF-α. 
We have previously shown vhl loss of function mutants to display a general systemic 
hypoxic response, including the upregulation of vegf (vegfa), a direct target of the 
HIF-α signaling pathway (Chapter 5, this thesis). Compared to wild-type siblings, 
vhl mutants show elevated vegf levels, both in tissues normally expressing the gene 
(glomerulus, pancreatic islet and brain) as well as in structures where wild-type 
mRNA levels have not been reported, presumably because they are too low to detect 
(liver, pronephric hematopoietic tissue and eye; Figure 1a). 

We next investigated whether Vegf receptor levels are also altered. Like all verte-
brates, zebrafish have four Vegf receptors, the sole exception being placental mam-
mals where one receptor, kdr-like, was lost during evolution 33,34 . Both kdr and kdr-
like receptors are activated by zebrafish Vegf and share functional similarities 29,35. As 
shown by whole-mount in situ hybridization in Figure 1b–c, vegfr mRNA levels are 
highly upregulated in vhl mutants at 7.5 dpf, mainly in the liver, glomerulus and 
blood vessels. Interestingly, kdr is expressed in blood vessels and distinct retinal lay-
ers of the vhl -/- eye, while in siblings this was not observed. These data indicate that 
vhl mutants may be more sensitive to Vegf. 

vhl mutants display an increased angiogenic response
We crossed vhl mutant alleles into a kdr-like:egfp transgenic background, and ob-
served a marked increase in the number of blood vessels throughout the vhl -/- em-
bryo. While vasculogenesis is seemingly unaffected at the morphological level (not 
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shown), angiogenesis is enhanced as first evidenced by the increase of cranial blood 
vessels around 58 hpf (Figure 2a). The trunk vasculature is unaffected at this stage, 
however, blood vessels appear dilated (Figure 2b). At 3.5 dpf blood vessels can be 
observed throughout the fore- and midbrain of vhl mutants. Furthermore, compared 
to siblings most vessels appear dilated, including the ventral aorta (VA), branchial 
arches (AA), prosencephalic artery (PrA), and mesencephalic vein (MsV) (arrow-
heads, Figure 2a iv). In the trunk, aberrant angiogenic sprouting emanates from the 
intersomitic vessels (ISV), mainly in regions dorsal to the horizontal myoseptum 
(arrowheads, Figure 2b iv). By 5.75 dpf strong neovascularization of the entire vhl -/- 
brain was observed (Figure 2a vi). Similarly, the trunk vasculature in vhl mutants 
was expanded, forming a complex of functional vessels (Figure 2b vi) through which 
blood flow was observed (not shown). 

Figure 2: vhl mutants display an increased angiogenic response. (a) Confocal analysis of the cranial 

vasculature in TG(kdr-like:egfp) embryos. From 58 hpf an increased number of cranial blood vessels is 

visible in the vhl mutant (arrowheads; panel I). At 3.5 (IV) and 5.75 dpf (VI) blood vessels are observed 

throughout the vhl -/- fore- and midbrain. Compared to siblings (III) most vessels appear dilated, includ-

ing the VA-AA, PrA and MsV (arrowheads; IV). (b) Confocal analysis of the trunk vasculature in TG(kdr-

like:egfp) embryos. At 58 hpf, no difference in vascular patterning is observed between vhl mutants (I) 

and siblings (II), although the vhl -/- DA, ISVs and DLAV appear dilated. At 3.5 dpf, aberrant angiogenic 

sprouts are observed in the vhl mutant (arrowheads; IV), which originate from the ISVs and are mainly

vegf
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kdr
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C
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G

Figure 1:  Upregulation of vegf and its receptors in vhl mutants. Whole mount in situ hybridizations at 

7.5 dpf revealed (a) increased expression of vegf mRNA in the vhl-/- brain, liver, glomerulus, pronephric 

hematopoietic tissue, pancreatic islet and the eye (insert, dorsal view). Compared to siblings, zebrafish 

VEGFR-2 ohnologs 60 kdr-like (b) and kdr (c) show increased expression in the blood vessels, liver and 

glomerulus in vhl mutants. Additionally, kdr was highly expressed in blood vessels and distinct retinal 

layers of the vhl mutant eye. Dpf, days post-fertilization; G, glomerulus; PI, pancreatic islet; L, liver; PHT, 

pronephric hematopoietic tissue.
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located dorsal to the horizontal myoseptum. By 5.75 dpf neovascularization of the vhl -/- trunk vascu lature 

is observed (VI), forming a complex of functional vessels with blood flow (not shown). (c) Compared 

to age matched 5.75 dpf TG(kdr-like:egfp) mutants (b, VI), vhl -/- embryos carrying the fli1:egfp transgene 

(which additionally marks lymphatic vessels), show a greater increase in trunk vessels (II). This becomes 

more pronounced by 9 dpf (IV). Hpf, hours post-fertilization; dpf, days post-fertilization; PrA, prosen-

cephalic artery; MsV, mesencephalic vein; DLV, dorsal longitudinal vein; VA-AA, ventral aorta-branchial 

arches; DLAV, dorsal longitudinal anastomotic vessel; ISV, intersegmental vessel; DA, dorsal aorta; PCV, 

posterior cardinal vein; C, cloaca; PAV, parachordal vessel; VTA, vertebral artery; LY, lymphatic vessel.
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Interestingly, compared to age matched 5.75 dpf TG(kdr-like:egfp) mutants, vhl -/- 
embryos carrying the fli1:egfp transgene (additionally marking lymphatic vessels), 
show an even greater increase in trunk vessels (Figure 2c ii). This become more 
pronounced by 9 dpf, when in vhl -/- TG(kdr-like:egfp) embryos angiogenic blood 
vessels are mainly located dorsal to the horizontal myoseptum (not shown), while in 
vhl -/- TG(fli1:egfp) the complete trunk is filled with vessels. This could result from dif-
ferential upregulation of fli1 versus kdr-like in mutants, or could indicate that lymph-
angiogenesis is also affected (Figure 2c iv).

Severe neovascularization of the vhl -/- retina
Since retinal vascular lesions are one of the most common manifestations of VHL 
disease, we investigated the eye vasculature of vhl mutants. The zebrafish embryonic 
eye is nourished by choroidal vessels overlying the retinal pigmented epithelium 
(RPE) and a central retinal artery of which hyaloid vessels branch by angiogenesis 
and attach to the back of the lens 36. 

Confocal analysis of the vhl mutant eye revealed a dramatic increase in both the 
choroidal and the hyaloid vascular networks compared to siblings at 5.75 dpf (Figure 
3a). Contrary to mammals where primary retinal vessels branch to form intra retinal 
capillaries that form plexi within the inner and outer plexiform layers, these are not 
present in the largely avascular zebrafish eye 36-38. Accordingly, intraretinal vessels 
are not observed in the sibling eye at 7.5 dpf (Figure 3b i–iii). Histological ana lysis 
of the vhl -/- retina, however, reveals the presence of blood vessels (containing blood 
cells), predominantly in the inner plexiform layer (IPL) at 7.5 dpf (arrowheads;  
Figure 3b iv). 

Furthermore, several ‘gaps’ are present in the different retinal layers (asterisks; 
Figure 3b iv–vi), variable in frequency and size, that could lead to retinal detach-
ment (Figure 3b vi). Electron microscopy analysis revealed these vhl -/- retinal ‘gaps’ 
to contain electron dense material, which was not observed in siblings (2/2) at 7.5 
dpf. As shown in Figure 3c, accumulation of this material was observed between 
the nuclei of the inner nuclear layer (INL), and reaching into the outer plexiform 
layer (OPL) and the photoreceptor cell layer (PCL). It even appeared that nuclei 
from the INL were pushed out into the OPT (arrowheads, Figure 3c) or IPL (white 
arrow, Figure 2b iv) by the accumulating fluid. Taken together, these data suggest 
that neovascularization of the choroidal and hyaloid vessels in the vhl -/- eye might 
induce vascular leaking, leading to fluid accumulation in the retina, irregularities in 
the retinal layers, and eventually in retinal detachment.

cxcr4a expression in angiogenic blood vessels in the vhl -/- brain and retina
VHL-associated retinal and CNS hemangioblastomas and ccRCC have increased ex-
pression of chemokine receptor CXCR4 and its ligand SDF-1 in tumor and vascular 
cells 39. CXCR4 is regulated by HIF and VEGF 40, and CXCR4/SDF-1 and VEGF have 
been shown to synergize in the context of angiogenesis 13. 
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Figure 3: Neovascularization of the vhl -/- retina. (a) Confocal analysis of the eye vasculature in TG(kdr-

like:egfp) vhl mutant embryos reveals a dramatic increase in both the hyaloid (arrow; II, lateral view) and 

choroid (IV, ventral view) vascular networks, compared to siblings at 5.75 dpf. (b) Histological analysis of 

PAS stained sibling (I–III) and vhl -/- retinas (IV–VI) at 7.5 dpf. While intraretinal vessels are not observed in 

the sibling eye, vhl mutant retinas revealed the presence of blood vessels (arrowheads; IV) that contain 

blood cells, predominantly in IPL. Furthermore, several ‘gaps’ were observed in the different retinal 

layers (asterisks; IV–VI), variable in frequency and size (V) that could lead to retinal detachment (arrow; 

VI). (c) Electron microscopy analysis of the vhl -/- retinal at 7.5 dpf reveals these ‘gaps’ to contain electron 

dense material suggestive of edema, that is observed between the nuclei of the INL and reaching into 

OPL and PCL. It even appears that nuclei from the INL are pushed out into the OPT (arrowheads), or 

the IPL (arrow; b, IV). This was never observed in siblings. Dpf, days post-fertilization; NCA, nasal ciliary 

artery; IOC, inner optic circle; OA, optic artery; OV, optic vein; CVP, choroidal vascular plexus; RPE, retinal 

pigmented epithelium; OPL, outer plexiform layer; IPL, inner plexiform layer; GCL, ganglion cell layer; 

INL, inner nuclear layer; PCL, photo receptor layer.
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In zebrafish, CXCR4 is duplicated in cxcr4a and cxcr4b, with both fulfilling dis-
tinct functions 41. In Figure 4, we show that cxcr4a is expressed in angiogenic blood 
vessels in the vhl -/- brain and retina, while in siblings no vascular expression can be 
detected. Interestingly, although we see a marked increase in blood vessels through-
out the vhl mutant embryo, cxcr4a-positive blood vessels can only be observed in 
the distinct areas that overlap with high vegf mRNA expression (Figure 1a). This 
is most striking in the vhl -/- eye, where cxcr4a-positive blood vessels were detect-
ed in the retina and not in the neovascularized choroid vessels overlying the RPE 
(Figure 4a, b). Furthermore, cxcr4a-negative blood vessels can be observed in the 

B,Csibling
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vhl-/-

sibling eosin
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sibling
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eosin

20x 20x
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Figure 4: vhl mutants display an increased number of cxcr4a-positive blood vessels. In situ hybridization 

of cxcr4a reveals exclusive expression in a subset of blood vessels (arrowheads) in vhl mutant embryos, 

as shown in (a) whole mount and sections of the retina (b) and brain (c). In the vhl -/- brain cxcr4a-

negative blood vessels (arrows) that contain blood cells are observed. In siblings no vascular cxcr4a 

expression was detected at 7.5 dpf.
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brain (Figure 4c), which possibly represent mature, pre-existing vessels. cxcr4b is 
expressed in the hematopoietic stem cell compartment (not shown). Even though 
vhl mutant embryos do not develop typical hemangioblastomas, these data indicate 
that the vhl -/--associated angiogenic phenotype shares distinct characteristics with 
VHL-disease manifestations.

Vegf receptor tyrosine kinase inhibitor blocks excess blood  
vessel formation
To investigate whether the VEGF signaling pathway is necessary and sufficient to in-
duce the observed vhl-associated neovascularization in our mutant zebrafish, we treat-
ed embryos with a potent VEGFR-2 tyrosine kinase inhibitor 676475 (Calbiochem). 
VEGF-blocking has been shown to inhibit vasculogenesis, angiogenic formation of 
the ISVs and formation of the DLAV when administered very early during zebrafish 
development 42,43. Therefore, and to ensure proper patterning of the cranial and trunk 
vasculature prior to treatment, we initiated exposure to the VEGFR inhibitor only at 
58 hpf, when the first vascular abnormalities were observed in vhl mutants. Embryos 
were incubated with a single dose of 10 µM 676475 or DMSO (control) in embryo 
medium for 3 days. Confocal analysis of the head, eye and trunk vasculature at 5.75 
dpf reveals that the formation of new vessels was nearly completely blocked in 676475 
treated vhl mutants (Figure 5a, b). Some small filopodia or sprouts can be observed 
to extend from the ISVs in inhibitor treated vhl mutants (Figure 5b iv), while this is 
not observed during microscopic examination at 4.5 dpf (not shown), suggesting the 
VEGFR inhibitor loses activity during the 3-day long exposure.
 

Discussion  

VHL disease is characterized by the development of highly vascularized neoplasms, 
which over-express a variety of angiogenic factors, including VEGF, VEGFR-2 (Flk-1),  
SDF-1 and CXCR4 (references 25, 39, 44, 45). Here, we showed that loss of vhl in 
zebra  fish embryos induces a severe increase in angiogenic blood vessels throughout 
the animal, which highly express kdr and kdr-like mRNAs. Importantly, in tissues 
in which vegf is highly upregulated such as the vhl -/- brain and retina, neovasculari-
zation was most pronounced and angiogenic vessels here highly expressed cxcr4a. 
Since VEGFR-2 tyrosine kinase inhibition blocks the vhl -/--induced angiogenesis in 
all affected tissues, vegf appears to be the key angiogenic player in vhl mutant zebra-
fish through kdr and kdr-like signaling. 

While hemangioblastomas were not found in our vhl mutant embryos or in het-
erozygote adult zebrafish, the observed vhl -/- retinal neovascularization appears to 
be more similar to a new class of ocular VHL disease that was recently discovered 
in a large prospective case study 22. Under VHL-patients with ocular lesions a novel 
ocular manifestation similar to diabetic retinal neovascularization was identified in 
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17 patients (8.3%). Although these neovascular lesions are less common than heman-
gioblastomas, the actual incidence might be higher due to the fact that they might 
not have been attributed to loss of pVHL. 
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Figure 5: VEGF receptor inhibitor treatment blocks excess blood vessel formation. TG(kdr-like:egfp) em-

bryos were incubated in embryo medium containing 10 µM DMSO (control) or 10 µM VEGFR-2 tyrosine 

kinase inhibitor 676475 (Calbiochem) at 58 hpf. Confocal analysis of the (a) head, eye (insert, ventral 

view) and (b) trunk vasculature at 5.75 dpf revealed that the formation of new vessels was nearly com-

pletely blocked in 676475 treated vhl mutants. CVP, choroid vascular plexus.
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Vascular abnormalities have been observed in murine Vhlh models. Conventional 
Vhlh knock out mice 46 and mice harboring a targeted deletion of Vhlh in endothelial 
cells 26 are embryonic lethal (death between E9.5–12.5) due to hemorrhagic lesions 
and vascular abnormalities in the placenta. Deletion of Vhlh in the epidermis 47 and 
liver 48,49 resulted in increased angiogenesis in the targeted organ systems, and mo-
saic Vhlh inactivation 50 or systemic Vhlh +/- mice often developed hepatic cavernous 
hemangiomas. However, hemangioblastomas of the retina and CNS have not been 
found in any Vhlh mouse model. Therefore the fact that the vhl zebrafish survives 
past embryogenesis and affects additional organ systems underscores the comple-
mentary nature of these two models in studying hypoxia-induced angiogenesis. 

It was shown that the development of vascularized tumors in Vhlh deficient livers 
was entirely dependent on HIF 49. This supports our data, indicating that systemic 
stabilization of Hif through loss of vhl (Chapter 5, this thesis), is the likely initia-
tor of vegf-induced vhl -/- neovascularization. However, it has been shown that dur-
ing mouse development endothelial cells require Vhlh for correct vascular pattern-
ing and maintenance of vascular integrity 26, through HIF-independent regulation 
of fibronectin deposition 26,27. Therefore VHL-induced changes in the extravascular 
matrix likely contribute to the characteristics of the vascular neoplasms in VHL pa-
tients, however this needs to be further investigated. Since we show that the vhl -/- 
angiogenic phenotype shares distinct characteristics with VHL-associated vascular 
neoplasms, zebrafish vhl mutants will provide a valuable in vivo vertebrate model to 
elucidate underlying HIF-dependent and independent mechanisms that contribute 
to the development of these lesions. It will be intriguing to investigate the putative 
novel link between vhl and lymphangiogenesis. 

In recent years, VEGF, its receptors and the HIF signaling pathway in general 
have received considerable attention as potential targets against cancer and the treat-
ment of angiogenesis-related disorders. However, the current in vitro and (invasive) 
in vivo models for angiogenesis to evaluate potential targeting agents, fail to a certain 
extent to recapitulate the complexity of angiogenesis and its microenvironment, or al-
low in vivo functional evaluations (reviewed by Taraboletti and Giavazzi 51). Recently, 
an adult zebrafish model for hypoxia-induced retinal angiogenesis was presented 36. 
Adult zebrafish that were exposed to 10% air-saturated water developed severe retinal 
neovascularization after 3–12 days of incubation. Anti-VEGF agents sunitinib and 
ZM323881 effectively blocked hypoxia-induced neovascularization, demonstrating 
the clinical relevancy of this retinal angiogenesis model. 

In this study we showed vhl -/- embryos to develop severe neovascularization of 
the choroid and hyaloid vessels that was blocked by treatment with VEGFR-2 tyro-
sine kinase inhibitor 676475. In diabetic retinopathy, age-related macular degenera-
tion and VHL-associated retinal neoplasms, the prominent vascular abnormalities 
lead to vascular leaking and edema that regularly results in retinal detachment and 
subsequent loss of vision 2. Similarly, we observed retinal fluid accumulation that 
could lead to retinal detachment, which was not described in the adult zebrafish 



Chapter 6

118

retinal angiogenesis model 52. Additionally, we observed an early and fully penetrant 
increased angiogenic response throughout the vhl -/- embryo. Wild-type zebrafish 
embryos that were kept under hypoxic conditions (PO2 of 8.7 kPa) from 1 to 15 dpf 
did not show significant changes in vascularization or basic pattern of the vascular 
bed of the trunk and gut as compared to normoxic animals, while the perfusion rate 
was increased in the trunk musculature, unchanged in the brain and reduced in the 
gut 53. Since zebrafish embryos do not develop properly 53 and adult zebrafish die 52 at 
lower oxygen levels, the induced hypoxia in these studies might not have been low 
enough to induce a similar angiogenic response as in vhl -/- embryos. 

Therefore, our data indicate vhl mutant zebrafish embryos to represent a unique 
and clinically relevant angiogenesis model, where in the context of systemic hypoxia 
signaling, the process of pathological angiogenesis can be studied non-invasively in 
a tissue-specific context under normoxic conditions. Using a blood-vessel specific 
transgenic background, vhl mutant embryos allow for a cost-effective and efficient 
way to screen pharmacological agents for anti-angiogenic properties and combinato-
rial treatments in a whole organism setting. 

Material and Methods

Zebrafish lines 
The vhl hu2117(Q23X) and vhl hu2081(C31X) mutant alleles (Chapter 5, this thesis) were iso-
lated from the Hubrecht target-selected ENU-mutagenized F1 zebrafish library 54 and 
out-crossed into TG(kdr-like:egfp) s843 (reference 55) and TG(fli1a:egfp) y1 (reference 
56) transgenic lines. Transheterozygote embryos (vhl hu2117/ vhl hu2081) were used in all 
experimental assays, hereafter called vhl -/-. 

In situ hybridization 
Whole-mount in situ hybridizations were performed as described 57 with minor mod-
ifications. Antisense digoxygenin or fluorescein (Roche) labeled mRNA probes were 
purified using NucleoSpin RNA clean-up columns (Machery-Nagel). To improve 
probe penetration, larvae older than 5 days post fertilization (dpf) were partially 
cut open at the level of the yolk sack extension after ProtK permeabilization. After 
in situ hybridization, pigmented embryos were incubated with 0.1 M K2Cr2O7 in 5% 
acetic acid for 30 minutes, washed extensively with PBS-0.1% Tween-20 (PBT) and 
subsequently bleached in a 1–3% H2O2-PBT solution in bright light for approximately 
2 hours. Embryos were mounted in 2% methylcellulose on a depression slide and 
imaged on a Zeiss axioplan microscope with a 5× objective. Previously described 
probes were: vegf 41, kdr-like/kdra 58, kdr/kdrb 33, cxcr4a 41 and cxcr4b 41.
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Confocal analysis of blood vessels 
Anesthetized embryos (final concentration of 0.17 mg/ml MS222) were embedded in 
0.5% agarose on a coverslip and confocal images were collected on a Leica DM IRE2 
microscope using a 10× objective. 

VEGF receptor tyrosine kinase inhibitor treatment 
Embryos were treated with 10 µM (12.5 mM stock in DMSO) VEGF receptor tyro-
sine kinase inhibitor 676475 (Calbiochem) in embryo medium 59 at 28 °C in 6-well 
culture plates, containing 15 vhl mutants and 15 siblings per well. Control embryos 
were incubated with the equivalent amount of DMSO solution under the same con-
ditions. Experiments were performed in triplicate.

Transmission electron microscopy 
Embryos were fixed in Karnovsky fixative (2% paraformaldehyde, 2.5% glutaralde-
hyde, 0.08 M Na-cacodylate pH 7.4, 0.25 mM calcium chloride, 0.5 mM magnesium 
chloride set to pH 7.4) for at least 24 hours at 4 °C. Samples were postfixed in 1% 
osmiumtetroxide and embedded in Epon 812. Ultra thin sections (60 nm) were con-
trasted with 3% uranyl magnesium acetate and lead citrate and viewed with a Jeol 
JEM 1010 transmission electron microscope. 

Histology 
Transversal plastic sections (7 μm) were stained with Periodic Acid Shiff (PAS) or 
eosin using standard protocols. 

Acknowledgements

This project was funded by the Dutch Cancer Association (UU-2006-3565). R.H.G. 
is supported by a VIDI award (NWO). We gratefully acknowledge Jeroen Korving 
(Hubrecht Institute) for tissue sectioning and Kevin van de Ven (Pathology dept., 
UMC Utrecht) for transmission electron microscopy. 



Chapter 6

120

References

1. Carmeliet P. Mechanisms of angiogenesis and arteriogenesis. Nat Med 6, 389–395 (2000).
2. Arjamaa O, Nikinmaa M. Oxygen-dependent diseases in the retina: role of hypoxia-inducible factors. Exp Eye 

Res 83, 473–483 (2006).
3. Kaelin WG. Proline hydroxylation and gene expression. Annu Rev Biochem 74, 115–128 (2005).
4. Pugh CW, Ratcliffe PJ. Regulation of angiogenesis by hypoxia: role of the HIF system. Nat Med 9, 677–684 

(2003).
5. Liao D, Johnson RS. Hypoxia: a key regulator of angiogenesis in cancer. Cancer Metastasis Rev 26, 281–290 

(2007).
6. Dewhirst MW, Cao Y, Moeller B. Cycling hypoxia and free radicals regulate angiogenesis and radiotherapy 

response. Nat Rev Cancer 8, 425–437 (2008).
7. Semenza GL. HIF-1, O(2), and the 3 PHDs: how animal cells signal hypoxia to the nucleus. Cell 107, 1–3 (2001).
8. Liu Y, Cox SR, Morita T, Kourembanas S. Hypoxia regulates vascular endothelial growth factor gene expression 

in endothelial cells. Identification of a 5' enhancer. Circ Res 77, 638–643 (1995).
9. Forsythe JA, Jiang BH, Iyer NV, et al. Activation of vascular endothelial growth factor gene transcription by 

hypoxia-inducible factor 1. Mol Cell Biol 16, 4604–4613 (1996).
10. Kietzmann T, Roth U, Jungermann K. Induction of the plasminogen activator inhibitor-1 gene expression by 

mild hypoxia via a hypoxia response element binding the hypoxia-inducible factor-1 in rat hepatocytes. Blood 
94, 4177–4185 (1999).

11. Oh H, Takagi H, Suzuma K, Otani A, Matsumura M, Honda Y. Hypoxia and vascular endothelial growth factor 
selectively up-regulate angiopoietin-2 in bovine microvascular endothelial cells. J Biol Chem 274, 15732–15739 
(1999).

12. Gleadle JM, Ebert BL, Firth JD, Ratcliffe PJ. Regulation of angiogenic growth factor expression by hypoxia, 
transition metals, and chelating agents. Am J Physiol 268, C1362–1368 (1995).

13. Kryczek I, Lange A, Mottram P, et al. CXCL12 and vascular endothelial growth factor synergistically induce 
neoangiogenesis in human ovarian cancers. Cancer Res 65, 465–472 (2005).

14. Yancopoulos GD, Davis S, Gale NW, Rudge JS, Wiegand SJ, Holash J. Vascular-specific growth factors and blood 
vessel formation. Nature 407, 242–248 (2000).

15. Thomas KA. Vascular endothelial growth factor, a potent and selective angiogenic agent. J Biol Chem 271, 603–
606 (1996).

16. Carmeliet P. VEGF as a key mediator of angiogenesis in cancer. Oncology 69 Suppl 3, 4–10 (2005).
17. Lee S, Chen TT, Barber CL, et al. Autocrine VEGF signaling is required for vascular homeostasis. Cell 130, 

691–703 (2007).
18. Lonser RR, Glenn GM, Walther M, et al. von Hippel-Lindau disease. Lancet 361, 2059–2067 (2003).
19. Maher ER, Iselius L, Yates JR, et al. Von Hippel-Lindau disease: a genetic study. J Med Genet 28, 443–447 

(1991).
20. Van Poppel H, Nilsson S, Algaba F, et al. Precancerous lesions in the kidney. Scand J Urol Nephrol Suppl, 136–165 

(2000).
21. Maher ER, Kaelin WG, Jr. von Hippel-Lindau disease. Medicine (Baltimore) 76, 381–391 (1997).
22. Chew EY. Ocular manifestations of von Hippel-Lindau disease: clinical and genetic investigations. Trans Am 

Ophthalmol Soc 103, 495–511 (2005).
23. Wanebo JE, Lonser RR, Glenn GM, Oldfield EH. The natural history of hemangioblastomas of the central 

nervous system in patients with von Hippel-Lindau disease. J Neurosurg 98, 82–94 (2003).
24. Vortmeyer AO, Gnarra JR, Emmert-Buck MR, et al. von Hippel-Lindau gene deletion detected in the stromal 

cell component of a cerebellar hemangioblastoma associated with von Hippel-Lindau disease. Hum Pathol 28, 
540–543 (1997).

25. Park DM, Zhuang Z, Chen L, et al. von Hippel-Lindau Disease-Associated Hemangioblastomas Are Derived 
from Embryologic Multipotent Cells. PLoS Med 4, e60 (2007).

26. Tang N, Mack F, Haase VH, Simon MC, Johnson RS. pVHL function is essential for endothelial extracellular 
matrix deposition. Mol Cell Biol 26, 2519–2530 (2006).

27. Ohh M, Yauch RL, Lonergan KM, et al. The von Hippel-Lindau tumor suppressor protein is required for proper 
assembly of an extracellular fibronectin matrix. Mol Cell 1, 959–968 (1998).

28. Isogai S, Horiguchi M, Weinstein BM. The vascular anatomy of the developing zebrafish: an atlas of embryonic 
and early larval development. Dev Biol 230, 278–301 (2001).

29. Covassin LD, Villefranc JA, Kacergis MC, Weinstein BM, Lawson ND. Distinct genetic interactions between 
multiple Vegf receptors are required for development of different blood vessel types in zebrafish. Proc Natl Acad 
Sci U S A 103, 6554–6559 (2006).

30. Vogel AM, Weinstein BM. Studying vascular development in the zebrafish. Trends Cardiovasc Med 10, 352–360 
(2000).

31. Zon LI, Peterson RT. In vivo drug discovery in the zebrafish. Nat Rev Drug Discov 4, 35–44 (2005).



Vascular defects in zebrafish vhl mutants 

121

32. Stoletov K, Montel V, Lester RD, Gonias SL, Klemke R. High-resolution imaging of the dynamic tumor cell 
vascular interface in transparent zebrafish. Proc Natl Acad Sci U S A 104, 17406–17411 (2007).

33. Bussmann J, Bakkers J, Schulte-Merker S. Early endocardial morphogenesis requires Scl/Tal1. PLoS Genet 3, 
e140 (2007).

34. Bussmann J, Lawson N, Zon L, Schulte-Merker S. Zebrafish VEGF receptors: a guideline to nomenclature. PLoS 
Genet 4, e1000064 (2008).

35. Bahary N, Goishi K, Stuckenholz C, et al. Duplicate VegfA genes and orthologues of the KDR receptor tyrosine 
kinase family mediate vascular development in the zebrafish. Blood 110, 3627–3636 (2007).

36. Alvarez Y, Cederlund ML, Cottell DC, et al. Genetic determinants of hyaloid and retinal vasculature in zebrafish. 
BMC Dev Biol 7, 114 (2007).

37. Fruttiger M. Development of the retinal vasculature. Angiogenesis 10, 77–88 (2007).
38. Wittenberg JB, Wittenberg BA. The choroid rete mirabile of the fish eye. I. Oxygen secretion and structure: 

comparison with the swimbladder rete mirabile. Biol Bull 146, 116–136 (1974).
39. Zagzag D, Krishnamachary B, Yee H, et al. Stromal cell-derived factor-1alpha and CXCR4 expression in 

hemangioblastoma and clear cell-renal cell carcinoma: von Hippel-Lindau loss-of-function induces expression 
of a ligand and its receptor. Cancer Res 65, 6178–6188 (2005).

40. Zagzag D, Lukyanov Y, Lan L, et al. Hypoxia-inducible factor 1 and VEGF upregulate CXCR4 in glioblastoma: 
implications for angiogenesis and glioma cell invasion. Lab Invest 86, 1221–1232 (2006).

41. Chong SW, Emelyanov A, Gong Z, Korzh V. Expression pattern of two zebrafish genes, cxcr4a and cxcr4b. Mech 
Dev 109, 347–354 (2001).

42. Chan J, Bayliss PE, Wood JM, Roberts TM. Dissection of angiogenic signaling in zebrafish using a chemical 
genetic approach. Cancer Cell 1, 257–267 (2002).

43. Lee P, Goishi K, Davidson AJ, Mannix R, Zon L, Klagsbrun M. Neuropilin-1 is required for vascular development 
and is a mediator of VEGF-dependent angiogenesis in zebrafish. Proc Natl Acad Sci U S A 99, 10470–10475 
(2002).

44. Chan CC, Chew EY, Shen D, Hackett J, Zhuang Z. Expression of stem cells markers in ocular hemangioblastoma 
associated with von Hippel-Lindau (VHL) disease. Mol Vis 11, 697–704 (2005).

45. Liang X, Shen D, Huang Y, et al. Molecular pathology and CXCR4 expression in surgically excised retinal 
hemangioblastomas associated with von Hippel-Lindau disease. Ophthalmology 114, 147–156 (2007).

46. Gnarra JR, Ward JM, Porter FD, et al. Defective placental vasculogenesis causes embryonic lethality in VHL-
deficient mice. Proc Natl Acad Sci U S A 94, 9102–9107 (1997).

47. Boutin AT, Weidemann A, Fu Z, et al. Epidermal sensing of oxygen is essential for systemic hypoxic response. 
Cell 133, 223–234 (2008).

48. Haase VH, Glickman JN, Socolovsky M, Jaenisch R. Vascular tumors in livers with targeted inactivation of the 
von Hippel-Lindau tumor suppressor. Proc Natl Acad Sci U S A 98, 1583–1588 (2001).

49. Rankin EB, Higgins DF, Walisser JA, Johnson RS, Bradfield CA, Haase VH. Inactivation of the arylhydrocarbon 
receptor nuclear translocator (Arnt) suppresses von Hippel-Lindau disease-associated vascular tumors in mice. 
Mol Cell Biol 25, 3163–3172 (2005).

50. Ma W, Tessarollo L, Hong SB, et al. Hepatic vascular tumors, angiectasis in multiple organs, and impaired 
spermatogenesis in mice with conditional inactivation of the VHL gene. Cancer Res 63, 5320–5328 (2003).

51. Taraboletti G, Giavazzi R. Modelling approaches for angiogenesis. Eur J Cancer 40, 881–889 (2004).
52. Cao R, Jensen LD, Soll I, Hauptmann G, Cao Y. Hypoxia-induced retinal angiogenesis in zebrafish as a model 

to study retinopathy. PLoS ONE 3, e2748 (2008).
53. Schwerte T, Uberbacher D, Pelster B. Non-invasive imaging of blood cell concentration and blood distribution 

in zebrafish Danio rerio incubated in hypoxic conditions in vivo. J Exp Biol 206, 1299–1307 (2003).
54. Wienholds E, van Eeden F, Kosters M, Mudde J, Plasterk RH, Cuppen E. Efficient target-selected mutagenesis 

in zebrafish. Genome Res 13, 2700–2707 (2003).
55. Jin SW, Beis D, Mitchell T, Chen JN, Stainier DY. Cellular and molecular analyses of vascular tube and lumen 

formation in zebrafish. Development 132, 5199–5209 (2005).
56. Lawson ND, Weinstein BM. In vivo imaging of embryonic vascular development using transgenic zebrafish. 

Dev Biol 248, 307–318 (2002).
57. Schulte-Merker S. Looking at embryos. In: Nusslein-Volhard C, Dahm R, eds. Zebrafish, a practical approach. 

Oxford: Oxford University Press; 2002.
58. Liao W, Bisgrove BW, Sawyer H, et al. The zebrafish gene cloche acts upstream of a flk-1 homologue to regulate 

endothelial cell differentiation. Development 124, 381–389 (1997).
59. Westerfield M. The Zebrafish Book. A Guide for the Laboratory Use of Zebrafish (Danio rerio) (ed 3rd Edition). 

Eugene, OR: University of Oregon Press; 1995.
60. Postlethwait JH. The zebrafish genome in context: ohnologs gone missing. J Exp Zoolog B Mol Dev Evol 308, 

563–577 (2007).





Chapter 7 
The von Hippel-Lindau tumor suppressor  

is required to maintain renal proximal tubule 
and glomerulus integrity  

during zebrafish development

Ellen van Rooijen 1, 2, Ive Logister 1, 2, Emile E. Voest 2,  
Stefan Schulte-Merker 1 and Rachel H. Giles 2

1 Hubrecht Institute – KNAW & University Medical Center, Utrecht, The 
Netherlands. 2 Department of Medical Oncology, University Medical Center, 

Utrecht, The Netherlands. 





Pronephric abnormalities in zebrafish vhl mutants

125

Abstract 

The von Hippel-Lindau (VHL) gene plays an important role in suppressing the devel-
opment of hereditary and sporadic clear cell renal cell carcinoma (ccRCC), the most 
common type of renal cancers. Here, we report that loss of vhl in zebrafish embryos 
results in severe pronephric abnormalities. In vhl mutants the glomerulus is enlarged, 
the Bowman space is widened and dilated cxcr4a-positive capillary loops are ob-
served. While siblings exhibit a single layer of cuboidal cells comprising the proximal 
tubule, vhl mutant tubular cells are irregular with a grape-like or alveolar appearance. 
Ultrastructural analysis revealed mutant cells which accumulate excessive amounts 
of vesicles that are variable in size and electron density. Since glomerular filtration 
and endocytosis in vhl -/- proximal tubule cells is not impaired, this might reflect a de-
fect in exocytosis. VEGF receptor inhibition revealed that neovascularization of the 
vhl -/- proximal tubule does not obviously contribute to the aberrant cell morphology. 
Our preliminary data indicates that vhl is required to maintain pronephric tubule 
and glomerulus integrity during zebrafish development. 

Introduction 

Loss of the von Hippel-Lindau (VHL) tumor suppressor gene plays an important 
role in the development of sporadic and hereditary clear cell renal cell carcinoma 
(ccRCC), the most common type of renal cancer 1. Somatic inactivating VHL mu-
tations in renal epithelial cells have been found in around 70–80% of all sporadic 
incidences 1-3. Humans carrying heterozygous germline mutations in VHL are at high 
risk of developing the rare autosomal dominant cancer syndrome VHL disease, if 
the remaining wild-type allele is inactivated 2. Depending on the location of the af-
fected somatic cell and the type of VHL mutation, VHL patients are predisposed to 
the development of highly vascularized benign and malignant tumors and cysts in 
many organ systems 2,4,5. 

In the kidney, biallelic VHL inactivation results in the formation of numerous 
benign cysts in around 75% of the patient population 5. It is thought that ccRCC (35–
75% prevalence) develops from cells lining these premalignant renal tubular cysts, 
however, not all cysts develop ccRCC, and not all cases of ccRCC are preceded by 
cysts 6-8. Therefore, the exact mechanisms behind the development of these disease 
aspects are currently debated. Several lines of evidence suggest multiple steps to be 
involved, including microtubule instability 9, loss of cilia (associated with cyst forma-
tion) 10-13, changes in the extracellular matrix 14-16, and constitutive activation of the 
hypoxia inducible transcription factor HIF 17. 

pVHL has been shown to be critical for the development of ccRCC since restora-
tion of wild-type pVHL in VHL-/- renal carcinoma cells suppressed their ability to 
form tumors in nude mice 18. However, renal pathology was not observed in mice 
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in which Vhlh was inactivated in a systemic mosaic pattern 19, or in systemic Vhlh+/- 
mice 20, which were also not more susceptible to streptozotocin-induced renal car-
cinogenesis 21. Conditional inactivation of Vhlh in the renal tubule failed to induce 
ccRCC in mice 22,23, yet led to some important insights into the development of renal 
cysts. 

Deletion of Vhlh in the renal proximal tubule using a Cre recombinase under the 
control of a phosphoenolpyruvate carboxykinase (PEPCK) promoter, resulted in a 
low incidence (around 30% of mice over 12 months) of glomerular and tubular cysts 
in a HIF-1α independent, HIF-1β dependent manner 22. Cre/lox site-specific recombi-
nation using the Ksp1.3 promotor (cadherin 16) resulted in conditional inactivation 
of Vhlh throughout the renal epithelium (although rarely in the proximal tubules), 
yet renal neoplasms were not observed 23. It was therefore postulated that additional 
VHL-independent events may be required that lead to the activation of other cancer 
signaling pathways. In primary renal proximal epithelial cells (RPTECs) and mouse 
embryonic fibroblast (MEFs) it was shown that only the combined inactivation of 
pVHL and glycogen synthase kinase beta (GSK3β) resulted in the loss of pre-es-
tablished primary cilia, likely through activation of protein kinase Akt 24. This was 
supported by in vivo data, where combined deletion of Vhlh and the tumor suppres-
sor Pten [a negative regulator of the phosphatidylinositol-3-kinase (PI3K) signaling 
pathway and thus Akt activity] in Ksp1.3-cre mice resulted in the robust formation 
of proliferative cysts with reduced cilia numbers 23. 

pVHL might also exert a broader role in maintaining renal integrity. Ding et al.25 
showed that selective deletion of Vhlh in glomerular podocytes results in a CXCR4-
dependent development of necrotizing glomerular vasculitis with prominent seg-
mental fibrin deposits, also termed rapid degenerative glomerulonephritis (RPGN) 
in mice from 4 weeks of age.

 It will be a challenge to unravel which of the multiple known – and yet to be 
identified – pVHL functions play a role in the development of renal disease, some 
of which might only be relevant in the context of other signaling pathways. The 
complex structure of the mammalian kidney, which consists of over one million fil-
tering nephrons, might not be the most ideal tool to identify or study these processes. 
Due to its anatomical simplicity of consisting of just two nephrons, the zebrafish 
embryonic kidney – or pronephros – has proven itself to be a valuable and relevant 
model for studies of kidney development and disease (reviewed by Drummond 26; 
Wingert and Davidson 27).

We have previously shown that zebrafish mutants in the von Hippel-Lindau tumor  
suppressor develop key aspects of the human disease condition, including activa-
tion of the HIF signaling pathway, the development of polycythemia and excessive 
neovascularization of the retina and brain (Chapters 5 and 6, this thesis). Here we 
report that vhl is required to maintain pronephric tubule and glomerulus integrity 
in zebrafish embryos. vhl mutant glomeruli are enlarged, capillary loops are dilated 
and the Bowman space is widened. While we did not observe pronephric cysts, the 
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cells of the proximal convoluted and anterior proximal straight tubule are enlarged, 
PAS positive, and display a clear cytoplasm after hematoxylin and eosine staining. 
Ultrastructural analysis revealed the vhl -/- tubule to accumulate large numbers of 
vesicles of unknown content. Our preliminary results indicate that zebrafish vhl mu-
tants will contribute to the understanding of the complex nature of VHL-associated 
renal processes that might underlie the development of pathological neoplasms in 
human patients.

 

Results

vhl mutants develop severe proximal tubule and  
glomerular abnormalities
The segmental organization of the zebrafish pronephros is very similar to the mam-
malian metanephros 28 (Figure 1a). In live embryos, the smooth lining of the proxi-
mal convoluted tubule (PCT) and proximal straight tubule (PST) is easily visible 
from a lateral view (Figure 1b). Strikingly, from 3 days post-fertilization (dpf) vhl 
mutant tubular cells are irregular with a grape-like or alveolar appearance, which is 
most pronounced in the neck (N; not shown), PCT and anterior PST, as shown in 
Figure 1c at 7.5 dpf.  

Human ccRCC cells accumulate glycogen and as a consequence their cytoplasm 
appears clear when stained for hematoxylin and eosin (H&E) but stains positive for 
Periodic Acid Schiff (PAS) 29. To investigate whether vhl mutant cells would share 
these distinct ccRCC characteristics, we performed a histopathological analysis of 
the affected proximal tubule. H&E staining on paraffin-embedded sections revealed 
the large vhl -/- PCT cells to have a clearer cytoplasmic appearance when compared to 
a sibling cross-section at 7.5 dpf (Figure 1c). In siblings, the lining of the PCT and PST 
is composed of a single layer of smooth cuboidal cells with an PAS-positive apical 
brush border (Figure 1d). Proximal tubule vhl -/- cells, however, are uniformly PAS-
positive (Figure 1d). This is most pronounced in the PCT and anterior PST, while 
more posteriorly staining is reduced and cells appear morphologically less affected 
(Figure 1d). Interestingly, occasionally pink cells were observed amongst PAS nega-
tive cells in the more distal pronephric segments of vhl mutants (arrows, Figure 1e), 
suggesting that other segments might be affected as well. Diastase treatment, how-
ever, did not alter vhl -/- PAS staining of the proximal tubule, demonstrating that the 
PAS staining in vhl mutants is not due to glycogen depositions (not shown). Further 
examination of tubule vhl -/- cells using plastic-embedded sections also supports the 
notion that these cells do not represent typical clear cell morphology, since under 
these conditions PT cells show a granular staining for both eosin and haematoxylin 
(Figure 2d–f). Likely, these changes are due to the use of different dehydrating agents 
during paraffin embedding, which have been shown, for instance, to remove cyto-
plasmic vesicles present in chromophobe renal cell carcinoma 30.   
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Figure 1: vhl mutants display proximal tubule abnormalities. (a) Schematic representation of the ze-

brafish pronephros at 6–7 dpf after the segmentation model of Wingert et al.28 (b) Bright field lateral 

view of the PT at 7.5 dpf. Compared to the smooth lining of the PCT and PST in wild-type sibling, vhl 

mutant tubular cells are irregular with a grape-like or alveolar appearance, which is most pronounced 

in the PCT and anterior PST. (c) H&E staining on paraffin cross sections reveals the enlarged vhl -/- PT 

cells display a clearer cytoplasm compared to siblings at 7.5 dpf. Original magnification 20x. (d) Sagittal 

section of the PT at 7.5 dpf shows the lining of the PCT and PST is composed of a single layer of smooth 

cuboidal cells with apical brush border PAS staining in siblings, while vhl -/- affected tubular cells are 

completely PAS positive. Original magnification 20x. (e) Occasionally, vhl -/- PAS-positive cells (arrows) 

are observed in more distal pronephric segments. Original magnification 20x. Anterior is to the left in 

all images. G; glomerulus; N, neck; PCT, proximal convoluted tubule; PST, proximal straight tubule; PT, 

proximal tubule (PCT+PST); DE, distal early; CS, corpuscle of Stannius; DL, distal late; PD, pronephric 

duct; C, cloaca; PAS, periodic acid shiff; H&E, haematoxylin and eosin; dpf; days post-fertilization.
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Figure 2: vhl mutants display glomerular abnormalities. (a) Schematic representation of a cross section 

through a 7.5 dpf zebrafish larva at the level of the glomerulus. (b) Compared to age-matched siblings, 

the vhl -/- Bowman space is widened (double arrow), the glomerulus is enlarged and dilated capillary 

loops (red arrowheads) are observed. (c) o-Dianisidine staining reveals capillary loops to contain blood 

cells and perfusion of the glomerulus to be increased in vhl mutants. (d) In situ hybridization shows 

cxcr4a to be expressed in the capillary loops and possibly podocytes (arrows) of vhl mutants, while in 

sibling cxcr4a mRNA levels were too low to detect. (e) Both in siblings and vhl mutants, cxcr4b mRNA is 

expressed in the PHT. (f ) BrdU incorporation assays did not reveal altered proliferation of the affected 

vhl -/- glomerulus and PT compared to siblings. Increased proliferation is observed in the vhl mutant 

PHT. In all figures, dorsal is up and the proximal tubule is outlined for clarification. G, glomerulus; BS, 

Bowman space; PT, proximal tubule; PHT, pronephric hematopoietic tissue, NC, notochord, CV, caudal 

vein.
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Histological examination furthermore revealed severe glomerular abnormalities 
in the vhl mutant. Figure 2b shows that compared with glomeruli of age-matched 
siblings, the vhl -/- glomerulus is enlarged, the Bowman space is widened (double 
arrow) and the capillary loops are dilated (red arrowheads). o-Dianisidine staining 
revealed the capillary loops to contain blood cells and perfusion of the glomerulus 
to be increased in vhl mutants (Figure 2c). 

Deletion of Vhlh in glomerular podocytes induced the formation of dilated 
capillary loops and de novo expression of Cxcr4 in mouse podocytes 25. In zebrafish, 
Cxcr4 is duplicated in cxcr4a and cxcr4b, with both fulfilling distinct functions 31. We 
have previously shown (Chapter 6, this thesis) that vhl mutants express cxcr4a in 
angiogenic blood vessels in the brain and retina, both tissues which, like the vhl -/- 
glomerulus, express high levels of vegf. In Figure 2d, cxcr4a-positive capillary loops 
can be observed. Furthermore, some smaller cells appear to express cxcr4a (arrows),  
however it needs to be further investigated whether these represent podocytes. cxcr4b  
is expressed in the pronephric hematopoietic tissue (PHT) in both mutants and sib-
lings (Figure 2e). 

While a widened Bowman space was observed in 8/8 histologically examined vhl 
mutants, this is not observed in Figures 2d and e. Likely, the in situ hybridization 
procedure affected this specific feature by causing shrinkage of the enlarged space 
observed in Figure 2b.

To investigate proliferation levels in the pronephros, BrdU labelings were per-
formed. As shown in Figure 2f, vhl mutants did not display an altered proliferation 
rate in the glomerulus and PT compared to siblings at 7.5 dpf, whereas brown prolif-
erating cells could be readily observed in the vhl -/- pronephric hematopoietic tissue. 

Accumulation of vesicles in vhl -/- proximal tubule
To investigate the cytoplasmic content and ultrastructural characteristics of the PT 
cells, we performed electron microscopy analysis on two vhl mutants and siblings 
at 7.5 dpf. In siblings, a regular organization of the polarized PCT cells is observed 
(Figure 3a, b). At the apical side, brush border microvilli and cilia (arrow) reach into 
the tubular lumen, and endocytotic vesicles (arrowheads) are observed close to the 
apical membrane (Figure 3b).  The nucleus and numerous mitochondria are lo ca  ted 
to wards the basement membrane (Figure 3b). The posterior PST showed a si mi lar 
polarization, however, endocytotic vesicles were less frequently observed (Figure 3c). 
In vhl mutants, PCT cells contain a striking amount of vesicles (asterisks) of un-
known content, variable in size and electron density, which are located throughout  
the cytoplasm (Figure 3d). Cell boundaries or other organelles could hardly be dis-
cerned. Moving in a more distal direction from the PCT (from Figure 3e to 3g) ab-
normalities gradually become less severe and at the level of the PST/DE no vesicles 
were observed (Figure 3g).  
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Figure 3: Accumulation of vesicles in the vhl -/- proximal tubule. Ultrastructural analysis of the proximal 

tubule at 7.5 dpf. (a, b) In siblings, a regular organization of the polarized PCT cells is observed. At the 

apical side, brush border microvilli and cilia (arrow) reach into the tubular lumen, and endocytotic vesi-

cles (arrowheads) are observed close to the apical membrane. Moving towards the basement mem-

brane, the nucleus and numerous mitochondria are observed. (c) The posterior PST shows a similar 

polarization, however, endocytotic vesicles are less frequently observed. (d) In vhl mutants PCT cells 

contain a striking amount of vesicles (asterisks) of unknown content, variable in size and electron den-

sity, which are located throughout the cytoplasm. The PCT is outlined since individual cells could not 

be discerned. Moving in a more distal direction from the PCT (from e to g) abnormalities gradually be-

come less severe and brush border microvilli (e, f ) and cilia of normal 9 + 2 architecture (f ) are observed. 

At the level of the posterior PST/DE (g), no abnormal vesicles are present. PCT, proximal convoluted 

tubule; PST, proximal straight tubule; PT, proximal tubule; DE, distal early; BB, brush border; N, nucleus; 

M, mitochondrion; BM, basement membrane; BV, blood vessel.
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Due to the severe abnormalities of the PCT we could not distinguish the presence 
of cilia, however in more posterior segments cilia of normal 9 + 2 architecture were 
observed (Figure 3e–g). Since vhl mutants do not develop pronephric cysts it is likely 
that ciliary function is not impaired. It was recently shown that only the combined 
inactivation of VHL and GSK3β or PTEN (activation of AKT) resulted in the loss of 
cilia in primary cells 24 or mice 23, respectively, leading to renal cyst development in 
vivo 23. To test this hypothesis, we treated 3 dpf zebrafish embryos with a single dose 
of LiCl in a concentration range from 1–10 mM from 3–6 dpf. While 10 mM LiCl was 
lethal, we did not observe pronephric cysts at lower concentrations (not shown). 

Glomerular filtration and endocytosis in vhl -/- PT cells is not impaired
The injection of fluorescent compounds into the circulation is a well established tool 
to visualize filtration by the zebrafish pronephros. It has been shown that biologically 
inert rhodamine-dextran conjugates are cleared by the glomerulus and subsequently 
reabsorbed by the proximal tubule by endocytosis (detectable in apical endosomes) 
or excreted via the cloaca 32-34.

To investigate whether the severely affected vhl -/- glomerulus and proximal tu-
bules are able to exert these functions, we injected 7 dpf TG(kdr-like:egfp) vhl mutants 
and siblings with tetramethylrhodamine conjugated 70k MW dextran (TAMRA). 
Between 5–7 hours post administration embryos were analyzed. Confocal imaging of 
the proximal tubule revealed that in both mutants and siblings TAMRA was cleared 
by the glomerulus (not shown) and taken up by the PT (Figure 4a) or excreted via 
the cloaca (not shown). While in siblings TAMRA-containing vesicles are small and 
appear to have a more apical distribution, vesicles in the vhl -/- PT are larger and ap-

Figure 4: Neovascularization of the vhl -/- proximal tubule does not obviously contribute to the aberrant 

cell morphology. (a) Confocal analysis after rhodamine-dextran (TAMRA) injection into vhl mutants 

and siblings carrying the kdr-like:egfp transgene at 7.5 dpf. Both mutants and siblings clear TAMRA via 

the glomerulus (not shown), which is subsequently taken up by endocytosis in the PCT and PST (left 

panels) or excreted via the cloaca (not shown). While in siblings TAMRA-containing vesicles are small 

and appear to have a more apical distribution, vesicles in the vhl -/- PT are larger and appear to fill up 

most of the PT cell lumen (left panels). Analysis of the blood vessels (middle and right panels) revealed 

excessive neovascularization of the vhl -/- PT. While in siblings the PT is wrapped around one main blood 

vessel, in vhl mutants the PT is surrounded by blood vessels that form a fine cocoon-like structure over 

the tubular epithelium. Original magnification is 40x. (b) VEGF receptor inhibitor treatment (10 µM) 

from 2.5 to 5.75 dpf reduced the Vegf-induced vhl -/- neovascularization compared to DMSO (10 µM) 

treated control mutants, however, PT cell morphology was not obviously affected. Left panel, bright 

field image of the PT. Middle panel, blood vessels around the PT. Right panel, overlay of the bright field 

image (false-colored red in Photoshop) and blood vessels. Original magnification is 20x.  Anterior is to 

the left and dorsal is up in all images. PCT, proximal convoluted tubule; PST, proximal straight tubule; 

PT, proximal tubule; hpf, hours post fertilization; dpf, days post fertilization.
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pear to fill up most of the PT cell lumen (left panels). 
Neovascularization of the vhl -/- proximal tubule does not  
obviously contribute to the aberrant cell morphology 
Confocal analysis of the blood vessels (Figure 4a, middle and right panels) revealed 
severe neovascularization of the vhl -/- PT. While in siblings the PT is wrapped around 
one main blood vessel, in vhl mutants the PT is surrounded by blood vessels that 
form a fine cocoon-like structure over the tubular epithelium. 

To assess whether this network of blood vessels surrounding the PT and the gen-
eral overexpression of vegf might contribute to the aberrant tubular morphology, 
 we treated embryos with the 676475 VEGFR-2 inhibitor (Calbiochem) that we previ-
ously showed to effectively block the enhanced angiogenic response in vhl mutants 
(Chapter 6, this thesis). Similarly, Figure 4b shows that VEGF receptor inhibition 
from 2.5 to 5.75 dpf blocked the vhl -/- PT neovascularization when compared to 
DMSO treated mutants. Importantly, PT cell morphology was not obviously affected, 
indicating that the aberrant neovascularization or vegf overexpression do not con-
tribute to this specific phenotype.  

Discussion 

VHL is generally viewed to hold a gatekeeper function in renal cell function, with 
loss of VHL causing severe forms of renal disease. In recent years, it has become ap-
parent that pVHL acts as a multipurpose adaptor protein involved in the regulation 
of a wide variety of cellular processes, and that for VHL-associated disease progres-
sion additional cooperating mutations are required (for review see Frew and Krek 35). 
Our results are consistent with previously published mouse and human data indicat-
ing that loss of pVHL alone is insufficient to cause proliferative cysts 7,23 or ccRCC 22,23. 
Inhibition of GSK3β by LiCl, however, did not induce the formation of pronephric 
cysts in vhl mutants. Since 10 mM LiCl proved to be toxic to embryos, the levels of 
LiCl might not have been sufficiently high to cause an inhibitory effect on GSK3β. 
We will therefore investigate this interaction genetically by introducing vhl mutant 
alleles into ptena and ptenb zebrafish lines.

Rankin et al.22 reported that mice with a conditional deletion of Vhlh in the renal 
proximal tubule develop glomerular cysts (defined as the glomerular taft occupy-
ing <25% of the Bowman corpuscle) and proliferative tubular cysts in around 30% 
of PEPCK-Vhlh -/- mice over 12 months of age. Results, however, are complicated by 
Cre-transgene expression in the liver which induced HIF-2α mediated EPO expres-
sion and the development of polycythemia 22. Transgenic tg6 mice that constitutively 
over-express human Epo cDNA develop severe erythrocytoses. Regularly enlarged 
glomeruli with a widened Bowman space and an enlarged and irregular basement 
membrane were observed 36. Monitoring of urine composition in 7–8 month old 
mice demonstrated significant hematuria and proteinuria indicating that renal ultra-
filtration is severely disturbed. Furthermore, high altitude-associated erythrocytoses 
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was found to be positively correlated to the development of proteinuria in humans 37. 
These data suggest that the glomerular defects observed in both PEPCK-Vhlh -/- 
mice 22 and vhl mutant zebrafish (Chapter 5, this thesis) are likely to be – at least in 
part – a secondary consequence to the induced polycythemia in both species.

Impairment of podocyte function in zebrafish has been shown to affect glomerular  
permeability 38. Loss of vhl in podocytes might contribute to the glomerular defects 
in vhl mutants as conditional inactivation of Vhlh in these cells was shown to severe-
ly affect glomerular integrity in mice, leading to hematuria, proteinuria and renal 
insufficiency from 4 weeks of age in a Cxcr4-dependent and Vegf-independent man-
ner 25. In another study using the same transgene, mice exhibited a milder pheno-
type, including glomerulomegaly, an increased Bowman space, glomerulosclerosis 
and no significant proteinuria 39. Background-related polymorphisms likely underlie 
the differences between phenotypes. Interestingly, we show vhl mutants to display 
glomerulomegaly, dilated Bowman space, dilated cxcr4a-positve capillary loops and 
podocytes. Although further experimental evidence is warranted, collectively these 
studies indicate that both the vhl-induced polycythemia, as direct loss of vhl in pod-
ocytes might lead to defective and leaky ultrafiltration in systemic vhl mutants. 

Intriguingly, we find an excessive accumulation of variably sized vesicles of un-
known content in the vhl mutant proximal tubule. This becomes visible by eye around 
3 dpf, one day after glomerular filtration in zebrafish embryos starts 32. Since PT cells 
become larger over time, this might suggest an accumulative defect, an increased PT 
reabsorption, or both.  

Endocytosis and exocytosis are dynamic processes that are key to maintain os-
motic homeostasis in the kidney. Several renal channels and transporters involved in 
apical and basolateral trafficking utilize a microtubule-based vesicle transport system 
(reviewed by Hamm-Alvarez and Sheetz 40; Rodriguez-Boulan et at.41) Interestingly, 
several studies reported that exposure of rats to microtubule-depolymerizing agents 
colchicine and/or nocodazole led to random cytoplasmic and basolateral distribution 
of vesicles that normally have an apical localization 40,42,43. pVHL promotes microtu-
bule (MT) stability 9,44, and interacts with MTs through binding with the kinesin-2 
motor protein 45,46, that is involved in the plus-end directed transport of vesicles and 
protein cargos along MTs. Since TAMRA dye excretion tests indicate that endocy-
tosis is not impaired in vhl mutants, it is intriguing to speculate that our data might 
reflect a defect in MT-based exocytosis (or transcytosis), involving an impaired kine-
sin-2 mediated transport towards the basolateral membrane (plus-end). We will test 
this hypothesis by time lapse analysis of vesicular trafficking using a fixable styryl dye 
AM1-43 (Biotium) that emits fluorescent light in lipophilic environments 47. 

Histological analysis of Vhlh -/- cells in the proximal tubule22 or other tubular seg-
ments of the mouse kidney 23 did not reveal a similar defect. Since zebrafish live in a 
strong hyposmotic environment of freshwater, where the kidney faces a dual prob-
lem of osmotic water loading and salt depletion, reabsorption and excretion by the 
PT might be more strongly regulated. Therefore, the zebrafish PT phenotype might 
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be more pronounced. 
Interestingly, while cytoplasmic vesicles are only rarely observed in ccRCC, 

Krishnan and Truong 48 describe that 11 of 55 (38%) examined ccRCC tumors were 
found to contain several tumor cells with many cytoplasmic Paneth cell-like granules 
between the clear cells, that remained PAS positive after diastase treatment. These 
granules resemble primary and secondary lysosomes, and were never observed in 
papillary RCC, chromophobe RCC and oncocytoma 48. While some of the vesicles 
present in the vhl mutant PT may look similar to these PC-like granules, it is unclear 
whether they share any common origin.   

We are currently investigating the exact nature of the vhl -/- proximal tubule and 
glomerulus abnormalities. Our preliminary results indicate that zebrafish vhl mu-
tants will contribute to a better understanding of the complex molecular mecha-
nisms underlying vhl function and dysfunction in the kidney. Crossing vhl mutants 
into established tumor suppressor zebrafish lines (e.g. ptena/b, apc, lkb1 and p53), will 
allow insight into the possible contributions of other (cancer) signaling pathways 
driving early processes involved in VHL-associated disease progression. 

Material and Methods

Zebrafish lines 
The vhl hu2117(Q23X) and vhl hu2081(C31X) mutant alleles (Chapter 5, this thesis) were 
isolated from the Hubrecht target-selected ENU-mutagenized F1 zebrafish library 49  
and out-crossed into the TG(kdr-like:egfp)s8 (reference 50) transgenic line. Trans-
heterozygote embryos (vhl hu2117/ vhl hu2081) were used in experimental assays, hereafter 
called vhl -/-. Where indicated, embryos were anesthetized with MS222 (final concen-
tration of 0.17 mg/ml).

In situ hybridization 
Whole-mount in situ hybridizations were performed as described 51 with minor 
modi fi cations. Antisense digoxygenin (Roche) labeled mRNA probes for cxcr4a and 
cxcr4b were transcribed as previously indicated 31. Probes were purified with Nucleo-
Spin RNA clean-up columns (Machery-Nagel). To improve probe penetration, lar-
vae older than 5 dpf were partially cut open at the level of the yolk sack extension 
after ProtK permeabilization. After in situ hybridization, pigmented embryos were 
incubated with 0.1 M K2Cr2O7 in 5% acetic acid for 30 minutes, washed extensively 
with PBS-0.1% Tween-20 (PBT) and subsequently bleached in a 1–3% H2O2 -PBT 
solution in bright light for approximately 2 hours. 

BrdU proliferation assay and immunohistochemistry 
Embryos were pulsed with 3 mM bromodeoxyuridine (BrdU; Sigma Aldrich) in embryo  
medium for 6 hours at 28 °C. Embryos were fixed in 4% paraformaldehyde and BrdU-
incorporation was detected with primary anti-BrdU antibody (1:100, DAKO) and 
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secondary anti-mouse IgG HRP (1:300, DAKO) according to standard protocols 52.

Pronephric fluorescent dye uptake and confocal analysis 
Anesthetized embryos were embedded in 0.5% agarose and administered one nano-
liter of a 35 mg/ml tetramethylrhodamine conjugated 70k MW dextran (TAMRA, 
Molecular probes) solution by cardiac puncture at 7 dpf. Only embryos exhibiting 
TAMRA throughout the cardiovascular system immediately after injection were fur-
ther analyzed. To allow sufficient time for pronephric clearance and tubular reab-
sorption of TAMRA, embryos were incubated for 5 to 7 hours in embryo medium 53 
at 28 °C. For confocal analysis, embryos were anesthetized and embedded in 0.5% 
agarose on a coverslip. Images were collected using either a Zeiss LSM510 or Leica 
DM IRE2 confocal microscope using a 20× oil objective. 

VEGF receptor tyrosine kinase inhibitor treatment 
Embryos were treated with 10 µM (12.5 mM stock in DMSO) VEGF receptor tyro-
sine kinase inhibitor 676475 (Calbiochem) in embryo medium 53 at 28 °C in 6-well 
culture plates, containing 15 vhl mutants and 15 siblings per well. Control embryos 
were incubated with the equivalent amount of DMSO solution under the same con-
ditions. Experiments were performed in triplicate.

LiCl treatment 
Three day old vhl mutants and siblings were incubated with 0.5, 1, 1.5, 5 and 10 mM 
LiCl or CaCl2 (control) in embryo medium at 28 °C in 6-well culture plates, contain-
ing 30 embryos per well. Embryos were kept at 28 °C and monitored daily for the 
development of pronephric cysts. 

Transmission electron microscopy 
Embryos were fixed in Karnovsky fixative (2% paraformaldehyde, 2.5% glutaralde-
hyde, 0.08 M Na-cacodylate pH 7.4, 0.25 mM calcium chloride, 0.5 mM magnesium 
chloride set to pH 7.4) for at least 24 hours at 4 °C. Samples were postfixed in 1% 
osmiumtetroxide and embedded in Epon 812. Ultrathin sections (60 nm) were con-
trasted with 3% uranyl magnesium acetate and lead citrate and viewed with a Jeol 
JEM 1010 transmission electron microscope. 

Histology 
Plastic or paraffin sections (7 μm) were stained with Periodic Acid Shiff (PAS), hae-
matoxylin and/or eosin using standard protocols. Blood cells were visualized by o-
dianisidine staining of hemoglobin as described 54. 
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Over the last decade, it has become increasingly clear that the primary cilium per-
forms essential cellular functions that are central to an array of physiological and de-
velopmental processes. Cilia are perceived to function as cellular antennae, and their 
disruption has been implicated in a variety of diseases including polycystic kidney 
disease, ciliary dyskinesia and – recently – cancer 1-3. In the research described in this 
thesis we used forward and reverse genetic approaches in zebrafish to identify and 
analyze cilia-associated disease genes. 

Lrrc50 is a conserved ciliary protein implicated in PKD,  
PCD and seminomas

Using an unbiased forward genetic ENU-mutagenesis screen for ciliary immotil-
ity we identified the novel ciliary-associated leucine-rich containing protein Lrrc50 
(Chapter 2). Homozygous inactivation of lrrc50 in zebrafish embryos disrupts ciliary 
structure and function, resulting in ciliary dyskinesia, left-right polarity defects, im-
paired pronephric fluid flow and the development of highly proliferative pronephric 
cysts. Our studies indicate that lrrc50 is involved in the regulation of microtubule-
based cilia and actin-based brush border microvilli and that its leucine-rich repeat 
domains are necessary for Lrrc50 function. In vitro studies revealed a functional 
conservation between the zebrafish and mammalian gene, and we therefore propose 
lrrc50 to be a novel candidate gene for ciliary dyskinesia and human cystic kidney 
disease. Unexpectedly, we observed that adult heterozygote lrrc50+/- male fish are 
predisposed to the development of proliferative germ cell tumors, reminiscent of 
the human testicular malignancy seminoma (Chapter 3). Because our preliminary 
analyses indicate a loss of the wild-type allele in a subset of tumors, we propose 
lrrc50 to be a potential tumor suppressor. However, the exact role of Lrrc50 in these 
affected tissues remains a topic of debate.

A link between the microtubule and actin cytoskeleton? 
Functional studies in Chlamydomonas 4,5 have shown the Lrrc50 ortholog Oda7p 
to be an axonemal dynein-associated flagellar component, that also plays a role in 
the preassembly of the outer-row dynein complex in the cytoplasm. Localization 
of LRRC50-EGFP to the cytoplasm and cilium in interphase cells suggest a similar 
(structural) function of Lrrc50 in vertebrates. Similar to Oda7 Chlamydomonas mu-
tants that lack outer dynein arms on the outer doublet microtubules of the cili ary 
axoneme 4,5, zebrafish lrrc50 mutant cilia (9 + 2) display severe ultrastructural ir regu-
larities affecting both inner and outer dynein arms and misalignments of outer-
microtubule doublets, suggestive of architectural instability. Considering the promi-
nent kidney phenotype in lrrc50 mutants, the unverified presence of dynein arms in 
non-motile 9 + 0 mammalian renal cells associated with cyst development 6-8 could 
possibly point to a different ciliary function for lrrc50 in these cells. 
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Furthermore, we show a conserved LRRC50 function in the regulation of micro-
tubule-based cilia and actin-based brush border microvilli between zebrafish and 
humans. It is surprising that an axonemal dynein-associated protein might underlie 
the regulation of both types of apical structures, although this is not unique to Lrrc50. 
For instance, polycystin 2 function was recently found to be regulated by both mi-
crotubular organization involving intraflagellar transport (IFT) component KIF3A 9, 
and the actin cytoskeleton by anchoring with actin bundling protein α-actinin 10. 
Similarly, myosin VIIa was shown to be a common component of cilia and renal 
microvilli in mice 11. It is intriguing to speculate that interaction with actin might 
be a common denominator. Flagellar inner-arm dyneins contain an actin subunit 12 
and actin is dynamically turned over in static Chlamydomonas flagella, however the 
function of actin in this context remains unknown 13. 

A link to planar cell polarity?
Since only polarized cells can form apical microtubule and actin-based appendages, 
it cannot be excluded that Lrrc50 might be involved in the maintenance of planar 
cell polarity (PCP). Periodic Acid Shiff (PAS) staining of the proximal renal tubules 
in wild-type embryos revealed exclusive apical brush border staining, while in lrrc50 
mutants irregular PAS staining was observed, including staining on either the basal 
side or completely surrounding tubular cells (Figure 1).

In human HK-2 cells however, zona occulans-1 (ZO-1) staining did not reveal 
gross alterations in apical tight junctions. Further investigation is needed to investi-
gate the putative link between Lrrc50 and the PCP pathway. Interestingly, mutations 
in the zebrafish ortholog of another leucine-rich protein lrrc6l (seahorse) develops 
pronephric cysts 14,15 and was recently shown to associate with Dishevelled to promote 
the noncanonical Wnt (PCP) pathway during gastrulation 16. Trypanosomal seahorse 
ortholog TbLRTP was shown to suppress basal body replication, flagellar biogenesis 
and to play a critical role in cell cycle control 17.

A link between ciliary defects and tumor suppression?
We show in Chapter 2 that ciliary defects underlie the development of prolifera-
tive pronephric cysts in homozygous lrrc50 mutant embryos 18. It is unclear whether 
a ciliary defect might be involved in the development of proliferative lrrc50+/- tes-
ticular tumors, since to date the presence or absence of cilia on early germ cells 
has not been established. Since we did not observe abnormalities in the ovaries of 
lrrc50 heterozygous females, Lrrc50 tumor suppressor function might be specific to 
the male reproductive tissue. During spermatogenic differentiation spermatogonia  
remain interconnected via intercellular bridges allowing synchronous division and 
differentiation 19. Ultrastructural microscopy analysis revealed a centrosome-like 
structure at the base of these intercellular bridges (R. Schulz, unpublished). It is 
tempting to speculate that loss of Lrrc50 might affect the formation or maintenance 
of these intracellular bridges between spermatogonia, ultimately preventing sper-
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matogenic differentiation and leading to hyperproliferation of single spermatogonial 
cells. 

However, it remains to be determined whether the occasional incidence of so-
matic tumors in lrrc50 heterozygote adult zebrafish (e.g. eye, or other testis tumor 
types), are in fact related to biallelic loss of lrrc50 in different cell types. We will per-
form dimethylbenzanthracene (DMBA) carcinogen treatments that induce random 
mutations throughout the zebrafish body 20 to investigate whether lrrc50+/- zebrafish 
are more susceptible to the development of tumors, and if so, what tissues would 
be particularly susceptible. Furthermore, we are currently generating a conditional 
Lrrc50 knock-out mouse to investigate this potential novel tumor suppressor in a 
mammalian system. 

A link to cell cycle regulation?
Aberrant proliferation seems to be a unifying theme between the embryonic and 
adult lrrc50 phenotype. In both cases, we have observed that enhanced proliferation 
seems to accompany, not precede, disease progression, and therefore a possible role 
for lrrc50 in cell cycle regulation needs to be further examined. Cilia have been impli-
cated in the regulation of cell proliferation through the different signaling activities 
of the primary cilium (e.g. the Wnt and Hedgehog signaling pathways 21); however, 
cilia also passively influence the cell cycle by employing the mother centriole as a 
structural basis for the basal body. Accordingly, the cilium must be disassembled to 
liberate the centriole for spindle pole assembly during mitosis. Cilia are re-assembled 
when the cell exits from mitosis 22. 

Supporting a role for LRRC50 in the cell cycle, we observed that LRRC50-EGFP 
localizes to the cilium during interphase and associates with the centriole and mi-
totic spindle poles throughout cell division of mammalian. Several ciliary proteins 

lrrc50-/-

PT G

sibling PAS

6.5 dpf16x

Figure 1: In wild-type polarized proximal tubule cells a PAS-positive (pink) brush border is observed at 

the apical membrane at 6.5 dpf. In lrrc50 mutants, PAS staining is stronger and irregular, and can also be 

observed at the apical membrane or surrounding the PT cells. Arrow indicates apical PAS staining of the 

brush border. PT, proximal tubule; G, glomerulus; PAS, periodic acid shiff; dpf, days-post fertilization.
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have now been linked to cell cycle regulation. The PKD-associated protein inversin 
displays a cell cycle-dependent expression pattern and has been shown to interact 
with anaphase promoting complex protein 2, suggesting that it may exert a role in 
regulating the cell cycle 23. Several IFT components have also been implied in this 
process. IFT88, the protein mutated in the polycystic orpk mouse, is localized to the 
centrioles 24. Overexpression of IFT88 results in cell cycle arrest in the G1-S transi-
tion, whereas IFT88 knock-down induced by RNA interference (RNAi) causes in-
creased cell proliferation 24. Conversely, cells depleted of IFT27, a Rab-like GTPase in 
Chlamydomonas, by RNAi failed to form flagella and were defective in cytokinesis 25. 
It was hypothesized that IFT27 may act as a checkpoint protein that delays cell cycle 
entry until the cilium is resorbed 25. 

Further clues to the role of cilia in cell cycle regulation came from members of 
the NIMA-related kinase (Nek) family of cell cycle kinases. The founding member of 
this family, NIMA, interacts with cyclin-dependent kinase 1 and is essential for mi-
totic entry in Aspergillus nidulans 26. Chlamydomonas ortholog Fa2p similarly plays a 
role at the G2-M transition but additionally functions in an alternative mechanism 
of ciliary loss called deflagellation, where the flagellum is severed close to the plasma 
membrane 27. This observation supports a potential link between deciliation and cell 
cycle regulation and suggests that failure to shed the cilium could negatively affect 
mitosis. Chlamydomonas Cnk2p, the second ciliary Nek protein, is involved in the 
regulation of cell size and flagellar length, both of which are associated with the 
cell cycle 27. The dual roles of the Fa2p and Cnk2p kinases, taken together with the 
murine PKD phenotypes of Nek1 and Nek8 mutations 28, suggest that Nek proteins 
form a direct link between cilia and centrosomes and the aberrant cell proliferation 
found in kidney cysts. Since Nek8 is localized to cilia 28 and is up-regulated in human 
breast cancer, these data suggest a link between ciliary proteins and cancer 29. 

This is further supported by the recent connection between cilia and the cen-
trosomal mitotic kinase Aurora A, which regulates mitotic entry to the cell cycle 
through activation of cdk1-cyclin B 30. Pugacheva and co workers 31 recently showed 
that Aurora A and HEF1, a prometastatic scaffolding protein, interact to activate 
HDAC6, a tubulin deacetylase necessary for cilia resorption prior to mitotic entry. It 
is intriguing that Aurora A overexpression has been found in tumors that are char-
acterized by centrosomal amplification and genomic instability 32-34. 

These lines of evidence suggest that the integrity of the cilium is regulated at 
many different levels to prevent uncontrolled proliferation and tumorigenesis. 

Concluding remarks
The data presented in Chapters 2 and 3 indicate that Lrrc50 might be involved in 
both structural and cellular cilia-related processes. Like the zebrafish seahorse mu-
tant, Lrrc50 contains several highly conserved SDS22-like leucine-rich repeat (LRR) 
domains, that are thought to provide a structural framework for the formation of 
protein-protein interactions 35,36. We provide direct evidence that these LRR-motifs 
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are necessary for proper protein function, since injection of a deletion construct 
lacking the consensus LxxLxL sequence of the first LRR did not rescue lrrc50 hu255h-/- 

ciliary dyskinesia and pronephric cyst development. Therefore, identifying LRRC50 
interaction partners will help place LRRC50 in the complex context of ciliogenesis, 
cilia maintenance, planar cell polarity and cell cycle control. We are currently under-
taking several in vitro approaches to investigate the exact role of lrrc50 and will assess 
its contribution to human disease by investigating the Lrrc50-status in patients with 
PKD and seminomas. 

Functional conservation of the von Hippel-Lindau  
tumor suppressor in zebrafish

Humans carrying heterozygous germline mutations in the von Hippel-Lindau (VHL) 
tumor suppressor are at high risk of developing the rare autosomal dominant syn-
drome VHL disease. Inactivation of the remaining wild-type allele is predisposes 
VHL patients to the development of highly vascularized benign and malignant tu-
mors and cysts in many organ systems 37-39, depending on the location of the affect-
ed somatic cell and the type of VHL mutation. Moreover, VHL gene mutations are 
closely tied to the development of sporadic and hereditary clear cell renal cell carci-
noma (ccRCC), the most common type of renal cancer 40. Somatic inactivating VHL 
mutations in renal epithelial cells have been found in around 70–80% of all sporadic 
incidences 37,40,41.

In the last few years, it has become apparent that pVHL acts as a diverse multi-
purpose adaptor protein regulating a wide variety of transcription-dependent and 

-independent cellular processes. Functions of pVHL include cellular oxygen sensing 
through regulation of the alpha subunit of hypoxia inducible transcription factor 
(HIF), assembly of the extracellular matrix, microtubule dynamics and cilia forma-
tion and maintenance 42. 

Since Vhlh knock-out mice obtained by conventional homologous recombina-
tion die in utero during early embryonic stages due to hemorrhagic lesions in the 
placenta, and conditional knock-out mice do not display key features of VHL disease 
(including hemangioblastomas and ccRCC) 43, it has been challenging to study pVHL 
function in vivo. To gain insight into the diverse and complex functions of pVHL, we 
sought to develop a novel VHL animal model system.

In the second part of this thesis, we reported the identification and initial charac-
terization of the zebrafish VHL ortholog vhl. Via target-selected ENU-mutagenesis 
we have generated two vhl loss-of-function alleles. We show that Vhl is conserved in 
zebrafish and that homozygous and transheterozygous mutants faithfully recapitu-
late key aspects of the human disease condition.
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Loss of Vhl leads to a systemic hypoxic response in zebrafish
pVHL plays a critical role in the adaptive cellular response to hypoxia through the 
negative regulation of hypoxia-inducible factors (HIFs). VHL protein (pVHL) is the 
substrate recognition component of the multisubunit VHL-E3 ubiquitin ligase com-
plex. The interaction between pVHL and HIF alpha subunits (HIF-1–3α) requires 
oxygen-dependent hydroxylation of HIF-α on either of two prolyl residues by prolyl 
hydroxylases (PHD1–3) family members. Upon binding pVHL, HIF-α is targeted for 
proteasomal degradation by polyubiquitination. In the absence of oxygen or func-
tional pVHL, HIF-α is stabilized and translocated to the nucleus where it partners 
with HIF-β to mediate transcription of genes to facilitate glucose uptake, glycolysis 
and oxygen delivery by increasing angiogenesis and erythropoiesis (for review see 
Kaelin 44). Overproduction of hypoxia-inducible mRNAs, including EPO and VEGF, 
is a hallmark of the highly vascularized neoplasms associated with inactivation of the 
VHL tumor suppressor gene, including hemangioblastomas of the retina and central 
nervous system and ccRCC 37-39,45.

Even though available HIF antibodies do not recognize the zebrafish orthologous 
proteins, we provide indirect evidence that vhl mutants experience a systemic arti-
ficial hypoxic response under normoxic conditions (Chapter 5 and 6). vhl mutants 
show a striking hyperventilation response, and heart rate and cardiac output are 
increased. At the mRNA level, vhl mutants display a general upregulation of a suite of 
HIF-target genes, including epo, vegf, phd3, glut1, ndufa4 and ldh1a, starting as early 
as 1 day post-fertilization (dpf). HIF target genes epo and vegf appear to contribute 
substantially to the observed phenotype. 

vhl mutants display elevated epo mRNA levels and Epo signaling and develop a 
profound increase in circulating blood cells (polycythemia) that is similar to VHL-
associated Chuvash polycythemia. In situ hybridizations reveal a global up-regulation 
of hematopoietic markers of both red and white lineages. Hematopoietic tissues are 
highly proliferative and the CD41+ hematopoietic stem cell population is enlarged. 
The number of circulating erythrocyte precursors is increased 8-fold. Our data dem-
onstrate VHL function to be conserved between mammals and zebrafish, and vhl 
mutants to represent the most accurate model for VHL-associated polycythemia.

In Chapter 6 we show that loss of vhl in zebrafish embryos induces a severe in-
crease in angiogenic blood vessels throughout the animal, with vessels expressing 
high levels of kdr and kdr-like mRNAs. Importantly, in tissues in which vegf is upreg-
ulated such as the vhl -/- brain and retina, neovascularization was most pronounced 
and angiogenic vessels here highly expressed cxcr4a. Since VEGFR-2 tyrosine kinase 
inhibition blocks the vhl -/--induced angiogenesis in all affected tissues, vegf appears 
to be the key angiogenic player in vhl mutant zebrafish through kdr and kdr-like 
signaling. 

While vascular abnormalities have been observed in murine Vhlh models, he-
mangioblastomas of the retina and CNS have not been found. Conventional Vhlh 
knock out mice 46 and mice harboring a targeted deletion of Vhlh in endothelial 



Summarizing discussion

149

cells 47 are embryonic lethal (death between E9.5–12.5) due to hemorrhagic lesions 
and vascular abnormalities in the placenta. Deletion of Vhlh in the epidermis 48 and 
liver 49,50 resulted in increased angiogenesis in the targeted organ systems, and Vhlh +/- 

mice, or mice with mosaic Vhlh inactivation 51 often developed hepatic cavernous 
hemangiomas. It was shown that the development of vascularized tumors in Vhlh 
deficient livers was entirely dependent on HIF 50. This supports our data, indicating 
that systemic stabilization of Hif through loss of vhl, is likely responsible for the ob-
served vegf-induced vhl -/- neovascularization. 

However, it has also been shown that endothelial cells require Vhlh for correct 
vascular patterning and maintenance of vascular integrity during mouse develop-
ment 47, through HIF-independent regulation of fibronectin deposition47,52. Therefore 
VHL-induced changes in the extravascular matrix likely contribute to the character-
istics of the vascular neoplasms in VHL patients, even though this needs to be fur-
ther investigated. Since we show that the vhl-/- angiogenic phenotype shares distinct 
characteristics with VHL-associated vascular neoplasms, zebrafish vhl mutants will 
provide a valuable in vivo vertebrate model to elucidate underlying HIF-dependent 
and -independent mechanisms that contribute to the development of these lesions. 

While hemangioblastomas were not found in our vhl mutant embryos or in 
hetero zygote adult zebrafish, the observed vhl -/- retinal neovascularization appears 
to be more similar to a new class of ocular VHL disease that was recently discovered 
in a large prospective case study 53. Under VHL-patients with ocular lesions a novel 
ocular manifestation, which mimics diabetic retinal neovascularization was identi-
fied in 17 patients (8.3%). Although these neovascular lesions are less common than 
hemangioblastomas, the actual incidence might be higher due to the fact that they 
might not have been attributed to loss of VHL. 

In recent years, pro-angiogenic factors such as VEGF, VEGF receptors and mem-
bers of the HIF signaling pathway in general have received considerable attention as 
potential targets against cancer and the treatment of angiogenesis-related disorders. 
However, the current in vitro and (invasive) in vivo models for angiogenesis to evalu-
ate potential targeting agents are incapable of reflecting the complexity of angiogen-
esis and its microenvironment, or allowing in vivo functional evaluations (reviewed 
by Taraboletti and Giavazzi 54). In Chapter 6 we demonstrate that vhl -/- embryos de-
velop severe neovascularization of the choroid and hyaloid vessels that was blocked 
by treatment with VEGFR-2 tyrosine kinase inhibitor 676475. In diabetic retinopa-
thy, age-related macular degeneration and VHL-associated retinal neoplasms, the 
prominent vascular abnormalities lead to vascular leaking and edema formation that 
often result in retinal detachment and subsequent loss of vision 55. Similarly, we ob-
serve retinal fluid accumulation that could lead to retinal detachment, which was not 
described in the adult zebrafish retinal angiogenesis model 56. 

Other induced hypoxia studies in zebrafish 57-64 have reported some similari-
ties to our vhl model (including a hyperventilation response 61 and increased heart 
rate 58,62,63), however angiogenic and hematopoietic responses are highly variable (or 
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even absent).  Results are complicated by the variable oxygen levels the fish were ex-
posed to, including the developmental stage at the moment of hypoxic initiation, and 
the exposure time. We have treated wild-type embryos with the non-specific PHD-
inhibitor DMOG (dimethyloxalylglycine) and observed a mild hypoxic response at 
7 dpf after a four day incubation with a sublethal dose of 100µM (not shown in this 
thesis). Embryos look morphologically normal, hyperventilate, have a slight increase 
in the number of red blood cells with normal maturation, and Hif-target genes are 
slightly upregulated. These results indicate a moderate activation of the Hif signaling 
pathway in DMOG treated embryos. However, important aspects of the vhl mutant 
phenotype, such as pronephric defects, were not observed. 

Since a higher concentration of DMOG is lethal, no other inhibitors are com-
mercially available, and anoxia is lethal or renders embryos in a state of suspended 
animation 65, it is currently not possible to study the effect of full activation of hy-
poxic signaling in vivo. Our data indicate vhl mutant zebrafish embryos to repre-
sent a unique model, where in the context of systemic hypoxic signaling, several 
processes can be studied non-invasively in a tissue-specific context under normoxic 
conditions. We show in Chapter 6 that vhl mutants form a clinically relevant model 
to study pathological angiogenesis. When crossed with a transgenic line with fluo-
rescent blood vessels, vhl mutant embryos allow for a cost-effective and efficient way 
to screen pharmacological agents for anti-angiogenic properties and combinatorial 
treatments in a whole organism setting. 

Zebrafish vhl mutants do not develop renal cysts or RCC
VHL is generally viewed to hold a gatekeeper function in renal cell function, with 
loss of VHL causing severe forms of renal disease. Our results are consistent with 
previously published mouse and human data, indicating that loss of pVHL alone is 
insufficient to cause proliferative cysts 66,67 or ccRCC 67,68. 

VHL has been shown to be critical for the development of ccRCC since restora-
tion of wild-type VHL in VHL -/- renal carcinoma cells suppressed their ability to 
form tumors in nude mice 69. However, renal pathology was not observed in mice 
in which Vhlh was inactivated in a systemic mosaic pattern 51, or in systemic Vhlh +/- 
mice 49, which were also not more susceptible to streptozotocin-induced renal car-
cinogenesis 70. Conditional inactivation of Vhlh in the renal tubule failed to induce 
ccRCC in mice 67,68, yet led to some important insights into the development of renal 
cysts. Recent in vivo data suggest that AKT-signaling works in conjunction with 
VHL to suppress kidney cyst growth. Members of the Krek lab in Zurich crossed 
mice generated to harbor deletions of Vhlh and the tumor suppressor Pten (a nega-
tive regulator of the phosphatidylinositol-3-kinase (PI3K) signaling pathway and 
thus Akt activity) with Ksp1.3-cre transgenic mice resulting in selective and robust 
formation of proliferative cysts with reduced cilia numbers 67. Inhibition of GSK3β 
by LiCl, however, did not induce the formation of pronephric cysts in vhl mutants. 
Since 10mM LiCl proved to be toxic to embryos, the levels of LiCl might not have 
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been sufficiently high to cause an inhibitory effect on GSK3β. We will investigate this 
link by crossing vhl mutant alleles into ptena and ptenb zebrafish lines, all of which 
are available at our facility. 

In Chapter 7 we show that vhl is required to maintain pronephric tubule and 
glo merulus integrity in zebrafish embryos. vhl mutant glomeruli are enlarged, capil-
lary loops are dilated and the Bowman space is widened. While we did not observe 
pronephric cysts, the cells of the proximal convoluted and anterior proximal straight 
tubule are enlarged, PAS positive, and display a clear cytoplasm after hematoxylin 
and eosine staining. Ultrastructural analysis revealed the vhl -/- tubule to accumulate 
large numbers of vesicles of unknown content. pVHL promotes microtubule (MT) 
stability 71,72, and interacts with MTs through binding with the kinesin-2 motor pro-
tein 73,74, which is involved in the plus-end directed transport of vesicles and protein 
cargos along MTs. Since TAMRA dye excretion tests indicate that endocytosis is 
not impaired in vhl mutants, it is intriguing to speculate that our data might reflect 
a defect in MT-based exocytosis (or transcytosis), involving an impaired kinesin-2 
mediated transport towards the basolateral membrane (plus-end). We will test this 
hypothesis by time lapse analysis of vesicular trafficking using a fixable styryl dye 
AM1-43 (Biotium) that emits fluorescent light in lipophilic environments 75. 

Interestingly, while cytoplasmic vesicles are only rarely observed in ccRCC, 
Krishnan and Truong 76 describe that 11 of 55 (38%) examined ccRCC tumors were 
found to contain several tumor cells with many cytoplasmic Paneth cell-like granules 
between the clear cells, that remained PAS positive after diastase treatment (Figure 
2a–c). These granules resemble primary and secondary lysosomes, and were never 
observed in papillary RCC, chromophobe RCC and oncocytoma 76 and look similar 
to the vhl mutant PT described in Chapter 7. Furthermore, hemangioblastomas iso-
lated from autopsied VHL patients, contain similar cells 77. Several lines of evidence 
indicate that while biallelic inactivation of VHL is required, it is not sufficient for 
VHL disease progression. Mandriota et al.66 showed that the normal tissue surround-
ing a ccRCC tumor in VHL patients contains several VHL-/- single cells that express 
HIF-target carbonic anhydrase IX (Figure 2d, e). Vortmeyer and co-workers recently 
published two exciting papers, providing evidence that in VHL patients both heman-
gioblastomas 78 and epididymal tumors 79 originate from developmentally arrested 
embryonic VHL-deficient cells (hemangioblasts and mesonephric cells, respectively). 
Their data indicate that the second inactivating hit in VHL therefore occurs during 
embryonic development, which would indicate VHL to be a developmental disease. 
It is intriguing to speculate that the possible exocytosis defect observed in the af-
fected vhl mutant PT cells might underlie similar processes resulting in the vesicle-
accumulation in individual cells in hemangioblastomas en ccRCC, indicating that 
VHL might be a storage disease. Further detailed analysis of the ultrastructure and 
molecular signatures associated with the different stages of VHL tumor differentia-
tion and the VHL-/- single cells are warranted.  
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Our preliminary results indicate that zebrafish vhl mutants will contribute to the 
understanding of the complex nature of VHL-associated renal processes that might 
underlie the development of pathological neoplasms in human patients. 

Translation from fish to humans.  
To gain insight into the different functions of Vhl, we performed microarray ex-
periments comparing gene expression patterns of vhl -/- versus wild-type siblings at 
7 dpf, which we are currently investigating in detail. Preliminary analysis revealed 
that in addition to the standard suite of hypoxia-related genes and known vhl targets, 
several surprising new targets were differentially regulated, some of which we have 
begun to confirm in human cell lines.

A B C

D E

400x 1000x 3250x

50x 110x
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Figure 2: ccRCC containing a subset of cells (arrows) with an accumulation of vesicles (PC like granules) 

visible by (a) H&E and (b) toluidine blue staining, and (c) electron microscopy. Adapted from Krishnan 

and Truong 76. (d) ccRCC shows a strong carbonic anhydrase IX (CA IX) staining. (e) In the surrounding 

unaffected kidney tissue several VHL-/- CA IX positive single cells are observed (arrow). Adapted from 

Mandriota et al.66
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E2F1 is differentially regulated by VHL
Inactivation of VHL has been reported to result in deregulation of cell cycle and 
apoptosis-related proteins. Thus, when total-mRNA microarray analysis of vhl -/- fish 
revealed upregulation of several target genes of the cell cycle-associated E2F1 tran-
scription factor, we examined whether this pattern was also present in human re-
nal cell carcinomas (Mans et al., 2008, manuscript in preparation). Accordingly, we 
observed increased nuclear expression of E2F1 in all RCCs derived from patients 
with known VHL missense mutations/truncations (n = 9) which is significantly high-
er than nuclear E2F1 expression in 30 sporadic clear-cell RCCs cases with unknown 
VHL status. Intriguingly, scoring the nuclear E2F1 status in an additional 130 sporad-
ic RCCs in a tissue microarray underscored the power of this sort of analysis when 
we could significantly predict the 5-year survival of these RCC patients purely based 
on their E2F1 nuclear staining. Real-time PCR validated that E2F1 mRNA levels are 
increased in 4/4 sporadic kidney tumors tested as compared to matched normal kid-
ney tissue from the same patient. To examine the molecular relationship between 
VHL and E2F1, we exogenously expressed VHL in several RCC cell lines as well as 
mouse embryonic fibroblasts and observed marked and dose-dependent reduction 
of E2F1 mRNA, protein expression, and activity; however, no differences in cell cycle 
profiles were observed. From a panel of stable RCC cell lines reconstituted with dis-
ease-associated allelic variants of VHL, we observe that alleles deficient in HIFα reg-
ulation can still down-regulate E2F1 expression. Accordingly, knockdown of HIF1α 
or HIF2α does not alter E2F1 levels, indicating that E2F1 regulation is a novel HIFα-
independent function for VHL. These data underscore the clinical value of our vhl -/- 
model. 

Concluding remarks
Unlike Vhlh knock-out mice, which die during early embryonic stages, zebrafish vhl 
mutants complete embryogenesis and survive up to larval stages (8–11 days post-
fertilization). Therefore, vhl -/- zebrafish represent a unique vertebrate animal model 
in which the role of VHL can be studied during both embryonic and post-embryonic 
stages. Our results demonstrate that this novel genetic zebrafish vhl model will pro-
vide a basis for further studies to gain new insights into the role of VHL in the con-
text of oxygen homeostasis, hematopoiesis, angiogenesis and renal pathology.

It will be a challenge to unravel which of the multiple known – and yet to be 
identified – VHL functions play a role in the development of renal disease, and some 
of these might only be relevant in the context of other signaling pathways. The com-
plex structure of the mammalian kidney, which consists of over one million filtering 
nephrons, might not be the most ideal tool to identify or study these processes. Due 
to its anatomical simplicity of consisting of just two nephrons, the zebrafish embry-
onic kidney – or pronephros – has proven to be a valuable and relevant model for 
studies of kidney development and disease (reviewed by Drummond 80; Wingert and 
Davidson 81). 
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Our zebrafish vhl model offers an excellent platform for identification of genetic 
pathways, modifiers and interactors involved in the development of VHL-associated 
(renal) neoplasms. Crossing vhl mutants into established tumor suppressor zebrafish 
lines (e.g. ptena/b, apc, lkb1 and p53), will allow insights into the possible contri-
butions of other (cancer) signaling pathways driving early processes involved in 
VHL-associated disease progression. Furthermore, the amenability of zebrafish for 
chemical genetic screens might not only be valuable for the identification of novel 
therapeutic agents, but might aid in identifying unexpected pathways and biological 
processes that require regulation by Vhl.



Summarizing discussion

155

References

1. Michaud EJ, Yoder BK. The primary cilium in cell signaling and cancer. Cancer Res 66, 6463–6467 (2006).
2. Kuehn EW, Walz G, Benzing T. Von hippel-lindau: a tumor suppressor links microtubules to ciliogenesis and 

cancer development. Cancer Res 67, 4537–4540 (2007).
3. Plotnikova OV, Golemis EA, Pugacheva EN. Cell cycle-dependent ciliogenesis and cancer. Cancer Res 68, 2058–

2061 (2008).
4. Fowkes ME, Mitchell DR. The role of preassembled cytoplasmic complexes in assembly of flagellar dynein 

subunits. Mol Biol Cell 9, 2337–2347 (1998).
5. Freshour J, Yokoyama R, Mitchell DR. Chlamydomonas flagellar outer row dynein assembly protein ODA7 

interacts with both outer row and I1 inner row dyneins. J Biol Chem 282, 5404–5412 (2007).
6. Webber WA, Lee J. Fine structure of mammalian renal cilia. Anat Rec 182, 339–343 (1975).
7. Mokrzan EM, Lewis JS, Mykytyn K. Differences in renal tubule primary cilia length in a mouse model of 

Bardet-Biedl syndrome. Nephron Exp Nephrol 106, e88–96 (2007).
8. Ibanez-Tallon I, Heintz N, Omran H. To beat or not to beat: roles of cilia in development and disease. Hum Mol 

Genet 12 Spec No 1, R27–35 (2003).
9. Li Q, Montalbetti N, Wu Y, et al. Polycystin-2 cation channel function is under the control of microtubular 

structures in primary cilia of renal epithelial cells. J Biol Chem (2006).
10. Datta K, Mondal S, Sinha S, et al. Role of elongin-binding domain of von Hippel Lindau gene product on HuR-

mediated VPF/VEGF mRNA stability in renal cell carcinoma. Oncogene 24, 7850–7858 (2005).
11. Wolfrum U, Liu X, Schmitt A, Udovichenko IP, Williams DS. Myosin VIIa as a common component of cilia and 

microvilli. Cell Motil Cytoskeleton 40, 261–271 (1998).
12. Piperno G, Luck DJ. An actin-like protein is a component of axonemes from Chlamydomonas flagella. J Biol 

Chem 254, 2187–2190 (1979).
13. Watanabe Y, Hayashi M, Yagi T, Kamiya R. Turnover of actin in Chlamydomonas flagella detected by fluorescence 

recovery after photobleaching (FRAP). Cell Struct Funct 29, 67–72 (2004).
14. Sun Z, Amsterdam A, Pazour GJ, Cole DG, Miller MS, Hopkins N. A genetic screen in zebrafish identifies cilia 

genes as a principal cause of cystic kidney. Development 131, 4085–4093 (2004).
15. Amsterdam A, Nissen RM, Sun Z, Swindell EC, Farrington S, Hopkins N. Identification of 315 genes essential 

for early zebrafish development. Proc Natl Acad Sci U S A 101, 12792–12797 (2004).
16. Kishimoto N, Cao Y, Park A, Sun Z. Cystic kidney gene seahorse regulates cilia-mediated processes and Wnt 

pathways. Dev Cell 14, 954–961 (2008).
17. Morgan GW, Denny PW, Vaughan S, et al. An evolutionarily conserved coiled-coil protein implicated in 

polycystic kidney disease is involved in basal body duplication and flagellar biogenesis in Trypanosoma brucei. 
Mol Cell Biol 25, 3774–3783 (2005).

18. van Rooijen E, Giles RH, Voest EE, van Rooijen C, Schulte-Merker S, van Eeden FJ. LRRC50, a conserved ciliary 
protein implicated in polycystic kidney disease. J Am Soc Nephrol 19, 1128–1138 (2008).

19. Schulz RW MT. Spermatogenesis and its endocrine regulation. Fish physiology and biochemistry 26, 43–56 
(2002).

20. Haramis AP, Hurlstone A, van der Velden Y, et al. Adenomatous polyposis coli-deficient zebrafish are susceptible 
to digestive tract neoplasia. EMBO Rep 7, 444–449 (2006).

21. Fliegauf M, Benzing T, Omran H. When cilia go bad: cilia defects and ciliopathies. Nat Rev Mol Cell Biol 8, 
880–893 (2007).

22. Pan J, Snell W. The primary cilium: keeper of the key to cell division. Cell 129, 1255–1257 (2007).
23. Morgan D, Eley L, Sayer J, et al. Expression analyses and interaction with the anaphase promoting complex 

protein Apc2 suggest a role for inversin in primary cilia and involvement in the cell cycle. Hum Mol Genet 11, 
3345–3350 (2002).

24. Robert A, Margall-Ducos G, Guidotti JE, et al. The intraflagellar transport component IFT88/polaris is a 
centrosomal protein regulating G1-S transition in non-ciliated cells. J Cell Sci 120, 628–637 (2007).

25. Qin H, Wang Z, Diener D, Rosenbaum J. Intraflagellar transport protein 27 is a small G protein involved in 
cell-cycle control. Curr Biol 17, 193–202 (2007).

26. O’Connell MJ, Krien MJ, Hunter T. Never say never. The NIMA-related protein kinases in mitotic control. 
Trends Cell Biol 13, 221–228 (2003).

27. Quarmby LM, Parker JD. Cilia and the cell cycle? J Cell Biol 169, 707–710 (2005).
28. Mahjoub MR, Trapp ML, Quarmby LM. NIMA-related kinases defective in murine models of polycystic kidney 

diseases localize to primary cilia and centrosomes. J Am Soc Nephrol 16, 3485–3489 (2005).
29. Bowers AJ, Boylan JF. Nek8, a NIMA family kinase member, is overexpressed in primary human breast tumors. 

Gene 328, 135–142 (2004).
30. Bischoff JR, Anderson L, Zhu Y, et al. A homologue of Drosophila aurora kinase is oncogenic and amplified in 

human colorectal cancers. Embo J 17, 3052–3065 (1998).
31. Pugacheva EN, Jablonski SA, Hartman TR, Henske EP, Golemis EA. HEF1-dependent Aurora A activation 



Chapter 8

156

induces disassembly of the primary cilium. Cell 129, 1351–1363 (2007).
32. Anand S, Penrhyn-Lowe S, Venkitaraman AR. AURORA-A amplification overrides the mitotic spindle assembly 

checkpoint, inducing resistance to Taxol. Cancer Cell 3, 51–62 (2003).
33. Goepfert TM, Adigun YE, Zhong L, Gay J, Medina D, Brinkley WR. Centrosome amplification and 

overexpression of aurora A are early events in rat mammary carcinogenesis. Cancer Res 62, 4115–4122 (2002).
34. Gritsko TM, Coppola D, Paciga JE, et al. Activation and overexpression of centrosome kinase BTAK/Aurora-A 

in human ovarian cancer. Clin Cancer Res 9, 1420–1426 (2003).
35. Kobe B, Deisenhofer J. The leucine-rich repeat: a versatile binding motif. Trends Biochem Sci 19, 415–421 

(1994).
36. Kobe B, Deisenhofer J. Proteins with leucine-rich repeats. Curr Opin Struct Biol 5, 409–416 (1995).
37. Lonser RR, Glenn GM, Walther M, et al. von Hippel-Lindau disease. Lancet 361, 2059–2067 (2003).
38. Maher ER, Iselius L, Yates JR, et al. Von Hippel-Lindau disease: a genetic study. J Med Genet 28, 443–447 

(1991).
39. Van Poppel H, Nilsson S, Algaba F, et al. Precancerous lesions in the kidney. Scand J Urol Nephrol Suppl, 136–165 

(2000).
40. Kim WY, Kaelin WG. Role of VHL gene mutation in human cancer. J Clin Oncol 22, 4991–5004 (2004).
41. Kaelin WG, Jr. The von Hippel-Lindau tumor suppressor protein and clear cell renal carcinoma. Clin Cancer Res 

13, 680s–684s (2007).
42. Frew IJ, Krek W. pVHL: a multipurpose adaptor protein. Sci Signal 1, pe30 (2008).
43. Haase VH. The VHL tumor suppressor in development and disease: functional studies in mice by conditional 

gene targeting. Semin Cell Dev Biol 16, 564–574 (2005).
44. Kaelin WG. The von Hippel-Lindau tumor suppressor protein: roles in cancer and oxygen sensing. Cold Spring 

Harb Symp Quant Biol 70, 159–166 (2005).
45. Maher ER, Kaelin WG, Jr. von Hippel-Lindau disease. Medicine (Baltimore) 76, 381–391 (1997).
46. Gnarra JR, Ward JM, Porter FD, et al. Defective placental vasculogenesis causes embryonic lethality in VHL-

deficient mice. Proc Natl Acad Sci U S A 94, 9102–9107 (1997).
47. Tang N, Mack F, Haase VH, Simon MC, Johnson RS. pVHL function is essential for endothelial extracellular 

matrix deposition. Mol Cell Biol 26, 2519–2530 (2006).
48. Boutin AT, Weidemann A, Fu Z, et al. Epidermal sensing of oxygen is essential for systemic hypoxic response. 

Cell 133, 223–234 (2008).
49. Haase VH, Glickman JN, Socolovsky M, Jaenisch R. Vascular tumors in livers with targeted inactivation of the 

von Hippel-Lindau tumor suppressor. Proc Natl Acad Sci U S A 98, 1583–1588 (2001).
50. Rankin EB, Higgins DF, Walisser JA, Johnson RS, Bradfield CA, Haase VH. Inactivation of the arylhydrocarbon 

receptor nuclear translocator (Arnt) suppresses von Hippel-Lindau disease-associated vascular tumors in mice. 
Mol Cell Biol 25, 3163–3172 (2005).

51. Ma W, Tessarollo L, Hong SB, et al. Hepatic vascular tumors, angiectasis in multiple organs, and impaired 
spermatogenesis in mice with conditional inactivation of the VHL gene. Cancer Res 63, 5320–5328 (2003).

52. Ohh M, Yauch RL, Lonergan KM, et al. The von Hippel-Lindau tumor suppressor protein is required for proper 
assembly of an extracellular fibronectin matrix. Mol Cell 1, 959–968 (1998).

53. Chew EY. Ocular manifestations of von Hippel-Lindau disease: clinical and genetic investigations. Trans Am 
Ophthalmol Soc 103, 495–511 (2005).

54. Taraboletti G, Giavazzi R. Modelling approaches for angiogenesis. Eur J Cancer 40, 881–889 (2004).
55. Arjamaa O, Nikinmaa M. Oxygen-dependent diseases in the retina: role of hypoxia-inducible factors. Exp Eye 

Res 83, 473–483 (2006).
56. Cao R, Jensen LD, Soll I, Hauptmann G, Cao Y. Hypoxia-induced retinal angiogenesis in zebrafish as a model 

to study retinopathy. PLoS ONE 3, e2748 (2008).
57. Schwerte T, Uberbacher D, Pelster B. Non-invasive imaging of blood cell concentration and blood distribution 

in zebrafish Danio rerio incubated in hypoxic conditions in vivo. J Exp Biol 206, 1299–1307 (2003).
58. Grillitsch S, Medgyesy N, Schwerte T, Pelster B. The influence of environmental P(O(2)) on hemoglobin oxygen 

saturation in developing zebrafish Danio rerio. J Exp Biol 208, 309–316 (2005).
59. Ton C, Stamatiou D, Liew CC. Gene expression profile of zebrafish exposed to hypoxia during development. 

Physiol Genomics 13, 97–106 (2003).
60. van der Meer DL, van den Thillart GE, Witte F, et al. Gene expression profiling of the long-term adaptive 

response to hypoxia in the gills of adult zebrafish. Am J Physiol Regul Integr Comp Physiol 289, R1512–1519 
(2005).

61. Jonz MG, Nurse CA. Development of oxygen sensing in the gills of zebrafish. J Exp Biol 208, 1537–1549 (2005).
62. Jacob E, Drexel M, Schwerte T, Pelster B. Influence of hypoxia and of hypoxemia on the development of cardiac 

activity in zebrafish larvae. Am J Physiol Regul Integr Comp Physiol 283, R911–917 (2002).
63. Barrionuevo WR, Burggren WW. O2 consumption and heart rate in developing zebrafish (Danio rerio): 

influence of temperature and ambient O2. Am J Physiol 276, R505–513 (1999).
64. Alvarez Y, Cederlund ML, Cottell DC, et al. Genetic determinants of hyaloid and retinal vasculature in zebrafish. 

BMC Dev Biol 7, 114 (2007).



Summarizing discussion

157

65. Padilla PA, Roth MB. Oxygen deprivation causes suspended animation in the zebrafish embryo. Proc Natl Acad 
Sci U S A 98, 7331–7335 (2001).

66. Mandriota SJ, Turner KJ, Davies DR, et al. HIF activation identifies early lesions in VHL kidneys: evidence for 
site-specific tumor suppressor function in the nephron. Cancer Cell 1, 459–468 (2002).

67. Frew IJ, Thoma CR, Georgiev S, et al. pVHL and PTEN tumour suppressor proteins cooperatively suppress 
kidney cyst formation. EMBO J 27, 1747–1757 (2008).

68. Rankin EB, Tomaszewski JE, Haase VH. Renal cyst development in mice with conditional inactivation of the 
von Hippel-Lindau tumor suppressor. Cancer Res 66, 2576–2583 (2006).

69. Iliopoulos O, Kibel A, Gray S, Kaelin WG, Jr. Tumour suppression by the human von Hippel-Lindau gene 
product. Nat Med 1, 822–826 (1995).

70. Kleymenova E, Everitt JI, Pluta L, Portis M, Gnarra JR, Walker CL. Susceptibility to vascular neoplasms but no 
increased susceptibility to renal carcinogenesis in Vhl knockout mice. Carcinogenesis 25, 309–315 (2004).

71. Hergovich A, Lisztwan J, Barry R, Ballschmieter P, Krek W. Regulation of microtubule stability by the von 
Hippel-Lindau tumour suppressor protein pVHL. Nat Cell Biol 5, 64–70 (2003).

72. Lolkema MP, Mehra N, Jorna AS, van Beest M, Giles RH, Voest EE. The von Hippel-Lindau tumor suppressor 
protein influences microtubule dynamics at the cell periphery. Exp Cell Res 301, 139–146 (2004).

73. Lolkema MP, Mans DA, Snijckers CM, et al. The von Hippel-Lindau tumour suppressor interacts with 
microtubules through kinesin-2. FEBS Lett 581, 4571–4576 (2007).

74. Mans DA, Lolkema MP, van Beest M, Daenen LG, Voest EE, Giles RH. Mobility of the von Hippel-Lindau 
tumour suppressor protein is regulated by kinesin-2. Exp Cell Res 314, 1229–1236 (2008).

75. Ho SY, Lorent K, Pack M, Farber SA. Zebrafish fat-free is required for intestinal lipid absorption and Golgi 
apparatus structure. Cell Metab 3, 289–300 (2006).

76. Krishnan B, Truong LD. Renal epithelial neoplasms: the diagnostic implications of electron microscopic study 
in 55 cases. Hum Pathol 33, 68–79 (2002).

77. Spence AM, Rubinstein LJ. Cerebellar capillary hemangioblastoma: its histogenesis studied by organ culture 
and electron microscopy. Cancer 35, 326–341 (1975).

78. Shively S, Beltaifa S, Gehrs B, et al. Protracted haemangioblastic proliferation and differentiation in von Hippel-
Lindau disease. J Pathol 216, 514–520 (2008).

79. Mehta GU, Shively SB, Duong H, et al. Progression of epididymal maldevelopment into hamartoma-like 
neoplasia in VHL disease. Neoplasia 10, 1146–1153 (2008).

80. Drummond IA. Kidney development and disease in the zebrafish. J Am Soc Nephrol 16, 299–304 (2005).
81. Wingert RA, Davidson AJ. The zebrafish pronephros: a model to study nephron segmentation. Kidney Int 73, 

1120–1127 (2008).





159

Samenvatting

Het ontstaan van een levend organisme uit een enkele bevruchte eicel is één van de 
meest fascinerende processen in de biologie. Niet alleen moet deze cel zich veelvul-
dig de len, maar om verschillende celtypes, weefsels en organen te vormen, moeten 
cellen zich ook spe cialiseren. Het houdt wetenschappers al meer dan honderd jaar 
bezig hoe deze cellen tijdens de embryonale ontwikkeling op het juiste moment en 
op de juiste plek weten wat ze moeten doen. Een kleine fout kan immers catastrofale 
gevolgen hebben of leiden tot bijvoorbeeld aangeboren afwijkingen. 

De blauwdruk van alle processen die in een cel kunnen plaatsvinden, ligt opge-
sla gen in het erfelijke materiaal (DNA), dat is opgebouwd uit vier verschil len  de 
bouw  stenen en zich opgerold in chromosomen in de kern bevindt. Wetenschappers 
hebben de volledige genetische code van de mens afgelezen (ongeveer 3 miljard 
bouw stenen), welke onder meer codeert voor naar schatting 21.500 genen die eiwit-
ten kunnen maken die belangrijk zijn voor de ontwikkeling en het behoud van 
pro cessen in het lichaam. Veel van deze genen zijn ook aanwezig (geconserveerd) 
in lagere organismen, zoals de muis, de zebravis en de fruitvlieg. Dit laat zien dat 
deze genen door de evolutie heen een belangrijke en vergelijkbare rol zijn blijven 
vervullen. 

Kennis over de genetische mechanismen die de ontwikkeling van een organis me 
sturen is van groot medisch belang. Genen die belangrijk zijn tijdens de embryologi-
sche ontwikkeling spelen vaak ook een rol bij het ontstaan van ziekten bij de mens. 
Het bekendste voorbeeld hiervan is het ontstaan van kanker. Bij deze ziekte worden 
vaak genen die betrokken zijn bij de ontwikkeling ten onrechte geactiveerd in volwas-
sen weefsels, wat kan leiden tot ongecontroleerde celgroei.

Een van de grootste puzzels van dit moment is te bepalen welke genen een spe-
cifie   ke rol spelen tijdens bepaalde ontwikkelingsprocessen. Door selectief fouten 
(mu taties) te maken in genen van modelorganismen, zoals de muis en de zebravis 
en te kijken naar de gevolgen hiervan, kunnen belangrijke inzichten worden verkre-
gen over de functie van coderende eiwitten. Dit kan op een gerichte manier, waar-
bij be  kende genen worden uitgeschakeld (reversed genetics). Maar door ongericht 
fou   ten te maken in het genetische materiaal met een DNA-beschadigend middel, 
kunnen nieuwe genen worden ontdekt die betrokken zijn bij processen die hierdoor 
verstoord zijn geraakt (forward genetics). 

In het onderzoek beschreven in dit proefschrift, heb ik beide methoden toege-
past in de zebravis om zowel nieuwe als bekende genen te bestuderen die betrokken 
zijn bij de ontwikkeling van nieraandoeningen en kanker. Zebravissen zijn kleine 
gewervelde dieren die qua genetische opmaak, organen en fysiologische proces sen 
veel op mensen lijken, maar waarbij alles een stuk eenvoudiger in elkaar zit. Een 
men selijke nier bijvoorbeeld, bestaat uit één miljoen filtreereenheden (nefronen),  
ter  wijl een zebravissenembryo er maar twee heeft. Hierdoor kunnen comple xe 
pro   cessen in de nier eenvoudiger worden bestudeerd, wat kan leiden tot nieuwe 
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inzichten die kunnen worden vertaald naar de mens. Omdat zebravissenembryo’s 
buiten de moeder opgroeien en doorzichtig zijn kan de ontwikkeling in groot detail 
en op een niet-invasieve manier worden gevolgd. 

De ontdekking van een nieuw cilia eiwit en mogelijke tumor suppressor
De ontwikkeling van niercysten is een veelvoorkomende aandoening die 1 op de 
1000 mensen treft. Dit wordt ook wel PKD of polycystic kidney disease ge noemd. 
Nier  cysten zijn met vocht gevulde blaasjes die, wanneer in grote aantallen aanwezig, 
de nier ernstig kunnen beschadigen. De laatste jaren is bekend geworden dat de 
klei  ne haarachtige uitsteeksels  op niercellen (cilia), van cruciaal belang zijn voor het 
goed functioneren van de nier en dat mutaties in cilia-geassocieerde genen kunnen 
leiden tot niercysten. Het cilium vormt een soort wachttoren op de cel die ervoor 
zorgt, dat deze op een juiste manier reageert op signalen uit de omgeving door tal 
van processen in de cel aan te sturen, zoals bijvoorbeeld celdeling (proliferatie). Als 
het cilium niet meer goed functioneert, ontstaat vaak een ongecontroleerde celdeling 
die in sommige gevallen tot kanker kan leiden. Niet alleen in de nier, maar op bijna 
elke cel van het lichaam zijn verschillende typen cilia aanwezig. Naast onbewegelijke 
cilia, zijn er ook bewegelijke cilia die slijm transporteren in de bronchiën of zorgen 
dat een spermacel naar de eicel kan zwemmen.

Om nieuwe genen te ontdekken die bij de regulatie van cilia in de nier betrokken 
zijn, hebben wij een forward genetic screen uitgevoerd in de zebravis. Wij heb ben 
enkele vislijnen gevonden die een recessieve mutatie dragen, waardoor een kwart van 
de na komelingen onbewegelijke cilia heeft (ciliaire dyskinesie). In de nier ontstaan 
daardoor ernstige niercysten. In hoofdstuk 2 laat ik zien dat het uitgeschakelde gen 
in één van deze vislijnen codeert voor een sterk geconserveerd nieuw eiwit Lrrc 50, 
dat van mens tot groene alg aanwezig is. Uitschakeling van dit gen in embryo’s 
zor gt voor niercysten met een verhoogde celdeling, een ernstig verminderde nier-
filtratie, spiegeling van de organen (situs inversus) en een vroegtijdige dood. Cilia en 
microvilli in gemuteerde embryo’s en in humane niercellen waar LRRC50 is uitge-
schakeld, zijn korter, onregelmatiger, minder in aantal of zelfs afwezig. Dit duidt op 
een vergelijkbare functie van dit gen in mensen en zebravissen. Met behulp van elek-
tron microscopische studies waarmee we 50.000× kunnen inzoomen, hebben we 
ge vonden dat Lrrc50 belangrijk is voor de juiste opbouw van het cilium. Bovendien 
laten we zien dat de leucine-rijke domeinen in het eiwit cruciaal zijn voor de func tie 
van Lrrc50. Onze resultaten wijzen erop dat het LRRC50 gen in de mens een mo ge-
lijke kan di daat is voor de ontwikkeling van niercysten (PKD). 

In hoofdstuk 3 leveren wij bewijs dat dit gen een mogelijk tumoronderdruk  ken-
de werking heeft, een zogenaamd tumor suppressor gen, omdat bijna alle volwas-
sen manne lijke vissen grote testistumoren (seminomen) ontwikkelen, mogelijk door 
uit    schakeling van lrrc50. Genetische analyse van het tumormateriaal laat namelijk 
zien dat in een derde van deze tumoren een tweede mutatie in lrrc50 is opgetreden. 
Deze testistumoren zijn voornamelijk opgebouwd uit stamcellen, waarin we ook een 
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ver  hoogde celdeling zien. Wij zijn nu aan het onderzoeken wat de exacte rol van 
Lrrc50 bij de celdeling en andere processen is en zullen ook menselijke testistumoren 
onderzoeken op mutaties in dit gen.

Nieuwe inzichten in de rol van de von Hippel-Lindau tumor suppressor 
Het von Hippel-Lindau (VHL) tumor suppressor gen speelt een cruciale rol bij de 
zuurstofregulatie in de cel door het regelen van de activiteit van HIF (hypoxie indu-
ceerbare factor). Onder normale, zuurstofrijke omstandigheden zorgt het VHL eiwit 
ervoor dat HIF meteen wordt afgebroken. Bij zuurstoftekort (hypoxie) of muta ties in 
het VHL gen, blijft HIF stabiel in de cel. In de kern zorgt HIF ervoor dat verschillen-
de ge nen worden afgelezen om de cel te beschermen tegen het zuurstoftekort. Zo 
worden er bijvoorbeeld eiwitten uitgescheiden om meer bloed (EPO) en bloedva ten 
(VEGF) aan te maken. De afgelopen twee jaar is duidelijk geworden dat VHL ook 
veel HIF -onafhankelijke functies heeft, zoals de regulatie van cilia en de materie tus-
sen de cellen (extracellulaire matrix). Het lijkt erop dat VHL werkt als een veelzijdig 
adap ter eiwit, waarvan wetenschappers waarschijnlijk pas het tipje van de ijsberg 
heb  ben blootgelegd.

 Inactivatie van de VHL tumor suppressor speelt een belangrijke rol bij de ont-
wikkeling van vaatrijke tumoren en cysten in verschillende organen, zoals de (bij)
nieren, ogen, hersenen en pancreas. VHL syndroom patiënten erven vaak een muta-
tie van één van de ouders en ontwikkelen de ziekte als ze in de loop van hun leven 
een tweede mutatie oplopen, waardoor VHL wordt uitgeschakeld. Afhankelijk van 
de locatie van de cel waarin dit gebeurt en het type mutatie, hebben deze patiënten 
een verhoogde kans op tumoren in bepaalde orgaansystemen. Inactivatie van VHL 
speelt een belangrijke rol bij de ontwikkeling van nierkanker (70–80% van alle geval-
len). De goedaardige niercysten die in 75% van de VHL patiëntenpopulatie worden 
gevonden, worden vaak gezien als voorloperstadium  voor de ontwikkeling van nier -
kanker. Uit verschillende onderzoeken is echter gebleken, dat niet alle cysten nier-
kanker veroorzaken en ook niet alle gevallen van nierkanker door een cyste wor den 
voorafgegaan. Terwijl embryo’s met een aangeboren homozygote inactivatie van VHL 
niet le vensvatbaar zijn, zijn embryo’s met een aangeboren homozygote mutatie ach-
ter in het VHL gen dat wel (VHL is dan nog deels werkzaam). Interessanter wijze ont-
wikkelen deze patiënten Chuvash polycythemie (een verhoogd aantal rode bloed-
cel len), maar geen kanker. Uitschakeling van VHL alleen blijkt dus niet voldoen de 
te zijn voor de ontwikkeling van cysten en kanker en daarom wordt gedacht dat 
er waarschijnlijk meerdere inactiverende stappen nodig zijn voor deze proces sen. 
Dit werd het afgelopen jaar bevestigd door een belangrijke studie van de Krek on-
derzoeksgroep in Zürich. Zij vonden dat inactivatie van VHL in de muizennier geen 
defecten opleverde, maar bij gelijktijdige uitschakeling van VHL en een andere tumor 
suppressor PTEN, de meeste muizen niercysten ontwikkelden (maar geen kanker).

Er bestaan nog vele onduidelijkheden over de functie van VHL in het nor  maal 
fun  ctioneren van cellen. Helaas zijn muizen zonder VHL niet levensvatbaar en ont -



162

wik ke len muizen met een uitschakeling van VHL in specifieke organen niet al tijd 
de   zelf de aandoeningen als bij de mens. Door gebruik te maken van een reverse ge-
ne tics methode hebben wij twee zebravissen mutanten gegenereerd met stabiele in-
activerende mutaties in het zebravissen VHL gen (vhl ). Hierdoor hebben wij voor 
het eerst de rol van VHL tijdens de complete embryologische ontwikkeling kun-
nen be studeren. In hoofdstuk 5–7 laat ik zien dat zebravissen zonder vhl belangrijke 
aspecten van het VHL syndroom ontwikkelen. 

In hoofdstuk 5 wordt de identificatie en generatie van de vhl mutanten beschre-
ven. Wij laten zien dat in de zebravis vhl ook belangrijk is bij de zuurstofregulatie 
en dat door uitschakeling van vhl het embryo geen zuurstof meer kan waarnemen 
en daar  door gaat hyperventileren. Net als Chuvash polycythemie patiënten heb ben 
vhl em bryo’s een verhoogde hartslag en hartminuutvolume. Door naar genetische 
profielen te kijken, zien we dat alle verwachte HIF-gerelateerde genen verhoogd 
tot expressie komen. Dit veroorzaakt ondermeer een enorme toename in het aan-
tal rode bloedcellen (polycythemie), die in een jong ontwikkelingsstadium blij  ven 
ste  ken. Vergelijkbaar met Chuvash polycythemie patiënten, ontwikkelen vhl mu-
tan  ten bloedarmoede door een ijzertekort. Alle bloedvormende weefsels verton en 
een verhoogde celdeling en bovendien hebben wij gevonden dat ook witte bloedcel-
markers verhoogd tot expressie komen. Door mutante vhl embryo’s te injecteren met 
een goede kopie van menselijk VHL boodschapper-RNA kunnen we het mutante fe-
no  type volledig genezen, terwijl menselijk VHL boodschapper-RNA met de Chuvash 
poly cythemie mutatie dit niet kan. Deze resultaten laten zien dat VHL in mensen 
en vissen een vergelijkbare functie heeft en dat wij door vhl zebravissen te injecte-
ren met menselijk VHL met verschillende fouten, de functie van het VHL eiwit tot 
op het aminozuurniveau kunnen bestuderen en het ziektebeeld mogelijk kunnen 
voorspellen. 

Een van de meest voorkomende manifestaties van het VHL syndroom is de ont-
wikkeling van zeer vaatrijke tumoren (hemangioblastomen) in de hersenen en ogen. 
Hoewel dit goedaardige aandoeningen zijn, kunnen ze een enorm effect hebben op 
de levenskwaliteit van VHL patiënten door uitvalsverschijnselen, gezichtsverlies en 
in de ernstigste gevallen hersenbloedingen en vroegtijdig overlijden. 

In hoofdstuk 6 beschrijf ik dat zebravis vhl mutanten ook een excessieve hoeveel-
heid bloedvaten vormen, voornamelijk in de hersenen en de normaal bloedvatloze 
ogen, waar veel van de vasculaire groeifactor VEGF wordt gemaakt. Behandeling 
van deze em  bryo’s met een bestaande VEGF-inhibitor kan deze bloedvatvorming 
volledig rem   men. Zuur  stoft  ekort is een belangrijke veroorzaker van de grootschalige 
aan maak van nieu we bloedvaten (angiogenese) in groeiende (VHL) tumoren. Mijn 
onder  zoek laat zien dat mutante vhl embryo’s deze situatie nabootsen en daarom een 
unie  ke mo   ge lijk heid bieden om nieuwe medicijnen te ontdekken en combinaties van 
be ken de middelen te testen, die  pathologische angiogenese tegengaan. Zebravis sen 
zijn door hun kleine formaat, lage onderhoudskosten en de beschikbaarheid van 
transgene lijnen, waarbij bloedvaten fluorescent zijn gelabeld, uitermate geschikt 
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voor grootschalige, non-invasieve farmacologische screens. 
In hoofdstuk 7 wordt beschreven dat vhl mutanten ernstige nierdefec ten  ontwik -

kelen. Met behulp van fluorescent gelabelde nieren en bloedvaten hebben wij voor 
het eerst de vroegste stadia en kleinste details van het ziekteproces zichtbaar gemaakt 
en bestudeerd. Cellen van een deel van de nierbuis (proximale tubulus) zijn ver-
groot en onregelmatig, maar ook de glomerulus en de omringende ruimte van Bow   -
man zijn vergroot. Terwijl in een wildtype embryo de tubulus om één bloedvat ligt 
ge kruld, is de aangedane tubulus in de vhl mutant omgeven door een groot net-
werk van bloedvaten. Nierkanker van het ‘clear cell’ type, die normaal gesproken 
bij VHL patiënten kan voorkomen, kenmerkt zich door een helder cytoplasma na 
H&E kleuring en een positieve PAS kleuring door ophoping van glycogeen in het 
cytoplasma. Ook de zebravissen vhl nier vertoont dezelfde kleuringsprofielen, maar 
elektron microscopische analyse laat zien dat in plaats van glycogeen het hele cyto-
plas ma van de tubuluscellen gevuld is met verschillende blaasjes met onbekende in-
houd. Door een fluorescente stof in het hart te injecteren waarvan bekend is dat het 
door de tu bulus wordt opgenomen (geresorbeerd), is duidelijk geworden dat in vhl 
mutanten de aangedane nieren ten dele nog goed functioneren en dat de heropname 
van stoffen door middel van blaasjes (endocytose) gewoon kan plaatsvinden. Onze 
resultaten wijzen op een probleem om deze blaasjes weer uit te scheiden (exocytose). 
Hierbij worden blaasjes door de cel over banen van microtubuli vervoerd; een proces 
waar VHL mogelijk een rol speelt. Het is intrigerend dat ook bij elektronmicroscopi-
sche analyse van VHL niertumoren, enkele tumorcellen met ophopingen van blaas-
jes zijn geobserveerd tussen cellen met glycogeenstapelingen. Dit is ook gezien in 
VHL her sen tumorcellen. Op dit moment zijn wij deze interessante bevin dingen ver-
der aan het bestuderen, in de hoop nieuwe inzichten te verkrijgen of deze stapeling 
van stoffen in cellen zonder VHL een mogelijk voorloperstadium van nierkanker 
zou kunnen zijn.

De resultaten beschreven in hoofdstuk 5–7 van dit proefschrift laten zien dat 
on ze gegenereerde zebravissen vhl mutanten erg lijken op patiënten die lij den aan 
het VHL syndroom. Omdat muizen zonder VHL niet levensvatbaar zijn, biedt ons 
zebravissen diermodel een uniek platform om in een levend organisme de rol van 
VHL te bestuderen. Bovendien zijn door het vergelijken van de gen profie len van 
gezonde en zieke vhl embryo’s met humane VHL niertumoren nieuwe ziekte-indi ca-
toren gevonden, die momenteel worden onderzocht. Door de beschikbaarheid van 
zebravis mutanten in andere tumor suppressor genen (bijvoorbeeld PTEN, P53, LKB1 
en APC) kan de interactie van verschillende signaleringsroutes op de ontwikkeling 
van het VHL syndroom worden bestudeerd. De opgedane kennis zal bijdragen aan 
een beter begrip van de onderliggende oorzaken van het VHL syndroom, waardoor 
in de toekomst specifieke behandelingen en slimme medicijnen kunnen worden 
ontwikkeld die de symptomen bij de bron aanpakken.
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Resumen

Uno de los procesos más fascinantes en la biología es la formación de un organis-
mo vivo que surge de un solo óvulo fecundado. Esta célula no solamente tiene que 
sufrir múltiples divisiones, para poder formar diferentes tipos de células, tejidos 
orgánicos y órganos, las células tienen también que especializarse. La forma en la 
que estas células durante el proceso embrionario de desarrollo, saben lo que hacer 
en el momento y lugar oportunos, ha sido objeto de investigación por los científicos 
desde hace más de cien años. Y es que, un pequeño error puede tener consecuencias 
desastrosas o dar lugar, por ejemplo, a defectos congénitos. 

La copia heliográfica de todos los procesos que pueden desarrollarse en una célu-
la, se encuentra almacenada en el material genético (ADN). Este se compone de 
cuatro elementos diferentes, está enrollado por cromosomas y se encuentra en el 
núcleo. Los científicos han podido descifrar completamente el código genético del 
ser humano (unos 3 mil millones de elementos), que se estima codifica, entre otros, 
a unos 21.500 genes que pueden crear las proteínas necesarias para desarrollar y 
man tener los procesos del cuerpo. Muchos de estos genes se encuentran también 
(conservados) en organismos más simples, como el ratón, el pez cebra y la mosca de 
la fruta. Esto nos muestra que estos genes han seguido desempeñando de manera 
semejante, un importante papel a través de la evolución. 

El conocimiento de los mecanismos genéticos que controlan el desarrollo de un 
organismo es de vital importancia para la medicina. Los genes que son importantes 
du ran te el desarrollo embriológico, desempeñan también a menudo un papel de 
im   por tancia en el comienzo de las enfermedades en el ser humano. El e jem    plo 
más conocido, en este caso, es la formación del  cáncer. Esta enfermedad implica 
a menudo, que los genes responsables del desarrollo se activen irracionalmente en 
tejidos adultos, lo que puede producir un crecimiento de células descontrolado.

El mayor rompecabezas, en este momento, es determinar qué genes desempeñan 
un papel específico durante determinados procesos de desarrollo. Al aplicar erro-
res selectivos a las mutaciones de los genes en los organismos modelo, como el ra-
tón y el pez cebra y al observar sus consecuencias, se puede comprender mejor la 
función de las proteínas codificadoras.  Esto se puede hacer de manera detallada, 
des conectando genes ya conocidos (reversed genetics). Pero aplicando errores no se-
lectivos al material genético por medio de una sustancia dañina al ADN, se pueden 
descubrir nuevos genes que estén implicados en los procesos que se han alterado 
(forward genetics). 

En la investigación descrita en esta tesis, he aplicado ambos métodos al pez cebra 
para estudiar los genes, tanto nuevos como conocidos, que están implicados en el 
desarrollo de malformaciones y cáncer de riñón. Los peces cebra son pequeños ani-
ma les vertebrados que por su homología genética, órganos y procesos fisiológicos 
se pa recen mucho al ser humano, aunque todos sus procesos funcionen de una for-
ma más simple. Un riñón humano, por ejemplo, está compuesto de un millón de 
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unidades filtro (nefronas), mientras que un embrión de un pez cebra solamente tiene 
dos. De esta manera los complejos procesos en el riñón se pueden estudiar más fácil-
mente, lo que puede llevar a nuevos criterios que a su vez pueden aplicarse al ser 
humano. Ya que los embriones de peces cebra se desarrollan fuera del cuerpo de la 
madre y son transparentes, se puede seguir su desarrollo con gran detalle y de forma 
no invasiva.

El descubrimiento de una nueva proteína cilia y posible supresor tumoral
El desarrollo de quistes de riñón es una afección frecuente que sufre 1 de cada 
1000 per  sonas.  Esta afección es también conocida como poliquistosis renal (PKD, 
polycystic kidney disease). Los quistes de riñón son pequeñas ampollas llenas de lí-
quido que, si se presentan en gran número, pueden deteriorar seriamente al riñón. 
En los últimos años se ha descubierto que los pequeños apéndices sobresalien tes en 
las células de los riñones (cilios), tienen una importancia crucial en el buen fun cio-
namiento del riñón y que las mutaciones en genes asociados con estos cilios pueden 
pro ducir quistes de riñón. El cilio forma una especie de atalaya sobre la célula 
que se ocupa de que ésta reaccione a las señales en su entorno y ponga en marcha 
procesos adecuados, como por ejemplo, la división celular (proliferación). Si el cilio 
no funciona bien, se origina a menudo una división celular no controlada que, en 
algunos casos, puede llegar a producir cáncer. No solo en el riñón, prácticamente 
en cada célula del cuerpo se encuentran diferentes tipos de cilios. Además de cilios 
estáticos, hay también cilios dinámicos que transportan las mucosas en los bronquios 
o que hacen que el espermatozoide pueda nadar al óvulo.

Para descubrir nuevos genes implicados en la regulación de cilios en el riñón, 
hemos realizado un forward genetic screen en el pez cebra. Hemos encontrado al gu-
nas líneas familiares de peces portadores de una mutación recesiva, por lo que un 
cuarto de los descendientes tiene cilios inmóviles (disquinesia ciliar). Esto produce 
graves quistes en el riñón. 

En el capítulo 2 demuestro que el gen desconectado en una de estas líneas fami-
liares codifica una proteína Lrrc50, fuertemente conservada, existente tanto en el 
ser humano como en las algas verdes. La desconexión de este gen en los embriones 
produce quistes de riñón con una gran división celular, grave disminución de la 
filtración en el riñón, inversión de órganos (situs inversus) y muerte prematura. Los 
cilios y micro vellosidades  en embriones mutantes y en células de riñón humano 
donde se ha desconectado el LRRC50, son más cortos, mas irregulares, inferiores en 
número o incluso ausentes. Esto indica que la función de este gen en el ser humano y 
el pez cebra es comparable. Mediante estudios realizados con ayuda del microscopio 
elec trónico, en el que utilizamos un zoom de 50.000×, descubrimos que el Lrrc50 
es necesario para la exacta construcción de los cilios. Además demostramos que 
las zonas en la proteína ricas en leucina, son cruciales para la función del Lrrc50. 
Nuestros resul tados señalan que el gen LRRC50 es un posible candidato en el des-
arrollo de quistes renales. 
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En el capítulo 3 presentamos prueba de que este gen posee un posible efec to 
re pre sor en la formacion de tumores, llamado un gen supresor tumoral, ya que 
casi todos los peces adultos machos desarrollan grandes tumores en los testículos 
(seminomas), posiblemente por la desconexión del lrr50. El análisis genético del 
material del tumor muestra pues, que en una tercera parte de estos tumores se ha 
producido una segunda mutación en lrrc50. Estos tumores de testículo se componen 
principalmente de células madres, en las que también observamos un incremento de 
la división celular. Estamos ahora investigando cuál es exactamente el papel que el 
Lrrc50 representa en la división celular y otros procesos, e investigaremos también 
las mutaciones de este gen en tumores en el testículo humano. 

Nuevos criterios en el papel que desempeña el supresor tumoral von 
Hippel-Lindau 
El gen supresor tumoral de von Hippel-Lindau (VHL) representa un papel crucial 
en la regulación del oxígeno en la célula al regular la actividad del HIF (el factor 
in ducible por la hipoxia). En circunstancias normales ricas en oxígeno, la proteína 
del VHL se encarga de que el HIF se desintegre inmediatamente. En caso de falta de 
oxígeno (hipoxia) o mutaciones en el gen VHL, el HIF se mantiene estable en la célula. 
En el núcleo, el HIF se encarga de que los distintos genes sean leídos para proteger 
la célula contra la falta de oxígeno. De esta forma se secretan, por ejemplo, proteínas 
para producir más sangre (EPO) y vasos sanguíneos (VEGF). Los últimos dos años 
se ha hecho evidente que el VHL también tiene muchas funciones independientes 
del HIF, como la regulación de los cilios y de la materia alrededor de las células 
(matriz extracelular). Parece ser que el VHL funciona como adaptador polifacético 
de proteínas, del que los científicos probablemente tan solo han descubierto la punta 
del iceberg.

 La inactivación del gen supresor tumoral VHL, desempeña un papel importante 
en el desarrollo de tumores y quistes ricos de vasos sanguíneos en diferentes órganos, 
como las glándulas suprarrenales, los riñones, los ojos, el cerebro y el páncreas. Los 
pacientes con el síndrome VHL heredan a menudo una copia alterada del gen de 
uno de los padres y desarrollan la enfermedad si a lo largo de su vida se produce una 
segunda mutación en la segunda copia del gen, que produce la desconexión del VHL. 
Según la localización de la célula afectada y del tipo de mutación, estos pacientes 
tienen una mayor probabilidad de desarrollar tumores en determinados sistemas 
orgá nicos. La inactivación del VHL juega un papel importante en el desarrollo del 
cáncer de riñón (70–80% de todos los casos). Los quistes benignos de riñón que se 
encuentran en el 75% de la populación de pacientes con VHL, suelen con siderar-
se como un estadio preliminar en el desarrollo de cáncer de riñón. De diferentes 
estudios se desprende, sin embargo, que no todos los quistes producen cáncer de 
riñón y que tampoco todos los casos de cáncer de riñón han ido precedidos por un 
quiste. Mientras que los embriones con inactivación homocigótica congénita VHL 
no son viables, si lo son los embriones con una mutación homocigótica congénita 
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en la parte final del gen VHL (VHL está aún, en parte, activo). Resulta interesante 
obsevar que estos pacientes desarrollan una policitemia de Chuvash (un aumen-
to de las células de sangre rojas), pero no desarrollan cáncer. Para el des  arrol  lo 
de quistes y de cáncer no parece ser suficiente desconectar únicamente el VHL y, 
por eso, creemos que para estos procesos son seguramente necesarios otros pasos 
desactivantes. Esto se confirmó el año pasado mediante un importante estudio del 
grupo de investigadores Krek en Zürich (Suiza). Constataron que la inactivación 
del VHL en el riñón de los ratones no producía ningún defecto, pero que si el VHL y 
el PTEN, otro supresor de tumores, se inactivaban simultáneamente, la mayoría de 
los ratones desarrollaban quistes de riñón (pero no cáncer).

Todavía no está suficientemente clara la función del VHL dentro del funciona-
miento normal de las células. Desgraciadamente los ratones sin VHL no son viables y 
aquellos con una desconexión del VHL en órganos específicos no siempre desarrollan 
las mismas afecciones que el ser humano. Utilizando el método de reverse genetics, 
hemos creado dos mutantes del pez cebra con mutaciones inactivadas estables en el 
gen VHL de los peces cebras, nombrado vhl. De esta forma, hemos podido estudiar, 
por primera vez, el papel del VHL durante todo el desarrollo embriológico. En los 
capítulos 5–7  muestro como los peces cebra sin vhl desarrollan importantes aspectos 
del síndrome VHL. 

En el capítulo 5 se describe la identificación y generación de los mutantes vhl. 
Mostra mos que el vhl también es importante en la regulación del oxígeno del pez 
cebra y, que una vez desconectando el vhl, el embrión no puede percibir el oxígeno 
por lo que pasa a hiperventilar. Igual que los pacientes con policitemia Chuvash, 
los embriones vhl tienen un ritmo de corazón y un volumen sanguíneo por minuto 
elevados. Observando los perfiles genéticos, podemos ver que la expresión de todos 
los genes previstos, relacionados con HIF, se manifestan de forma elevada  Esto 
causa, entre otras cosas, un enorme aumento del número de células de sangre rojas, 
que per manecen en un estado de desarrollo precoz. Así como con los pacientes con 
policitemia de Chuvash, los mutantes vhl desarrollan anemia por falta de hierro. 
Todos los tejidos que forman la sangre muestran un incremento de la división celu-
lar y además, hemos encontrado que la expresión de los marcadores de células blan-
cas en la sangre también se manifiestan de forma elevada. Inyectando mutan tes vhl 
embriones con una correcta copia del VHL RNA mensajero humano, pode mos curar 
completamente el fenotipo mutante, mientras que esto no es posible con el VHL 
RNA mensajero humano con la mutación de la policitemia Chuvash. Estos resulta-
dos muestran que el VHL tiene una función comparable en el ser humano y en el pez 
y, que inyectando a los vhl peces cebra con un VHL humano portador de diferentes 
fallos, se puede estudiar el cuadro clínico y posiblemente predecir la función del la 
proteína VHL hasta el nivel de los aminoácidos. 

Una de las manifestaciones del síndrome VHL más habituales, es el desarrollo 
de tumores ricos en vasos sanguíneos (hemangioblastomas) en el cerebro y los ojos. 
Aunque estas afecciones sean benignas, pueden tener un gran impacto en la calidad 
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de vida de los pacientes de VHL ya que producen pérdida neurológica, pérdida de 
vista y, en casos graves, derrames cerebrales y muerte prematura. 

En el capítulo 6 describo que los mutantes de peces cebra con vhl también for-
man una cantidad excesiva de vasos sanguíneos, sobre todo en el cerebro y en los 
ojos (estos son normalmente avascular), y donde se produce el factor de crecimiento 
vascular VEGF. El tratamiento de estos embriones con un inhibidor VEGF ya ex-
is ten te puede parar completamente la formación de vasos sanguíneos. La falta de 
oxí ge no es uno de los causantes más importantes de la producción en gran escala 
de nuevos vasos sanguíneos (angiogenesis) en tumores (VHL) en crecimiento. Mi 
estudio muestra que los embriones de los mutantes vhl copian esta situación, por 
lo que ofrecen una oportunidad única para el descubrimiento de nuevas medicinas, 
que pueden ponerse a prueba en combinación con medicamentos ya conocidos que 
combaten la angiogenesis patológica. Los peces cebra son, por su pequeño tamaño, 
bajo coste de mantenimiento y la disponibilidad de líneas transgénicas, a las que se 
les han marcado fluorescente los vasos sanguíneos, extremadamente aptos para la 
investigación farmacológica no invasiva a gran escala. 

En el capítulo 7 se describen los graves defectos que desarrollan los mutantes vhl 
en los riñones. Con la ayuda de riñones y vasos sanguíneos marcados fluorescentes 
podemos ver y estudiar por primera vez, los detalles más pequeños del proceso pato-
lógico en las fases más prematuras. Las células de la parte proximal del túbulo renal 
están agrandadas e irregulares, pero también están agrandados el glomérulo y el 
espacio de Bowman a su alrededor. Mientras que en el embrión del pez normal se 
encuentra enrollado alrededor de una vena, el túbulo afectado del mutante vhl está 
rodeado de una gran red de vasos sanguíneos. El cáncer renal del tipo células claras 
‘clear cell’, que normalmente se puede ver en pacientes con VHL, se caracteriza por 
un citoplasma claro tras una coloración H&E y una coloración positiva PAS por la 
acumulación de glucógeno en el citoplasma. El riñón vhl en los peces cebra muestra 
los mismos perfiles de coloración, pero el análisis con el microscopio electrónico 
mues tra que las células de los túbulos en vez de estar llenas de glucógeno, lo están 
de diferentes ampollas con un contenido desconocido. Inyectando en el corazón una 
sustancia fluorescente de la que se conoce es absorbida por los túbulos, ha quedado 
claro que los riñones afectados de los mutantes vhl siguen funcionando, en parte, bien 
y que puede seguir teniendo lugar la absorción de substancias por medio de ampollas 
(endocitosis). Nuestros resultados señalan la dificultad de volver de nuevo a segregar 
estas ampollas (exocitosis). En este caso las ampollas son transportadas por tramos 
de microtúbuli; un proceso en el que probablemente actúa el VHL. Resulta fascinante 
que, en el análisis de los  tumores renales VHL con el microscopio electrónico, se 
hayan observado también algunas células de tumor con acumulaciones de ampollas 
entre células con almacenamiento de glucógeno. Esto también se ha observado en 
células VHL de tumores de cerebro. En este momento seguimos estudiando estos 
resultados tan interesantes, con la esperanza de conseguir nuevos criterios sobre si 
el almacenamiento de materias en células sin VHL pudiese, tal vez, ser un posible 
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estadio precursor de cáncer renal.
Los resultados descritos en los capítulos 5–7 de esta tesis muestran  que los mu-

tan tes vhl de los peces cebra que hemos creado se parecen mucho a los pacientes 
que sufren del síndrome VHL. Nuestro modelo animal de peces cebra ofrece una  
pla ta forma única para estudiar el papel del VHL en un organismo viviente, ya que 
los ra tones sin VHL no son viables. Además comparando los perfiles de los ge-
nes de  embriones vhl sanos y enfermos con tumores humanos de riñón VHL se 
han en  contrado nuevos indicadores de la enfermedad, que actualmente se están 
examinando.

 Ya que disponemos de mutantes en otros genes supresores de tumores (por 
ejem plo PTEN, P53, LKB1 y APC) podemos estudiar la interacción de las diferentes 
rutas de señalización en el desarrollo del síndrome VHL. El conocimiento obtenido 
contribuirá a conseguir un mejor conocimiento de las causas subyacentes del sín-
drome VHL, por lo que, en el futuro, se podrán desarrollar tratamientos específicos 
y medicinas inteligentes que puedan combatir los síntomas en su mismo origen.
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dan ook veel mensen die direct of indirect hebben bijgedragen aan mijn boekje en ik 
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the good and bad times we shared; it wouldn’t have been the same without you! 



Dankwoord

175

Thanks for being my friend and I wish you all the best in Zürich!! Adele and Chris, 
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king en. Sander, ‘the ball guy’, het is een groot genoegen om met je samen te werken 
en we hebben toch een mooi hoofdstuk neergezet in dit boekje :). Heel veel succes 
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Dorus, bedankt voor je promotietips en veel succes in Nijmegen. Marlies, Janine en 
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en Morgan, bedankt!
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derens waardig! Joyce Graff, it’s truly inspirational how you set up the VHL family 
alliance and got doctors and scientists together from all over the world to tackle this 
terrible disease. You have made a huge impact on the field. I’m honoured to have met 
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Tijdens mijn promotietijd heb ik het genoegen gehad om met verschillende 
men  sen samen te werken buiten het Hubrecht. Roel Goldschmeding en Kevin van 
de Ven, bedankt voor de prachtige EM data van de vhl nieren en jullie input. Paul 
van Diest, bedankt voor de mogelijkheid hiervoor en voor de gezellige skisessies en 
diners in Breckenridge en Whistler! Eelke en Arjan, het was leuk met jullie! Janice 
Griffith, bedankt voor je grote EM expertise en enthou siasme voor de zebravis! 
Thorsten Schwerte, thanks for allowing me to perform the cardio vascular measure-
ments in you lab in Innsbruck. Elsbeth Römers, bedankt voor je onmisbare hulp 
bij de kleuringen en analyse van ons hema to poiese fenoty pe. Miranda Buitenhuis, 
be dankt voor je HIF over-expressie studies in embryonale stam cellen uit de navel-
streng. Jürgen Berger, thanks for the beautiful scanning EM pictures of the lateral line 
organs. Chris Hill, thanks for the EM on lrrc50 mutant cilia. Richard van Wijk, ook 
al staat ons onderzoek niet in dit boekje beschreven, bedankt voor je enthousiaste 
samenwerking!

Bas Defize, jij weet als geen ander de gewone mens te enthousiasmeren voor de 
wetenschap! Het was geweldig om je bezig te zien in Nemo, bedankt dat je me ook 
bij dit soort dingen betrokken hebt! 

De vaste kern van de vrijdagmiddag borrel en alle MObro’s en sista’s bedankt 
voor de gezellige tijd!

Frank van Iren, je gaat m’n promotie gewoon halen! Bedankt voor al je mooie 
verhalen en levenswijsheden de afgelopen jaren.

 Natuurlijk wil ik ook graag mijn vrienden buiten het lab bedanken voor de altijd 
ge zellige tijd en de nodige afleiding! Het spijt me dat ik jullie toch te vaak een beetje 
heb verwaarloosd als ik weer eens te druk in het lab bezig was, of mijn proefschrift 
af moest... Ik voel me bevoorrecht om omringd te worden door een aantal mensen 
waar ik altijd van op aan kan. Een paar van jullie wil ik in het bijzonder noemen. 
Chris, bedankt dat je altijd voor me klaar staat! Ontzettend bedankt dat je me zo 
enorm hebt geholpen met het layouten van m’n proefschrift en me over deze laatste 
drempel hebt geholpen!!! Dat voelde bijna weer zoals vroeger bij de LBC ;) Ik vind 
het een eer dat je mijn paranimf bent. Roelant, de enige ‘echte’ bioloog onder ons ;) 
Bedankt voor je rake opmerkingen en relativeringsvermogen, dat heb ik soms echt 
nodig ;) Grace, ik zou je niet meer kunnen missen! Lydje, je had me toch bijnnnnaaa 
aan het schema ;) Bedankt voor alle gezellige avonden! Eva en Max, dat jullie al een 



Dankwoord

177

ticket hadden geboekt om te komen was zeker een grote stimulans om op al die 
moeilijke momenten toch door te gaan... Andere El, het komt allemaal helemaal 
goed! Maaike K, gedeelde smart is echt halve smart ;) Ik vind het erg gezellig dat we 
allebei op de Uithof zitten. 

Mijn Nederlandse en Spaanse familie ben ik erg dankbaar voor hun interesse 
en onvoorwaardelijke steun! Gerard, m’n ‘kleine’ broertje, ik ben erg trots op wie je 
geworden bent en wat je allemaal hebt bereikt!! Juliette, ik vind het erg stoer dat je nu 
voor jezelf bent begonnen, veel succes! Marga, mijn grote ‘zus’, ik zie je echt als familie 
:) Jij en Rob bedankt voor alles. Tante Mien en andere familieleden, bedankt voor 
jullie interesse! Querida abuela, gracias por tu cariño, por estar siempre pendiente 
de mí y cuidarme tan bien cuando estamos juntas. Con un gazpachito como solo 
tú sabes hacer, el mundo parece mejor. ¡Qué pena que estés tan lejos! Queridos tios, 
muchas gracias por vuestro apoyo e interes por mi trabajo. Tio, ¡los americanos no 
nos adelantaron! Harrie, ouwe bejaarde... bedankt voor de welkome afleiding tijdens 
het schrijven!! Even de koeien en paarden uitblaffen werkt zeker inspirerend :)

Lieve pa en ma, het laatste woord is voor jullie! Jullie hebben me altijd on voor-
waardelijk gesteund in alles wat ik doe en ervoor gezorgd dat alles wat ik wilde altijd 
mogelijk was. Ik ben jullie ontzettend dankbaar voor alle liefde en kansen die jullie 
me hebben gegeven! Jullie betrokkenheid en onuitputtelijke interesse zijn altijd een 
grote stimulans voor me geweest. Ik voel me gezegend met ouders zoals jullie!! 
Ik hou heel veel van jullie.

Ellen




