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CHAPTER 1

Introduction
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The primary non-motile cilium is an antenna-like protrusion which projects outwards from 
the cell body and can be found connected to the membrane of almost all human cells. This 
organelle was long considered a vestigial and unimportant version of its motile cousin (e.g. 
sperm tails), but it has now been shown that primary cilia are vital players in a number of 
cellular processes. Primary cilia are especially vital for regulating critical signal transduction 
pathways which control the activity of the cell in response to physical and chemical signals 
in its environment and based on the activities of its neighboring cells. Thus, the cilium plays 
an important part in the health of the cell and in the growth and development of tissues 
and organisms [1-3]. Improper function of the cilium can be a symptom of, or cause, 
pathophysiological changes in the cell or tissue. Indeed, a class of diseases called ciliopathies 
has now been shown to be associated with mutations which cause improper ciliogenesis, 
maintenance of the cilium, disassembly of the cilium, or other ciliary malfunctions. Because 
of its wide array of functions, a disease resulting from dysregulation or dysfunction of the 
cilium can vary wildly in symptoms and severity. A number of these diseases that are caused 
primarily by problems with the cilia or ciliary proteins, collectively termed ciliopathies, 
have now been identified, such as Meckel–Gruber Syndrome (MKS), Bardet-Biedl (BBS), 
and Jeune asphyxiating thoracic dystrophy. Other conditions which are not directly caused 
by ciliary malfunctions have also been shown to be associated with reduced ciliary number 
or function, including many cancers and developmental disorders [4-6].

The primary cilium (Figure 1.a) is produced by the cell when it enters a quiescent state 
during G1 phase and does not take part in the normal cell cycle, a state known as G zero 
(G0)(Figure 1.b). As the cell exits the cell cycle, the mother centriole differentiates into the 
basal body which will form the foundation of the cilium. First, it docks with a Golgi-derived 
vesicle via its distal appendages (also known as transition fibers) and migrates to the plasma 
membrane near the nucleus [7, 8]. Here, the ciliary vesicle becomes contiguous with the 
plasma membrane of the cell. The area of the membrane to which the transition fibers attach 
is known as the periciliary membrane and it is in this area where regulation, recycling and 
endocytosis of ciliary membrane components and membrane-bound proteins occurs. In 
some cells, the periciliary membrane invaginates forming a ciliary pocket which controls 
the composition of the ciliary membrane through a method which is not completely 
understood [9, 10]. Although the ciliary membrane is continuous with the cell membrane, 
it has a significantly different composition of membrane components and membrane bound 
proteins thanks to this regulation mechanism. The basal body also attaches to the 
microtubule cytoskeleton of the cell via the sub-distal appendages. These appendages, along 
with the ciliary rootlets and basal feet, stabilize and orient the basal body. Once the basal 
body is attached to the cell surface, the backbone of the cilium, termed the ciliary axoneme, 
is built as microtubules extend from the ciliary rootlet of the basal body, pushing outwards 
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against the plasma membrane. The area above the transition fibers where the basal body 
transitions into the axoneme is known as the transition zone. The transition zone is 
characterized by rings of y-links, forming the characteristic “ciliary necklace”, which act as 
a barrier between the interior of the cilium and the cytoplasm of the cell. The transition 
zone controls the passage of proteins and other molecules into and out of the ciliary space, 
making the interior of the cilium a closed environment [2, 7, 9].

Figure 1b. Schematic showing the relationship of presence of the primary cilium and the position of the basal
body with the cell cycle (Figure reproduced from chapter 2).

Figure 1a. A schematic representation of the primary non-motile cilium. Red arrows represent the direction 
of intraflagellar transport (IFT).

A

B
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The axoneme of the primary non-motile cilium is formed of 9 doublets of microtubules in 
a ring which is patterned on the shape of the basal body which is comprised of, like the 
centrioles, nine triplets of microtubules. The 9 doublet pattern is sometimes referred to as 
the 9+0 pattern, to contrast it with the 9+2 pattern found in motile cilia and flagella, which 
have a central pair of microtubule doublets (Figure 1.c). In the motile forms of cilia, each 
microtubule doublet in the outer ring produces projections inwards called the radial spokes 
which connect to a protein web which surrounds the central pair. Each doublet is connected 
to its neighbors with a strand of the protein nexin. Outer and inner dynein arms project 
from the microtubule doublets in the outer ring. The motor action of the dynein arms 
causes the microtubule doublets to move past each other. This motion is resisted by the 
nexin links and the connection to the central pair, which causes the cilium to bend instead 
[11]. This bending action is used to produce a directional beating motion which is used, 
for example, by motile cilia to produce fluid flow across the surface of the cell or by flagella 
to produce forward motion of the sperm. Motile cilia are particularly characteristic of 
multi-ciliated cells, such as mucosal cells lining the airway, although some cells have only 
a single motile cilium (e.g. sperm or cells of the developmental node).

The mechanism by which the axoneme is built, maintained, and eventually disassembled is 
known as intraflagellar transport (IFT). Microtubule components are moved to and from 
the tip of the cilium by two specialized complexes of IFT proteins attached to the molecular 
motor proteins kinesin-2 and dynein-2. IFT-A components connect to dynein and participate 
in tip-to-base (retrograde) transport, while IFT-B components proceed in the opposite 
(anterograde) direction with kinesin-2. These two components also cooperate: once an IFT 
complex has moved cargo to the end in one direction, it is returned to its starting point by 
the other IFT complex. IFT also traffics other proteins along the ciliary axoneme [12]. Recent 
results indicate that distinct sub-complexes within the IFT-B complex are responsible for 

Figure 1c. Schematic comparison of the orientation of microtubule doublets in the two types of primary cilia.
Additional components of the motile cilium are also shown.

C
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1
exocyst function or trafficking [Boldt et al. Nature Communications, in press].
The primary cilium is a vital signal transduction organelle that plays a role in a wide array 
of important cellular pathways because of its function in the sensing of the extracellular 
environment. This includes not only physical and chemical signals in the extracellular 
environment like fluid flow past the cell surface [13] and ion levels [14], but also cell-to-cell 
signals released by nearby cells such as morphogens, growth factors and developmental 
signals. The primary cilium transduces these signals into a diverse range of cellular responses 
that lead to downstream effects including proliferation, differentiation, polarity, cell survival, 
migration and apoptosis [2, 15, 16]. For example, the Wingless-int (wnt) signaling pathway, 
a promoter of many downstream effects including cellular proliferation, passes through 
the cilium. The Wnt receptor, Frizzled, is found on the ciliary membrane and its signaling 
proteins, such as Disheveled, pass through or associate with the cilium. Without proper 
ciliation, these signals cannot localize correctly and effective signaling is lost, which can 
lead to disease [17-19]. Other important signaling pathways which pass through the cilium 
include the Hippo, Hedgehog, and Notch signaling pathways, all of which are important 
during development [20-25].
With such a wide array of functions associated with the primary cilium, it is no surprise 
that ciliopathies also show considerable complexity. These diseases, although individually 
rare, are common as a group, with an incidence of 1 in every 300-400 individuals. Although 
there is phenotypic overlap, ciliopathies display significant heterogeneity in both their 
underlying genetics and their phenotypes and symptoms (Figure 2.a). Similar phenotypes 
can arise from mutations in distinct genes, while other times a mutation in a single gene 
can be associated with varied phenotypes in different ciliopathies (Figure 2.b). In addition 
to these canonical ciliopathies, other diseases have been associated with changes in ciliary 
number and function, including various cancer subtypes and inherited tumor syndromes 
[6, 26-32].

A

Figure 2a. table showing selected ciliopathies and a selection of their associated phenotypes. Note that some 
phenotypes overlap, but not all.
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The von Hippel-Lindau protein (pVHL) is an E3 ubiquitin ligase encoded by the von-Hippel-
Lindau Gene (VHL). The VHL gene encodes two isoforms of pVHL, one which is 30 kDa 
and one which is 19 kDa. Although there is differential expression of these isoforms in some 
tissues and the 19 kDa form lacks an acidic domain of unclear function, studies have shown 
that both isoforms have comparable activity both in assays and in vivo [33] although other 
studies suggest distinct functional roles for the two isoforms [34, 35].  
The most well-studied function of pVHL is to regulate the cells’ oxygen sensing (see Figure 
2). In the presence of oxygen, prolyl-hydroxylase (PHD) proteins target and hydroxylate 
hypoxia inducible transcription-factor alpha-subunits (HIFα), a class of transcription factors 
responsible for promoting a wide variety of more than 800 downstream genes that help the 
cell and tissue respond to a lack of oxygen: “hypoxia” (figure 3). HIFα gene targets include 
erythropoietin (EPO), which promotes erythrocyte differentiation, vascular endothelial 
growth factor (VEGF) a growth factor which promotes angiogenesis, and glucose transporter 
1 (GLUT1) which transports glucose into the cell. When HIFα subunits are hydroxylated, 
they can be targeted by an ubiquitin ligase complex containing pVHL, elongin B, elongin 
C, Cullin 2 and ring-box protein 1. This complex then catalyzes the addition of ubiquitin to 
HIFα factors, marking them for degradation in the proteasome. Oxygen is a biochemical 
requirement for PHD proteins to hydroxylate HIFα. Thus, in low oxygen conditions, HIFα 
is stabilized and forms heterodimers with HIF1β subunits. These HIF heterodimers bind to 
hypoxia response elements (HREs) on the DNA and proceed to promote the expression of 
their target genes. This pathway allows the cell and the body to adapt to lower oxygen 
environments, including chronic and acute hypoxia. Some examples of the results of HIF 
activity include increased angiogenesis and vasculogenesis, metabolic changes, and increased 
cell survival [36-39]. There are three different paralogs of HIFα: HIF1α, HIF2α and HIF3α. 
HIF1α is ubiquitously expressed, whereas HIF2α is cell-type specific and is found enriched 
mostly in the endothelium and in lung, renal and hepatic cells. These two forms are both 
stabilized during hypoxia and bind many of the same HREs, but they do not perform 

Figure 2b. Table showing the same ciliopathies and a selection of some of the genes which have been found
mutated in those diseases. Note the overlap in genes despite different phenotypes.

B
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identical functions and appear to contribute to hypoxia response differently in different 
contexts [40, 41]. HIF3α lacks the transactivation domain present in the other two types and 
may be a negative regulator of the activity of HIF1α and HIF2α [42].
Another consequence of HIF activity is the expression of micro RNAs (miRNA). miRNA 
regulation is a highly evolutionarily conserved form of post-translational regulation of 
genes. miRNA activity is an integral part of gene regulation networks in the body, including 
pVHL/HIF dependent signaling [43, 44]. miRNA are non-coding RNA that function in 
the post-translational regulation of genes (Figure 4). miRNA are transcribed from their 
own genes or from sequences in the introns of other genes. Active mature miRNA are 
derived from longer (around 80 nucleotide) pre-miRNA transcripts which are transcribed 
into folded hairpin shapes. Pre-miRNA hairpins are then converted into active miRNA by 
the enzyme Dicer. Mature miRNA are small (around 22 nucleotides in length) pieces of 
RNA which are complementary to sequences on the mRNA of target genes. miRNA control 
the translation of their target mRNA through the action of a protein complex for which 
the miRNA acts as a target selector. These RNA-induced silencing complexes (RISCs) 
include the RNAse III enzyme Dicer and a number of other proteins, of which Argonaut 
(Ago) proteins play a vital role. Ago proteins bind the mature miRNA and hold onto it so 
that it can interact with target mRNA. After the miRNA binds to its target, the Ago protein 
directs the activity of the RISC to repress the translation of the targeted mRNA in different 
ways depending on the exact Ago protein involved. There are four members of the 
mammalian Ago family; Ago2 directly cleaves the target transcript, while other Ago family 

Figure 4. Schematic representation of miRNA processing and mechanism of action.
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members recruit other proteins to assist them in translational repression through other 
means. There is also a family of proteins called the PIWI proteins which perform the same 
role as the Ago proteins but in germ cells and in certain stem cell populations (25027649). 
MiRNA may play a role in the pathology of many diseases, including ciliopathies and cilia 
related disorders. For example, in testicular germ cell tumors associated with mutations in 
cilia regulator DNAAF1, PIWI accumulates [45]. Likewise, in VHL-deficient cells, miRNA 
are expressed which contribute to adaptation to hypoxia (see Chapter 5).

The responses promoted by HIFα activity, such as increased angiogenesis, cell survival, an 
elevated rate of proliferation and switching from an oxygen based metabolism to a glucose 
based (glycolytic) metabolism are all also all associated with the growth of tumors [36, 46, 
47]. The vital role that pVHL plays in oxygen-sensing and modulating the strength of 
downstream signals control by HIFs makes pVHL an important tumor suppressor protein. 
Indeed, patients born with von Hippel-Lindau (VHL) syndrome, who possess an 
inactivating mutation in one allele of the VHL gene, have a predisposition to develop cysts 
as well as cancerous and benign tumors in many different tissues over the course of their 
lives, including kidney, pancreas, eye and brain tumors. Although these patients still have 
a single functional copy of the VHL gene, the healthy allele is frequently mutated or lost, 
eventually leading to the development of neoplasms, although the exact mechanisms 
through which this occurs are still under investigation and discussion [6, 38, 48]. In 
addition, sporadic clear cell renal cell carcinoma (ccRCC), the most common form of 
sporadic kidney cancer, almost always displays the mutation or inactivation of the VHL 
gene. Among these, the vast majority, up to 92% in some studies, display complete biallelic 
inactivation of VHL [49-52]. Interestingly, despite this fact, humans born with an 
inactivating mutation in VHL do not develop tumors until relatively late in life, usually 
after 20 years of age, although they do develop ccRCC earlier than patients with sporadic 
ccRCC [6, 38, 48]. Additionally, mouse models of VHL deficiency alone do not develop 
any renal tumors. Therefore it is believed that another mutation which promotes 
tumorigenesis must occur before tumors can develop, although loss of VHL seems to 
produce a “pre-cancerous” phenotype that promotes the occurrence of the secondary 
mutation and then contributes to tumor growth [6, 47, 53, 54].

In recent years, sequencing of ccRCC tumors to try and find other mutations which 
contribute to ccRCC tumor growth has shown that these tumors display considerable intra-
tumor genetic heterogeneity and that many different genetic events, in addition to loss of 
pVHL function, can drive tumorigenesis (Figure 5). Loss of, or aberrations in, chromosome 
3p which includes VHL (located at 3p25.3), are the most frequently observed chromosomal 
aberrations in ccRCC [52, 55-57]. Other chromosomal alterations are observed as well, 
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including duplication of chromosome 5q, which is the second most common chromosomal 
aberration observed. A number of genes mapped to this region have been shown to be 
amplified in certain subtypes of ccRCC including TGFB1 which encodes an important 
growth factor that promotes growth, proliferation and differentiation [55, 57, 58]. 
Interestingly, ccRCC does not frequently display somatic mutations in tumor suppressor 
genes (TSGs) such as TP53, PTEN, RB1 or BRAF which are frequently seen to be mutated 
in many other tumor types which arise from epithelial cell lineages. However, mutations 
and other disruptions in many other genes in addition to VHL have been reported in 
ccRCC. Genes found mutated in ccRCC include 3 TSGs which are found, like VHL, on 
chromosome 3p: BRCA associated protein 1 (BAP1: mutated in up to 11% of ccRCC 
tumors), SET domain containing 2 (SETD2, mutated in up to 12% of ccRCC tumors) and 
Polybromo 1 (PBRM1, mutated in up to 41% of ccRCC tumors), all of which are involved 
in the regulation and remodeling of chromatin [49, 52, 59, 60]. The mechanisms by which 
mutations in these genes contribute to tumorigenesis are still being studied but they do 
seem to play a part in the development of ccRCC. For example, in many ccRCC tumors, a 
single mutant allele of VHL is present and the other is lost through deletion leading to loss 
of heterozygosity. Because these three genes are found on chromosome 3p around VHL, 
they are also sometimes lost in the same deletion event. As mentioned above, mouse models 
of VHL deficiency do not develop ccRCC tumors. However, interestingly, a mouse model 
which combines conditional biallelic deletion of Vhlh, the mouse ortholog of VHL, with 
the conditional deletion of a single allele of Bap1, the mouse ortholog of BAP1, in nephron 
progenitor cells did develop small solid renal tumors which resemble human ccRCC. This 
indicates that BAP1 can play the role of the second gene, along with VHL, in which 
mutations lead to ccRCC [61]. In human patients, BAP1 mutations define a subclass of 
ccRCC tumors with poor outcomes [62]. However, tumor sequencing shows that BAP1 is 
just one of many genes which is mutated in ccRCC and can possibly contribute to 
tumorigenesis [52, 63, 64]. Indeed, different secondary mutations can lead to the 
development of different tumor sub-clones within the same single ccRCC tumor [64]. 
Although the genetics of ccRCC is far from well understood, developments in next-
generation sequencing will improve our ability to diagnose patient mutations and examine 
the complex genetic events underlying the growth of ccRCC tumors.
pVHL has a number of other non-canonical targets in addition to HIF. pVHL usually 
catalyzes the addition of ubiquitin to these interactors, as it does with HIF, but not always, 
such as in the case of KIF3A [65]. Another example of a non-canonical target is the 
apoptosis-related protein programmed cell-death 5 (PDCD5) which is involved in cell-cycle 
arrest and the induction of apoptosis in response to certain types of DNA damage. The 
localization of PDCD5 is regulated in part by its interaction with pVHL [66, 67](Chapter 
6). pVHL also binds to and ubiquitinylates microtubules to modulate their stability, 
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including within the cilium. Without this function, the cilium cannot remain stable enough 
and cells ciliate less frequently [68-70]. ccRCC displays reduced ciliary frequency compared 
to the surrounding healthy tissues [71, 72] and VHL disease can be considered a ciliopathy 
[73]. Interestingly, there are a number of tumor suppressor proteins which, like pVHL, are 
tumor suppressors that possess a distinct ciliary function and are necessary for proper 
ciliation in cells. Although these two functions seem very disparate, they are actually more 
related than they may at first appear. The cilium is inextricably linked with the processes 
that control cell division because of the presence of the basal body at the root of the cilium. 
The basal body is derived from the mother centriole that has an important role during cell 
duplication. Therefore, the cilium must be disassembled before the cell can re-enter the cell 
cycle. Thus, ciliation and cell division are mutually exclusive events but share an important 
common piece that ties them together. Because of this connection, many proteins which 
are present in the cilium during G1 phase of the cell cycle have separate functions during 
cell division. For example, many proteins found at or around the cilium are also involved 
in the replication and division of DNA in the nucleus during mitosis. For example, polo-
like kinase 4 (PLK4) is a protein which is recruited to the basal body when the cilium is 
being resorbed.

PLK4 is required for the duplication of the mother centriole. If PLK4 malfunctions during 
division, a dividing cell can end up with an inadequate number or supernumerary 
centrosomes and uneven or improper division of DNA can occur, leading to cyst formation, 
aneuploidy and genetic instability which can lead to a malfunctioning cellular environment 
and a predisposition to further mutation (For more, see Chapter 2) [6, 74-77]. Another 
example is NimA-Related Kinase 8 (NEK8), a protein found in the primary cilium at the 
Inversin compartment just distal of the transition zone, an area of the cilium with a poorly 
understood function to which several proteins specifically localize. NEK8 is required for 
proper ciliogenesis and NEK8 mutations are associated with nephronophthisis, a renal 
ciliopathy, and cause 3D cell-structure defects in vitro. NEK8 is also a negative regulator 
of the Hippo pathway, a signaling pathway which is important during organ development, 
the signals of which are transduced through the primary cilium. When the cell is not 
ciliated, NEK8 also functions in the replication fork during DNA duplication and is 
important for modulating the cellular response to DNA damage. The same NEK8 mutations 
which cause nephronophthisis and renal cystic dysplasia also lead to replication stress and 
an accumulation of DNA damage [78, 79].

However, despite the connection between de-ciliation and cell cycle progression, as well as 
the presence of tumor suppressors at the cilium, the link between ciliary function and 
tumorigenesis remains unclear. Cilia loss does not always correlate with tumor formation, 
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and cilia loss alone is not sufficient to drive a cell into excessive proliferation. In some cases, 
the loss of cilia through disruption of a ciliary protein can cause the cell to re-enter the cell 
cycle more frequently, but neoplasm formation is not observed. For example, Centrosomal 
Protein 164 (CEP164) is required for ciliation and knockdown of CEP164 causes both a 
reduction in cilia formation and a significant reduction in the amount of time required to 
enter S-phase, although S-phase itself is significantly longer than control cells. However, 
although cells depleted for CEP164 proliferate more often than control cells, the amount 
of viable cells actually decreases due to a corresponding increase stress and apoptosis [80]. 
Alternatively, loss of a ciliary protein may not always cause loss of cilia, but does cause 
excessive proliferation. For example, Polycystin-1 (PC1) is a protein encoded by the PKD1 
gene that localizes to the primary cilium where it dimerizes with Polycystin-2 in order to 
regulate intracellular calcium levels in kidney tubular epithelial cells. This regulation was 
believed to be based on the fluid flow across the surface of the cell which can be sensed by 
the polycystin proteins through the bending of the primary cilium [13], although recent 
results show that this may not actually be the case [81]. However, ciliary localization of 
polycystin 1 and 2 are still required for calcium signaling [82]. Knockdown of PKD1 leads 
to centrosomal and chromosomal abnormalities [83] as well as faster cell cycle progression 
[84] but not a reduction in ciliogenesis [85]. Cilia can sometimes act as both promoters of 
tumorigenesis as well as tumor suppressors, sometimes even within the same tissue or even 
in the same tumor subtype. For example, in medulloblastoma, the most common form of 
malignant pediatric brain tumor, the primary cilium may or may not be lost depending on 
the molecular basis of tumorigenesis [86]. This sort of contrast typifies the complexity and 
context-specificity of the biological processes at play. Thus, the need for more information 
about the interplay between ciliary biology and tumorigenesis is clear.

To model the activity of these proteins in vitro we use a 3D cell culture system: spheroids 
grown in matrigel (Figure 6). To produce these spheroids we use mouse kidney tubular 
cells from the collecting duct (mIMCD3) which form small spheres inside the matrigel. As 
these spheroids grow, they develop a cleared lumen into which the cilia protrude. These 
spheroids more accurately model the in vivo condition of the kidney, because they are 
polarized and have more physiological interactions between cells. These spheroids can also 
be imaged in 3D making them convenient for studying the organization and orientation 
of cells. Because many ciliary proteins are involved in the cytoskeleton, IFT and other 
directional functions, these 3D polarized spheroids can give us an excellent model of their 
activity [87, 88].

Until recently, a mammalian model that fully recapitulated the phenotypes of human VHL 
deficiency did not exist. Mouse models with germ-line inactivating mutations in Vhlh, the 
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murine ortholog of VHL, do not survive [89] and conditional knockouts of only Vhlh do 
not develop phenotypes resembling human patients [90], although in one mouse model, 
targeted deletion of Vhlh in the kidney leads to cysts at a low incidence (20%)[91]. 
Generating conditional double-mutant Vhlh mice that have additional mutations or 
deletions in other tumor suppressor genes, such as Trp53 (TP53 ortholog), can produce a 
mouse with kidney cysts and tumors that resemble ccRCC in some ways [92], but no 
completely satisfactory model existed for many years. Mouse models which combine 
conditional Vhlh deletion with another genetic insult, such as the above mentioned Vhlh-
negative Bap1-heterozygote kidney mouse [61], have now been developed that more 
accurately replicate VHL-related disease in a mammalian model organism, many limitations 
of these models still exist [93]. This is especially true when it comes to studying development. 
Thus, for modeling VHL deficiency and to study the early cellular changes in renal cells 
that lead to ccRCC development, we use a vhl mutant zebrafish line (Figure 7). Zebrafish 
possess their own ortholog to the VHL gene and their kidneys are similar to human kidneys 
but significantly simpler. Zebrafish are an excellent model for modeling development 
because the embryos develop outside the body and are transparent, allowing us to observe 
their phenotypes at an early stage of development without sacrificing the parent animals 
[94, 95]. Heterozygous vhl mutant zebrafish are easy to maintain without discomfort and 
produce a large amount of offspring quickly, especially relative to mammalian models. By 
in-crossing this heterozygous stock of vhl mutant zebrafish, we produce a population of 

Figure 6. Example of an IMCD3 spheroid assay used to assess the function of a ciliary gene. Red channel 
(acetylated tubulin) shows the primary cilia. Green channel (betacatenin) shows the basal side of the cell 
while the white channel (Z-01) shows the apical side, allowing us to see the polar organization of these cells 
in a 3D structure. (A) spheroid grown from cells transfected with a control scrambled siRNA. (B) cells grown 
from cells transfected with siRNA against a gene required for ciliation, note the lack of primary cilia. Adapted 
with permission from Schueler et al.[104]
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embryos which includes double-mutants without pVHL function that do not survive very 
long (usually less than a week) but which we can observe developing in real time during 
the first five days of life, unlike mouse embryos. These vhl-null embryos display symptoms 
remarkably similar to human patients, including polycythemia (excess red blood cells), 
excessive angiogenesis and neoplasm formation including alveolar dysplastic lesions in the 
kidney which resemble human ccRCC histologically [96-99]. This fish model is also 
appropriate for drug discovery [100]. Because miRNA expression is highly evolutionarily 
conserved, we can also use zebrafish to examine the role of miRNA in the pathology of 
VHL deficient phenotypes, in particular excessive angiogenesis. This zebrafish model 
provides a flexible and powerful tool to study VHL function and deficiency and also 
provides us with the opportunity to effectively test treatments in a high-throughput manner.

For the same reasons, zebrafish are useful for studying ciliopathies in vivo. In response to 
the deletion of a ciliopathy gene, zebrafish display a profile of symptoms that can be 

Figure 7. Characterization of VHL mutant zebrafish phenotypes. (A) Mutant zebrafish display cranial edema, 
heart compartment edema and heart enlargement, slower consumption of the yolk, and blood-vessel defects 
(arrows). Note also the absence of a swim bladder and reduction in melanosome density. (B) Even at an 
earlier stage of development, VHL mutant embryos display visibly enlarged hearts and polycythemia. Figures 
used with permission from Van Rooijen et al. [96, 97]
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identified during early development, much like vhl mutant zebrafish. Common phenotypes 
indicating a ciliopathy include bent body axis, left-right asymmetry of the heart, 
hydrocephalus, edema (especially around the heart), kidney cysts, agenesis of the swim 
bladder, eye defects and melanosome deficiency [101-108]. In zebrafish models of VHL 
disease and other ciliopathies, these phenotypes are present in embryos during early 
development, allowing phenotyping at less than 5 days after fertilization. Zebrafish are also 
easy to genetically manipulate, especially in comparison with mammalian models.  
In addition, by injecting mutant fish with human DNA we can easily perform rescue 
experiments to examine the effect of mutations taken from human patients.

In this thesis I investigate the connection between tumor suppressor pathways, particularly 
the VHL pathway, and the function and components of the primary cilium. In Chapter 2 
we examine in depth the connection between the cilium and neoplasm formation. We 
review work that regards the role that dysfunction of the primary cilium and ciliary proteins 
play in the pathophysiology of hereditary tumor predisposition syndromes, including von 
Hippel-Lindau disease, adenomatous polyposis coli, tuberous sclerosis, and Birt-Hogg-
Dubé syndrome. In Chapter 3 we review the etiology of von Hippel-Lindau disease in 
depth, including symptoms, inheritance patterns, and discussion of treatment options 
including ones currently under development. In Chapter 4 we use the previously discussed 
zebrafish model of VHL disease and an established in vitro co-culture model of angiogenic 
activity to test the effectiveness of a specific drug regimen in reducing the angiogenic burden 
of VHL deficiency while managing toxicities at lower drug doses. Specifically, we show that 
a combination of two drugs works better to reduce the angiogenic phenotype induced by 
the lack of pVHL activity than either drug individually. These drugs are cibotentan, which 
targets the powerfully angiogenic Vascular Endothelial Growth Factor (VEGF) pathway, a 
downstream target of HIF signaling, and zibotentan which antagonizes the activity of the 
ET-A pathway, another important angiogenic signaling vector. In Chapter 5 we again 
examine the molecular mechanisms of VHL deficiency and how the lack of functional 
pVHL promotes tumor growth, in this case, by promoting the transcription of the 212/132 
miRNA family. These miRNA, important regulators of mRNA, cooperate with other HIF 
targets to promote angiogenesis by reducing levels of anti-proliferation proteins. One of 
these proteins is the anti-tumor protein Phosphatase and Tensin Homologue (PTEN) which 
we show is reduced in our VHL-null models. This reduction of PTEN activity may 
contribute to neoplasm formation. Chapter 6, we show that VHL interacts with the p53 
pathway, one of the most important tumor suppressor pathways, through a non-canonical 
interaction with Programmed Cell Death 5 (PDCD5), which in turn regulates mouse double 
minute 2 homolog (MDM2) one of the most important regulators of p53 activity. We show 
that loss of pVHL causes PDCD5 to translocate to the nucleus and degrade MDM2, leading 
to an accumulation of p53. However, despite the induction of pro-apoptotic p53, we show 
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that the lack of pVHL leads to an induction of anti-apoptotic signaling capable of causing 
the cells to survive, which may explain why p53 is rarely mutated in VHL-related cancer 
and why these cancers are difficult to treat with traditional chemotherapy. Finally, in 
Chapter 7, we examine another tumor suppressor protein, HUWE1. Like pVHL, this 
protein is also an E3 ubiquitin ligase with a large variety of targets that has anti-tumor 
activity. Here we identify HUWE1 as a novel promoter of the cilium and show that loss of 
HUWE1 leads to pathology with ciliopathy-like features in a zebrafish model. A general 
discussion of the findings of all the work in this thesis is presented in Chapter 8.
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ABSTRACT

The primary cilium is a highly conserved cell organelle that is closely connected to processes 
involved in cell patterning and replication. Amongst their many functions, cilia act as “signal 
towers” through which cell-cell signaling cascades pass. Dysfunction of cilia or the myriad 
processes that are connected with cilium function can lead to disease. Due to the sheer
number of cellular processes that at some point involve the primary cilium, the effects of 
misregulation are highly heterogeneous between different cell populations. However, 
because of the importance of primary cilia in the development, growth, patterning and 
orientation of cells and tissues, a common thread has emerged in which defective cilia can 
lead to disorganization, which can contribute to the growth of neoplasms, including cancer 
and pre-cancerous phenotypes. Because cilia are so vital for signaling during cell replication 
and the cell fate decisions that are important in childhood growth, symptoms often arise 
early in life. Here we review recent work connecting misregulation of the primary cilium 
with tumor formation in a variety of tissues in the developing body, with a particular focus 
on the syndromes in which classic tumor genes are mutated, including von Hippel-Lindau 
disease (OMIM 193300), adenomatous polyposis coli (OMIM 175100), tuberous sclerosis 
(OMIM 191100) and Birt-Hogg-Dub´e syndrome (OMIM 135150). Timely diagnosis of 
these syndromes is essential for entry into appropriate screening protocols,which have been 
shown to effectively prolong life expectancy in these cohorts of patients.

201702 Tim Klasson_binnenwerk.indd   30 07-02-17   15:49



CILIA & TUMOR PREDISPOSITION SYNDROMES

31

2

INTRODUCTION

The primary cilium, an antenna-like structure found on almost all mammalian cells, was 
once considered to be a mostly unimportant vestigial organelle but has now emerged as a 
vital player in a number of cellular processes. Cilia respond to physical and chemical signals 
to regulate critical signal transduction pathways; for example, cilia are both negative and 
positive regulators of the hedgehog pathway [1]. Many of these signaling pathways are 
crucial in proliferation and patterning of developing tissue. Because of their importance in 
growth and development at all levels, from single cells to tissue organization to the 
positioning of entire organs, misregulation of primary cilia is now widely acknowledged 
to be an important mechanism in the biology of developmental and degenerative disorders. 
Emerging data likewise indicates that cilia participate in tumorigenesis as well. Here we 
will focus on tumor types affecting children and the pathophysiology of inherited tumor 
syndromes implicated with cilia dysfunction.

The primary cilium is central to pleiotropic effects in growth and patterning of cells, tissues 
and organ-isms both through its involvement in a wide variety of cellular signaling and 
sensory pathways and by its direct involvement in cell division. In order to have proper 
ciliary function, a cell must be able to assemble, maintain, and then disassemble its primary 
cilium. Cells with malfunctioning cilia display varied phenotypes including the disruption 
of many signaling pathways, aberrations in the cell cycle and intracellular trafficking defects. 
A mutation which affects the structure or function of cilia can therefore lead to down-
stream changes in the phenotype of the cell population and even the tissue, including 
anomalies in cell polarization, cell fate determination, cell metabolism and cell division as 
well as an inability to properly respond to extracellular signals and changes in the internal 
environment such as DNA damage [2–4]. Because of this wide array of functions, many 
outcomes of ciliary dys-function are possible including the development of pathogenic 
phenotypes in humans as well as model organisms [5–7]. Diseases arising from 
misregulation of cilia formation, maintenance or disassembly, known collectively as 
ciliopathies, can be pathologically mild or so severe that they cause neonatal death. The 
ciliopathies include a number of inherited developmental disorders that are directly caused 
by, or involve, misregulation of cilia, as well as different tumor types, cancerous diseases 
and syndromes. In this context, some pediatric tumors, such as Wilms’ tumor of the kidney, 
can be viewed as a developmental disorder as it arises from mutations in survival and 
developmental pathways that cause these processes to be co-opted to provide survival 
strategies for tumor cells [8, 9]. Currently, the role of primary cilia in tumorigenesis and 
cancer-related processes is not well understood, but recent data indicate that cell cycle 
misregulation caused by defective cilia as well as associated signal-ing irregularities 
contributes to tumor formation [10, 11].
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THE PRIMARY CILIUM AND CELL CYCLE REGULATION

The essential biology of the primary cilium (which will not be covered by this review as it 
has already been well-reviewed elsewhere [1, 12–14]) links it inextricably to the cell cycle 
through the basal body. The cilium is formed during the stationary G0-phase of the cell 
cycle. Prior to cell division, the ciliary axoneme must be disassembled. The basal body then 
decouples from the plasma membrane to function as the centrosome anchoring the mitotic 
spindle. The centriole also forms the microtubule organizing center which nucleates the 
microtubule skeleton. Thus, proliferation and ciliation are mutually exclusive; a cell cannot 
divide and remain ciliated. This makes the disassembly of cilia a crucial checkpoint in the 
cell cycle (Figure 1). One might expect that in the absence of cilia, this checkpoint is 
abolished and a cell would divide at a higher rate. Indeed, loss of cilia increases tumor 
incidence in murine models of basal cell carcinoma and medulloblastoma, both of which 
will be discussed in greater detail below [15–18]. A number of efforts have been made to 
catalogue cilia presence in human cancers: pancreatic cancer, renal cell carcinoma (RCC), 
cholangiocarcinoma, melanoma, ovarian cancer, prostate cancer, and breast cancer. All of 
these neoplasms feature significantly fewer cilia [19–27]. In addition, a number of proteins 
that are closely related to ciliogenesis and ciliary function are also known to have direct 
roles in cell cycle control. For example, reduction of cellular levels of Ift88, an intraflagellar 

Figure 1. The presence of the primary cilium and cell replication are mutually exclusive. In G0-phase of the 
cell cycle, a fully formed cilium is present. As the cell progresses into G1-phase, the ciliary axoneme must 
be disassembled. The centrosome can then decouple from the plasma membrane allowing it to migrate into 
the cell where it will be replicated during S-phase. This process is required for normal mitotic spindle formation 
during mitosis. Mutations, which inhibit the construction of the ciliary axoneme or the coupling of the 
centrosome to the cell membrane may hypothetically promote replication by removing the need for 
deconstruction of the cilium before replication. Mutations affecting the centrosome itself may also interfere 
with proper mitotic spindle organization.
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transport protein required for the formation of the primary cilium, induces cell cycle 
progression in vitro. IFT88 mutations have been found in human postnatal lethal Meckel-
Gruber syndrome (OMIM 249000) patients. Hypomorphic mutations in have also been 
shown to cause a ciliopathy in mice [28]; orpk/Ift88 mutant mice also display epithelial cell 
hyperproliferation [21, 29, 30]. Interestingly, recent data suggest that modulation of 
retinoblastoma signaling, (responsible for entry into the S-phase of the cell cycle), by the 
von Hippel-Lindau tumor suppressor protein (pVHL) is related to overall survival in both 
sporadic and hereditary RCC [31]. Collectively, these data support the hypothesis that loss 
of cilia may promote cancer development in certain tissues. In particular, the localization 
of classic tumor suppressor proteins, typically mutated in familial tumor predisposition 
syndromes, to the cilium raises interesting questions concerning the relation between cilia 
and tumor development. For example, canonical tumor suppressor proteins such as pVHL, 
liver kinase B (LKB) 1, tuberous sclerosis (TSC) 1, TSC2 and adenomatous polyposis coli 
(APC) have been shown to localize to ciliary axonemes and/or basal bodies in ciliated cells 
[32]. Many of these proteins bind microtubules and thus have overlapping roles during 
interphase and mitosis. However, although many ciliopathies involve cell cycle defects, not 
all ciliopathies involve hyperplasia. Therefore, while the disassembly of cilia is required for 
cell proliferation, it will not always suffice to cause an increased rate of cell division on its 
own. While tumor formation frequently results from multiple germline and somatic 
mutations acquired over the course of many years, many ciliopathies are diagnosed in 
childhood. This may attribute to the absence of tumor prevalence in ciliopathy patients 
when diagnosed. Thus, while not all genetic mutations that cause a loss of ciliation will lead 
to cancer, many of them have the potential to cause, or at least contribute to, a proliferative 
phenotype, including cyst formation.

CILIOPATHY-RELATED RENAL CYSTS

Data collected on ciliopathies support the hypothesis that misregulation of cilia can be a 
cause of neoplasm formation. A common feature of kidney diseases associated with the loss 
of function of cilia-associated proteins is the development of multiple fluid-filled cysts along 
the renal nephron. These cysts develop in part due to misaligned centrosomes that cause 
misoriented cell division (Figure 2). Many ciliopathies share this feature, including autosomal 
dominant (AD) (OMIM#173900) or recessive polycystic kidney disease (OMIM#263200), 
Bardet-Biedl syndrome (OMIM#209900) and Joubert syndrome (OMIM#213300). These 
cysts progressively impair renal function leading to the development of end-stage renal 
disease [14, 33]. They stain positive for markers characteristic of altered proliferation, 
wingless-related integration site (Wnt) signaling or proliferation (e.g. nuclear b-catenin [34]) 
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but only rarely progress into renal tumors. Intriguingly, disorganization and improper 
regulation of the centrosome is also considered a hallmark of multiple cancer types [35], 
many of which also display neoplasm formation of this kind. Because the centrosome also 
functions as the basal body, many proteins that localize to the basal body and other parts of 
the cilium while the cell is ciliated in the G0-phase of the cell cycle contribute to the function 
and regulation of the centrosome during mitosis. For example, before cell division can occur, 
the mother centriole must duplicate itself to form the daughter centriole. This pair of 
centrioles is then used to form the spindle poles during mitosis (see previous section). The 
process of centriole duplication is controlled by the protein polo-like kinase 4 (PLK4) which 
localizes to the centrosome. Abnormal expression of PLK4 in some cancer types has been 
implicated in genomic instability that might contribute to tumor formation. Overexpression 
of PLK4 can cause extra centrioles to be produced, leading to malformed mitotic spindles 
and aneuploidy of daughter cells after division [36, 37]. The incidence of renal cysts in many 
syndromic ciliopathies and the incrimination of certain proteins which normally localize 
to the cilium and regulate or participate in cell division as assisting tumor growth when 
malfunctioning has led to the hypothesis that renal cysts found in ciliopathy patients are a 
pre-malignant stage and that renal cancers might develop from such cysts [38]. In some 
cases, such as in the case of the VHL gene, which is itself an oncogene due to its vital role in 
regulating hypoxia signaling, a mutation that causes cysts might also directly contribute to 
the development of cancer. In other cases, a second (or more) somatic mutations may be 
required in order to fully transform cells.

Figure 2. Cells dividing out of phase with the rest of the tissue can produce cysts. In this example, most of 
the renal cells are dividing in a similar direction (horizontal arrows). A mutation causes division to proceed 
out of the plane of the tissue, leading to a bulge. This bulge eventually becomes a renal cyst and widespread 
expression of this phenotype leads to a polycystic kidney. Cysts in other tissues can develop in a similar way.
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CILIA MISREGULATION AND TUMORIGENESIS

The natural course of any inherited tumor syndrome varies from individual to individual, 
with symptoms ranging from very mild to quite severe, occurring only when an 
independent somatic mutation inactivates the wild-type allele producing a cell with 
biallelic inactivation of the tumor suppressor in question [39]. At this point, the direct 
contribution of mutations which cause cilia dysfunction to tumorigenesis is incompletely 
understood and remains highly contentious. The connection between the primary cilium 
and the cell cycle, on the other hand, is both fundamental and undebatable. As mentioned 
above, cystic growths are a common symptom of ciliopathies and cyst development often 
occurs in hereditary cancer syndromes. In addition, some tumor types, a selection of 
which will be covered below, have also been shown to have reduced ciliary frequency, 
cilium function or signaling. However, cilia loss does not always correlate with 
tumorigenesis. Importantly, several studies on other tumor types, such as subsets of basal 
cell carcinoma and medulloblastoma, have indicated that in these tumors cilia are actually 
retained. As we dis-cuss in greater detail below, the oncogenic mutations in these tumors 
are driven by members of the hedge-hog signaling network, which is dependent on 
normal ciliary function to successfully generate downstream transcriptional activators 
and repressors [15, 16]. How-ever, as we have previously mentioned, in other subsets of 
these same tumor types with different genetic back-grounds, cilia act as tumor suppressors. 
The ability of the cilium to act as both a tumor suppressor and an oncogenic force in the 
same tissues and even among the same tumor types shows the context-specificity of the 
cellular response to the loss of proper ciliary functions. Given the heterogeneity of the 
proteins involved in ciliation, the true extent of the role of misregulation of cilia in 
tumorigenesis remains to be completely elucidated. Below we review some of the cancer 
syndromes and tumor types in which there is any data with regard to the role of the 
primary cilium and discuss the emerging importance of ciliary malfunction in hereditary 
cancer syndromes and precursor cell populations (Table 1).

VHL
VHL disease is a rare (1:36,000 incidence) genetic condition that predisposes patients to 
tumor formation in a variety of tissues. Typically, the first tumors observed in children or 
young adults are retinal hemangioblastomas, although cerebellar hemangioblastomas and 
pheochrocytomas have also been frequently reported in childhood and adolescence. RCCs 
occur in 70% of patients and represent the most common cause of mortality. Primary care 
physicians should refer any pediatric patient with a typical VHL tumor for genetic testing. 
RCCs occurring in individuals under the age of 45 yr are increasingly being referred for 
genetic testing as well because about 10% of them will carry germline VHL mutations and 
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require additional screening for other tumors. Clinical diagnosis can be made following 
standardized guidelines and involves the presence of two tumors in an affected individual 
or one tumor and a family history of VHL. VHL disease is caused by mutations in the VHL 
gene that encodes the pVHL tumor suppressor protein. VHL disease is inherited in an AD 
manner and the majority of patients (80%) have an affected parent. Molecular diagnosis 
via sequencing of the VHL gene is the preferred method as this will detect the disease 
causing mutation in >90% of patients [40].

Under physiological circumstances, pVHL is an E3 ubiquitin ligase, responsible for the 
regulation of HIF-alpha transcription factors that modulate the cell’s response to low oxygen 
levels in the body (hypoxia). In the absence of functional pVHL, pseudo-hypoxia signaling 
stabilizes HIF-alpha and causes aberrant induction of a wide variety of target genes, 
including pro-survival and vasoproliferative genes that contribute to tumor formation. In 
addition, the most common form of renal cancer, clear cell RCC (ccRCC), is always 
associated with mutations or loss of the VHL gene in humans [41]. For an in depth review 
of pVHL and HIF signaling in renal cancer, please see [42]. Both pVHL and HIF1-alpha 
have been shown to be required for the maintenance of ciliation in vitro [43–48].  
In addition, RCC tumors lacking functional pVHL display reduced ciliary frequency 
compared with neighboring tissues [20, 22]. pVHL localizes to cilia and interacts with the 
ciliary motor kinesin-2 [49, 50]. Although the loss of pVHL function is not sufficient to 
inhibit ciliogenesis, it does interfere with normal cilia dynamics and (mechano)-sensory 
roles [48, 51–53]. In vivo studies using inducible Cre-Lox deletion of Vhl, Gsk3β, Pten and 
Tp53 in renal tubules in mice furthermore indicate that the combined loss of Vhl and Gsk3β 

Table 1. 

Disease/
syndrome

Frequency Type of 
inheritance

Earliest 
manifestations

Clinical features

von Hippel-Lindau 
disease

1:36,000 Autosomal 
dominant

Retinal 
hemangioblastomas

Hemangioblastomas of the brain, spinal cord and 
retina, renal cell carcinomas, 
pheochromocytomas, neuroendocrine tumors, 
endolymphatic sac tumors, pancreatic, 
epididymal, broad ligament and renal cysts

Adenomatous 
polyposis 
coli- related 
disease

1:7,000–1:22,000 Autosomal 
dominant

Colonic polyps Colonic polyps, polyps in stomach and intestines, 
osteomas and dental anomalies, congenital 
hypertrophy of the retinal pigment epithelium, soft 
tissue tumors, desmoid tumors

Tuberous sclerosis 1:6,000 Autosomal 
dominant

Highly variable, skin 
lesions are the most 
common symptom

Hypomelanotic macules, facial angiofibromas, 
shagreen patches, fibrous facial plaques, ungual 
fibromas, angiomyolipomas, kidney cysts, renal 
cell carcinomas, rhabdomyomas, heart 
arrhythmias, lymphangioleiomyomatosis

Birt-Hogg-Dubé 
syndrome

1:200,000 Autosomal 
dominant

Fibrofolliculomas Fibrofolliculomas, trichodiscomas/angiofibromas, 
perifollicular fibromas and acrochordons, 
pulmonary cysts, pneumothorax, renal tumors
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or Pten or Tp53 (second site modifiers), but not any of these genetic lesions alone, results 
in a reduction of renal tubule ciliogenesis and facilitates kidney cyst development in the 
same manner as described above for ciliopathies [54–57] (Figure 3). However, mice with 
loss of Vhl and/or Gsk3β in their kidney epithelium do not develop renal tumors, indicating 
that, at least in mice, additional somatic mutations are necessary for tumor formation. In 
humans how-ever, deep sequencing of tumors has shown that VHL mutations or deletions 
are ubiquitous events in all surveyed incidences of ccRCC implying that, in contrast to 
mouse models, the loss of pVHL function in humans is a required event in the development 
of these renal tumors [41]. Another function of the pVHL protein is the regulation of 
microtubule stability, and the loss of VHL has been linked to chromosome segregation 
errors [53]. Thus, tumor formation could be induced by aneuploidy events independently 
of cyst formation. These results present the question of whether cilia loss is critical for renal 
tumorigenesis or if it is just one part of a larger process. Although there is a well-documented 
proliferation burst in the kidney upon loss of renal cilia, this localized proliferation is not 
necessarily associated with tumor formation. Polycystic kidney disease has been shown to 
be caused by ciliary defects but is not associated with tumor formation [58]. Additional 
signaling pathways are therefore likely to play a role in the transformation of a kidney cyst 
into a tumor. In the case of RCC, the absence of functional pVHL, the over-expression of 
survival and proliferative genes as well as the destabilization of microtubules and cilia, 
com-bine to contribute to tumor formation. Thus, ccRCC is a good example of the 
heterogeneity inherent in the function of many ciliary proteins and how the multiple roles 
of these proteins have complex implications on human diseases.

Figure 3.  Acetylated alpha-tubulin stained renal tissue sections. This staining highlights the cells in the walls 
of the renal tubules and their cilia. (A) Normal parenchyma. Note the organized tubules, regular presence of 
cilia and the expected lack of staining in the supportive tissue cells between tubules. A primary cilium is 
encircled. (B) Renal cell cancer parenchyma. Organized tubular structures are lost, staining is diffuse and 
randomized and noticeable cilia are not present. Note the enlarged alveolar-like appearance of the cells.
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APC
APC is a gene mutated in disease spectrum that share similar diagnoses and manifestations, 
including familial adenomatous polyposis, attenuated familial adenomatous polyposis, 
Gardner syndrome, and Turcot syndrome (OMIM 175100 for all). These conditions are 
characterized by the development of thousands of precancerous colonic polyps which can 
develop in patients as young as seven with an aver-age age of incidence at 16 yr. In addition, 
patients may develop osteomas and soft-tissue tumors (Gardner syn-drome) or tumors of 
the central nervous system (Turcot syndrome). For all APC-associated conditions, colon 
cancer is a certainty later in life without colectomy. All of these syndromes are caused by 
mutations in the APC gene and the differences in their symptoms are believed to be 
modulated by the particular pathogenic variant of mutation. Much like VHL syndrome, 
APC mutations are inherited in an AD manner and 80% of patients also have an affected 
parent. Molecular diagnosis can establish the basis of disease in upwards of 90% of cases 
by identifying the causal mutation. Clinical diagnosis is based on the presence of many 
(100+) colonic adenomatous polyps [59].
The APC protein is also the tumor suppressor protein most frequently mutated in sporadic 
colorectal cancer [57]. It acts upstream of pVHL [60] and, like pVHL, binds kinesin-2 and 
regulates microtubule [61–63] and chromosomal stability [64, 65]. Furthermore, 
inactivation of Apc in mouse kidneys results in renal cysts [66], suggesting a role for cilia 
regulation in neoplastic lesions occurring upon loss of APC. While the mechanisms leading 
to colorectal cancer are unlikely to be cilia-driven, particularly because under physiological 
conditions enterocytes continuously progress through the cell cycle and refrain from 
ciliogenesis, some of the syndromic extra-intestinal manifestations of APC inactivation can 
be attributed to ciliary malfunction, such as skin cysts, and congenital hypertrophy of the 
retinal pigmented epithelium observed in Gardner syndrome patients, which are clinically 
similar to symptoms occurring in classic ciliopathies [67].

TSC
TSC is a genetic disease associated with benign tumors in the brain, kidneys, heart, eyes, 
lungs, and skin with an incidence of 1:6,000. TSC usually affects the central nervous system 
and results in a combination of symptoms including seizures, developmental delay, 
behavioral problems, skin abnormalities, and kidney disease. Most tumors in TSC patients 
are not malignant; however, those that are malignant primarily affect the kidneys. Renal 
cysts and angiomyolipomas occur in >70% of TSC patients between the age of 15 and 30 
yr. Prenatal fetus ultrasounds can identify cardiac rhabdomyoma in the hearts of infants 
but these can also develop in young children with TSC as well. Beyond tumors, TSC patients 
can manifest seizures, mental retardation, behavior problems, and skin abnormalities. Many 
TSC patients are diagnosed in the first year of life, and infants with TSC may manifest 
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cardiac rhabdomyomas or seizures at birth. However, clinical features can be subtle initially, 
or take years to develop. Consequently, TSC can be unrecognized or misdiagnosed for 
years. Further complicating diagnosis, patients are typically the first in their family and 
bear de novo heterozygous germline mutations in either TSC1 or TSC2 genes, encoding 
harmarin and tuberin, respectively [68].

In contrast to VHL, loss of TSC1 or TSC2 in TSC patients increases cilia length in fibroblasts 
and the renal tubule [69–71]. Low nutrient levels are thought to increase cilia length to 
potentiate a delay in cell cycle progression and protect the cell from stress. Because TSC1 
and TSC2 are major regulators of energy sensing through the mammalian target of 
rapamycin/ribosomal protein S6 kinase (mTOR/S6) pathway, failure to activate this pathway 
in TSC could explain the increased cilia length [72]. Recent data also from leptin-deficient 
mice show that nutrient-sensing also regulates cilia length through Pten and Gsk3b [73]. In 
addition to cilia length, changes in mTOR signaling might contribute to tumorigenesis. The 
mTOR pathway is normally responsible for modulating the cellular response to stress. 
Activation of mTOR signaling leads to down-stream activation of genes that lead to cell 
survival, growth and a change in cellular metabolism so that the cell can survive in a low 
oxygen and low nutrient environment. Consequently, aberrant mTOR signaling has been 
implicated in tumorigenesis and research into mTOR inhibitors as therapeutic agents for 
the treatment of cancer is a crowded field [74]. Germline mutations in PTEN also contribute 
to increased pre-disposition of RCC in Cowden syndrome (OMIM # 158350) [75], although 
the cilia have not been examined in these patients. TSC patients are predisposed to develop 
benign renal angiomyolipoma but only demonstrate a slightly elevated lifetime risk for RCC; 
however, in cases where RCC does develop in TSC patients, the age of onset is 25 yr earlier 
in TSC patients as compared to the general population, at an average age of 28 yr [76, 77].

Birt-Hogg-Dubé syndrome (BHD)
BHD syndrome is an AD disease caused by mutations in the FLCN gene on chromosome 
17. BHD (incidence 1:200,000) predisposes individuals to RCC (characteristically 
chromophobe-oncocytoma hybrid tumors, although other subtypes can also occur), cystic 
disease of the kidney and lung, as well as benign tumors of the hair follicles in the skin, 
called fibro-folliculomas [78, 79]. Any combination of these three symptoms can occur, 
although fibrofolliculomas are the most common manifestation, found on the face and 
upper trunk in over 80% of people with BHD over the age of 40 yr, and can be very similar 
in appearance to skin tags. Most patients with BHD are not diagnosed until the second or 
third decade of life. Pulmonary cysts are also common and can contribute to collapsed 
lung/ pneumothorax. Molecular diagnosis by sequencing the FLCN gene detects mutation 
in 88% of the patients.
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The FLCN protein localizes to the centrosome during interphase and the mitotic spindle 
during mitosis and FLCN knockdown in healthy cells has been shown to delay ciliogenesis 
[80]. BHD patients as well as Flcn heterozygous mice develop renal cysts and neoplasms 
as well as aberrant activation of mTOR signaling associated with loss-of-heterozygosity 
[81]. As mentioned above, mTOR activation is believed to contribute to tumor growth, 
suggesting a classic tumor suppressor function for FLCN. In addition, FLCN mutations 
have been shown to lead to activation of the canonical Wnt signaling pathway [80]. The 
Wnt family of proteins comprise another fundamental signaling pathway which directs cell 
polarity and cell fate decisions [82]. Aberrant Wnt signaling has also been linked to cancer 
[83]. Collectively, these data suggest that FLCN has a role in the nutrient/energy-sensing 
pathway, similar to tumor suppressors TSC1, TSC2, PTEN and LKB1, and that mutations 
in FLCN probably cause tumorigenesis through the activation of pro-survival pathways.

Hedgehog signaling and medulloblastoma
The hedgehog signaling pathway is a particularly good example of the importance of the 
primary cilium in cell communication. The hedgehog gene was originally found in genetic 
experiments in Drosophila melanogaster where it was shown to have an effect on body 
patterning. The gene was eventually shown to code for a secreted protein that, once released 
by a cell, can control the patterning of neighboring cells. Over time, homologs in many 
other species were discovered, including the mammalian homologs Indian hedgehog, 
Desert hedgehog and Sonic hedge-hog (Shh). It is now known that the members of the 
hedgehog family of proteins are responsible for cell-cell communication in a diverse, but 
evolutionarily conserved, family of signaling cascades that control many types of tissue 
patterning, e.g. limb formation and midline structures in the brain, spinal cord and the 
thalamus. As an adjunct to their morphogenic function in development, hedgehog family 
proteins are also responsible for the maintenance of progenitor and stem cell populations 
in many adult tissues. For example, during brain development, Shh secreted by Purkinje 
cells in the cerebellum promotes the proliferation of granule cell precursors through the 
activation of proliferative genes like v-myc avian myelocytomatosis viral oncogene homolog 
(MYC). In the adult organ, hedge-hog signaling is required to maintain homeostasis of the 
local neural stem cell population. Its function as a regulator of proliferation has led to 
hedgehog signaling being implicated in a number of cancers including basal cell carcinomas 
as previously mentioned as well as rhabdomyosarcomas [84].
Both the developmental function and the homeostasis function of hedgehog signaling require 
the primary cilium. Hedgehog receptors are enriched in the ciliary membrane and proteins 
involved in the signaling cascade are found in or around the primary cilium. Secreted 
proteins must travel to the cilium in order to be modified before being released [85]. This 
means that mutations, which affect cilia function can affect hedgehog signaling without 
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directly interacting with the pathway. This fact has implications in both the mechanisms of 
diseases involving hedgehog, and possible treatments for these diseases.
One of the cell types whose homeostasis is con-trolled through the cilia and hedgehog 
signaling are the granule neuron precursor (GNP) cells, a cell population which can give 
rise to medulloblastoma. Although rare in adults, medulloblastoma is the most common 
type of malignant pediatric brain tumor, accounting for 12–25% of all childhood central 
nervous system tumors [86]. As mentioned above, Shh signaling controls the expansion of 
the GNP population. Shh signaling elements concentrate in the primary cilium and the 
cilium is required for proper Shh signaling. Mice that have had the cilia removed from their 
GNP population via conditional inactivation of the Kif3a gene, which encodes for a 
kinesin-2 subunit necessary for ciliation, show a drastic decrease in Shh signaling and a 
corresponding decrease in the proliferation of their GNPs, leading to improper brain 
development. Removing Smoothened (Smo), a gene encoding for an essential transducer 
of Shh, lead to the same mouse phenotypes [87]. Conversely, constitutive activation of the 
Shh pathway in these cells can lead to excessive proliferation and the formation of 
medulloblastoma. Mice with constitutively active Smo developed medulloblastoma by 
postnatal day 10 and Smo was found enriched in the primary cilium in these tumors. 
Intriguingly, by removing Kif3a or Ift88 and therefore blocking ciliogenesis, tumor 
formation due to excessive Smo signaling was completely blocked. On the other hand, 
overexpression of Gli2, a transcriptional activator downstream of Smo, did not predispose 
to medulloblastoma. In fact, tumors were not formed in this experiment until cilia were 
ablated [15]. Thus, cilia act as both promoters and repressors of tumorigenesis in the same 
signaling cascade. Although human medulloblastoma caused by activating mutations in 
SMO are rare and no tumors caused by activating GLI2 mutations along with another 
mutation leading to a loss of ciliation have ever been found, mutations in many genes that 
encode for proteins in the Shh signaling cascade and the related Wnt signaling pathways 
have been seen in tumors taken from patients with primary medulloblastomas [88]. 
Medulloblastomas taken from sporadic patients have also been observed to have patterns 
in their ciliation depending on their genetic background [15]. An examination of tumor 
cilia might therefore be a useful diagnostic tool used to determine the molecular basis of 
tumorigenesis in patients.

Tumors from undifferentiated embryonic tissue
An interesting pattern that has emerged in the study of hereditary cancer syndromes 
involving the primary cilia is the recurrence in many of these syndromes of tumors 
developing from undifferentiated embryonic tissue as well as precursor cell populations in 
early life. In addition to RCC, VHL patients develop characteristic tumors in two tissue 
types derived from embryonic mesonephric tissue: the broad ligament and epididymis [89]. 
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The angiomyolipomas that develop in the kidneys of TSC patients are partially derived 
from immature smooth muscle cells and the tumors in medulloblastoma are derived from 
a precursor cell population as mentioned above. In addition to syndromes already discussed, 
patients with mutations in the dynein arm assembly factor DNAAF1 develop tumors in the 
seminiferous vesicle early in life culminating in the accumulation of the testicular germ 
cell tumor subtype seminoma. DNAAF1 is found in the primary cilium of early germ cells 
and tumor sections taken from these patients show reduced ciliary frequency, implying a 
hypothetical role for DNAAF1 and the primary cilium in the normal growth and 
maintenance of the germ cell population [90]. In a study of 23 Wilms’ tumors, another type 
of pediatric kidney tumor that is partially derived from immature cells, only eight were 
found to be ciliated when examined with electron microscopy [91]. The fact that many 
tumors that are characterized by low cilia counts arise from undifferentiated or immature 
cell populations might imply that these cells are somehow more sensitive to tumorigenesis 
caused by misregulation of the primary cilium. Perhaps the tendency towards tumors in 
these cell types can be accounted for by their reliance on growth and tissue patterning 
pathways that require the presence of the cilium such as the Shh and Wnt signaling 
pathways.
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CONCLUSIONS AND FUTURE PERSPECTIVES

Although the role of ciliary dysfunction in tumorigenesis is far from clear at the moment, 
certain patterns in the data imply a common set of mechanisms by which tumors arise. It 
is still unclear if misregulation of cilia causes cell cycle progression or if cell cycle progression 
and the loss of cilia are related processes controlled by a common upstream factor. However, 
from the currently available data, we propose a hypothetical model of cilia-related 
tumorigenesis as follows: a mutation arises or is inherited which affects cilia directly or 
affects a pathway associated with cilium function. The loss of proper ciliary function 
contributes to increased proliferation based on both the direct relationship of the cilium 
with cell division and the absence of proper signaling that requires functional cilia. In some 
cases, this increase in proliferation may lead immediately to tumor formation depending 
on the sensitivity of the cell type to ciliary signaling, whether it is embryonic tissue, and 
the exact function of the mutated gene. In other cases, increased proliferation may lead 
only to benign growths, which may constitute an unstable pre-cancerous environment that 
predisposes the cells to further mutations that will result in tumor formation.

A significant amount of further research is needed before this hypothetical model can be 
validated. The study of cilia is still relatively young, and much more data remains to be 
gathered. In particular, examination of the primary cilium (% cells that are ciliated, ciliary 
length, structure) in many well-studied tumor types is still needed. Integrating our 
understanding of the primary cilium into our understanding of these diseases and vice 
versa will provide a much deeper understanding of the biology of both cancer and the 
cilium. Nevertheless, these results show the complexity and importance of the primary 
cilium as an organelle. To what extent cancer can be considered a ciliopathy remains to be 
seen but therapeutics which target the cilium have the potential to treat many different 
types of patients. Because of the intersection between cancer and ciliopathies, treatment 
modifications from both fields have the potential to effectively treat both types of patients. 
In addition, rare inherited tumor syndromes have a relatively large window for therapeutic 
intervention, although such treatment might have to be lifelong. Treatments which involve 
the cilium or ciliary signaling pathways are already being researched, including PTC124 
(ataluren) which can allow transcription of proteins despite premature stop codon mutations 
for the treatment of multiple diseases including Duchenne muscular dystrophy [92, 93]. 
There are also new possibilities for immunotherapy such as anti-PD-L1 therapy, which 
activates the immune system to more aggressively seek out cancer cells [94]. How-ever, 
immunotherapy may not be the best choice for the treatment of hereditary genetic 
syndromes such as the ones outlined above, given that this may cause a widespread immune 
response due to the potentially thousands of PD-L1-positive lesions in a single individual. 

201702 Tim Klasson_binnenwerk.indd   43 07-02-17   15:49



CHAPTER 2

44

Nevertheless, treatments like these show the exciting potential of the primary cilium as an 
avenue of future study into the treatment and mechanisms of cancer and other diseases.
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SUMMARY

Clinical Characteristics
Von Hippel-Lindau (VHL) syndrome is characterized by hemangioblastomas of the brain, 
spinal cord, and retina; renal cysts and clear cell renal cell carcinoma; pheochromocytoma, 
pancreatic cysts, and neuroendocrine tumors; endolymphatic sac tumors; and epididymal 
and broad ligament cysts. Cerebellar hemangioblastomas may be associated with headache, 
vomiting, gait disturbances, or ataxia. Spinal hemangioblastomas and related syrinx usually 
present with pain. Sensory and motor loss may develop with cord compression. Retinal 
hemangioblastomas may be the initial manifestation of VHL syndrome and can cause vision 
loss. Renal cell carcinoma occurs in about 70% of individuals with VHL and is the leading 
cause of mortality. Pheochromocytomas can be asymptomatic but may cause sustained or 
episodic hypertension. Pancreatic lesions often remain asymptomatic and rarely cause 
endocrine or exocrine insufficiency. Endolymphatic sac tumors can cause hearing loss of 
varying severity, which can be a presenting symptom. Cystadenomas of the epididymis are 
relatively common. They rarely cause problems, unless bilateral, in which case they may 
result in infertility.

Diagnosis/testing
The diagnosis of VHL is established in a proband who fulfills existing diagnostic clinical 
criteria. Identification of a heterozygous germline VHL pathogenic variant on molecular 
genetic testing establishes the diagnosis if clinical features are inconclusive.

Management
Treatment of manifestations: Intervention for most CNS lesions (remove brain and spinal 
lesions completely when large and/or symptomatic); treat retinal (but not optic nerve) 
angiomas prospectively; early surgery (nephron-sparing or partial nephrectomy when 
possible) for renal cell carcinoma; renal transplantation following bilateral nephrectomy; 
remove pheochromocytomas (partial adrenalectomy when possible); monitor pancreatic 
cysts and neuroendocrine tumors and consider removal of neuroendocrine tumors; 
consider surgical removal of endolymphatic sac tumors (particularly small tumors in order 
to preserve hearing and vestibular function); cystadenomas of the epididymis or broad 
ligament need treatment when symptomatic or threatening fertility.

Prevention of secondary complications: Early detection and removal of tumors to prevent/
minimize secondary deficits such as hearing loss, vision loss, neurologic symptoms, and 
the need for renal replacement therapy.
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Surveillance: For individuals with VHL syndrome, those with a VHL pathogenic variant, 
and at-risk relatives of unknown genetic status:
• Starting at age one year: Annual evaluation for neurologic symptoms, vision problems, 

and hearing disturbance; annual blood pressure monitoring; annual ophthalmology 
evaluation.

• Starting at age five years: Annual blood or urinary fractionated metanephrines; audiology 
assessment every two to three years; thin-slice MRI with contrast of the internal auditory 
canal in those with repeated ear infections.

• Starting at age 16 years: Annual abdominal ultrasound; MRI scan of the abdomen and 
MRI of the brain and total spine every two years.

Agents/circumstances to avoid: Tobacco products should be avoided since they are considered 
a risk factor for kidney cancer; chemicals and industrial toxins known to affect VHL-
involved organs should be avoided; contact sports should be avoided if adrenal or pancreatic 
lesions are present.

Evaluation of relatives at risk: If the pathogenic variant in a family is known, molecular 
genetic testing can be used to clarify the genetic status of at-risk family members to eliminate 
the need for surveillance of family members who have not inherited the pathogenic variant.

Pregnancy management: Intensified surveillance for cerebellar hemangioblastoma and 
pheochromocytoma during preconception and pregnancy; MRI without contrast of the 
cerebellum at four months’ gestation.

Genetic counseling
VHL syndrome is inherited in an autosomal dominant manner. Approximately 80% of 
individuals with VHL syndrome have an affected parent and about 20% have VHL syndrome 
as the result of a de novo pathogenic variant. Parental mosaicism has been described; the 
incidence is not known. The offspring of an individual with VHL syndrome are at a 50% 
risk of inheriting the VHL pathogenic variant. Prenatal testing for pregnancies at risk is 
possible if the pathogenic variant has been identified in a family member.
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DIAGNOSIS

Suggestive Findings
Von Hippel-Lindau syndrome should be suspected in individuals with or without a family 
history of VHL and:
• Retinal angioma, especially in a young patient
• Spinal or cerebellar hemangioblastoma
• Adrenal or extra-adrenal pheochromocytoma
• Renal cell carcinoma, if the patient is under age 47 years or has a personal or family 

history of any other tumor typical of VHL
• Multiple renal and pancreatic cysts
• Neuroendocrine tumors of the pancreas
• Endolymphatic sac tumors
• Less commonly, multiple papillary cystadenomas of the epididymis or broad ligament

Establishing the Diagnosis
The diagnosis of von Hippel-Lindau (VHL) syndrome is established in a proband with the 
following clinical features [Lonser et al 2003, Butman et al 2008, Maher et al 2011] and/or 
after the identification of a heterozygous germline VHL pathogenic variant on molecular 
genetic testing. Identification of a heterozygous germline VHL pathogenic variant on 
molecular genetic testing (Table 1) establishes the diagnosis and supports periodic follow 
up even if clinical and radiographic features are inconclusive. 
Various tests can be used to establish the diagnosis and determine the extent of the clinical 
manifestations (MRI of the brain and spinal cord, fundoscopy, ultrasound examination/
MRI of the abdomen, and blood/urinary catecholamine metabolites can be used to establish 
the clinical diagnosis). See Surveillance.

A simplex case (i.e., an individual with no known family history of VHL syndrome) 
presenting with two or more characteristic lesions:
• Two or more hemangioblastomas of the retina, spine, or brain or a single hemangio-

blastoma in association with a visceral manifestation (e.g., multiple kidney or pancreatic 
cysts)

• Renal cell carcinoma
• Adrenal or extra-adrenal pheochromocytomas
• Less commonly, endolymphatic sac tumors, papillary cystadenomas of the epididymis 

or broad ligament, or neuroendocrine tumors of the pancreas
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An individual with a positive family history of VHL syndrome in whom one or more of 
the following syndrome manifestations is present:
• Retinal angioma
• Spinal or cerebellar hemangioblastoma
• Adrenal or extra-adrenal pheochromocytoma o Renal cell carcinoma
• Multiple renal and pancreatic cysts
 Note: Other lesions characteristic of VHL are endolymphatic sac tumors (ELST) and 

pancreatic neuroendocrine tumors; however these are not typically used to make a 
clinical diagnosis of VHL. ELST presents as a mass on the posterior wall of the petrous 
part of the temporal bone and can be missed on standard MRI. MRI with contrast and 
high signal intensity with T1, using thin slices of the internal auditory canal is 
recommended in symptomatic individuals.

Molecular testing approaches can include single-gene testing, use of a multi-gene panel, 
and more comprehensive genomic testing.
• Single-gene testing. Sequence analysis of VHL is performed first followed by gene-

targeted deletion/duplication analysis if no pathogenic variant is found.
• A multi-gene panel that includes VHL and other genes of interest (see Differential 

Diagnosis) may also be considered. Note: The genes included and sensitivity of multi-
gene panels vary by laboratory and over time.

• More comprehensive genomic testing (when available) including whole-exome 
sequencing (WES), whole-genome sequencing (WGS), and whole mitochondrial 
sequencing (WMitoSeq) may be considered if serial single-gene testing (and/or use of 
a multi-gene panel) fails to confirm a diagnosis in an individual with features of VHL 
syndrome.

Table 1. Molecular Genetic Testing Used in von Hippel-Lindau Syndrome

Gene1 Test Method Proportion of Probands with a Pathogenic 
Variant2 Detectable by This Method

VHL Sequence analysis3 ~72%4

Gene-targeted deletion/duplication analysis5 ~28%4, 6

1.  See Table A. Genes and Databases for chromosome locus and protein.
2.  See Molecular Genetics for information on allelic variants detected in this gene.
3.  Sequence analysis detects variants that are benign, likely benign, of uncertain significance, 

likely pathogenic, or pathogenic. Pathogenic variants may include small intragenic 
deletions/insertions and missense, nonsense, and splice site variants; typically, exon or 
whole-gene deletions/duplications are not detected.

201702 Tim Klasson_binnenwerk.indd   53 07-02-17   15:49



CHAPTER 3

54

4.  Stolle et al [1998]
5.  Gene-targeted deletion/duplication analysis detects intragenic deletions or duplications. 

Methods that may be used include: quantitative PCR, long-range PCR, multiplex 
ligation-dependent probe amplification (MLPA), and a gene-targeted microarray 
designed to detect single-exon deletions or duplications.

6.  Hoebeeck et al [2005], Banks et al [2006]

Test characteristics. See [Decker et al 2014] for information on test characteristics including 
sensitivity and specificity.

CLINICAL CHARACTERISTICS

Clinical Description
Von Hippel-Lindau (VHL) syndrome is characterized by hemangioblastomas of the brain, 
spinal cord, and retina; renal cysts and renal cell carcinoma; pheochromocytoma and 
paraganglioma; pancreatic cysts and neuroendocrine tumors; endolymphatic sac tumors; 
and epididymal and broad ligament cysts. Some clustering of tumors occurs, resulting in 
the designation of specific VHL syndrome phenotypes. The manifestations and severity 
are highly variable both within and between families, even among those with the same 
pathogenic variant.

Hemangioblastomas
CNS hemangioblastoma is the prototypic lesion of VHL syndrome [Catapano et al 2005, 
Gläsker 2005]. Multiple CNS tumors, occurring either synchronously or metachronously, 
are common. Roughly 80% develop in the brain and 20% in the spinal cord. Peripheral 
nerve hemangiomas may develop rarely [Giannini et al 1998].
Hemangioblastomas oscillate between periods of growth and stability [Wanebo et al 2003] 
and are generally slow growing, but on occasion include rapidly enlarging cysts that produce 
hydrocephaly with papilledema. Some hemangioblastomas do not cause symptoms and 
are discovered only on imaging.
Central nervous system hemangioblastoma growth appears to be associated with male sex 
and partial germline deletions [Lonser et al 2014, Huntoon et al 2015]. Growth patterns of 
these lesions can be saltatory (72%), linear (6%), or exponential (22%). Increased growth 
was associated with male sex, symptomatic tumors and hemangioblastoma-associated cysts.
• Brain hemangioblastomas. Within the brain, the vast majority are infratentorial, mainly 

in the cerebellar hemispheres. The pituitary stalk is the most common site for the 
development of supratentorial hemangioblastomas in individuals with VHL syndrome 
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[Lonser et al 2009]. Clinical symptoms depend on the site of the tumor: with infratentorial 
tumors, headache, vomiting, and gait disturbances or ataxia predominate; with tumors 
above the tentorium, symptoms depend on the location of the lesion.

• Spinal hemangioblastomas are generally intradural, most commonly occur in the 
cervical or thoracic regions, and occasionally may involve the entire cord. Most 
symptom-producing spinal hemangioblastomas are associated with cysts/syringomyelia/
syrinx [Wanebo et al 2003]. Spinal hemangioblastomas usually present with pain; sensory 
and motor loss may develop with cord compression.

• Retinal hemangioblastoma. These retinal lesions, sometimes called retinal angiomas, are 
histologically identical to CNS hemangioblastomas. They may be the initial manifestations 
of VHL syndrome and may occur in childhood. About 70% of affected individuals are 
identified as having retinal angiomas [Webster et al 1999, Kreusel 2005] with mean age of 
detection about 25 years [Dollfus et al 2002]. The tumors are most often located in the 
temporal periphery of the retina with feeder and draining vessels going to and from the 
optic disc. However, they may develop in the posterior pole (1%) and optic disc (8%).

• Retinal hemangioblastomas may be asymptomatic and may be detected on routine 
ophthalmoscopy. Others present with a visual field defect or a loss of visual activity 
resulting from retinal detachment, exudation, or hemorrhage. Tests of retinal function 
may be abnormal even in the presence of quiescent retinal angiomas [Kreusel et al 2006]. 
While the number of retinal angiomas does not appear to increase with age, the 
probability of vision loss increases with age [Kreusel et al 2006].

Renal lesions
• Multiple renal cysts are common in VHL syndrome [Lonser et al 2003].
• Renal cell carcinoma (RCC), specifically of the clear cell subtype, developing either within 

a cyst or in the surrounding parenchyma, occurs in about 70% of affected individuals by 
age 60 years, and is a leading cause of mortality in VHL syndrome [Maher et al 1990, 
Maher et al 1991]. Pathogenic variants in VHL are the most common cause of familial 
and sporadic RCC. Overall survival for renal cell carcinoma in individuals with VHL is 
associated with tumor size (<3 cm or ≥3 cm) and patient age [Kwon et al 2014].

Pheochromocytoma may present with sustained or episodic hypertension or be totally 
asymptomatic, detected incidentally by an abdominal imaging procedure. 
Pheochromocytomas are usually located in one or both adrenal glands. They are usually 
benign, but malignant behavior has been reported [Chen et al 2001, Jimenez et al 2009].
Paragangliomas. Similar in etiology, paragangliomas can develop along the sympathetic 
axis in the abdomen or thorax [Schimke et al 1998, Boedeker et al 2014]; these tumors are 
mostly nonfunctional.
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Pancreatic lesions
• Pancreatic cysts. Most pancreatic lesions are simple cysts; however, while they can be 

numerous in individuals with VHL, they rarely cause endocrine or exocrine insufficiency. 
Occasionally, cysts in the head of the pancreas cause biliary obstruction.

• Neuroendocrine tumors. 5%-17% of individuals with VHL develop neuroendocrine 
tumors of the pancreas [Lonser et al 2003, Maher et al 2011]. They are not usually 
hormonally active and are slow growing, but malignant behavior has been observed, 
particularly in tumors greater than 3 cm [Marcos et al 2002, Corcos et al 2008].

Endolymphatic sac tumors are seen in approximately 10%-16% of individuals with VHL 
syndrome, and in some instances the associated uni- or bilateral hearing loss is the initial 
feature of the syndrome [Kim et al 2005, Binderup et al 2013b]. The onset of hearing loss 
is typically sudden; severity varies, but it is often severe to profound [Choo et al 2004, Kim 
et al 2005]. Vertigo or tinnitus is the presenting complaint. Symptoms do not appear to be 
related to tumor size. Large endolymphatic sac tumors can involve other cranial nerves. 
Endolymphatic sac tumors are rarely malignant [Muzumdar et al 2006].

Epididymal and broad ligament cystadenomas. Epididymal or papillary cystadenomas 
are relatively common in males with VHL syndrome. They rarely cause problems, unless 
bilateral, in which case they may result in infertility. The equivalent, much less common, 
lesion in women is a papillary cystadenoma of the broad ligament.

Genotype-Phenotype Correlations
Four general VHL syndrome phenotypes (type 1, type 2A, type 2B, type 2C) have been 
suggested based on the likelihood of pheochromocytoma or renal cell carcinoma. Many 
lines of research support the conclusion that the molecular etiology of pheochromocytomas 
appears to be distinct from other VHL lesions. Therefore, the most relevant genotype-
phenotype correlations rely mostly on scoring the presence/absence of pheochromocytomas 
associated with a given allele. The following discussion summarizes the genotype-phenotype 
studies published to date, with the cautionary note that further investigation is needed. 
Note: Patterns are not clear-cut, and genotype-phenotype correlations have no current 
diagnostic or therapeutic value and are used for academic purposes only.

VHL type 1. Retinal angioma, CNS hemangioblastoma, renal cell carcinoma, pancreatic 
cysts and neuroendocrine tumors.
VHL type 1 is characterized by a low risk for pheochromocytoma. Truncating or missense 
pathogenic variants that are predicted to grossly disrupt the folding of the VHL protein 
[Stebbins et al 1999] are associated with VHL type 1.
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VHL type 2. Pheochromocytoma, retinal angiomas and CNS hemangioblastoma.
VHL type 2 is characterized by a high risk for pheochromocytoma. Individuals with VHL 
type 2 commonly have a missense pathogenic variant. Some missense pathogenic variants 
appear to correlate with a specific type 2 VHL phenotype [Weirich et al 2002, Sansó et al 
2004, Abbott et al 2006, Knauth et al 2006]. (See also Molecular Genetics).

VHL type 2 is further subdivided:
• Type 2A. Pheochromocytoma, retinal angiomas and CNS hemangioblastoma; low risk 

for renal cell carcinoma
• Type 2B. Pheochromocytoma, retinal angioma, CNS hemangioblastomas, pancreatic 

cysts and neuroendocrine tumor with a high risk for renal carcinoma
• Type 2C. Risk for pheochromocytoma only

Several groups report a reduced risk for renal cell carcinoma in individuals with a deletion 
of VHL [Cybulski et al 2002, Maranchie et al 2004, McNeill et al 2009]. In particular, 
individuals with a complete or partial deletion that extends 5’ of VHL to include C3orf10 
have a significantly reduced risk of renal cell carcinoma [Maranchie et al 2004, McNeill et 
al 2009]. This genotype may constitute a distinct phenotype, VHL type 1B, characterized 
by a reduced risk for both renal cell carcinoma and pheochromocytoma.
Some individuals within families with apparent type 2C syndrome have developed 
hemangioblastomas [Neumann & Eng 2009].

Penetrance
VHL pathogenic variants are highly penetrant. Almost all individuals who have a pathogenic 
variant in VHL are symptomatic by age 65 years [Maher et al 1991].

Nomenclature
Obsolete terms for VHL syndrome include: angiophakomatosis retinae et cerebelli, familial 
cerebello-retinal angiomatosis, cerebelloretinal hemangioblastomatosis, Hippel disease, 
Hippel-Lindau syndrome, Lindau disease, and retinocerebellar angiomatosis [Molino et al 
2006].

Prevalence
The incidence of VHL syndrome is thought to be about one in 36,000 births with an 
estimated de novo mutation rate of 4.4x10-6 gametes per generation [Maher et al 1991].
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GENETICALLY RELATED (ALLELIC) DISORDERS

Familial erythrocytosis type 2 (ECYT2) (OMIM) is characterized by increased circulating 
red blood cell mass, increased serum levels of erythropoietin, and normal oxygen affinity. 
Familial erythrocytosis type 2 is caused by homozygous or compound heterozygous pathogenic 
variants in VHL. Although thrombosis and/or hemorrhage has occurred in many individuals 
with familial erythrocytosis type 2, no individuals with this disorder or their heterozygous 
relatives thus far described have developed VHL-related tumors [Gordeuk et al 2004].

Note: Congenital erythrocytosis is endemic in subpopulations worldwide; pathogenic 
variants in VHL are the most common cause of congenital erythrocytosis [Pastore et al 
2003]. In the Chuvash Republic of the Russian Federation, where this condition is endemic, 
Ang et al [2002] identified homozygosity for the VHL pathogenic variant p.Arg200Trp.

DIFFERENTIAL DIAGNOSIS

Isolated hemangioblastoma, retinal angioma, or clear cell renal cell carcinoma
The clinical sensitivity of molecular genetic testing of VHL makes it possible to effectively 
rule out von Hippel-Lindau (VHL) syndrome with a high degree of certainty in individuals 
with (1) isolated hemangioblastoma, retinal angioma, or clear cell renal cell carcinoma and 
(2) no detectable germline VHL pathogenic variant. Somatic mosaicism for a VHL 
pathogenic variant could still be considered in such individuals. A younger individual, 
especially one with multiple lesions, is more likely to have a germline VHL pathogenic 
variant than an older individual with a single lesion [Neumann et al 2002].

Pheochromocytoma
Approximately 25% of individuals with pheochromocytoma and no known family history 
of pheochromocytoma have a heterozygous pathogenic variant in one of several genes: 
RET, VHL, SDHD, SDHB, SDHA, SDHC, SDHAF2, TMEM127, or MAX. Germline VHL 
pathogenic variants are rare in simplex cases of unilateral pheochromocytoma (i.e., an 
affected individual with no family history of VHL syndrome), unless the individual is 
younger than age 20 years.
• Multiple endocrine neoplasia type 2 (MEN2). Individuals with MEN2A are at increased 

risk for medullary carcinoma of the thyroid, pheochromocytoma, and parathyroid 
adenoma or hyperplasia. Pheochromocytomas usually present after medullary thyroid 
cancer (MTC) or concomitantly; however, they are the first sign in 13%-27% of 
individuals with MEN2A [Inabnet et al 2000, Rodriguez et al 2008]. Features of MEN2B 
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include mucosal neuromas of the lips and tongue, distinctive facies with thick vermilion 
of the upper and lower lips, ganglioneuromatosis of the gastrointestinal tract, a 
‘marfanoid’ habitus, and an increased risk for MTC and pheochromocytoma. 
Pheochromocytomas occur in 50% of individuals with MEN2B; about half are multiple 
and often bilateral. A heterozygous pathogenic variant of RET is associated with MEN2.

• Hereditary paraganglioma-pheochromocytoma syndrome. Approximately 8.5% of 
individuals with apparently nonfamilial nonsyndromic pheochromocytoma have been 
shown to have a pathogenic variant in one of the genes (SDHD, SDHB, SDHA, SDHC, 
and SDHAF2) encoding the succinate dehydrogenase subunits that cause the hereditary 
paraganglioma-pheochromocytoma syndromes [Neumann et al 2002, Neumann et al 
2004]. Mutation of these genes is associated with familial paragangliomas, which are 
also known as extra-adrenal pheochromocytomas or glomus tumors [Baysal et al 2000, 
Astuti et al 2001]. Korpershoek et al [2011] found an SDHA germline pathogenic variant 
in 3% of individuals with apparently sporadic paragangliomas and pheochromocytomas. 
A MAX germline pathogenic variant is seen in approximately 1% of individuals with 
familial or nonfamilial pheochromocytoma [Burnichon et al 2012].

• TMEM127-associated susceptibility to pheochromocytoma (OMIM). Recent studies 
estimate that 1%-2% of individuals with familial or nonfamilial pheochromocytoma 
have a germline pathogenic variant in TMEM127 [Yao et al 2010, Abermil et al 2012]. 
A few individuals with a germline pathogenic variant in TMEM127 have paragangliomas 
of the head/neck or at extra-adrenal sites [Neumann et al 2011].

• Pheochromocytomas are observed on occasion in neurofibromatosis type 1 (NF1).

Renal cell carcinoma (RCC). Individuals with familial RCC should be examined for 
hereditary leiomyomatosis and renal cell cancer (HLRCC) and Birt-Hogg-Dubé (BHD) 
syndrome.
Endolymphatic sac tumors in VHL are often misdiagnosed as Menière disease.

MANAGEMENT

Evaluations Following Initial Diagnosis
To establish the extent of disease and needs in an individual diagnosed with von Hippel-
Lindau (VHL) syndrome, the following evaluations are recommended:
• Neurologic history and physical examination for evidence of CNS or peripheral nerve 

hemangioblastomatosis. A baseline brain and spine MRI is considered standard 
procedure.
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• Ophthalmologic evaluation for retinal hemangioblastomas
• Abdominal ultrasound examination after age 16 years. Suspicious lesions in the kidney, 

adrenal gland, or pancreas should be evaluated by more sophisticated techniques, such 
as CT scan or MRI.

• Blood pressure determination, supplemented by measurement of urinary catecholamine 
metabolites after age five years to evaluate for pheochromocytoma

• Audiologic evaluation for hearing loss associated with endolymphatic sac tumors
• Consultation with a clinical geneticist and/or genetic counselor

Treatment of Manifestations
No guidelines exist for the management of VHL lesions.

CNS hemangioblastoma
• Most central nervous system hemangioblastomas can be surgically removed completely 

and safely [Lonser et al 2003].
• Some advocate early surgical removal of both symptomatic and asymptomatic CNS 

lesions, while others follow asymptomatic lesions with yearly imaging studies.
• Surgical intervention of cysts/syrinx in the spinal cord is recommended.
• Preoperative arterial embolization may be indicated, especially for extensive spinal 

tumors.
• The position of stereotactic therapy is still questionable [Oldfield 2015]. Gamma knife 

surgery may be useful with small solid tumors or those in inoperable sites [Asthagiri et 
al 2010, Simone et al 2011]. While this technique may reduce the size of the solid tumor, 
it does not appear to prevent cyst formation. In a study with nearly six years of follow 
up of 40 hemangioblastomas in 20 patients treated with stereotactic therapy, no 
progression was described in 33% [Asthagiri et al 2010]. Similar results are found when 
analyzing the natural history of the hemangioblastomas (25%) [Lonser et al 2014]. The 
unpredictable growth pattern makes it difficult to determine when to start stereotactic 
therapy, to avoid unnecessary intervention. A recent study demonstrates a local tumor 
control with stereotactic therapy of 93% after three years, 89% after five years, and 79% 
after ten years [Kano et al 2015]. Factors associated with tumor control are solid, smaller, 
VHL-associated lesions and higher margin dose. Thirteen of the 186 (7%) experienced 
complications, 11 patients needed steroid therapy and one person died of refractory 
peritumoral edema. Two patients required additional surgery.

Retinal hemangioblastoma
• Most ophthalmologists favor prospective treatment of retinal (but not optic nerve) 

angiomas to avoid blindness, although spontaneous regression has occurred.
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• Therapeutic modalities used to treat retinal hemangioblastomas include diathermy, xenon, 
 laser, and cryocoagulation, with variable degrees of success depending on the location, 

size, and number of lesions. Recurrent tumors have been noted, even after many years, 
but some may be new tumors in the same general area rather than recurrent disease.

• External beam radiotherapy has been shown to be useful when standard therapy has 
not prevented progression [Raja et al 2004].

Renal cell carcinoma
• Early surgery is the best option for renal cell carcinoma, although close monitoring is 

recommended for lesions smaller than 3 cm. Depending on the size and location of the 
tumor, nephron-sparing or partial nephrectomy may be possible without compromising 
survival [Grubb et al 2005].

• Nephrectomy should leave the adrenal gland in situ, as is done in individuals with renal 
cell carcinoma who do not have a confirmed diagnosis of VHL. If contralateral 
pheochromocytoma occurs, the remaining adrenal gland will prevent or delay steroid 
replacement therapy.

• Cryoablation is being increasingly used for small lesions or in individuals who are likely 
to require multiple surgical procedures [Shingleton & Sewell 2002].

• Radio frequency ablation therapy is often applied to smaller tumors, particularly <3 cm 
[Best et al 2012]. However, smaller lesions treated with radio frequency ablation need 
frequent intervention [Joly et al 2011]. The major complication rate (need for a radiologic, 
surgical, or endoscopic intervention) for laparoscopic and percutaneous radio frequency 
ablation therapy was 7.3% and 4.3%, respectively [Young et al 2012].

• Renal transplantation has been successful in individuals in whom bilateral nephrectomy 
has been necessary. It is imperative to evaluate any living related potential donor for 
VHL syndrome and to exclude those found to have VHL syndrome.

Pheochromocytomas
• Pheochromocytomas should be surgically removed. Laparoscopic approaches have been 

shown to be effective.
• Preoperative treatment with alpha-adrenergic blockade, and optional additional beta-

adrenergic blockade for seven to ten days is appropriate even in individuals with no 
known hypertension.

• Partial adrenalectomy could be considered. One long-term follow-up study (9.25 years) 
of 36 affected individuals showed no metastatic disease; ipsilateral recurrence after partial 
adrenalectomy was seen in three individuals (11%) [Benhammou et al 2010].

• Partial adrenalectomy is also therapy of choice in children. In 10 VHL patients 18 
successful operations were performed. After follow up (median 7.2 years), 2 patients 
developed a new tumor in the ipsilateral adrenal gland [Volkin et al 2012].
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Pancreatic cysts and neuroendocrine tumors
• Pancreatic cysts are common, but rarely influence endocrine function and generally do 

not require surgical removal.
• Pancreatic neuroendocrine tumors need to be differentiated from cysts and serous 

cystadenomas. Pancreatic tumors are usually slow growing and are not hormonally 
active, although they can cause metastatic disease. Surgery should be considered when 
there is a high risk of metastases suggested by one of the following prognostic criteria 
[Blansfield et al 2007]:

 • A tumor of ≥3 cm
 • A pathogenic variant in exon 3
 • A tumor with a doubling rate <500 days

Endolymphatic sac tumors (ELST)
Consideration of surgical removal of these slow-growing tumors must include discussion 
of the possible complication of total deafness. Early intervention with small tumors has 
been shown to preserve both hearing and vestibular function [Kim et al 2005, Friedman 
et al 2013]. Friedman et al described two patients (2/18) with postoperative decreased facial 
nerve function and three (3/18) patients with recurrent ELSTs (with a mean follow up of 
67 months). Kim et al [2013] studied 31 patients with VHL with 33 resected ELSTs. Twenty-
nine patients were symptomatic. After surgery, hearing was stabilized or improved in 97% 
of individuals, and tumor resection was complete in 91%. Complications occurred in three 
tumors: cerebrospinal fluid leakage in two (6%) and transient lower cranial nerve palsy in 
one (3%).

Epididymal or broad ligament papillary cyst adenomas
These generally do not require surgery, unless they are symptomatic or are threatening 
fertility.

Prevention of Secondary Manifestations
Early detection through surveillance and removal of tumors may prevent or minimize 
deficits such as hearing loss, vision loss, neurologic symptoms, and the need for renal 
replacement therapy.

Surveillance
Individuals with known VHL syndrome, individuals without clinical manifestations but 
identified as having a VHL pathogenic variant, and first-degree relatives who have not 
undergone DNA-based testing need regular clinical monitoring by a physician or medical 
team familiar with the spectrum of VHL syndrome.
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• Annual evaluation starting at age one year for neurologic symptoms, vision problems 
or hearing disturbance

• Annual examination starting at age one year for signs of nystagmus, strabismus, or white 
pupils

• Annual blood pressure monitoring starting at age one year

Monitoring for complications is as follows:
• CNS lesions. MRI of the brain and total spine every two years starting at age 16 years. 

Attention should be given to the inner ear/petrous temporal bone (for ELST) and the 
posterior fossa.

• Visceral lesions. Annual abdominal ultrasound; MRI scan of the abdomen (kidney, 
pancreas and adrenal glands) every two years starting at age 16 years

• Retinal angiomas. Annual ophthalmology evaluation with indirect ophthalmoscope 
starting at age one year

• Pheochromocytoma. Annual blood or urinary fractionated metanephrines starting 
at age five years

• Endolymphatic sac tumors (ELST). The best way to detect ELST is unknown.
 •  ELST presents as a mass on the posterior wall of the petrous part of the temporal 

bone and can be missed on standard MRI. MRI with contrast and high signal 
intensity with T1 (to detect hydrops), using thin slices of the internal auditory canal 
is recommended in symptomatic individuals. Butman et al [2013] found that

 • FLAIR MRI is useful to find ELST-associated hydrops.
 •  Butman et al [2013] described three pathophysiologic ways in which ELST can cause 

symptoms: optic capsule invasion, hemorrhage, and endolymphatic hydrops. 
Symptoms can be caused by all three mechanisms and hemorrhage or hydrops can 
be present even without any lesion being visible on MRI (<3 mm).

 •  Audiology assessment every two to three years (annually if hearing loss, tinnitus, 
or vertigo is present) starting at age five years. Audiology can be used to detect 
(early) hearing loss. Binderup et al [2013b] described a male patient with 
demonstrable hearing loss by audiometric data whose ELST was only detectable 
with MRI more than one year later, after the patient already suffered from complete 
right-sided hearing loss. Results from a large study on audiometric data in 
individuals with VHL are pending.

While current medical surveillance guidelines do not address structured psychological 
support for individuals with VHL, their partners, and their family members, research 
suggests a distinct need for psychosocial support [Lammens et al 2010, Lammens et al 
2011b].
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Note: The surveillance guidelines established for VHL are not evidence based and rely on 
experiential reporting, largely from North America. Guidelines may vary somewhat 
depending on the local standard of care.

In the United States, the VHL Alliance has worked extensively with healthcare professionals 
to assemble guidelines which are generally accepted throughout the world [VHL 
Handbook]. Other guidelines originate from Denmark and the Netherlands. For example, 
Dutch guidelines recommend screening for ELST only on indication. In addition, 
examination by a primary care physician and assessment of metanephrine levels start at 
age ten years, while ophthalmologic examination begins at age five years.
Two recent studies evaluated tumor progression. In one study, new tumor development was 
compared to age and genotype [Binderup et al 2013b]. According to their results, surveillance 
for retinal angiomas is essential during teenage years and central nervous system 
hemangioblastomas is mainly important in adults. In the other study, the optimal lesion-
specific age to start surveillance and the optimal screening interval per organ system was 
analyzed [Kruizinga et al 2013]. The optimal time to start metanephrine measurements is 
age five years; retinal screening in patients with VHL can start at age 12 years. For central 
nervous system hemangioblastomas and visceral lesions, starting age was in line with current 
surveillance guidelines. Furthermore, to attain a 5% detection rate, surveillance intervals for 
retinal tumors can be twice as long, and for the adrenal gland, four times as long.
Improved surveillance guidelines have increased the life expectancy of individuals with 
VHL by more than 16 years since 1990 [Wilding et al 2012]. Two studies evaluated the 
implementation of national surveillance guidelines in Denmark and the Netherlands. One 
study showed that more than 90% of the 84 affected individuals included reported that they 
were familiar with their national VHL surveillance guidelines. However, daily practice 
showed that 64% of those individuals had received information that was only partially 
consistent with the Dutch guidelines [Lammens et al 2011a]. In a Danish study, compliance 
and frequency of follow up was surprisingly low with regard to the national VHL guidelines 
for individuals with VHL and subjects at risk [Bertelsen & Kosteljanetz 2011]. These studies 
collectively suggest that correct implementation of surveillance guidelines through a doctor- 
and patient-oriented information campaign could have an immediate positive impact for 
individuals with VHL.

Agents/Circumstances to Avoid
• Tobacco products should be avoided since they are considered a risk factor for kidney 

cancer.
• Chemicals and industrial toxins known to affect VHL involved organs should be avoided.
• Contact sports should be avoided if adrenal or pancreatic lesions are present.
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Evaluation of Relatives at Risk
Early recognition of manifestations of VHL syndrome may allow for timely intervention 
and improved outcome; thus, clinical surveillance of asymptomatic at-risk individuals 
(including children) for early manifestations of VHL syndrome is appropriate. The American 
Society of Clinical Oncology identifies VHL syndrome as a Group 1 disorder – a hereditary 
disease for which genetic testing is considered part of the standard management for at-risk 
family members [American Society of Clinical Oncology 2010] (full text).

If the VHL pathogenic variant in the family is known, molecular genetic testing can be 
used for early identification of at-risk family members to improve diagnostic certainty and 
reduce the need for screening procedures in those at-risk family members who have not 
inherited the pathogenic variant [Priesemann et al 2006].

If the VHL pathogenic variant in the family is not known and/or at-risk individuals 
decline genetic testing for religious or financial reasons, continued screening for VHL 
lesions is warranted (see Surveillance).
The use of molecular genetic testing for determining the genetic status of presumably at-
risk relatives when a family member with a clinical diagnosis of VHL syndrome is not 
available for testing is not straightforward. Such test results need to be interpreted with 
caution. A positive test result signals the presence of a VHL pathogenic variant in the at-risk 
family member and indicates that the same molecular genetic testing method can be used 
to assess the genetic status of other at-risk family members. However, a negative test for a 
VHL pathogenic variant under such circumstances suggests one of the following possibilities:
• The at-risk family member has not inherited a VHL pathogenic variant.
• The familial VHL pathogenic variant may not be detectable by the assays used.
• The clinical diagnosis of VHL syndrome in the affected family member is questionable.

In this situation, the presumably at-risk family member has a small, but finite, residual risk 
of having inherited a pathogenic allele (i.e., VHL syndrome or other hereditary disorder). 
In counseling such individuals, careful consideration should be given to the strength of the 
clinical diagnosis of VHL syndrome in the affected family member, the relationship of the 
at-risk individual to the affected family member, the perceived risk of an undetected VHL 
(or other gene) pathogenic variant, and the potential need for some form of continued 
clinical surveillance.

See Genetic Counseling for issues related to testing of at-risk relatives for genetic counseling 
purposes.
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Pregnancy Management
Recommended medical surveillance for pregnant women with VHL is still debated. 
Research by the French VHL Study Group showed a significantly higher complication rate 
of hemangioblastomas in individuals with VHL who had had at least one pregnancy [Abadie 
et al 2010]. Another study concluded that pregnancy has a significant influence on cerebellar 
hemangioblastoma growth and causes an overall high complication rate (17%) [Frantzen 
et al 2012]. Intensified surveillance could therefore be recommended in a specialized 
medical center during preconception care and pregnancy. Special attention should be paid 
to pheochromocytoma and cerebellar hemangioblastoma. In another study pregnancy was 
not related with the development of new hemangioblastomas or hemangioblastoma/cyst 
growth [Ye et al 2012]. Their data suggest no extra precautions need to be taken during 
gestation. The VHL Handbook recommends MRI of the cerebellum without contrast at 
four months’ gestation.

Therapies Under Investigation
Certain VHL pathogenic variants fail to downregulate HIFα, leading to overexpression of 
downstream effectors such as vascular endothelial growth factor (VEGF) which contribute 
to pathogenesis. Many experimental therapies target these misregulated signaling pathways. 
An intravitreal VEGF receptor inhibitor, ranibizumab, has been used with some success in 
individuals with retinal hemangioblastomas who have either failed local therapy or whose 
lesions are not amenable to local therapy [Wong et al 2008]. Intravitreal injections of 
bevacizumab, another VEGF inhibitor, have also been shown to be effective in treating 
retinal hemangioblastomas in patients with VHL [Hrisomalos et al 2010]. Stabilization of 
some (but not all) CNS hemangioblastomas has also been demonstrated [Madhusudan et 
al 2004].
A tyrosine kinase inhibitor that inhibits the action of growth factor receptors, sunitinib, 
has had some utility in the rare unresectable malignant pheochromocytomas, but simple 
surgical excision is clearly preferable for these usually benign tumors [Jimenez et al 2009]. 
Sunitinib has also been shown to effectively treat clear cell renal cell carcinomas – but not 
hemangioblastomas – in patients with VHL [Jonasch et al 2011].
Checkpoint inhibitors such as antibodies targeting PD-L1 have shown promise in managing 
tumor load; however, these treatments have unknown toxicity in patients with VHL, who 
will likely have dozens to thousands of small subclinical lesions present throughout their 
body. Sardi et al [2009] reported three-year stabilization of previously progressive multifocal 
spinal hemangioblastomas with thalidomide.
Gene replacement therapy and other curative treatment approaches are still in the early 
developmental phases. No such treatment for VHL currently exists, although it will be 
exciting to follow the example set by other monogenic diseases causing blindness. 
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Encouragingly, gene replacement therapy strategies have been used successfully for other 
diseases of the eye including Leber congenital amaurosis, retinitis pigmentosa, and Usher 
syndrome [Ashtari et al 2011, Trapani et al 2014, Deng et al 2015]. The medical and research 
communities are largely focused on ameliorating disease progression and on improvement 
of early detection methodology. Surgical techniques are rapidly improving and therapeutic 
options are broadening every year.
Premature termination codon 124 (PTC124), also known as ataluren, may benefit a subset 
of affected individuals in whom nonsense variants give rise to premature stop codons in 
the messenger RNA (mRNA) [Auld et al 2010]. There are three stop codons: UAA, UAG, 
and UGA. PTC124 promotes read-through of all three stop codons with different 
efficiencies. The highest read-through efficiency takes place at UGA, followed by UAG and 
then UAA. PTC124 has been successfully proven to promote read-through of nonsense 
variants in Duchenne muscular dystrophy (DMD), cystic fibrosis (CF), and Usher syndrome 
type 1C. Phase 1 and 2 clinical trials have shown no serious side-effects with PTC124 
treatment, even after long-term use [Wilschanski et al 2011]. Preclinical investigation of 
PTC124 effects on VHL is ongoing.

Aminoglycosides such as gentamicin promote read-through of premature stop codons 
when they are supplied in high concentrations, but they have serious side effects.
Search ClinicalTrials.gov for access to information on clinical studies for a wide range of 
diseases and conditions.

GENETIC COUNSELING

Genetic counseling is the process of providing individuals and families with information on 
the nature, inheritance, and implications of genetic disorders to help them make informed 
medical and personal decisions. The following section deals with genetic risk assessment and 
the use of family history and genetic testing to clarify genetic status for family members. This 
section is not meant to address all personal, cultural, or ethical issues that individuals may 
face or to substitute for consultation with a genetics professional. —ED.

Mode of Inheritance
Von Hippel-Lindau (VHL) syndrome is inherited in an autosomal dominant manner.

Risk to Family Members
Parents of a proband
• About 80% of individuals diagnosed with VHL syndrome have an affected parent.
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• A proband with VHL syndrome may have the disorder as the result of de novo VHL 
pathogenic variant. The proportion of individuals with VHL syndrome due to a de novo 
pathogenic variant is about 20%.

• If the pathogenic variant found in the proband cannot be detected in leukocyte DNA of 
either parent, two possible explanations are germline mosaicism in a parent or de novo 
mutaiton in the proband. The incidence of germline mosaicism is as of yet unknown.

• However, some results suggest that mosaicism contributes more to VHL syndrome than 
is currently thought. Next-generation sequencing, with its improved sensitivity, will 
increase detection of mosaicism in VHL [Wu et al 2013, Coppin et al 2014].

• Molecular genetic testing is recommended for the parents of a proband with an apparent 
de novo pathogenic variant. If the VHL pathogenic variant in the proband is not known, 
ophthalmologic screening and abdominal ultrasound evaluation, at a minimum, should 
be offered to both parents.

• The family history of some individuals diagnosed with VHL syndrome may appear to 
be negative because of failure to recognize the disorder in family members, reduced 
penetrance, early death of the parent before the onset of symptoms, or late onset of the 
syndrome in the affected parent. Therefore, an apparently negative family history cannot 
be confirmed unless molecular genetic testing has been performed on the parents of the 
proband.

Note: If the parent is the individual in whom the pathogenic variant first occurred, (s)he 
may have somatic mosaicism for the pathogenic variant and may be mildly/minimally 
affected.

Sibs of a proband
• The risk to the sibs of the proband depends on the genetic status of the proband’s parents.
• If a parent of the proband is affected and/or has the VHL pathogenic variant, the risk to 

the sibs of inheriting the variant is 50%.
• If the parents are clinically unaffected and are at least 35 years old, the risk to the sibs of 

a proband appears to be low.
• The sibs of a proband with clinically unaffected parents are still at increased risk for VHL 

syndrome because of the possibility of failure to recognize the disorder or late onset of 
the syndrome in an affected parent.

• If the VHL pathogenic variant found in the proband cannot be detected in the leukocyte 
DNA of either parent, the risk to sibs is low but greater than that of the general population 
because of the possibility of germline mosaicism.

• Mosaicism has been described; the incidence is not known [Murgia et al 2000, Sgambati 
et al 2000, Santarpia et al 2007, Wu et al 2013, Coppin et al 2014].
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Offspring of a proband. Each child of an individual with VHL syndrome is at a 50% risk 
of inheriting the VHL pathogenic variant; the degree of clinical severity is not predictable.

Other family members
• The risk to other family members depends on the status of the proband’s parents.
• If a parent is affected, his or her family members may be at risk.

Related Genetic Counseling Issues
See Management, Evaluation of Relatives at Risk for information on evaluating at-risk 
relatives for the purpose of early diagnosis and treatment.

Genetic cancer risk assessment and counseling. For a comprehensive description of the 
medical, psychosocial, and ethical ramifications of identifying at-risk individuals through 
cancer risk assessment with or without molecular genetic testing, see Cancer Genetics Risk 
Assessment and Counseling – for health professionals (part of PDQ®, National Cancer 
Institute).

Testing of at-risk asymptomatic family members. Molecular genetic testing of at-risk 
family members is appropriate in order to determine the need for continued clinical 
surveillance. Interpretation of molecular genetic test results is most accurate when a 
germline VHL pathogenic variant has been identified in an affected family member (see 
Evaluation of Relatives at Risk).
Because early detection of at-risk individuals affects medical management, testing of 
asymptomatic individuals during childhood is beneficial [Hes et al 2001, Lonser et al 2003, 
Binderup et al 2013a, VHL Handbook]. As ophthalmologic screening for those at risk for 
VHL syndrome begins as early as possible, certainly before age five years, molecular genetic 
testing may be considered in young children. Molecular genetic testing may be performed 
earlier if the results would alter the medical management of the child.
Parents often want to know the genetic status of their children prior to initiating screening 
in order to avoid unnecessary procedures in a child who has not inherited the pathogenic 
variant. Special consideration should be given to education of the children and their parents 
prior to genetic testing. A plan should be established for the manner in which results are 
to be given to the parents and their children. The authors recommend the VHL handbook 
for children by the VHL Alliance [VHL Handbook - Kids’ Edition].

Other issues to consider. It is recommended that physicians ordering VHL molecular 
genetic testing and individuals considering undergoing testing understand the risks, 
benefits, and limitations of the testing prior to sending a sample to a laboratory. A study 
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demonstrated that for almost one third of individuals assessed for familial adenomatous 
polyposis, an autosomal dominant colon cancer disease, the physician misinterpreted the 
test results [Giardiello et al 1997]. Referral to a genetic counselor and/or a center in which 
testing is routinely offered is recommended.

Considerations in families with an apparent de novo pathogenic variant. When neither 
parent of a proband has VHL syndrome and/or has the VHL pathogenic variant, the VHL 
pathogenic variant is likely de novo. However, possible non-medical explanations including 
alternate paternity or maternity (e.g., with assisted reproduction) or undisclosed adoption 
could also be explored.

Family planning
• The optimal time for determination of genetic risk and discussion of the availability of 

prenatal testing is before pregnancy.
• It is appropriate to offer genetic counseling (including discussion of potential risks to 

offspring and reproductive options) to young adults who are affected or at risk.
• Preconception considerations include possible male infertility due to cysts of the 

epididymis.

DNA banking is the storage of DNA (typically extracted from white blood cells) for possible 
future use. Because it is likely that testing methodology and our understanding of genes, 
allelic variants, and diseases will improve in the future, consideration should be given to 
banking DNA of affected individuals.

Prenatal Testing and Preimplantation Genetic Diagnosis
Once the VHL pathogenic variant has been identified in an affected family member, prenatal 
testing and preimplantation genetic diagnosis (PGD) for a pregnancy at increased risk for 
VHL syndrome are possible options. PGD has been successfully used in pregnancies at risk 
for VHL syndrome [Rechitsky et al 2002, Simpson et al 2005].
Differences in perspective may exist among medical professionals and in families regarding 
the use of prenatal testing, particularly if the testing is being considered for the purpose of 
pregnancy termination rather than early diagnosis. Although most centers would consider 
decisions about prenatal testing to be the choice of the parents, discussion of these issues 
is appropriate.
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MOLECULAR GENETICS

Information in the Molecular Genetics and OMIM tables may differ from that elsewhere in 
the GeneReview: tables may contain more recent information. —ED.

Table A. Von Hippel-Lindau Syndrome: Genes and Databases

Gene Chromosome Locus Protein HGMD

VHL 3p25 .3 Von Hippel-Lindau disease tumor suppressor

Data are compiled from the following standard references: gene from HGNC; chromosome 
locus, locus name, critical region, complementation group from OMIM; protein from UniProt. 

Table B.

193300 VON HIPPEL-LINDAU SYNDROME; VHL

608537 VHL GENE; VHL

Gene structure
VHL, which comprises three exons spanning about 10 kb of genomic DNA, is highly 
conserved among worms, flies, rodents, zebrafish, and humans [Kaelin 2002, Gossage et al 
2015]. An mRNA about 4.5 kb in size is almost ubiquitously expressed and encodes proteins 
of 213 and 159 amino acid residues. The latter isoform is the major product in most tissues 
and results from initiation of translation from an internal methionine codon at position 
54. Both protein isoforms appear to be functional. For a detailed summary of gene and 
protein information, see Table A, Gene.

Pathogenic allelic variants
More than 500 germline pathogenic variants have been identified in families with von 
Hippel-Lindau (VHL) syndrome (see Table A) [Nordstrom-O’Brien et al 2010]. They consist 
of partial- and whole-gene deletions and frameshift, nonsense, missense, and splice site 
variants. Single nucleotide variants have been identified in all three exons. Codon 167 is 
considered a mutational “hot spot.”
Nordstrom-O’Brien et al [2010] describes detailed phenotype and pathogenic variant 
information for 945 families with VHL. The spectrum of pathogenic variants found: 52% 
missense, 13% frameshift, 11% nonsense, 6% in-frame deletions/insertions, 11% large/
complete deletions, and 7% splice site variants. In families whose described phenotype 
includes pheochromocytoma, 83.5% had a pathogenic missense variant. Families without 
pheochromocytoma had 6.6% more pathogenic truncating variants than pathogenic 
missense variants.
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Normal gene product
Von Hippel-Lindau syndrome tumor suppressor (pVHL) has been implicated in a variety 
of functions including transcriptional regulation, post-transcriptional gene expression, 
apoptosis, extracellular matrix formation, and ubiquitinylation [Kaelin 2007, Roberts & 
Ohh 2008]. The role of pVHL in the regulation of hypoxia-inducible genes through the 
targeted ubiquitinylation and degradation of HIF1α has been described, leading to a model 
of how disruption of VHL results in renal cell carcinoma, hemangioblastoma, and the 
production of other highly vascularized tumors.
Normal pVHL binds to elongin C, which forms a complex with elongin B and cullin-2 
(encoded by TCEB2 and CUL2, respectively), and Rbx1 (see Figure 1). This complex 
resembles the SCF ubiquitin ligase or E3 complex in yeast that catalyzes the 
polyubiquitinylation of specific proteins and targets them for degradation by proteasomes. 
Under normoxic conditions, HIF1α is hydroxylated at one of two specific proline residues, 
catalyzed by a member of the EglN family of prolyl hydroxylase enzymes.
The VHL protein then binds to hydroxylated HIF1α and targets it for degradation. Under 
hypoxic conditions, HIF1α is not hydroxylated, pVHL does not bind, and HIF1α subunits 
accumulate. HIF1α forms heterodimers with HIF1β and activates transcription of a variety 
of hypoxia-inducible genes (i.e., VEGF, EPO, TGFα, PDGFβ). Likewise, when pVHL is 
absent or mutated, HIF1α subunits accumulate, resulting in cell proliferation and the 
neovascularization of tumors characteristic of VHL syndrome [Gossage et al 2015].

Abnormal gene product
Pathogenic variants in VHL either prevent its expression (i.e., deletions, frameshifts, nonsense 
variants, and splice site variants) or lead to the expression of an abnormal protein (i.e., 
pathogenic missense variants). The type of VHL that results from a pathogenic missense 
variant depends on its effect on the three-dimensional structure of the protein [Stebbins et 
al 1999]. Pathogenic variants in VHL cause misfolding and subsequent chaperonin-mediated 
breakdown [Feldman et al 2003]. Pathogenic missense variants that destabilize packing of 
the alpha-helical domains, decrease the stability of the alpha-beta domain interface, interfere 
with binding of elongin C and HIF1α, or disrupt hydrophobic core residues result in loss of 
HIF regulation and are more likely to result in VHL type 1. Pathogenic missense variants 
that result in pVHL that is normal with respect to HIF regulation are more likely to be 
associated with VHL type 2 (see Genotype-Phenotype Correlations).
Pathogenic missense variants that lead to pheochromocytoma with a low (or no) risk for 
RCC (types 2A and 2C) may encode a VHL protein that retains the ability to ubiquinate 
(and thereby downregulate) HIF1α in the presence of molecular oxygen to a greater degree 
than pathogenic variants that result in VHL syndrome with pheochromocytoma and RCC 
(type 2B). Furthermore, mutant pVHL may predispose to pheochromocytoma by altering 
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the balance among a group of proteins in a molecular pathway that controls apoptosis of 
sympatho-adrenal precursor cells during development. Such cells may be at increased risk 
of developing into pheochromocytomas at a later stage [Lee et al 2005, Kaelin 2007].

Cancer and benign tumors
Acquired somatic pathogenic variants in VHL may give rise to sporadic VHL-type tumors 
(i.e., clear cell RCC and hemangioblastoma) [Iliopoulos 2001, Kim & Kaelin 2004] without 
other associated tumors characteristic of the hereditary syndrome.
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Figure 1. Schematic view of pVHL and HIF
A. Normoxia in a normal cell; HIF binds to pVHL. B. Hypoxia in a normal cell; HIF does not bind to pVHL.
C. Cell with VHL pathogenic variant; HIF cannot bind to pVHL, therefore the cell acts as if there is constant 
hypoxia.
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ABSTRACT

The most common form of kidney cancer is clear cell renal cell carcinoma (ccRCC). Current 
treatment strategies focus on reducing pathophysiologic angiogenesis which accompanies 
ccRCC to reduce tumor burden and slow cancer progression. Although the drugs used for 
ccRCC such as first-line treatments sunitinib or pazopanib are initially effective, patients 
invariably display resistance to individual therapies after a period of successful treatment. 
One possible method for reducing resistance is to use combination therapy instead of serial 
monotherapies. By attacking multiple aspects of angiogenesis at once, combination therapy 
can reduce the risk of resistance while maintaining effectiveness and keeping drug 
concentration, and therefore toxicity, low. However, testing the effectiveness of combination 
therapy is difficult in traditional mammalian models. Here we use a vhl-/- zebrafish model 
of pathophysiological angiogenesis alongside a human-derived co-culture in vitro model 
to assess the effectiveness of combination therapy in combatting angiogenesis. Using a 
proof-of-principle combination of vascular endothelial growth factor receptor tyrosine 
kinase inhibitor cediranib and endothelin receptor antagonist zibotentan, we show that 
combination therapy is a feasible drug treatment modality and, in addition, zebrafish along 
with in vitro models are attractive systems to test therapies in a more high-throughput 
manner than traditional drug-testing models.

Abbreviations
ccRCC = clear cell Renal Cell Carcinoma
VEGF = Vascular Endothelial Growth Factor
VEGFR = Vascular Endothelial Growth Factor Receptor
TKI = Tyrosine Kinase Inhibitor
ET = Endothelin
HUVEC = Human Umbilical Vein Endothelial Cell
ISV = Intersomitic Vessel
DMSO = Dimethyl Sulfoxide   
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INTRODUCTION

Angiogenesis, the post-development growth of new blood vessels from existing vasculature, 
is required for cancer progression of solid tumors. One angiogenesis pathway frequently 
found upregulated in cancer is the Vascular Endothelial Growth Factor (VEGF) pathway. 
The VEGF family of factors are key promoters of angiogenesis whose expression is regulated 
by the von Hippel-Lindau (VHL) tumor suppressor which is the most commonly mutated 
gene in clear cell renal cell carcinoma (ccRCC). VEGF factors bind to two receptor tyrosine 
kinases (VEGFRs), specifically VEGF Receptor 1 (also known as Flt-1) and VEGF receptor 
2 (also called Flk-1), which are found on endothelial cells. The binding of a VEGF factor 
to a VEGFR promotes VEGFR dimerization and tyrosine phosphorylation causing priming 
of the endothelium for angiogenesis and activation of downstream effector pathways 
including the Raf-Mek-Erk and PI3K-Akt pathways, two key cellular signaling systems that 
promote cell survival, mitogenesis and chemotaxis [1]. VEGF signaling is frequently found 
upregulated in cancer –through loss of VHL or other mechanisms- because of its pro-
angiogenic effects, which are hijacked to deliver nutrients and oxygen to the growing tumor, 
in a process commonly referred to as the “angiogenic switch” [2]. VEGFR tyrosine kinase 
inhibitors (TKIs) are a class of drugs designed to take advantage of this treatment strategy 
by blocking the phosphorylation of tyrosines at the signaling end of VEGFRs and thereby 
reducing the ability of tumor cells to promote aberrant angiogenesis. Before 2007, when 
the first anti-angiogenesis drugs were approved for ccRCC, two-year survival for patients 
with late-stage ccRCC was less than 20%. After these treatments began being commonly 
prescribed, two-year survival improved to over 50%, demonstrating the effectiveness of 
anti-angiogenesis as a treatment strategy. Despite improved progression-free survival and 
evidence of overall survival benefits [3], VEGFR TKIs are associated with serious toxicities, 
including hypertension, cardiac cell death, cutaneous reactions, proteinuria, and impaired 
wound healing as well as hemorrhagic, hepatotoxicity and thromboembolic events. 
Moreover, almost all patients treated with VEGFR TKIs will eventually display insensitivity 
to their treatment and their cancer will begin to progress again [4]. The possible value of 
drug treatment sequencing and the potential of drug re-challenge is an ongoing discussion, 
with many sources agreeing that combination therapy may be the best chance for long-term 
benefit to the patient. Indeed, the first combination therapy using an mTOR inhibitor with 
a VEGFR TKI has recently been FDA-approved for ccRCC [5].
Endothelins (ETs) are a group of signaling molecules which play a related role in the 
complex cellular signaling networks that control angiogenesis. Endothelin binding to its 
receptors promotes the activity of a wide variety of downstream pathways including the 
Raf-Mek-Erk and the cAMP-PKA-mTOR pathways. Endothelin’s most well characterized 
role is in promoting vasoconstriction. Endothelin binds one of two receptors, ETA or ETB. 
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Binding of ET to ETA has a potent vasoconstrictive effect, while binding of ET to ETB 
receptors produces a vasodilative effect by promoting the release of nitric oxide and other 
relaxing factors. Endothelin signaling plays an important role in mediating the blood 
pressure of the body [6]. In addition to its vital regulatory role in vascular homeostasis, ET 
signaling leads to the modulation of apoptosis and chemoresistance, cell growth and 
migration, neovascularization and angiogenesis as well as epithelial to mesenchymal 
transition [7]. Excessive ET signaling has also been implicated in tumorigenesis and 
inhibitors have been tested as anti-cancer drugs in a few cancers, including colorectal [8] 
and prostate cancer [9, 10]. Unlike VEGFR TKIs, endothelin antagonists are not regularly 
used in cancer treatment although one exploratory study in metastatic RCC patients 
indicates that combination therapy using the ET receptor antagonist atrasantan with 
interferon-α may provide a survival benefit over interferon-α alone [11]. However, 
interferon-α is no longer given as first- or second-line treatment for renal cell carcinoma. 
There is also recent evidence that endothelin signaling is involved in the side-effects patients 
experience while on other angiogenesis inhibitors [12]. More research into the 
antiangiogenic potential of endothelin inhibitors in cancer patients is therefore warranted. 
Currently, combination therapy for ccRCC is under-researched due to the fact that it can 
be difficult to optimize, especially because there are no preclinical ccRCC murine models 
available for drug testing. We have previously described a zebrafish model of VHL deficiency 
with quantifiable pathophysiological angiogenesis which responds to VEGFR TKI sunitinib 
[13]. This zebrafish model is -to the best of our knowledge- the only genetic animal model 
that manifests aberrant angiogenic sprouting with leaky vessels and allows fast, easy, and 
high-throughput screening of chemicals. This model allows us to test different therapies 
and quantify their effects on angiogenesis in a relevant in vivo environment. Here, we assess 
the effects of combination therapy of a VEGFR TKI, cediranib (also known as AZD2171), 
in combination with zibotentan (also known as ZD4054), a drug which inhibits the binding 
of ET to the ET receptor ETA, on vhl-/- zebrafish (Figure 1B). Our results show that 
combination therapy decreases angiogenesis significantly at concentrations at which no 
toxicity is observed and where no significant effect is observed for either treatment alone. 
Further testing in an in vitro co-culture of human umbilical vein endothelial cells (HUVECs) 
with human pericytes to model human angiogenesis recapitulates this effect in vitro. We 
conclude that combination therapy may be a more effective alternative than treatment with 
individual drugs and show that zebrafish can be used alongside in vitro assays as a powerful 
model for developing anti-angiogenesis therapies in vivo and in higher throughput than in 
mammalian models.
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METHODS

Danio rerio (Zebrafish) lines
vhl mutant lines possessing the previously described [14] mutant vhl allele vhlhu2117 were 
used for this study. We have crossed these zebrafish to vhlhu2117 zebrafish with Tg(kdrl:GFP) 
to visualize the vasculature of the developing zebrafish [15]. Mutant vhl embryos were 
phenotyped according to previously established guidelines [13]. All embryos were 
confirmed by genotyping. For all drug experiments, embryos were treated at 3 days post-
fertilization (dpf) because zebrafish vasculogenesis is complete at this time, ensuring that 
the drugs did not interfere with normal developmental process. Experiments were 
conducted in accordance with Dutch guidelines for the care and use of laboratory animals, 
with the approval of the Animal Experimentation Committee (DEC) of the Royal 
Netherlands Academy of Arts and Sciences (KNAW). 

Zebrafish drug treatments 
Stock solutions of both drugs (cediranib Cat# S1017 and zibotentan Cat# S1456, both from 
Seleckchem, 9330 Kirby Drive, STE 200, Houston, TX 77054 USA) were prepared by 
dissolving in dimethylsulfoxide (DMSO) and stored at -20 °C. The dose concentration range 
for zibotentan tested was 100, 40, 20, 10 and 5 nM, while the range for cediranib was 400, 
200, 100, 50, 10 and 1 nM. A DMSO control group was also tested. Embryos were selected 
at 3 dpf phenotypically and placed into E3 medium containing the drug. Each drug 
concentration was administered to 4 phenotypically wild-type and 6 phenotypically mutant 
embryos per experiment (n=5). At 5 dpf embryos were examined for any anatomical or 
behavioral deficiencies. Based on our observations, the maximal non-toxic doses of 
cediranib and zibotentan were set at 20nM and 200nM, respectively.

In order to perform the angiogenesis assay, zebrafish embryos were treated with 20nM 
zibotentan and 200nM cediranib in the combination therapy group, or 20nM zibotentan 
or 200nM cediranib in each monotherapy group. A DMSO control group was also included 
(all groups received the same total volume of DMSO), along with an untreated control 
group and a small group of untreated sibling embryos for comparison. Embryos were 
selected based on phenotype at 3dpf. 10 mutant embryos were included in each experimental 
group and 5 untreated siblings were included in each experiment (n=5). Embryos were 
imaged by confocal microscope z-stacks without bias (blinded) and then genotyped before 
angiogenic sprouting was quantified. 
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Confocal imaging of zebrafish intersomitic blood vessels
Embryos were imaged with the 20x objective on a LSM700 confocal laser scanning 
microscope (Carl Zeiss AG, Carl-Zeiss-Straße 22, 73447 Oberkochen, Germany) at 5 dpf 
to examine the tail vasculature. Embryos were anesthetized with MS222 (final concentration 
0.17 mg/ml) before imaging. Z-stacks were made of the zebrafish tail centered on the cloaca 
(Fig. 2), and sprouts from 10-12 vessels were counted per embryo. Zebrafish were then 
euthanized and collected for genotyping (see below). Z-stacks were converted into 
maximum-intensity projections using Zeiss Zen software to facilitate scoring.

Genotyping vhl zebrafish embryos
Collected vhl mutant zebrafish were genotyped by Sanger sequencing using the following 
primers: Forward: 5’- TAA GGG CTT AGC GCA TGT TC. Reverse: 5’-CGA GTT AAA 
CGC GTA GAT AG. Sequences were read using Chromas software (Technelysium Pty Ltd, 
Unit 701, 8 Cordelia St, South Brisbane QLD 4101, Australia) and examined for mutations 
described previously [16]. 

Scoring and statistical analysis
After genotyping, z-stacks of confirmed mutant embryo tails were scored for sprouting. 
Between 10-12 intersomitic blood vessels (ISVs) were counted per image using Image J. 
The total number of sprouts visible was then divided by the number of ISVs present in the 
image to produce an average number of sprouts per ISV. The mean ISV for each treatment 
group was calculated and compared by ANOVA using Graphpad Prism 6 (GraphPad 
Software, Inc. 7825 Fay Avenue, Suite 230, La Jolla, CA 92037 USA) Data are presented as 
mean ± SEM. P-values where p<0.05 are considered significant and represented with *. 

In vitro co-culture angiogenesis assay
HUVECs (Lonza Group Ltd, Muenchensteinerstrasse 38, CH-4002 Basel, Switzerland) and 
Human Brain Vascular Pericytes (Cat#1200, Sciencell, 6076 Corte Del Cedro, 
Carlsbad, CA USA 92011) were cultured on gelatin-coated plates in EGM2 medium (Lonza 
Cat# cc-3156) and DMEM (10% FCS; Lonza), respectively, in 5% CO2 at 37˚C. Lentiviral 
transfected HUVECs expressing green fluorescent protein (GFP) and pericytes expressing 
red fluorescent protein (RFP) were used between passage 6-8. HUVECs were transfected 
with siRNA at 100nM final concentration using DharmaFECT 1 transfection reagent (cat# 
T-2001, 2650 Crescent Dr, Lafayette, CO USA 80026). The following siRNAs were used: 
ON-TARGETplus non-targeting control pool (Cat# D-001810-10, Dharmacon) and si-
human VHL silencer select pre-designed siRNA (Dharmacon, Cat# 4392420). Transfected 
HUVEC-GFP and Pericytes-dsRed were suspended in a 2 mg/ml collagen type I (BD 
Biosciences) as described by Stratman et al [17]. Co-cultures were imaged after 48h and 
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120h incubation in 5% CO2 at 37˚C by fluorescence microscopy, followed by analysis using 
a commercial analysis system (Angiosys, Caltag Medsystems Ltd. Whiteleaf Business Centre 
11 Little Balmer Buckingham UK MK18 1TF). Maximal non-toxic dosages were determined 
to be 200 nM zibotentan and 1nM cediranib based on toxicity and drug response. The co-
culture experiment was performed in the same experimental groups as the zebrafish: DMSO 
control, untreated control, cediranib and zibotentan monotherapies and the combination 
therapy group. These treatments were performed on both siCtrl-treated and siVHL-treated 
co-cultures. Each experimental condition was performed in duplicate except for the 
untreated control group, which was performed in quadruplicate. Statistics were performed 
using Graphpad Prism 6 software.

RESULTS

Zebrafish ISV sprouting assay
vhl-/- mutant zebrafish do not exhibit a vasculogenesis defect, but do manifest a marked 
increase in the number of blood vessels throughout the embryo [13]. Zooming in on the 
trunk of vhl-/- embryos, we observe aberrant but specific angiogenic sprouting which 
mainly eminates from the intersomitic vessels (ISVs). ISV sprouting is quantifiable as an 
in vivo assay for angiogenesis; aberrant sprouts are most prominent on the dorsal half of 
the embryo which are never observed in wild-type siblings (Figure 1A, Supplemental Figure 
1). To address the hypothesis whether combination treatment of cedinranib and zibotentan 
might be effective as anti-angiogenic therapy (Figure 1B), we first tested the maximal non-
toxic dose of cediranib and zibotentan separately in zebrafish embryos in a dose-response 
experiment. For all drug experiments, embryos were treated at 3 days post-fertilization 
(dpf) because zebrafish vasculogenesis is complete at this time, ensuring that the drugs did 
not interfere with normal developmental process. Zibotentan (100, 40, 20, 10 and 5 nM) 
or cediranib (400, 200, 100, 50, 10 and 1 nM) was administered to four phenotypically 
wild-type and 6 phenotypically mutant embryos per experiment (n=5). A DMSO control 
group was also tested for each concentration. At 5 dpf embryos were examined for any 
anatomical or behavioral deficiencies. The maximal non-toxic doses of cediranib and 
zibotentan were set at 20nM and 200nM, respectively, and no evident abnormalities were 
externally observed in the DMSO control group or when cediniranib (200nM) and 
zibotentan (20nM) were given together (not shown).
We next asked whether these concentrations of cediniranib (200nM) and zibotentan (20nM) 
had an effect on ISV sprouting in vhl-/- mutant embryos, either individually or in 
combination, as compared to DMSO treated controls. Images of embryos from an in-cross 
of vhl+/- adult fish with a Tg(kdrl:GFP) were taken without prior knowledge of the offspring 
genotype (blinded), and then euthanized and subjected to genotyping. Sprouts were counted 
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on each ISV fully visible in a z-stack of images centered on the cloaca of the zebrafish 
embryo (Figure 2A). Whereas neither cediniranib (200nM) and zibotentan (20nM) 
significantly decreased sprouting, combination therapy did significantly decrease the 
aberrant angiogenic sprouting in the vhl mutant embryos, (Figure 2B). Of note, none of 
the conditions affected the development of the parachordal vessel or vertebral artery which 
also happens in the 3-5 dpf time window. 

Figure 1. VHL deficiency causes excessive angiogenic sprouting. A: vhl -/- zebrafish embryos (lower 
image) display a visible phenotype which can be used to sort embryos without initial genotyping. Note bent 
body axis, edema, swim bladder deficiency (white asterisk), reduced pigmentation, an enlarged heart with 
visible polycythemia (arrows). The dashed box indicates the area of the zebrafish embryos which is imaged 
for angiogenesis assays (right insert, shows fluorescent image of GFP-labelled kdrl endothelial cell marker, 
Tg(kdrl:GFP). A representative z-stack maximum projection of this area is also shown. White arrowheads 
denote sprouts counted during the assay, but is not comprehensive for clarity’s sake. Embryos are 5dpf, 
magnification is 10x, embryo anterior and ventral is to the left in image. B: schematic diagram representing 
the downstream effects of endothelin (ET-1), vascular endothelial growth factor (VEGF), and hypoxia-inducible 
factor (HIF) signaling. The diagram also indicates the inhibitory effects of Zibotentan and Cediranib used in 
this study on the endothelin A receptor (ETA) and vascular endothelial growth factor (VEGF) receptor (VEGFR), 
respectively (shaded), as well as the von Hippel-Lindau tumor suppressor protein (pVHL). 
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Figure 2. Combination therapy reduces pathophysiological angiogenesis in a Danio rerio (zebrafish) 
model of VHL deficiency. A: Representative images of vhl-/- zebrafish embryo tails (as shown in Fig. 1A) 
in each treatment group used for quantification of angiogenesis. B: Quantification of sprouting in the zebrafish 
angiogenesis assay. Untreated siblings (n=7; phenotypically normal vhl+/- or +/+) are included for reference, 
all other groups are vhl-/- mutants. The effect of combination therapy (n=12) is significantly different from 
DMSO treated mutant embryos (n=10; p<0.0001). Neither cediranib monotherapy (n=8; p=0.152) nor 
zibotentan monotherapy (n=9; p=0.115) significantly reduced sprouting. This experiment was repeated 4 
times with 10 phenotypically mutant embryos in each treatment group and 5 untreated phenotypically wild-
type sibling fish. The resulting images were scored for sprouting and then pooled based on genotype. 
Significance was determined by one-way ANOVA with Sidak’s multiple comparison’s test. Data is presented 
as mean+S.E.M. Embryos are all 5dpf, anterior and ventral is to the right in all images.
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In vitro co-culture angiogenesis assay
To further investigate the effect these drugs have individually and in combination on 
vascular growth, we performed an in vitro neovascularization assay using human umbilical 
vascular endothelial cells (HUVECa) and pericytes in a co-culture assay (Figure 3A). To 
this end, we reduced endogenous levels of VHL in HUVEC cells by siRNA (siVHL or 
siControl) transfection (Supplemental Figure 2A) and co-cultured with pericytes, and 
measured the length and number of of tubules formed, as well as the propensity the tubules 
had to spout (junctions). We observed that siVHL significantly increased the number of 
junctions, sprouting events, and the length of the tubules (Figure 3B) in the co-culture 
assay. With this phenotype as a readout, we then treated siVHL or siControl co-cultures 
with either cediranib, zibotentan or a combination of both. A new dose-response curve 
had to be established for this assay, and we determined that cediranib (1nM) and zibotentan 
(200nM), were the highest tolerable concentrations not toxic to the cells. We observed that, 
similar to the zebrafish in vivo assay, combination therapy is more effective at reducing the 
number of junctions, the number of tubules and the total tubule length than either 
monotherapy at the same concentrations (Figure 3C). Cediranib also significantly reduced 
the total tubule length at the same concentration as the combination therapy (Figure 3C). 
The effect of the two drugs was determined to be additive by two-way ANOVA (data not 
shown). Cediranib had a greater effect than zibotentan, as can be seen by the significant 
effect on total tubule length, especially at higher concentrations (Supplemental Figure 2B). 
Maximal non-toxic zibotentan concentration was also much higher in the co-culture assay 
than in the zebrafish, while the effective cediranib concentration was much lower. These 
differences are probably due to underlying biological differences between the two models. 
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Figure 3. Cediranib and Zibotentan combination therapy reduces angiogenic sprouting in an in vitro 
co-culture model A: Representative images of selected conditions from co-culture of human vascular 
endothelial cells (HUVECs) with pericytes used for scoring after 5 days of co-culture. Note increased sprouting 
after treatment with siVHL (Supplemental Figure 2A) and reduced sprouting after treatment with combination 
therapy. N=2, in triplicate. B: Quantification of increase in number of junctions (p=0.015), number of tubules 
(p=0.002) and total tubule length (p=0.002) after treatment with siRNA against VHL. All changes were 
mathematically significant by student’s T-Test (p<0.05). N=3, in triplicate. C: Quantification of the results of 
the co-culture angiogenesis assay. Numbers of junctions was significantly reduced by combination therapy 
(p=0.01) but not by cediranib (p=0.135) or zibotentan (p=0.0325) monotherapy. Number of tubules was 
similarly reduced significantly by combination therapy (p=0.002) but not by cediranib (p=0.066) or zibotentan 
(p=0.194) monotherapy. Total tubule length is significantly affected by both cediranib monotherapy (p=0.029) 
and combination therapy (p=0.001), although the effect of combination therapy is stronger. Zibotentan 
monotherapy did not significantly reduce total tubule length (p=0.115). n=6 for each monotherapy combination 
therapy, while n=12 for untreated controls. This experiment was repeated 3 times. Each condition was 
performed in duplicate except for untreated control which was performed in quadruplicate. Significance was 
determined by student’s t-test using the Bonferroni correction for multiple comparisons. Data is presented as 
mean+S.E.M. Cedi, cediranib treatment; zibo, zibotentan; c-z; cediranib and zibotentan combination (DMSO 
concentrations equal in all conditions).
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DISCUSSION

Here we present two complementary models, one in vitro and one in vivo, in which the 
underlying biological efficacy of combination therapy can be tested for regulation of 
pathophysiological angiogenesis. We show that combination therapy can be effective in 
reducing angiogenesis at drug concentrations at which monotherapy has no effect and there 
is no evident increase in toxicity from combination therapy. The fish model is excellent for 
an in vivo screen for potent new combinatorial treatments, and is amenable to treatment 
matrices with different drugs. Exploring combination therapy read-out may be also relevant 
because patients may not develop resistance at the same rate as monotherapies because of 
the multiple overlapping concomitant drug strategies, although more research is needed 
to confirm this hypothesis. Unfortunately, our models are unsuitable to address the question 
of resistance. In addition, the co-culture model and the zebrafish model reacted differently 
in some ways to the drugs, especially zibotentan. The lower efficiency of zibotentan in the 
in vitro co-culture model is probably due to the underlying biology of endothelin signaling. 
Endothelin signaling involves feedback loops between the endothelial cells present in the 
assay and vascular smooth muscle cells, which are not included in the co-culture assay, but 
are present in the zebrafish, underscoring the value of in vivo modelling. Future versions 
of this co-culture drug assay could also include vascular smooth muscle cells in order to 
more accurately represent the in vivo action of processes such as endothelin signaling. 
However, the two models we have presented have the potential to be scaled up to allow for 
high-throughput screening of different combination therapies, which is not feasible in 
traditional mammalian models. This allows us to screen for promising combinations which 
can then be validated in other models for use in patients. 
In addition to the suite of VEGFR TKIs available for first- or second-line systemic therapy 
for metastatic ccRCC, several other therapies have been tried with varying levels of success 
in ccRCC patients. Inhibitors of the mammalian target of rapamycin (mTOR) signaling 
pathway, such as everolimus, have been used to treat ccRCC [18-20]. Unlike more specific 
tyrosine kinase inhibitors, there is evidence that combination therapy combining lenvatinib 
with everolimus gives better results than everolimus alone and can improve outcomes even 
in patients who already display resistance to VEGFR TKI therapy, although more study is 
needed [21]. Cabozantinib is another inhibitor of tyrosine kinases including the MET 
pathway in addition to the VEGFR pathway. The recent METEOR phase-III trial showed 
its superiority in progression-free survival over everolimus in patients who have displayed 
progression of the disease after VEGFR tyrosine-kinase inhibitor treatment [22]. There is 
also evidence that immune system modulating treatments may be highly effective, especially 
as part of combination therapy [23]. The emerging evidence that different types of 
combination therapy may be effective for treating kidney cancer underlines its promise as 
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a treatment strategy while the previous failure of mTOR and VEGF inhibitor combination 
therapy after lengthy and expensive research emphasizes the need for a more convenient 
and powerful models to assess the feasibility of such treatments. 
Here we have shown that zebrafish represent a promising model for this type of drug testing. 
Unlike typical mammalian models, such as mice, zebrafish are comparatively easy to 
genetically manipulate, develop rapidly and outside the body of the parent animal. Because 
of these features, development of phenotypes can be observed easily in a short period of 
time without any loss of adult animals. Zebrafish are lower vertebrates but despite this fact 
they possess many of the same genes and pathways as humans. This makes zebrafish models 
a convenient and powerful system for testing drugs, especially for testing new ways of using 
drugs which have already been approved for phase I trials [24]. Because the toxicity of these 
drugs is already known in humans, zebrafish can be used to quickly assess the feasibility 
of new treatment modalities, such as combination therapies, in order to quickly progress 
them to phase II. In this case, we have shown that zebrafish can be used to model 
pathophysiological angiogenesis caused by the same genetic dysfunction which causes the 
same phenotype in humans. By combining this zebrafish model with an in vitro model we 
can test the feasibility of different treatment regimens in comparatively less time. The in 
vitro model allows us to provide physiologically relevant human context to our in vivo 
zebrafish results. Different patients may have different responses to different drugs in a 
wide variety of combinations and sequences. Therefore, a large amount of data is needed 
to quickly assess the viability of different regimens before further work on personalized 
medicine is initiated. Higher throughput models, such as those used in this study, can 
provide the data necessary to tailor treatments to patients and lead to the development of 
treatments with improved outcomes. 
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SUPPLEMENTAL

Supplemental Figure 1. vhl-/- mutant zebrafish embryos display an increased angiogenic response compared 
to phenotypically normal vhl+/- or +/+ clutch siblings. A: Confocal analysis of the trunk vasculature in 
Tg(kdrl:gfp) embryos at 5dpf, anterior and ventral are to the right in these images. B: Quantification of the 
sprouts from the intersomitic vessels. n=8 animals per condition, *p<0.001, error bars show SEM. 

201702 Tim Klasson_binnenwerk.indd   96 07-02-17   15:49



PRE-CLINICAL VHL MUTANT MODELS FOR COMBINATION THERAPY 

97

4

Supplemental Figure 2. Quantification of remaining data from the co-culture assay A: Effect of different 
concentrations of the two drugs on angiogenesis. B: Effect of the drug treatments on DMSO treated control 
cells treated with siCtrl. Cedi, cediranib treatment; zibo, zibotentan; c-z; cediranib and zibotentan combination. 
DMSO levels were identical in all experimental conditions. 
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ABSTRACT 

Objective
Clear cell renal cell carcinoma (ccRCC) is the most common form of sporadic and inherited 
kidney cancer, both of which are highly associated with biallelic mutations in the von 
Hippel-Lindau (VHL) tumor suppressor gene and an activated PI3k-AKT pathway. Although 
upregulation of the miR-212/132 and disturbed VHL signaling have both been linked with 
pathogenic angiogenesis, no evidence of a possible connection between the two has yet 
been made. 

Approach and Results
We show that miRNA132/212 levels are increased after loss of functional pVHL, the protein 
product of the VHL gene, in vivo and in vitro. We also show that PTEN levels are 
downregulated in models lacking endogenous VHL or after VHL knockdown in wild-type 
cells, at least partially due to the action of miRNA132/212. Furthermore, we show that 
blocking miRNA132/212 with anti-miRs can significantly alleviate the excessive vascular 
branching phenotype characteristic of vhl-/- mutant zebrafish. Moreover, using human 
umbilical vascular endothelial cells (HUVECs) and an endothelial cell/pericyte  coculture 
system, we observed that VHL knockdown promotes endothelial cells’ neovascularization 
capacity in vitro, an effect which can be inhibited by  anti-miR-212/132 treatment.

Conclusions
Taken together, our results demonstrate an important role for miRNA132/212 in 
angiogenesis induced by loss of VHL and suggest an interesting opportunity for 
pharmaceutical intervention using an inhibitor of miR-212/132 to inhibit tumor growth 
for ccRCC patients.

Abbreviations
ccRCC Clear cell renal cell carcinoma
VHL von Hippel-Lindau
pVHL The protein product of the von Hippel-Lindau gene
HIF Hypoxia-Inducible Factor
CREB cAMP response element binding protein
PTEN phosphatase and tensin Homologue
dpf days post fertilization
HUVEC human umbilical vascular endothelial cells
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INTRODUCTION

Clear cell renal cell carcinoma (ccRCC), the most common form of sporadic and inherited 
kidney cancer, is highly associated with mutations in the von Hippel-Lindau (VHL) gene. 
[1, 2] The protein product of the VHL gene (pVHL) is an E3 ubiquitin ligase involved in 
the degradation of hypoxia-inducible transcription factor subunits (HIFα). Under normal 
oxygen tension, hydroxylated HIFα can be recognized by a ubiquitin ligase complex 
containing pVHL and rapidly degraded. Upon hypoxia or loss of functional pVHL, HIFα-
subunits can no longer be hydroxylated and begin to accumulate. Stabilized HIFα activates 
the expression of a large suite of downstream target genes (EPO, VEGF etc), the actions of 
which are vital to promote angiogenesis. However, many of the changes initiated by the 
stabilization of HIFα, such as increased angiogenesis, an upregulation of anti-apoptotic 
signaling and a shift to anaerobic glycolosis, can contribute to tumor growth and survival. 
People born with a mutation in one VHL allele will acquire somatic mutations in the second 
allele, resulting in consequent angiogenic symptoms and a variety of tumors, including 
ccRCC [3]. Another hallmark of ccRCC is activated PI3k/AKT pathway signaling, higher 
levels of which is significantly correlated with a worse survival rate[2], although the 
mechanism by which this occurs is still not fully understood.
MicroRNAs (miRNAs) are small non-coding RNAs that post-transcriptionally regulate the 
expression of groups of target genes by inhibition of the translation of their targeting 
messenger RNAs (mRNAs) or marking these mRNAs for degradation. miRNAs are key 
regulators in many physiological and pathological processes [4], including the dynamic 
regulation of ccRCC during tumor progression[2]. By promoting the expression of vascular 
endothelial growth factor (VEGF), VHL/HIF signaling increases cAMP response element 
binding protein (CREB) levels, a transcription factor which upregulates the expression of 
pro-angiogenic miR-212/132 [5]. This implies that pVHL loss-of-function would stimulate 
miR-212/132 expression and thereby contribute to excessive angiogenesis. In this study, 
using a combination of cellular models, patient ccRCC material with biallelic loss of VHL 
and a previously described vhl-/- mutant zebrafish model, we show that miR-212/132 is 
upregulated after VHL knockdown or mutation and that this upregulation is at least partially 
responsible for increased angiogenesis, possibly by targeting phosphatase and tensin 
homolog (PTEN). A scarcity of functional pVHL induces excessive vascular outgrowth 
which can be inhibited by pharmaceutical inhibition of miR-212/132, thereby providing 
an exciting potential therapy target for reducing the growth and burden of tumors associated 
with VHL mutations. 
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 MATERIALS AND METHODS

Materials and Methods are available in the online-only data supplement.

RESULTS

We first examined the expression of miR-132 in relation to VHL loss-of-function and 
(pseudo)-hypoxia signaling. We found that endothelial cells grown in hypoxic conditions 
display significantly elevated levels of miR-132 expression (Figure 1.A). We observe similar 
effects in HUVECs transfected with siRNA targeting VHL mRNA relative to those treated 
with non-targeting siRNA (Figure 1.B). To confirm the effect in vivo, we used a previously 
established zebrafish model of VHL deficiency [6-8]. miR-212/132 are well conserved in 
most species, including zebrafish (Supplementary Figure 1.A). Like our cell models, vhl-/- 
zebrafish also show an increased level of expression of miR-132 (Figure 1.C). In isogenic 
cell lines taken from human ccRCC VHL-/- tumors, the expression of miR-132 is reduced 
upon VHL reconstitution with ectopic VHL (Figure 1.D). Lastly, we examined miR-132 
expression in histology slides taken from ccRCC tumors using microRNA in situ 
hybridization. In agreement with our previous qPCR results, we observed widespread 
overexpression of miR-132 in tumor material from ccRCC samples with biallelic VHL 
mutations proven by sequencing (Figure 1.E). These results demonstrate that miR-212/132 
are increased in response to the (pseudo-)hypoxia induced by the lack of functional pVHL 
which eventually leads to overexpression of miR-212/132.
To assess the functional consequences of miR-212/132 expression in a VHL-null 
environment, we used an in vitro co-culture assay designed to gauge angiogenesis. In 
agreement with the important role of VHL in HIFa degradation, knockdown of VHL in 
HUVEC/pericyte coculture shows significantly more vascular junctions, tubule number, 
and total tubular length as compared to siSham control treatment (Figure 2.A-C). To 
evaluate whether the pro-angiogenic effects of VHL silencing are mediated by a downstream 
increase in miR-212/132, GFP-labelled HUVECs were treated with anti-miRs against miR-
212/132 in combination with siRNA targeting VHL. Inhibiting the action of miR-212/132 
reduced the excessive angiogenesic response induced by the silencing of VHL significantly 
(Figure 2.D), suggesting that VHL-regulated angiogenesis is at least partially mediated by 
the upregulation of miR-212/132. 
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Figure 1. Characterization of miR-132 expression under hypoxic and pseudo-hypoxic conditions.
A. The expression of miR-132 in HUVECs cells under normoxia and hypoxia as compared by qPCR. 
B. The expression of miR-132 in siSham and siVHL transfected HUVECs as compared by qPCR.
C. The expression of miR-132 in WT and vhl-/- mutant zebra�sh as compared by qPCR. 
D. The expression of miR-132 in established VHL-/- lines RCC10, A498 and 786-0 as well as the same lines 
reconstituted with ectopic VHL.
E. The expression of miR-132 in healthy kidney tissue and ccRCC from two patients with known bilateral 
VHL mutations in their tumor as shown by miR-132 in situ hybridization. miR-132 in situ in purple blue. Light 
eosin counterstaining appears pink. Dashed line  in Patient 2 indicates normal parenchyma (N) vs ccRCC tumor 
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A. The expression of miR-132 in HUVECs cells under normoxia and hypoxia as compared by qPCR.  
B. The expression of miR-132 in siSham and siVHL transfected HUVECs as compared by qPCR. C. The 
expression of miR-132 in WT and vhl-/- mutant zebra_sh as compared by qPCR. D. The expression of miR-
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VHL. E. The expression of miR-132 in healthy kidney tissue and ccRCC from two patients with known bilateral 
VHL mutations in their tumor as shown by miR-132 in situ hybridization. miR-132 in situ in purple blue. Light 
eosin counterstaining appears pink. Dashed line in Patient 2 indicates normal parenchyma (N) vs ccRCC 
tumor
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Figure 2. Reduced levels of VHL enhances endothelial cell neovascularization capacity and can be inhibited by 
blocking miR-132 or miR-212.
A. Schematic outline of the coculture experiment with HUVECs and pericytes. 
B. Schematic cartoon showing the analysis process of tubular structures in the endothelial cells and peri-
cytes coculture assay. 
C. VHL siRNA knockdown in HUVECs enhances endothelial cell neovascularization capacity.
D. Blocking miR-132/212 inhibits VHL-induced neovascularization enhancement.

Figure 2. Reduced levels of VHL enhances endothelial cell neovascularization capacity and can be inhibited 
by blocking miR-132 or miR-212.
A. Schematic outline of the coculture experiment with HUVECs and pericytes. B. Schematic cartoon showing 
the analysis process of tubular structures in the endothelial cells and pericytes coculture assay. C. VHL 
siRNA knockdown in HUVECs enhances endothelial cell neovascularization capacity. D. Blocking miR-
132/212 inhibits VHL-induced neovascularization enhancement.
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vhl-/- zebrafish embryos display a phenotype of post-vascularization branching/sprouting 
around the intersomitic vessels. Counting these sprouts is a quantitative measure of 
angiogenesis in zebrafish [7]. vhl-/- zebrafish were injected at a one-cell stage with anti-miRs 
directed against miR-132 or miR-212 and four days later tails of the living fish were imaged 
with a confocal microscope (Figure 3.A). The cloaca of the zebrafish is placed in the center 
of the image and the branches sprouting from the inter-somitic vessels were counted for 
the four vessels anterior and the four vessels posterior to the cloaca (Figure 3.B). Anti-miR 
injections against miR-212/132 significantly reduced the extent of inter-somitic vessel 
sprouting in vhl-/- fish (Figure 3.C-D). In addition, injecting wild-type zebrafish with 
miRNA132/212 mimics partially recapitulated the vhl mutant vessel sprouting phenotype 
(supplemental figure B,C).

Therefore, in light of the fact that miR-212/132 expression is linked to vessel sprouting in 
vhl-/- zebrafish, which phenocopies zebrafish with loss of both ptena and ptenb [9],  
we proceeded to look at the expression of PTEN in our VHL-null models. PTEN,  
a phosphatidylinositol-3,4,5-trisphosphate 3-phosphatase, antagonizes the activity of 
phosphatidylinositol-4,5-bisphosphate 3-kinase (PI3K), suppressing cellular proliferation, 
cell survival and angiogenesis by inactivating the PI3K-driven AKT signaling pathway [10]. 
PTEN has been predicted to be a potential target of miR-212/132 in humans by targetscan 
(Figure 4.A) and the rat homologue of PTEN has been shown to be targeted by miR-212/132 
in rat vascular smooth muscle cells [11]. Moreover, downregulation of PTEN has been 
significantly correlated with lower survival rate in ccRCC patients [2]. We reasoned that 
upregulated miR-212/132 upon mutation or silencing of VHL could result in the subsequent 
reduction of PTEN. We therefore first looked at the regulation of PTEN in vhl-/- zebrafish 
and in HUVECs after knockdown of VHL. Zebrafish, as opposed to mammals, have two 
copies of the pten gene: ptena and ptenb. ptenb is a predicted target of miRNA132/212 in 
targetscan, but not ptena (Figure 4.B). Accordingly, we found significantly reduced ptenb 
expression in vhl-/- zebrafish with no significant changes observed in ptena (Figure 4.C).  
In HUVECs, overexpression of miR-132 or miR-212 combined with VHL knockdown 
caused a reduction in PTEN mRNA (Figure 4.D) and protein levels (Figure 4.E-F) showing 
that PTEN is indeed targeted by miR-212/132 in our in vitro as well as in vivo models. 
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Figure 3. Overexpression of miR-132 induces vasculature outgrowth in wildtype zebra_sh
A. Schematic outline of the zebra_sh embryo microinjection experiment. microRNA mimics and antimiRs 
are injected into the yolk of the eggs on day 0 and imaged with a confocal microscope on day 5. B. Schematic 
cartoon showing the area of the zebra_sh embryo that is imaged after microinjection. The cloaca is marked 
with a red arrow. The imaging area is shown with a red box. The vessels of the tail are shown in green.  
C. Representative images of zebra_sh tail vascular structures in vhl+/- and vhl-/- zebra_sh after injection 
with scrambled or miR-132, miR-212 inhibitors. White arrows designate examples of structures which have 
been scored as branches. D. Quanti_cation of vascular branching in zebra_sh tail structures after injection 
with scrambled control inhibitors, miR-132 inhibitors or miR-212 inhibitors.
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Figure 4. PTEN is a potential target of miR-132/212
A. Three predicted miR-132 target sites of PTEN predicted by Targetscan in human.  Target sites and sequences are 
shown in red. 
B. The position of predicted miR-132 targets on zebra�sh orthologues ptena and ptenb by Targetscan. Note only 
ptenb has a predicted miR-132 targeting site on the 3'-UTR (red).
C. The expression levels of ptena and ptenb in WT and vhl-/- zebra�sh determined by qPCR.
D. PTEN mRNA expression after miR-132 and miR-212 overexpression in HUVECs determined by qPCR. 
E. PTEN protein levels after miR-132 and miR-212 overexpression and inhibition in HUVECs. The numbers above 
the bands indicate the relative expression compared with the control band, normalized by GAPDH.
F. PTEN and VHL protein levels in HUVECs after transfection with scrambled control siRNA, siRNA targeting VHL 
and siRNA targeting PTEN. The numbers above the bands indicate the relative expression compared with the control 
band, normaled by GAPDH.
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Figure 4. PTEN is a potential target of miR-132/212
A. Three predicted miR-132 target sites of PTEN predicted by Targetscan in human. Target sites and 
sequences are shown in red. B. The position of predicted miR-132 targets on zebra_sh orthologues ptena 
and ptenb by Targetscan. Note only ptenb has a predicted miR-132 targeting site on the 3’-UTR (red). C. 
The expression levels of ptena and ptenb in WT and vhl-/- zebra_sh determined by qPCR. D. PTEN mRNA 
expression after miR-132 and miR-212 overexpression in HUVECs determined by qPCR. E. PTEN protein 
levels after miR-132 and miR-212 overexpression and inhibition in HUVECs. The numbers above the bands 
indicate the relative expression compared with the control band, normalized by GAPDH. F. PTEN and VHL 
protein levels in HUVECs after transfection with scrambled control siRNA, siRNA targeting VHL and siRNA 
targeting PTEN. The numbers above the bands indicate the relative expression compared with the control
band, normaled by GAPDH.
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DISCUSSION

In this study we used patient material, human cells and zebrafish to examine the role of the 
miRNA132/212 family in the pathophysiology of neovascularization caused by the loss of 
functional pVHL. We observed that miR-212/132 is upregulated in response to VHL 
mutation both in zebrafish model systems and in human patient ccRCC tumor material 
carrying biallelic inactivating VHL mutations. We demonstrated that the excessive 
angiogenesis attributable to VHL mutation is strongly affected by miRNA132/212. Indeed, 
targeting these miRNAs with anti-miRs can significantly reduce angiogenesis in both in 
vitro and in vivo models of VHL deficiency. We identified the tumor suppressor PTEN as 
one of the targets affected by miRNA132/212 in VHL-null models. Taken together, our 
results implicate miRNA132/212 as an important intermediate in pathological angiogenesis 
after loss of functional pVHL or tissue hypoxia. In addition, the effects of miRNA132/212 
on PTEN suggest a possible role for these miRNAs in tumorigenesis. 
The miRNA132/212 family is clustered in the genome and is highly conserved in vertebrates. 
miR-212/132 are initially expressed as one primary miRNA and then processed into two 
mature miRNA with the same target-defining “seed” sequence [12]. This miRNA family 
plays a number of roles in the promotion of angiogenesis. Mice without functional miR-
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B. Upon hypoxia, HIFα can no longer be hydroxylated, which prohibits VHL-regulated degradation, and allows 
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Figure 5. Proposed mechanism of miR-132/212 in modulation of VHL/PI3K/AKT pathways.
A. During normoxia, HIF_ is ubiquitinated by the VHL-ubiquinition complex, targeting it for degradation. 
PTEN antagonizes PI3K to prevent AKT from being activated. B. Upon hypoxia, HIF_ can no longer be 
hydroxylated, which prohibits VHL-regulated degradation, and allows stabilized HIF_ to translocate to the 
nucleus upregulate its downstream targets such as VEGF. VEGF in turn activates PI3K-AKT pathway and 
upreguates miR-132/212 expression as well. Upregulated miR-132/212 inhibits PTEN expression which in 
turn prolongs AKT activity. C. VHL loss-of-function phenocopies hypoxic conditions even in the presence of 
oxygen (pseudo-hypoxia).
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212/132 show impaired arteriogenesis response after hindlimb ischemia [13]. The pro-
angiogenic potential of miR-132 has been used to increase angiogenesis in endothelial cell 
grafts and after ischemic injury [14]. miR-212/132 frequently act as a promoter of cell 
proliferation and increases in their expression levels have also been suggested as contributors 
to tumorigenesis in addition to their angiogenic role. miR-132 has previously been shown 
to induce pathological neovascularization in the endothelium by targeting p120 Ras GTPase 
activating protein [5]. In addition, anti-miR-132 has also been shown to reduce tumor 
burden in a mouse xenograft model of human breast carcinoma [5]. 
This study supports the previously reported role of miRNA132/212 in pathophysiological 
angiogenesis and expands upon its role in the context of VHL-regulated hypoxia signaling. 
When VHL is mutated or downregulated, miRNA132/212 and PI3K are consequently 
upregulated. miR-212/132 targeting of PTEN mRNA ensures that PI3K has a chance to 
activate AKT (Figure 5). Uncontrolled proliferation and angiogenesis are hallmarks of 
cancer and many tumors contain mutations leading to hyperactivation of the RAS or AKT 
signaling networks which act to promote these processes[15-17]. Differential expression 
of miRNA has been previously reported in tumors including ccRCC [18] and is widely 
believed to be an important player in tumorigenesis [19-21]. miR132/212 is therefore an 
interesting potential target for the treatment of cancer. 
In human patients, ccRCC is almost always associated with VHL mutations. However, von 
Hippel-Lindau patients born with a single germline mutation in VHL initially develop 
non-cancerous cysts in the kidney and do not develop ccRCC until around 35 years of age 
on average[22]. In addition, mouse models with Vhl mutations do not develop renal 
tumors[23]. In contrast, zebrafish vhl mutants develop dysplastic lesions within 6 days post 
fertilization (dpf) (citation #8 goes here) . Therefore it is believed that VHL mutations in 
mammals create a pre-cancerous cystic phenotype but an additional mutation to another 
ancillary oncogene is required before tumor formation[24]. Although the recently developed 
Vhl mutant mouse with heterozygous mutations in BRCA1 associated protein 1 (Bap1) is 
perhaps the most physiologically relevant mouse model of human ccRCC [25], Pten -/- Vhl 
-/- double mutant mice develop benign squamous metaplasia and cystadenoma [24] and 
display kidney cysts that are very similar to those taken from the kidneys of human VHL 
patients, implying that activation of the AKT signaling pathway is important in the 
development of pre-cancerous cysts. Indeed, cysts taken from VHL patients display hyper-
activation of PI3K signaling [24]. miR-212/132 mediated reduction of PTEN, which is an 
important suppressor of the PI3K/AKT pathway, may at least partially explain this 
expression pattern. In addition, biallelic PTEN mutations are rare in ccRCC [26, 27] but 
loss of a single PTEN allele through mutation is not uncommon [28]. miR-212/132 
expression may be the reason that this is sufficient to cause hyper-activation of AKT 
signaling despite the presence of a functional PTEN allele. Hyper-activation of AKT 
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signaling and loss of PTEN are common in many other tumor types because tumor growth 
requires angiogenesis. Thus, miR-212/132 expression may fulfill an important role in the 
development of ccRCC tumors. 
One of the hallmarks of ccRCC is resistance to cytotoxic treatment. Anti-apoptotic signaling 
is upregulated after HIFα hyper-stabilization in ccRCC tumors. Many experimental 
treatments focus on inhibiting the action of downstream anti-apoptosis proteins such as 
mammalian target of rapamycin (mTOR), an important pro-survival protein induced by 
activated AKT signaling [29]. Our results and the results of other studies suggest that miR-
212/132 may act as a promoter of tumorigenesis by targeting inhibitors of proliferation, 
survival and angiogenesis presenting an interesting opportunity for pharmaceutical 
intervention. Treatments which inhibit the action of miR-212/132 might therefore be a 
useful method to inhibit tumor growth by targeting angiogenesis and increase the 
sensitization of tumors to apoptotic signaling, increasing the effectiveness of cytotoxic 
therapies for ccRCC.
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Significance
Aberrant angiogenesis is an important feature of the pathogenesis of kidney cancer. The 
loss of the VHL gene is frequently associated with kidney tumors and leads to abnormal 
neovascularization. Our results demonstrate a vital role for the miRNA132/212 family in 
this process. We show that targeting these miRNAs can reduce pathological angiogenesis 
associated with the loss of functional VHL. We also show that miRNA132/212 targets 
PTEN, an important tumor suppressor and growth regulator, in both in vitro and in vivo 
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models. These results suggest that the upregulation of miR-212/132 may act as a promoter 
of tumorigenesis. Therefore, drugs which target the action of this miRNA family could 
present an important and novel opportunity for the treatment of tumors associated with 
VHL mutations. 
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DETAILED MATERIALS AND METHODS

MicroRNA in situ hybridization
microRNA in situ hybridization was performed with a modified microRNA in situ 
hybridization method. Formalin-fixed paraffin-embedded tumor tissue from two ccRCCs 
and one healthy donor kidney dating from September 2006 were collected from the 
pathology archives of the University Medical Centre Utrecht (UMCU) after authorization 
of the UMCU institutional review board in accordance with Dutch medical ethical 
guidelines. Sequencing results of VHL identified no variants in the normal healthy kidney. 
However in ccRCC #1, in addition to the already known germline deletion of VHL exons 
1 and 2 (c.1-?_463+?del), an additional somatic mutation was found in the tumor (c.277delG 
/p.Gly93Ala_fs_x158). ccRCC #2 has a germline mutation c.266T> p.Leu89Pro and a 
somatic mutation of c.419-420delTC/p.Leu140Gln_fs_x142. Mutation analysis of these 
tumors has been previously published [1].
Paraffin samples were first deparaffinized with tissue clear (Cat# 1426, SAKURA) followed 
with 10 min proteinase K treatment (5 mg/ml, Cat# 03115828001, Roche). Hybridization 
was performed with 10nM DIG labeled miRCURY LNA miRNA detection probes in 
hybridization buffer (Urea (2 M), 2.5x SSC, 1x Denhardt’s, 200 µg/ml yeast tRNA, 0.1% 
CHAPS, 0.1% Tween, 50 mg/ml heparin) for miR-132 (Cat# 38031-15, Exiqon). Sections 
were subsequently incubated with anti-DIG alkaline phosphatase antibody (1:1,500, Cat# 
1093274, Roche). To block endogenous alkaline phosphatase activity, sections were 
incubated with levamisole solution (Cat. X3021, DAKO), followed by NBT/BCIP (Cat# 
K0598 DAKO) incubation for visualization. A light Eosin counter staining was performed 
to visualize histology of the tissue. Images were taken with an Olympus microscope (BX53) 
under bright field.

Cell culture and transfection
HUVECs were cultured in EGM2 (Lonza, cat# cc-3156) according to manufacturer’s 
instructions, and all experiments were performed before passage 7. HUVECS were either 
transfected with validated siVHL (ID: s14790), siPTEN (ID: s61222), Silencer select negative 
control #1 (cat# 4390843), mirVana miRNA mimic negative control (cat# 4464085), hsa-
miR-132-3p mimics (ID: MC10166), hsa-miR-212-3p mimics (ID: MC10340), mirVana 
miRNA inhibitor control1 (cat# 4464077), hsa-miR-132-3p inhibitor (ID: AM10166), or 
hsa-miR-212-3p inhibitor (ID: AM10340) (all from Life Technologies) using Lipofectamine 
2000 (Life Technologies). The transfection was performed with a final concentration of 
20nM in opti-MEM reduced-serum medium (Cat# 31985062, Life Technologies) and 
replaced with fresh EGM2 after 6 hours. Cells were harvested 72 hours after transfection 
for protein or RNA analysis.
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RNA isolation and RT-PCR
Total RNA was isolated with Tripure Isolation Reagent following manufactory’s instructions 
(Roche Applied Science) and treated with Dnase to remove potential genome DNA 
contaminations. cDNA was synthesized using the iScriptTM cDNA Synthesis Kit (Bio-Rad). 
Quantitative real-time polymerase chain reaction (qRT-PCR) was performed with iQ SYBR 
Green Supermix (Bio-Rad). The following primers were used for detection of human genes: 
GAPDH forward 5’-GGCATGGACTGTGGTCATGA-3’ and reverse 
5’-TTCACCACCATGGAGAAGGC-3’; PTEN forward 5’- 
TGGATTCGACTTAGACTTGACCT-3’ and reverse 5’- 
GGTGGGTTATGGTCTTCAAAAGG-3’; VHL forward 5’- 
CAGCTACCGAGGTCACCTTT-3’ and reverse 5’- CCGTCAACATTGAGAGATGG-3’; 
the following primers are used for zebrafish: ptena forward 5’- 
CCAGCCAGCGCAGGTATGTGTA-3’ and reverse 5’- 
GCGGCTGAGGAAACTCGAAGATC-3’; ptenb forward 5’- 
GCTACCTTCTGAGGAATAAGCTGG-3’ 
and reverse 5’- CTTGATGTCCCCACACACAGGC-3’; rpl13α forward 5’- 
TCTGGAGGACTGTAAGAGGTATGC-3’ and reverse 5’- 
AGACGCACAATCTTGAGAGCAG-3’(All primers from Integrated DNA Technologies, 
Coralville, Iowa, USA). 

Western blotting
Total protein was isolated with protein lysis buffer (50 mM Tris-HCl, pH 7.4, 100 mM NaCl, 
1% NP-40, 0.1% SDS, 0.5% sodium deoxycholate). Protein concentration was determined 
using the Pierce BCA Protein Assay (Cat. 23225, Thermo Scientific). 10mg protein were 
loaded and separated with the Novex® NuPAGE® SDS-PAGE Gel System and transferred 
to a PVDF membrane with the iBlot® Transfer System (Invitrogen). Membranes were 
subsequently blocked in 5% non-fat dry milk dissolved in TBS with 0.1% tween-20 (TBST) 
for 1 hour. Blocked membranes were washed 3 times with TBST before primary antibody 
incubation overnight. The following antibodies and dilution were used in this study: anti-
VHL (1:500, Cat. 556347, BD Pharmingen) anti-GAPDH (1:1000, Cat. 5174, Cell signaling) 
and anti-PTEN(1:1000, Cat. 9188, Cell signaling), anti-_Tubulin(1:1000, Cat. 2128, Cell 
signaling), and subsequently probed with horseradish peroxidase-conjugated goat-anti-
rabbit (1:2000, Dako, P0448) or goat-anti-mouse (1:1000, Dako, P0447). The signal was 
detected with Chemiluminescent Peroxidase Substrate (Sigma) and the ChemiDoc XRS 
System (Bio-Rad). Bio-Rad Image Lab software was used for analysis.
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In vitro angiogenesis assay
HUVECs (Lonza) and Human Brain Vascular Pericytes (Cat#1200, Sciencell) were cultured 
on gelatin-coated plates in EGM2 medium (Lonza cat# cc-3156) and DMEM (10% FCS; 
Lonza), respectively, in 5% CO2 at 37˚C. Lentiviral transfected HUVECs expressing green 
fluorescent protein (GFP) and pericytes expressing red fluorescent protein (RFP) were used 
between passage 6-8. HUVECs were transfected either with siRNA or antimiRs as described 
above. In order to monitor the effects of miR-132 and miR-212 in angiogenesis, transfected 
HUVEC-GFP and Pericytes-dsRed were suspended in a 2.5 mg/ml collagen type I (BD 
Biosciences) as described by Stratman [2]. Co-cultures were imaged after 48h and 120h 
incubation in 5% CO2 at 37 ˚C by fluorescence microscopy, followed by analysis using a 
commercial analysis system (Angiosys, Buckingham, UK).

Zebrafish
Experiments were conducted in accordance with Dutch guidelines for the care and use of 
laboratory animals, with the approval of the Animal Experimentation Committee (DEC) 
of the Royal Netherlands Academy of Arts and Sciences (KNAW). Mutant zebrafish 
possessed the previously described vhlhu2117 mutation[3]. For RNA collection, zebrafish 
embryos were collected at 5 dpf based on these phenotypes and RNA was collected using 
Trizol reagent (Ambion) as per manufacturer’s instructions.

Injections and visualizations
Wild type and mutant Zebrafish embryos were injected at the 1-2 cell stage with 1nL of 
5uM of the same miRNA mimics and antagonists used for the cell culture experiments 
described above.  Mimics and antagonists were diluted in pure water with 0.1% phenol red 
for visualization and injected using a nanoject2000 microinjector (World Precision 
Instruments). Zebrafish were selected without bias at 5dpf and then imaged using an 
LSM700 microscope (Zeiss). DNA was then collected from theses embryos using lysis 
buffer and then embryos were genotyped using a KASP™ genotyping system (LGC 
Genomics, Teddington, Middlesex, England) kit designed against the vhlhu2117 mutation or 
by sanger sequencing using the following primers:
Fw: 5’- TAA GGG CTT AGC GCA TGT TC -3’
Rv: 5’- CGA GTT AAA CGC GTA GAT AG -3’

Statistical analysis
Data was analyzed with Graphpad Prism 6 and comparisons were performed with student 
t-test or paired t-test between two groups, and ANOVA for more than two groups. Data 
are presented as mean ± SEM. P-values are indicated as follows: *p<0.05; **p<0.01;***p<0.001, 
p<0.05 is considered significant.
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ABSTRACT

Functional loss of the von Hippel–Lindau (VHL) tumor suppressor protein (pVHL), which 
is part of an E3-ubiquitin ligase complex, initiates most inherited and sporadic clear-cell renal 
cell carcinomas (ccRCC). Genetic inactivation of the TP53 gene in ccRCC is rare, suggesting 
that an alternate mechanism alleviates the selective pressure for TP53 mutations in ccRCC. 
Here we use a zebrafish model to describe the functional consequences of pVHL loss on 
the p53/Mdm2 pathway. We show that p53 is stabilized in the absence of pVHL and 
becomes hyperstabilized upon DNA damage, which we propose is because of a novel in 
vivo interaction revealed between human pVHL and a negative regulator of Mdm2, the 
programmed cell death 5 (PDCD5) protein. PDCD5 is normally localized at the plasma 
membrane and in the cytoplasm. However, upon hypoxia or loss of pVHL, PDCD5 relocalizes 
to the nucleus, an event that is coupled to the degradation of Mdm2. Despite the subsequent 
hyperstabilization and normal transcriptional activity of p53, we find that zebrafish vhl -/- 
cells are still as highly resistant to DNA damage-induced cell cycle arrest and apoptosis as 
human ccRCC cells. We suggest this is because of a marked increase in expression of birc5a, 
the zebrafish homolog of Survivin. Accordingly, when we knock down Survivin in human 
ccRCC cells we are able to restore caspase activity in response to DNA damage. Taken 
together, our study describes a new mechanism for p53 stabilization through PDCD5 upon 
hypoxia or pVHL loss, and reveals new clinical potential for the treatment of pathobiological 
disorders linked to hypoxic stress.
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INTRODUCTION

Biallelic inactivation of the von Hippel–Lindau tumor suppressor gene (VHL) causes the 
majority of inherited and sporadic kidney cancers, in particular, of the clear-cell renal cell 
carcinoma (ccRCC) subtype. Recent deep-genomic sequencing efforts on sporadic ccRCCs 
from unrelated individuals have demonstrated that loss of function of the VHL gene by somatic 
mutation is very often the initiating event of ccRCC.1–3 ccRCC is the seventh most common 
malignancy that is responsible for 3% of all adult cancers.4 Metastasized ccRCC is associated 
with a poor prognosis in large part because of the resistance of these tumors to chemo- and 
radiotherapy.5 
VHL tumor suppressor protein (pVHL) is best known for its role in oxygen sensing, where 
it performs a critical function in an E3-ubiquitin ligase complex. In this complex, pVHL 
targets the transcription factors hypoxia inducible factor 1a and 2a (HIF1a/ HIF2a) for 
degradation under normoxic conditions. Under hypoxic conditions, HIFa is no longer 
ubiquitinated by pVHL, resulting in its stabilization and the upregulation of target genes 
such as VEGF, EPO and c-MYB.6 Mutations in pVHL may consequently result in a failure 
to recognize HIFa subunits, inducing a constitutive hypoxic response. The excessive blood 
vessel formation and metabolic switch to glycolysis as a result of this response can clearly 
assist tumorigenesis,7 but several studies have concluded that HIFa dysregulation alone is 
not sufficient to drive tumorigenesis.8–10 The p53 tumor suppressor, normally kept at low 
levels by association with the E3-ubiquitin ligase Mdm2, performs a central role in the 
DNA damage response pathway.11 In response to numerous types of cellular stress, p53 
stabilizes and translocates as a tetramer to the nucleus to upregulate the expression of genes 
involved in cell cycle arrest and/or apoptosis.12 The stabilization of p53 has been widely reported 
as a result of low oxygen levels,13 and there is evidence to suggest that this is coupled to the 
hypoxia- mediated degradation of Mdm2.14 However, despite a number of hypotheses 
proposed,15 current understanding has not yet resolved the precise mechanisms of the p53 
response to hypoxia.
Programmed cell death 5 (PDCD5) is a protein that functions in the apoptotic pathway to 
enhance caspase-3 activity through Bax translocation from the cytosol to the mitochondrial 
membrane resulting in cytochrome c release.16 PDCD5 also rapidly translocates to the 
nucleus in an early response to DNA damage, where in addition to its effects on Bax 
localization has been shown to have a role in p53-induced apoptosis through the co-
activation of Tip60 (a protein required for an acetylation event on p53 that leads to the 
transcription of apoptosis-related genes), the stabilization of p53 and the degradation of 
Mdm2.17–19 The expression of PDCD5 is substantially reduced in several tumor types, 
including (but not limited to) breast tumors, gastric tumors, lung tumors and ccRCCs 
compared with corresponding normal tissues.20–23 In fact, immunohistological studies have 
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concluded that the extent of PDCD5 expression loss is a major indicator of the tumor grade, 
stage and prognosis in ccRCC patient samples.24 However, despite the potential significance of 
PDCD5 expression in characterizing ccRCC, no studies of PDCD5 in relation to pVHL have 
been reported to date.
There is also little known about the relationship between p53 and pVHL. It has been 
demonstrated in engineered mice that the functional loss of both proteins can cause 
dysregulation of cellular proliferation and result in the formation of cysts and neoplastic 
lesions in kidneys, as well as tumors in genital tract organs.25,26 In line with the fact that 
most tumor cells maintaining wild-type TP53 have devised alternate mechanisms to impair 
p53 function, it has been reported that pVHL is able to directly bind to p53 in vitro, and 
that this binding is required for p53 stabilization and induction of target gene expression.27 
However, there is significant evidence to suggest that the p53 pathway has a limited role in 
the impaired DNA damage response that is the hallmark of ccRCC. This is mainly owing to 
the fact that the genetic mutation of TP53 in ccRCC is an extremely rare event. One recent 
study found only 3 ccRCCs out of 106 (2.8%) to have TP53 mutations,2 whereas another 
study of 385 ccRCCs found only 10 cases (2.2%). This is compared with other human tumor 
types where the mutation rate of TP53 is between 50–70%.28 ccRCC cells maintaining wild-
type TP53 must therefore devise alternate mechanisms to evade apoptosis. Many other 
inhibitors of apoptosis are expressed during hypoxia, including the IAP-2 and Survivin 
genes,29 that are well known to inhibit caspase activation.30 In a study using ccRCC cells 
devoid of functional pVHL, it was demonstrated that the observed caspase inhibition was 
largely because of the increased expression of anti-apoptotic nuclear factor-kB target genes such 
as c-FLIP, Survivin, c-IAP-1 and cIAP-2.31

Here we used a zebrafish model of pVHL loss to investigate the relationship between pVHL 
and the p53/Mdm2 pathway in cells that do not carry compounding oncogenic mutations. 
Our study reveals a mechanism by which p53 is stabilized upon hypoxia or pVHL loss 
through PDCD5, a novel binding partner of pVHL.

 
RESULTS

p53 is hyperstabilized in vhl mutant zebrafish upon DNA damage
To investigate whether pVHL is required for p53 stabilization in vivo, we exposed 5 days post-
fertilization (d.p.f.) wild-type and vhl -/- embryos to 25 Gy of ionizing radiation and 
performed western blotting with a zebrafish-specific p53 antibody.32 Our results show that p53 
becomes hyperstabilized in vhl -/- embryos upon irradiation compared with wild-type 
embryos (Figures 1a and b). Moreover, an increase of p53 stabilization was observed in the 
vhl -/- embryos even in the absence of irradiation compared with wild-type control embryos. 
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p53 transcript levels were not significantly different between wild-type and mutant embryos 
after irradiation, indicating that the increase of p53 protein is not because of increased p53 
transcription but because of increased p53 stabilization (Figure 1c). This in vivo data 
suggests that, in contrast to the previous finding that overexpressed pVHL is able to regulate 
p53 expression in vitro,27 in a physiological context an additional layer of regulation of 
endogenous p53 stability upon VHL loss must exist.
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Figure 1. Loss of vhl stabilizes p53. (a) Western blot analysis of p53 levels in wild-type and vhl-/- embryos at 
5 d.p.f., 6 h after g-irradiation. (b) Quantification of western blot band intensity showing the results from three 
independent experiments. (c, d) qPCR analysis of p53 transcript levels (c) and p53 target gene expression 
(d) in wild-type and vhl-/- embryos at 5 d.p.f., 6 h after g-irradiation. (e) qPCR confirming the knockdown of 
Vhl transcripts normalized to Rpl27 expression. (f) Western blot analysis of p53 levels in IMCD3 cells treated 
with siRNAs against Vhl (siVhl) vs control oligos (siCon) in the presence or absence of g-irradiation. (g) 
Quantification of western blot band intensity from f, showing the results from three independent experiments. 
*Po0.02, **Po0.05.
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To determine whether loss of zebrafish vhl affected transcription of p53 target genes, we 
measured transcript levels of the p53 target genes p21, bax and puma by quantitative PCR 
(qPCR). No significant differences were observed in the expression of these genes upon vhl 
loss (Figure 1d), indicating that functional vhl is not required for the transcriptional activity 
of p53. We found no statistical increase in the transcription of p53 target genes as a result of 
p53 hyperstabilization. To ensure that these observations are not specific to zebrafish vhl and 
p53, we measured the p53 response after Vhl small interfering RNA (siRNA) knockdown in 
murine collecting duct IMCD3 cells. The siRNAs we used were successful in knocking down 
Vhl transcripts levels by 90% (Figure 1e). We observed an increased stabilization of p53 upon 
acute loss of pVHL that was augmented by DNA damage induced by g-irradiation (Figures 
1f and g). In addition, we analyzed p53 protein expression in isogenic VHL-null ccRCC cells 
(RCC10) and RCC10 cells in which wild-type pVHL has been stably reconstituted at near-
endogenous levels (RCCp30d10 cells33). Upon irradiation with 1.5 mJ/cm2 UV, western blotting 
analysis shows that p53 is stabilized to equivalent levels in both cell systems, supporting the 
notion that functional pVHL is not required for the p53 response (Supplementary Figure S1).

pVHL interacts directly with PDCD5
To gain insight into the regulation of p53 by pVHL on protein level, we performed tandem-
affinity purifications of TAP-tagged pVHL (full-length; UniProt ID P40337-1) in HEK293 
cells, followed by mass spectrometry in duplicate. We were able to identify established binding 
partners of pVHL, for example, components of the E3-ubiquitin ligase complex (cullin-2, 
elongin B, elongin C and Rbx134–36), VHL-binding protein37 and collagens38 (Supplementary 
Table 1 and Figure 2a). We did not observe an interaction between pVHL and p53, but we 
did identify a robust interaction in several independent experiments between pVHL and 
PDCD5, an important positive regulator of apoptosis. 
We repeated this experiment with a pVHL isoform lacking amino acids 114–154 (pVHL 
isoform 2; UniProt ID P40337-2), and although the resulting interactome identified by mass 
spectrometry largely overlapped, PDCD5 was absent in this data set (Figure 2b and 
Supplementary Table 1). To investigate whether this interaction is direct, we performed 
yeast two-hybrid experiments and identified robust binding of pVHL to PDCD5 (Figure 
2c). Moreover, this assay revealed that the pVHL-PDCD5 interaction is limited to the first 
178 amino acids of pVHL. 
Finally, we immunoprecipitated endogenous pVHL in HEK293 kidney cell lysate and 
found endogenous PDCD5 to be bound in a complex with pVHL by western blotting 
(Figure 2d).
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Loss of vhl or hypoxia results in nuclear relocalization of PDCD5 and subsequent Mdm2 
degradation
Western blot analysis in 5 d.p.f. zebrafish embryos and ccRCC lysates indicates that vhl 
does not target PDCD5 for degradation, as PDCD5 protein levels remain constant in the 
absence of vhl/pVHL (Supplementary Figure S2). Immunocytochemical analysis revealed that 
PDCD5 localizes to the membrane in RCCP30d10 cells, and this membranous staining is 
lost in the RCC10 cells that are devoid of pVHL (Figure 3a). Cells were scored for 
membranous and cytosolic staining patterns to quantify this effect (Figure 3b). To verify 
that pVHL determines PDCD5 localization directly, and is not the result of clonal drift, we 
used siRNA to knock down Vhl in mIMCD3 cells. Immunocytochemical analysis in 
these cells shows that murine PDCD5 localizes to the cell membrane and is absent from 
the nucleus in the cells transfected with a control siRNA (Figure 3c). In cells transfected 
with the siRNA against vhl, PDCD5 is largely devoid from the cell membrane and is instead 
found localized in the nucleus (Figure 3c). In order to determine whether this PDCD5 
nuclear relocalization is because of the stabilization of HIF in the absence of pVhl, we 
repeated the immunocytochemistry experi- ments with cells exposed to hypoxia (1% 
O2) compared with normoxia (21% O2). We recapitulated the same shift of PDCD5 from 
the plasma membrane to the nucleus of hypoxic cells, indicating that the relocalization 
of PDCD5 can be regulated by oxygen loss (Figure 3e). Staining of these cells with HIF 
antibodies illustrates the expected increase of HIF expression in response to hypoxia 
(Supplementary Figure S3). qPCR was used to confirm that knockdown of Vhl was 
effective in mIMCD3 cells (Figure 3d). We then used western blot analysis to determine 
how this relocalization of PDCD5 upon pVHL loss affects Mdm2 expression. The 
transfection of mlMCD3 cells with siRNAs against Vhl, but not control siRNAs, resulted 
in a substantial reduction (56±2%) of Mdm2 protein (Figure 3f). Consistent with these 
results, we found that Mdm2 protein levels were significantly reduced in vhl -/- zebrafish 
embryos as well (Figure 3g). In order to test whether PDCD5 is required for the p53 
stabilization resulting from pVHL loss (as surrogate for Mdm2 function), we knocked 
down Vhl alone or in combination with siRNAs against the PDCD5 gene in IMCD3 
cells. We observed that in the absence of PDCD5, p53 is not stabilized by the reduction of 
Vhl and instead remains at baseline levels (Figures 3h and i). Moreover, Figures 3h and i 
illustrate that the knockdown of PDCD5 alone reduces the baseline level of p53 
stabilization, confirming the role of PDCD5 as a regulator of p53. Together, these data 
suggest that the stabilization of p53 in the absence of pVHL or in the presence of hypoxia 
is because of the degradation of Mdm2 upon relocalization of PDCD5 to the nucleus, 
and that PDCD5 is a required protein for the p53 response to pVHL loss (model 
illustrated in Supplementary Figure S4).
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Vhl is required for p53-mediated cell cycle arrest and apoptosis 
To investigate whether loss of vhl affects p53-mediated cell cycle arrest and apoptosis in 
our zebrafish model, we first measured the number of dividing cells in embryos after 
g-irradiation at 5 d.p.f. The application of g-irradiation normally leads to cell cycle arrest 
and a decrease of the number of cells undergoing mitosis, which can be detected by labeling 
cells with a phospho-specific histone 3 (pH3) antibody.40 Although g-irradiation led to an 
approximately threefold decrease in the number of mitotic cells in wild-type embryos, we 
observed a significantly greater number of mitotic cells in vhl -/- mutant embryos, indicating 
an impaired cell cycle arrest response to DNA damage (Figures 4a and b). To examine the 
in vivo apoptotic response of the vhl -/- embryonic cells subjected to the same DNA damage, 
we performed measure- ments of activated caspase-3/7 and caspase-2 activity. Figure 4c 
demonstrates that the loss of vhl prevents the activation of either caspase-3/7 or caspase-2. 
Consistent with these results, Figures 4d and e illustrate that vhl loss prevents the normal 
accumulation of apoptotic cells upon DNA damage as detected by acridine orange (AO) 
staining (Figures 4d and e). RCC10 cells were likewise resistant to UV-induced caspase 
activation, whereas RCCp30d10 cells that reconstituted with pVHL were not (Figure 4f). 
As it has been shown in ccRCC cells that the nuclear factor-kB-dependent anti-apoptotic 
pathway can prevent tumor necrosis factor-a- induced cytotoxicity,31 we measured levels 
of nuclear factor-kB targets in the vhl -/- embryos. We found that expression levels of birc5a, 
the zebrafish homolog of Survivin, are substantially elevated in vhl -/- mutants (Figure 4g). 
To explore this observation further in human cells, we first determined that RCC10 cells 
express B10-fold the levels of Survivin compared with RCCp30d10 cells (Figure 4h). siRNAs 
against Survivin transfected into RCC10 cells substantially reduced the levels of the 
transcript, as shown in Figure 4i. This knockdown of Survivin resulted in a significant 
increase in the levels of caspase-3/7 activity when RCC10 cells were exposed to g-irradiation 
(Figure 4j).

t  Figure 2. VHL directly binds to PDCD5 at endogenous levels. (a, b) Schematic representation of protein–
protein interaction data revealed from mass spectrometry of four independent pVHL tandem-affinity purification 
pull-down assays using either full-length pVHL (a) or an isoform lacking amino acids 114–154, Dexon2 (b). 
Previously identified direct interactions are provided as orange nodes, previously identified and possibly 
indirect interactions are shown as gray nodes, and nodes with a red outline indicate proteins whose stability/
turnover is regulated by pVHL. This study focuses on the novel interactors PDCD5 and indirectly Mdm2 (blue 
nodes). An additional novel and robust finding is that VHL interacts with the RUVBL1/2 complex (yellow node). 
Percentages on the edges between nodes represent the peptide coverage, which is often used as a surrogate 
for binding confidence. (c) Yeast two-hybrid assay with Gal4 DNA-binding domain fused to: full-length pVHL 
(VHLfl), the acidic and b-domain of pVHL (VHLb) or the a-domain of pVHL (VHLa) used as bait and PDCD5 
used as prey. Right panel: colony growth of transformed yeast, using increasing 3-aminotriazole (0, 12.5 and 
25mM) without histidine (_HIS). Control colony (Con) in the presence of HIS. (d) Immunoprecipitation of 
endogenous pVHL in HEK293 cells using anti-pVHL (biological duplicates are shown) or anti-HA (mock) 
antibody. Anti-pVHL specifically immunoprecipitates both the p30 and p19 isoforms of pVHL and co-
immunoprecipitates PDCD5, shown by western blotting with anti-PDCD5.
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Taken together, these data suggest that the resistant VHL mutant cells confer to DNA 
damage-induced apoptosis is modulated at least partly by an increase in Survivin expression, 
and this resistance may be overcome by Survivin inhibition.

DISCUSSION

In human cancer research, pVHL and p53 are both extensively studied tumor suppressors. 
However, scarcely any information is known about their relationship between one another. 
The advantages of studying pVHL loss in the zebrafish model are multiple. One reason is 
that we are able to bypass the embryonic lethality problem that is inherent in mouse models 
of Vhl loss (the zebrafish embryos remain alive for at least 5 d.p.f.). Another more important 
reason is that the lack of other oncogenic mutations in the mutant embryos that are 
invariably present in the tumor suppressor pathways of immortalized cancer cell lines provides 
us with an opportunity to clearly gauge what amount of influence the p53 pathway has on 
the DNA damage response of cells in the absence of pVHL. The hyperstabilization of p53 
that we found in the zebrafish vhl -/- embryos may have been expected to produce a normal, 
or even augmented, DNA damage response. However, we do not observe a difference in 
p53 transcriptional target mRNA levels between irradiated wild-type zebrafish embryos 
and irradiated vhl -/- embryos. Moreover, when cell cycle arrest and apoptosis were examined, 
it became clear that the mutation of vhl blocks these pathways downstream of p53 activation. 
These observations are possibly explained by the acetylation status of p53 and the subsequent 
changes in affinity to downstream promoters,41 leaving the relationship between pVHL and 
Tip60 as an interesting area of future study.

t  Figure 3. Loss of VHL causes PDCD5 to be released from the cell membrane and translocated into the 
nucleus. (a) Immunocytochemical stain for PDCD5 protein (green) and nuclei (blue) in RCC cells, showing 
membranous staining in RCCp30d10 but not RCC10 cells. Scale bars, 10 mm. (b) Manual quantification of 
the proportion of cells with membranous and cytoplasmic PDCD5 localization. (c) Immunocytochemical 
analysis of PDCD5 (green) and nuclei (blue) in IMCD3 cells treated with siRNA against Vhl, showing PDCD5 
nuclear translocation in the absence of Vhl. Scale bars, 20 mm. (d) Immunocytochemical analysis of PDC5 
(green) and nuclei (blue) in IMCD3 cells cultured under hypoxic conditions. Scale bars, 20 mm. (e) Western 
blot analysis of Mdm2 levels in IMCD3 cells treated with siRNA against Vhl. The middle dividing line indicates 
where several lanes were removed from the blot. (f) Western blot analysis of Mdm2 levels in wild-type and 
vhl-/- zebrafish embryos. (g) qPCR confirming the knockdown of PDCD5 transcripts, normalized to Rpl27 
expression. (h) Western blots showing p53 levels in IMCD3 cells treated with siRNA oligos against Vhl, PDCD5 
or both. (i) measurements of western blot band intensity from h, showing the results for three independent 
experiments. *Po0.01, **Po0.05.
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Figure 4. DNA damage fails to induce cell cycle arrest and apoptosis in vhl-/- embryos. (a) Immunohistochemical 
analysis of pH3 in the tails of 5 d.p.f. embryos after g-irradiation. The tails of the embryo were used for 
quantification of positive cells. (b) Quantification of the number of pH3-positive cells in the tails of at least four 
embryos per condition. (c) Measurement of caspase-3/7 activity in 5 d.p.f. embryos after g-irradiation. (d) 
Measurement of caspase activity in RCC cell lines after UV irradiation. (e) AO stain of apoptotic cells in the 
tails of 5 d.p.f. embryos after g-irradiation. (f ) Quantification of the number of AO-positive cells in the tails of 
at least nine embryos per condition. (g) qPCR analysis of the transcript levels of several inhibitors of apoptosis 
in 5 d.p.f. embryos, 6 h after g-irradiation. (h) qPCR analysis of Survivin transcript levels in RCC10 and 
RCCp30d10 cells shown relative to expression of RPLp0. (i) qPCR analysis of Survivin transcript levels in 
RCC10 cells transfected with siRNA oligos directed against Survivin or control oligos (siCon). (j) Measurement 
of caspase-3/7 activity after g-irradiation in RCC10 cells transfected with siRNA oligos directed against Survivin 
or control oligos (siCon). *Po0.01, **Po0.00001.

201702 Tim Klasson_binnenwerk.indd   130 07-02-17   15:49



PVHL REGULATES P53 THROUGH PDCD5

131

6

Despite enormous efforts to date, there are very few validated models of murine kidney 
cancer. Initial murine studies of VHL- driven ccRCC tumorigenesis were limited to 
heterozygous mice because of the embryonic lethality observed in homozygous mutant 
animals.42,43 In these mice, liver vascular lesions were the only phenotype observed and an 
increased incidence of ccRCC was not found,42 even when mice were treated with high 
doses of carcinogens.43 When pVHL was conditionally knocked out in the renal proximal 
tubule, occasional renal cysts were observed, but not ccRCC.44 Alternatively, mutating the 
hydroxylation sites in HIF1a in mice results in a kidney histology that is similar to human 
ccRCC45 with concomitant upregulation of proliferation markers and the presence of 
genomic instability in abnormal proximal tubule cells, but no ccRCC development has been 
reported.45 Although loss of p53 itself is a rare event in RCC (2–3%23), ccRCC development 
in an animal model was only recently demonstrated for the first time by the simultaneous 
deletion of murine p53 and Vhl.46 These findings support the idea that the loss of signaling 
pathways downstream of p53 is still an important event for malignant transformation of 
VHL -/- cells.
Our findings regarding the hyperstabilization of p53 upon loss of pVHL are in contrast to 
a previous study in which pVHL was found to bind p53 and to be required for its 
stabilization.47 The discrepancy between these findings and our own is likely to be explained 
by the experimental setup. Most findings by Roe et al.47 were based on experiments using 
overexpression of pVHL in non- kidney cell lines. In contrast, the models used in the 
current study represent either a loss of endogenous pVHL, namely in the zebrafish embryos 
lacking a functional vhl gene and siRNA- mediated knockdown of Vhl in the murine kidney 
cell line IMCD3, or exogenous expression of near-endogenous levels of pVHL in the case 
of the isogenic sister-paired cell lines RCC10 and p30d10RCC10.48 Overexpression of pVHL 
beyond endogenous levels possibly revealed effects that are not representative in the in vivo 
situation. Allowing for the fact that pVHL binds to p53, our results could indicate that the 
interaction we describe between PDCD5 and Mdm2 has a much larger influence on p53 
stabilization in the pathophysiological context of pVHL loss. In addition, it has been 
reported that increased levels of pVHL increase acetylation of p53,47 thereby increasing the 
affinity of p53 for its target sites.47,49 Therefore, the loss of pVHL may hyperstabilize 
unacetylated p53 that consequently does not result in increased levels of p53 target genes 
as observed in our models. This mechanism also possibly explains the low baseline level of 
puma observed in vhl -/- embryos.
In recent years it has become clear that pVHL is not only involved in HIFa regulation, but 
functions as an adaptor protein in many other processes, including stress response, survival, 
senescence, adhesion, invasion and primary cilium function.50 In line with this, we found 
that PDCD5 is a novel in vivo-binding partner of pVHL, and that this interaction dictates 
the cellular localization of PDCD5 and the levels of Mdm2 in response to the loss of pVHL 
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or oxygen. These results establish an as of yet unappreciated role for PDCD5 in the apoptotic 
response to hypoxia. Moreover, we show that in the pathophysiological context of VHL 
inactivation, pVHL binding to PDCD5 is lost and the subsequent nuclear localization of 
PDCD5 leads to an atypical stabilization of p53 with few downstream p53 effects. We 
conclude that the functional significance is primarily in the mislocalization of PDCD5. 
Challenging vhl -/- zebrafish embryos or RCC10 cells with g-irradiation fails to induce 
apoptosis, which is not surprising given the resistance patients with ccRCC retain against 
chemo- and radiotherapy. The substantial increase in the expression of birc5a/ Survivin is 
likely playing an important role in this evasion of apoptosis. Not only do we see a large 
increase in birc5a/Survivin expression in vhl -/- mutant zebrafish and RCC10 cells, respectively, 
we are also able to restore caspase-3/7 activity to the RCC10 cells upon reducing the 
expression of Survivin. Several pathways likely co- modulated this effect; nevertheless, these 
results are in line with previous work demonstrating that 786-0 ccRCC cells with knocked 
down expression of Survivin show reduced colony formation and express an increase of 
cleaved poly ADP ribose polymerase, a marker of apoptosis.51

We provide with this work a novel mechanism for the stabilization of p53 upon hypoxia 
or pVHL loss through the relocalization of PDCD5 to the nucleus coupled to the degradation 
of Mdm2. Given the multifunctional role of PDCD5 in driving apoptosis, it is possible that 
one or more of its downstream functions (such as relocalizing Bax to the mitochondria and 
releasing cytochrome c) may be exploited clinically, such that PDCD5 expression and/or 
activity is enhanced to overcome the apoptosis inhibition in ccRCC. Conversely, the inhibition 
of PDCD5 may be a promising treatment for conditions that arise from prolonged systemic 
hypoxia, such as neurodegeneration and Alzheimer’s disease. We also include in this work 
evidence that despite the hyperstabilization of p53 upon DNA damage in ccRCC cells, the 
mutation of pVHL singularly exerts a powerful inhibition of apoptosis that includes the 
increase of Survivin expression. Finally, our results indicating that caspase activity is restored 
upon the loss of Survivin in ccRCC cells reiterates the potential clinical advantage of using 
DNA-damaging agents for patients with ccRCC in combination with Survivin inhibitors. 
Taken all together, this study reveals promising new avenues for the treatment of a wide-
spanning range of diseases.

MATERIALS AND METHODS

Zebrafish strains
Zebrafish were maintained as previously described.52 Animal experiments were conducted in 
accordance with the Dutch guidelines for the care and use of laboratory animals, with the 
approval of the Animal Experimentation Committee (Dier Experimenten Commissie) of 
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the Royal Netherlands Academy of Arts and Sciences (Koninklijke Nederlandse Akademie 
van Wetenschappen (protocol no. 08.2001). The vhl hu21 mutant zebrafish line was previously 
described, and mutants were initially selected at 5 d.p.f. according to the phenotypes 
described therein, followed by genotyping after use.53 Where indicated, embryos were 
exposed to 25 Gy of ionizing radiation and used for analysis after 4–6 h.

Cell culture
RCC10 and RCCp30d10 cells33 were grown in RPMI 1640 supplemented with glutamax (Life 
Technologies, Carlsbad, CA, USA), 10% fetal calf serum and 1% penicillin and streptomycin 
(Pen/Strep) (Sigma, St Louis, MO, USA). mIMCD3 cells (CRL-2123, American Type Culture 
Collection) were cultured in DMEM/Ham’s F12 (1:1) supplemented with glutamax (Life 
Technologies), 10% fetal calf serum and 1% Pen/Strep. g-irradiation was performed using 
a Gammacell 1000 (Atomic Energy of Canada Limited, Mississauga, Southern Ontario, 
Canada) according the manufacturer’s instructions. Zebrafish embryos were irradiated 
with 25 Gy and cell lines were irradiated at 10 or 20 Gy for western blotting and 25 Gy for 
caspase assays. For UV irradiation, culture medium was removed from cells, and cells were 
irradiated in a UV Stratalinker 2400 (Stratagene, La Jolla, CA, USA) using 1.5 mJ/cm2. Following 
UV irradiation, fresh medium was added to the cells. 

Western blotting
Western blots were performed using five zebrafish embryos or 30 mg cell line protein lysate 
per sample as described.54 The following antibodies were used: zebrafish-specific anit-p53,32 

anti-p53 FL-393 (SC-6243, Santa Cruz Biotechnology, Santa Cruz, CA, USA), anti-Mdm2 (SC-
812, Santa Cruz Biotechnology), anti-p21 (EA10, Abcam, Cambridge, UK), anti-PDCD5 
(1:500; SAB3500258, Sigma-Aldrich, St Louis, MO, USA), anti-VHL (1:500, IG32, BD Thermo 
Scientific, Rockford, IL, USA), anti-b-actin (1:500; A5441. Sigma-Aldrich), donkey anti-rabbit 
IgG (1:5000; NA934V, GE Healthcare, Chalfont St Giles, UK) and sheep anti-mouse IgG 
(1:5000; NXA931, GE Healthcare). Visualization was performed with a Molecular Imager 
ChemiDoc XRS þ system (Bio-Rad, Hercules CA, USA) as per the manufacturer’s 
instructions. Protein band quantification was done using ImageJ v1.44 (Bethesda, MD, USA).

Strep/FLAG tandem-affinity purification and mass spectrometry
 HEK293T were transfected using polyethyleneimine55 for 48 h with N-terminally Strep/
FLAG-tagged pVHL30, before being lysed in 30 mM Tris-HCl (pH 7.4), 150 mM NaCl, 
0.5% Nonidet-P40, protease inhibitor cocktail (Roche, Basel, Switzerland) and phosphatase 
inhibitor cocktail 2 and 3 (Sigma) for 20 min at 4 1C. The Streptavidin- and FLAG-based 
purification steps were performed as previously described.56 Five percent of final eluates 
were separated by SDS-PAGE and silver stained. Remaining samples were protein precipitated 
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with chloroform and methanol and stored at — 80 1C. Further processing of protein 
precipitates, mass spectrometry analysis and peptide identification was carried out as 
reported previously.57 Proteins identified in control Strep/FLAG tandem- affinity purification 
experiments were manually removed from the analysis.

Yeast two-hybrid experiments
A human fetal brain cDNA library (Matchmaker, Clontech, Mountain View, CA, USA) was 
co-transfected with VHL-pMD4 into Saccharomyces cerevisiae strain Hf7c. Plasmids were 
recovered from His þ /LacZ þ clones and tested for specificity with irrelevant baits and 2.5 
or 25 mM of 3-aminotriazole (Sigma).

Immunoprecipitations
HEK293 cells were lysed in 30 mM Tris-HCl (pH 7.4), 150 mM NaCl, 0.5% Nonidet-P40, 
protease inhibitor cocktail (Roche) for 20 min at 4 1C. The insoluble material was separated 
by centrifugation and the supernatants (containing 2.7 mg total protein) were rotated with 
2 mg of anti-VHL or anti- HA (sc-57592, Santa Cruz Biotechnology) at 4 1C overnight. Samples 
were incubated with protein A/G-PLUS agarose beads (sc-2003, Santa Cruz Biotechnology) 
for 2 h at 4 1C. The beads were then washed with ice-cold lysis buffer three times, and 
proteins were resuspended in loading buffer and boiled for 5 min. The resulting samples 
were used to perform western blotting using anti-PDCD5 and anti-VHL antibodies.

qPCR analysis
Total RNA was isolated using trizol (Invitrogen, Carlsbad, CA, USA) and cDNA was made 
using iScript (Bio-Rad). qPCRs were run using iQ SYBR Green Supermix (Bio-Rad) on a 
myIQ iCycler (Bio-Rad). The following primers were used: p21 fw: 
50-tgtcaggaaaagcagcagaa-30, p21 rv: 50-ctggtgttttcgggatgttt-30, bax fw: 
50-gcaagttcaactggggaaga-30, bax rv: 50-gtcaggaaccctggttgaaa-30, puma fw: 
50-tcccctccagcttaaggaat-30, puma rv: 50-atcccagaatcgtgatgtcc-30, birc2 fw: 
50-ccagtcccatttcatctcgt-30, birc2 rv: 50-agtgtcaaggcgttcctgtt-30, birc5a fw: 
50-ttgaagacgcagtgaagctc-30, birc5a rv: 50-aaaaggaccacagccaaatg-30, cflar fw: 
50-ggatcacagaagccccagta-30, cflar rv: 50-ggcattggaacacttcctgt-30, p53 fw: 
50-ttaagtgatgtggtgcctgcct-30, p53 rv: 50-agcttctttccctgtttgggct-30, Vhl fw: 
50-ctcagccctacccgatcttac-30, Vhl rv 50-acattgagggatggcacaaac-30, Rpl27 fw: 50- 
ggtgccatcgtcaatgttctt-30, Rpl27 rv: 50-cgccctcctttcctttctgc-30. Pdcd5 fw: 
50-atggcggacgaagaacttgag-30, Pdcd5 rv: 50-gggctgactgatccagaact-30, RPLp0: fw: 
5’-tgcacaatggcagcatctac-3’. RPLp0 rv: 5’-atccgtctccacagacaagg-3’. Survivin fw: 
50-agaactggcccttcttg- gagg-30, Survivin rv: 50-ctttttatgttcctctatggggtc-30. Three biological 
replicates and at least two technical replicates were performed for each measurement.
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Immunohistochemistry and AO staining
Zebrafish embryos were grown in 200 mM of 1-phenyl 2-thiourea from 28 hours post 
fertilization (hpf) onwards. For pH3 staining, embryos were irradiated and fixed overnight 
in 4% paraformaldehyde.58 Embryos were then dehydrated by successive incubation in 25, 
50, 75 and 100% methanol. The next day, embryos were rehydrated, washed in phosphate 
buffered saline (PBS) with 0.1% Tween (PBST) four times and digested with 10 mg/ml of 
proteinase K at room temperature for 20 min. Then, embryos were washed in PBST and 
refixed in 4% paraformaldehyde for 20 min, washed in PBST five times and blocked in 
blocking buffer (PBST containing 10% lamb serum, 1% DMSO and 0.1% Tween-20) for at 
least 2 h and incubated in rabbit a-pH3 antibody (1:200; Upstate Biotechnology, Lake Placid, 
NY, USA) in blocking buffer overnight at 4 1C. The embryos were washed extensively in 
PBST and incubated in Alexa-594 donkey a-rabbit IgG (1:200; Invitrogen) at 4 1C overnight, 
washed extensively in PBST and mounted in 70% glycerol. For AO staining, embryos were 
irradiated and soaked in 10 mg/ml AO (Sigma) for 30 min, washed six times in E3 embryo 
water and sedated with Tricane (MS- 222).52 Photos were taken with a Leica MZ FLIII 
microscope (Leica, Wetzlar, Germany) and cells were counted using ImageJ v1.44. Embryos 
were genotyped afterwards using Sanger sequencing, as previously described.59

siRNA treatments
Cells were seeded onto coverslips sterilized with 70% ethanol. mIMCD3 cells were 
transfected using the Lipofectamine RNAiMAX reagent (Invitrogen) according to the 
manufacturer’s instructions. Mouse Vhlh siRNA pool (L-040755), mouse PDCD5 siRNA 
pool (target Gm3837, L-168868), human Survivin siRNA pool (target BIRC5332, L-0034459) 
and control siRNA pool (D–001206–13) were purchased from Dharmacon (Layfayette, CO, 
USA).

Immunocytochemistry
Coverslips with cells were rinsed with PBS and fixed with 4% PFA for 15 min at room 
temperature followed by permeabilization with 1% bovine serum albumin (BSA) plus 0.1% 
Triton X-100 in PBS. Cells were then subjected to immunofluorescence staining with anti-
PDCD5 (1:500; SAB3500258, Sigma) for 3 h at room temperature. Secondary antibody 
Alexa Fluor-488 anti-rabbit (1:500; Invitrogen) was incubated at room temperature for 2 
h. Nuclei were counterstained with 40,6-diamidino-2- phenylindole (DAPI) (1:5000) and 
mounted on slides using Fluoromount G (Southern Biotech, Birmingham, AL, USA). Cells 
were examined using a Zeiss LSM700 confocal microscope and photographed using Zeiss 
Zen black edition software (Jena, Germany).
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Caspase assays
Three 5 d.p.f. zebrafish embryos per sample were lysed in an opaque 96- well plate (Greiner 
Bio-One, Alphen a/d Rijn, The Netherlands) as previously described.54 For cells, 2 × 104 cells 
per well were seeded in 96-well plates and allowed to grow overnight. Medium was aspirated 
and the cells were lysed directly in the Caspase-Glo 3/7 or Caspase-Glo 2 reagent (Promega, 
Madison, WI, USA). Lysates were then transferred to an opaque 96-well plate. Luminescence 
resulting from caspase activity was measured using a Berthold Centro XS3 LB960 microplate 
reader (Berthold Technologies, Bad Wildbad, Germany).
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ABSTRACT

We recently performed an siRNA-based reverse genetics screen of all coding genes in the 
mouse genome in murine inner medullary collecting duct cells, which resulted in the 
identification of a list of unvalidated hits. We show here that siRNA knockdown of four of 
these hits with previously unidentified roles in ciliary regulation specifically reduces cells’ 
ciliogenesis potential: HUWE1, FAM110A, STARD3NL, and ANAPC4. We further report 
that exogenous expression of human cDNAs of HUWE1, FAM110A and STARD3NL rescue 
ciliogenesis after siRNA-mediated depletion of endogenous murine mRNA. Our data 
suggest that these four genes have a novel role in renal ciliogenesis, with potential 
implication in ciliopathy pathophysiology. We further demonstrate that zebrafish with 
genome-edited huwe1 appear to be haploinsufficient with chimeric animals manifesting 
phenotypes consistent with ciliopathies. Secondly, we speculate that STARD3NL may 
regulate ciliary membrane dynamics based on localization, but this hit requires specialized 
functional testing for further insight. We also demonstrate the function of ANAPC4 in the 
anaphase promoting complex/cyclosome (APC/C) does not seem to be redundant with its 
role in ciliogenesis in our assays, but invites further investigation. Lastly, we show that 
FAM110A has a role in microtubule stability and G1/S phase cell cycle progression, which 
may contribute to a role in ciliary initiation and/or maintenance. Ciliary roles of a subset 
of the hits from this large-scale screen provide new insights into the disease pathogenesis 
of ciliopathies and in particular opens up new areas of research in the molecular mechanisms 
by which these four proteins work.
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INTRODUCTION

Primary cilia are found on the apical/luminal surface of most renal cells, where they are 
thought to transduce extracellular signals and regulate proliferation, differentiation, 
transcription, migration, polarity and tissue morphology [1, 2]. Renal cilia integrate many 
developmental and pathological signalling pathways, including Wnt-, Hedgehog-, and 
GPCR-signalling [3]. Outside of the kidneys, primary cilia are essential for the development 
and healthy physiology of many different organ systems, including eye, liver, brain, pancreas, 
heart, and bone, and abnormal ciliary function can result in a large variety of diseases, 
known as ciliopathies, affecting different tissues and organ systems [4]. Renal cystic lesions 
are common across ciliopathies, typically arising from the distal end of the nephron in an 
area of the kidney corresponding to the inner medulla [4].
We have recently published an siRNA-based reverse genetics screen of all coding genes in 
murine inner medullary collecting duct (mIMCD3) cells that revealed several genes with 
an effect on ciliogenesis, but not on cell number [5]. One of the advantages of this approach 
is the ability to subsequently perform subset analyses. For example, we have used the initial 
screen data to demonstrate that the function of a subset of ion channels regulates renal 
ciliogenesis [6]. In the current study, we took four additional candidates from the reverse 
genetics screen for validation and initial functional testing, and found all four to robustly 
regulate cilia numbers: Huwe1 (HECT, UBA and WWE Domain Containing 1, E3 Ubiquitin 
Protein Ligase), Stard3nl (START domain-3 containing N-terminal like protein), Anapc4 
(Anaphase-promoting complex subunit 4), and Fam110a (family with sequence similarity 
110, member A). Huwe1 and Anapc4 were also significant hits from a ubiquitin proteasome 
screen (UPS) subset analysis that interrogated the role of UPS subunits in ciliary biology. 
In contrast, Fam110a and Stard3nl made the first cut-off for the siRNA reverse genetics 
screen but not the second. Despite this, we show that both Fam110a and Stard3nl 
functionally regulate ciliogenesis in IMCD3 cells and that FAM110A plays a role in 
microtubule dynamics. Based on these results, we conclude that our cut-off criteria was 
arguably too stringent and that the genome screen we published probably has a higher false 
negative rate than previously estimated. 
While our analysis is not exhaustive, elucidating the role of these four genes in primary 
cilia offers new insights into the molecular networks regulating cilia initiation and/or 
maintenance, in addition to extending the known functions of these proteins, and will 
possibly supply functional data supporting a ciliopathy phenotype in patients with variant 
alleles in any of these genes. 
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RESULTS

Reverse genetics screen 
We performed an siRNA-based reverse genetics screen of coding genes in the mouse 
genome in mouse inner medullary collecting duct cells (mIMCD3 cells). This screen 
identified 112 new candidate ciliogenesis and ciliopathy genes, of which 44 components of 
the ubiquitin-proteasome system that, when down-regulated, impair cilium biogenesis. 
The effect of siRNA knockdown on ciliogenesis was assessed by calculating the percentage 
of cells with a single cilium, with the statistical significance of this effect assessed by 
calculating z scores (zcilia). z scores were also calculated for the effect of the knockdown on 
cell number (zcell), to exclude effects of cell proliferation or apoptosis on ciliogenesis, since 
these could be due to non-specific secondary processes [5]. Based on this analysis, we 
identified that the following four candidates had a significant negative effect on ciliogenesis 
but not on cell number: Huwe1, Fam110a, Stard3nl, Anapc4 (Figure 1). 

HUWE1 is required for ciliation
We started by asking whether endogenous Huwe1, the mouse homologue of HUWE1, is 
expressed in the cilium. Using immunofluorescence, we did not observe ciliary staining of 
endogenous Huwe1 or HUWE1 in ciliated murine IMCD3 cells or retinal pigment epithelial 
cells, respectively. Instead, we observed speckled cytoplasmic staining with some nuclear 
staining as well (data not shown). However, we hypothesized that HUWE1 localization 
might be more specific in polarized epithelial cells. To that end, we grew IMCD3 cells in 
polarized 3D spheroids and stained for endogenous Huwe1. Huwe1 was observed gathering 
at the apical edge of the lumen in spheroids, but again not in the cilia (Figure 2A). siRNA 
mediated knockdown of Huwe1in IMCD3 cells was validated by qPCR (Supplemental 
Figure 1A, n= 2 in triplicate, p= 0.017). Reducing the cellular levels of Huwe1 in IMCD3 
cells leads to a defect in ciliation in 3D cell culture (Figure 2B-C, n= 30 spheroids over two 
experiments, p<0.0001). We attempted to rescue this phenotype with ectopic transfection 
of human HUWE1 constructs resistant to the siRNA targeted to the murine Huwe1 
orthologue to show specificity. However, after multiple attempts we concluded that IMCD3 
cells cannot be transfected with full-length HUWE1 due to its size (482kDa). We therefore 
moved to another murine ciliated cell type, 3T3 fibroblasts, which are easier to transfect 
with large constructs. Knockdown of Huwe1 in these cells by siRNA transfection was also 
confirmed by qPCR (Supplemental Figure 1B, n=2 in triplicate, p= 0.0018). Knockdown 
of endogenous Huwe1 (siHuwe1 vs siControl) in 3T3 cells also leads to a ciliation defect 
(n=600 cells scored over 3 experiments, p=0.0018, Figure 2D) which can be rescued by 
transfection with either full-length HUWE1 (n=30 spheroids over 3 experiments, p=0.0036) 
or a truncated version of HUWE1 (Figure 2D-E, n=30 spheroids over 3 experiments, 
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p=0.034,) which retains its function [7]. To address the in vivo relevance of HUWE1, we 
attempted to create a stable huwe1 mutant zebrafish using TALEN genome editing. Zebrafish 
embryos chimeric for an in-frame 6 nucleotide deletion-insertion mutation (resulting in 
2 amino acid missense changes) in huwe1 displayed a putative mild phenotype, including 
bent body axis in a proportion of the embryos, swim bladder development defects, and 
abnormalities of the gut and liver (Figure 2F). Attempts to create outcross F0 fish possessing 
nonsense mutations to generate a germline huwe1+/- zebrafish line were unsuccessful. 
Although injected mosaic animals survived and could breed, any offspring possessing a 
germline truncating mutation in huwe1 did not reach adulthood (Figure 2G). This indicates 
that huwe1 mutant alleles may be heterozygous lethal. We therefore did not pursue these 
zebrafish lines.
HUWE1 is a known interaction partner of Disheveled 2 (DVL2), a component of the 
canonical Wnt signaling pathway. Wnt signaling is an important modulator of many cellular 

Figure 1

Figure 1. Scatter-plot and images of the siRNA-based UPS screen. (A) Scatter-plot of z-scores from both 
runs of the screen. The cut-offs of z cilia <-2 for both run 1 and run 2 are shown with dotted red lines. Grey 
and black points discriminate between z cell >-2 or <-2 (grey means exclusion).
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processes including cell fate determination, cell proliferation, cell polarity, cell motility and 
others [8, 9]. HUWE1 ubiquitinylates DVL2, inhibiting its multimerization, which is 
important for its function. Thus, HUWE1 usually acts as an modulator of Wnt signaling 
[7]. Wnt signaling passes through the primary cilium and components of the Wnt pathway 
have previously been shown to be involved in ciliogenesis, including DVL2, which was 
shown to be required for apical docking of the basal body [10]. Reduction of endogenous 
levels of Huwe1 by siRNA does not cause a downstream change in Axin2 (a Wnt-pathway 
target) signaling in IMCD3 cells (Figure 2H). 

C. elegans eel-1(okt1575)/huwe1 mutants do not have obvious ciliary defects as tested by 
dye-filling with lipophilic dye DiI, which is specifically taken up by the exposed ciliary 
endings of the amphid and phasmid neurons (not shown, data kindly provided by Marco 
Betist and Rik Korswagen, Hubrecht Institute, Utrecht, the Netherlands). Although this 
assay does not rule out any subtle defects in cilia function, the overall morphology and 
function of the amphid and phasmid ciliary endings appears intact. 

Figure 2. HUWE1 regulates ciliogenesis. (A) Immunostaining of 3D spheroids of mIMCD3 cells for 
endogenous Huwe1 (green), beta-catenin (red), tight junctions (ZO-1, white), with DAPI counterstaining (blue) 
shows apical staining of Huwe1 in polarized cells. Scale bars 5 µm. (B) Immunostaining of 3D spheroids of 
mIMCD3 cells for cilia (Acetylated tubulin, red) beta-catenin (green), tight junctions (ZO-1, white), with DAPI 
counterstaining (blue), shows loss of cilia after Huwe1 siRNA transfection. (C) Quantification of ciliary 
frequency in mIMCD3 spheroids after Huwe1 siRNA transfection. 30 spheroids were scored per condition 
(n=2, p<0.0001. p value determined by student’s t-test). (D) Quantification of ciliary frequency in murine 3T3 
cells depleted for Huwe1 also shows a significant reduction of cilia (400 cells scored for ciliation per condition, 
over 2 experiments. p=0.0018 as determined by student’s t-test with multiple test correction), which can be 
resucued by exogenous expression of both a construct encoding full-length human HUWE-1 (n=30 spheroids 
over 2 experiments, p=0.0036 as determined by student’s t-test with multiple test correction) and another 
construct encoding an N-terminal truncated HUWE1 that maintains its catalytic activity(n=30 spheroids over 
2 experiments, p=0.034 as determined by student’s t-test with multiple test correction). (E) Western blot 
showing endogenous (first two lanes) and overexpression of both full-length and truncated HUWE1 in 3T3 
cells after transfection (middle and third lane). Western blots also showed expression of FLAG-tag (full-length 
HUWE1, H-FL) and HA-tag (truncated HUWE1, H-Tr or HUWE-Tr). Cep290 is used as a loading control 
because of the large size of full length HUWE1. (F) Sibling and genotyped insertion-deletion huwe mutant 
zebrafish embryos. Pictures taken at 5 days post fertilization. Mutant fish display frequent body axis 
abnormalities (half the embryos), abnormalities in the gut and possibly liver (arrows), as well as swim bladder 
agenesis (white asterisks). Anterior is to the right. (G) Table showing the results of matings from attempted 
outcross of huwe mutant fish with early stop mutations. No mutant alleles were found in genotypes of surviving 
adult fish. P value was determined by student’s t-test. (H) Relative expression of AXIN2, a downstream target 
of Wnt signaling. No difference is observed after transfection of siRNA against Huwe1in mIMCD3 cells.    
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STARD3NL regulates ciliogenesis
STARD3 [StAR (steroidogenic acute regulatory protein)-related lipid transfer domain-3] 
and its paralogue STARD3NL (STARD3 N-terminal like) are widely expressed proteins 
involved in cholesterol transport. STARD3NL is expressed in the endosome, where it binds 
cholesterol and forms heterodimers with STARD3, assisting in cholesterol transport and 
helping it to associate with STARD3 [11-13]. To validate the screen result that STARD3NL 
may regulate ciliogenesis, we first closely examined the localization of GFP-labelled 
exogenously transfected STARD3NL in ciliated human RPE-hTERT cells. We observed 
that STARD3NL-GFP localized to the endosomal membranes, as might be expected based 
on its known function. STARD3NL-positive endosomes were also sometimes found in 
close association with the base of the cilium, possibly the ciliary pocket (Figure 3A). siRNA 
mediated knockdown of the mouse homologue of STARD3NL, Stard3nl, via transfection 
with siStard3nl was first confirmed via qPCR (Supplemental Figure 1C, n=2 in triplicate, 
p<0.0001). siRNA reduction of endogenous murine Stard3nl showed a significant reduction 
of ciliary frequency in 3D IMCD3 cultures compared with siControl transfected spheroids 
(Figure 3B-C n=25 spheroids over 2 experiments, p=0.014). Counting only GFP-positive 
spheroids, we were able to rescue the ciliogenesis defect with the STARD3NL-GFP construct 
shown in Figure 3A (Figure 3D, n=20 spheroids over 2 experiments, p=0.022). We postulate 
that STARD3NL is involved in the transport of cholesterol to the ciliary membrane. 

ANAPC4 regulates ciliogenesis
The anaphase-promoting complex (APC/C; also known as the cyclosome) promotes 
metaphase-anaphase transition through ubiquitination of specific substrates such as mitotic 
cyclins, which are subsequently degraded by the proteasome. Evaluation of our siRNA 
screen dataset identified six proteins from the APC/C complex as hits in our knockdown-
screen: APC4, APC5, CDC16, CDC20, CDC23=APC8, CDC27=APC3. Depletion of 
Anapc4 which encodes APC4, was the only knockdown of an APC/C subunit to not be 
detrimental to overall cell numbers, and therefore the most interesting as a potential cilia 
gene. We validated the UPS and original screen with siRNA depletion of Anapc4 in IMCD3 
cells (Supplemental Figure 1D, n=3 in triplicate, p<0.0001) and observed a significant 
decrease in cilia not observed in the siControl experimental comparator (Figure 4A-4B, 
n=50 spheroids, experiment was repeated twice, p=0.0019). Rescue of this phenotype was 
not possible with overexpression of human ANAPC4 construct, because overexpression of 
any APC/C subunit has been shown to obstruct the function of the APC/C cyclosome 
complex [14]. Without the possible rescue of this target, we decided to focus on other targets 
and did not pursue additional functional studies of ANAPC4. 
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Figure 3. STARD3NL regulates ciliogenesis. (A) Staining of RPE-hTERT cells transfected with a human 
STARD3NL-GFP construct for cilia (acetylated tubulin, red) and the basal body (pericentrin, white) with DAPI 
counterstaining (blue) shows expression of ectopic STARD3NL-GFP in edosomal membranes, some of which 
are found near the base of the cilium (arrow). (B) Immunostaining of 3D spheroids of mIMCD3 cells for cilia 
(Acetylated tubulin, red) beta-catenin (green), tight junctions (ZO-1, white), with DAPI counterstaining (blue), 
shows loss of cilia after Stard3nl siRNA transfection. (C) Quantification of ciliation frequency in mIMCD3 
spheroids after Stard3nl or Control (siCtrl) siRNA transfection. 25 spheroids were scored per condition over 
2 experiments.  p=0.014 as determined by student’s t-test). (D) Quantification of rescue of ciliary frequency 
in mIMCD3 cells transfected with a human STARD3NL-GFP or empty-GFP construct. 20 spheroids were 
scored over 2 experiments. p=0.022 as determined by student’s t-test.
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FAM110A regulates ciliogenesis
Not much is known about FAM110A, except that it localizes to centrosomes where it 
putatively binds known ciliopathy protein Centrosome And Spindle Pole Associated Protein 
1 (CSPP1), and that it accumulates at the microtubule organization center in interphase 
and at spindle poles in mitosis, suggesting a centrosomal function [15]. Thus, we were 
interested in validating and obtaining some functional data on this hit, even though it did 
not make the final 112 hits from the screen [5]. A GFP-labeled construct of human 
FAM110A localized to the base of cilia in IMCD3 cells (Figures 5A). We then validated the 
screen by siRNA knockdown of Fam110a in IMCD3 3D spheroids (Figure 5B) which 
resulted in a significant reduction of cilia (Figure 5C, n=50 spheroids per experiment, 
repeated twicep=0.0006,). Despite this observation, we did not see a significant reduction 
in Fam110a expression after treating IMCD3 cells with siRNA directed against Fam110a, 
although a trend was visible (Supplemental Figure 1E, n=3 in triplicate, p=0.15). However, 
overexpression of a GFP-labelled construct of human FAM110A in IMCD3 spheroids 
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Figure 4. ANAPC4 regulates ciliogenesis. (A) Immunostaining of 3D spheroids of mIMCD3 cells for cilia 
(Acetylated tubulin, green), beta-catenin (red), tight junctions (ZO-1, yellow), with DAPI counterstaining (blue) 
shows loss of cilia after Anapc4 siRNA transfection Scale bar 5 µm. (B) Quantification of ciliary frequency in 
mIMCD3 spheroids after Anapc4 siRNA transfection. 50 spheroids were scored per condition (n=2). p=0.0019.
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treated with siFam110a to reduce the endogenous levels of this target resulted in a rescue 
of the ciliogenesis defect, suggesting this hit is specific (Figure 5D, n=50 spheroids per 
experiment, repeated twice, p=0.00414,). RPE-hTERT are amenable to cell cycle analyses 
[16, 17], so we next asked whether siRNA knockdown of the human FAM110A in RPE-
hTERT cells would affect cell cycle progression. To this end we BrDU-pulsed the cells to 
label cells undergoing replication, and then FACSed the cells on BrDU positivity and DNA 
content to quantify the percentage of cells in G1 phase of the cell cycle (Figure 5E). Firstly 
we synchronized the cells in S-phase on two consecutive days with thymidine and then 
release the cells in regular medium for 16 hours before prior to harvesting and we observed 
a significant increase in the number of cells in G1. RPE-hTERT cells starved for serum also 
accumulate in G1, but when we stimulate the cells to enter the cell cycle by addition of 
serum, we note that the cells with reduced endogenous levels of FAM110A are slower to 
leave G1. Collectively, we observed that cells with lower levels of FAM110A showed a 
significant increase of cells in G1 compared to siControl transfected cells (Figure 5E, p<0.05, 
n=40,000 cells in 2 experiments). 
Because FAM110A localizes to the spindle poles during mitosis, we hypothesized that 
FAM110A may be involved in microtubule dynamics, which may explain its effect on 
ciliogenesis. We therefore examined the effect of microtubule stability effecting agents on 
COS-7 cells transfected with FAM110A-GFP. Cells transfected with either empty vector or 
FAM110A-GFP were either untreated, or treated with taxol as a positive control or treated 
with nocodazol (Figure 5F n=60 cells scored over 2 experiments). FAM110A overexpression 
caused microtubule stabilization on its own to a slightly lesser degree than taxol, which 
taxol further increased in the cells transfected with FAM110A-GFP. FAM110A 
overexpression also causes a nocodazol protection phenotype, as nocodazol was unable to 
rescue the hyperstabilization of microtubules in transfected cells. Ice treatment caused a 
reduction of microtubule stabilization as a negative control (supplemental figure 1F). 
FAM110A is therefore likely to play a role in microtubule stabilization. It is possible that 
the ciliogenesis defect after siRNA depletion of FAM110A is due to the loss of this 
microtubule stabilization activity. 
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DISCUSSION 

Here we have employed the data derived from an unbiased siRNA knockdown screen in a 
mouse ciliated cell renal line and identified four proteins previously unlinked to ciliary 
function that we validated in our in vitro systems. With the exception of ANAPC4, the 
ciliogenesis defect seen in 3D spheroids after knockdown of these candidates can be rescued 
by exogenous overexpression of the WT human orthologs, which are not targeted by the 
mouse siRNA, suggesting biological specificity. For two candidates, HUWE1 and FAM110A, 
we performed additional functional experiments to elucidate the functional significance 
of these proteins in ciliogenesis. 

Human genetic data acquired from patients or animal models with ciliopathies has 
generated a list of ciliopathy genes which we know is far from comprehensive [18]. Not 
even one third of patients with a clinically evident ciliopathy have a known causal mutation. 
In this work we have demonstrated that previous guidelines for determining possible 
ciliopathy genes may have been too stringent, that many more possible candidate ciliopathy 
genes probably exist in the original data. The results of screens such as these may serve the 
research community better as guidelines or lists of priorities. Stringent cut-off points in 
screens may not accurately reflect the more subtle biology when hits are investigated 
individually. 

u  Figure 5. FAM110A regulates ciliogenesis. (A) Overexpression of GFP-FAM110A in mIMCD3 cells 
reveals a centrosomal (PCNT, yellow) localization at the base of the primary cilium ( AcTub, red). Scale bar 
5 µm. (B) Immunostaining of 3D spheroids of mIMCD3 cells for cilia (Acetylated tubulin, red), beta-catenin 
(green), tight junctions (ZO-1, white), with DAPI counterstaining (blue) shows loss of cilia after control (siCtrl) 
or Fam110a siRNA (siFam100a) transfection. (C) Quantification of ciliary reduction in 3D IMCD3 spheroids. 
n=3, 50 spheroids counted per experiment. p=0.0006. (D) FAM110A-GFP overexpression in siFam100a-
treated IMCD3 3D spheroids significantly increased ciliary frequency as compared to spheroids transfected 
with an empty GFP vector. 50 green fluorescent spheroids were scored per condition (n=2). p=0.00414). (E) 
RPE-hTERT cells were pulse-labeled with BrDU to visualize S-phase and counterstained with DAPI and 
FACS sorted for cell cycle profiling (% cells in G1 shown on y-axis). RPE-hTERT cells were synchronized in 
S-phase by double thymidine (10mM) block and then released with normal medium for 16 hours (t=16). 
However, RPE cells serum-starved (0% FCS) for 24 hours did not show a difference in % G1. When those 
same cells re-enter the cell cycle by addition of 10% FCS for 16 hours, FAM110A depletion causes an arrest 
in G1. 40,000 events measured per condition; n = 2, **p<0.01 or ***p<0.001. Means are shown, S.E.M. are 
calculated in the statistics but are not shown here as error bars (F) FAM110A-GFP stabilizes microtubules. 
% of cells with intact stable microtubules in COS-7 cells overexpressing either empty-GFP or FAM110A-GFP 
treated with either nothing, 10 µM nocodazol for 20 minutes, or 10 µM taxol for 20 minutes. (60 cells, n=2). 
Means are graphed and S.E.M. are error bars. 
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Patient genetic data have guided researchers to many of the obvious ciliary genes such as 
required structural components and other genes that, when mutated, cause severe anomalies 
without the presence of other mutations. The current challenge is to identify genes that 
have more subtle regulatory effects such as control of post-translational modification and 
temporo-spatial aspects of ciliogenesis, as well as ciliary function and signalling pathways. 
For example, here we examined the function of a subset of ubiquitin ligases and concluded 
that the two we selected both have robust effects on ciliogenesis. This is an example of using 
forward genetics to identify novel regulators. Interestingly, we also found that two unrelated 
targets also affect ciliogenesis even though they have previously been removed from our 
screens. Our functional approach is somewhat limited in terms of its ability to detect genes 
that are directly involved in ciliogenesis. Nonetheless, here we have shown that some genes 
can affect cilia number, even though we previously dismissed them as candidates. 
Taking each hit individually, there are several caveats to this study to be considered. Firstly, 
HUWE1 is a known tumor suppressor and interactor with Wnt regulator Dishevelled. Our 
data are in accordance with the published data that suggests that knockdown of Huwe1 
does not affect canonical Wnt target genes [7]. Nevertheless, C. elegans mutants for an 
ortholog of Huwe1, eel-1, do not have ciliopathy phenotype and our zebrafish chimeric F0 
lines had a complex phenotype only partially overlapping with ciliopathies as well. Our 
data suggests that levels of huwe1 in zebrafish are critical and that it may be haploinsufficient, 
at least in the two lines analyzed here. Additional experiments are warranted. For example, 
creating inducible lines could regulate the temporal and organ-specific deletion of Huwe1 
in vivo. 
Secondly, we have identified members of the APC/C cell cycle master regulator complex 
to be high confidence and well validated hits in our siRNA ciliogenesis screen although 
there were noticeably variable effects on the overall cell numbers, with ANAPC4 being the 
only subunit not detrimental to overall cell numbers. This is surprising since it would be 
anticipated that any APC/C subunit’s depletion would cause cell cycle arrest because they 
all should be found in the complex; immunoprecipitating one subunit likewise clears cellular 
extracts of all the other subunits [19]. However, the strongest knockdown we observed only 
constituted a 50% reduction of endogenous Anapc4 levels, which may explain the difference 
with the other APC/C components. A really efficient ANAPC4 knockdown would likely 
disrupt the APC/C complex and should ultimately result in a mitotic block. We therefore 
hypothesize that our ANAPC4 effect is either caused by subtly reduced APC/C activity in 
interphase and a concomitant specific rise of an APC/C substrate, or ANAPC4 has a ciliary 
function as a non-complexed subunit. For the former scenario, the most attractive substrate 
to test first would be NEK1, a target of APC/C and a known regulator of ciliary resorption 
upon serum-starvation [20, 21]. We will follow this up also by examining the role of Cdh1 
and Aurora A in the context of Anapc4 depletion [19]. 
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Thirdly, we only briefly examined the role of STARD3NL in ciliogenesis, observing only a 
novel association with the base of the cilium (possibly the ciliary pocket) and testing the 
fidelity of the siRNA knockdown with a rescue construct. Our data suggest a role for 
STARD3NL in the delivery of membrane lipoproteins for the generation or extension of 
the ciliary membrane. It is possible that the effect of reduction of Stard3nl in IMCD3 cells 
affects all membrane structures and that our effect is not specific to the cilium. We would 
like to test this hypothesis by fluorescently labelling cholesterol in vitro and filming the 
generation of the cilium with a counter marker such as ARL13b [22]. Fluorescence recovery 
after photobleaching (FRAP) experiments would also be excellent follow-up experiments 
to pinpoint this function.
Lastly, we observed that FAM110A regulates ciliogenesis and that it has a role in microtubule 
stability. Very little is known about this member of the FAM110 family, except that it is a 
putative interaction partner with CSPP1 [23], whose gene is known to be mutated in 
ciliopathy patients [24]. We were able to validate the role of FAM110A in ciliogenesis as a 
specific and robust phenotype rescuable by ectopic expression of FAM110A, even though 
we were only able to modestly (and insignificantly) decrease the endogenous levels of 
mRNA by siRNA treatment. It is known that FAM110A mRNA expression is regulated by 
the cell cycle [15] which probably explains the inefficient siRNA knockdown in 
unsynchronized cells. It would be interesting to test the effects of CSPP1 mutation on 
FAM110A function in the future, for example in patient cells, to determine whether 
FAM110A function is independent or downstream of CSPP1. 
In conclusion, this manuscript validates and explores four genes from a siRNA ciliogenesis 
screen. Two of these genes did not make the stringency settings for the screen, but still 
provided a significant and specific effect on ciliary frequency in renal IMCD3 cells. We 
conclude that settings for the screen were possibly too stringent and that additional 
hypothesis-generating hits can be harvested from the initial screen data. Each of the genes 
we superficially explored are indeed hypothesis-generating are worthy of follow-up 
functional studies of a more extensive nature. 

MATERIAL AND METHODS 

Cell culture
Mouse inner medullary collecting duct (mIMCD3) cells were cultured as previously 
described [17]. 

Reverse genetics visual screen
The reverse genetics visual screen was performed as described previously [5].
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Antibodies and reagents
Antibodies used are rabbit anti-HUWE1 (Novus biologicals, NBP1-76795), mouse anti-
acetylated tubulin (Sigma T6793) and mouse anti-β-actin (AC-15 Sigma A5441, 1;20000), 
rat anti-ZO-1 (Santa Cruz, 1:500), rabbit anti-β-catenin (BD Bioscience, 1:500), rabbit 
anti-pericentrin (Abcamm Ab4448 1:400), anti-CEP290 (Novus Biologicals NB100-86991, 
1:500)
Plasmid DNA transfection was performed with Lipofectamine2000 (Invitrogen, 11668-019), 
according to the supplier’s protocol. Opti-MEM (Invitrogen, 31985-062) was used to dilute 
the plasmids. Plasmids were generous gifts from Dr. Erica Davis (FAM110A and 
STARD3NL) or Dr. Rik Korswagen (HUWE1).
Lipofectamine RNAimax (Invitrogen, 13778-075) was used for siRNA transfection, 
according to the supplier’s protocol. Opti-MEM (Invitrogen, 31985-062) was used to dilute 
the ON-TARGETplus siRNA SMARTpools (Thermo Scientific Dharmacon): 
Non-targeting pool (D-001810-10), 
mouse Ift88(21821) (L-050417-00), 
mouse Huwe1(59026)(L-059037-02),
mouse Fam110a (73847)(L-065039-01),
mouse Stard3nl (760205)(L-056118-01) and 
mouse Anapc4 (52206)(L-051472-01) to 20 nM. 

RT-qPCR
RNA was isolated, cDNA was synthesized, and RT-qPCR analysis was performed as 
previously described [17]. The mouse primer sequences (Sigma) used are: 
Mouse Rpl27 (housekeeping):
Fw: GGTGCCATCGTCAATGTTCTT
Rv: CGCCCTCCTTTCCTTTCTGC

Mouse Huwe1: 
Fw: TCTTCCACTAGAGATTCTGCCG
Rv: TGATACCAGCAAGGGGATCTTC

Mouse Stard3nl: 
Fw: TGCCCATCATTTCATTCATCCTT
Rv:AAAAGCGGTTTCTCACTCTCC

Mouse Anapc4:
Fw: CTGCGCTTTCCGACCTGTT
Rv: AAAACCTCGCCTGTAGTGTTG
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Mouse Fam110a:
Fw: ACTCCCGCCCTACCTTTTC
Rv: CCACAGCACTCGGTTTCCT

Immunofluorescence 
For immunostaining, mIMCD3 cells were grown on coverslips and confocal imaging was 
performed using Zeiss Confocal laser microscope and images were processed with the ZEN 
2012 software [6]. 3D spheroids matrigel assays with mIMCD3 cells were performed as 
previously described [25].
Western blots were performed as previously described [6].  Protein lysates were prepared 
using RIPA lysis buffer and sonicated. To correct for protein content a BCA protein assay 
(Pierce) was performed. After blotting, the PVDF membranes were blocked in 5% BSA or 
5% dried skim milk in TBS with 0.5% Tween. The primary antibodies Anti-Huwe1 (1:500), 
anti-CEP290 (1:500), Anti-Flag (clone M2 Sigma, 1:2000) or anti-HA (clone 12CA5 
hybridoma supernatant, 1:3) were diluted and incubated with the membrane overnight at 
4 degrees C. The secondary HRP conjugates swine anti-rabbit and swine anti-mouse 
antibodies (DAKO, dilution 1:200) were incubated for 1 hour at RT. And submitted to the 
ECL chemiluminescence kit (Sigma CPS1120-1KT). Scans of the blots were made with the 
BioRad ChemiDoc XRS+ device.

FACS 
Performed as previously described. 

Statistics
P-values (*p,0.05, ** p<0.01, ***p<0.001) were calculated from normally distributed data 
sets using a two-tailed Student’s t test. Statistical analyses represent the mean of all 
experiments and error bars represent SEM. 

Zebrafish
Talens were designed against a region in exon 9 of the zebrafish huwe1 gene that contained 
a restriction site which could be used for genotyping. The target sequence of the forward 
talen was ATATTTTTTGTGCAGTGTACTCCAA, while the target sequence of the reverse 
talen was AGCCAATAGCATACTCTATA. The restriction enzyme site sequence was ctccag, 
corresponding to the restriction enzyme BpmI. The following primers were used for 
genotyping: 
Fw: CCCCTCTGAGATCATGGAGT 
Rv: AGACCTTGGCTTAAACAGTGC 
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SUPPLEMENTAL

Supplemental Figure 1: (A) qPCR of endogenous Huwe1 mRNA levels indicates siRNA efficacy of siHuwe1 
in IMCD3 cells at 72 hours after transfection normalized to siControl transfected cells. n=2, in triplicate. 
p==0.017. (B) qPCR of endogenous HUWE1 mRNA levels indicates siRNA efficacy of siHUWE1 in RPE-
hTERT cells at 48 hours after transfection normalized to siControl transfected cells. n=2, in triplicate. 
p=0.00018. (C) qPCR of endogenous Stard3nl mRNA levels indicates siRNA efficacy of siStard3nl in IMCD3 
cells at 72 hours after transfection normalized to siControl transfected cells. n=2, in triplicate. p<0.0001. (D) 
qPCR of endogenous Anapc4 mRNA levels indicates siRNA efficacy of siAnapc4 in IMCD3 cells at 72 hours 
after transfection normalized to siControl transfected cells. n=3, in triplicate. p<0.0001. (E) qPCR of 
endogenous Fam110a mRNA levels indicates siRNA efficacy of siFam100a in IMCD3 cells at 72 hours after 
transfection normalized to siControl transfected cells. n=3, in triplicate. p=0.15.(F) Ice treatment of COS-7 
cells transfected with either empty-GFP construct or with FAM110A-GFP show that microtubule cystoskeleton 
can be collapsed by incubating the plates on ice for 15 minutes.
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ABSTRACT

Nephronophthisis-related ciliopathies (NPHP-RC) are recessive diseases characterized by 
renal dysplasia or degeneration. We here identify mutations of DCDC2 as causing a renal-
hepatic ciliopathy. DCDC2 localizes to the ciliary axoneme and to mitotic spindle fibers in 
a cell-cycle-dependent manner. Knockdown of Dcdc2 in IMCD3 cells disrupts ciliogenesis, 
which is rescued by wild-type (WT) human DCDC2, but not by constructs that reflect 
human mutations. We show that DCDC2 interacts with DVL and DCDC2 overexpression 
inhibits b-catenin-dependent Wnt signaling in an effect additive to Wnt inhibitors. 
Mutations detected in human NPHP-RC lack these effects. A Wnt inhibitor likewise restores 
ciliogenesis in 3D IMCD3 cultures, emphasizing the importance of Wnt signaling for renal 
tubulogenesis. Knockdown of dcdc2 in zebrafish recapitulates NPHP-RC phenotypes, 
including renal cysts and hydrocephalus, which is rescued by a Wnt inhibitor and by WT, 
but not by mutant, DCDC2. We thus demonstrate a central role of Wnt signaling in the 
pathogenesis of NPHP-RC, suggesting an avenue for potential treatment of NPHP-RC.
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INTRODUCTION

Cilia are microtubule-based structures that project from the cell surface of numerous 
mammalian cells and mediate key pathways of development such as Wnt and Shh signaling. 
Many ciliary proteins participate in functional protein sub- complexes,1 which localize to 
primary cilia, centrosomes, the mitotic spindle, or the abscission structure in a cell-cycle-
dependent manner.2 Mutations in genes that encode these ciliary proteins lead to 
developmental and degenerative diseases, which show a broad phenotypic spectrum. This 
complex of disorders has collectively been termed ‘‘ciliopathies’’ due to their localization 
to primary cilia and centrosomes.3 Moreover, numerous cilia-mediated signaling pathways 
have been implicated in the pathogenesis of ciliopathies, such as canonical Wnt/b-catenin,4 

Shh,5 and DNA damage response (DDR).6,7

In this context, the term nephronophthisis-related ciliopathies (NPHP-RC) summarizes a 
group of rare autosomal-recessive cystic kidney diseases including nephronophthisis (NPHP 
[MIM 256100]), Senior-Loken syndrome (SLS [MIM 266900]), Joubert syndrome (JBTS 
[MIM 213300]), and Meckel Gruber syndrome (MKS [MIM 249000]). NPHP accounts for 
the majority of genetically caused end-stage renal disease (ESRD) during the first three 
decades of life. The most prominent diagnostic hallmarks are increased echogenicity and the 
presence of corticomedullary cysts upon renal ultrasound. Histologically, NPHP is 
characterized by tubular atrophy, basement membrane disintegration, interstitial fibrosis, and 
cyst formation. About 15% of the affected individuals with NPHP-RC exhibit extra-renal 
organ involvement, in particular hepatobiliary ductal plate malformation, progressive retinal 
dystrophy, and cerebellar vermis hypoplasia/aplasia as the hallmark of JBTS. The most severe 
manifestation of the NPHP-RC spectrum is MKS, a perinatally lethal ciliopathy.
Similar to the vast pleiotropy, NPHP-RC show broadly heterogeneous genotypes with 
monogenic ciliopathies established to be caused by recessive mutations in more than 90 
genes.3–5,8–15 We recently demonstrated in a large cohort of 1,056 families with NPHP-RC 
that in more than 50% of cases the underlying disease-causing mutation is un- known.16,17 

In order to identify additional single gene causes of NHPH-RC, we here applied 
homozygosity map- ping and whole-exome sequencing in 100 affected individuals of 
consanguineous parents or sibling cases fulfilling the diagnostic criteria of NPHP-RC. 
In combination with high- throughput exon sequencing in a cohort of 800 individuals 
with NPHP-RC, we identified recessive truncating mutations in DCDC2 as a hitherto 
unknown cause of renal-hepatic variant of NPHP-RC. We demonstrate that DCDC2 
interacts with the mediator of Wnt signaling dishevelled, and that DCDC2 overexpression 
inhibits b-catenin-dependent Wnt signaling. Thus, we demonstrate a central role of Wnt 
signaling in the pathogenesis of NPHP-RC, suggesting an avenue for potential treatment 
of NPHP-RC.
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MATERIALS AND METHODS

Research Subjects
Blood samples and pedigrees were obtained from individuals with diagnosed NPHP-RC 
and informed consent. Approval for human subject research was obtained from Institutional 
Review Boards of the University of Michigan and the Boston Children’s Hospital.

Linkage Analysis
For genome-wide homozygosity mapping GeneChip® Human Mapping 250k StyI Array 
(Affymetrix) was used. Regions of homozygosity were identified using GENEHUNTER 
2.118,19 and ALLEGRO20 with a disease allele frequency of 0.0001 and marker allele 
frequencies of European descent.12,21

Whole-Exome Sequencing
Whole exome sequencing (WES) and variant burden analysis was performed as previously 
described22 using Agilent SureSelect human exome capture arrays (Life TechnologiesTM) 
with next generation sequencing (NGS) on an IlluminaTM sequencing platform. Sequence 
reads were mapped against the human reference genome (NCBI build 36/hg18) using CLC 
Genomics Workbench (version 4.7.2) software (CLC bio). Mutation calling (Tables S1 and 
S2) was performed by geneticists/cell biologists, who had knowledge of clinical phenotypes, 
pedigree structure, homozygosity mapping, and WES evaluation.

High-Throughput Mutation Analysis by Array-Based Multiplex PCR and NGS
For 48 DNA samples simultaneously, 672 amplicons (592 exons) of 32 candidate genes, 
including DCDC2, were sequenced in a cohort of 800 individuals with NPHP-RC using a 
PCR-based 48.48 Access Array microfluidic technology (Fluidigm) with consecutive NGS 
as previously described.16,17 Detected variants were confirmed by Sanger sequencing and 
evaluated for segregation. Additional 21 individuals with early onset liver fibrosis were 
Sanger sequenced for coding regions of DCDC2 (Table S3).

cDNA and Splice Mutation
RNA of A4435-21 and healthy control was purified from whole blood, cDNA was 
synthesized (Agilent Technologies) and Sanger sequenced, using primers flanking exon 4 
in order to confirm skip- ping of exon 4 (Figure S1; Table S3).

cDNA Cloning
Human full-length (Hs-FL) DCDC2 cDNA was subcloned by PCR from Hs-FL cDNA 
(origene SC114336). Full-length and partial clones were subcloned into pRK5-N-Myc using 
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the gateway system (Invitrogen). Mutations were introduced at position c.649A>T to 
represent p.Lys217* (Figure S2C) and at c.123_124 delGT to represent p.Ser42Glnfs*72 
(Figure S2A) using ‘‘QuikChange II XL Site-Directed Mutagen- esis’’ (Agilent Technologies). 
Using the same technique the nucleotides 349 to 425 of exon 4 were deleted in order to 
represent the splice mutation c.349-2A>G (Figure S2B). MAP- K8IP1 (JIP1) full-length 
was subcloned from Hs-FL cDNA (NM_005456, origen sc124125) into pDEST40 (gateway). 
PAFAH1B1 (LIS1) (NM_000430.3 [MIM 601545]), open reading frame was amplified from 
Hs-FL cDNA (clone ID HsCD00378475) and subcloned to pDEST40. Human Disheveled 
1,2,3 (NM_004421.2, NM_004422.2, NM_004423.3) full-length clones and fragment of 
DVL3 were a gift from Vita Bryja, Masaryk University.

Coimmunoprecipitation
Coimmunoprecipitation experiments upon co-overexpression in NIH 3T3 and HEK293T 
cells were performed as described previously.23

Luciferase Reporter Gene Assay
The Wnt/b-catenin reporter assay has been performed as described.23 In brief, NIH 3T3 
cells were transfected with pcDNA3/S33Y b-catenin, pTOPFLASH, pGL4.74[hRluc/TK] 
(Prom- ega) and DCDC2 (WT/mutants) or the empty vectors. At 36 hr posttransfection, 
luciferase activities were measured using a Dual-Luciferase® Reporter Assay and GloMaxTM 

96 microplate luminometer (Promega) according manufacturer’s instruction. The luciferase 
activities were normalized to Renilla luciferase activities and protein concentration.

Antibodies
For immunofluorescence studies, the following primary anti- bodies were used: Mouse 
anti-DCDC2 (Abcam, ab 157186), goat-anti-DCDC2 (Santa Cruz, sc-50728), rabbit anti-
Kif3a (Abcam ab11259), mouse anti-Jip-1 (Santa Cruz sc-25267), mouse anti-DVL3 (Santa 
Cruz sc-365581), mouse anti-SDCCAG8 (Abcam, ab67098), rabbit anti-Cep164 (Sigma, 
hpa037606), mouse anti-Pericentrin (Abcam, ab28144), rabbit anti-PCNT (Atlas 
Antibodies, 019887), rabbit anti-PCM-1 (Cell Signaling, 5259), and rabbit anti-IFT88 
(ProteinTech, 13967-1-AP). For immunoblotting, the following primary antibodies were 
used: rabbit anti-DCDC2 (Sigma Aldrich D2945), and mouse anti-Jip- 1 (Santa Cruz sc-
25267).

Immunofluorescence and Confocal Microscopy in Cell Lines
Cells were prepared for immunofluorescence as previously described24, incubated in 
primary antibodies (see above) over- night at 4oC, and imaged using Leica SP5X system 
with an upright DM6000 microscope and A1R confocal microscope (Nikon Instruments).
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Figure 1. Homozygosity Mapping and WES Detect DCDC2 Mutations in Individuals with Renal-Hepatic 
Ciliopathy. In A3547-22 with a renal-hepatic ciliopathy renal histology (left panel; Masson trichrome staining) 
reveals tubulointerstitial fibrosis and tubular dilation with epithelial luminal budding (arrowhead). Hepatic 
histology (right panel; H&E staining) of A3547-22 shows areas of florid fibrosis with destruction of bile ducts, 
focal ductular proliferation with cholestasis, and bile plugging. For individual A3547-22 nonparametric LOD 
(NPL) scores from whole-genome mapping are plotted across the human genome. The x axis shows Affymetrix 
250K StyI array SNP positions on human chromosomes concatenated from pter (left) to qter (right). Genetic 
dis- tance is given in cM. Eight maximum NPL peaks (red circles) indicate candidate regions of homozygosity 
by descent. Note that the DCDC2 locus (arrow head) is positioned within a maximum NPL peaks on 
chromosome 6p. Exon structure of human DCDC2 cDNA. Positions of start codon (ATG) and stop codon 
(TGA) are indicated. Protein domain structure of DCDC2. The N terminus contains two doublecortin domains.
Three homozygous (H) or compound-heterozygous (h) DCDC2 mutations detected in two families with a uu
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Immunofluorescence and Confocal Microscopy on Tissues
Human and murine paraffin-embedded samples were obtained from Zyagen. Paraffin-
embedded tissue sections of 5–7 mm were deparaffinized, rehydrated, stained after heat-
induced antigen retrieval, and imaged on a LSM510 confocal microscope (Carl Zeiss 
Microimaging), and on an A1R confocal microscope (Nikon Instruments).

Knockdown of Dcdc2
Transfection of non-target siRNA was performed in parallel to tar- geted siRNA using 
Lipofectamine RNAimax (Invitrogen) following manufacturer’s instructions. Experiments 
were performed 48 hr after siRNA transfection. For all knockdown experiments, Dhar- 
macon ON-TARGETplus siRNA 11 and 12 against murine Dcdc2a were used (Table S3). 
The knockdown efficiency was shown by immunoblot (Figure S12) and by qPCR (Figure 
S10).

Spheroid Assay
Spheroid assays were performed as previously described.6 In brief, IMCD3 cells were 
transfected with human DCDC2 cDNA constructs at day 1. After 24 hr, cells were transfected 
with siRNA against murine Dcdc2a. 24 hr after the second transfection, cells were 
resuspended in matrigel (BD Bioscience) and seeded on Lab TekII chambered coverglasses. 
After 72 hr, cells that had formed spheroids with visible cleared lumens were stained and 
imaged us- ing a Zeiss LSM700 confocal microscope. In each spheroid, nuclei were counted, 
followed by cilia. The percentage of ‘‘ciliated nuclei’’ in each spheroid was used as a distinct 
value in the results. To detect the presence of cilia, we scored 200–2,000 cells per condition 
for the presence of cilia. GraphPad Prism 6.0 (GraphPad Soft- ware) was used to graph 
results and perform statistical tests using ANOVA statistical analysis. Experiments were 
repeated at least two times independently and data combined, graphs show mean value 
and SEM.

t  Figure 1. continued
renal-hepatic ciliopathy (see Table 1). Family number (underlined), mutation, and predicted translational 
changes are indicated. Healthy control sequence is shown underneath. Sequenced RT-PCR product from 
cDNA of lymphocytes of A4435-21 with obligatory splice mutation (c.349-2A>G) using primers located in 
exons 2 (2F) and 5 (5R). Positions of primers are indicated in (C). Hepatic and renal localization of DCDC2. 
Coimmunofluorescence using anti-DCDC2 or anti-a-acetylated tubulin antibodies dem- onstrates DCDC2 at 
the ciliary axoneme in cilia of cholangiocytes (upper panel) and of renal epithelial cells (lower panel). 
Immunoflu- orescence was performed on human paraffin embedded sections. Nuclei are stained with DRAQ5. 
Scale bars are 20 mm. Upon overexpression in NIH 3T3 cells WT DCDC2 decorates the ciliary axoneme, 
whereas all three mutant clones reflecting muta- tions in NPHP-RC families lack ciliary localization.
Quantitation of ciliary staining in 50 transfected cells per clone. Scale bars are 5 mM.
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Zebrafish Embryos and Microinjections of Morpholinos and mRNA
Zebrafish embryos were staged 24 hr post fertilization (hpf) and 1- phenyl-2-thiourea (PTU, 
Sigma) was used to block pigmentation in embryos older than 24 hpf.  
A morpholinooligonucleotide (MO) against the translation start site of dcdc2b (AUGMO) 
(Table S3) was designed (Gene Tools, LLC), dissolved in 13 Danieau’s buffer and injected 
at varying concentrations (50, 100, 150, 200, and 250 mM) into WT zebrafish embryos at 
the one-cell stage. 50- capped sense mRNA of human DCDC2 WT and the two mutant 
clones hDCDC2_Lys217* and hDCDC2_Ser42Glnfs*72 were synthesized using SP6 
mMessage mMachine Kit (Ambion) and was coinjected (approximately 100 pg) with dcdc2b 
MO for rescue experiments. Two additional MOs targeting splice sites were not efficient 
in dcdc2b knockdown as evidenced by RT PCR (data not shown). All zebrafish experiments 
were performed in accordance with ethical permits approved by Stockholm North 
Experimental Animal Committee (Dnr N29-12).
Treatment with WNT/b-Catenin Inhibitor iCRT14 Zebrafish embryos injected with 
AUGMO were exposed to 500 nM or 750 nM or 1 mM or 5 mM concentrations of iCRT14 
at the beginning of gastrulation. Compound treated embryos were raised at 28.5oC in Petri 
dishes for 48 hr and screened for the rescue of ciliopathy phenotypes. As solvent control, 
1% DMSO was used.

Whole-Mount In Situ Hybridization, Histology, and Immunohistochemistry
Digoxigenin-labeled antisense probe for foxa3 was synthesized as described previously.25 

For in situ hybridization staged embryos were fixed in 4% PFA for 24 hr and processed.26 

Immunohistochemistry and histology experiments on Zebrafish embryos have been 
performed as described.27,28

Transmission Electron Microscopy
For electron microscopy, 3.5-day-old control and morphant embryos were fixed in 2% 
glutaraldehyde solution containing 1% PFA in 0.1 M phosphate buffer (PB), pH 7.4. 
Sectioning was per- formed using a Leica EM UC 6 (Leica) and stained with uranyl acetate 
and lead citrate. Electron micrographs were examined and acquired using a Tecnai 10 
transmission electron microscope with a veleta camera.

Statistical Analysis
Results in Figure 2 are presented as scattergrams with means and error bars for SD for the 
indicated number of values. Statistical analysis of continuous data was performed with a 
two-tailed Student’s t test. p < 0.05 was considered statistically significant.

Bioinformatics
Genetic location is according to the February 2009 Human Genome Browser data.
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RESULTS

DCDC2 Mutations Cause a Renal-Hepatic Ciliopathy
To elucidate pathomechanisms of NPHP-RC, we sought additional causative mutations 
and performed homozygosity mapping21 and whole-exome sequencing24 in 100 
consanguineous cases or sibling cases fulfilling the diagnostic criteria of NPHP-RC. In 
consanguineous individual A3547-22, who had hepatic fibrosis (Figure 1A) at age 11 
months and end-stage renal disease (ESRD) from NPHP at age 14 years (Table 1), we 
obtained by homozygosity mapping eight candidate regions of homozygosity by descent 
(Figure 1B). Whole-exome sequencing yielded a homozygous truncating mutation 
(c.649A>T, p.Lys217*) in DCDC2 (double cortin domain-containing 2) (Figures 1C–1E; 
Table 1). No additional homozygous truncating mutations were detected in any other gene 
within the mapped candidate regions (Tables S1 and S2). Direct inspection of sequence 
alignments did not yield a mutation in any of the >90 genes with a known connection to 
NPHP-RC. By high-throughput exon sequencing16,17 in a large worldwide cohort of 800 
additional families with NPHP-RC, in whom mutations in known genes were excluded, 
we sequenced all exons of DCDC2. In less than ten of these individuals liver fibrosis was 
present. We detected in individual A4435-21, who had hepatic fibrosis requiring liver 
transplantation at 2 years of age, two com- pound heterozygous mutations: A frameshift 
mutation (c.123_124 delGT, p.Ser42Glnfs*72) (Table 1; Figure 1E) and an obligatory splice 
site mutation (c.349-2A>G) that we show produces the frameshift product p.Val117Leufs*54 
(Table 1; Figure 1F; Figures S1 and S2). 

Figure 2. DCDC2 Interacts with Dishev- elled and Inhibits b-Catenin-Dependent Wnt Signaling Synergistically 
with Wnt Inhibitors. DCDC2 interacts with DVL3 when both are transiently overexpressed in NIH 3T3 cells. 
A construct (aa 222-476) lacking both doublecortin (DCX) domains (see Figure S2 for constructs) does not 
interact with DVL3, whereas the deletion of either DCX domain alone is not sufficient to abrogate the 
interaction. Knockdown of DCDC2 in NIH 3T3 activates the b-catenin-dependent WNT pathway. Cells were 
transfected with an empty vector pcDNA3 (Control) or pcDNA3-S33Y-b-catenin together with scrambled or 
DCDC2 siRNA. The ratio be- tween the luciferase activity obtained from the cotransfected TCF-responsive 
re- porter and the control luciferase reporter gene construct (pGL4.74[hRluc/YK]) was calculated and 
designated as ‘‘TCF reporter activity.’’ Cells were transfected with an empty vector pcDNA3 (Control) or 
pcDNA3- S33Y-b-catenin (Mock) together with DCDC2 constructs. Left panel: Overexpression of WT, but not 
mutant, DCDC2 inhibits b-catenin-induced activation of TCF-dependent reporter gene. Light gray panel: The 
Wnt inhibitor FH535 sup- presses TCF reporter activity. Overexpression of WT DCDC2, but not three mutant 
DCDC2 clones, inhibits TCF reporter activity additively to the effect of FH535. Dark gray panel: Likewise, the 
Wnt inhibitor iCRT14 suppresses TCF reporter activity. Overexpression of WT DCDC2, but not mutants, 
inhibits TCF reporter activity additively to the effect of iCRT14. Two cDNA clones lacking the first or second 
DCX domain, respectively (D1st DCX and D2nd DCX), also fail to suppress TCF re- porter activity. A dotted 
horizontal line is drawn for easier interpretation of results. [ indicates two outliers at 2.4 and 2.7. aFH535 
(middle light gray panel) is known to suppress b-catenin/TCF-mediated transcription and to inhibit b-catenin 
and GRIP-1 recruitment to PPARg; biCRT14 (left dark gray panel) is known to modulate interaction between 
b-catenin and TCF and inhibit b-catenin/TCF-mediated transcription.
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Figure 3. Lack of Dcdc2 Is Rescued by Full-Length DCDC2 and by Wnt Inhibition, but Not by Mutants Detected 
in NPHP-RC. siRNA (siDcdc2-11) mediated knockdown of Dcdc2 in IMCD3 cells grown in 3D spheroid culture 
causes a ciliogenesis defect that is rescued by overexpression of human WT DCDC2, but not by mutants 
found in humans with NPHP-RC. For each condition >50 spheroids were evaluated for the percentage of 
ciliated cells and the experiment was repeated three times independently. Note that the red structures visible 
in the mutant-transfected spheroid are midbodies of dividing cells, not cilia. Scale bars are 5 mm.
Ratio of ciliated cells per nuclei within each spheroid upon knockdown and after attempted rescue with WT 
DCDC2 and two mutants. *p < 0.001, as determined by ANOVA analysis. Experiments were repeated at least 
two times independently and the data combined. Graphs show mean value and standard error of the mean 
(SEM). The ciliogenesis defect was rescued by growing spheroids in medium treated with Wnt inhibitor iCRT14 
(100 mM). Scale bars are 5 mm. Quantification for two siRNAs of rescue of ciliogenesis defect by iCRT14 
treatment. *p < 0.001, as determined by ANOVA analysis. Experiments were repeated at least two times 
independently and the data combined. Graphs show mean value and SEM.
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None of the affected individuals had retinal degeneration, cerebellar vermis hypoplasia, 
hydrocephalus, obesity, or bone dis- ease. An additional 21 individuals with early onset 
liver fibrosis were screened for variants in the coding region of DCDC2 by Sanger sequencing 
(Table S3). No additional mutations were detected. We generated cDNA clones reflecting 
the human DCDC2 mutations (Figure S2). When re-evaluating the Dcdc2 knockout mouse 
model,29 we found that there was periportal fibrosis at age 11 months consistent with the 
phenotype seen in humans with DCDC2 mutations (Figure S3).

DCDC2 Colocalizes with Other NPHP-RC Proteins to the Cilia-Centrosome-Spindle 
Complex
To elucidate the role of DCDC2 in the pathogenesis of NPHP-RC, we examined its 
localization in epithelia of different tissues that are involved in NPHP-RC phenotypes, using 
indirect immunofluorescence studies. In kidney and liver, we observed that DCDC2 
colocalizes with acetylated a-tubulin to the axoneme of primary cilia of human renal tubule 
cells and cholangiocytes in liver (Figure 1G) and to multiciliated ependymal cells and pia 
mater cells in mouse brain (Figure S4). However, DCDC2 did not localize to the basal body 
(Figure S4).
Because NPHP-RC proteins localize to primary cilia, centrosomes, the mitotic spindle, and 
the abscission structure in a cell-cycle-dependent manner,2 we performed colocalization 
studies for DCDC2 and other NPHP-RC proteins using confocal laser immunofluorescence 
microscopy in MDCK-II and hTERT-RPE1 cells (Figures S6 and S7). We found that within 
the different phases of mitosis DCDC2 fully or partially colocalizes with acetylated a-tubulin 
during metaphase and anaphase to the spindle microtubules, during late telophase/
diakinesis to the abscission structure, and in ciliated cells during interphase to the ciliary 
axoneme (Figures S5–S7). Throughout those cell-cycle phases, DCDC2 is excluded from 
the basal body (in inter- phase) and the mitotic spindle poles (in metaphase and anaphase), 
as well as the midbody (in diakinesis) (Figures S5–S7), in contrast to other NPHP-RC 
proteins, which preferentially stain basal body and spindle poles, reciprocally omitting the 
axoneme and mitotic spindle fibers. These NPHP-RC proteins include SDCCAG8/NPHP10 
(Figure S6) and CEP164/NPHP15 (Figure S7). In metaphase, DCDC2 is absent from the 
interpolar spindle domain of the mitotic spindle (Figure S5). Three proteins that had been 
described as interacting with DCDC2, DVL3 (this study), JIP1,30 and Kif3a31 labeled basal 
bodies, mitotic spindle poles, and midbody rather than the ciliary axoneme (Figure S8).
Overexpression in hTERT-RPE1 cells revealed upon immunofluorescence that mutations 
observed in individuals with NPHP-RC and constructs, from which either of the two 
doublecortin domains are deleted (Figure S2) fail to localize to the primary cilia (Figure 
S9). These results are in accordance to observations made in rat hippocampal neurons.31 

Immunocytochemistry of cells overexpressing WT and the truncating mutants p.Lys217*, 
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p.Val117Leufs*54, and p.Ser42Glnfs*72 shows that the mutations abrogate localization of 
DCDC2 to the primary cilium in NIH 3T3 (Figure 1H) and RPE1 cells (Figure S9).

DCDC2 Interacts with DVL1-3, and Mutations Abrogate Wnt Signaling
Because we have previously shown that INVS4,32 and CEP164,6 defects in which are 
associated with NPHP-RC, interact with proteins that participate in Wnt signaling, we 
tested whether DCDC2 interacts with the disheveled proteins (DVL1, DVL2, or DVL3), 
which act as regulators of Wnt signaling.31,33

We performed coimmunoprecipitation studies in NIH 3T3 cells demonstrating that full-
length DCDC2 interacts with all three dishevelled proteins, DVL1, DVL2, and DVL3. This 
interaction was not abrogated in cDNA constructs representing the mutations that we 
identified in individuals with NPHP-RC (Figure S11). However, a construct (aa 222-476) 
lacking both doublecortin (DCX) domains (see Figure S2) failed to interact with DVL3, 
whereas deletion of either DCX domain alone did not abrogate interaction with DVL3 
(Figure 2A). (An overview on cDNA clones is given in Figure S2, where p.Ser42Glnfs* 72 
represents the shortest variant of A4435-21).
As DVL regulates Wnt signaling, we examined signaling effects downstream of DCDC2 
and found that siRNA knockdown of Dcdc2a in NIH 3T3 cells increases b-catenin-induced 
activation of T cell factor (TCF)-dependent transcription (Figure 2B). Reciprocally, 
overexpression of DCDC2 WT reduced b-catenin-induced activation of TCF-dependent 
transcription (Figure 2C, left panel). This effect was abrogated by all three mutations (Table 
1, Figures 1C–1E) that we detected in individuals with NPHP-RC (Figure 2C, left panel). 
Two different Wnt inhibitors (FH535 and iCRT14) reduced b-catenin-induced activation 
of TCF-dependent transcription with an effect that was additive when combined with 
DCDC2 overexpression (Figure 2C, middle and right panels).

Figure 4. MO Knockdown of dcdc2b Replicates Ciliopathy Phenotypes in Zebrafish that Cannot Be Rescued 
by cDNA Clones Representing Human Ciliopathy Mutants. Zebrafish embryos injected with AUGMO at one-
cell stage produced defects characteristic of cilia dysfunction. Lateral view of 2-day-old control and morphant 
embryos. dcdc2b morphant developed ventrally bent body axis, hydrocephalus, tail kinks, and pericardial 
edema (‘‘full ciliopathy phenotype’’). Morphologically visible ciliopathy phenotypes in dcdc2b morphants were 
completely or partially rescued (lacking at least one phenotype) by   coinjection   of   50capped   mRNA   of 
WT     human     DCDC2.     Coinjection   of AUGMO with capped mRNA  of  either of  the  two  human  DCDC2  
mutant clones hDCDC2_Lys217* or hDCDC2_Ser42Glnfs*72 mostly failed to rescue ciliary defects. Scale 
bar is 100 mm. Histological sections of pronephros from control and morphant embryo at 3.5 dpf. dcdc2b 
morphants clearly showed dilation of the pronephric duct (asterisks) compared to control embryos.
Transverse brain sections shows hydrocephalus (asterisk) in dcdc2b morphants as compared to control brain 
sections (methylene blue and silver stain). Left-right asymmetry defects in liver, gut, and pancreas as visualized 
by in situ hybridization for the expression of foxa3 with quantitation by histogram (li, liver; pa, pancreas; g, 
gut). Scale bar is 50 mm. Treatment with b-catenin inhibitor iCRT14 within the dose range of 0.5–1 mM 
rescued dcdc2b knockdown ciliopathy phenotypes in the morphants. Histograms are representation of two 
or three independent experiments.
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DCDC2 Interacts with JIP1
Previous studies showed that DCDC2 interacts with the protein JIP1 (mitogen-activated 
protein kinase 8 interacting protein 1).30,34 JIP1 plays a role in aggregating components of 
the MAP kinase module (MLK, MKK7, JNK), in facilitating JNK signal transduction35 

activating JNK,36 thereby mediating MAPK activation. We therefore performed 
coimmunoprecipitation in HEK293T cells (Figure S12A). Whereas WT DCDC2 and the 
mutant p.Val117Leufs*54 still interacted with full-length JIP1, the DCDC2 truncated 
mutant p.Ser42Glnfs*72 that we had detected in individual A4435-21 lacked interaction 
with JIP1. (For DCDC2 constructs see Figure S2.) When phosphorylation of the JNK 
downstream targets c-Jun and ATF2 was assayed in NIH 3T3 cells, knockdown of DCDC2 
in NIH 3T3 cells did not affect JNK pathway activation (Figure S12B). It was previously 
shown that lissencephaly-1 (LIS1) interacts with doublecortin (DCX), a protein that belongs 
with DCDC2 to a family of doublecortin domain-containing proteins.37 When performing 
coimmunoprecipitation to test for interaction of DCDC2 with LIS1 we did not detect an 
interaction between the two proteins (Figure S13).

Loss of Dcdc2 Function Disturbs Renal Epithelial Ciliation in 3D Cultures
In order to test the effects of DCDC2 on ciliation, we assessed the result of Dcdc2 siRNA 
knockdown in a 3D cell culture system. IMCD3 cells cultured in 3D matrigel mimic the 
normal processes of renal tubulogenesis by forming spheroids or small tubules composed 
of polarized cells, which exhibit a lumen and a ciliated apical membrane. Counting the 
number of cilia present on this apical mem- brane is an established model of ciliogenesis.38 

Spheroids grown from cells treated with two different RNAi oligonucleotides targeted 
against Dcdc2 displayed significantly fewer cilia than spheroids grown from cells treated 
with a non-target control RNAi but did not display any severe architectural changes in 
lumen formation (Figure 3). In both cases, this ciliation defect could be rescued by concur- 
rent transfection of WT human DCDC2 but not by any of the mutant DCDC2 clones 
Ser42Glnfs*72 and Val117- Leufs*54 that were derived from the affected individuals 
(Figures 3A–3C). ). The third mutant (Lys217*) was not efficiently expressed in the 
spheroids. The overexpression of empty vector, human WT DCDC2, or either of the mutants 
did not produce a significant difference in ciliation, excluding a dominant-negative or 
overexpression effect caused by these alleles (Figure 3; Figure S10). We conclude that 
DCDC2 is important for the generation and maintenance of renal cilia, but knockdown of 
DCDC2 does not recapitulate the spheroid defects commonly observed after the loss of 
function of other NPHP proteins.1,24

Because loss of Dcdc2 constitutively activates Wnt signaling (Figure 2B), we hypothesized 
that treating spheroids grown from renal cells depleted for Dcdc2 with Wnt inhibitors would 
restore the frequency of cilia. We grew IMCD3 spheroids in the presence of either 50 nM 
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FH535 or 100 nM iCRT14 for 72 hr and scored for cilia per nucleus in 3D structures. The 
cells exposed to 50 nM FH535 failed to thrive and resulted in no viable spheroids (data not 
shown). However, the cells treated with 100 nM iCRT14 did generate well-polarized 
spheroids with lu- mens. The Wnt inhibitor treatment noticeably rescued the effects of 
Dcdc2 knockdown in the cells growing in 3D structures by restoring cilia numbers (Figures 
3C and3D). This suggests a role for Wnt signaling in the process of ciliation.

Dcdc2 Knockdown Replicates Ciliopathy Phenotypes in Zebrafish
To examine the renal cystic phenotype in an in vivo vertebrate model, we studied loss-of-
function of dcdc2b in zebra- fish using a morpholino targeted against the start codon 
(AUGMO) to suppress the translation of dcdc2b mRNA. The knockdown efficiency of the 
AUGMO was dose dependent, producing clear visible phenotypes in higher percentage of 
embryos at 200 mM. In comparison with WT control embryos, knockdown of dcdc2b 
resulted in typical ciliopathy-related defects such as ventrally curved body axis, 
hydrocephalus, kidney cysts, kinky tails, and occasionally pericardial edema (Figure 4). At 
2 days postfertilization (dpf), 81% of the morphants showed body-axis defects with kinks 
or waviness in the tail (Figure 4A). Hydrocephalus was observed in 58% of morphants at 
2 dpf, and kidney cysts were prominantly visible in 31% of the morphants at 3.5 dpf (Figures 
4A–4C). In addition, dcdc2b morphants also showed malformation in otolith 
assembly(Figure S14). Compared to control embryos that normally had two otoliths, some 
of the dcdc2b morphants had one or two fused or three otoliths (Figure S14F). These results 
demonstrate that dcdc2b in zebrafish might have a vital role in cilia formation or function.
We further observed that suppression of dcdc2b caused laterality defects in liver, gut, and 
pancreas, which was visualized by whole-mount in situ hybridization for the expression of 
foxa3 (Figure 4D). Interestingly, immunohistochemical staining with an anti-acetylated 
tubulin anti- body revealed that knockdown of dcdc2b does not alter motile cilia length in 
zebrafish kidney or spinal cord (Figure S14A–S14D). Electronmicrographs of the motile 
pronephric cilia of dcdc2b morphants showed no structural defects in comparison to WT 
pronephric cilia (Figure S14E). To confirm the specificity of the phenotype and to determine 
whether the biological function of DCDC2 is evolutionarily conserved between human 
and zebrafish, we performed an mRNA rescue experiment by coinjecting human WT 
DCDC2 mRNA along with dcdc2b MO into one-cell-stage embryos. Injection of WT human 
DCDC2 mRNA rescued morphologically visible ciliary phenotypes in 51% of the morphants, 
suggesting a similar role for dcdc2b as for DCDC2 in cilia function (Figure 4A). We further 
tested the pathogenicity of the DCDC2 mutations identified in individuals diagnosed for 
NPHP-RC by a similar rescue approach where dcdc2b MO was coinjected with capped 
mRNA of the human mutation representing clones hDCDC2_Lys217* or hDCDC2_
Ser42Glnfs*72 into one-cell-stage embryos. Both mutations were unable to completely 
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rescue the phenotype of dcdc2b morphants, confirming that these mutations indeed affect 
the function of the protein (Figure 4A).

Zebrafish Ciliopathy Phenotype Is Rescued by a β-Catenin Inhibitor
Since knockdown or overexpression of Dcdc2 in NIH 3T3 cells altered the Wnt/b-catenin 
pathway, we hypothesized that the ciliopathy phenotype observed in zebrafish dcdc2b 
morphants might be a result of derailed Wnt signaling pathway. To test this hypothesis, we 
exposed the morphants to 0.5 mM, 0.75 mM, and 1 mM of a potent b-catenin inhibitor, 
iCRT14 at the beginning of gastrulation. After 48 hr period of exposure, the embryos were 
scored for body curvature, hydrocephalus, tail kinks, and pericardial edema. Interestingly, 
iCRT14 was able to effectively rescue the phenotype in higher percentage of embryos at 
doses ranging from 0.5 to 1 mM (Figure 4E). However, concentrations higher than 1 mM 
were toxic to the embryos (data not shown). Our in vivo and in vitro results strongly suggest 
a role of Wnt signaling pathway in the pathogenesis of NPHP-RC.

DISCUSSION

We here identified mutations of DCDC2 as a previously un- known cause of a renal-hepatic 
ciliopathy in humans that is characterized by severe early-onset liver fibrosis within the 
first year of life. DCDC2 localized to the ciliary axoneme and to mitotic spindle fibers in a 
cell-cycle- dependent manner. We showed that DCDC2 interacts with DVL, and DCDC2 
overexpression inhibited b-catenin-dependent Wnt signaling in an effect additive to Wnt 
inhibitors. Mutations detected in human NPHP-RC lacked these effects. A Wnt inhibitor 
restored ciliogenesis in 3D IMCD3 cultures, emphasizing the importance of Wnt signaling 
for renal tubulogenesis. The fact that knock- down of DCDC2 reduces the number of cilia 
in cell culture, but not in dcdc2b zebrafish morphants might be explained by the biological 
differences between primary cilia of IMCD3 cells and multiciliated, motile cilia of zebrafish 
larval pronephric duct. Finally, knockdown of dcdc2b in zebrafish recapitulated NPHP-RC 
phenotypes, which were rescued by a Wnt inhibitor and by WT but not by mutant DCDC2. 
We thus demonstrate a central role of Wnt signaling in the pathogenesis of NPHP-RC, 
suggesting an avenue for potential treatment of NPHP-RC.
Broad pleiotropy is a common feature of NPHP-RC. In this context, the absence of renal 
involvement in individual A4435-21 at 9 years of age does not exclude that the affected 
individual might develop renal involvement later in life, because individual A3547-22 
developed chronic kidney disease at 14 years of age with no signs of renal involvement 
earlier in life. Due to the significant overlap of the observed phenotype with other forms 
of NPHP-RC we introduce the term ‘‘NPHP19’’ for this variant of NPHP-RC.
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By immunofluorescence studies, we show that DCDC2 localizes to the ciliary axoneme 
and to mitotic spindle fibers. This localization pattern is clearly distinct from other NPHP-
RC proteins, such as CEP164 and SDCCAG8 (Figures S6 and S7), which preferentially stain 
the basal body and the mitotic spindle poles. Interestingly, the interaction partners of 
DCDC2, DVL3 and JIP1,34 and KIF3a31 show a localization pattern that resembles CEP164 
and SDCCAG8. The finding that there was no tight subcellular colocalization for these 
proteins could be due to the fact that the proteins bind to tubulin as suggested by Figure 
S8. The specific subcellular compartments to which NPHP-RC proteins localize are very 
small and often extremely dynamic during different phases of cell cycle, making 
colocalization experiments difficult to interpret. This holds true for many of the >90 NPHP-
RC that are known so far.
Our in vitro studies in cell lines, spheroids, and our in vivo studies in zebrafish clearly 
demonstrate a role of increased canonical Wnt signaling in the pathogenesis of NPHP-RC. 
Loss-of-function mutations observed in individuals with NPHP-RC fail to reduce canonical 
Wnt signaling in vitro. The zebrafish phenotype observed upon knockdown of dcdc2b is 
reminiscent of the one seen in the zebrafish apc-/- mutant, a model of constitutively activated 
Wnt.39 The fact that the phenotype of dcdc2b zebrafish morphants could be mitigated by 
treatment with Wnt inhibitors further supports the significance of dysregulated canonical 
Wnt signaling in this model.
Consistent with the observed human phenotype, our histological studies of Dcdc2-/- mice 
reveal periportal liver fibrosis and demonstrate biliary duct proliferation and extensive 
collagen deposition surrounding the portal tracts compared to WT control (Figure S3).  
It has been frequently reported that Wnt signaling regulates tubule formation (reviewed 
in40). Interestingly, the role of Wnt/b-catenin signaling during the development of liver 
fibrosis was recently analyzed.41 It was shown that abnormal activation of Wnt/b-catenin 
signaling pro- motes tissue fibrogenesis while downregulation of Wnt signaling suppresses 
the activity of hepatic stellate cells and the collagen synthesis. Our data suggest that loss of 
DCDC2 function does not profoundly affect renal tubulogenesis but renders the tubules 
more responsive to Wnt modulation in the 3D polarized tubule state. Activated Wnt 
signaling has so far been implicated in human NPHP-RC in the presence of INVS 
mutations.4 Our demonstration that Wnt inhibitors reverse the failure of DCDC2 mutants 
to reduce canonical Wnt signaling opens a potential route toward treatment for certain 
forms of NPHP-RC.

Supplemental Data
Supplemental Data include fourteen figures and three tables and can be found with this 
article online at http://www.cell.com/ajhg.
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ABSTRACT

We recently identified increased methylation at the gene promotor of transcription factor 
21 (TCF21) in clear cell sarcoma of the kidney (CCSK), a rare pediatric renal tumor. TCF21 
is a transcription factor involved in tubular epithelial development of the kidney that has 
been identified as a candidate tumor suppressor (located at chromosome 6q23-q24). As 
there are no in vitro models of CCSK, we employed a well-established clear cell renal cell 
carcinoma (ccRCC) cell line, 786-O, which also manifests high methylation at the TCF21 
promotor, with consequent low TCF21 protein expression. The tumor suppressor function 
of TCF21 has not yet been functionally addressed in ccRCC cells, therefore we aimed to 
explore the functional potential of TCF21 expression in ccRCC cells in vitro. 786-O cells 
were stably transfected with either a pBABE-TCF21-HA construct or pBABE vector alone 
and four clones were functionally analyzed from each transfection. We found that ectopic 
expression of TCF21 in 786-O cells results in a trend towards decreased cell proliferation 
(not significant) and significant decreased migration compared to mock-transfected 786-O 
cells. Although the number of colonies established in colony formation assays was not 
different between 786-O clones, colony size was significantly reduced in 786-O cells 
expressing TCF21. To investigate whether the changes in migration were due to epithelial-
to-mesenchymal transition changes, we interrogated the expression of selected epithelial 
and mesenchymal markers. Although we observed upregulation of the epithelial marker 
CDH1 in clones overexpressing TCF21, this did not result in surface expression of 
E-cadherin as measured by FACS. Furthermore, the mesenchymal markers VIM and SNAI1 
were not altered in TCF21-expressing 786-O cells. We conclude that re-expression of TCF21 
in renal cancer cells that have silenced their endogenous TCF21 locus through 
hypermethylation results in a reduction of clonogenic proliferation and migration, 
suggesting a tumor suppressor function for TCF21.

Highlights
We ectopically expressed TCF21 in the clear cell renal cell carcinoma cell line 786-0.
786-0 clones exogenously expressing TCF21 show reduced clonogenic proliferation.
786-0 clones exogenously expressing TCF21 show reduced migration.
Ectopic expression of TCF21 upregulated CDH1 mRNA levels.
However, the expression of surface E-Cadherin was unchanged by TCF21.

Abbreviations
CCSK, clear cell sarcoma of the kidney
EMT, epithelial-to-mesenchymal transition
FACS, fluorescence activated cell sorting
MET, mesenchymal-to-epithelial transition
RCC, renal cell carcinoma
TCF21, Transcription factor 21
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INTRODUCTION

Clear cell sarcoma of the kidney (CCSK) is an uncommon pediatric renal tumor that 
comprises between 2-5% of all primary renal tumors in children (Furtwangler et al., 2013; 
Gooskens et al., 2012; Mullen et al., 2014). This tumor is observed most often in children 
between 2 and 4 years of age and is characterized by a high malignant potential (Argani et 
al., 2000; Gooskens et al., 2012). Apart from internal tandem duplications within exon 16 
of BCOR (reported in about 90% of CCSKs) and translocation t(10;17)(q22;p13) leading 
to a fusion of YWHAE and NUTM2B/E (reported in about 10% of CCSKs), the genome of 
CCSK seems to be rather stable (Astolfi et al., 2015; Gooskens et al., 2015; Karlsson et al., 
2015; Roy et al., 2015; Ueno-Yokohata et al., 2015). This paucity of large genomic imbalances 
and the few detected somatic mutations in CCSK, prompted the investigation of the 
epigenome of CCSKs. Our study as part of the NCI-initiated TARGET project 
(Therapeutically Applicable Research to Generate Effective Treatment), identified 
hypermethylation of the promoter region of TCF21 in all studied CCSK samples, except 
for samples harboring the YWHAE-NUTM2 fusion transcript (Gooskens et al., 2015). This 
hypermethylation was negatively correlated with TCF21 expression. Other tested 3 pediatric 
renal tumor samples and normal kidney samples showed significantly lower TCF21 
methylation levels.
TCF21 (also referred to as Pod-1, capsulin and epicardin) encodes a basic helix-loop-helix 
transcription factor that binds DNA and regulates cell differentiation and cell-fate 
specification during development (Hidai et al., 1998). It is expressed in embryonic 
mesenchymal cells surrounding areas of epithelial development in the kidney, heart, lung 
and gastrointestinal tract (Hidai et al., 1998; Lu et al., 1998; Quaggin et al., 1998). TCF21 
expression rapidly decreases in postnatal tissues with the exception of a subset of interstitial 
cells in organs including the kidney, heart, lung and spleen (Plotkin and Mudunuri, 2008). 
Antisense inhibition of TCF21 has been reported to disrupt epithelial differentiation and 
branching morphogenesis of the epithelium in murine embryonic kidney, suggesting a role 
for TCF21 in epithelial-mesenchymal interactions (Quaggin et al., 1999). Gene deletion 
studies in chimeric mice have shown that loss of TCF21 in the kidney results in decreased 
glomerulogenesis and tubulogenesis (Cui et al., 2003). Of note, suppression of TCF21 
expression by siRNA within a mouse kidney progenitor cell line that endogenously expresses 
TCF21 resulted in increased cell proliferation and migration, as well as reduced expression 
of smooth muscle genes and myofibroblast secreted proteins (Plotkin and Mudunuri, 2008).
Currently, no CCSK cell lines or models are available to functionally verify the role of TCF21 
hypermethylation in this renal tumor type. Therefore, we searched for an alternative model. 
A literature search revealed that TCF21 hypermethylation is also present in clear cell renal 
cell carcinomas (ccRCC): renal tumors with another biology and phenotype, that most 
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often occur in adults (Costa et al., 2011; Ye et al., 2012). Previously performed clinical 
studies on the prognostic impact of TCF21 expression in ccRCC tissue revealed that TCF21 
expression levels significantly correlated with Fuhrman Nuclear Grade and cancer-specific 
survival of ccRCC patients (Ye et al., 2012). TCF21 methylation levels in urine samples 
were significantly correlated with tumor size, Fuhrman grade and clinical stage (Xin et al., 
2016). However, no studies have functionally addressed the tumor suppressor activity of 
TCF21 in renal cancer cells. Therefore, the aim of this study was to explore the functional 
potential of TCF21 expression in the tumorigenesis of ccRCC in vitro.

METHODS

Cancer cell lines

We used the human ccRCC 786-O cell line (ATCC CRL-1932). 786-O cells are reported to 
manifest high methylation- and low expression of TCF21 (Costa et al., 2011). Cells were 
cultured in Gibco RPMI Medium 1640 (1X) + GlutaMAX TM-I (Invitrogen), supplemented 
with 10% fetal calf serum (Invitrogen), penicillin (50 IU/ml) and streptomycin sulfate (50 
µg/ml) (Invitrogen).

Vector construction and transfection
The coding sequence of TCF21 (including HA-tag) was cloned out of a pCS2+-TCF21 
construct (kindly provided by Prof. Dr. Plass, Division of Epigenomics and Cancer Risk 
Factors, German Cancer Research Center (DKFZ), Heidelberg, Germany), amplified and 
recloned into a pBABE-puro vector. Plasmid DNAs were sequence-confirmed. Twenty-five 
micrograms of pBABE-TCF21-HA or pBABE-puro vector alone were transfected into cells 
of the 786-O cell line using electroporation. Electroporation was performed in a 4 mm gap 
cuvette (Bio-Rad Laboratories, Hercules, CA, USA, #165-2088) using a Gene Pulser (Bio-
Rad, München, Germany) with electric parameters 24kV with 1000 uF capacitance; a single 
exponential decay pulse was applied. Selection medium containing puromycin was added 
to the cells after 48 hours recovery, and colonies grew after two weeks of culture. Eight 
colonies were selected for functional assays: four from pBABE-puro mock transfected 786-
O cells (N1F4, B5F1, N1G4 and B6D10) and four expressing HA-tagged exogenous TCF21 
(2B12, 5D2, 9D12, 9H9). Unless the clones are specifically named, data from “pBABE-mock” 
or “pBABE-TCF21” contain pooled data from all four clones.

201702 Tim Klasson_binnenwerk.indd   190 07-02-17   15:49



TCF21 HYPERMETHYLATION IN RENAL TUMORS

191

9

Western blotting
Cells were lysed on ice in RIPA buffer and normalized to 40µg of protein per sample. Lysates 
were loaded and fractionated by SDS-PAGE (14% gel) under protein-reducing conditions 
and immunoblotted on PVDF membranes. β-actin was used as loading control. After 
blotting, the PVDF membranes were blocked in 5% dried skim milk in TBS with 0.5% 
Tween. Primary antibodies used were monoclonal mouse anti-HA (supernatant from 
hybridoma clone 12CA5) at a dilution of 1:3, and anti-actin (mouse anti-β-actin AC-15, 
Sigma A5441, 1:15000). ECL reagent (Amersham Biosciences) was used for detection with 
ImageQuant LAS 4000 (GE Healthcare).

Proliferation assay
A total of 2 x 104 786-O pBABE-mock cells (4 different clones), 786-O pBABE-TCF21 cells 
(4 different clones) and 786-O cells treated with 3 μM decitabine (5-aza-2’ deoxycytidine) 
were plated in 6-well plates in two separate experiments (786-O cells treated with decitabine 
were plated once) in triplicates in selection medium and were counted after 2, 4 and 5 days. 
Medium containing decitabine was replaced every 24 hours to avoid drug hydrolysis and 
inactivation. Cells were counted in duplicate with the BioRad TC20 Automated Cell 
Counter (Hercules, CA) and averaged.

Colony formation assay
A total of 200 786-O pBABE mock cells (4 different clones) and 786-O pBABE-TCF21 cells 
(4 different clones) were plated in 6-well plates on five different occasions in triplicates in 
selection medium until 786-O pBABE-mock cells formed sufficiently large colonies (> 50 
cells per colony, 10-14 days). Cells were then washed with PBS and fixed and stained using 
a mixture of 6.0% glutaraldehyde and 0.5% crystal violet for 30 minutes at room temperature, 
before being washed in water. Wells were individually photographed and analyzed by the 
Colony Counter plug-in for Image J software. Numbers of colonies and colony area were 
calculated in Image J.

Migration assays
Boyden chambers (Transwell Permeable Supports; Cole-Parmer; BergmanLabora AB) were 
used to evaluate the migratory capacity of 786-O pBABE-mock cells (N1G4 and B6D10 
clones) and 786-O pBABE-TCF21 cells (9D12 and 5D2 clones). A total of 3 x 104 cells were 
seeded in the upper section of a Boyden chamber containing serum-free medium. The 
lower section, separated from the upper one by a membrane with 8 µM pores, contained 
medium with 10% serum. Cells were grown at 37°C for 16h, fixed in methanol and stained 
with DAPI (1:2000). Unmigrated cells on top of the membrane were removed with a cotton 
tip. The number of migrated cells on the bottom of the membrane was evaluated by counting 
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cells in 10 different views per membrane using microscopy at 10x magnification. The 
experiments were performed in duplicate and were repeated two times (N1G4/B6D10 
versus 9D12/5D2 and N1G4 versus 5D2).
For the real-time migration assay, in each experiment a modified Boyden-chamber setup 
was used, with 10% serum in the lower well as chemoattractant. Migration was recorded 
in real-time at 5 min intervals over 24 hours using the xCELLigence Real-Time Cell Analysis 
system (Acea Biosciences), which quantifies cell numbers in the lower compartment by 
electrical impedance as in [PMID 25174586].
Rate of migration was quantified by calculating a series of moving slopes over 12-interval 
periods and taking the maximum slope in each migration curve. Within each experiment 
4 technical replicates per clone were recorded and the experiment was repeated on three 
separate days. Data were analyzed using a hierarchical linear mixed model using 
experimental day as random variable.

Zebrafish injections
An incross of vhl+/- zebrafish embryos (van Rooijen et al., 2009) carrying a transgene for 
GFP-labelled cadherin-17 (kidney-specific) at the 1-2 cell stage were injected with 1-2 nL 
of mRNA (concentration 50 ng/µl) transcribed from the linearized pCS2+-TCF21 plasmid 
(SP6 mMessage mMachine kit, Ambion) in pure water with 0.05% Phenol Red using a 
nanoject2000 microinjector (World Precision Instruments). Pronephros volume 
(determined by GFP-fluorescence) was measured at 5.75 days post fertilization, and imaged 
with an LSM700 confocal microscope (Zeiss). All embryos were genotyped after imaging 
as previously described (van Rooijen et al., 2009) and only confirmed vhl-/- embryos were 
analyzed. All zebrafish experiments were approved by the Animal Care Committee of the 
University Medical Center Utrecht in the Netherlands.

Quantitative RT-PCR
Total RNA was extracted and purified using the RNeasy Mini Kit (QIAGEN, 74106). cDNA 
was synthesized from 1 μg of RNA by using the iScript cDNA Synthesis Kit (Bio-Rad, 170-
8891) according to the supplier’s protocol. A cDNA concentration of 5 ng/µl was used for 
the quantitative RT-PCRs; samples were run with iQ SYBR Green Supermix (Bio-Rad, 
170-8880) and CFX96 Touch Real-Time PCR Detection System (Bio-Rad); 95°C for 3 min, 
followed by 40 cycles of 10s of 95°C, 10s of 50-65°C and 20s of 72°C, then 10s at 95°C 
followed by a melt of the product from 65°C to 95°C. Values were normalized to the 
housekeeping gene GAPDH. All experiments were performed in triplicate on two different 
dates, from independent mRNA harvests. Relative expression ratios of target genes were 
calculated using the comparative cycle threshold method. Primer sequences are provided 
in Supplemental Table 1.
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Fluorescence-activated cell sorting (FACS)
We trypsinized cells from each clone and stained unfixed live cells with anti-E-cadherin 
(BD Biosciences, Cat # 563571) and anti-CD24 (BD Biosciences, Cat # 562789). 10,000 
Events were acquired in a FACSCanto II flow cytometer (BD Biosciences). Representative 
samples were plotted as histograms; Median Fluorescence Intensity (MFI) of each channel 
was used for quantification. Statistical analysis was performed by 2-tail Student t-test. 
Differences were considered statistically significant at p < 0.05.

RESULTS

786-O ccRCC cells have methylated TCF21
We first asked whether TCF21 could regulate ccRCC cell proliferation. To this end, we 
generated isogenic stable cell lines for in vitro comparison of cell proliferation in 786-O 
cells transfected with an empty pBABE vector (“pBABE-Mock” clones N1F4, B5F1, B6D10, 
N1G4) and 786-O cells stably expressing pBABE-TCF21 (clones 2B12, 5D2, 9D12, 9H9). 
TCF21 mRNA expression is very low-to-undetectable in control 786-O cells by qPCR. 
Over-expression of TCF21 was examined by qPCR (Figure 1A) and by western blot (Figure 
1B). Treatment of 786-O cells with 3 μM of the demethylating agent decitabine (5-aza-2’-
deoxycytidine) increased TCF21 RNA levels (Figure 1C), indicating that the endogenous 
low level of TCF21 is due to methylation of the promotor.

TCF21 ectopic expression suppresses clonogenic cell proliferation
To investigate whether TCF21 expression results in a reduction of cell proliferation in the 
context of the ccRCC cell line 786-O, we performed standard growth curves on the four 
clones that were pBABE-mock transfected and compared them to standard growth curves 
from the four clones expressing TCF21 after 2, 4 and 5 days. Although the difference in 
proliferation was not significant at any of the chosen time points, we observed a mild trend 
towards decreased proliferation in the pBABE-TCF21 clones (Figure 2A). In addition, 
treatment of 786-O cells with 3 μM of the demethylating agent decitabine resulted in a 
significant reduction of cell proliferation in comparison to 786-O cells transfected with an 
empty pBABE vector (p<0.01) (data not shown). We therefore suggest that TCF21 
expression moderately suppressed proliferation of this 786-O cancer cell line, and that the 
hypothesis that proliferation is suppressed by TCF21 warranted further investigation.
We next assessed the ability of our clones to generate colonies from single cells in colony 
formation assays. This in vitro survival assay measures clonogenic potential and can be 
associated with tumorigeneity. No difference in the overall number of established colonies 
was observed between 786-O pBABE-mock and 786-O pBABE-TCF21 cells (p>0.5). 
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However, individual colonies of 786-O pBABE-mock cells were larger compared to TCF21-
expressing cells (Figure 2B-C, p<0.01). These data are partly consistent with the proliferation 
data and support the idea that while TCF21 overexpression does not seemingly affect cell 
survival (colony number), proliferation (colony size) is somewhat suppressed.
786-O cells are derived from a ccRCC which, like most ccRCCs, harbors biallelic somatic 
mutations of the von Hippel-Lindau (VHL) tumor suppressor gene (Gnarra et al., 1994). 
We have previously generated a zebrafish model with biallelic constitutive vhl mutations, 
and have reported the embryonic renal phenotype as exhibiting an alveolar hyperplastic 
morphology (van Rooijen et al., 2011). Given the apparent effect of TCF21 on 786-O  

Figure 1. TCF21  methylation and reconstitution. (A) 
TCF21  mRNA  expression levels as measured by 
qPCR normalized to the low endogenously detected 
levels in 786-O cells. N=2, performed in triplicate. (B) 
Western blots of eight clones of 786-O that were used 
for this study; four clones were mock-transfected with 
pBABE-puro (N1F4, B5F1, B6D10, N1G4) and four 
were transfected with HA-tagged pBABE-TCF21 
(2B12, 5D2, 9D12, 9H9). Upper blot was 
immunostained with anti-HA to detect exogenous 
TCF21 (18 kDa), lower blot is loading control stained 
with anti-actin (42 kDa). N=2, representative result 
shown. (C) Treating 786-O cells with 3µM decitabine 
increases the expression of TCF21 mRNA, as 
measured by qPCR. p=0.004, one-way ANOVA, n=1 
in duplicate.
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vhl-/- cells, we questioned whether injection of TCF21 RNA into our vhl-/- zebrafish 
embryos would partially or completely rescue the pronephric phenotype. To that end, 17 
vhl-/- zebrafish embryos were injected with human TCF21 RNA (n=8), or mock-injected 
with dye only as a control (n=9) within an hour after fertilization, and imaged 4 days later, 
when the pronephros phenotype in vhl-/- is very clear, and imaged with z-stacks on a 
confocal microscope for 3D volume. All embryos were genotyped for confirmation after 
the experiment and only images of confirmed vhl-/- were analyzed.  No  differences  were  

Figure 2. TCF21 expression 
reduces clonogenic cell proliferation. 
(A) Pooled data from all four clones 
either pBABE-mock or pBABE-
TCF21 for cell counts on Day 2, 4 or 
5 showing an insignificant trend 
toward lower proliferation in 786-O 
cells overexpressing TCF21. Data 
are presented as mean ± SEM. N=2, 
in triplicate. (B) Representative 
photographs of wells from 
clonogenic assay. Left, pBABE-mock 
colonies; Right, pBABE-TCF21 
colonies. (C) Quantification of area 
covered by colonies in clonogenic 
assays. N=5, in triplicate.
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observed  in  pronephros  volumes  between  mock-injected or TCF21 mRNA-injected 
(Supplemental Figure 1).

TCF21 expression suppresses migration
Because the effect of the colony formation assays could only be partially explained by the 
modest cell proliferation differences observed in Figure 2A, we hypothesized that the colony 
area differences (Figure 2C) might as well be attributed to altered cell migration. Initial 
analysis of migration using the chemotaxis-based Boyden chamber assay on two pBABE-
mock clones (N1G4 and B6D10) and two pBABE-TCF21 clones (5D2 and 9D12), showed 
a trend towards inhibition of migration in TCF21-expressing cells (analysis repeated for 
N1G4 and 5D2 clones). 59% fewer of the TCF21-expressing cells migrated on average 
(Figure 3A and 3B). To verify these findings, we subsequently serum-starved all four 
pBABE-mock and four pBABE-TCF21 clones for 24 hours and then exposed them to either 
empty medium or 10% FCS for each clone in triplicate and measured impedance changes 
for 24 hours using an xCELLigence system. To calculate migration, we took the maximum 
linear slope over a moving average of 10 time-points for each clone, in triplicate. We 
observed a decrease in cell migration as represented by impedance measurements in the 
isogenic clones expressing TCF21 (p=0.0495, n=3, Figure 3C). Taken together, these data 
indicate that ccRCC cells become less likely to migrate upon reconstitution of TCF21 
expression.

No differential expression of selected epithelial or mesenchymal markers by TCF21 in 
786-O cells
Epithelial-to-mesenchymal transition (EMT) is a reversible process by which fully 
differentiated cells lose their epithelial features and acquire a migratory mesenchymal 
phenotype, with concomitant increased expression of mesenchymal-associated proteins 
and decreased expression of epithelial markers. EMT is known to contribute to the 
metastasis of RCC (Mikami et al., 2014), although the underlying cellular and molecular 
mechanisms have not been clarified yet. The inhibition of migration in ccRCC cells by re-
expression of TCF21 (Figure 3) suggests that TCF21 might function in the renal epithelium 
by consolidating epithelial characteristics, or alternatively, in repressing mesenchymal 
characteristics. We investigated mesenchymal and epithelial marker expression in the eight 
786-O clones expressing pBABE-mock versus pBABE-TCF21 by qPCR. No changes were 
observed in mRNA levels of the mesenchymal markers vimentin (VIM) and snail (SNAI1), 
but we did observe significant upregulation of epithelial marker E-cadherin (CDH1) in the 
clones expressing ectopic TCF21 (Figure 4A). These data could suggest that cells with 
hypermethylated TCF21 promotors are more predisposed to EMT, thereby potentially 
contributing to the tumor suppressor function of TCF21 in renal tumors.
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In a melanoma cell line (C8161), re-expression of TCF21 was described to activate 
expression of the metastatic suppressor KISS1 and consequently inhibit motility of the cells 
(Arab et al., 2011; Zhang et al., 2012). We investigated KISS1 expression levels in 786-O 
clones expressing pBABE-mock and clones expressing pBABE-TCF21; expression levels 
were undetectably low in both untransfected as well as transfected 786-O cells, while being 
robustly expressed in control human placenta (average Cq value 21,4).
As consistent up-regulation of genes involved in the Sonic hedgehog signaling pathway 
and Akt cell proliferation pathway has been reported in both CCSKs as well as ccRCCs 
(Cutcliffe et al., 2005; Dormoy et al., 2009; Guo et al., 2015), we investigated expression of 
a few genes involved in these pathways (EGFR, SMO, CCND1) in pBABE-mock and pBABE-
TCF21 cells; no significant difference in expression was observed (Figure 4A).
Lastly, to test the functional relevance of increased CDH1 expression, we performed 
fluorescence-activated cell sorting (FACS) of extracellular epithelial differentialtion markers 

Figure 3. TCF21 expression reduces migration of cells in vitro. Representative photos of DAPI (blue)-stained 
nuclei after migration through a Boyden chamber of pBABE-mock transfected (A) or pBABE-TCF21 transfected 
(B) clones. (C) The rate of change in impedance of cells across a transwell membrane in an XCelligence 
system indicates that clones expressing TCF21 migrate significantly slower than pBABE-mock transfected 
cells (p =0.0495, n=3).
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Figure 4: TCF21 expression does not regulate selected epithelial or mesenchymal markers. (A) The isogenic 
clones (pBABE-mock and pBABE-TCF21) were grown to subconfluency and mRNA was extracted for qPCR. 
Expression levels of E-Cadherin (CDH1), Snail (SNAI1), Smoothened (SMO), Cyclin D1 (CCND1), Epidermal 
Growth Factor Receptor (EGFR), and Vimentin (VIM) were normalized to GAPDH housekeeping gene and 
the pBABE-mock clones pooled. N=2, in triplicate. (B) FACS analyses of the eight isogenic clones indicates 
no difference in the functional expression of E-cadherin (CDH1) or glycoprotein CD24 in clones expressing 
pBABE-TCF21 (TCF-21) vs mock transfected clones (mock). The grey histograms are unstained controls., 
Below the histograms are the quantification of the Mean Fluorescence Intensity (MFI) for the four clones with 
pBABE-TCF21 (‘TCF21”) vs pBABE-Mock (“Mock”). They are no significant differences observed.
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CD24 and CDH1. Each 786-O clone expressing either pBABE-mock or pBABE-TCF21 
was stained by directly conjugated fluorescence antibodies for the endogenous extracellular 
epitope of E-cadherin or CD24 and sorted on the strength of the fluorescent signal and 
side scatter. In contrast to the qPCR data, we observed no differential E-cadherin or CD24 
protein expression in the pBABE-TCF21 clones collectively than in the pBABE-mock clones 
(Figure 4B).

DISCUSSION

In the present study, functional experiments demonstrate that reconstitution of TCF21 
expression in 786-O cells results in decreased clonogenic proliferation and suppressed 
migration in vitro. These data support a tumor suppressor function for TCF21 in the context 
of ccRCC, in accordance with several studies which have demonstrated that TCF21 acts as a 
tumor suppressor gene in different tumor types. For example, re-expression of TCF21 reduced 
cell growth and colony formation in lung cancer cells in vitro and in vivo (Smith et al., 2006), 
reduced cell proliferation, promoted apoptosis and suppressed cell invasion and migration 
in colorectal cancer in vitro (Dai et al., 2016) and reduced cell proliferation and epithelial-
mesenchymal transition in breast cancer cells in vitro (Wang et al., 2015). In addition, down-
regulation of TCF21 through hypermethylation has been reported to be associated with poor 
outcome in patients with ccRCC and metastatic melanoma (Ye et al., 2012).
As reported before, and confirmed in the current study, expression of TCF21 is (at least 
partly) repressed by methylation in 786-O cells. This TCF21 hypermethylation has also 
been demonstrated in other clear cell renal cell carcinoma (ccRCC) cell lines and human 
ccRCC tissue samples (Costa et al., 2011; Xin et al., 2016; Ye et al., 2012). Likewise, in other 
human cancer types, such as gastric cancer, colorectal cancer, melanoma, head and neck 
cancer and non-small cell lung carcinoma, promoter hypermethylation is described to be 
the predominant mechanism for TCF21 downregulation (Arab et al., 2011; Dai et al., 2016; 
Smith et al., 2006; Yang et al., 2015).
To increase metastatic and invasive capacities, cancer cells often show loss of epithelial and 
gain of mesenchymal characteristics, which permit invasion along the basement membrane, 
establishing an opportunity for metastasis (Birchmeier et al., 1996; Thiery, 2002). TCF21 
is known to be involved in mesenchymal-to-epithelial transition (MET) (Acharya et al., 
2012; Quaggin et al., 1999; Smith et al., 2006; Wang et al., 2015). Although we did not detect 
decreased expression of mesenchymal markers in our 786-O cells transfected with TCF21, 
our data support a positive association of TCF21 expression and increased mRNA 
expression of the epithelial marker E-cadherin (CDH1), which was markedly up-regulated 
in TCF21-expressing 786-O cells. However, we were unable to functionally validate the 
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expression of surface expressed E-Cadherin, or other epithelial differentiation marker CD24 
in FACS analyses. Inactivation of CDH1 is described to be prominently associated with 
tumor invasiveness, metastatic dissemination, and poor patient prognosis; the significance 
of CDH1 for metastatic potential has been shown in a variety of in vitro and in vivo models 
(Frixen et al., 1991; Onder et al., 2008; von Burstin et al., 2009). Therefore, increase of CDH1 
expression might be a possible reason for decreased migration of TCF21-expressing 786-O 
cells in the current study, although we did not detect changes in the extracellular epitope 
for E-Cadherin. Although re-expression of TCF21 in melanoma cells and Caki-1 ccRCC 
cells has been described to activate expression of the metastatic suppressor KISS1 (Arab et 
al., 2011; Zhang et al., 2012), in the current study KISS1 expression does not seem to be 
involved in the suppressed migration of 786-O cells transfected with TCF21. Further studies 
are warranted to consolidate these data.
Recently, we reported that CCSKs bearing the BCOR internal tandem duplication showed 
hypermethylation of TCF21, while CCSKs bearing the translocation t(10;17)(q22;p13) 
showed significantly lower methylation levels of the TCF21 promoter, suggesting that, 
alternatively, internal tandem duplication of BCOR (working as an epigenetic modifier) 
may be directly or indirectly responsible for TCF21 hypermethylation in CCSKs (Gooskens 
et al., 2016). To functionally validate the tumorigenic role of TCF21 hypermethylation in 
CCSKs, CCSK models urgently need to be developed. Due to the rarity of CCSK and 
because pediatric renal tumors are often histologically diagnosed after surgery, it is a 
challenge to develop such research tools as cell lines or other CCSK models. If we are able 
to develop efficient and physiologically relevant models through additional studies and 
could generate similar results in CCSK cells as in ccRCC cells, then treatment with 
demethylating agents might be an option for these patients. The demethylating agent 
decitabine used in the current study resulted in a strong reduction of cell proliferation.

CONCLUSIONS

In summary, our study revealed that restoration of TCF21 expression in 786-O ccRCC cells 
results in decreased clonogenic proliferation and migration, suggesting that TCF21 may 
constitute a potential therapeutic target for ccRCC tumors. CCSK models need to be 
developed to fully determine the influence of reconstitution of TCF21 expression in CCSK 
cells.
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SUPPLEMENTAL

Supplemental Figure 1. Confocal images of the trunk of vhl-/- zebrafish embryos (5 days post fertilization, 
anterior is to the left in all images) in a background with green fluorescent pronephros (Tg-cdh17:GFP). Upper 
panels, three mock-injected embryos, and lower panels, three embryos injected with human TCF21 mRNA. 
N=3, 17 animals imaged total. All embryos scored were genotype confirmed.
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In this thesis I have investigated the interactions between tumor suppressor proteins that 
are involved in ciliary biology, especially the tumor suppressor protein VHL, and their 
importance in tumorigenesis, especially in the kidney. The main question I initially tried 
to answer in this work was whether or not cancer could be considered a ciliopathy. To this 
end, I investigated the ciliary function of several tumor suppressor genes, or genes which 
were involved in ciliary function as well as processes such as proliferation, apoptosis or the 
cell cycle. A number of tumor suppressor proteins, as well as proteins which play a role in 
the cell cycle, mitosis, DNA regulation and repair, cell cycle arrest and apoptosis are all 
found at the cilium or near the centrosome during the G0 phase of the cell cycle [1-4]. 
Perhaps proteins like these are found at or around the primary cilium because it is positioned 
near the nucleus during periods of ciliation and is linked with the cell cycle because the 
basal body acts as the mother centriole during cell division, making it a convenient 
organizing center and timing mechanism for the action of these proteins. It is tempting 
therefore to speculate that the cilium is a tumor protective organelle and that certain types 
of cancer might actually be ciliopathies. However it is probably not accurate to think of the 
primary cilium or cancer in this way. Some of the genes found mutated in certain cancers, 
like VHL, also have ciliary functions, but it is currently not possible to differentiate between 
the ciliary function and possible tumorigenesis involvement of a protein. It is generally not 
feasible to determine if the tumor-related function of a protein is dependent on its ciliary 
function, although there are some exceptions. For example, the p19 short isoform of pVHL 
partially retains the tumor suppressor function of the long isoform (p30) but does not have 
the same ciliary role [5]. However, for most ciliary proteins, isoforms with the same 
separation of function are not available, making research difficult. A ciliopathy is a disease 
which arises primarily because of a defect in ciliation [3]. While it is true that some cancers, 
similar to ccRCC, display loss of ciliation, it would still not be appropriate to refer to them 
as ciliopathies. Indeed, it is probably generally inappropriate to think of the ciliary function 
and the tumor suppressor function of these proteins as separate, as they are simply separate 
simultaneous outcomes of the same underlying biological processes. It is certainly true that 
not all cancers are characterized by malfunctioning cilia, which would not be true if the 
cilium was a universal tumor suppressor. Indeed, in some cancer types, such as 
medulloblastoma, cilia can actually play a cancer-promoting role (see Chapter 2).

pVHL function, HIF and renal cancer biology
Therefore, I instead focused mostly on the function of the tumor suppressor protein pVHL. 
As discussed elsewhere in this thesis (Chapters 2, 3, 4, 5), pVHL is capable of binding 
microtubules and modulating their stability, but the canonical function of pVHL is to 
regulate the cell’s response to hypoxia. In the absence of functional pVHL, downstream 
HIF signaling causes an increase in glycolytic metabolism, cell survival and angiogenesis, 
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contributing to a pre-cancerous environment that potentiates the development of further 
mutations which lead to tumorigenesis (see chapter 2). The underlying genetic mechanisms 
of ccRCC development are interesting in that VHL must be mutated, but the mutation of 
VHL is not sufficient for tumor formation alone [6]. After the mutation of VHL, one or 
more genes must also be mutated in order for transformation from a tumor to a cancer to 
take place. The identity of this gene/genes and timing or sequence of their mutation is the 
subject of significant debate [7]. However, before this happens, the tubular cells which 
eventually develop into the tumor lose their cilia and form into disorganized cysts. Without 
pVHL to stabilize microtubules, mutant cells develop ciliation deficiencies, as discussed in 
Chapter 2 The loss of pVHL and subsequent loss of cilia thereby contributes to the cystic 
environment which precedes ccRCC development, creating a climate that promotes 
disorganized growth [8]. The lack of cilia contributes to the general disorganization of the 
tissue and to the out-of-phase division of the cells which also produces the cystic phenotype. 
A certain subset of these cysts may become atypical cysts, which then develop further into 
solid tumors or tumors with a cystic component [9]. However, in patients with Von Hippel-
Lindau (VHL) syndrome, who possess a germline mutation in one allele of VHL, a large 
number of renal cells will develop a second mutation in the other VHL allele, but only a 
small subsection of renal cells possessing biallelic VHL mutation will develop cysts and an 
even smaller subsection of these cystic cells will eventually develop into tumors [8, 10]. 
These observations in VHL patients and data from mouse models would suggest that VHL 
mutation alone is not sufficient for the growth of neoplasms, like cysts, because only a small 
subsection of mutant cells become cystic. However, the zebrafish model used throughout 
this thesis only possesses a vhl mutation and the pronephros of these animals reliably display 
enlarged cells that are histologically similar to human ccRCC cells at an early age, although 
they do not develop into cysts [11]. The exact mechanisms behind these observations 
remain unclear. Indeed, although cyst formation is believed to be important for ccRCC 
development and has been shown in patients with VHL disease and animal models, it has 
still not been demonstrated to be a precursor of sporadic ccRCC. Although it may lead to 
cyst formation, it would appear that VHL depletion alone does not lead to the formation 
of cancerous growths, but it does seem to potentiate renal cells to further mutation which 
eventually does lead to cancer.

As mentioned above, loss of cilia also contributes to renal cyst development. This has been 
shown in genetic diseases which involve cystic kidneys such as polycystic kidney disease 
[12], and many ciliopathies involve renal cysts as part of their symptoms including Bardet-
Biedl syndrome, Meckel-Gruber syndrome, oro-facio-digital syndrome 1, Joubert 
syndrome, and others [13]. However, in these diseases, renal cysts do not usually develop 
into neoplasms. Because not all VHL-null renal cells develop cysts, and renal cysts do not 
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always lead to tumor growth, Guinot et al generated two mouse models to study the extent 
to which the primary cilium acts as a tumor suppressor in renal tissue [14]. These mouse 
models were generated with renal epithelium specific mutations in either Kif3a/Trp53 or 
Kif3a/Vhl/Trp53. Kif3a encodes a kinesin family member protein required for ciliation 
while Trp53 encodes the murine homologue of the human TP53 gene, an extremely 
important tumor suppressor protein discussed in Chapter 6 and 2 and extensively reviewed 
elsewhere [15]. Previously, Trp53/Vhl renal epithelium specific double-mutant mice had 
been shown to develop not only cysts but also tumors, albeit at a low incidence and after a 
long period of latency, unlike mice with only Vhl renal epithelium-specific mutations which 
only develop occasional cysts and never develop renal masses. Vhl/Kif3a/Trp53 triple 
mutant mice displayed a higher incidence of atypical cysts and small solid tumors, but these 
tumors lacked the pathological characteristics typically attributed to ccRCC. Notably, an 
increased proportion of the cysts that were found in these animals that also displayed 
increased proliferation compared with control animals. Kidney tissue typically displays 
slow cell turnover [16] and it has been shown that renal cyst formation requires cellular 
turnover after loss of the primary cilia [17]. The authors suggest that a low rate of replication 
explains why there are many histologically normal mutant tubules, even after a long time 
period. The authors conclude that the loss of primary cilium via Kif3a ablation and Trp53 
does not immediately lead to ccRCC development but instead potentiates tumor 
development by increasing proliferation and promoting the growth of atypical cysts which 
can then develop further mutations which, in the cyst-based theory of ccRCC development, 
should lead to eventually to the development of a ccRCC tumor. Our own data agrees with 
this conclusion. As we discuss in Chapter 6, lack of functional p53 probably does not directly 
contribute to tumorigenesis in ccRCC, which has a much lower incidence of TP53 mutations 
compared with many other tumor types. Instead, Trp53 mutation probably sensitizes mutant 
renal cells to further mutations. As the authors note, their results show that loss of ciliation 
does not contribute to the oncogenic transformation of cells but it does contribute to 
proliferation which, along with the accompanying Trp53 mutation, creates a larger pool of 
proliferating precursor cells. The loss of ciliation does not cause an increase in proliferation 
on its own, as covered in Chapter 2. However, because VHL mutant cells also upregulate 
proliferative signals, lack of primary cilia removes a crucial checkpoint in the process of 
duplication, allowing these cells, which are normally ciliated, to progress through the cell 
cycle without having to build and then disassemble the cilium. The results of this experiment 
provides support for the hypothesis that the primary cilium acts as a tumor suppressor 
organelle in the kidney, as well as the hypothesis that ccRCC first develops as a cystic disease 
and progresses to a tumor after more mutations are acquired. However, the identities of 
the driver mutations which cause ccRCC tumorigenesis remain unknown. Santhakumar 
et al. developed a transgenic zebrafish model which could be used to investigate the 
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identities of these genes . This zebrafish expresses EGFP with prolyl hydroxylase 3 (PHD3), 
and important protein upstream of of pVHL. In response to hypoxia, PHD3 is upregulated 
leading to strong transgene expression in hypoxic cells of these zebrafish. Unlike human 
patients with VHL syndrome who possess heterozygous VHL mutations, heterozygous vhl 
mutant zebrafish do not develop cancer at an increased rate when compared with control 
animals. However, when the vhl heterozygote zebrafish were treated with 
dimethylbenzanthracene (DMBA), a carcinogen, they developed liver and intestinal tumors 
which displayed transgene expression, suggesting that a subset of tumor cells had a mutation 
in the second allele of vhl. By isolating cells expressing EGFP and performing single cell 
sequencing on them, this zebrafish model could be used to identify candidate genes which 
might be important for tumorigenesis along with VHL.

After VHL mutation, the action of pVHL as a negative regulator of the hypoxia response 
pathway is lost, leading to tumor-promoting and tumor-protective phenotypes, although 
not excessive proliferation. It is in this environment of genetic instability, stimulated 
angiogenesis and glycolysis, another mutation arises which leads to tumor promotion [18]
(Figure 1). Thus, an obvious question is whether VHL mutations are completely necessary 
for ccRCC development, or if they simply make further tumor-driving mutations 
significantly more likely. Indeed, in a certain subsection of later stage tumors, HIF2 is 
upregulated while HIF1 is lost via gene deletion/mutation [19-21]. This leads to the 
hypothesis that HIF1 hyperactivation following the loss of functional pVHL may be in fact 
dispensable for cancer development and that HIF1 functions solely in a tumor protective 
role while HIF2 activity is the driving force behind tumorigenesis. However, studies have 
shown that tumors do not develop in the kidneys of mice that have a deletion of either HIF 
gene in a mouse with a renal tubule specific vhlh deletion [22]. In addition, studies of the 
genetics of human ccRCCs taken from patients have near-universally found VHL mutations 
and deep sequencing has shown that these mutations are truncal and therefore must be 
present for further mutation [23]. Because ccRCCs without genetic disruption of VHL are 
rare and HIF1 activity seems to be required for tumor growth, it is unlikely that either is 
dispensable for the initial growth of kidney tumors, even though VHL mutation is not 
sufficient for tumorigenesis and HIF1 appears to lose its importance to the tumor over 
time. Thus, it is likely that ccRCC develops as a transition between the cystic, pre-cancerous 
state induced by constitutive HIF1 activation while HIF2 activity and then proceeds to 
drive the development of the tumor in this environment.

Much debate remains about the identity of the gene (or genes) which comprise the second 
hit in ccRCC. Multiple groups have sequenced the exomes of a number of ccRCC tumors 
taken from patients in an effort to understand the genetic evolution of ccRCC [23, 24]. 
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These tumors show a considerable amount of intra-tumor heterogeneity in terms of genetic 
background. Different pieces of the same tumor may develop from the same initial mutation 
with different subsequent hits. After the initial VHL mutation, a number of further 
mutations are seen. Based on the work of this group and others, we can see that a large 
number of genes can serve as second hits but certain patterns emerge. For example, a subset 
of genes which encode for histone modifying proteins are frequently found mutated in 
ccRCC. Although it is not known exactly what role these histone modifiers play in the 
development of ccRCC tumors, they are mutated in a significant portion of ccRCC in many 
different studies making them strong candidates to be the second hit required for 
tumorigenesis. Intriguingly, three of these genes, the methyltransferases SETD2 and PBRM1 
as well as the deubiquitinylase BAP1, are located very close to VHL on chromosome 3p 
and are frequently lost along with it during loss-of-heterozygosity events. As mentioned 
elsewhere in this thesis (Chapters 1 and 2), Bap1 heterozygote mice with a renal-tubule 
specific Vhl mutation develop tumors very similar to human ccRCC [25] while post-natal 
conditional Vhl mutation alone does not lead to tumorigenesis in mice [6] and mice with 

Figure 1. Figure reproduced from [7]. Schematic representation of the development of ccRCC from a healthy 
tubule cell. Initially, biallelic loss of VHL leads to the loss of cilia and hyperstablization of HIF. This can lead 
to cysts and also contributes to the development of further mutations. In patients with VHL disease, cyst 
formation precedes the development of tumors, but this step may not be necessary for tumorigenesis in 
sporadic cases of ccRCC. In later stages, HIF2 signaling becomes more important than HIF1 signaling and 
further mutations are gained which contribute to malignancy.
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germline deletion of Vhl do not survive [26]. This raises the possibility that the exceptional 
ubiquity of VHL mutations in ccRCC compared with known causal mutations in other 
tumors comes about partially because of its placement in the genome. Disruptions in the 
VHL gene potentiate the development of further mutations which work in concert with 
VHL mutations to produce ccRCC tumors. Although it is still unknown what role histone 
modification plays in the etiology of ccRCC, it is clear that modification of the genome 
contributes in some way to tumorigenesis. Much work remains to be done to identify which 
genes are affected by these modifications.

We have identified and studied one gene found hypermethylated in ccRCC and a rare 
pediatric renal caner, clear cell sarcoma (Chapter 8). This gene, TCF21, has been shown to 
be involved in the differentiation of cells in the kidney and lung, amongst others. Although 
the transcription factor produced from this gene is responsible for antagonizing the growth 
and migration of epithelial cells, mouse models of Tcf21 deletion actually show a growth 
deficiency in the same cells. Although we could not identify an effect of hypermethylated 
TCF21 in our zebrafish vhl-/- model, the possibility remains that the hypermethylation of 
this gene contributes to tumor growth after VHL is lost. Because the zebrafish model is a 
model of HIF activation rather than a tumor model, it is possible that we simply do not 
have a proper model to examine the effect of TCF21. Indeed, we did see that 
hypermethylation of TCF21 is present in the 786-0 VHL-/- RCC cell line, and that 
reconstitution of TCF21 expression significantly affects the proliferation and migration 
behavior of our ccRCC tumor cell lines, indicating that the hypermethylation of TCF21 
and genes like it may be involved in the transition of VHL deficient tissues into tumors. 
Future research in this area should focus on the functional consequences of the 
hypermethylation of genes such as TCF21 and how this contributes to tumor growth. One 
strategy might be to focus on the targets of the methyltransferases which are most often 
mutated. Although the targets of these methyltransferases would be hypo instead of 
hypermethylated, it is still clear that histone methylation plays a significant role in the 
development of ccRCC. A pattern of activity may emerge which would help to explain the 
role of DNA and histone modifications in ccRCC development.

Treatment of ccRCC
ccRCC is characterized in part by its extreme resistance to cytotoxic therapy and its high 
rate of acquired resistance to other treatments. Although therapy for ccRCC has improved 
in recent years, most treatments still target peripheral symptoms and aspects of tumor 
biology and treatments which can effectively cause tumor cell death are still not available. 
As we describe in Chapter 6, these cells express high levels of pro-survival proteins such 
as Survivin which directly blocks the activity of caspase proteins required for the process 
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of apoptosis. We showed that VHL-deficient cells and zebrafish express high levels of p53, 
an extremely important tumor suppressor protein, due in part to a subsequent change in 
the localization of programmed cell death 5 (PDCD5) which we showed was an interaction 
partner of pVHL (Chapter 6). Interestingly, PDCD5 is also sometimes found in the primary 
cilium (unpublished oberservations) raising the possibility of this protein also having a 
ciliary role, much like pVHL. Usually, high levels of p53 would lead to increases in cell cycle 
arrest and apoptosis, but instead, vhl mutant zebrafish, ccRCC tumor lines and VHL siRNA 
depleted wild-type cell lines

all display decreased apoptotic signaling, even after irradiation. Although other pro-survival 
genes are usually mutated in mature ccRCC, the activity of survivin and other genes 
upregulated downstream of HIF are sufficient to significantly reduce apoptosis. TP53 (the 
gene encoding p53) is mutated in the majority of human cancers, but interestingly it is not 
frequently mutated in ccRCC. Thus, the activity of hyperstablized HIF helps mutant cells 
to survive apoptotic signaling and eventually develop further mutations that lead to the 
development of a tumor. In addition, this resistance to cell death, even when exposed to 
damaging environmental factors, means that tumors harboring VHL mutations are 
extremely difficult to treat effectively. Current treatments, such as tyrosine kinase inhibitors, 
mostly target the excessive angiogenesis which accompanies the growth of ccRCC tumors 
as we discus in Chapter 4. Tumors require blood-vessel access in order to grow, and 
malignancy is partially defined by the ability of the tumor to recruit blood vessel ingrowth. 
ccRCC tumors are highly vascularized, even more so than other tumors because of the 
upregulated pro-angiogenic signaling downstream of HIF and many of the growth and 
development mechanisms of ccRCC arise from pathways which govern angiogenesis and 
the growth and migration of blood vessels (see Chapters 4, 5). If a therapy could effectively 
curb the excessive angiogenesis of the tumor, it would reduce the tumor burden on the 
organ and slow the development of malignancy. The currently available drugs for ccRCC 
attempt to take advantage of this strategy by targeting signaling pathways involved in 
angiogenesis, especially the VEGF pathway and the mTOR pathway, as discussed in Chapter 
4. The current accepted treatment regimen for ccRCC is a successive program of serial 
monotherapies with a new treatment being prescribed after the first medication has lost 
effectiveness [27]. In addition to the therapeutic strategies covered in the conclusion of 
Chapter 4, a number of other promising treatments have emerged. Treatments that are 
being tested include wider spectrum inhibitors that target multiple pathways, such as 
lenvantinib which inhibits the activity of both the VEGF pathway and to a lesser extent the 
fibroblast growth factor (FGF) and platelet derived growth factor (PDGF) pathway and has 
shown promising results in
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ccRCC [28]. The FGF pathway is another growth factor pathway with similar downstream 
effects to VEGF signaling such as increased angiogenesis. Unlike VEGFR tyrosine kinase 
inhibitors, there is evidence that combination therapy combining lenvatinib with everolimus 
gives better results than everolimus alone and can improve outcomes even in patients who 
already display resistance to VEGFR TKI therapy, although more study is needed since 
very few patients were used in the phase II trial that was used to acquire FDA approval 
[28]. Cabozantinib is another inhibitor of multiple tyrosine kinases including the MET 
pathway and VEGFR pathway that has shown promising results in recent phase III trials 
as a second line therapy [29]. In addition to tyrosine kinase inhibitors, another treatment 
strategy under investigation is inhibition of the programmed cell death (PD-1) pathway. 
Tumor cells often express PD-1 ligand 1 and 2, which interacts with PD-1 on cytotoxic 
t-cells, consequently suppressing the activity of these antitumor immune cells. These 
inhibitors, such as nivolumab, block the action of either PD-1 or PD-1 ligands to re-activate 
the immune system. There is evidence that these treatments may be highly effective and 
combination therapy that uses both PD-1 inhibition and VEGFR inhibition is being tested 
as a first-line response to ccRCC in place of VEGF inhibition alone. However, these 
treatments carry the risk of significant toxicity and further optimization is needed [30]. 
Future work in this area may make use of models, such as the ones we introduce in chapter 
4, to optimize combination therapies that may avoid the risk of resistance inherent in the 
current treatment strategies. In addition, treatments such as PD-1 inhibition may actually 
be able to cause tumor cell death and long-term tumor-free survival rather than only 
preventing tumor progression, leading to a new era in the treatment of ccRCC.

Tumor suppressor genes and cilia
Research into the biology of the primary cilium is still in its relative infancy. The primary 
cilium was long considered to be largely unimportant, even though it was first described 
over a century ago. It was only after more research into intraflagellar transport, the process 
by which proteins and other cargo are moved from place to place along the axoneme, that 
the primary cilium began to be recognized as a vital cellular organelle. It was then discovered 
that many well-known and well-studied proteins had a ciliary function or localization which 
had never been shown before. Thus, data is greatly needed in the field of ciliary research 
simply about which genes and proteins are involved in the cilium. A number of screen 
experiments have now been performed to attempt to identify and categorize ciliary genes 
and their protein products. One of the largest screens performed to date was partially 
automated and was based on the same IMCD3 cells used in many of the chapters of this 
thesis. These cells were transfected with a library of siRNA targeting all known coding genes 
and then imaged with a computer with specialized software which was able to determine 
the presence of cilia per cell and therefore quantify ciliation and cell numbers. Any siRNA 

201702 Tim Klasson_binnenwerk.indd   215 07-02-17   15:49



CHAPTER 10

216

which caused a ciliation defect but did not significantly alter the number of cells would 
then be a prime candidate for further functional validation [31]. In addition to the results 
of this siRNA screen, a number of in silico analyses and other screens were performed and 
the results were combined as part of the consortium Syscilia into the Syscilia gold standard, 
a manually curated list of genes with at least 2 types of evidence linking them to the primary 
cilium. Our work in the Syscilia consortium was to functionally validate the results of other 
labs, such as in silico analysis and the siRNA screen mentioned above [32, 33]. To this end, 
we selected a number of putative ciliary genes which encoded proteins with functions 
similar to VHL and the other genes we worked on in our lab in terms of tumor suppression, 
cell cycle or DNA regulation or oncogene activity. We showed that these genes are in fact 
important for ciliation, proving the power of this type of wide-spectrum investigation. The 
genes which I cover in this thesis are HUWE1, ANAPC4, FAM110A and STARD3NL, which 
are described in Chapter 7. These genes were all initially found in screens for proteins and 
genes which were involved in ciliogenesis. HUWE1 is an E3 ubiquitin ligase, like pVHL, 
that is known to play a role in apoptotic signaling. Interestingly, HUWE1 has been shown 
to ubiquitinylate, and therefore promote the degredation of, both the pro-apoptotic protein 
p53 and the pro-survival protein Mcl1. HUWE1 is a very large protein with a significant 
number of interaction partners and its function is far from well understood. STARD3NL 
is a protein of mostly unknown function which is believed to function in cholesterol 
metabolism. FAM110A has an almost entirely unknown function. The exact function of 
ANAPC4 is unclear, although it is part of a well-studied protein complex. In Chapter7, I 
go into greater detail about the known functions of the protein products of these genes and 
show that they are important for ciliation, but we have not done a large amount of functional 
research. For example, we still only have a vague idea as to how these proteins contribute 
to ciliation. Future research should continue to elucidate the cellular function of these 
proteins and how loss of these genes leads to ciliary dysfunction.

PTEN is an important tumor suppressor protein that is frequently mutated in cancer. PTEN 
antagonizes PI3K signaling which leads downstream to inhibition of the AKT pathway. 
Activation of AKT leads to inhibition of apoptosis, and AKT signaling is also frequently 
upregulated in cancer. PTEN is also sometimes mutated in ccRCC, but interestingly 
complete loss of PTEN is rare. In Chapter 5 we show that loss of VHL causes an upregulation 
of mir132/212, a miR family which is known to target PTEN. miRs are small non-coding 
RNA which target mRNA transcripts and suppress their translation. A number of miRs 
have been previously described upregulated in hypoxia and pseudohypoxia, but not miR 
132/212, which was already known to target PTEN in vascular smooth muscle cells in order 
to contribute to angiogenesis [34]. Perhaps the relatively low frequency of bilateral PTEN 
mutations in ccRCC is due to the already depressed cellular levels of PTEN due to the 
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presence of this miR. However, there is a large amount of cross-talk between PTEN signaling 
and HIF signaling, so it is difficult to determine which part of their relationship is important 
for tumorigenesis and tumor biology. Intriguingly, it was recently shown that PTEN also 
contributes to ciliation by phosphorylating disheveled protein. This means that, much like 
pVHL, PTEN is also a tumor suppressor protein that plays a role in the cilium. In the future, 
treatments which target miRNA expression in ccRCC may allow PTEN to accumulate in 
tumor cells, restoring its tumor suppressor and pro-ciliogenesis functions.

FUTURE PERSPECTIVES

The relatively recent discovery of genes found frequently mutated in ccRCC in addition to 
VHL represents a promising direction for future research. Genes such as BAP1, PBRM1 
and SETD2 have now been identified which appear to be important for ccRCC development, 
but their function, especially in the context of renal cells, is still unknown. It is therefore 
important to study the function of these genes and how their mutation leads to 
tumorigenesis. This is especially true because, despite years of intense work, an animal 
model of ccRCC that accurately recapitulates the human disease is still not available. The 
Bap1 heterozygote, Vhl mutant mouse may finally provide researchers with a more accurate 
model but more work remains to be done to characterize the ccRCC-like tumors in these 
animals and elucidate the mechanisms which lead to their development. A better 
understanding of the function of these genes in the kidney may provide insight into the 
questions such as what differentiates a cyst from an atypical cyst, how does an atypical cyst 
progress into a ccRCC tumor, and why do VHL mutations appear to be required, despite 
not being sufficient for tumorigenesis or cyst development on their own.

The role of the primary cilium as a tumor suppressor or tumor promoting organelle is 
difficult to study for a number of reasons. As mentioned above, it is frequently not possible 
to isolate the ciliary function of a protein from its other functions. In many cases, these 
functions are inseparable because they are based on the same molecular action of the protein 
in question. Indeed, research which attempts to disassociate the ciliary function of a protein 
or gene from its other functions is likely misguided. The primary cilium is inexorably linked 
with a wide variety of cellular processes and it is not relevant to think of it as a completely 
self-contained organelle without connection to the rest of the cell. In the kidney, the tumor 
suppressor activity of the primary cilium has been fairly well established. In the cyst-
dependant hypothesis of ccRCC development, loss of the primary cilium leading to cyst 
development is a crucial step and has been demonstrated in animal models. However, in 
other tumor types, the primary cilium plays a different role and can even promote 
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tumorigenesis as discussed in Chapter 2. The role of the primary cilium as a tumor 
suppressor, or even a tumor promoter, must therefore be evaluated on a case-by-case basis 
depending on the tumor type being studied.

Concluding remarks
The link between the primary cilium and tumorigenesis remains unclear, but it is true that 
cilia play a role in certain subtypes of cancer. Proteins which are important for ciliogenesis, 
maintenance of the cilium, ciliary signaling or other ciliary functions, as well as proteins 
which are found at or around the cilium have been shown to be involved in cancer biology. 
This is especially true of ccRCC, which is associated with ciliary loss due to the loss of 
pVHL, which plays a role in microtubule dynamics, and other downstream signaling effects. 
The biology of ccRCC is complex and involves many different important cell signaling 
pathways. This also makes treating ccRCC difficult. Although much more work remains 
to be done, it may be possible to target these aspects of ccRCC, VHL and ciliary biology in 
the future in order to better treat patients.
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ENGLISH SUMMARY

Cancer affects a large number of people the world over. Cancer is a class of extremely 
complex diseases that arise from malfunctions in otherwise vital cellular processes, 
especially those that govern aspects of cellular functions like proliferation, apoptosis or the 
cell cycle. These processes are delicately balanced in healthy cells and are tightly regulated 
by a wide array of interconnected cellular signaling pathways. When these processes or 
their regulators are dysfunctional, tumorigenesis can occur. 

The primary cilium is a cellular organelle that can be found projecting from the cell surface 
of the majority of human cells. This organelle has many functions in cell signaling, including 
playing a role in the development,  pattering and growth of cells and tissues. Dysfunction 
of the cilium can lead to disease. In addition, a number of proteins important for the 
function of the cilium are also known to be involved in tumorigenesis. One such protein 
is the von Hippel-Lindau tumor suppressor protein (pVHL).  Mutations in the VHL gene 
that encodes pVHL lead to ciliogenesis defects and are universally found in kidney cancer 
tumors.

The central topic of this book is an investigation of the function of tumor suppressor 
proteins that are involved in ciliary biology and the connection between their ciliary role 
and tumorigenesis. I especially focus on pVHL and its central role in kidney cancer. 

In Chapter 1 I provide an overview of both pVHL and the primary cilium. I review the 
structure and function of the primary cilium and introduce the ciliopathies, a class of 
diseases that arise from ciliary dysfunction. This chapter also contains an overview of the 
many functions of pVHL,  including its ciliary functions, and how dysfunctional pVHL 
contributes to the development of kidney tumors. Finally, I discuss the connection between 
the cilium and cancer and introduce the models used in this thesis. 

Chapter 2 covers the role of the cilium and ciliary proteins in cancer in more depth. The 
primary cilium plays a central role in development. Thus, this chapter focuses on the role 
of ciliary proteins in hereditary tumor predisposition syndromes, many of which display 
symptoms early in life. Special attention is paid to syndromes in which known classical 
tumor suppressor genes are mutated, including von Hippel-Lindau disease, which arises 
from inherited mutations in VHL. 

Chapter 3 contains a detailed review of the etiology of von Hippel-Lindau disease. The 
genetic background of the disease, its effects, and some treatment options are covered. 
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The primary animal model used in this book is a zebrafish model of von Hippel-Lindau 
disease. This zebrafish model has the same genetic background as human patients and 
faithfully reproduces many of the aspects of the human disease. In Chapter 4, we used this 
model and an in vitro cellular model to test the efficacy of a combination therapy in reducing 
pathophysiological angiogenesis that is inherent in von Hippel-Lindau disease. This 
approach shows the value of these models to test novel therapies and presents a promising 
new treatment approach. 

Chapter 5 again revisits the pathophysiological angiogenesis that accompanies dysfunctional 
pVHL signaling. In this chapter we show that a family of miRNA, important regulators of 
protein transcription, is excessively produced after the loss of pVHL function. The function 
of this miRNA contributes to excessive angiogenesis and reduces levels of important anti-
proliferation proteins, including the important anti-tumor protein Phosphatase and Tensin 
Homologue (PTEN), which may contribute to tumor formation in kidney cancer. 

In Chapter 6 we show that VHL signaling affects the p53 pathway, a vital tumor suppressor 
signaling pathway, surprisingly leading to an upregulation of anti-survival signaling. 
However, due to the induction of other pro-survival pathways, VHL-deficient cells and 
organisms still survive, which may explain why p53 signaling is only rarely disrupted in 
VHL-related cancer and why these cancers are difficult to treat. 

During the work that went into this book, I investigated the function of a number of 
candidate genes in order to find out more about their role in the cilium and the cell. The 
ciliary function of many genes has not yet been described. In Chapter 7 we present four 
novel regulators of ciliogenesis which were originally identified in screens: HUWE1, 
STARD3NL, ANAPC4 and FAM110A. We used a 3D cellular model to show that these genes 
are required for proper ciliation and examined their function.  

 Another novel ciliary protein is described in Chapter 8: DCDC2. We show that mutations 
in this gene cause a renal hepatic ciliopathy in human patients and that depletion of this 
gene also causes a ciliopathy phenotype in zebrafish. Functional testing showed that loss 
of DCDC2 causes excessive signaling in the Wnt pathway, an important developmental 
signaling pathway. Inhibiting Wnt signaling rescued the ciliopathy symptoms, presenting 
an interesting opportunity for treatment, and shedding light on the role of Wnt signaling 
in ciliogenesis which is still incompletely understood.

In addition to VHL, a number of other genes are frequently found disrupted in kidney 
cancer.  One such class of genes is a group of genes that control histone methylation, a 
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system of gene regulation. However, the targets of these histone methylating genes are still 
largely unidentified. In Chapter 9 we identify one gene which is methylated in some subsets 
of kidney cancer: TCF21. We showed that TCF21 methylation is responsible for increased 
colony size and migration in a kidney cancer cell line, suggesting a tumor suppressor role 
for TCF21.

Finally, in Chapter 10 I present an in-depth discussion of the topics contained in this book. 
Specifically, I discuss the connection between ciliary genes and cancer, as well as how pVHL 
deficiency leads to kidney cancer and how its ciliary role plays a part in tumorigenesis. In 
addition, I discuss the complex genetics of kidney cancer and treatment modalities and 
provide future perspectives on research in this field.
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NEDERLANDSE SAMENVATTING

Kanker heeft invloed op een groot aantal mensen over de hele wereld. Kanker is een klasse 
van zeer complexe ziekten die voortkomen uit defecten in celprocessen die van levensbelang 
zijn in een gezonde situatie, met name de processen die bijvoorbeeld proliferatie, apoptose 
of celcyclus regelen. Deze processen verkeren in een delicaat evenwicht in gezonde cellen 
en zijn strak gereguleerd door een breed scala aan onderling verbonden cellulaire 
signaaltransductie trajecten binnen de cel. Wanneer deze processen of hun regulatoren 
disfunctioneel zijn, kunnen tumoren ontstaan. 

Het primaire cilium is een celorganel dat uitsteekt van het celoppervlak van de meeste 
menselijke cellen. Dit organel heeft vele functies in celsignaaltransductie, inclusief een rol 
in de ontwikkeling, patroonvorming en groei van cellen en weefsels. Dysfunctie van het 
cilium kan leiden tot ziekte.  Daarnaast is bekend dat een aantal eiwitten die belangrijk zijn 
voor het functioneren van het cilium, ook betrokken zijn bij het ontstaan van tumoren. 
Één van die eiwittenis het von Hippel-Lindau tumorsuppressor eiwit (pVHL).  Mutaties in 
het VHL-gen dat codeert voor pVHLn eiwit leiden tot ciliogenese defecten en zijn in alle 
gevallen te vinden in nierkanker tumoren. 

Het centrale onderwerp van dit boek is een onderzoek van de functie van tumorsuppressor 
eiwitten die betrokken zijn bij de biologie van cilia, en de verbinding tussen hun rol in cilia 
en hun rol bij het ontstaan   van tumoren. Ik leg de nadruk vooral op pVHL en zijn centrale 
rol in nierkanker. 

In hoofdstuk 1 geef ik een overzicht van zowel pVHL als het primaire cilium. Ik bekijk de 
structuur en functie van het primaire cilium en introducer de ciliopathies, een klasse van 
ziekten die veroorzaak worden door ciliaire dysfunctie. Dit hoofdstuk bevat ook een 
overzicht van de vele functies van pVHL, inclusief zijn functies in cilia, en hoe dysfunctionele 
pVHL bijdraagt aan de ontwikkeling van nier tumoren. Tot slot bespreek ik de relatie tussen 
het cilium en kanker en introduceer ik de modellen die in dit proefschrift gebruikt worden. 

Hoofdstuk 2 behandelt de rol van het cilium en ciliaire eiwitten in kanker in meer diepte. 
Het primaire cilium speelt een centrale rol in ontwikkeling. Daarom richt dit hoofdstuk 
zich op de rol van ciliaire eiwitten in erfelijke tumor predispositie syndromen, waarvan 
vele vroeg in het leven symptomen geven. Speciale aandacht wordt besteed aan syndromen 
waarin bekende klassieke tumorsuppressor genen gemuteerd zijn, waaronder de ziekte van 
von Hippel-Lindau, die ontstaat doorerfelijke mutaties in VHL.
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Hoofdstuk 3 bevat een gedetailleerd overzicht van de etiologie van de ziekte van von Hippel-
Lindau. De genetische achtergrond van de ziekte, de gevolgen ervan, en sommige 
behandelingsopties worden behandeld. 

Het primaire diermodel dat in dit boek gebruikt wordt is een zebravismodel van de von 
Hippel-Lindau ziekte. Dit zebravismodel heeft dezelfde genetische achtergrond als 
menselijke patiënten en weergeeft op betrouwbare wijze veel van de aspecten van de ziekte 
bij de mens weer. In hoofdstuk 4 hebben we dit model en een in vitro cellulair model 
gebruikt voor het testen van de werkzaamheid van een combinatietherapie om de 
pathofysiologische angiogenese, inherent aan de ziekte van von Hippel-Lindau, te 
verminderen. Deze aanpak laat de waarde van deze modellen voor het testen van nieuwe 
therapieën zien, en biedt een nieuwe benadering van de behandeling. 

Hoofdstuk 5 beschrijft opnieuw de pathofysiologische angiogenese die een gevolg is van 
de disfunctionele signaaltransductie van pVHL. In dit hoofdstuk laten we zien dat een 
specifieke miRNA familie, welke belangrijke regulatoren van eiwit transcriptie zijn, 
overdreven veel geproduceerd wordt na het verlies van de functie van pVHL. Deze miRNA 
draagt bij aan de buitensporige angiogenese en verminderde hoeveelheden van belangrijke 
anti-proliferatie eiwitten, inclusief het belangrijke anti-tumor eiwit phosphaste and tensin 
homologue (PTEN), wat zou kunnen hebben bijdragen aan de vorming van tumoren in 
nierkanker.

In hoofdstuk 6 laten we zien dat VHL-signaaltransductie invloed heeft op het onmisbare 
tumor onderdrukkende p53-signaaltransductie traject, wat verrassend genoeg tot een 
verhoogde anti-overleving signaaltransductie leidt. Echter, als gevolg van de inductie van 
andere pro-overleving signaaltransductie signalen, overleven VHL-deficiënte cellen en 
organismen wel, wat kan verklaren waarom p53-signaaltransductie slechts zelden wordt 
verstoord in VHL-gerelateerde kanker en waarom deze kankers zo moeilijk te behandelen 
zijn.

Tijdens het werk dat in dit boek wordt beschreven, heb ik de functie van een aantal 
kandidaat-genen onderzocht om meer over hun rol in het cilium en de cel te ontdekken. 
Van deze kandidaatgenen is de functie in het cilium nog niet beschreven. In hoofdstuk 7 
introduceren wij vier nieuwe regelaars van ciliogenesis die oorspronkelijk zijn geïdentificeerd 
in screens van actieve stoffen: HUWE1, STARD3NL, ANAPC4 en FAM110A. We hebben 
gebruik gemaakt van een cellulair 3D- model om aan te tonen dat deze genen nodig zijn 
voor een goed ontwikkelt en werkend cilium en om hun functie te onderzoeken.
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Een ander nieuw ciliair eiwit wordt beschreven in hoofdstuk 8: DCDC2. We laten zien dat 
mutaties in dit gen in menselijke patiënten een renale en hepatische ciliopathie veroorzaken, 
en dat uitschakeling van dit gen in de zebravis leidt tot een ciliopathie fenotype. Uit 
functionele testen bleek dat verlies van DCDC2 voor overmatige Wnt-signaaltranductie 
zorgt, een signaaltransductie traject belangrijk voor normale ontwikkeling. De symptomen 
van het ciliopathie fenotype konden gered worden door het remmen van Wnt-
signaaltransductie. Dit laat ons een interessante kans voor behandeling zien, én het werpt 
een licht op de rol van Wnt-signaaltransductie in ciliogenese, welke nog steeds niet volledig 
begrepen wordt. 

Naast VHL, zijn er een aantal andere genen die vaak gemuteerd blijken te zijn in nierkanker. 
Een zo een voorbeeld is een groep genen die histon methylering reguleert, een bekend 
genregulatie systeem. De genen waarop deze histon methylatie regulerende genen hun 
functie uitoefenen zijn echter nog grotendeels onbekend. In hoofdstuk 9 identificeren we 
een gen dat in sommige deelverzamelingen van nierkanker gemethyleerd is: TCF21. We 
toonden aan dat methylering van TCF21 verantwoordelijk is voor verhoogde kolonie 
grootte en migratie in een nierkanker cellijn, wat een tumorsuppressor rol voor TCF21 
suggereert.

Tenslotte presenteer ik in hoofdstuk 10 een diepgaande discussie over de onderwerpen die 
in dit boek omschreven zijn. Ik behandel met de name de relatie tussen ciliaire genen en 
kanker, en hoe pVHL deficiëntie tot nierkanker leidt en hoe de ciliaire rol van pVHL een 
rol heeft in het ontstaan van tumoren. Daarnaast bespreek ik de ingewikkelde genetica van 
nierkanker en behandelingsmethoden, en bied ik perspectieven voor toekomstig onderzoek 
op dit gebied.

201702 Tim Klasson_binnenwerk.indd   228 07-02-17   15:49



APPENDICES

229

A

201702 Tim Klasson_binnenwerk.indd   229 07-02-17   15:49



APPENDICES

230

ACKNOWLEDGEMENTS 

It would be totally impossible for me to appropriately thank everyone who supported me 
during my thesis. I have been ridiculously lucky to have so many wonderful friends and 
helpful colleagues, on whom I have relied time and time again. I can’t possibly mention 
everyone’s name (especially because I’m kind of forgetful) so rest assured that if your name 
isn’t here I still appreciate everything you’ve done for me, no matter how small. Thanks so 
much! 

First, of course, I have to thank Rachel. In this small space, there’s no way I could possibly 
encompass all the ways you’ve helped me over my time in your lab. Endlessly helpful, wildly 
patient, exceptionally kind and funny, I couldn’t have asked for a better supervisor. I 
consider myself privileged to have gotten my PhD in your lab, and one day I hope to be 
half the scientist you are. All the best to you and your family! 

Next I would like to thank Alyson Macinnes, who took a chance on a guy with no science 
experience who was working at a fashion company, based almost entirely on a phone 
conversation and a shared alma mater. Without that, I wouldn’t be where I am now. Thanks 
for being welcoming and helpful, even when it was very clear that I had no idea what I was 
doing. Thanks also to Paul, who was a great first supervisor for a mostly lost guy from another 
country. Serious in the lab, and a lot of fun outside of it. Thanks for your patience and help! 

Special thanks to Gisela. With the amount of basic questions I asked you over the course 
of my thesis (especially at the beginning), you must have felt like you had yet another 
masters student! Thanks for always helping me with everything even though you were 
always already so busy. Thanks for being an excellent colleague and a nice person. Good 
luck with everything, not that you need it!
 
Thanks to my Paranymphs! Ed. What can I say? We’ve known each other for 20 years and 
we’re basically family. You came out to visit me so many times and if I was home, you always 
found time to hang out with me in the US if you could. There’s nobody I’d rather have 
standing with me at my defense. Thanks for everything through all these years, and here’s 
to the next 20. Alex, my friend! I owe you a lot. If you hadn’t invited me to live with you, 
I’d probably still be stuck out in the wilderness. It was living here and doing things with 
you and everyone else (that you frequently organized for the benefit of everyone!) that 
really made my time in the Netherlands fun. You always had time to help me out or listen 
to me, even when nobody else was there, and I appreciate it immensely. Good luck with 
your own PhD! I still believe in your professional sky diving career too!

201702 Tim Klasson_binnenwerk.indd   230 07-02-17   15:49



APPENDICES

231

A

Next I want to thank all my colleagues and lab-mates. Thanks to my supervisors, prof. dr. 
Marianne Verhaar and prof. dr. Nine Knoers for their thoughtful input. Thanks to my 
students Lars, Michelle and Rianne for their hard work and dedication. I’m lucky to have 
had such amazing, productive students who somehow always managed to do what was 
needed even when my instructions were really vague. I wish you all the best in the future! 

Glenn, you were always fun to hang out with, work with or go to conferences with, even if 
you don’t believe I speak Spanish. Good luck with the fish and the rest of your thesis and 
may you always be able to find somebody to cook your dinner. Maybe one day I’ll actually 
pay you those beers I supposedly owe you. Nayia, or should I say Nadja? Always a fun 
person to share a drink or sit through a boring conference with. You’re already back in 
Cyprus living it up, but all the best anyway! Marijn, my Kanye West buddy! A really nice 
person and a great colleague. Best wishes to you and your family! Thanks also to Glen (my 
fellow American!) and Kirsten and everyone else at the stratenum for the good times and 
not being upset whenever I showed up and started working there even though nobody 
knew who I was. 

I owe a lot of thanks to all the people I’ve shared a lab with, including Petra de Bree, Petra 
de Graaf, Chris, Merle, Maarten, Dries, Zhiyong, Alain, Krista, Khatera, Ka Man, 
Miriam, Veronica, Sebastiaan, Marlies, Gemma, Joost, Jaap, Diana, Merle, Janine, 
Frederieke, Arianne, Henry and everyone else in Nephrology and Experimental cardiology. 
Thanks for all of your help, as well as all the events, borrels and fun times. Best wishes to 
all of you! Hendrik, my fellow night shift member and a good friend, even though I betrayed 
the pub quiz team and joined the enemy. Thanks for always being there to talk to, have a 
beer with, answer my questions, and do all the stats. I couldn’t have asked for a better 
partner to invade all the Hubrecht events with. I’m pretty sure you’ll be running this place 
in a few years. Good luck with everything! Judith, my old roomie, fellow New York 
enthusiast, basketball friend and co-champion of table football. Thanks for being a good 
friend even though I moved out of the office and somehow always managed to miss your 
parties. As an expat I’ll always appreciate the thanksgivings we (mostly you) organized. 
Good luck making science a better place! Ollie I’ll always remember that one Monday 
morning meeting where we couldn’t stop laughing. Thanks for always being kind to me 
even when I forgot to replace the western blot buffers. Dimitri thanks for helping to keep 
the fun level of the lab up, and all the best in your new career. Thanks to you Bas, I will 
always know the meaning of the phrase “heb je snoepjes?”. You were a good colleague. 
Thanks also for the barbeques! Your trampoline is safe now. Thanks to all of my collaborators 
and anyone who I worked with or who helped me with the technical aspects of a protocol.

201702 Tim Klasson_binnenwerk.indd   231 07-02-17   15:49



APPENDICES

232

Thank you to the secretarial staff at nephrology and hypertension. A big thank you to the 
animal caretakers at the Hubrect, especially Rob who is not only excellent at his job but 
also a great person and friend. He throws a good barbeque too! Thanks for all your help 
over the years. 

There isn’t enough space in this whole book for me to properly thank all of my wonderful 
friends. Each of you deserves your own essay, but at the risk of going on forever (or worse, 
forgetting someone) I’m going to have to keep it short and mostly general. That said, I want 
to emphasize as much as I can how important you all are to me, and how happy you made 
me. If I was tired (always) or stressed out (frequently) I knew I just had to hang on until 
the next time I we spent together and I could pick myself up again. None of this work exists 
without you, because I honestly wouldn’t have made it. The meals and drinks and movies 
together, trips to the zoo, music festivals, trips to Belgium, or whatever else was going on, 
always gave me life. Thanks to everyone who invited me into their home (or didn’t kick me 
out when I showed up uninvited), or to a concert, or to watch sports or go to any kind of 
activity no matter how small. You don’t know how much it meant to me, but it meant a lot! 
Thank you, thank you, thank you!

Thanks to my American friends, in New York and elsewhere, who always made me feel 
like I was home. Even though I only saw most of you every 6 months (at best!), every time 
we got together felt like I had been there the whole time. Thanks for always including me 
in all the online activities and inviting me to things even if you knew I couldn’t go. I always 
felt connected to home and that meant a lot to me. Special thanks go to Joe, Ray, Jeremy, 
Dan, Justin, and Mike Dolmatch, all of whom went out of their way to come to a small 
town halfway around the world to visit me. It was great getting to explore and show off 
the place I live with you! I want to give an extra extra special thanks to my great friend 
George. Weirdly enough, despite the fact that we lived 3600 miles away, there isn’t anybody 
that I talked with more than you over the course of my 5 years in Europe. Thanks for 
always being there for me, no matter how stupid my jokes were or how much I complained 
about work. Without you I probably wouldn’t have gotten through this. Sorry I’m again 
moving to the wrong timezone, but you know I’ll always find time to talk to you! I’m sure 
you’re overjoyed. 

Special thanks to my good friend Sharif. From late night intellectual discussions to house 
parties, from whole pig BBQs to whiskey Thursdays, we had a lot of great times! You were 
one of my first really good friends in Utrecht, and still one the best. Thanks for adopting 
me even though I was a member of the great unwashed hordes of America. Good luck with 
your PhD and try not to let the crazy food and people of my native land get to you. Shout 

201702 Tim Klasson_binnenwerk.indd   232 07-02-17   15:49



APPENDICES

233

A

out as well to the rest of the IBB crew, who graciously tolerated my presence despite the 
fact that I was the jerk making everyone speak English. 

I was lucky enough to be adopted at the Hubrecht after I showed up enough for people to 
stop asking who I was and why I was there (I said I was there for my fish, but I mostly came 
for the borrels) and the wonderful people I met and spent time with improved my life 
immensely. After we moved to the new building I really enjoyed getting to be with them 
and my other friends from the UMC and PMC more often. There are more people I want 
to thank than I can possibly list, so I’m going to cop out and do mostly groups. Sorry! If 
you don’t see your name here I probably still think you’re great. 

Shout outs to, but not in any way limited to: the Pub Quiz team for always being the 
highlight of my Wednesdays. Thanks to my climbing buddies, especially everybody who 
convinced me to get into it in the first place. Thanks to the van Rheenen group for generally 
being awesome as well as letting me crash your office a bunch of times when I was bored 
on the 5th floor. Thanks to Jessica for being a good room mate and a good friend. Thanks 
to Annabel for always organizing fun activities and bringing me along. Thanks to Javi for 
being my friend since back in the language class days. Thanks to Anna for all the coffee 
breaks, all the other times we spent together and always listening to me gripe. Thanks to 
Mauro for talking with me about the NFL and always being a gracious host. Thanks also 
to PJ, Maartje and Luca for hosting me at their houses many times, even some times when 
I wasn’t invited. Thanks to Adi for chatting about playing music with me even though I 
haven’t played in ages. Thanks to Ajit for being a great guy and the godfather of borrels. 
Thanks to all the students for generally being really fun and letting me crash your parties. 
Thanks to all of the usual suspects at the BBQs and Friday borrels who made every week 
fun. Thanks to so many other people who I couldn’t find a way to include here without 
just making a huge list of names (sorry!) and to anyone who I forgot. You’re all amazing! 

Lastly and most importantly, I want to thank Mom, Dad, Emily and all the rest of my 
wonderful family. No matter what, I could always count on you. Your support and faith in 
me has always lifted me up and given me strength. I could always count on being spoiled 
around any of you, and being able to relax no matter what. When I had shoulder surgery, 
my family came from two different countries just to be with me. I’m incredibly lucky to 
have had that kind of support. You never got down on me even when things were hard. 
You never got mad at me even when I disappeared for ages. You always supported my 
choices and believed in me, even though I originally told everybody I was just going for 6 
months. Thank you so much. I love you!

201702 Tim Klasson_binnenwerk.indd   233 07-02-17   15:49



APPENDICES

234

LIST OF PUBLICATIONS
Shared first authorships marked with an *

Klasson TD, Giles RH. “Molecular Genetics of Renal Cancer”. eLS Reviews, 2016. 

Frantzen C, Klasson TD, Links TP, Giles RH. “Von Hippel-Lindau Disease” GeneReviews 
at GeneTests: NIH Medical Genetics Information Resource. Copyright, University of 
Washington, Seattle, 1997-2010. Updated 2015. Available at http://www.ncbi.nlm.nih.gov/
books/NBK1463/

Klasson TD*, Essers PB*, Pereboom TC, Mans DA, Nicastro M, Boldt K, Giles RH, 
Macinnes A. “The von Hippel-Lindau tumor suppressor regulates programmed cell death 
5 mediated degradation of Mdm2. Oncogene. 2015 Feb 5;34(6):771-9.”

Schueler M, Braun DA, Chandrasekar G, Gee HY, Klasson TD, Halbritter J, Bieder A, 
Porath JD, Airik R, Zhou W, LoTurco JJ, Che A, Otto EA, Böckenhauer D, Sebire NJ, Honzik 
T, Harris PC, Koon SJ, Gunay-Aygun M, Saunier S, Zerres K, Bruechle NO, Drenth JP, 
Pelletier L, Tapia-Páez I, Lifton RP, Giles RH, Kere J, Hildebrandt F. “DCDC2 mutations 
cause a renal-hepatic ciliopathy by disrupting Wnt signaling.” The American Journal of 
Human Genetics. 2015 Jan 8;96(1):81-92. doi: 10.1016/j.ajhg.2014.12.002. Epub 2014 Dec 
31.

Slaats GG, Ghosh AK, Falke LL, Le Corre S, Shaltiel IA, van de Hoek G, Klasson TD, 
Stokman MF, Logister I, Verhaar MC, Goldschmeding R, Nguyen TQ, Drummond IA, 
Hildebrandt F, Giles RH. “Nephronophthisis-associated CEP164 regulates cell cycle 
progression, apoptosis and epithelial-to-mesenchymal transition.” PLoS Genetics. 2014 Oct 
23;10(10):e1004594. doi: 10.1371/journal.pgen.1004594. eCollection 2014.

Klasson TD, Giles RH. “The role of the cilium in hereditary tumor predisposition 
syndromes” Journal of Pediatric Genetics (2014)3:129-140. https://www.ncbi.nlm.nih.gov/
pmc/articles/PMC5020991/

Pereboom TC, Bondt A, Pallaki P, Klasson TD, Goos YJ, Essers PB, Groot Koerkamp MJ, 
Gazda HT, Holstege FC, Costa LD, MacInnes AW. “Translation of branched-chain 
aminotransferase-1 transcripts is impaired in cells haploinsufficient for ribosomal protein 
genes.” Experimental Hematology. 2014 May;42(5):394-403.e4. doi: 10.1016/j.
exphem.2013.12.010. Epub 2014 Jan 23.

201702 Tim Klasson_binnenwerk.indd   234 07-02-17   15:49



APPENDICES

235

A

In publication  

Klasson TD, Brandt M, van Rooijen E, Verhulst D, Groenewegen G, Cheng C, Giles RH. 
“Pre-clinical models to validate combination therapy approaches to reduce 
pathophysiological angiogenesis”. Submitted to Disease Models and Mechanisms.

Klasson TD*, Lei ZY*, Brandt M, van de Hoek G, Logister I, Cheng KL, Sluijter JP, Giles 
RH.“Inhibition of miRNA-132/212 Suppresses VHL-Regulated Pathophysiological 
Angiogenesis” 

SL Gooskens*, TD Klasson*, I Logister, R. Pieters, EJ Perlman, RH Giles,  MM van den 
Heuvel-Eibrink. “The tumorigenic role of TCF21 hypermethylation in renal tumors.” 

Klasson TD*, Slaats GG*, Chen Z, Noordegraaf S, Custers L, Logister I, Johnson CA, Knoers 
NV, Devuyst O, Giles RH. “Validation of novel regulators of renal ciliogenesis: HUWE1, 
FAM110A, STARD3NL and ANAPC4.” 

201702 Tim Klasson_binnenwerk.indd   235 07-02-17   15:49



APPENDICES

236

CURRICULUM VITAE

Timothy Daniel Klasson was born on June 28th, 1989, in New York City. As a child he lived 
in Manhattan until moving to the superior borough of Brooklyn, where his family still lives. 
Tim attended Packer Collegiate Institute in Brooklyn, New York, where he graduated in 
2007. From there he attended Wesleyan University in Middletown, Connecticut. There, 
Tim received degrees in molecular biology and biochemistry and biology, graduating in 
2011. Tim moved to the Netherlands in 2012 in order to pursue an internship in the lab of 
Alyson Macinnes at the Hubrecht Institute in Utrecht. In 2012 he began his PhD under the 
supervision of Dr. Rachel Giles, Prof. Dr. Marianne Verhaar and Prof. Dr. Nine Knoers at 
the Department of Nephrology and Hypertension at the University Medical Center, Utrecht. 
The results of his PhD are presented in this thesis. 

201702 Tim Klasson_binnenwerk.indd   236 07-02-17   15:49


