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General introduction

Sensing the cellular environment and responding accordingly is pivotal for tissue development and 
homeostasis. The cell has a number of mechanisms by which it can do so, including cell-matrix and cell-cell 
interactions or ascertaining nutrient/energy levels or other metabolic factors. One cellular structure that 
functions almost exclusively as a sensory organelle is the nearly ubiquitously present primary cilium, that 
has been implicated in orchestrating cellular responses to kinetic, photonic, morphogenic, olfactory and 
mitogenic stimuli. In addition, some cilia subtypes have the capacity to autonomously generate motion 
and thereby inversely affect the microenvironment. Dysfunction of cilia is the etiology for a large diversity 
of human disease phenotypes that are collectively known as ciliopathies. The severity of these disease 
manifestations can range from simple tissue cysts, infertility and retinal degeneration to prenatal lethal 
multi-organ system failure. 
The expression of cilia is restricted to the quiescent, G0-stage of the cell cycle as the centrosome is required 
for both ciliogenesis (forming the basal body) and formation of the spindles in cell division, rendering 
these processes mutually exclusive. Consequently, dysfunctional cilia relieve a physical block for cell cycle 
progression and for this reason cilia have also been implicated in the field of cancer biology for several 
years. Intriguingly however, it is becoming clear that cilia appear to be both required and permissive for 
tumorigenesis depending on the tumor subtype and primary oncogenic lesion. The biology of cilia function 
is complex, and there is an ever-growing list of proteins that are now known to function in cilia biogenesis 
and function. Gaining insight into both the fundamental and pathophysiological aspects of cilia function 
is a crucial next step in defining their role in disease development. The scope of this thesis is to converge 
aspects of cilia biology with their role in cancer biology.

Outline of this thesis

In a comprehensive review of related literature in Chapter 1, an overview of cilia biology is provided. This 
manuscript covers the cellular mechanisms employed to generate and maintain the cilium. Furthermore, 
we describe specialized cilia function in diverse human tissues and the implications of dysfunctional cilia 
in the development of ciliopathies, with the genetic elements that underlie these diseases. Next, the vari-
ous molecular signaling pathways that are regulated through cilia and how the cilium relates to the cell 
cycle are reviewed. We end with an extensive discussion of both clinical and functional data on how cilia 
are implicated in the process of tumor formation.

Microtubule trafficking
Microtubule fibers make up the transport system of the cell. During various stages of the cell cycle, 
microtubules organize in several distinct structures: in interphase they are dispersed throughout the cell 
and direct polarized membrane traffic, during cell division they build the spindle and midzone. Importantly, 
in quiescence, when cells enter the G0-phase of the cell cycle, microtubules form the core of the ciliary 
axomene. A large family of molecular motor complexes drives microtubule-mediated transport and 
specifically in cilia, intraflagellar kinesin-2 and dynein-2 complexes generate and maintain the axoneme. 
Few other molecular motors have been implicated in ciliogenesis or intraflagellar transport. In Chapter 2 
we describe the results obtained in a kinesome screen, using an siRNA library of kinesin family members, 
for their putative role in ciliogenesis. Using a simple computational methodology, we developed a semi-
automated quantification method for primary screen analysis that determines cell, basal body and axoneme 
frequencies, and identified a number of novel kinesins that perturb ciliary frequency. 

Cilia in Renal cancer
The kidney is a major site for the development of diseases that are associated with dysfunctional cilia, 
most often presented by the formation of multiple renal cysts that can lead to end-stage renal disease and 
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organ failure. Normally, mechanosensation of tubular flow by ciliated epithelial cells lining the distinct 
tubular structures in the nephron controls cell proliferation and tissue morphology. Defective ciliary 
sensation can inappropriately stimulate cell cycle progression and can disrupt polarized tissue growth. A 
number of familial tumor suppressor syndromes that predispose to renal tumor formation feature renal 
cyst development, and it is hypothesized that these cysts could be benign premalignant lesions. The VHL, 
TSC1 and TSC2 tumor suppressor genes were previously shown to sustain cilia function, and disturb normal 
cilia physiology when mutated, suggesting that at least in these tumors dysfunctional cilia might account 
for a role in tumorigenesis. To test whether cilia loss is a common hallmark of renal tumors, we analyzed 
cilia frequency in a tissue microarray of a variety of renal tumor subtypes. The results are described in 
Chapter 3 and suggest that in both familial and sporadic renal cell carcinomas, cilia loss is a common 
event. Related to the von Hippel-Lindau (VHL) and Tuberous Sclerosis (TSC) tumor suppressor syndromes 
is the monogenic Birt-Hogg-Dubé (BHD) syndrome caused by mutations to the FLCN tumor suppressor 
gene. Disease characteristics in BHD patients include cyst development in multiple organs including the 
kidneys, lungs, liver and pancreas, renal tumor formation, recurrent pneumothorax and the development 
of benign skin tumors called fibrofolliculomas/mantleomas. The phenotypic overlap of BHD with VHL and 
TSC syndromes suggested that FLCN might also be involved in cilia regulation. In Chapter 4 we describe 
that FLCN levels modulate the timing of cilia formation; however, once ciliogenesis is initiated, FLCN’s role 
appears permissive. In addition, reduction of cellular levels of FLCN by shRNA/siRNA knockdown alters 
Wnt signaling, which is a common notion in renal ciliopathies and related cyst formation. There appears to 
be a switch from non-canonical PCP to canonical Wnt signaling, and this might explain the observed cystic 
phenotypes. Our observations establish that based on the clinical spectrum and dominant heredity BHD 
can be considered a novel atypical ciliopathy, much like VHL and TSC. 

LRRC50 in cilia and cancer
Primary ciliary dyskinesia (PCD) is a human disorder that arises as a result of cilia immotility. Tissues that 
express motile cilia include epithelia in the trachea, oviduct and epididymus tubuli and differentiated 
germ cells. These cilia are equipped with dynein arms that can generate a whip-like beating pattern, 
resulting in cellular propulsion in the case of sperm cells or mucus transport by epithelia in the trachea for 
example. In addition, motile cilia are required for the establishment of left-right body patterning during 
development. PCD is a multigenetic disease as inactivation and/or mutation of any one of the multiple 
dynein arm components or members of the dynein arm assembly pathway could disturb ciliary motility. 
Several labs, including our own,  previously identified LRRC50 (or DNAAF1) to be a member of the assembly 
pathway and show that zebrafish that carry a homozygous gene-inactivating mutation in lrrc50 develop 
severe PCD phenotypes that lead to larval lethality. Unexpectedly, heterozygous zebrafish were found to 
develop testicular tumors upon reaching advanced age. In Chapter 5 we characterize these tumors and 
show loss-of-heterozygosity (LOH) of lrrc50 in a subset of tumors, suggesting that LRRC50 has tumor 
suppressor activity according to Knudson’s two-hit model for tumorigenesis. Harvested zebrafish tumors 
show analogy to the human germ cell tumor subtype seminoma, the most common tumor type found in 
young men. Genotyping both sporadic and familial human seminoma samples recovered two individuals 
carrying biallelic loss-of-function mutations. Initial molecular characterization indicates that LRRC50 is 
a cell cycle regulated protein that exhibits a dynamic intracellular localization pattern. In Chapter 6 we 
further investigate the molecular function of LRRC50 in more detail and present preliminary data that are 
suggestive of a protein complex based on the R2TP-prefoldin module that functions in dynein arm assembly 
and identified proteins that link dynein assembly to the intraflagellar transport machinery. We discuss the 
molecular characterization in light of potential tumor suppressor function. 

Chapter 7 is a general discussion of the presented data in this thesis in the context of current related 
literature. 
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Abstract

Dysfunctional cilia underlie a broad range of cellular and tissue phenotypes and can eventually result in the 
development of ciliopathies: pathologically diverse diseases that range from clinically mild to highly com-
plex and severe multi-organ failure syndromes incompatible with neonatal life. Given that virtually all cells 
of the human body have the capacity to generate cilia, it is likely that clinical manifestations attributed to 
ciliary dysfunction will increase in the years to come. Disputed but nevertheless enigmatic is the notion that 
at least a subset of tumor phenotypes fit within the ciliopathy disease spectrum and that cilia loss may be 
required for tumor progression. Contending for the centrosome renders ciliation and cell division mutually 
exclusive; a regulated tipping of balance promotes either process. The mechanisms involved, however, are 
complex. If the hypothesis that tumorigenesis results from dysfunctional cilia is true, then why do the clas-
sic ciliopathies only show limited hyperplasia at best? Although disassembly of the cilium is a prerequisite 
for cell proliferation, it does not intrinsically drive tumorigenesis per se. Alternatively, we will explore the 
emerging evidence suggesting that some tumors depend on ciliary signaling. After reviewing the structure, 
genesis and signaling of cilia, the various ciliopathy syndromes and their genetics, we discuss the current 
debate of tumorigenesis as a ciliopathy spectrum defect, and describe recent advances in this fascinating 
field.

Chapter 1
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Ciliogenesis

Once a cell enters quiescence, it must go through a series of events to realize a fully matured cilium. All cilia 
subtypes must conform to a basic structure. The elemental cilium is composed of the basal body (BB) that 
is located at the apical plasma membrane, and an axoneme that forms a thin projection extending from 
the membrane (Figure 1) [1]. The BB is derived from the centrosome and comprises a mature centriole, 
accessorized by sub-distal appendages, connected to an immature centriole that is surrounded by a dense 
protein-rich pericentriolar matrix [2]. In early ciliogenesis, a golgi-derived ciliary vesicle fuses with the BB 
at the distal side of the mature centriole that features the appendages and CEP164 seems to act as the 
principal linker between the centriole and ciliary vesicle [3]. After the basal body has migrated to the plasma 
membrane, a predominantly actin cytoskeleton-mediated process [4], the additional structures allow proper 
docking at the cell membrane, a complex process that requires the interplay of at least Ofd1, Ofd2, Ninein, 
Mks1, Mks3, Cep164, Poc5 and Cep123, and is extensively reviewed by Reiter, Blacque and Leroux [5]. Initial 
invagination and centriolar elongation of the ciliary vesicle occurs prior to membrane docking in most cell 
systems, but can also occur in later stages. Correct lengthening of the mature centriole is critical, and is 
ensured by interplay of a network of proteins including CP110, CEP97, KIF24 and TTK2 [6, 7]. Once the BB 
has docked and fused with the plasma membrane, growth of the axoneme can be initiated, a process fueled 
by targeting additional vesicles to the BB. Interestingly, the efficacy of this growth is highly dependent on 
the dynamics of local actin filaments [8].
Polarized vesicle transport to the BB is an extremely complex process and only a few of the proteins/events 
required have yet been identified. Firstly, microtubules must extend from microtubule organizing center 
and link the golgi-ER to the basal body, the microtubule stabilizing and nucleating proteins EB1 and EB3 are 
required for microtubule minus-end anchoring, defects in which result in defective cilia biogenesis [9]. BB-
targeted vesicles are covered with coat-proteins for specificity including members of the TRAPII, clathrin 
and exocyst systems (reviewed by Hsiao, Tuz and Ferland) [10]. Perhaps the best-studied example of vesicle 
transport is the BBSome; a protein complex that forms a cilia-specific transport module [11]. An additional 
regulatory layer is mediated by Ras-superfamily GTPases of Rab and Arl/Raf subtypes. These molecular 
switches can undergo conformational change upon binding or hydrolyzing GTP, a process regulated by 
guanine exchange factors (GEF) and guanine activating proteins (GAP). For example, Rab8, Rab11 and the 
GEF Rabin8 regulate transport of the BBSome [12]. Alternate cilia-associated vesicle targeting GTPases 
are Arl3, Arl6 (BBS3) and Arl13 [10]. Finally, kinesin molecular motors transport the vesicles. Beyond the 
well-described kinesin-2 motor complex, little is known about other members of the large and diverse 
superfamily of kinesins that contribute to ciliogenesis. Importantly, cilia are highly dynamic structures 
requiring a continuous supply of molecules for their maintenance [13]. Vesicles can alternatively dock to the 
ciliary pocket, a highly specialized endocytic membrane domain characterized by an invagination of the cell 
membrane peripheral to the axoneme [14]. The ciliary pocket is thought to be a zone of excessive crosstalk 
between the ciliary membrane and plasma membrane characterized by the presence of many endocytosis-
associated clathrin-coated pits [15]. Finally, vesicles could potentially dock to the ciliary rootlet; a basal 
body-associated structure that extends into the cytosol which can at least interact with kinesin light chain 
subunits [16]. 
The transition zone (TZ) is just distal of the mother centriole and forms a barrier to regulate protein entry 
into the cilium [17]. Structurally, the TZ is composed of transition fibers, the ciliary necklace and Y-fibers 
essential for membrane anchoring and formation of a selectively permeable pore (reviewed by Garcia-
Gonzales and Rieter [17]). Size-exclusion prevents large structures from entering the axoneme [18]. In 
addition, components of IFT-complexes have been reported to dock to these fibers and possibly participate 
in regulation of ciliary entry [19]. The Y-links are composed of protein networks, many members of which 
are encoded for by classic ciliopathy disease loci (described below). Located adjacent to the axonemal 
microtubules is a core protein complex consisting of NPHP1, NPHP4 and NPHP8 [20], which interacts 
with a second core complex termed the MKS-JBTS module [21]. The MKS-JBTS module contains distinct 
proteins, many of which have lipid-binding domains (C2, B9 domains) including MKS1, B9D1 and B9D2; 
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these proteins interact with the ciliary membrane [17]. Anchoring to the membrane requires transmembrane 
domain-containing proteins (TMEM), such as TMEM216 [22] and TMEM237 [23] and interacting proteins 
TMEM67 [24], TMEM231 [25] and putatively TMEM107 [26]. Moreover, Septin 2 forms a diffusion barrier 
at the base of the cilium [27]. An emerging aspect of regulated cilia entry is a proposed import system that 
is analogous to and overlaps with the nuclear pore complex. This so-called ciliary pore complex contains 
well-known members of the nuclear pore complex, including Ran-GTPases, importins and nucleoporins 
which are known to localize to the ciliary base [18]. In line with this notion, some proteins contain ciliary 
localization sequences, including PC1 [28], fibrocystin [29], KIF17 [30], gpr161 [31] and some myristoylated 
proteins such as NPHP3 [32]. Nine highly stable axonemal microtubule doublets serve as major transport 
fibers for intraflagellar transport (IFT), an exclusively ciliary transport mechanism that was identified by 
pioneering studies of the Rosenbaum lab [33].  Kinesin-2, composed of KIF3A, KAP3 and KIF3B or KIF3C 
[34], transports selected cargo and dynein-2 during anterograde IFT transport towards the ciliary tip. The 
complex rearranges at the tip where dynein-2 becomes activated, facilitating retrograde IFT transport 

Figure 1. Structure of the primary cilium
The two centrioles are surrounded by the pericentrosomal matrix, serving as basal body and microtubule organizing center. Vesicular 
transport delivers ciliary components either to the basal body or ciliary pocket. Axonemal import is regulated by the transition zone, 
which is marked by Y-links. Anterograde kinesin-2 and retrograde dynein-2 mediated IFT sustain ciliary maintenance and cilia dependent 
signaling, the complex rearranges at the ciliary tip. 
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[13]. Both kinesin-2 and dynein-2 transport a large protein complex that contains two biochemically and 
functionally distinct core sub-complexes termed IFT-A and IFT-B. The IFT-B complex is composed of 
14 members, including the hallmark IFT88 protein [13]. Dysfunctional IFT-B proteins typically disturb 
axonemal growth, indicating that this complex mainly functions in anterograde transport. In contrast, the 
six IFT-A members seem to be mainly involved in retrograde transport; accordingly, defects in IFT144 as 
well as dynein-2 lead to accumulation of IFT particles at the ciliary tip, generating a bulge [35]. It should 
be stressed that this view is a simplification of the reality; certain members of both complexes are known 
to cause inconsistent phenotypes. The core IFT-A, IFT-B, and either kinesin-2 or dynein-2 complexes are 
thought to facilitate import across the transition zone as well as distribution of cargo-proteins along the 
axoneme [13]. Currently, we are only beginning to understand the full complexity of achieving specific 
ciliary import and distribution. Moreover, it is not entirely clear which IFT components are essential or 
dispensable for cilia formation. Finally, once the primary cilium is matured, constant maintenance is 
required to render cilia functional. As protein synthesis is absent in the axoneme, ciliary components need 
to be constantly imported and exported, a function which is highly dependent, but not exclusively restricted 
to the kinesin-2/IFT system [33]. A number of alternative kinesins appear to have an accessory role in cilia 
function. This includes KIF17, the ortholog of Caenorhabditis elegans OSM-3, a co-factor in axonemal 
transport required for distal end formation in a subset of sensory cilia [34]. While vertebrate KIF17 appears 
mostly required for targeting specific ciliary components and for photoreceptor outer segment function, 
some results are contradictory [36, 37]. Another kinesin implicated in cilia function, but not essential for 
cilia structure or morphology, is the Caenorhabditis elegans gene klp-6, encoding a kinesin-3 member that 
transports mechanosensory polycystins in cilia [38]; however, a mammalian ortholog has not yet been 
described. Finally, KIF7 is the mammalian ortholog of Drosophila Costal2, and an important mediator of 
sonic hedgehog signaling in mammals [39]. Although its ciliary transport is pivotal for hedgehog signaling, 
it is neither required for cilia formation nor stability [39]. 
Apart from minor architectural variations in tissue-specific cilia subtypes, one class of cilia has a distinctive 
ultrastructure: the motile cilium. Whereas non-motile primary cilia are designated  “(9+0)” ultrastructurally, 
multiciliated cells (e.g. tracheal epithelia) are characterized as “(9+2)” ultrastructure. The difference is an 
additional central pair of microtubules that allows autonomously generated motility. Motile cilia contain 
specific dynein subunits forming inner- and outer-dynein arms (IDA/ODA) [40]. These large IDA/ODA 
complexes are pre-assembled in the cytoplasm by DNAAF1/LRRC50, DNAAF2/KTU and DNAAF3/PF22 
[41]. Upon axonemal positioning, the docking subunits connect the dynein arm to the A-microtubule. 
The globular head domain is able to move along the neighboring B-tubule at the expense of ATP, thereby 
generating bending of the microtubule structures [42]. Accessory structures such as the nexin links 
and radial spokes interconnect the peripheral microtubule doublets and the central pair. Orchestrated 
regulation of ODAs and IDAs via these links and spokes generates the wave-form beating pattern of motile 
cilia [40]. In addition to these motile and non-motile cilia, several unique intermediate cilia-subtypes are 
recognized. The ultrastructure of nodal cilia contains ODA and IDA structures but neither a central pair nor 
radial spokes (motile 9+0). Stereocilia found in the inner ear cochlea have a combination of actin-based and 
microtubule-based stereo/kino-cilia that sense vibrations [43] and contain a central pair but no ODA/IDA 
complexes (non-motile 9+2) [1]. Retinal cone and rod cells contain a connecting cilium (9+0) of which the 
proximal end is located in the cell body and the distal end of the cilium forms an outer compartment that 
processes photoreception [33, 44].

Specialized cilia function

Generally speaking, cilia transduce signals from extracellular stimuli to a cellular response that regulates 
proliferation, differentiation, transcription, migration, polarity and tissue morphology [45]. The textbook 
example is the renal primary cilium; a non-motile sensory monocilium extending from the epithelial apical 
membrane into the fluid-filled lumen, easily accessible to extracellular modulators such as mechanical 
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forces and freely diffusing biological agents. Similar primary cilia can be found on other epithelia in organs 
containing tubular or acinar structures such as the pancreas [46], and cells of the central nervous system 
(CNS) [47]. Cilia expressed in endothelial cells of the cardiovascular system protrude far less into the lumen 
and are implicated in sensing fluid dynamics [48]. Endothelial cilia appear more submerged in the cell and 
are characterized by the presence of deep ciliary pockets [15], cumulus cells in developing oocyte structures 
also exhibit similarly deep ciliary pockets [14]. More specialized types of cilia, such as the retinal connecting 
cilium and kinocilia together with actin-based stereocilia, can be found in the visual and auditory systems. 
An intriguing recent addition to the growing spectrum of ciliary subtypes is the immunological synapse 
formed by T-cells towards antigen-presenting cells which is highly dependent on IFT proteins and therefore 
considered a functional homolog of the primary cilium [49]. Although most cilia subtypes function 
through outside-in sensation, some cilia are able to manipulate the extracellular environment, for example 
at the node where their swirling motion induces fluid flow that subsequently asymmetrically deposits 
morphogens to establish body-axis polarity [50]. Here, cilia motion is achieved through the orchestrated 
regulation of dynein arm complexes [50]. The regulation of body-axis polarity is however more complex 
and incompletely understood, and depends on the interplay of centrally placed motile cilia and peripheral 
mechanosensory primary cilia that asymmetrically display an elevated Ca2+ response and corresponding 
changes in downstream gene expression [50].
Sperm motility is similarly achieved through swirling motion, but these cilia (or flagella) can also display a 
whip-like beating pattern, attributable to an additional central pair of microtubules. Finally, beating cilia 
can also be found in ependymal cells, fallopian tube epithelia and epididymis epithelia generating fluid flow, 
or in the trachea stimulating mucus transport [1]. Despite this large diversity, when pan-ciliary processes are 
disturbed, multi-organ pathologies arise that are collectively termed ‘ciliopathies’ [51].

Ciliopathies

In their landmark paper, Pazour and colleagues [52] describe the IFT core component Ift88 to be essential 
in Chlamydomonas reinhardtii and mouse primary cilia formation, thereby kicking off more than a decade 
of research that has highlighted the importance of cilia function in development and tissue homeostasis. 
Given the broad expression and function attributed to cilia [53] it is not surprising that defects in this 
organelle gives rise to a multitude of organ-specific functional defects and pathologies (Figure 2A,B), most 
of which are prominent in a number of pleiotropic disease-syndromes. 

Renal disease associates with many syndromes of the ciliopathy spectrum. Clinically, this can result in 
end-stage renal disease or mildly impaired renal function as result of renal cyst formation, often renal 
disease is manifested bilaterally [51, 54]. The histopathology predominantly shows cystic enlargement of 
the nephron originating from either proximal/distal-tubules or collecting duct in the medulla co-presented 
with variable renal fibrosis. This is the case in the autosomal dominant and recessive forms polycystic 
kidney disease (ADPKD, ARPKD) [55], and in pleiotropic syndromes; Bardet-Biedl syndrome (BBS), 
Jeune asphyxiating thoracic syndrome (JATD), orofaciodigital syndromes (OFD) [51]. Nephronophthisis 
(NPHP) is also characterized by renal cyst development, however NPHP associated cysts are limited to 
the corticomedullary region. NPHP pathology is characterized typically by renal degeneration, increased 
fibrosis and restricted renal enlargement [56]. Meckel syndrome (MKS), Senior–Løken syndrome (SNLS), 
Sensenbrenner and Joubert syndrome (JBTS) are frequently accompanied by development of NPHP(-like) 
renal dysplasia [51]. The affiliated Alström syndrome (ALSM) shows no cyst development but patients do 
experience renal failure resulting from a urinary concentrating defect, that causes polyuria and polydipsia 
[56]. The hereditary cancer syndromes von Hippel-Lindau disease (VHL), Birt-Hogg-Dubé syndrome and 
Tuberous Sclerosis show renal cyst development in combination with tumor formation, which will be 
discussed in detail in another section.
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Hepato-biliary disease in ciliopathies is manifested by cyst formation and/or fibrosis, and is frequently 
observed in combination with cystic renal disease. Cholangiocytes lining the bile ducts are the main cell 
type involved in cystic expansion. Hepato-biliary disease is associated with ADPKD, ARPKD, MKS, OFD, 
Sessenbrenner syndrome, NPHP and VHL [57]. 

Vision impairment caused by retinitis pigmentosa (RP), retinal dystrophy or alternative pathologies 
progressively leading to vision-loss are intimately linked with cilia function, as the proximal component 
of photoreceptor cells containing the optical discs (outers segment) depend on the connecting cilium 
for maintenance. Usher syndrome (USH) and Leber congenital amaurosis (LCA) both present with the 
development of RP, which is similarly observed in BBS and SNLS patients [58]. Retinal degeneration is 
observed in ALMS and is common to JATD. Retinal dystrophy is observed in a subset of patients with Joubert 
syndrome (designated JBS type II in this case) and common in Sensenbrenner syndrome [51]. VHL patients 
are also often vision-impaired with severe retinal disease due to hemangiomas; however, blindness in VHL 
patients is believed to be mostly due to endothelial hyperplasia, and is probably not directly attributable to 
ciliary dysfunction [59]. 

Skeletal and craniofacial defects are severe phenotypes associated with a subset of ciliopathies. As will 
be discussed in more detail elsewhere, several signal transduction pathways are regulated or mediated by 
the primary cilium; most prominently the Sonic Hedgehog signaling (Shh) during development. Hedgehog 
signaling plays major roles in patterning, morphogenesis and differentiation; defects in which lead to severe 

Figure 2. Common human ciliopathies. 
(A) Indication of the location and clinical representations of common human ciliopathies (images obtained from publicly available 
resources). (B) Clinical overlap of key pathologies amongst ciliopathy syndromes (modified from Quinlan, Tobin and Beales; modeling 
ciliopathies: primary cilia in development and disease).
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pathologies. Abnormal bone development can be apparent as short ribs and shortening of the long bones, 
which are usually co-represented in JATD, short-rib polydactyly syndromes (SRPS), OFD, Sensenbrenner 
syndrome and Ellis van Creveld syndrome (EVC) [60]. Affiliated polydactyly is observed in these syndromes 
but can also be associate with JBTS, BBS and MKS [51]. Patients with ALMS can also be of short stature but 
lack severe craniofacial malformations. Craniofacial defects are also manifested in the severe ciliopathies 
JATD, SRPS, OFD, Sensenbrenner syndrome, EVC and can include caniosynostosis, hypertelorism, 
malformed teeth and oral cavity (cleft palette). 

Central nervous system (CNS) defects are somewhat overlapping with the craniofacial phenotypes 
discussed previously, as most pathologies are developmental defects [61]. The CNS includes a number of 
ciliated cell types, including neural progenitors, neurons and astrocytes, however the mechanisms by which 
these cells contribute to disease development are poorly understood [57]. CNS-derived malformations 
include encephalocoele in MKS, JBST, JATD and OFD1. Cerebellar abnormalities such as corpus callosum 
aging and cerebellar vermis hypoplasia are identified in JBTS, JATD and OFD1 [51]. Hydrocephalus is 
associated with primary ciliary dyskinesia and MKS. The capacity of the brain to interpret the senses is 
often affected in ciliopathies; cognitive impairment, anosmia, mental retardation, autism, and obesity are 
apparent in various degrees in many of the before mentioned systemic diseases [62]. In line with this is 
the recent testing of genes implicated in the neuropsychiatric disorders schizophrenia, bipolar affective 
disorder, autism spectrum disorder and intellectual disability and identified 20/41 genes to reduce and 3/41 
to increase cilia length [63]. 
Deafness is a disease symptom in over 400 syndromes [64], and can have multiple causes. Deafness 
manifested in hereditary ciliopathy USH and ALMS syndromes is categorized as sensorineural hearing 
loss (SNHL). This type of hearing loss finds its etiology in the organ of Corti in the cochlea, where hair-
cells improperly function as a result of defective cilia; during development, hair-cells transiently express 
a microtubule based monocilium (kinocilium) surrounded by tuffs of elongated actin based microvilli 
(stereocilia) [51]. VHL patients can also become hearing impaired by cystic endolymphatic sac tumors in 
the organ of Corti; it is likely that ciliary dysfunction plays a role in this pathology [59].

Situs inversus totalis is a congenital disorder characterized by mirror image patterning of visceral organs 
in the upper and lower torso. Impartial organ misplacement is referred to as heterotaxia [1]. These disorders 
arise as a result of randomization of left-right polarity, a developmental process dictating the structure of 
organ placement along the anterior-posterior axis. They can be accompanied by secondary defects such as 
cardiovascular malformation and polysplenia [1]. The exact molecular mechanisms involved are debated 
and not fully elucidated, but at least requires the swirling motion of nodal cilia. This swirling results in 
a leftward nodal flow or asymmetric morphogen distribution (or a combination of both), which excites 
primary cilia located at the periphery of the node to activate differentiating cellular responses. Situs defects 
are associated with the immotility syndromes primary ciliary dyskinesia (PCD) or Kartagener’s syndrome, 
but also in BBS, JBTS, MKS, OFD1 and NPHP [1, 51]. 
 
Infertility caused by spermatozoa that have a failure to propel is often observed in male patients with 
PCD, the cilium (or flagellum) of these spermatozoa is highly specialized and elongated. Beating cilia are 
equipped with additional dynein complexes that through coordinated activation are able to generate a 
whip-like bending pattern of the axoneme. The female reproductive system contains motile cilia in the 
fallopian tubes, in female PCD patients the absence of fallopian tube flow is thought to at least partly 
account for reduced fertility in patients [40]. Hypogonadism can be another cause of reduced fertility and 
can be apparent in ALMS and BBS [56].

Airway diseases are often presented in PCD patients; immotile cilia lining the respiratory system fail 
to clear mucus, rendering them vulnerable to recurrent bacterial infections. Clinical symptoms include 
chronic otitis media, rhinitinis, nasal congestion, sinusitis and bronchiectasis [40]. 
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Genetics

Through the use of eloquent large-scale genetic studies, proteomics and genotype-phenotype correlations, 
an ever-growing list of crucial ciliary mediators has been identified. Roughly 1000 proteins comprise the 
ciliome calculated from a combination of proteomics and comparative genomics [65]. There is significant 
pleiotropy in the various ciliopathy syndromes (Figure 2B and Table 1), as well as a gradual increase in 
severity of disease, indicating that some cilia processes are only slightly modified, whereas others severely 
impaired. To date, mutations have been recovered at >50 ciliopathy disease loci, but novel loci are recovered 
at a high rate (Table S1). The MKS and OFD1 proteins associate with the most severe ciliopathies, likely 
because MKS1, MKS3 and OFD1 are involved in early ciliogenesis. Loss of either of these proteins disrupts 
the basal body docking, affecting all processes that are regulated through cilia throughout the human body 
[5]. It is essential to bear in mind that a complete abolishment of primary cilia function adds up to multi-
organ dysfunction that is not compatible with life, the most severe ciliopathy MKS is perinatal lethal [55]. 
Recently, a homozygous mutation in the IFT88 gene was recovered in a patient with MKS-like phenotypes 
[66]. In contrast, ciliopathies associated with certain NPHP disease loci solely display mildly affected renal 
function, these NPHP proteins must thus be involved in more specialized but less critical cilia functions 
[54]. Intriguingly, allelic variance in BBS, MKS and NPHP alleles causing loss-of-function, hypomorphic and 
hypermorphic protein functionality leads to distinct ciliopathy syndromes [67]. However, not all genotype-
phenotype correlations can be explained and it is now becoming evident that in some syndromes there 
appears to be oligogenicity: cumulative mutational load of in trans pathogenic ciliopathy alleles [68]. The 
presence of a second-site modifier (digenic model) has been shown for BBS, NPHP alleles and TTC21B [69]. 
Another layer of complexity is introduced by post-translational modifying proteins, such as the XPNPEP3 
allele encoing an X-prolyl aminopeptidase that cleaves the N-terminus of the established ciliopathy 
proteins NPHP6, ALMS1 and LRRC50/DNAAF1 [70]. A recent landmark in ciliopathy genetics describes 
the arrangement of non-paralogous TMEM216 and TMEM138 genes in a gene cluster that share coordinated 
expression through a cis-regulatory module (CRM), the proteins are functionally interdependent and 
non-functional mutations in either allele give rise to indistinguishable phenotypical JBTS subtypes. Other 

Table 1. Phenotypic overlap in 10 ciliopathies 
Adapted from Davis and Katsanis; The ciliopathies, a transitional model into systems biology of human genetic disease [88]
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Bardet-Biedl Syndrome BBS • • • • • • • • •
Meckel-Gruber Syndrome MKS • • • • • • • •
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examples of gene clusters are PKD1 / TSC2 resulting in kidney cyst development and EVC / EVC2 encode 
disease loci for Ellis-van-Creveld Syndrome, however these lack CRM-mediated expression [71-73]. Most 
ciliopathies described above follow autosomal recessive traits; examples of dominant ciliopathies are 
autosomal dominant polycystic kidney disease (ADPKD) and Von Hippel Lindau (VHL) disease, associated 
with mutations in PKD1, PKD2 and VHL respectively. 

Ciliary signaling

The cilium protrudes into the extracellular environment rendering it susceptible to outside-inside signaling 
excited by extracellular cues including flow (kinetic) and morphogenic, olfactory and hormonal (chemical) 
stimuli. The cilium forms a semi-closed system requiring regulated import, retention, and export of 
components [17] which allows a controlled regulation of signaling molecules passing through the cilium. In 
recent years, a number of core signaling pathways have been described to depend on intact cilia. 

Physical sensation of flow, pressure, touch and vibration is referred to as mechanosensation. Although 
cilia are flexible, there is a basal level of rigidity provided by the axonemal microtubule network. Much 
of our understanding of mechanosensory mechanisms associated with cilia were derived from studies of 
renal tubules that are lined with ciliated epithelial cells, where the force of luminal fluid flow determines 
the direction and bending of the cilium (Figure 3A) [74]. The polycystin proteins PC1 and PC2 (encoded 
for by PKD1 and PKD2 genes which when mutated cause ADPKD) play a key role in mechanosensation and 
heterodimerize into an ion channel-complex [74]. The causal gene for the related pathology ARPKD, the 
PKHD1 gene encoding fibrocystin, is associated with the polycystin complex [75]. Upon shear stress, the 
polycystin complex opens and imports extracellular Ca2+, elevating the intracellular Ca2+ concentration. 
Subsequently, modulated intracellular Ca2+ levels can act as a general second messenger to affect multiple 
downstream processes. Next to its role in mechanosensation, PC1 can additionally act as a transcriptional 
activator. In the presence of flow, PC1 is normally sequestered to the cilium; when flow is ceased, 
protealytically cleaved PC1 can, together with STAT6 and p100, activate a transcriptional program [76]. The 
relevance of polycystin function in adult tissue appears overall less dramatic compared to developmental 
stages, showing rather mild renal failure compared to the acute development of large cysts respectively [77]. 
The complexity of Ca2+ as a second messenger is complicated by excessive cross-talk between downstream 
targets and the large number of potentially affected targets. One important pathway downstream of 
mechanosensation induced Ca2+ signaling is the Wnt pathway. In unperturbed renal epithelial cells, for 
example, increased Ca2+ promotes the non-canonical over canonical signaling, whereas in various cilia-
defective cells, an upregulation of canonical Wnt signaling is noted [78]. The Wnt signaling is discussed in 
more detail below. 
In other cell types, including sensory neurons, cilia bending also results in modified cAMP signaling 
which can ultimately activate MAP/ERK signaling and downstream proliferation [79]. In PKD, reduced 
intracellular Ca2+ concentrations results in decreased phosphodiesterase 1-mediated conversion of cAMP to 
AMP, with consequent amplification of cAMP signaling and downstream MAP/ERK target activation [78]. 
In turn, deregulation of the TSC1/2-mTOR pathway by cAMP/MAPK also associates with PKD; however 
the direct role of Ca2+ in mTOR signaling has not been properly studied. For detailed reviews on cilia/Ca2+ 
signaling in the developments of renal cysts we refer to comprehensive reviews by Abdul-Majeed and Nauli 
[78] and Kotsis, Boehlke and Kuehn [80]. Other regulators of mechanosensation, physical conditions such 
as osmotic pressure, heat shock, touch and extracellular matrix movements or vibrations can also excite 
ciliary signaling, the mechanisms involved are slowly emerging [81, 82]. 

Hedgehog (Hh) signaling largely depends on cilia integrity. It was noted that inhibition of ciliogenesis 
in mouse knockout models of kif3a or ift88 showed phenotypic overlap with mutant members of the 
hedgehog signaling pathway [1]. Hh signaling is implicated in many diverse (embryonic) developmental 
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processes and includes regulation of tissue patterning and cellular differentiation, proliferation and survival 
[83]. Hh signaling can be initiated by three ligands; sonic-Hh (Shh), Indian-Hh (Ihh) and Desert-Hh [84], 
the summarized mechanism described below is based on the best characterized member Shh. Although 
the exact mechanisms are not fully elucidated and there appears to be tissue-specificity, there is a basic 
understanding of how the pathway acts through the cilium (Figure 3B). In the absence of Hh-ligand, 
the hedgehog ligand binding receptor Patched (Ptc) localizes to the cilium and through an unknown 
mechanism Smoothened (Smo) is mostly retained in vesicles and excluded from localizing to the plasma 
membrane and entering the cilium [85], although a basal level is thought to traffic through cilia as well [86]. 
There are three mammalian paralogs of the Glioma family described; Gli1, a transcriptional activator that 
is up-regulated after initial pathway activation, Gli2, the principal transcriptional activator and Gli3, the 
principal transcriptional repressor [87]. In the absence of Hh-ligand, Gli2 and Gli3 are complexed with the 
negative regulator Sufu and Kif7, which serves as a scaffold for PKA, GSK3β and CK1, promoting a cullin3/

Figure 3. Ciliary signaling
(A) Mechanosensation. Flow induces cilia bending, the polycystin complex is a Ca2+ channel and causes an increase of intracellular Ca2+ levels 
that acts as a second messenger. In PKD, the polycystin complex fails to elevate intracellular Ca2+ hence mechanosensation is perturbed, 
leading to inappropriate responses and eventually cyst formation. (B) Schematic representation of Hh signaling in normal conditions with 
and without Hh-ligand present. Abnormal Hh signaling in the absence of primary cilia or in retrograde dynein-2 mutants. 
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ubiquitin proteasomal-mediated cleavage that generates the Gli2R and Gli3R repressor forms, allowing the 
GliR’s to translocate to the nucleus and repress transcription [88]. In the presence of Hh-ligand, Ptc is 
excluded from the cilium and Smo becomes activated and translocates to the ciliary membrane, facilitated 
by β-arrestin and Kif3a and possibly other factors [87]. Simultaneously, Kif7, Sufu, Gli2 and Gli3 transition 
to the ciliary tip and the Sufu interaction is lost, allowing Gli2A and Gli3A stabilization. How Smo exactly 
activates GliA is not fully elucidated, but ciliary Smo is required for GliA formation, and probably does 
so by antagonizing Sufu. Although GliR regulation by Sufu does not require the presence of cilia [89], 
efficient formation of the repressor forms does not occur in cells without cilia [90]. Upon activation, GliA is 
dependent on retrograde IFT (dynein mediated) to exit the cilium after which it translocates to the nucleus 
to drive the expression of target genes. Defects in cilia integrity therefore modulate Hh signaling, and 
depending on the underlying defect, either activate or dampen Hh signaling [85]. Developmental processes 
that depend on hedgehog activity, such as neural tube patterning, are affected by defects in the pathway 
activation as is observed in cilia-deficient cells that fail to generate GliA. Alternatively, limb development 
requires efficient GliR formation, which is also perturbed in cilia-deficient cells [85]. Kif3a mutants, most 
IFT-B complex mutant alleles that perturb cilia formation (IFT52, 57, 88, 172), as well as other inhibitors of 
cilia formation such as TTK2, result in a constitutive dampening of the Shh pathway, as cilia are required 
for proper GliA and GliR processing [7, 91, 92]. Defects in the dynein2 motor impede retrograde transport 
leading to an accumulation of proteins at the ciliary tip; consequently the membrane at the ciliary tip 
expands to form a bulge [93]. Dynein2 mutations also impair Hh-activation due to the inability of GliA to 
translocate to the nucleus. Mutations affecting IFT-A complex members IFT139/TTC21B and IFT122, which 
primarily regulate retrograde axonemal transport, hyperactivate the pathway [94, 95]. In contrast, other 
IFT-A mutants (IFT121, IFT144) display similar effects to IFT-B mutants, indicating that these are required 
for cilia formation possibly reflecting the complexity of interplay between IFT-A members in transport of 
membrane proteins like Smo and ACIII [35]. For an extensive description of the relation between cilia and 
Hh signaling, we recommend reviews by Goetz and Anderson [85] and Robbins et al [87].

Both canonical and non-canonical Wnt signaling regulates developmental and homeostatic processes [96]. 
The cilium seems to play a role in dictating the outcome of Wnt ligand binding towards either pathway, 
but the details are not fully understood and data occasionally conflict. Put simplistically, in the absence of 
canonical Wnt signaling, β-catenin is caught in a destruction complex together with Axin, adenomatous 
polyposis coli (APC), casein kinase 1 (CK1) and glycogen synthase kinase 3β (GSK3β) [96]. Wnt ligand 
binding to the transmembrane receptors frizzled (Fz) and low density lipoprotein receptor-related protein 
5/6 (LRP5/6), recruits dishevelled (Dvl) and Axin, resulting in disassembly of the destruction complex 
and subsequent accumulation of β-catenin in the nucleus, where it regulates transcription factors [96]. 
One body of evidence suggests a role for cilia in restraining canonical Wnt (Figure 4A). Downregulation 
of essential ciliogenesis genes BBS1, BBS4, MKKS or KIF3A in HEK293T cells and zebrafish embryos [97] 
as well as Kif3a, Ift88, Ofd1 in murine cells [98] lead to nuclear β-catenin accumulation and enhanced 
transcriptional activity of canonical Wnt target genes. Similarly, genetic mutant Chibby mice [99] as well 
as zebrafish mutant for the seahorse allele [100], encoding cilia-associated (Chibby) and related (Seahorse) 
proteins, result in canonical Wnt activation. The nephronophthisis protein NPHP2/INVS normally recruits 
Dvl, thereby rendering β-catenin in the destruction complex; disruption of INVS allows Dvl to translocate 
to the membrane potentiating nuclear β-catenin accumulation [101, 102]. Furthermore, nuclear β-catenin is 
a common hallmark of renal cysts, and oncogenic β-catenin is sufficient to drive cytogenesis [103]. The JBTS 
protein Jouberin/AHI1 also seems to inhibit canonical β-catenin signaling via sequestration to the primary 
cilium; AHI1 regulates both β-catenin nuclear import and ciliary localization. Defects in cilia formation 
potentiate Wnt responsiveness, and tethering β-catenin to the cilium reduces canonical Wnt signaling 
[104]. In line with this notion, Ahi mutant mice do not show nuclear β-catenin accumulation and signaling 
in their kidney cysts, which also raises the question of how relevant canonical Wnt signaling is for renal 
cyst development [105]. Several other studies similarly contradict the activation of Wnt signaling solely 
due to cilia disruption; Ift88, Ift172 and Kif3a mutant mouse embryos and maternal-zygotic zebrafish ift88 
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mutants do not show altered canonical Wnt signaling [106, 107], proposing that results reflect tissue and 
developmental stage-specific discrepancies [85]. Another study indicated that altered Wnt signaling is a 
secondary defect of modified Hh activity [108]. Importantly, Ca2+ levels can also affect the canonical Wnt 
pathway [109], and Ca2+ influx as a result of mechanosensation is proposed to switch canonical Wnt off, whilst 
turning non-canonical signaling on [110]. The absence of proper flow-sensing in organs with dysfunctional 
cilia impairs Ca2+-mediated Wnt regulation which further complicates dissection of the various pathogenic 
pathways. Likely Wnt regulation occurs through various mechanisms, even in close proximity to the cilium 
and basal body and the effect of cilia towards canonical Wnt signaling is subtle, dependent on cell type 
and developmental stage. Generally, defects associated with defective cilia/β-catenin signaling appear less 
severe compared to Hh mediated signaling [111]. 
In the non-canonical pathway, β-catenin is dispensable and Wnt signals act under control of planar 
cell polarity (PCP), but again there are conflicting data on the direct role of cilia in PCP signaling. PCP 
regulates the correct expansion and homeostasis of polarized tissue (Figure 4B) and it is evident that many 
ciliopathies feature PCP defects; for example the cystic phenotypes are likely a defect of altered PCP [55]. 
Convergent extension during gastrulation in development is a PCP-mediated process, and defects in cilia 
genes such as INVS, BBS1, BBS4, BBS8, MKKS and OFD1 induce convergent extension defects [111]. These 
data collectively point to the hypothesis that cilia are involved in the switch between canonical and non-
canonical Wnt signaling, which is independent of the PCP signaling pathway [111]. A developing view in 
the field is that cilia are not extensively involved in regulation of polarity proteins through deregulating 

Figure 4. Canonical and non-canonical/PCP signaling and cilia
(A) Canonical Wnt-signaling. When cilia are present, multiple mechanisms dampen Wnt signaling; DVL is recruited by INVS/NPHP2 to the 
cilium, normal flow sensation elevates intracellular Ca2+ levels that switch Wnt signaling off, Jouberin (Jbn) sequesters a pool of β-catenin 
and recruits it to the ciliary compartment. In cilia mutants, mislocalized INVS fails to recruit DVL, which translocates to the membrane and 
activates Wnt signaling. Ca2+ response is lost, which fails to switch Wnt signaling off. Jbn and β-catenin potentiate Wnt signaling as a larger 
pool can translocate to the nucleus. (B) Illustrative model of cystic expansion of a renal tubule in a polycystic kidney. Disturbed PCP affects 
the orientation of cell division within the plane of tissue organization. 
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PCP signaling, but that this defective polarity is the result of mispositioning of the centrosome during 
cell division [111]. Indeed, many ciliopathy proteins such as IFT88, OFD1 and BBS4 are essential for proper 
centrosome composition and structural stabilization [112-114]. PCP signaling itself can affect correct basal 
body docking and ciliogenesis [115]. Studies in mammalian cells are sparse however, and most knowledge 
has been obtained from Drosophila and Xenopus studies. Essential PCP signaling molecules that affect 
ciliogenesis include Fuzzy, Inturned, Fritz and Dvl. The molecular role for these proteins is emerging and it 
is suggested they affect processes including actin remodeling and ciliary-vesicle transport [111]. For a more 
extensive discussion about the relation between cilia, Wnt signaling and PCP we recommend a review by 
Wallingford [111].

Platelet-derived growth factor (PDGF) signaling affects cell migration, proliferation and survival 
[116]. Upon cell cycle exit, the receptor PDGFRα is up-regulated and localizes to primary cilia in cultured 
fibroblasts [117]. Binding of the ligand PDGF-AA activates the dimerized PDGFRαα receptor and downstream 
Akt, ERK1/2 and MEK1/2 signaling molecules [117]. Defects in primary cilia formation disrupts PDGF-AA 
signaling and affects endothelial cell function [118]. The PDGF receptor is a receptor tyrosine kinase (RTK); 
recently other RTK signaling events were described to be mediated through primary cilia in some cell 
culture models, including epidermal growth factor receptor (EGFR), insulin-like growth factor (IGF1R), and 
the angiopoietin receptor (Tie-2), For a detailed description of the implications RTK signaling might have in 
light of cilia sensing, we refer to a recent review by Christensen, Clement, Satir and Pedersen [119]. Fibroblast 
growth factor (FGF) signaling has been shown to affect cilia length and affect left-right determination, a 
process dependent on proper cilia functioning [120]. 
Hippo signaling (Salvador-Warts-Hippo) has recently been added to the growing list of signaling pathways at 
least partly regulated through the cilium. Hippo signaling is based on a number of serine/threonine-kinases 
that are involved in controlling organ size and cell proliferation. Many members act as tumor suppressor 
proteins as well as proto-oncogenes [121]. NPHP4 interacts with the Hippo regulator LATS, allowing the 
transcription factors YAP and TAZ to translocate to the nucleus. In the absence of NPHP4, Hippo signaling 
is overactive and cell proliferation is limited. NPHP4 may regulate the renal fibrosis associated with most 
ciliopathies through CTGF transcriptional regulation [122]. The Crumbs receptor family is known to affect 
Hippo signaling [123] and Crumb3 has been shown to localize to the cilium [124]. Furthermore, Hippo 
pathway core component Mob1 delays ciliogenesis in Tetrahymena [125]. Histological examination of 
human PKD sections demonstrates nuclear translocation of YAP and TAZ [126], and deregulated Hippo 
signaling itself can result in cyst formation, possibly through cross-talk between Hippo and canonical and 
non-canonical Wnt signaling [110]. 
Apart from these core signaling pathways receiving much attention in the past years, new developments have 
expanded the list of cilia-related signaling. In endothelial cells, endothelial to mesenchymal differentiation 
depends on cilia function towards TGFβ activity [127]. In skin development, cilia are required for proper 
Notch signaling and progenitor cell differentiation [128]. Tubby proteins were recently shown to serve a 
bridging function between specific membrane domains and IFT, affecting signaling [129], and alterations of 
cilia membrane composition itself are sufficient to disrupt signaling [130, 131]. The coming years will likely 
show an upsurge of signaling modulation regulated by the primary cilium.

Reciprocal regulation of cilia and the cell cycle 

The eukaryotic cell cycle dictates and regulates cellular duplication, and recognizes five consecutive but 
distinct phases. The basal stage is referred to as interphase or G1. The G1 centrosome has one mature or 
mother centriole that is equipped with distal appendages and one incomplete daughter centriole. Once cells 
are properly stimulated by mitogenic or growth factors they prepare for entry into S-phase, and towards the 
end of G1-phase the daughter centriole matures to a full-length centriole. When cells enter S-phase, the 
chromosomes and the centrosome are duplicated and both centrioles serve as a platform to assemble two 
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new incomplete centrioles; master regulators driving centrosome duplication include PLK4 and SAS6 [132]. 
Following S-phase, cells enter G2 to prepare for the physical chromosome partition; the initial mother and 
daughter centrioles together with the newly formed pro-centrioles separate and migrate to opposing sides. 
After nuclear envelope breakdown and chromosome condensation, the centrosomes become a regulatory 
center for bipolar spindle formation that connects microtubules to the chromosomes. During metaphase, 
all chromosome pairs must be connected to either centrosome and congress to the metaphase plate. Once 
the spindle assembly checkpoint is inactivated cells proceed into anaphase, the duplicated chromosomes 
are disengaged and exactly one copy of each moves apart towards the centrosome. The site of the metaphase 
plane now becomes a site where the membrane is progressively invaginated. The remaining microtubules 
allow membrane vesicles to accumulate and deposit membrane and other essential components of the 
cytokinetic machinery. When the remaining cleavage furrow is broken, cells pinch off from each other 
and return to G1. During late G2/M, the daughter centriole has matured to a mother centriole with the 
addition of distal appendages. After cell division, each cell contains one new centrosome composed of 
either a grandmother or mother centriole and both contain one incomplete daughter centriole [132]. Most 
cells in the human body will enter the G0 or quiescent stage after successful cell division (Figure 5). Because 
the centrosome is involved in both cell division and ciliogenesis, these processes are mutually exclusive and 
there is a continuous tipping of balance to recruit the centrosome for either process. Upon entrance into G0, 
the mother centrioles have the unique capacity to dock to the cell membrane and initiate axonemal growth, 
as discussed above. An exception to the rule are multiciliated cells; in these terminally differentiated cells 
centrosomes must be assembled de novo and one cell can form up to hundreds of centrosomes, each having 
the capacity to form a cilium [132].

A number of proteins intimately associated with ciliogenesis and cilia function are additionally implicated 
in cell cycle control, which can be achieved by functioning within any of the numerous essential cell cycle 
processes described above. We will first discuss the cell cycle defects observed for a number of cilia proteins 
that can result in alterations in cell cycle timing and the fidelity of centrosome duplication, chromosome 
segregation and cytokinesis. Microtubule anchoring to the centrosome requires functional BBS4, which 
interacts with the microtubule network organizer PCM1. Knockdown of BBS4 in cell culture blocks 
cell division progression and induces an increase in apoptosis [114]. Bbs4 knockout mice similarly show 
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Figure 5. Cilia length in control of cell cycle progression. 
Cilia provide a physical block for cell cycle progression by laying claim to the basal body. Disassembly of the primary cilium is required 
to liberate the centrosome and allow duplication during S-phase and subsequent formation of the mitotic spindle during chromosomal 
segregation. Cilia mutants that inhibit ciliogenesis are prone to initiate rapid cell duplication when properly stimulated, and in contrast, 
increased axonemal length delays cell cycle progression. The maturation steps (growth and appendages) of the centrioles are indicated 
during the various cell cycle stages.
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disorganized microtubules in dendrites, but no severe apoptosis was described, suggesting tissue-specificity 
of the BBS4/PCM1 interaction and redundancy in vivo [133]. A similar mouse knockout phenotype [134] and 
defect in cytokinesis has been shown for MKKS/BBS6 upon cell culture knockdown, however in contrast 
to the BBS4 phenotype, no defects in microtubule organization were observed; the authors suggested that 
the chaperonin activity of BBS6 might be required for a cytokinetic-specific process [135]. IFT88 over-
expression in nonciliated cells blocks G1/S transition and depletion induces cell cycle progression [136]. 
IFT88 interacts with the Rb inhibitor Che-1, suggesting a model in which IFT88 depletion allows Rb to 
become active and induce cell cycle progression independent of a microtubule and dynein interaction [136]. 
The ORPK/Ift88 mouse mutant accordingly displays epithelial cell hyperproliferation in several tissues [137, 
138], but it remains undetermined if this directly attributable to the IFT88/Che-1 interaction, as ciliary 
signaling through Wnt, for example, is also modified. Another IFT-B complex member, IFT27, delays cell 
cycle progression upon knockdown in Chlamydomonas reinhardtii and affects cytokinesis [139]. Apart from 
associating with the IFT-B complex, stoichiometric data suggests about half of the IFT27 protein does not 
interact with this complex. Given that IFT27 is a Rab-like G-protein, it has been suggested that IFT27 might 
have a transport function from the centrosome to cleavage furrow during cytokinesis [139]. Interestingly, 
knockdown of IFT27 also resulted in reduced expression of other IFT members, including IFT46, IFT52, 
IFT81 and IFT139. Another study showed that the IFT27 and IFT46 are dynamically regulated during the 
Chlamydomonas cell cycle, peaking during the S-M cell division phases, indicating that transcriptional 
control of these IFT members is restricted within the cell cycle [140]. Furthermore, IFT27, IFT46, IFT72, 
IFT139 relocalize to the cleavage furrow during cytokinesis [140]. Together with the notion that IFT-proteins 
play roles in non-flagellar transport, such as during the formation of the immunological synapse in T-cells 
[49], it could now be suggested that some IFT components play general roles in membrane transport, not 
limited to IFT [140]. This is further supported by the evolutionary origins of core IFT members that share 
homology to other transport coat complexes such as COPI [141]. This notion is supported by another study 
that described a large overlap in the cellular machinery to regulate cytokinesis and ciliation by comparative 
proteomics and was more extensively shown for PRC1, MKLP-1, INCENP and centriolin in Caenorhabditis 
elegans and cell culture studies [142]. 
One proposed explanation for the cell cycle defects observed is that the balance between centrosome 
and basal body transition is disturbed, leading to cell cycle checkpoint activation [143]. This seems to be 
accompanied by activation of key regulators of the G1/S transition, Cdk2 and cyclin E, when centrosomes 
are disengaged from ciliation [143]. Alternatively, proteins that are required for centrosome biogenesis and 
whose absence leads to structural defects, induce a p38/p53/p21-dependent checkpoint activation [144]. 
Overall, evidence is accumulating that a number of components initially linked to the cilium have functions 
that are not limited to the cilium alone, but have retained or acquired properties that renders them essential 
to alternative cellular processes. These could either be through evolutionary conservation and a specificity 
that is less stringent towards the cilium than expected or dual functions of a particular protein.

The mechanisms controlling ciliogenesis are discussed in more detail above, but one of the first prerequisite 
is the absence of proliferative stimuli; in vitro, most cell lines require serum deprivation to enter G0 and 
initiate ciliogenesis. Another factor is ascertaining established polarity. Inversely, there are also mechanisms 
controlling ciliary disassembly, which are incompletely understood. Depending on the cell type, 
disassembly occurs in S-phase or before the G2/M transition [145], and is known to be initiated in two waves 
[146]. The best-studied disassembly mechanism involves the Aurora A kinase, which can be activated by 
the scaffolding protein HEF1/NEDD9. Aurora A in turn activates the tubulin deacetylase HDAC6, hence 
destabilizing axonemal microtubules and initiating cilia resorption [146]. Pitchfork/PIFO localizes to 
vesicles and the basal body and it can similarly activate Aurora A through direct interaction. Reducing 
PIFO in murine embryos generates mitotically arrested cells with ciliated spindles, whereas overexpression 
generates centrosomal overduplication [147]. Alternatively, HEF1 can be activated by canonical Wnt signaling 
components Wnt3a, Dvl2 and β-catenin [148]. In addition, activation of the non-canonical Wnt pathway 
through Wnt5a and casein kinase-1-epsilon induced complex formation of Dvl2 and Plk1, that stabilizes 
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HEF1 and allows Aurora A activation to induce cilia disassembly [149]. The never in mitosis (NIMA) related 
kinase NEK2 is another important mediator essential for cilia resorption at the G2/M transition, but the 
exact mechanisms involved and a connection to the Aurora A pathway are uncertain [150]. In contrast to 
controlling timely resorption of cilia, other networks of centriolar proteins prevent aberrant cilia assembly. 
CP110 localizes to the distal end of centrioles where it interacts with, and prevents, NPHP6 and Rab8a from 
initiating ciliogenesis [151]. A distinct complex of CP110 and CEP97 also prevents cilia assembly [152]. In 
quiescent cells, both KIF24 and its interaction partners CP110 and CEP97 are removed from the mother 
centriole distal end to promote ciliogenesis [6]. KIF24 depolymerizes centriolar microtubules to prevent 
premature cilia assembly, and loss of KIF24 promotes ciliogenesis even in cycling cells [6]. The recently 
described protein TTBK2 promotes the removal of CP110 to allow for cilia formation [7]. Furthermore, a 
CP110/Centrin/CaM module regulates cytokinesis [153], indicating a broad functional spectrum for CP110. 
The complex interplay of regulators of correct cilia/centriolar size eventually affects the crossroad of basal 
body and centrosome. 

It is becoming clear that the axonemal length directly influences cell cycle time (Figure 4) and reduction 
of cilia length or cilia depletion allows cells to enter S-phase more rapidly. Mutations in INPP5E (also called 
JBTS1) disrupt the balance of phosphoinositides which makes cells more prone to re-enter the cell cycle 
upon growth factor stimulation; functional in vitro studies suggest the cilium can dampen the response to 
mitogenic cues and prevent premature cell cycle entry [130, 131]. INPP5E interacting proteins CEP164, ARL13B 
and PDE6 are required for INPP5E targeting to the cilium with depletion of these factors associating with 
the severe JBTS and MKS ciliopathy syndromes [154]. Inversely, increased cilia length can delay cell-cycle 
re-entry. Recently, it became evident that Nde1 and Tctex1 regulation of dynein subunits affects cell cycle 
progression [155]. Nde1, which is normally expressed at low levels in quiescence, recruits axonemal dynein 
complex member LC8 and subsequent cilia length suppression. Depletion of Nde1 results in increased 
ciliary length, thereby delaying cell cycle progression [156]. Tctex1 associates with the cytoplasmic dynein 
complex, but upon activation relocates to the basal body where it promotes ciliary disassembly and cell 
cycle progression [157]. Previously identified factors that increase cilia length are male germ cell-associated 
kinase (MAK) and cell cycle-related kinase (CCRK) [13]. TSC1 and TSC2 similarly increase cilia length in 
response to energy/nutrient-sensing (discussed further below). Intracellular levels of second messengers 
also influence cilia length; lowering Ca2+ and elevating cAMP levels increases cilia length. Under flow 
conditions, intracellular Ca2+ levels rise again and cAMP decreases, reducing cilia length [158]. Phosphatase 
inhibitor-2 (I-2) is necessary for microtubule acetylation and thus stability, and is located on the membrane 
in proximity to the docked basal body. Inhibition or deletion of I-2 reduces cilia length [159]. Several 
ciliopathy syndromes are associated with neurological disorders, suggesting that cilia might be involved 
in the development of these diseases. A recent RNA interference screen in NIH3T3 cells, targeting selected 
genes that were previously identified in genome-wide association studies for neurological disorders, 
indeed appeared to affect cilia length negatively. In contrast, three targets significantly enhanced cilia 
length; CCDC18, FOXP1 and MIR137, although the underlying mechanism was not determined [63]. Also, 
G-protein coupled receptors are frequently located to primary cilia, such as serotonin and somatostatin, 
as well as the recently described shh antagonist Gpr161 [31]. Some G-protein coupled receptors affect cilia 
length; activation of dopamine D5 receptor increases cilia length [160], as does dopamine receptor D1 [161]. 
Modification of cilia length might also be important for signal interpretation, for example in the CNS. 
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Cilia and cancer

Because cilia have the ability to physically influence the cell cycle and manipulate signaling cascades, it 
has been a long-running hypothesis that defective cilia biogenesis could be an important step in cancer 
development. However, much of the data in this arena rests on in vitro studies and it thus remains to be 
established how, and if, there is a direct relationship between ciliary dysfunction and tumorigenesis. One of 
the major arguments against a direct role of cilia in tumorigenesis is the lack of evident tumor predisposition 
in patients with many classic ciliopathies such as SLNS, LCA and NPHP. However, mortality from organ 
function impairment may mask true tumor incidence in ciliopathy patients. The JBTS disease gene JBN/AHI1 
sensitizes tissue for Wnt activation, allowing low Wnt levels to improperly activate cells and induce over-
proliferation. Accordingly, oral hamartomas have been associated with Joubert Syndrome related disorders 
[162, 163]. There is some conflicting data on the risk of heterozygote relatives of BBS patients to develop 
renal cancer; one small study recognized a 17-fold increase risk [164], but a larger study disputed this finding 
in their cohort [165]. To date though, with the exception of a few case reports, cancer has not been reported 
to associate systemically with the relatives of these recessive ciliopathies. Heterozygous carriers therefore 
do not seem to be at increased risk for cancer development but it will be important to closely monitor 
these carriers in respect to tumor development and determine putative biallelic inactivation. Impaired cilia 
function can induce inappropriate responses in progenitor cells, expanding the stem cell compartment or 
differentiate into dysplastic tissue, as is observed in the epidermis, vascular system and mammary gland 
[127, 128, 166]. Alternatively, it is becoming evident that many proteins encoded for by familial cancer genes 
do actually affect cilia function. The cilium is an important mediator of homeostasis and a growing number 
of proteins which affect both cell ciliation and tumorigenesis have been identified. 

Clinical observations of cilia and cancer
As most tissues in the human body at least have the capacity to express cilia, it is important to address the 
effect on cilia expression in corresponding tumor types. Currently this is still an understudied field, and only 
a small number of tumor types have been subjected to detailed cilia analysis [167]. In breast cancer 
development there is little information on cilia involvement available, however, the cilia-associated genes 
Gli1 (Hh effector), RPGRIP1 (LCA) and DNAH9 (PCD) are commonly mutated in breast cancer [168, 169]. A 
later study indicated that ciliary frequencies are decreased in breast cancer tissue and breast cancer-derived 
cell lines when compared to normal breast tissue fibroblast and epithelia; cilia frequencies after prolonged 
serum starvation were more severely reduced in cell lines derived from aggressive cancer lines, furthermore 
this was shown to be independent of increased proliferation through determining the number of Ki67 
positive cells [170]. Accordingly, analysis of murine mammary glands indicates that cilia are expressed 
during development and remain present on myoepithelial and stromal cells but are absent from luminal 
epithelia in matured mammary glands [171]. Detailed analysis of Hh signaling and primary cilia in mammary 
basal cell hyperplasia characterizes the Hh-responsive cells as progenitor-derived cells bearing cilia [166]. 
The proliferation rates of these cilia-bearing cells is lower compared to control tissue [166]. Furthermore, it 
was shown that NPHP9 (NEK8), which is upregulated in breast cancer [172], modulates cilia length and 
activates the oncogenic Hippo pathway transcription factor TAZ [173]. Melanoma development has several 
stages, ranging from melanoma in situ, primary invasive melanoma and metastatic melanoma. While 
melanocytes express primary cilia, early melanoma in situ express hardly any cilia, and cilia are completely 
lost in progressive tumor phases. In this study, proliferation rates as determined by Ki67 staining were 
typically too low to account for the observed reduction of cilia frequency [174]. Like melanoma, pancreatic 
ductal adenocarcinoma is also characterized by activated Ras signaling [174],  and similarly reduced 
ciliary frequencies were observed in early stages of tumor development [46, 175]. A loss of cilia was also 
observed in ovarian cancer originating from the ovarian surface epithelium that were growth arrested to 
normalize for the effect of proliferation on cilia expression [176]. Another study of an ovarian serous 
cystoadenoma, based on co-evolutionary analyses, identified an overrepresentation of mutated cilia genes 
in this tissue [177]. On a more general note, co-evolutionary analyses revealed that the cilia proteome 
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(ciliome) evolved concomitantly with multicellularity and adopted important functions in the regulation of 
cell division control. Therefore, these authors postulate by extrapolation that deregulation of the ciliary 
network of proteins will result in proliferation in cancer development [177]. We recently published data 
suggesting a predisposition for tumor development in zebrafish that carry a heterozygous mutation in cilia 
gene lrrc50 that also causes PCD [178]. Tumors isolated from these zebrafish are analogous to human 
seminoma, a subtype of the group of testicular germ cell tumors (TGCT), and germline loss-of-function 
mutations were identified in human seminomas from patients with a family history of seminoma formation. 
It is unclear however, if mutant LRRC50 tumor formation is attributable to impaired cilia function but the 
mutations found in the seminomas demonstrate cilia-associated gastrulation defects in fish embryos [178]. 
Colorectal cancer is increasingly associated with a role for cilia. The cilia disassembly promoting kinase 
Aurora A is often mutated in colorectal cancer [179], as well as Hh member Gli3 and polycystic kidney 
disease-causing ARPKD1 [180]. Elegant murine studies have unraveled the role of cilia and crosstalk with the 
Hh-signaling pathway in the development of skin tumors of the basal cell carcinoma (BCC) subtype [181] 
and subtypes of medulloblastoma brain tumors [182]. These studies collectively demonstrate in vivo that 
cilia can either promote or repress tumor formation, but depletion of cilia formation alone is not sufficient 
to drive tumor formation, and tumor development requires driving oncogenic mutation of Hh-components 
[183]. BCC, medulloblastoma and other cancers, including pancreatic and ovarian cancers described above, 
often up-regulate Hh-signaling. In tumors driven by upstream mutations in the Hh pathway (Ptc, Smo, Sufu 
or excessive Hh-ligand), the cilium is required to process GliA and activate downstream targets [167]. 
Intriguingly, in mutants driven by oncogenic Smo, simultaneous blocking of cilia formation by knocking 
out Kif3a or Ift88, resulted in impaired GliA formation and inhibition of tumorigenesis, suggesting that in 
this model, tumor formation is cilia-dependent [181, 182]. If tumor formation is caused by mutations 
downstream of cilia (Gli1A, Gli2A), cilia are obsolete for Hh activation. However, restored ciliation dampens 
Hh signaling, which is explained by the formation of Gli3R that counteracts GliA [167]. Thus, selection for 
the presence or absence of cilia of these cancer types entirely depends on the underlying oncogenic mutation. 
Medulloblastomas featuring oncogenic mutations in β-catenin also retain cilia, indicating that cilia function 
is still required for tumor formation. Although cilia generally reduce β-catenin nuclear signaling, which 
would place selective pressure for cilia-loss in tumors, it is possible that a threshold level of Hh signaling is 
still required in some tumor types leading to cilia retention [182]. On a more general note, tumors that 
depend on cilia retention seem to have better prognosis with regard to survival [182]. In addition to these 
cell-autonomous Hh effects, increased Hh signaling through autocrine or paracrine signals from the tumor 
stroma add another layer of complexity [184]. Cilia loss is prevalent in various forms of kidney cancer. 
Renal cysts are a hallmark phenotype of cilia dysfunction and prevalent in many classic ciliopathy syndromes 
[56]. Accumulating evidence suggests that renal cystic lesions are a precursor stage of tumor formation; 
patients with acquired cystic kidney disease (ACKD) have an increased risk for renal cancer with incidences 
ranging from 2 to 5% [185]. It was recently demonstrated that chronic lithium therapy (a standard therapy 
for bipolar disorder) increased the risk for ACKD and kidney cancer development; lithium activates GSK3β 
by phosphorylation, resulting in increased β-catenin signaling, which is known to suffice for renal cyst 
formation [103, 186]. Renal cell carcinoma (RCC) can be subdivided into clear cell RCC (ccRCC), chromophobe 
(chrRCC) and papillary RCC (pRCC) subtypes [187, 188]. Renal oncocytoma closely resembles the chrRCC 
pathology [189, 190], and both tumor types arise from unciliated intercalated cells of the renal collecting 
duct. Analysis of a small cohort of ccRCC indicated severely reduced cilia frequencies and a more subtle 
reduction in pRCC [191], our own results in a large group of ccRCC compared to parenchymal tissue confirmed 
this and also indicated reduced frequencies in oncocytomas and chrRCC [192]. Both studies excluded the 
possible confounder that the fewer cilia observed were due to increased cell proliferation through scoring 
for Ki67-positive cells [191, 192]. Intriguingly, cancer syndromes that predispose to RCC development, 
encoded for by mutant VHL, FLCN or TSC1/2 (discussed in greater detail in a separate section), all have been 
shown to assert molecular activity towards cilia function and structure in addition to their previously 
recognized functions in relaying responsen to metabolic factors. This puts forward the hypothesis that 
kidney cancer is a two-step process in which both primary cilium function needs to be impaired as well as 
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modification of metabolic pathways; uncoupling regulation by energy, nutrients, oxygen and iron. Of 
interest, in a family predisposed to RCC and thyroid cancer, a genomic breakpoint was identified disrupting 
TRC8, a protein related to PTCH [193]. 

Familial cancer syndromes and cilia
Genetic predisposition to solid tumor development is typically associated with heterozygous germline 
mutations in tumor suppressor genes or oncogenes. Identifying the genes and pathways mutated in 
these rare cancer syndromes has been proven remarkably useful in understanding early events of tumor 
development. Because a single patient with a germline mutation may have several lesions of varying degrees, 
it is possible to understand the genetic and cellular contribution to the natural course of that particular 
tumor type. Functional aspects of many of these genes have been elucidated, and interestingly, a number 
of well established classic tumor suppressor proteins are involved in ciliary biogenesis in addition to their 
attributed functions. The fundamental processes underlying cancer development and the tissues targeted 
in these syndromes are likely to require modulation of multiple cellular processes prior to carcinogenesis. 
Yet, the association of several classic tumor suppressor proteins and cilia suggests that ciliary loss, at least in 
some tissues like perhaps the kidney, can be associated with very early events in tumorigenesis. 

For example, mutations in the VHL tumor suppressor cause the autosomal dominant familial cancer 
syndrome von Hippel-Lindau disease (VHL) that is characterized by the development of renal and 
pancreatic cysts, ccRCC, pheochromocytoma (tumor of the adrenal gland), cysts and hemangiomas in the 
central nervous system, retinal angiomas, and low-grade adenocarcinomas of the temporal bone [194]. In 
addition, VHL is also inactivated in up to 87% of sporadic clear cell RCC’s [195]. VHL loss conforms to 
the Knudson 2-hit model that dictates that both wild-type alleles of a tumor suppressor gene must be 
inactivated prior to tumor outgrowth [196]. Depending on the germline mutation resulting in complete 
loss-of-function or missense hypomorphic mutations, the disease is manifested in a subset or combination 
of target organs. VHL’s biological activity is complex; one major role is the degradation of HIF transcription 
factors, which become stabilized in hypoxic conditions and regulate the activation of a transcriptional 
program that promotes angiogenesis [180]. Given that artificially high activity of HIFs is not sufficient for 
RCC development [197], VHL must exert alternative protein functions. HIF-independent functions of VHL 
include regulation of cell polarity through Par3, Par6 and stabilization and orientation of microtubules [198]. 
Interestingly, VHL binds kinesin-2 subunits KIF3A and KAP, and it facilitates renal cilia mechanosensation 
[180]. Moreover, VHL seems to act in conjunction with GSK3β to maintain cilia: depletion of either protein 
alone does not affect ciliation, but activation of GSK3β in the absence of VHL initiates cilia disassembly 
[199]. The current view is that loss of VHL is sufficient for renal cyst formation, but that additional genetic 
lesions are required for subsequent degeneration of a renal cyst into ccRCC [180, 196, 200]. The observation 
that mice with inactivated Vhlh and Pten develop epididymal cystadenomas supports this model [201]. The 
chance of acquiring additional inactivating alleles at other loci is promoted by VHL loss, given that loss 
of VHL also reduces Mad2 levels, a protein that is part of the spindle checkpoint [202]. Aneuploidy and 
chromosomal instability drive subsequent genetic changes associated with RCC. 

Tuberous sclerosis complex (TSC) is an autosomal dominant disorder that associates with neurologic 
disorders such as epilepsy, mental retardation and autism, but is mainly a tumor suppressor gene syndrome 
associated with renal cyst formation and tumorigenesis in various organs including the kidney, brain, 
retina and skin [203, 204]. TSC is associated with germline mutations in TSC1/Harmatin and TSC2/Tuburin 
[205]. Renal phenotypes in TSC patients mostly comprise benign renal angiomyolipoma (50 to 80%), but 
a minority develops ccRCC (3%) [185]. Although the overall ccRCC incidence is only marginally increased 
compared to the general population, the onset of ccRCC development in TSC patients seems to occur earlier 
in life and other RCC pathologies are sometimes also observed [204]. Mouse models similarly develop cysts 
and RCC [206-208]. TSC disease manifestation requires genetic inactivation of the second allele of either 
TSC1 or TSC2, rendering it a classic tumor suppressor gene. In contrast to VHL, loss of Tsc1 or Tsc2 enhances 
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cilia length in mouse embryonic fibroblasts and zebrafish mutants [203, 209], which could explain why 
TSC patients clinically exhibit few renal cysts and relatively low RCC frequency [205]. The increased cilia 
length fits with the finding that disruption of a number of neurologic disorder-associated genes similarly 
enhance cilia length [63]. The mTOR pathway senses nutrient and energy levels and regulates cell growth 
accordingly. TSC1 and TSC2 normally form a heterodimer TSC1/2 that inhibits the TORC1 complex. Blocking 
the mTORC1 complex using rapamycin reduces cilia length, suggestive of a role for energy/nutrient-sensing 
in cilia length control [210]. The TORC1 complex functions upstream of the S6 kinase 1 (S6K1) which 
regulates ribosomal function and translation. Overexpression of s6k1 in zebrafish also increases cilia length, 
making it likely that the TORC1 complex regulates cilia length through S6K1. Thus, loss of TSC1/2 releases 
the repression of TORC1, activating S6K1 and increasing cilia length [210]. In addition, GSK3β was found 
to function as an upstream activator of TORC1 [210]. The emerging view thus suggests that low energy/
nutrient levels activates the mTOR pathway and via S6K1 enhances cilia length, which physically delays the 
cell cycle in a similar fashion to Nde1 and Tctex1 [156, 157]. 

Functioning in the same energy/nutrient-sensing pathway is FLCN, which is the gene product of the disease 
locus for the monogenic disorder Birt-Hogg-Dubé (BHD) syndrome [211]. BHD syndrome is characterized 
by the development of renal cysts, kidney tumors of various histopathological subtypes, pulmonary cysts 
and benign cutaneous tumors (fibrofolliculomas) [212]. Renal tumors isolated from BHD patients are 
histologically diverse, predominantly consisting of chrRCC (34%) and hybrid oncocytoma/chromophobe 
(50%) neoplasms (both derived from intercalated cells of the collecting duct), and less frequently ccRCC 
(9%) [213]. Accordingly, mouse mutants for BHD syndrome form renal cysts and RCC [214]. We have shown 
that FLCN levels affect ciliation [212, 215]. In contrast to TSC1/2, FLCN does not affect cilia length but rather 
regulates the timing of ciliation. FLCN-associated cilia loss results in increased β-catenin signaling and 
loss of FLCN additionally induced PCP defects, which could explain the renal cystic phenotype in BHD 
patients [212, 215]. FLCN has further been described to signal to AMPK, TSC1/2 and TORC1, however there is 
conflicting data and it remains uncertain whether FLCN activates or inhibits the mTOR pathway. In mouse 
renal tumors, loss of FLCN activates TSC1/2 [216]. It has been suggested that inappropriately high as well as 
low levels of TORC can lead to renal tumor formation [217], however, the precise role of ciliary signaling in 
these events remains elusive. 

Another member of the energy/nutrient-sensing pathway is the kinase LKB1, encoded for by STK11. Mutations 
in STK11 predispose to the Peutz-Jeghers tumor syndrome (PJS) that features benign gastrointestinal (GI) 
polyps as well as malignant tumors in the GI, breast and gynecological organs. Somatic STK11 mutations 
have been identified in lung, bladder and cervical cancer [218]. LKB1 is a master regulator of numerous 
downstream kinases, including AMPK and is upstream of mTOR signaling [218]. Simultaneous inactivation 
of lkb1 and vhl in zebrafish, however, neutralizes AMPK activation and the lkb1 phenotype, suggesting 
a complex interplay between hypoxia and AMPK pathways [219]. The role of cilia in LKB1 regulation is 
currently limited, however it has been shown that cilia mechanosensation under flow conditions requires 
ciliary localized Lkb1 to activate AMPK and mTOR signaling to regulate cell size. This effect is independent 
of Ca2+-mediated mechanosensation [220]. Similar to FLCN and VHL, LKB1 and IFT88 independently 
regulate spindle positioning in epithelial cells [112, 202, 221].  

Mosaic variegated aneuploidy syndrome (MVA) is a rare autosomal recessive childhood cancer 
disorder characterized by mosaic aneuploidies that give rise to rhabdomyosarcoma, Wilms’ tumor/
polycystic nephroblastoma and leukemia [222]. Associated pathologies overlap with the ciliopathy disease 
spectrum; polycystic kidneys, microcephaly, Dandy-Walker complex, intrauterine growth retardation, 
mental retardation, infantile obesity, congenital abnormalities, eye abnormalities, postcerebellar cyst 
and hypoplasia of the cerebellar vermis [223, 224]. MVA can be caused by biallelic as well as monoallelic 
mutations in BUB1B and CEP57 [222]. BUB1B encodes for the spindle checkpoint protein BUBR1, defects 
in which cause premature chromosome segregation errors and aneuploidy in vitro [225]. A recently 
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identified additional function for BUBR1 is the regulation of ciliogenesis. Quiescence is maintained through 
proteasomal degradation of a number of substrates including DVL. Basal DVL activity is required for basal 
body docking and ciliogenesis, however, increased activity leads to downstream canonical Wnt activation 
and cell cycle progression. In control and MVA patient-derived fibroblasts, BUBR1 was identified as an 
essential co-activator of the APC/CCDC20 complex that targets CDC20 for degradation and allows the APC/
CCDH1 to maintain low DVL levels during quiescence through proteasomal degradation. Consequently, high 
levels of DVL in MVA-cells inhibit ciliogenesis. The inability of BUBR1 to bind CDC20 and inhibit APC/
CCDC20 also disturbs the spindle assembly checkpoint and subsequent faithful chromosome segregation 
[224]. 

Basal cell naevus syndrome or Gorlin syndrome is a rare autosomal dominant disorder with an estimated 
incidence of 1 in 57,000, and is characterized by a variable disease spectrum including macrocephaly, frontal 
bossing, hypertelorism, skeletal defects, palmar pits and predisposition for BCC and medulloblastoma 
development [226]. Mutations have been identified in hedgehog components, mostly located to PTCH1. 
Also in sporadic BCC and medulloblastoma, mutations in Hh-components, including PTCH2, SUFU and 
SMO, have been demonstrated [227]. As described above, hedgehog signaling is dependent on intact cilia 
to appropriately process GliA and GliR.

One of the most frequently mutated genes in somatically acquired colorectal cancer is the APC tumor 
suppressor, which if mutated in the germline causes familial adenomatous polyposis (FAP). One subtype 
of FAP is Gardner’s syndrome characterized by frequent extracolonic manifestations such as osteomas, 
skin cysts, desmoid tumors and retinal abnormalities [228]. This disease spectrum overlaps with ciliopathy 
disease characteristics and suggests a role for APC in cilia function. In addition, retrospective studies noted 
that most patients with FAP display extracolonic ciliopathy phenotypes in varying severity [228]. APC can 
bind the kinesin-2 member Kif3a and microtubule binding protein EB1, both essential for ciliation [229, 
230]. In addition, APC interacts with EB1 and KIF17 and stabilizes microtubule plus-ends [231].

In addition to the tumor suppressors in familial cancer development described above, a number of 
additional tumor suppressors and oncogenes, not directly associated with familial cancer syndromes but 
often somatically mutated in sporadic cancers, also can affect cilia biogenesis. Members of the Wnt and 
Hh signaling pathway that have somatically acquired oncogenic activity such as β-catenin, Ptc, Smo, Sufu 
and Gli lead to aberrant transcription of target genes, and is a constituent in many cancer types [84]. The 
NEK family is composed of serine-threonine kinases involved in cell cycle regulation and cancer formation. 
NEK1, NEK2 and NEK8/NPHP9 are related to ciliary biogenesis [232, 233]. Mouse models affecting either 
NEK1 or NEK8 protein function show phenotypic overlap with ciliopathies [234, 235]. Inactivation of NEK1 
was recently associated with the human ciliopathy autosomal-recessive short-rib polydactyly syndrome 
[236]. Mutations in NEK1, NEK2 and NEK8 have been identified in liver, ovarian, GI and lung cancers [232]. 
Furthermore, NEK8/NPHP9 was recently shown to directly bind the oncogenic transcriptional activator 
TAZ [173], as was also reported for transition zone component NPHP4 [122]. These findings are exciting 
since the Hippo pathway comprises a number of proteins that act as a tumor suppressor network in the 
control of organ size and growth control [121]. 

Chromosomal instability and cilia
The cell makes use of an elaborate and elegant system of checkpoints to prevent and counteract cellular 
transformation and cancerous outgrowth. These include the mitotic or spindle checkpoint, as well as the 
DNA-damage checkpoints. Failure of these control systems leads to an accumulation of errors that eventually 
will result in chromosomal instability, a major driver of cancer progression. With the exception of certain 
terminally differentiated cell types, only one centrosome is present per quiescent cell. Upon duplication 
in S-phase, centrosomes migrate to opposing sides of the cell where they form spindle poles during 
mitosis. Although cells are still able to successfully segregate their chromosomes in the complete absence 
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of centrosomes, centrosomal abnormalities can have severe effects on cells, ranging from defective 
spindle orientation, ineffective asymmetric cell division and cancer. Defects in centrosome separation or 
overreplication of centrosomes drive aneuploidy [132]. Similarly, when cytokinesis is perturbed, cells can 
inherit abnormal centrosome numbers. In addition, cells inheriting multiple centrosomes will form an 
equivalent number of cilia, which will distort signal interpretation [61]. Centrosomal abnormalities are 
a prominent feature of human tumors [61]. There are obviously many regulators of correct centrosome 
duplication and cytokinesis; here we will only discuss the crossroads between cilia biology and cancer 
development. Cilia defects in the kidney often lead to cyst formation, and these cysts can be considered 
benign neoplasms as they present hyperplasia, however, the incidence of tumor development in patients 
with cystic ciliopathies is low, and a second event is likely required for tumor growth initiation. 
There is some emerging evidence that cilia defects can be linked to mitotic abnormalities. Murine 
endothelial cells derived from Pkd2 and Orpk/Ift88 knockout mice in addition to cell samples derived 
from human ADPKD patients had multipolar spindles and centrosomal abnormalities are observed 
that lead to polyploidy and chromosomal instability. Further analysis of these cells indicated that the 
chromosomal passenger complex protein survivin was down-regulated [237]. As discussed above, BUBR1 
functions both in mitotic and ciliogenesis control [224], and interestingly, another member of the spindle 
assembly checkpoint, Mps1, has recently been shown to also affect ciliogenesis [238]. In cycling cells, 
depletion of either Mps1 or its direct interaction partner VDAC3 induces aberrant ciliogenesis, and upon 
serum starvation localization of Mps1 to the centrosome is sufficient to suppress ciliogenesis in RPE cells, 
suggesting it is a negative regulator of ciliation [238]. It would be interesting to study other components 
of the spindle checkpoint, such as the MAD proteins, for putative roles in ciliogenesis. Several other cell 
culture-based studies support a mechanism that could explain the induction of centrosomal abnormalities 
in cilia-related proteins; we previously reported that there is a large proteomic overlap between ciliogenesis 
and cytokinesis, including members of the chromosomal passenger complex [142], indicating that defects 
in these proteins can affect ciliogenesis as well as mitosis. As described in more detail above, oncogenic 
activation of HEF1 and downstream Aurora A induce premature cilia resorption and induce centrosomal 
over-replication [143]. Indeed, disruption of several cilia-related genes stimulates inappropriate cell cycle 
progression that can develop into replication stress. The IFT motor kinesin-2 does not exclusively function 
in cilia, but is also pivotal for normal mitosis; mutant KIF3B induces aneuploidy and induces multipolar 
spindle formation in NIH3T3 cells [239]. In addition, the KIF3 complex functions as a tumor suppressor in 
embryonic brain tumors, and Kap3-/- mouse embryonic fibroblasts fail to transport cadherin complexes to 
the membrane and to inhibit downstream β-catenin activity [240].
The accumulation of DNA damage over time similarly increases the risk of cell transformation and cancer 
development. Cellular checkpoints normally prevent cells from proliferation under these conditions; this is 
regulated through the DNA damage response pathway, which is largely mediated by ATM and ATR [241]. The 
centrosomal proteins CEP152 and PCNT are required for ATR-dependent DNA damage response signaling. 
Mutations in these genes lead to Seckel syndrome that is characterized by dwarfism, microcephaly and 
mental retardation, phenotypically overlapping somewhat with the ciliopathy disease spectrum [242]. 
Recently we and others have shown that mutations in SDCCAG8, ZNF423 and CEP164 cause a NPHP-related 
ciliopathy and that these proteins localize to both the centrosome and DNA damage foci, and are required 
for proper DNA damage- induced response [242, 243]. CEP164 is a well known regulator of cilia formation 
and is one of the earliest proteins that defines a matured centriole by the formation of distal appendages 
[244]. In addition, we have seen that Cep164 loss not only induces DNA damage response but also induces 
DNA damage in the form of lagging anaphases, probably resulting in mitotic catastrophe. Induced DNA 
damage by irradiation causes premature centriole splitting [245]. The resulting centriolar clusters sustain 
ciliogenesis, but upon depletion of centriolar linker proteins C-NAP1 or rootletin, ciliogenesis is perturbed 
[246]. It would be of interest to further study the defective cilia/DNA damage response crosstalk in light of 
cancer biology. 
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Metastasis
Cell migration occurs generally in early development, wound-healing and chemotaxis. In aggressive cancers, 
transformed cells detach from the primary tumor and migrate throughout the body to form distant metastases. 
Cell migration is a multi-step process that partially depends on highly dynamic actin rearrangements, loss 
of focal adhesions, lamellipodia formation and changes of cell-matrix interaction [247]. In this light it is also 
of interest that Aurora A activator HEF1 regulates focal adhesions and is a prometastatic factor with elevated 
expression in melanoma and glioblastomas [143]. Cilia regulate normal cell migration in wound healing in 
response to the PDGF-AA chemokine, and fibroblasts defective in primary cilia fail to initiate chemotaxis 
[118]. It was observed that cilia are often oriented towards the direction of migration, suggesting that cilia 
provide context for directed cell migration [119]. Endothelial cells derived from the Ift88-/- oak ridge 
polycystic kidney mouse model showed reduced F-actin stress fibers, reduced focal adhesions and impaired 

Figure 6. Model of cilia and cancer.
We propose a number of pathways that can lead to cilia-dependent and cilia-independent tumor formation. The left pathway describes the 
oncogenic events that must follow after cilia have been lost (1) and a benign neoplasm has been formed; accumulation of genetic lesions 
(2) that desensitize cells to the microenvironment or CIN (3) to drive further cancer progression. Alternatively, the right pathway indicates 
a scenario where cilia are not involved in the initial transformation event (4). Depending on the underlying oncogenic mechanism, cells will 
further develop into a cilia-independent cancer (5), or will select for cilia retention in cilia-dependent cancer types (6).
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1

cell migration due to down-regulated Hsp27 and focal adhesion kinase (FAK). Endothelial cells derived 
from Pkd1 (PC1) deficient mice did not show these defects, indicating that normal ciliation is involved in 
this process [248]. Finally, in an RNA interference screen in MCF-10A cells, NEK8 depletion was identified 
as a potent inducer of induced cell migration [249]. There are however many different signal transduction 
pathways that at various levels contribute to cellular migration, such as cell-matrix interactions, cell polarity 
and receptors dispersed across the plasma membrane rather than being enriched in the cilium. In the years 
to come, there will likely be an expansion of our understanding of the role of cilia in cell migration, and 
hence how, and if, defects in ciliary signaling might affect cancer metastasis formation.

Conclusions/perspectives

Because of the tremendous efforts made to dissect ciliary function, the level of data depth has now reached 
a point where we can appreciate the subtle reality that the cilium both taps into and cross-talks with 
many classical molecular signaling pathways, coordinating and fine-tuning cellular responses. Cancer 
development is a multi-step process that does not depend on one singular event, but is suggested to require the 
sequestration of at least six capabilities that allow survival and outgrowth. These include (1) desensitization 
to anti-proliferative signals and (2) replicative stress, (3) escape from apoptosis, (4) acquisition of sustained 
angiogenesis and (5) metastasis potential and (6) autonomous generation of proliferative signals. To achieve 
this, cancer cells must promote chromosomal instability followed by continuous trial-and-error before the 
required capabilities have been acquired [250]. Therefore the proclamation that tumorigenesis is a bona fide 
ciliopathy, or whether the cilium is a bona fide tumor suppressor can therefore be rejected, as neither of the 
two is correct. Depending on the oncogenic event, cells will either select for cilia retention or disposal and 
are thus upstream or downstream of cancer development. In Figure 6 we describe ways the cilium might 
function in tumorigenesis. Most cells normally establish a cilium and are able to interpret environmental 
sensing such as contact signals or metabolic factors including nutrient, oxygen and Ca2+ levels. Step 1: cilia 
are lost and this results in a benign neoplasm with limited over-proliferation and polarity defects. Step 2: 
environmental sensing is lost and cells transform. Step 3: cumulative DNA damage and replicative stress 
induce chromosome instability and lead to malignant cancer. Based on the clinical observation described 
above, the trend in most cancers seems to be in accordance with steps 1-3. Step 4: alternatively, cells 
transform but remain dependent on ciliary signaling. Steps 5 and 6: these tumors can acquire chromosomal 
instability and either dispose of (5), or retain (6), cilia to become cancerous. Cataloging various tumor 
subtypes and relating these to ciliation frequency scores might be an important next step in relation to 
future therapeutic approaches. Tumors that depend on cilia function, for example Hh-mediated tumors, 
might benefit from complementary treatment with Aurora A activators which promote cilia disassembly 
and therefore dampens Hh signaling, or targeting downstream Hh transcription factors. Alternatively, 
tumors that select for cilia disposal might benefit from treatment with cilia stabilizing molecules such as 
low-dose taxol and HDAC-inhibitors. Low-dose paclitaxel stabilizes microtubules and cilia and ameliorates 
renal fibrosis in rats [251]. For extensive reviews on putative therapeutic approaches we refer to excellent 
surveys by Scales and de Sauvage [184] and Hassounah, Bunch and McDermott [167]. Thus, although the 
cilium does not single-handedly drive or prohibit tumorigenesis by default, targeting its function could be 
a method to switch cancer off.
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Abstract

Cilia are small hair-like extensions from the apical cell membrane that function as sensory 
organelles in the control of tissue development and homeostasis. The full diversity of mechanisms 
that regulate ciliogenesis is still emerging. The earliest phases of ciliogenesis heavily depend 
on basal body transport and membrane docking, as well as the accumulation of ciliary vesicles 
targeted to the basal body. Next, intraflagellar transport (IFT), driven by kinesin-2, is essential for 
outgrowth and extension of the ciliary axoneme. In addition, the KIF7, KIF24, KIF19A and KIF17 
molecular motors have also been implicated in cilia function. To identify novel motor proteins 
in ciliogenesis we used a small short-interference (si)RNA library designed to target a collection 
of human kinesins in non-transformed RPE-hTERT cells derived from ciliated retinal pigmented 
epithelia. In a primary screen we tested the contribution of each kinesin member using three 
individual targeting oligonucleotides and designed a semi-automated quantitative methodology 
to analyze the effect on primary cilia formation. A secondary screen using an alternative set of 
siRNAs, complemented with gene expression analysis, was performed to validated putative hits. 
We identified two kinesins, KIF4A and KIF5C, which upon knockdown reduce cilia frequency in 
our experimental setup. In addition, we observed a consistent reduction in ciliogenesis upon 
siRNA treatment for KIF17 or KIF21B. Intriguingly, transfection with several siRNAs targeting KIF17 
or KIF21B resulted robustly elevated gene expression levels, which could suggest either a dominant 
negative effect, or an indirect effect on ciliogenesis. Validation using ectopically expressed KIF17-
GFP and KIF21B to increase transcript levels, but bypass any influence from endogenous regulatory 
elements, confirmed reduced cilia expression using KIF17-GFP, but not KIF21B, suggesting that the 
observed reduction in cilia frequency depends on KIF17 protein function. 
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Introduction

Microtubules form a network of fibers throughout the cell, and are analogous to molecular highways that 
facilitate transport of intracellular cargo, including protein complexes, vesicles and organelles. Driving 
microtubule-mediated transport are two large superfamilies of molecular motor complexes: KIF subunits 
of the kinesin superfamily and dyneins, that associate with and migrate along microtubules directed to 
either the microtubule growing minus-ends or plus-ends [252]. A complex regulatory mechanism couples 
specific adaptor-, linker- and facilitating-proteins to their motor proteins to regulate cargo specificity and 
motor function [252]. 
Primary cilia are sensory organelles emerging from the plasma membrane where they process extracellular 
signals including kinetic, olfactory, mitogenic and morphogenic stimuli [253]. Dysfunction of cilia 
leads to the development diverse disease phenotypes known as ciliopathies, which can vary from mild 
cyst formation to severe developmental abnormalities [1]. Cilia are composed of a membrane wrapped 
microtubule core structure, referred to as the axoneme, which is built upon a differentiated centrosome that 
has docked to the plasma membrane (basal body). Although the principles of ciliogenesis are extensively 
reviewed elsewhere [5, 13], in brief, ciliogenesis is initiated upon exit of the cell cycle when cells become 
quiescent. Early ciliogenesis events include fusion of the centrosome with a golgi-derived vesicle forming 
the ciliary vesicle. Next, this complex migrates to the apical cell membrane, where the mature centriole 
docks to the membrane via appendages. From the basal body, nine microtubule triplets extend into the 
ciliary vesicle. More distal from the basal body, at the transition zone, microtubules continue as doublets 
that form the growing axoneme. Simultaneously, a multitude of vesicles containing ciliary components are 
targeted toward the basal body, facilitating growth of the cilium [10]. Ribosomes are absent from axonemes, 
rendering the cilium fully dependent on active transport both during ciliogenesis and for maintenance 
of the matured cilium. Two distinct transport pathways seem to be involved; polarized vesicle transport 
towards the basal body and intraflagellar transport (IFT). Perturbations in the generation and function 
of cilia have been previously associated with various aspects of vesicular transport. These include coat-
proteins from the exocyst, TRAPII and BBSome complexes. Vesicle transport requires the activity of a large 
group of Ras-related GTPases, particularly of the Rab and Arl/Arf subtypes such as Rab8, Rab11, Rab 23, 
Arl3, Arl6 and Arl13, and their regulating guanine exchange factors (GEF) and guanine activating proteins 
(GAP) like Rabin8 and RP2, reviewed by [10]. Axonemal transport is mediated by intraflagellar transport 
(IFT) [33], where anterograde transport toward the ciliary tip is mediated by the heterotrimeric kinesin-2 
complex; composed of KIF3A, KAP3 and either KIF3B or KIF3C depending on the cell type. The kinesin-2 
motor complex associates with a large protein complex composed of IFT-A and IFT-B members that is 
expected to regulate cargo binding and specificity [33]. During anterograde transport, the dynien-2 complex 
associates with the IFT complex and is carried up the axoneme by kinesin-2. After reorganization at the 
ciliary tip, dynein-2 becomes the driving force of transport towards the basal body or retrograde transport. 
In addition to the kinesin-2 and dynein-2 complexes, a number of alternative molecular motors have been 
described to function in cilia. KIF24 is a non-motile kinesin-13 M-kinesin; members of this kinesin subclass 
function in localized microtubule depolymerization. KIF24 is a negative regulator of ciliogenesis that 
locates to the distal end of the mature centriole. Only after removal of KIF24, which is promoted by TTBK2, 
both CEP110 and CEP97 can associate with the centriole and promote ciliogenesis [6, 7]. Initial studies 
in Caenorhabditis elegans suggested a Kinesin-13 member to localize to the axoneme and be involved in 
ciliary length control at the ciliary tip [254], but a mammalian otholog has never been identified. Recently 
though, a kinesin-8 member, the plus-end-directed motor KIF19A, was shown to localize to the ciliary tip 
where it depolymerizes microtubules, and function in length control [255]. Kif19a-/- mice display increased 
ciliary length and subsequent defects in multi-ciliated tissues including oviduct, trachea and ependymal 
epithelia [255]. All other kinesins described to date appear to have an accessory role in cilia function. This 
includes KIF17, the ortholog of Caenorhabditis elegans OSM-3 that is a co-factor in axonemal transport 
and is required for the formation of the distal segment in a subset of sensory cilia [34]. The contribution of 
KIF17 to cilia length in vertebrates appears less critical in most cilia subtypes, but the data are contradictory 
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at times [36]. It does appear to be required for the delivery of specific cyclin-nucleotide gated-channels, 
and in the retina, loss of kif17 disrupts retinal outer segments in zebrafish [37]. Another kinesin implicated 
in cilia function, but not essential for either cilia structure or morphology, is the Caenorhabditis elegans 
gene klp-6, which encodes a kinesin-3 member that transports mechanosensory polycystins in cilia 
[38]. A mammalian ortholog for klp-6 has not yet been described. KIF7 is the ortholog of Drosophila 
Costal2, and is an important mediator of sonic hedgehog signaling in mammals [39]. Although its ciliary 
transport is pivotal for hedgehog signaling, it is neither required for cilia formation nor stability. Finally, 
Chlamydomonas reinhardtii Klp1 (Kinesis-9 member) regulates motile cilia beating, but again, causes no 
axonemal length defects [256]. A general overview of the molecular motors involved in ciliation and their 
presumed contribution is reviewed by [34]. 
In this study, we use a siRNA library targeting transcripts that encode for motor domain containing proteins 
to interrogate the contribution of human kinesin members in the formation of primary cilia. We designed 
an unbiased semi-automated analysis method to quantify cilia frequencies in human retina derived RPE-
hTERT cells. We validated putative hits from the primary screen in a secondary screen and identified novel 
regulators of primary cilia formation.

Results

Semi-automated methodology to determine primary cilia frequency
RPE-hTERT cells were cultured in 96-well glass bottom plates and ciliated by 24 hours of serum withdrawal. 
Cell nuclei, basal bodies and cilia were labeled with Hoechst (nuclear staining), α-pericentrin (PCNT; basal 
body staining) and α-acetylated-α-tubulin  (ciliary axoneme staining) antibodies respectively (Figure 1A). 
Acetylation of the K40 α-tubulin residue is a ubiquitous post-translational modification that enhances 
microtubule stability, it must however be stressed that although axonemal microtubules are amongst the 
most highly acetylated microtubule structures in the cell, acetylated-α-tubulin is not an exclusively ciliary 
marker [257]. To circumvent excessive background staining, the samples were subjected to a 15-minute cold 
treatment to destabilize microtubules prior to fixation. Still, background structures from stressed cells or 
non-specific antibody staining were present on some images, interfering with automated analyses. Therefore 
all images were manually retouched to remove large structures of stabilized non-ciliary tubulin that are easily 
recognized (Figure S1A). The remaining image analysis was fully automated (Methods section). Briefly; 
after an initial color extraction in Photoshop for the PCNT and acetylated-α-tubulin channels to deplete 
background, images are converted to 8-bit and made binary. Next, the particle analysis tool in ImageJ was 
used to automatically count events (Figure 1B,C). To faithfully determine the number of cell nuclei, two 
separate cumulative analyses were performed. First, settings were optimized to identify single nuclei. The 
remaining ‘clustered’ nuclei were identified using a second analysis to generate an approximating average 
number for these larger aggregates, the event number of which was multiplied by two (Figure 1D). The 
specific settings and parameters per channel were optimized to approximate a manually counted control 
group that was composed of 50 randomly chosen images representing > 5% of the dataset (Figure 1E and 
Figure S1B). 

Semi-automated primary kinesome screen for ciliary frequency
We custom designed an siRNA library (Set I) targeting 50 transcripts mostly including kinesins (KIFs) 
and a number of associated microtubule binding proteins and controls (Table S1). This library was used to 
perform a small-scale screen to identify targets that reduce primary ciliary frequency. The library contains 
three separate individual oligonucleotides per target gene and the screen was performed in duplicate, 
generating 300 samples of which at least three images were acquired. Each 96-well plate was supplemented 
with four wells of a non-targeting negative control and IFT88 targeting positive control (Set II). The screen 
was analyzed according to the setting and methodology described above and in Figure 1. Cilia frequency 
was calculated per sample using the sum of basal body events and cilia numbers of all images acquired. 
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The number of nuclei is not used as a direct input to calculate the percentage of ciliation, but rather as a 
secondary control to exclude images showing a > 50% ratio difference between basal body events and nuclei 
numbers, that can be caused by improper focus of part of the sample. We further validated this approach 
using another internal control; PCNT was present in the library, which should eradicate the PCNT antibody 
staining. When comparing the total number of pixels obtained in the PCNT-channel for all siPCNT images 
to the non-targeting control and siIFT88, basal body staining indeed was indeed severely impaired (Figure 
2A). Although we cannot exclude that any other target gene specifically affects PCNT localization we did not 

Figure 1. Semi-automated ciliation analysis
Some images presented are modified in size and color to allow for clear viewing (A) At least three images per well of the 96-well glass 
bottom plate are acquired on a Zeiss LSM510 microscope using the tile-function; each image is a composite of four 115.17 μm X 115.17 μm 
that counts 2048 x 2048 pixels in total. (B,C) The upper panel is a zoom of the image presented in A marked by the raster, the lower panels 
are an increased zoom of the upper panel. Images per channel, PCNT in B and acetylated-α-tubulin in C, show the manipulation steps during 
quantification; a color extraction was performed, images are converted to 8-bit and made binary, the number of events was determined 
using particle analysis. Occasionally, an out-of-focus cilium (red circle in C) is too small to be recognized by the automated analysis (D) 
The number of nuclei per image was determined using two rounds of analysis. The first identifies single nuclei and the second identifies 
multinucleated events; which are averaged to represent two nuclei. The sum of both analyses determines the total number of nuclei. (E) The 
automated settings were validated using 50 manually counted images. The graph shows the percentage of approximation of the 50 samples 
compared to the manually defined number that are normalized to 100%. The larger variation in cilia events is due to the normalization and 
the relatively low event numbers; see Figure S1B for a more detailed representation of the data.
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observe a noticeable trend for this. In addition, we manually eradicated a small minority of images showing 
a noticeably poor basal body staining. None of the target genes were fully excluded. 
The normalized results of the primary screen are described in Figure 2B and Figure S2A. As anticipated, 
both the IFT88 controls and KIF3A show a marked reduction in ciliation. Knockdown of neither KIF3B nor 
KIF3C reduces cilia frequencies, in line with the described permissive role of kif3b/kif3c in zebrafish retinal 
cells caused by redundancy amongst these proteins in these cells [36]. A number of additional targets show 
a reduction of ciliation percentages > 50%; KIF5B, KIF5C, KIF17, KIF2B and KIFC2. In addition KIF4A, KIF9, 
KIF15, KIFC3 and KIF25 closely approximate a 50% reduction in ciliation. 

Figure 2. Primary screen for cilia frequency. 
(A) The internal control siPCNT abrogates PCNT staining. Images show merged or inverted split channels indicating reduced ciliation upon 
both siIFT88 and siPCNT, and impaired basal body staining upon siPCNT. The upper graph shows the averaged number of nuclei present in 
all samples, which are modestly reduced in the siIFT88 and siPCNT samples. The lower graph displays the averaged pixel number identified 
in the PCNT analysis; the small reduction observed for siIFT88 is non-significant and is in line with the reduced nuclei numbers. Upon 
siPCNT, as shown in the images, the number of pixels is significantly reduced, P < 0.0001, compared to siCON and siIFT88. Scale bars: 25 
μm. (B) Primary screen results are normalized to the first siCON and are a representation of the percentage of ciliation, error bars indicate 
standard deviation. In addition to the gene symbols, the number of the underlined kinesin-family is indicated. Four controls were included 
per plate and both the non-targeting control (blue) and siIFT88 (red) display similar results. Potential hits are indicated (green) when 
ciliation was reduced by > 50% and includes the internal control siKIF3A (orange), or approximated 50% (dark grey). Asterisks indicate 
when one of the three individual oligonucleotides was excluded as a false-negative. The large standard deviation is the result of the diversity 
in images that were purposely acquired from both confluent and somewhat sparse areas; this to ensure representative samples.
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Validation of selected hits
We selected nine potential hits obtained in the primary screen for further validation. Although KIF21B did 
not approach the 50% reduction in ciliation, it was added to the validation targets, as the reduction for each 
individual siRNA was consistent. In contrast, the individual results for KIF15 and KIF25 were more variable, 
hence we did not select these for further validation. For gene-expression analysis to determine knockdown 
efficiency, we scaled-up the experimental setup and used glass cover slips for immunofluorescence analysis; 
all other parameters of the validation screen are similar to the primary screen. For the validation screen, 
pooled oligonucleotides (4 per pool, Set II) were used to target the indicated genes. We calculated percentages 

Figure 3. Validation screen of ciliation
(A) Selected target genes were validated using Set II oligonucleotides; nuclei, basal body and cilia were counted manually. Asterisks indicate 
significant differences compared to the control as determined by Fishers’ exact test, at least 1000 events were counted per condition (B) 
Gene expression was determined in the individual conditions, standard deviation is shown for the triplicate analyses. KIF17 expression 
level is 300% compared to control conditions, for clarity of all other samples the scale bar was set to 200%. (C) Individual results from the 
primary screen for KIFC2, KIF17 and KIF21B using Set I oligonucleotides. (D) In a separate experiment, the potency of Set I oligonucleotides 
targeting KIFC2, KIF17 and KIF21B is determined. (E) GFP (n = 2), KIF17-GFP (n = 2) and KIF21B-GFP (n = 3) transfected cells were 
quantified for cilia frequencies, events counted are between 50-100 cells per condition, mean values and standard deviations are plotted. 
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of cilia frequency after manual analysis and determined gene knockdown using quantitative PCR (Figure 
3A,B). To exclude that the variation in cilia frequency is downstream of cell density, we analyzed the number 
of cells/mm2 and calculated the expected cilia frequencies for each target gene matched to control samples 
(Figure S2B,C). The positive controls showed efficient knockdown of IFT88 (64%) and PCNT (53%) and 
a corresponding reduction in ciliation is observed compared to the non-targeting control oligonucleotide 
pool (IFT88 65%, PCNT 56%). Of the nine primary screen targets we confirmed reproducible cilia reduction 
upon knockdown of KIF4A (56% knockdown, 43% fewer cilia) and KIF5C (94% knockdown, 35% fewer 
cilia). Knockdown of KIFC2 in the validation screen proved ineffective; hence this target requires additional 
validation using an alternative set of siRNAs. The samples for KIF5B, KIF9 and KIFC3 showed effective 
gene knockdown but fail to show a reduction in ciliation and we consider these as false positive hits in 
the primary screen. Intriguingly, this validation experiment indicates that although cilia frequencies are 
reduced upon knockdown of KIF17 and KIF21B, gene expression levels appear to be significantly elevated, 
suggestive of a dominant negative effect. For KIF2B, a similar trend is observed although the effect appears 
less robust compared to KIF17 and KIF21B. 
In light of these results, we returned to the primary screen to address the effects obtained for KIFC2, KIF17 
and KIF21B. For clarity, Figure 2B presents the averaged result of the three individual oligonucleotides. 
However, as indicated with an asterisk, false negatives were excluded. When two of three oligonucleotides 
showed a clear reduction in ciliogenesis, but the third one did not, we considered that data point to be a false 
negative (Figure 3C). Given the counterintuitive dominant negative effect observed in the validation screen, 
we decided to evaluate the knockdown potential of all Set I oligonucleotides for the indicated genes (Figure 
3D). Similarly as observed using oligonucleotide Set II, we noticed that the expression levels for KIF21B 
are notably elevated. This effect does not appear as strong for both KIF17, but a slight increase is observed. 
Of note, the gene expression effect of each individual target seems to correlate with the effect on ciliary 
frequencies obtained in the primary screen (Figure 3C,D). To confirm that increased expression levels of 
either KIF17 or KIF21B negatively affect ciliation in similar conditions, ectopically expressed GFP-tagged 
cDNA’s of either KIF17 and KIF21B were transfected. Upon introduction of KIF17-GFP, cilia frequencies 
are reduced compared to GFP alone, validating that increased levels of KIF17 protein at least inhibits cilia 
formation in the conditions used (Figure 3E). KIF21B overexpression did not affect cilia frequencies. 
 

Discussion

Cilia formation is initiated in most cells of the human body that become quiescent [253]. Efficient 
ciliogenesis is dependent on a number of conditions; apical polarity, polarized exocytosis, basal body 
membrane anchoring and intraflagellar transport [5, 10]. Kinesins are major motors of intracellular 
transport, facilitating timely delivery of cargo complexes and vesicles throughout the cell, but can also 
influence microtubule dynamics [252]. Ciliogenesis is highly dependent on the processes kinesins facilitate, 
as has been extensively described for intraflagellar transport [33]. Also, a number of essential components 
of polarized vesicle transport have been shown to reduce ciliogenesis [10]. Here, we describe the results of 
an unbiased siRNA screen targeting transcripts of molecular motor proteins and affiliated microtubule 
binding proteins and their contribution to ciliogenesis. In the settings of the primary screen and validation 
experiments performed, we identified that the motor proteins KIF4A and KIF5C are required for normal 
ciliation. Similarly, KIFC2 appears to be required, however, this target requires further validation, as Set II 
oligonucleotides did not produce efficient gene suppression. The molecular mechanisms that these kinesins 
control and how this contributes to ciliogenesis requires detailed characterization. Furthermore, it will be 
relevant to address if the effects observed could be overcome during prolonged serum starvation, which 
would indicate whether these targets are essential or merely required for efficient ciliogenesis. Kinesin-1 
members KIF5C, KIF5A and KIF5B can form homo/hetero-dimers with redundant function. Kinesin-1 
motors encompass rather generic functions in intracellular transport, and are implicated in a plethora of 
cellular functions [252, 258, 259]. KIF5C knockout mice have been described, but the phenotype observed 
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does not hint of gross ciliopathy defects, which might be caused by the limited Kif5c expression, which 
together with Kif5a is predominantly restricted neural cell expression [259]. Of note, the RPE cells used 
in our screen are derived from neural progenitor cells. Given that we also identified KIF5B in our primary 
screen, but not in the validation screen, might suggest that the ciliogenesis defect observed upon KIF5C 
depletion is time-dependent. Speculatively, kinesin-1 does participate in polarized exocytosis, possibly 
towards the basal body, but is redundant among kinesin-1 subcomplexes and alternative motor complexes, 
hence disrupting KIF5C-dependent pools of kinesin-1 complexes may interfere with ciliogenesis efficiency. 
Such a model would also be supported by observation that ciliary rootlets, a structure associated with the 
basal body, interacts with KIF5-complex members and thus renders the rootlet a potential docking site 
for kinesin-1 mediated vesicles [16]. Additionally, KIF5B is identified in the ciliary proteome and we have 
previously shown that there is overlap in the cellular machinery of cytokinesis and ciliogenesis, including 
KIF5B [142]. KIF4A is a microtubule plus-end binding protein that negatively regulate microtubule length 
and is implicated in midzone length control during cytokinesis [260, 261] and centromere movements in 
mitosis [262]. Based on this previously described function, it would be informative to look at microtubule 
dynamics during ciliogenesis when KIF4A is depleted. 
Interestingly, upon siRNA targeting of KIF17 and KIF21B, a reproducible enhancement of transcript levels 
for these targets was observed, but nevertheless, ciliation was reduced. The mechanism behind this 
inverse effect is enigmatic. One possible explanation might be that siRNA oligonucleotides interfere with 
endogenous miRNAs that normally regulate target transcript levels; hence endogenous gene expression 
level suppression is relieved [263]. It will be important to analyze total protein levels of these targets upon 
siRNA-mediated knockdown, to validate if these are similarly increased. When GFP-tagged KIF17 was 
expressed in RPE-hTERT cells, cilia frequencies were similarly reduced, suggesting that the protein levels 
are crucial in affecting ciliogenesis. When KIF21B-GFP was expressed, cilia levels did not differ from GFP 
alone, suggesting that either protein activity is not essential for the observed effect using oligonucleotides, 
alternatively, the observed results using oligonucleotides is not specific or the GFP-tag of KIF21B impairs 
protein function. KIF21B is an uncharacterized plus-end tracking kinesin implicated in neural dendritic 
structures [264], follow-up studies aimed at studying putative temporal or subtle effects on ciliogenesis 
might provide more insight in KIF21B function. As described in the introduction, the KIF17 ortholog OSM-3 
in Caenorhabditis elegans seems to work in an orchestrated fashion together with kinesin-2 in some cilia 
subtypes, and is required for formation of the cilia distal end [34]. However, in vertebrates, KIF17 cilia function 
appears to function more complementary to kinesin-2, and deletion structurally only affects outer segment 
cilia compartments, whereas the majority of cilia subtypes remain unaffected [36]. In light of the currently 
described literature, our observation of a strong ciliary phenotype associated with elevated gene expression 
is unexpected and it will be important to further validate our observation. Alternatively, the observed effect 
could be the result of KIF17 in alternative processes. Indeed, KIF17 does not function exclusively in cilia 
and it was recently shown that KIF17 functions in establishing apical polarity and microtubules dynamics 
by promoting acetylation [231]. Thus, the observed cilia phenotype might be an indirect effect of disturbed 
polarity or modified microtubule dynamics. 

Conclusion

We describe an automated analysis for cilia quantification in culture cells, based on immunofluorescent 
markers for the basal body and stabilized axonemal microtubules. There are several manual processes 
involved, limiting this method to medium-throughput. We identified several kinesin motors that are 
involved in ciliogenesis in retinal pigment epithelial cells. There are a number of cellular processes that can 
alter ciliation efficacy, such as IFT, golgi positioning, microtubule dynamics, microtubule anchoring and 
bundling at the basal body and polarized vesicle transport. KIF4A, KIF5C and KIF17 can potentially interfere 
with any of these processes and further studies will be required to determine the underlying mechanism on 
how these individual motor proteins function in relation to cilia.
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Methods

Cell culture, transfection and siRNA Oligo’s
RPE-hTERT cells were cultured in DMEM/F12 (LONZA) supplemented with 10% FBS, penicillin (100 U/ml), 
streptomycin (100 μg/ml) and L-Glutamine (2 mM). For the primary screen, 7,000 cells were seeded on 96-
well glass bottom optical imaging microplates (MatriCal Bioscience) and reversed transfected with 20 nM 
oligonucleotide during 36 hours using Lipofectamine RNAiMAX (Invitrogen) according to manufacturers’ 
recommended conditions. No antibiotics were present during transfection. The transfection medium was 
replaced with serum-free DMEM/F12 for 24 hours to induce ciliation. ON-TARGET plus-Non-targeting and 
IFT88 smartpool controls were obtained from Dharmacon. The custom designed library contains three 
separate individual Ambion Silencer Select oligonucleotides (Set I, Table S1). Experimental setup of the 
validation screen was similar to the primary screen, for gene knockdown we used Dharmacon ON-TARGET 
plus SMART pools (Set II). cDNA transfections were performed using Lipofectamine 2000 (Invitrogen) 
according to manufacturers’ recommended conditions. 

Immunofluorescence
All samples were incubated 15 minutes on ice prior to fixation to reduce non-axonemal tubulin background. 
Samples were fixed using fresh PFA 4%, pH7.2 for 20 minutes at room temperature whilst gently rocking the 
plates and subsequently permeabilized using 0.1% triton-X-100 in PFA for 10 minutes. Samples were stained 
overnight in a damp box at 4°C whilst gently rocking in primary antibody-mix containing α-PCNT antibody 
(1:750, Novus Biologicals) and α-acetylated-α-tubulin antibody (1:10,000, clone 6-11B-1, Sigma). Secondary 
antibody-mix was incubated similarly overnight, containing Alexa-fluorophores (1:500, Invitrogen) and 
Hoechst 33342 (1:100,000, Invitrogen). Samples were stored in 15% Glycerol/PBS or were mounted in 
Fluoromount-G (SouthernBiotech). 

Image acquisition and processing
Glass bottom 96-well plates for the primary screen and glass coverslips for the validation screen were 
imaged using a Zeiss LSM510 or LSM700 confocal microscope, equipped with a 40X N/A 1.3 oil objective. 
Images were acquired in tile-modus using LSM510 imaging software, generating a composite 460.68 μm 
X 460.68 μm image (2048X2048 pixels). Images were exported in split channels using Zeiss Zen software. 
Acetylated-α-tubulin staining is not an exclusive cilia/axonemal marker; therefore images from the primary 
screen were manually retouched to exclude evidently aberrant staining (Figure S1A). PCNT-stained and 
acetylated-α-tubulin -stained images were processed using Photoshop, extracting a colorimetric selection 
designed to reduce background. All images were further processed using ImageJ and first converted to 8-bit 
images, and made binary next. For the PCNT-images and acetylated-α-tubulin-images the threshold levels 
were set 0-245, for Hoechst-images 10-255. Using the particle analysis tool, event numbers were determined: 
single nuclei (1,000-8,000 pixels) and multinuclear clusters (8,000-100,000 pixels), PCNT/basal bodies (15-
150 pixels) and acetylated-α-tubulin /Cilia (30-220 pixels). Singularity was set 0.00-1.00 for all samples. 
The automated event counts were compared to manually quantified images, showing that the automated 
method approximates manual counting (Figure 2E and Figure S1B).

Screen analysis
For primary screen analysis, data acquisition was performed as described in the image acquisition and 
processing section. Ciliation percentages were calculated from the total number of events obtained from at 
least three 460.68 μm X 460.68 μm images of the PCNT and acetylated-α-tubulin per condition. Samples 
were excluded when the ratio between the established total number of nuclei and basal bodies was < 50% 
or when showing a visually aberrant color extraction for the PCNT-channel. Each gene was targeted by three 
individual oligonucleotides that were tested in duplicate, generating six data points in total used as input 
to calculate the average percentage of ciliation. Four controls (non-targeting and siIFT88) were included 
per 96-well plate; all samples are normalized to one non-targeting control. Images for the validation screen 
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were analyzed by manual counting of nuclei numbers (Hoechst333), basal body numbers (PCNT staining) 
and cilia (acetylated-α-tubulin). 

Real-Time quantitative PCR
RNA was isolated using the RNeasy-kit from Qiagen and concentration determined (NanoDrop 
spectrophotometer ND-1000, Thermo Fischer Scientific Inc.). PCR was performed on 500 ng of RNA 
template using the iScript cDNA Synthesis Kit (Bio-Rad, 170-8891) according to the manufacturers protocol. 
Primers were designed according to guidelines of Harvard Primer Database, UCSC Genome Browser and 
manufacture’s recommendations (Vandesompele, Eurogentec 2008) and are listed in Table S2. The iQ 
SYBR Green Supermix (Bio-Rad, 170-8880) was used to multiply and measure the cDNA with a CFX96 
Touch Real-Time PCR Detection System (Bio-Rad) as previously described [242]. To ensure reliable 
normalization, three housekeeping genes are included in our analyses (GAPDH, RPLPO and β-actin). 
RPLPO was established as the most constant housekeeping gene with BestKeeper software (http://www.
wzw.tum.de/gene-quantification/bestkeeper.html.) and used for normalization.

Statistics
(Figure 2A): The average number of nuclei obtained from all images of three duplicates, compared amongst 
six non-targeting control and siIFT88 samples, is shown with standard deviation. Statistical analysis using a 
2-paired two-tailed t-test indicates the means to vary significantly amongst all samples; P = 0.0294 and P = 
0.0037 between siCON and siIFT88 and siPCNT respectively. To determine the reduced basal body staining 
upon siPCNT, the total pixel contribution of all images obtained from the three duplicates was gathered and 
in a 2-paired two-tailed t-test siCON and siIFT88 do not vary significantly; P = 0.1148, siPCNT is significantly 
reduced compared to both siCON and siIFT88; P < 0.0001. (Figure 3A): a two-tailed Fisher’s exact test in 
a 2x2 contingency table was used because the data is categorical and sample sizes are large. As input we 
used the total number of cilia and total number of non-ciliated basal bodies of the control and compared 
this to each knockdown sample, the minimum number of cells events counted is > 1000. (Figure S1B): The 
sample data of n = 50 manual and automated analyses were compared using a Bland-Altman analysis. The 
cilia analysis has a bias of 0.1600 and 95% limits of agreement between -8.873 and 9.193. The nuclei analysis 
has a bias of 2.220 and 95% limits of agreement between -16.21 and 20.65, with 5% of outliers removed this 
obtains a significant bias of 0.08889 and 95% limits of agreement between -11.87 and 12.05. The basal body 
analysis has a bias of 2.080 and 95% limits of agreement between -19.45 and 23.61, with 10% of outliers 
removed this obtains a bias of -0.2250 and 95% limits of agreement between -13.60 and 13.15. (Figure S2B): 
using a one-sample two-tailed t-test (95% confidence) we compared the number of cells/mm2 of the various 
samples, P = 0.5415 and thus cell density does not differ significantly.
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Figure S1. Manual retouching of cilia channel
(A) Acetylated-α-tubulin is not an exclusively ciliary marker. Although prior to fixation, samples were placed on ice for 15 minutes to reduce 
background, some cells still show large clusters of Acetylated-α-tubulin staining throughout the cell. It was noted that these structures, 
which are readily identified not to be cilia, considerably interfered with the automated analysis; therefore the images were manually 
retouched to remove notorious background staining. Scale bars; upper panel (100 μm), lower panel (25 μm). (B) Bland-Altman analysis 
of manual counting compared to automated counting for nuclei, basal bodies and cilia. Both nuclei and basal body analysis become well 
comparable to manual validation upon removal of 5% and 10% of outliers respectively.
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Figure S2. Effect of monolayer confluence on ciliation.
(A) Average numbers of cells/mm2 for all samples in the primary screen. For unbiased analyses, images were purposely acquired of less 
confluent (but not extremely sparse) to dense regions, and accounts for the standard deviations shown. Cell density is expected to influence 
ciliation efficacy and although there is a tendency that most samples are slightly less confluent compared to control samples, no samples 
that show a severely reduced cell density. The ciliation variation amongst samples (Figure 2B) does not appear correlated with the average 
confluence. (B) The number of cells/mm2 for the validation screen are not significantly different (P = 0.5415, one-sample t-test), however 
there appears to be a modest tendency towards reduced cell densities most notable in the PCNT, KIF4A, KIF17 and KIF21B samples. (C) 
To exclude that reduced ciliation frequencies are independent of cell density in these conditions, we calculated the expected ciliation 
percentages based on the number of cells/mm2. The cells/mm2 and ciliation frequencies of all acquired control images (ranging from 
less confluent to dense image fields) were used to generate a best-fitting curve. As we are unaware whether ciliation occurs linear with 
cell density in a certain range or whether this relationship is logarithmic, we used both best-fitting curves: linear: y=0.1061(x) + 42.453, 
logarithmic; y=44.414ln(x) – 179.46, where (x) is the numbers of cells/mm2 and (y) the calculated cilia frequency. In both calculations the 
expected values only differ very marginally. Comparing the calculated values to the observed ciliation frequencies indicates the observed 
values to be lower than would be expected from the averaged cell densities.
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RefSeq Accession 
Number Gene Symbol Full Gene Name Gene ID Sense siRNA Sequence Antisense siRNA Sequence Plate

NM_004321 KIF1A kinesin family member 1A 547 CAAGAUGACCGGACCUUUUtt AAAAGGUCCGGUCAUCUUGgg A
NM_004321 KIF1A kinesin family member 1A 547 GACCGGACCUUUUACCAAUtt AUUGGUAAAAGGUCCGGUCat B
NM_004321 KIF1A kinesin family member 1A 547 CAACAACACCUGUUCAGCAtt UGCUGAACAGGUGUUGUUGtt C
NM_015074 KIF1B kinesin family member 1B 23095 CGAAGAUCCCUGUUUUGCAtt UGCAAAACAGGGAUCUUCGgg A
NM_015074 KIF1B kinesin family member 1B 23095 GCAAUGCUGUUAUCAAUGAtt UCAUUGAUAACAGCAUUGCat B
NM_015074 KIF1B kinesin family member 1B 23095 GGAAAAUCUUAUACAAUGAtt UCAUUGUAUAAGAUUUUCCag C
NM_004520 KIF2A kinesin heavy chain member 2A 3796 GUUGUUUACUUUCCACGAAtt UUCGUGGAAAGUAAACAACtg A
NM_004520 KIF2A kinesin heavy chain member 2A 3796 CAGGUUUACUGCUAAACCAtt UGGUUUAGCAGUAAACCUGta B
NM_004520 KIF2A kinesin heavy chain member 2A 3796 GAAUUGACUGUAGAUCCAAtt UUGGAUCUACAGUCAAUUCtt C
NM_032559 KIF2B kinesin family member 2B 84643 GCAAGAAGAUUGACCUGGAtt UCCAGGUCAAUCUUCUUGCct A
NM_032559 KIF2B kinesin family member 2B 84643 CACCAUGGGUGGAGACUUUtt AAAGUCUCCACCCAUGGUGta B
NM_032559 KIF2B kinesin family member 2B 84643 AAGUCACAUCGGAAAUUCAtt UGAAUUUCCGAUGUGACUUtt C
NM_006845 KIF2C kinesin family member 2C 11004 GCAAUAAACCCAGAACUCUtt AGAGUUCUGGGUUUAUUGCag A
NM_006845 KIF2C kinesin family member 2C 11004 CAAAGUAUCUGGAGAACCAtt UGGUUCUCCAGAUACUUUGtt B
NM_006845 KIF2C kinesin family member 2C 11004 CCAACGCAGUAAUGGUUUAtt UAAACCAUUACUGCGUUGGat C
NM_007054 KIF3A kinesin family member 3A 11127 GCAUUGAUGGUAACAUGCAtt UGCAUGUUACCAUCAAUGCct A
NM_007054 KIF3A kinesin family member 3A 11127 GCAUAUGGACAAACCGGAAtt UUCCGGUUUGUCCAUAUGCaa B
NM_007054 KIF3A kinesin family member 3A 11127 CUAUCAGUACAUUACGGUAtt UACCGUAAUGUACUGAUAGtt C
NM_004798 KIF3B kinesin family member 3B 9371 GGAUAUAAGAGACCAUUGAtt UCAAUGGUCUCUUAUAUCCca A
NM_004798 KIF3B kinesin family member 3B 9371 GGUCAGGGCUUCUUACUUAtt UAAGUAAGAAGCCCUGACCag B
NM_004798 KIF3B kinesin family member 3B 9371 CUAACUCAUUUGACCAUAUtt AUAUGGUCAAAUGAGUUAGga C
NM_002254 KIF3C kinesin family member 3C 3797 GUACAGGGCUGAAAACAUAtt UAUGUUUUCAGCCCUGUACct A
NM_002254 KIF3C kinesin family member 3C 3797 GGAAUUCUCUCACGACCAAtt UUGGUCGUGAGAGAAUUCCat B
NM_002254 KIF3C kinesin family member 3C 3797 CCACGUCUAAAGUCCGAAAtt UUUCGGACUUUAGACGUGGaa C
NM_012310 KIF4A kinesin family member 4A 24137 CCAAUGUGCUCAGACGUAAtt UUACGUCUGAGCACAUUGGat A
NM_012310 KIF4A kinesin family member 4A 24137 CGAAAUCAUUUUGCCGAGAtt UCUCGGCAAAAUGAUUUCGtt B
NM_012310 KIF4A kinesin family member 4A 24137 CCUUCGCUAUGCUGACAGAtt UCUGUCAGCAUAGCGAAGGgt C
XM_942126 KIF4B kinesin family member 4B 285643 GACUCAGAACGACAACCAAtt UUGGUUGUCGUUCUGAGUCat A
XM_942126 KIF4B kinesin family member 4B 285643 GGAUCUAAAAUAUUGUUCAtt UGAACAAUAUUUUAGAUCCtc B
XM_942126 KIF4B kinesin family member 4B 285643 CCAGUGUGCUCAGACGUAAtt UUACGUCUGAGCACACUGGat C
NM_004984 KIF5A kinesin family member 5A 3798 GGACACCAGCGAAAACGAAtt UUCGUUUUCGCUGGUGUCCac A
NM_004984 KIF5A kinesin family member 5A 3798 GCUGGUACGUGACAAUGCAtt UGCAUUGUCACGUACCAGCtg B
NM_004984 KIF5A kinesin family member 5A 3798 GGGACGAGAUCAACGAGAAtt UUCUCGUUGAUCUCGUCCCgg C
NM_004521 KIF5B kinesin family member 5B 3799 GGUUAUGCAAGAUAGACGAtt UCGUCUAUCUUGCAUAACCgt A
NM_004521 KIF5B kinesin family member 5B 3799 CUACAUGAACUUACGGUUAtt UAACCGUAAGUUCAUGUAGtt B
NM_004521 KIF5B kinesin family member 5B 3799 CAACCGCAAUUGGAGUUAUtt AUAACUCCAAUUGCGGUUGct C
NM_004522 KIF5C kinesin family member 5C 3800 GGUUAUAACGGGACGAUUUtt AAAUCGUCCCGUUAUAACCtt A
NM_004522 KIF5C kinesin family member 5C 3800 CAAUGCAUGUGCGAAGCAAtt UUGCUUCGCACAUGCAUUGta B
NM_004522 KIF5C kinesin family member 5C 3800 CUCUUAUUGCUCAACGAUAtt UAUCGUUGAGCAAUAAGAGct C
NM_145027 KIF6 kinesin family member 6 221458 CCAACCGAAUGAUUGCAGAtt UCUGCAAUCAUUCGGUUGGtg A
NM_145027 KIF6 kinesin family member 6 221458 CGUUCGCACAUUCCUUAUAtt UAUAAGGAAUGUGCGAACGgt B
NM_145027 KIF6 kinesin family member 6 221458 GAAUCUUGAUGAGUCUAUAtt UAUAGACUCAUCAAGAUUCct C
NM_198525 KIF7 kinesin family member 7 374654 GCAAGUAUUUUGACAAGGUtt ACCUUGUCAAAAUACUUGCag A
NM_198525 KIF7 kinesin family member 7 374654 CCGUUACCCUUGACCUGGAtt UCCAGGUCAAGGGUAACGGag B
NM_198525 KIF7 kinesin family member 7 374654 GGAUAAACCAGGAACUGAAtt UUCAGUUCCUGGUUUAUCCac C
NM_022342 KIF9 kinesin family member 9 64147 GAAUUUCCAGAAGUCACUAtt UAGUGACUUCUGGAAAUUCag A
NM_022342 KIF9 kinesin family member 9 64147 GCACCUUUGUGACCUAUGAtt UCAUAGGUCACAAAGGUGCgg B
NM_022342 KIF9 kinesin family member 9 64147 CAGACAGACUGGUCGUUUAtt UAAACGACCAGUCUGUCUGtt C
NM_004523 KIF11 kinesin family member 11 3832 CCAUCAACACUGGUAAGAAtt UUCUUACCAGUGUUGAUGGgt A
NM_004523 KIF11 kinesin family member 11 3832 CCACGUACCCUUCAUCAAAtt UUUGAUGAAGGGUACGUGGaa B
NM_004523 KIF11 kinesin family member 11 3832 GACUGAUCUUCUAAGUUCAtt UGAACUUAGAAGAUCAGUCtt C
NM_138424 KIF12 kinesin family member 12 113220 CUGCUCACCCUUUACAUCAtt UGAUGUAAAGGGUGAGCAGgg A
NM_138424 KIF12 kinesin family member 12 113220 GAACCUGUACGGGAUGCUAtt UAGCAUCCCGUACAGGUUCcg B
NM_138424 KIF12 kinesin family member 12 113220 CAGCCGUCGAAGGAACUCAtt UGAGUUCCUUCGACGGCUGag C
NM_022113 KIF13A kinesin family member 13A 63971 GGAGUUAGUAUUACGAAAAtt UUUUCGUAAUACUAACUCCat A
NM_022113 KIF13A kinesin family member 13A 63971 CCUCAUGCCUUAACCGUCAtt UGACGGUUAAGGCAUGAGGag B
NM_022113 KIF13A kinesin family member 13A 63971 GUCUCUUAAAGUUCGAGAAtt UUCUCGAACUUUAAGAGACtg C
NM_015254 KIF13B kinesin family member 13B 23303 GAGAUGCGGUUGACCCUAAtt UUAGGGUCAACCGCAUCUCca A
NM_015254 KIF13B kinesin family member 13B 23303 GCUUAUGUAUGAGCACGAAtt UUCGUGCUCAUACAUAAGCct B
NM_015254 KIF13B kinesin family member 13B 23303 GGAUGAUGCUGACCGUGAAtt UUCACGGUCAGCAUCAUCCtc C
NM_014875 KIF14 kinesin family member 14 9928 GCUCUACGGCUCACACUAAtt UUAGUGUGAGCCGUAGAGCag A
NM_014875 KIF14 kinesin family member 14 9928 GGAACACCCUGACACGAAAtt UUUCGUGUCAGGGUGUUCCac B
NM_014875 KIF14 kinesin family member 14 9928 CAAGCCCGUUUAAUAGUCAtt UGACUAUUAAACGGGCUUGgt C
NM_020242 KIF15 kinesin family member 15 56992 GAAUGACUGAUGAAGUCGAtt UCGACUUCAUCAGUCAUUCta A
NM_020242 KIF15 kinesin family member 15 56992 GGGAUUCCCUUGGAGGUAAtt UUACCUCCAAGGGAAUCCCgt B
NM_020242 KIF15 kinesin family member 15 56992 GGAACAUCAUUCUACCCAAtt UUGGGUAGAAUGAUGUUCCag C
NM_020816 KIF17 kinesin family member 17 57576 GCAACUACUUCCGAUCUAAtt UUAGAUCGGAAGUAGUUGCtg A
NM_020816 KIF17 kinesin family member 17 57576 CCCUCCAAAUCUGAGAUUUtt AAAUCUCAGAUUUGGAGGGtt B
NM_020816 KIF17 kinesin family member 17 57576 GCUACACGCUGAUGAACAAtt UUGUUCAUCAGCGUGUAGCcg C
NM_031217 KIF18A kinesin family member 18A 81930 GGCUCCAUCGUGUCGAAAAtt UUUUCGACACGAUGGAGCCaa A
NM_031217 KIF18A kinesin family member 18A 81930 CGUUAACUGCAGACGUAAAtt UUUACGUCUGCAGUUAACGaa B
NM_031217 KIF18A kinesin family member 18A 81930 GCUUGUUCCAGAAUCGAGAtt UCUCGAUUCUGGAACAAGCag C

NM_001080443 KIF18B kinesin family member 18B 146909 CAGUUUCCAUGAAUGCAUUtt AAUGCAUUCAUGGAAACUGgg A
NM_001080443 KIF18B kinesin family member 18B 146909 AGAUCUUUGUGAAGCAGCAtt UGCUGCUUCACAAAGAUCUgg B
NM_001080443 KIF18B kinesin family member 18B 146909 UGACCACCGUGGAACUGUAtt UACAGUUCCACGGUGGUCAgg C

NM_153209 KIF19 kinesin family member 19 124602 GCAAUGACAUGGAGUAUGAtt UCAUACUCCAUGUCAUUGCtg A
NM_153209 KIF19 kinesin family member 19 124602 CGAAAGGAGUGCUACGCUAtt UAGCGUAGCACUCCUUUCGct B
NM_153209 KIF19 kinesin family member 19 124602 CGGGAGAAGUCCUACCUGUtt ACAGGUAGGACUUCUCCCGgg C
NM_005733 KIF20A kinesin family member 20A 10112 GGAACAUAGUCUUCAGGUAtt UACCUGAAGACUAUGUUCCtt A
NM_005733 KIF20A kinesin family member 20A 10112 CGAACUGCUUUAUGACCUAtt UAGGUCAUAAAGCAGUUCGtt B
NM_005733 KIF20A kinesin family member 20A 10112 CGGCUAUGCGAGGAUCAAAtt UUUGAUCCUCGCAUAGCCGca C
NM_017641 KIF21A kinesin family member 21A 55605 CACGUACUGUGAAUACAGAtt UCUGUAUUCACAGUACGUGtt A
NM_017641 KIF21A kinesin family member 21A 55605 GUAAGACCCAUGUCAGAUAtt UAUCUGACAUGGGUCUUACtt B
NM_017641 KIF21A kinesin family member 21A 55605 CCCUUACAGAAGCCCGAUAtt UAUCGGGCUUCUGUAAGGGtg C
NM_017596 KIF21B kinesin family member 21B 23046 GACACUCACUGCUAAGUUUtt AAACUUAGCAGUGAGUGUCtc A
NM_017596 KIF21B kinesin family member 21B 23046 CCCUCGUUGAGAUCAAAGAtt UCUUUGAUCUCAACGAGGGag B
NM_017596 KIF21B kinesin family member 21B 23046 GGGUAAAGUUGUGGAAUUAtt UAAUUCCACAACUUUACCCgg C
NM_007317 KIF22 kinesin family member 22 3835 CAAUCGGCCUUUUACCAAUtt AUUGGUAAAAGGCCGAUUGat A
NM_007317 KIF22 kinesin family member 22 3835 GCUUAAGACGAAGCAAAAAtt UUUUUGCUUCGUCUUAAGCct B
NM_007317 KIF22 kinesin family member 22 3835 GGCCUUCGGCUAAAAGAGAtt UCUCUUUUAGCCGAAGGCCct C
NM_004856 KIF23 kinesin family member 23 9493 GCGAAAUUUUGGAUAUCAAtt UUGAUAUCCAAAAUUUCGCat A
NM_004856 KIF23 kinesin family member 23 9493 CCUUUGCCGUCAUGCGAAAtt UUUCGCAUGACGGCAAAGGtg B
NM_004856 KIF23 kinesin family member 23 9493 CGACAUAACUUACGACAAAtt UUUGUCGUAAGUUAUGUCGtt C
NM_194313 KIF24 kinesin family member 24 347240 GUUCCACUCUUACUCUGAAtt UUCAGAGUAAGAGUGGAACag A
NM_194313 KIF24 kinesin family member 24 347240 CAAGAAAGAUCUAACUAAAtt UUUAGUUAGAUCUUUCUUGtc B
NM_194313 KIF24 kinesin family member 24 347240 GGGUCAAAGAACUAAAGAAtt UUCUUUAGUUCUUUGACCCgg C
NM_005355 KIF25 kinesin family member 25 3834 AUAAUUACGGUGACUCUAAtt UUAGAGUCACCGUAAUUAUca A
NM_005355 KIF25 kinesin family member 25 3834 CAGAGUGACUUAGGAAUUAtt UAAUUCCUAAGUCACUCUGtg B
NM_005355 KIF25 kinesin family member 25 3834 AGUGGAAGUUUACAAUAAUtt AUUAUUGUAAACUUCCACUat C
XM_941210 KIF26A kinesin family member 26A 26153 CGCUGCACGUCUACCAGUAtt UACUGGUAGACGUGCAGCGtg A
XM_941210 KIF26A kinesin family member 26A 26153 CGUACACCAUGAUCGGGAAtt UUCCCGAUCAUGGUGUACGac B
XM_941210 KIF26A kinesin family member 26A 26153 AGAUCAAGGUGUACGAGAUtt AUCUCGUACACCUUGAUCUcg C

Table S1. Oligonucleotide sequences (Set I)
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RefSeq Accession 
Number Gene Symbol Full Gene Name Gene ID Sense siRNA Sequence Antisense siRNA Sequence Plate

NM_018012 KIF26B kinesin family member 26B 55083 CGGAAACUCCUGUCGAUGAtt UCAUCGACAGGAGUUUCCGgg A
NM_018012 KIF26B kinesin family member 26B 55083 GGCUGUGAUUCACGACAAAtt UUUGUCGUGAAUCACAGCCga B
NM_018012 KIF26B kinesin family member 26B 55083 CCUACACCAUGAUCGGAAAtt UUUCCGAUCAUGGUGUAGGat C
NM_017576 KIF27 kinesin family member 27 55582 GGUGGUGAAUUUGCGAGAAtt UUCUCGCAAAUUCACCACCtt A
NM_017576 KIF27 kinesin family member 27 55582 GCUGGAUUUCGAACACGAAtt UUCGUGUUCGAAAUCCAGCaa B
NM_017576 KIF27 kinesin family member 27 55582 GGAUCUUCACAUCCGAGAAtt UUCUCGGAUGUGAAGAUCCtt C
NM_002263 KIFC1 kinesin family member C1 3833 CAAGCUACGUAGAGAUCUAtt UAGAUCUCUACGUAGCUUGct A
NM_002263 KIFC1 kinesin family member C1 3833 GGACUUAAAGGGUCAGUUAtt UAACUGACCCUUUAAGUCCca B
NM_002263 KIFC1 kinesin family member C1 3833 CCUCAACUCUCUACGCUUUtt AAAGCGUAGAGAGUUGAGGga C
NM_145754 KIFC2 kinesin family member C2 90990 CCCUAACCCGUUUCCCGAAtt UUCGGGAAACGGGUUAGGGag A
NM_145754 KIFC2 kinesin family member C2 90990 UAGCCUCUUUGGAUCCAUUtt AAUGGAUCCAAAGAGGCUAgg B
NM_145754 KIFC2 kinesin family member C2 90990 GCGACGGACUCAGAGAAAAtt UUUUCUCUGAGUCCGUCGCcc C
NM_005550 KIFC3 kinesin family member C3 3801 GGCUGUGCACGAGAAUCUAtt UAGAUUCUCGUGCACAGCCtt A
NM_005550 KIFC3 kinesin family member C3 3801 CCAAUGCUGUGACUUUCGAtt UCGAAAGUCACAGCAUUGGtg B
NM_005550 KIFC3 kinesin family member C3 3801 GCUCUAUUCCCUCAAGUUUtt AAACUUGAGGGAAUAGAGCgt C
NM_018136 ASPM asp (abnormal spindle) homolog, microcephaly associ-

ated (Drosophila)
259266 GGUUAAUUGUUCGAAAAGAtt UCUUUUCGAACAAUUAACCgc A

NM_018136 ASPM asp (abnormal spindle) homolog, microcephaly associ-
ated (Drosophila)

259266 GGCGGUUAAUUGUUCGAAAtt UUUCGAACAAUUAACCGCCta B

NM_018136 ASPM asp (abnormal spindle) homolog, microcephaly associ-
ated (Drosophila)

259266 GGCGAAGAGUCUUAGCACAtt UGUGCUAAGACUCUUCGCCaa C

NM_001813 CENPE centromere protein E, 312kDa 1062 CAUCAACUUAUUACGUUAAtt UUAACGUAAUAAGUUGAUGtt A
NM_001813 CENPE centromere protein E, 312kDa 1062 GGUUGACUCAGAUACUACAtt UGUAGUAUCUGAGUCAACCtt B
NM_001813 CENPE centromere protein E, 312kDa 1062 GGCUGUAAUAUAAAUCGAAtt UUCGAUUUAUAUUACAGCCtt C
NM_015282 CLASP1 cytoplasmic linker associated protein 1 23332 GGUUAUGACAACACCGAAAtt UUUCGGUGUUGUCAUAACCct A
NM_015282 CLASP1 cytoplasmic linker associated protein 1 23332 GGAUGUAUUCUGACGAUGAtt UCAUCGUCAGAAUACAUCCca B
NM_015282 CLASP1 cytoplasmic linker associated protein 1 23332 CCGUCUUCAGAAAAGCGAAtt UUCGCUUUUCUGAAGACGGtg C
NM_015097 CLASP2 cytoplasmic linker associated protein 2 23122 GGUCAUCACUUGGACAACAtt UGUUGUCCAAGUGAUGACCcg A
NM_015097 CLASP2 cytoplasmic linker associated protein 2 23122 CAAGGUUCCUGCACCUAAAtt UUUAGGUGCAGGAACCUUGaa B
NM_015097 CLASP2 cytoplasmic linker associated protein 2 23122 GCACCUAAAACAUCCGGAAtt UUCCGGAUGUUUUAGGUGCag C
NM_014675 CROCC ciliary rootlet coiled-coil, rootletin 9696 AGGGCAAGAUUCUCCAGUAtt UACUGGAGAAUCUUGCCCUgc A
NM_014675 CROCC ciliary rootlet coiled-coil, rootletin 9696 CUGACACUAGAGACGGUUAtt UAACCGUCUCUAGUGUCAGct B
NM_014675 CROCC ciliary rootlet coiled-coil, rootletin 9696 GGGAGAUUGUCACCCGCAAtt UUGCGGGUGACAAUCUCCCtg C
NM_001376 DYNC1H1 dynein, cytoplasmic 1, heavy chain 1 1778 GAACGUGCGUUAUACCGCAtt UGCGGUAUAACGCACGUUCca A
NM_001376 DYNC1H1 dynein, cytoplasmic 1, heavy chain 1 1778 CGUCGUGACUUGAGGAUAAtt UUAUCCUCAAGUCACGACGca B
NM_001376 DYNC1H1 dynein, cytoplasmic 1, heavy chain 1 1778 GGAGCGAAUGAAUACCCUUtt AAGGGUAUUCAUUCGCUCCag C
NM_012325 MAPRE1 microtubule-associated protein, RP/EB family, mem-

ber 1
22919 GUCAACGUAUUGAAACUUAtt UAAGUUUCAAUACGUUGACct A

NM_012325 MAPRE1 microtubule-associated protein, RP/EB family, mem-
ber 1

22919 GCAGGUCAACGUAUUGAAAtt UUUCAAUACGUUGACCUGCtg B

NM_012325 MAPRE1 microtubule-associated protein, RP/EB family, mem-
ber 1

22919 CCUGUGGACAAAUUAGUAAtt UUACUAAUUUGUCCACAGGaa C

NM_012326 MAPRE3 microtubule-associated protein, RP/EB family, mem-
ber 3

22924 CCUCAACUAUACCAAGAUAtt UAUCUUGGUAUAGUUGAGGtg A

NM_012326 MAPRE3 microtubule-associated protein, RP/EB family, mem-
ber 3

22924 GAACGUGACUUCUACUUCAtt UGAAGUAGAAGUCACGUUCct B

NM_012326 MAPRE3 microtubule-associated protein, RP/EB family, mem-
ber 3

22924 CAACUAUACCAAGAUAGAAtt UUCUAUCUUGGUAUAGUUGag C

NM_006185 NUMA1 nuclear mitotic apparatus protein 1 4926 CCUUCUACCUGUUCUAGCAtt UGCUAGAACAGGUAGAAGGca A
NM_006185 NUMA1 nuclear mitotic apparatus protein 1 4926 CCAUGACCAAGAAGCUAGAtt UCUAGCUUCUUGGUCAUGGtg B
NM_006185 NUMA1 nuclear mitotic apparatus protein 1 4926 CCAGCAACAGGAUCAAGAAtt UUCUUGAUCCUGUUGCUGGat C
NM_006031 PCNT pericentrin 5116 GGAGAGUCAUCAUCAAGCAtt UGCUUGAUGAUGACUCUCCag A
NM_006031 PCNT pericentrin 5116 GCAAUAUUAAGAUUACGUUtt AACGUAAUCUUAAUAUUGCaa B
NM_006031 PCNT pericentrin 5116 CGAAGAUUUUAUCACAACAtt UGUUGUGAUAAAAUCUUCGac C
NM_152524 SGOL2 shugoshin-like 2 (S. pombe) 151246 GGACUUGUCAAAUACCAGUtt ACUGGUAUUUGACAAGUCCtg A
NM_152524 SGOL2 shugoshin-like 2 (S. pombe) 151246 GAUCUAUCUUCAGAACGGAtt UCCGUUCUGAAGAUAGAUCtt B
NM_152524 SGOL2 shugoshin-like 2 (S. pombe) 151246 CUUUGACAGUGUUCGUGAAtt UUCACGAACACUGUCAAAGga C

Table S2. Primer sequences for quantitative PCR 5’-3’

Target gene Forward Primer (5’-3’) Reversed Primer (5’-3’)

β-actin (ACTB) GATCGGCGGCTCCATCCTG GACTCGTCATACTCCTGCTTGC

GAPDH ACAGTCAGCCGCATCTTC GCCCAATACGACCAAATCC

RPLP0 (P0) TGCACAATGGCAGCATCTAC ATCCGTCTCCACAGACAAGG

PCNT TCACTTCCGACAGAGAAAAACAA CCTGGACAGACGCATCGAC

IFT88 GGGTCCAAGACATCTCTGGC GAATAGCCCCTGTCATTGGTC

KIF5B CTGGCCGAGTGCAACATCA CGATCACGACCGTGTCTTCT

KIF5C ATGTCTTCGACAGAGTGCTACC ACGCAAAAATCGTCCCGTTAT

KIF17 GGCTGGAAGAACCGTTCGG AGACATCTCGATGCTGATGGT

KIF4A TACTGCGGTGGAGCAAGAAG CATCTGCGCTTGACGGAGAG

KIF21B ACCTATGACTTTGTCTTCGACCT CAGCACCGTGGCATTATAGC

KIF9 CATTTGTCCGTGTCAAACCCA CATCCAACTTAAACGACCAGTCT

KIF2B CTGAAACCCTTGAAGCCACAT AGCAGGAGTATGGTCTCCAGG

KIFC2 AAGGGAAATATCCGTGTGCTG GTCTAGGCGGAATCGACGATG

KIFC3 GTGGAGCTGCGACTCAAGG CTGCTTGGTCTTGGACGACT

2





55

Chapter 3

Reduced cilia frequencies in human renal cell 
carcinomas versus neighboring parenchymal tissue

S.G. Basten1,2, S. Willekers1, J.S.P. Vermaat2, G.G.G. Slaats1, E.E. Voest2, P. J. van Diest3 and R.H. Giles1

1 Department of Medical Oncology, University Medical Center Utrecht, Universiteitsweg 100, 3584 CG, 
Utrecht, The Netherlands
2 Department of Nephrology and Hypertension, University Medical Center Utrecht, Heidelberglaan 100, 
3584 CX, Utrecht, The Netherlands
3 Department of Pathology, University Medical Center Utrecht, Heidelberglaan 100, 3584 CX Utrecht, The 
Netherlands

Adapted from Cilia, 2013, 2:2 (www.ciliajournal.com/content/2/1/2)



56

Abstract

Background
Cilia are essential organelles in multiple organ systems, including the kidney where they serve as 
important regulators of renal homeostasis. Renal nephron cilia emanate from the apical membrane 
of epithelia, extending into the lumen where they function in flowsensing and ligand-dependent 
signaling cascades. Ciliary dysfunction underlies renal cyst formation that is in part caused by 
deregulation of planar cell polarity and canonical Wnt signaling. Renal cancer pathologies occur 
sporadically or in heritable syndromes caused by germline mutations in tumor suppressor genes 
including VHL. Importantly, Von Hippel-Lindau (VHL) patients frequently develop complex 
renal cysts that can be considered a premalignant stage. One of the well-characterized molecular 
functions of VHL is its requirement for the maintenance of cilia. In this study, tissue from 110 renal 
cancer patients who underwent nephrectomy was analyzed to determine if lower ciliary frequency 
is a common hallmark of renal tumorigenesis by comparing cilia frequencies in both tumor and 
adjacent parenchymal tissue biopsies from the same kidney.

Results
Samples from renal cell carcinoma patients deposited in our hospital tissue bank were previously 
used to compose a tissue microarray containing three cores of both tumor and parenchymal 
tissue per patient. A total of eighty-nine clear cell, eight papillary, five chromophobe renal cell 
carcinomas, two sarcomatoid renal tumors and six oncocytomas were immunostained for 
acetylated-α-tubulin, a validated marker for cilia, and counted manually. Nuclei were counted 
automatically to determine ciliary frequencies. A marked decrease of primary cilia across renal 
cell carcinoma subtypes was observed compared to adjacent nontumorigenic tissue. 

Conclusions
Our study shows that cilia are predominantly lost in renal cell carcinomas compared to tissue of 
the tumor parenchyma. These results suggest that ciliary loss is common in renal tumorigenesis, 
possibly participating in the sequence of cellular events leading to malignant tumor development. 
Future therapies aimed at restoring or circumventing cilia signaling might therefore aid in current 
treatment efficacy.
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Background

Primary cilia are small hair-like organelles that generally extend from the apical plasma membrane and 
are almost ubiquitously expressed throughout the human body [253]. Cilia function as sensory organelles 
in response to extracellular stimuli, such as fluid flow (mechanosensation) in addition to mitogenic, 
morphogenic and olfactory factors. Ciliary signaling is pivotal during development and organ homeostasis 
[45]. Dysfunctional cilia underlie the development of a broad range of diseases, collectively known as 
ciliopathies. Hallmark disease syndromes that find their origin in cilia dysfunction include polycystic kidney 
disease (PKD), Bardet-Biedl syndrome (BBS), Meckel-Gruber syndrome (MKS) and nephronophthisis 
(NPHP) [55]. These syndromes have a partially overlapping disease spectrum and interestingly, one of the 
most frequently affected tissues is the kidney, which is characterized by a high prevalence of renal cyst 
formation [55]. The tubules that make up the nephron are highly ciliated and essential for regulating cell 
proliferation in response to fluid flow, as well as maintaining planar organization of the tissue [56]. Loss 
of cilia in the renal tubules has been described to induce a switch from non-canonical to canonical Wnt 
signaling that leads to inappropriate β-catenin activation, cell proliferation and loss of planar cell polarity, 
however there is some controversy concerning the exact mechanisms involved [111]. In general, loss of ciliary 
function marks the initiation of cyst formation eventually severely impairing renal function.
Kidney cancers can be subcategorized into several histopathological subtypes, of which renal cell carcinoma 
(RCC) is the most predominant [265]. Distinct RCC pathologies are clear cell (ccRCC) with an incidence of 
75%, papillary (pRCC, 10 to 15%) and chromophobe (chrRCC, 5%) [187]. Closely resembling the histology of 
chromophobe RCC is the subtype renal oncocytoma with a prevalence of 5% [189, 190]. The overall majority 
of kidney cancers is sporadic and 4% is attributable to heritable cancer syndromes [265]. The best-studied 
familial kidney cancer syndrome is Von Hippel-Lindau disease (VHL, MIM608537), predisposing to ccRCC 
development as well as extrarenal tumor development [180]. Interestingly, the VHL gene is also inactivated 
in up to 87% of sporadic clear cell RCCs [195]. Tuberous sclerosis (TSC) is associated with germline mutations 
in the TSC1/Harmatin (MIM605284) and TSC2/Tuburin (MIM191092) genes [205]. The renal pathology of 
TSC patients is predominantly benign renal angiomyolipoma (50 to 80%), although a minority develops 
ccRCC with an earlier onset of disease compared to the general population (3%) [185]. Birt-Hogg-Dubé 
syndrome (BHD) is a monogenic disorder caused by mutations in FLCN/Folliculin [211] (MIM607273). 
Renal tumors isolated from BHD patients are histologically diverse, predominantly consisting of chrRCC 
(34%) and hybrid oncocytoma/chromophobe (50%) neoplasms, and less frequently ccRCC (9%) [213]. 
Interestingly, the gene products of these heritable kidney cancer loci have all been directly linked with cilia 
function. As renal cysts are common features in VHL, TSC and BHD syndromes, a common hypothesis is 
that renal transformation originates from cystic lesions comprising a pretumorigenic stage in the natural 
disease course. In VHL patients, direct evidence of this transformation has been documented [266]. This 
is further supported by the observation that patients with acquired cystic kidney disease (ACKD) have an 
increased risk for RCC with incidences ranging from 2 to 5% [185], and the development of both cysts and 
RCC in mouse models for VHL disease [267], TSC [206] and BHD syndrome [214].
During the cell cycle, both the cilium and the mitotic spindle lay claim to the centrosome, rendering these 
processes mutually exclusive and cilia must therefore first be disassembled prior to cell division [61, 132]. 
Collectively, these data raise the question of whether renal cell carcinomas sustain normal ciliary frequencies. 
One study in a small cohort of ccRCC indeed establishes some initial support for this hypothesis [191]. 
Here we analyze cilia frequency in renal tumor resections by immunohistochemistry for cilia axonemal 
marker acetylated-α-tubulin. In order to efficiently and reproducibly analyze a large number of patients in 
standardized conditions, we used a tissue microarray (TMA) of RCC biopsies, including eighty-nine ccRCC, 
eight pRCC, five chrRCC, two sarcomatoid renal tumors and six  oncocytomas [268]. The TMA additionally 
includes tissue originating from the benign renal parenchyma surrounding the tumor, which we used to 
correlate the ciliary frequencies in RCC.
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Results

Classification of renal tumors
A collection of renal tumor biopsies and tissue of the tumor parenchyma, recovered 1cm to 8 cm adjacent 
to the tumor lesion, was used to compile a TMA. Sections were previously well-documented and classified 
according to WHO standards by pathologists [268]. Both the tumor and parenchymal tissue were represented 
by three cores 1 mm in diameter. A total of eighty-nine clear cell RCC (ccRCC) of which ten were obtained 
from VHL patients, eight papillary RCC (pRCC), five chromophobe RCC (chrRCC), six oncocytomas and two 
sarcomatoid renal tumors and their corresponding parenchymal tissue were analyzed.

Analysis of total cell numbers in normal and cancer tissue
In order to generate a percentage of ciliation per sample, the number of cells composing each core section 
was determined. For this, we developed a methodology to automatically count the number of nuclei per 
core (for an extended description see the Methods section). In brief, a colorimetric selection is set to match 
the nuclear marker hematoxylin and extracted to deplete background. Subsequently, images are further 
processed and analyzed using ImageJ-particle analysis to determine the total nuclei number per core 
(Figure S1A,B). Overlaying the identified nuclear events from the automated analysis with the original 
core for 10 samples of various pathologies indicates there to be an underestimation error that is < 10% for 
ccRCC and chrRCC and oncocytoma (Figure S1C, Table S2). pRCC cell nuclei are often intensely stained 
and aggregated, as the automated analysis exceeded our predetermined parameter threshold (see Methods) 
and rendered the automated quantification unreliable, we excluded these samples for automated nuclei 
count. It is important to emphasize that the acetylated-α-tubulin-stained TMAs that we use to count cilia 
frequencies were not suitable for automated nuclei count as the immunohistochemistry (IHC) interferes 
with the nuclear hematoxylin signal; we therefore used corresponding hematoxylin and eosin-stained TMA 
sections checked for matching morphology and cell counts. 

Cilia frequency in renal tumor cores
TMA sections were stained by immunofluorescence with acetylated-α-tubulin and pericentrin, established 
markers for the axoneme and base of the cilium, respectively. This approach allows sensitive high-resolution 
images of cilia to be captured and scored using confocal z-stack imaging (Figure 1A); however, for comparing 
a large number of patients systematically in a single experiment, we found that the imaging time required for 
each core (approximately 1 hour per patient) negatively affected subsequent sample signals through indirect 

Figure 1. Immunofluorescent analysis of cilia in renal tissues
(A) Sections (4 μm) of renal parenchymal tissues and tumor tissues were stained with DAPI, acetylated-α-tubulin (Ac-tub) and pericentrin 
(PCNT) to mark cell nuclei and cilia. Presented images are maximal projections of confocal images of typical parenchymal tissue and a 
representative ccRCC. Scale bars 20 μm. (B) Normalized cilia frequencies of renal tumors, shown are paired quantifications of n = 20 
samples. The plot compares the two cilia quantification methodologies described; data was obtained by immunofluorescent (IF) confocal 
image acquisition or scoring of immunohistochemical (IHC) stained sections. Statistics were determined by performing a paired t-test at a 
95% confidence interval.
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bleaching, warming and aging. We therefore validated immunofluorescent high-resolution immunostaining 
in 20 random patients with standard immunochemistry for acetylated-α-tubulin. Standard IHC for 
acetylated-α-tubulin could obtain more data through semi-automatic processing; however, it was not clear 
that the lesser sensitivity to signal and 3D processing would produce ciliary frequency data comparable 
to immunofluorescence. Prior to manually counting cilia, parameters were established by which putative 
cilia were to be included or excluded: 1) size; the cilium needed to be a thin structure, intensely stained 
broad structures were considered background; 2) elongation; the cilium needed to be a continuous thin 

Figure 2. Determination of cilia frequency
(A) Acetylated-α-tubulin-stained renal tissue section obtained from the parenchyma of tumor tissue shows the presence of cilia lining 
tubular structures. Structures encircled in green are identified as cilia, red encircled structures are considered aberrant acetylated-α-
tubulin staining or lack sufficient clarity. Stromal or supportive tissue cells between tubules typically do not have cilia. (B) Acetylated-α-
tubulin-stained section of tissue obtained from typical and abnormal parenchymal tissue and a typical ccRCC. (C-E) Hematoxylin and eosin 
(H&E) and acetylated-α-tubulin stainings of a typical oncocytoma, chromophobe RCC (chrRCC) and sarcomatoid renal tumor. (F) Scatter 
plot and median of cilia frequency in parenchymal (P, green) tissues compared to matched RCC subtypes (T, red). Significant populations 
using t-test (95% confidence) are indicated with asterisks. All images 1 mm core and outlined magnifications.
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extending structure, square or dot-like structures were excluded. Because higher cilia counts overall were 
observed using the immunofluorescent stainings, we compared normalized data when the parenchymal 
tissue ciliation frequency was set to 100%. In this analysis, we observe an extremely strong correlation (r = 
0.9552) between ciliary frequencies in all 20 samples comparing both techniques (Figure 1B). 
We therefore felt confident that an approach involving IHC was justified and would yield relevant results 
in a greater number of patients that we could compare in a single experiment. Both staining protocols 
clearly mark cilia in luminal spaces in the normal tissues present on the TMA (Figure 1A and 2A). The 
TMA contains both tumor tissue and the parenchyma surrounding the tumor; three cores per tissue were 
scored. All cores were manually counted and the number of cilia per core was normalized to the number of 
nuclei as determined by the automated analysis, generating a percentage of ciliation per core (Table S1). 
The ciliation percentage was averaged for all three cores, we excluded cores that either generated nuclei 
numbers considered unreliable or showed visually aberrant acetylated-α-tubulin staining. In total, the TMA 
contained n = 89 sporadic or VHL-associated ccRCC (Figure 2B), n = 6 oncocytoma (Figure 2C), n = 5 
chrRCC (Figure 2D) and n = 2 sarcomatoid renal tumor (Figure 2E) samples that were included in the cilia 
frequency analysis (Table S1). Sections of pRCC proved unsuitable for automated nuclei counting and on 
visual inspection of acetylated-α-tubulin-stained sections they appeared generally overstained and were not 
quantified. Of note, careful visual inspection of pRCC suggest this subtype to similarly exhibit reduced cilia 
numbers, although on occasion tubular structures can be identified that appear to contain cilia (Figure S2). 
We next compared the average ciliation frequencies of parenchymal tissue (P, in green) to their matched 
RCC subtype (T, in red) in a scatter plot (Figure 2E). Overall, ccRCC, oncocytoma, chrRCC and sarcomatoid 
renal tumors show a marked reduction in cilia frequency. A number of parenchymal samples appear to have 
cilia frequencies in the same range as tumor tissue samples, visual examination of these samples indicate 
that this parenchymal tissue was rather abnormal and contains either excessive stromal/supportive tissue 
or tumor cells (Figure 2B).

Reduced ciliation in RCC subtypes is independent of cell proliferation
Cilia retraction occurs prior to cell duplication to allow for centrosome duplication and spindle pole 
formation, in early stages of the new cell cycle ciliogenesis is restored but restricted to cells that exit the cell 
cycle [179].  To ensure that the reduced cilia numbers are a characteristic of oncogenic transformation and 
exclude the possibility that this is due to an increase in proliferation, we performed antibody staining using 
the widely accepted proliferation marker Ki67. Three core tumor cores were blindly scored to determine the 
percentage of positively stained cells; results were averaged per sample. Except for the sarcomatoid tumor 
showing 23%, nearly all tumor samples had proliferation indexes, < 5% (exceptions were a single VHL/
ccRCC with 12% and a single chrRCC with 7.5%), which is too low to solely account for the observed loss of 
cilia (Table S1).

Discussion

The effect of oncogenic transformation on cilia stability is tissue-specific and depends on the underlying 
mutation spectrum. It has been previously shown that cilia are less stable in early stages of melanoma 
and pancreatic ductal carcinoma development [174, 175]. However, certain tumor types appear to depend 
on proper cilia formation, such as hedgehog-dependent basal cell carcinomas and medulloblastomas [181, 
182]. A number of tumor suppressor genes that have established roles in renal tumorigenesis, namely VHL, 
TSC1, TSC2 and FLCN, also predispose to renal cyst formation, a common hallmark of ciliopathy syndromes. 
Indeed, these proteins have been shown to exert molecular activity towards cilia function. VHL interacts 
with the essential cilia microtubule motor complex kinesin-2 [271] and loss of cilia in mouse tissues is 
observed upon loss of Vhlh (the mouse ortholog of VHL) and either Pten [201] or Gsk3β [272]. We recently 
presented data concerning the role of FLCN in cilia formation show transiently reduced cilia formation 
in FLCN-depleted renal cells [212, 273]. In contrast, loss of Tsc1 or Tsc2 enhances cilia length in mouse 
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mouse embryonic fibroblasts (MEFs) [203], and intriguingly, clinically there is a relatively low frequency of 
renal cyst and RCC formation in TSC patients [205]. Based on these observations we posed the question: to 
which extent is cilia frequency globally affected in RCC samples? We analyzed cilia frequency in renal tissue 
sections present in triplicate on a TMA of 110 patients, including RCC tissue and tissue obtained from the 
tumor parenchyma, and observed a severe reduction of cilia frequency in the various RCC subtypes. Our 
data supports, extends and confirms that the low ciliary frequency characteristic of renal cysts remains an 
evident characteristic of most renal tumors [191]. Potential effects on cilia function could not be analyzed 
in this approach, hence we cannot exclude whether cilia function in the normal tissue is also affected. 
Furthermore, the parenchymal tissue is likely also stressed and may very well be nonrepresentative of 
normal kidney function. Future analysis of downstream targets of signaling pathways common to cilia, 
such as the GLI3 and TCF/LEF transcription factors downstream of respectively the Shh and Wnt pathways, 
might shed light on impaired cilia function in pretumorigenic tissue. 
The underlying principle of cilia resorption exhibited by tumor cells and the putative necessity remains 
a highly debated topic. One possibility is that the loss of cilia promotes, or at least contributes to, an 
environment rendering these cells more susceptible to mitogenic cues that initiate proliferation. The 
mechanism is much more complex though, as classic ciliopathies (PKD, BBS, MKS, NPHP) do predispose 
to renal cysts, yet renal tumors are only rarely observed [61]. The best characterized functions of VHL, 
TSC1, TSC2 and FLCN are also not directly related to cilia regulation, and RCC formation firstly depends 
on deregulated metabolic signaling [274]. The best characterized function for VHL is inactivation of HIF 
transcription factors in normoxic conditions through proteasomal degradation [196]. As a result of altered 
metabolic pathways, kidney cancers typically show a Warburg effect; where the use of glycolysis is promoted 
over mitochondrial oxidative phospholylation. All genetic factors contributing to hereditary kidney cancer 
(including MET, FH and SDH) described to date play regulatory roles in metabolic pathways regulated by 
nutrient-, oxygen-, iron- and energy-sensing. However, TSC1, TSC2 and FLCN have established roles in 
energy- and nutrient-sensing pathways through AMPK (5’-adenosine monophosphate-activated kinase) 
and downstream mTOR [274], and it is becoming evident that mTOR signaling and LKB1, an upstream 
kinase of AMPK, are both directly linked to cilia [210, 220]. Combined, RCC seems to be a two-step 
process in which both the primary cilium function needs to be impaired as well as modification of the 
metabolic pathways and uncoupling regulation by energy, nutrients, oxygen and iron. Therapies aimed at 
restoring, stabilizing or molecularly circumventing cilia function might therefore be a suitable addition to 
current treatment strategies in an endeavor to prevent early events such as cyst formation and subsequent 
tumorigenic progression from this premalignant state [167]. 

Conclusions

The crucial role of primary cilia in regulating renal homeostasis and the links to cell proliferation and 
polarization are intriguing facets in light of renal cancer research. In addition, findings that associate renal 
tumor suppressor proteins as ciliary functions regulators suggest that renal tumor cells preferentially are 
nonciliated. We therefore addressed the status of this organelle in RCC tissue. In this study, we included 
material from 110 patients of various RCC subtypes and compared three cores of RCC tissue to parenchymal 
renal tissue from the same patient. A severe reduction of cilia frequency in the various RCC subtypes is 
observed, which is independent of proliferation. Our results suggest that cilia loss is a common event in 
renal tumorigenesis and implies that cilia loss is part of a sequence of events leading to renal malignant 
tumor development. 
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Methods

Patient material and tissue microarray 
The tissues analyzed in this study were obtained from nephrectomy samples collected from patients at the 
University Medical Center Utrecht (UMCU) and part of the UMCU biobank. All patient samples conform to 
the medical and ethical guidelines applied by the UMCU and Dutch law. Selected tissues comprise a variety 
of RCC histologies; eighty-nine ccRCC, eight pRCC, five chrRCC, six oncocytomas and two sarcomatoid 
renal tumors (Table S1). The TMAs were previously constructed using an arrayer (Beecher Instruments, Sun 
Prairie, WI, USA) and three cores of 1 mm in diameter from the cancer tissue, and three cores of 1 mm in 
diameter from the healthy renal parenchyma tissue taken anywhere between 1 cm and 8 cm from the edge of 
the tumor were included. Every composite paraffin block included the same tissue tumor and parenchyma 
tissue for normalization. All tissues and corresponding patient information used were well documented 
and previously categorized for histological subtype [268].

Immunohistochemistry 
TMA sections of 4 μm were processed as previously described [268]. Following deparaffination and 
rehydration, antigen retrieval was achieved by boiling in citrate buffer for 20 minutes and the sections 
were allowed to cool to room temperature over one hour on the bench. Endogenous peroxidase activity 
was blocked with 3% H2O2 for 15 minutes before blocking with 5% horse serum for one hour at room 
temperature. Acetylated-α-tubulin antibody from Sigma-Aldrich (St. Louis, MO, USA) (clone 6-11B-1 
purified from mouse, 1:12,000) and Ki67 antibody from Dako (Glostrup, Denmark) (1:200) were used for 
primary staining overnight at 4°C. Secondary antibody staining was performed using anti-mouse HRP 
(1:100) and PowerVision (Immunologic, Duiven, The Netherlands) activated with H2O2 and stained with 
Novared. Serial sections were counterstained 15 to 30 seconds with hematoxylin and developed for 10 
minutes in running tap water. To determine the amount of actively proliferating cells, the percentage of 
Ki67 positive cells were blindly scored by a pathologist together with an independent researcher (Table S1). 
The mean score of the three cores was used.

Immunofluorescence
After deparaffination and rehydration, 4 μm sections were digested in protease XXIV (Sigma-Aldrich, 0.02 
mg/ml in PBS, pH 7.3, 60 minutes at room temperature) [269]. After washing and blocking in 1% BSA in 
PBS, primary antibodies (mouse monoclonal acetylated-α-tubulin, clone 6-11B-1 (Sigma-Aldrich) 1:12,000, 
and rabbit polyclonal anti-pericentrin (Novus Biologicals, Littleton, CO, USA)  were incubated for 60 
minutes at room temperature. After repeated washing in PBS, secondary antibodies are incubated for an 
additional 60 minutes at room temperature: goat-anti-mouse conjugated to Cy5 (Millipore, Bedford, MA, 
USA) (1:100) and goat anti-rabbit-Cy3 (Life Technologies, Carlsbad, CA, USA) (1:100). Sections were washed 
again repeatedly, incubated in DAPI (diluted 1:5,000 in PBS) for 15 minutes and after a final round of washes 
in PBS, mounted with Fluoromount G. Stained sections are stored in the dark at 4ºC until confocal imaging 
with a Zeiss LSM700 63x objective (Carl Zeiss Microscopy, Jena, Germany). Z-stacks covering 4 μm were 
taken until approximately 300 nuclei were scored blindly for cilia.

Cilia counting and automated nuclei counting
Acetylated-α-tubulin-stained TMA sections were scanned at high resolution and analyzed using Aperio 
Imagescope (Aperio, Vista, CA, USA) [270]. Manual cilia counts were made from scans using a 40X digital 
zoom. The number of cilia counted was randomly double-checked by an additional researcher. Hematoxylin 
and eosin (H&E)-stained TMA sections were similarly scanned and individual tissue spots exported using 
Aperio Imagescope. Using Photoshop, a color selection range was matched to hematoxylin (as indicated in 
Figure S1). This selection was extracted from the original image to remove background and converted and 
inverted to an 8-bit file using ImageJ and built-in macros. Next, a binary image threshold was set between 
10 and 255. The particle analysis was set for between a 25 and 300 pixel range and singularity 0 to 1.00 to 

Chapter 3



63Reduced cilia frequencies in RCC

identify single nuclei. To circumvent the problem of aggregated nuclei, a second and third particle analysis 
was performed using 300 to 550 and 550 to 5,000 pixel ranges to identify ‘two nuclei’ and ‘>’ respectively. The 
events identified by the various pixel analyses were summarized to calculate the total number of cells, where 
the event number identified ‘two nuclei’/300 to 550 pixel range was multiplied by two, and the ‘>’/550 to 
5,000 pixel range was multiplied by five. The latter was chosen as, although visual observation shows a large 
variation, the number of multicellular clusters was low and five cells was the average number of cells present 
in these clusters. The number of events identified in the 550 to 5,000 pixel range analysis was typically low; 
ranging from 0 to 50 events, 51 to 100 events were observed in densely populated cores. Once the number of 
events obtained in the 550 to 5,000 pixel range analysis exceeded 100 events, the sample was excluded as the 
automated nuclei count became unreliable. To validate, the automated results generated were overlaid on 
the original image for 10 random images and an error margin < 10% was determined (Table S2).

Statistics
For Figure 1B, we compared the normalized cilia frequencies of randomly chosen tumor tissues. Using 
a paired t-test analysis at 95% confidence (Prism5) we determined P < 0.0001 and r = 0.9552 (n = 20). 
For Figure 2F, cilia frequencies were calculated as a percentage of cilia events compared to nuclei events. 
The averaged cilia frequencies of three core sections we compared between parenchymal tissue and tumor 
tissue. Using paired t-test analyses at 95% confidence (Prism5), the cilia frequencies of ccRCC, oncocytoma 
and chrRCC populations were determined at P < 0.0001 (n = 89),    P = 0.0078 (n = 6) and P = 0.0444               
(n = 5) respectively.
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Figure S1. Automated nuclei count on HE-stained TMA
(A) Hematoxylin specifically marks cell nuclei, generating a dark-blue/purple color. In photoshop, using the color picker, a color selection 
was matched to the hematoxylin signal (indicated in white boxes) and extracted. In ImageJ, the extracted image fragments are converted to 
8-bit and made binary. (B) A total of three particle analyses are run per image, counting single (green), double (blue) and clustered cells (>, 
white) in the merged image, inverted separate analyses images shown for clarity. (C) Overlay of the particle analysis and the original image. 
Manual validation of accuracy was analyzed for 10 random samples (see Table S1). For clarity, the overlay with the original tissue is also 
shown in black and white; events not recognized by the automated nuclei count are indicated.

Figure S2. Papillary RCCs are unsuitable for quantification
Three representative sections of papillary RCCs stained with 
hematoxylin and eosin (H&E) shows strongly stained and densely 
distributed nuclei. In accordance with our defined parameters, 
automated nuclei determination proved unreliable. Acetylated-
α-tubulin staining shows intense levels in papillary RCC (pRCC) 
that renders them inadequate for reliable quantitative scoring. It 
can be appreciated that parts of the tissue has maintained some 
tubular structure and close observation incidentally shows cilia 
present (green circles), however our general impression is that 
cilia numbers are reduced in pRCC.

Supplemental data
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Table S1. Sample data of parenchymal and RCC tissues

Parenchymal control tissue RCC

Core (nuclei) Core (cilia) Core (nuclei) Core (cilia)

Sample# #1 #2 #3 #1 #2 #3

Control 
average % 

cilia Pathology #1 #2 #3 #1 #2 #3

Tumor
average 
% cilia

% Cilia 
remaining

Tumor 
average 
% Ki67

# 1 1175 908 734 31 52 51 5.10 Clear Cell RCC              N.a. 1154 N.a. N.a. 3 N.a. 0.26 5.1 0

# 2 786 825 814 33 26 54 4.66 Clear Cell RCC              N.a. 1348 1367 N.a. 8 0 0.30 6.4 1

# 3 826 711 898 20 13 37 2.79 Clear Cell RCC              N.a. 1036 1144 N.a. 6 5 0.51 18.2 0

# 4 928 892 1006 22 36 20 2.80 Clear Cell RCC              768 855 862 3 13 5 0.83 29.7 1

# 5 928 483 670 25 29 56 5.69 Clear Cell RCC              1863 2072 747 6 6 6 0.47 8.3 4

# 6 794 354 743 15 17 47 4.34 Clear Cell RCC              N.a. 1463 1537 N.a. 12 9 0.70 16.2 0

# 7 N.a. 1015 1024 N.a. 56 25 2.65 Clear Cell RCC              N.a. 1355 1024 N.a. 5 16 0.97 36.4 1.33

# 8 966 841 921 102 94 53 9.16 Clear Cell RCC              934 1105 1165 10 5 5 0.65 7.1 5

# 9 1271 811 1099 45 62 55 5.40 Clear Cell RCC              N.a. 710 892 N.a. 1 0 0.07 1.3 1

# 10 852 900 N.a. 52 55 N.a. 6.11 Clear Cell RCC              N.a. 1318 855 N.a. 4 11 0.80 13.0 0

# 11 1197 1051 1359 63 38 67 4.60 Clear Cell RCC              885 587 709 5 2 3 0.44 9.6 3

# 12 730 972 974 62 78 40 6.87 Clear Cell RCC              N.a. 784 811 N.a. 3 3 0.38 5.5 0.33

# 13 1242 1625 1483 49 60 53 3.74 Clear Cell RCC              1478 1679 1540 4 6 3 0.27 7.3 2

# 14 1457 1231 N.a. 51 42 N.a. 3.46 Clear Cell RCC              N.a. 1164 1634 N.a. 4 10 0.48 13.8 0

# 15 1311 969 1239 25 40 35 2.95 Clear Cell RCC              783 1476 490 2 8 0 0.27 9.0 1

# 16 1446 1513 N.a. 48 45 N.a. 3.15 Clear Cell RCC              N.a. 1616 N.a. N.a. 9 N.a. 0.56 17.7 1

# 17 1192 1048 1264 5 54 59 3.41 Clear Cell RCC              N.a. 819 809 N.a. 4 2 0.37 10.8 0

# 18 856 625 810 42 38 70 6.54 Clear Cell RCC              1289 1473 1266 6 9 12 0.67 10.3 1.5

# 19 665 728 1233 1 29 55 2.86 Clear Cell RCC              2295 1951 N.a. 17 0 N.a. 0.37 12.9 1

# 20 837 726 934 56 25 50 5.16 Clear Cell RCC              N.a. N.a. 858 N.a. N.a. 4 0.47 9.0 0.5

# 21 N.a. 1160 N.a. N.a. 101 N.a. 8.71 Clear Cell RCC              N.a. 1530 1905 N.a. 6 0 0.20 2.3 0.67

# 22 873 592 853 45 63 36 6.67 Clear Cell RCC              2425 1915 2641 9 3 9 0.29 4.3 2

# 23 739 986 957 22 43 26 3.35 Clear Cell RCC              793 1491 1289 2 2 4 0.23 6.9 0.17

# 24 884 883 868 41 50 23 4.32 Clear Cell RCC              1927 1780 1698 6 0 0 0.10 2.4 0

# 25 648 858 690 58 106 38 8.94 Clear Cell RCC              102 2 251 0 0 1 0.13 1.5 0

# 26 1508 2333 2088 49 24 61 2.40 Clear Cell RCC              1418 1396 2486 22 9 5 0.80 33.3 2

# 27 842 912 1003 119 94 87 11.04 Clear Cell RCC              244 913 931 1 0 3 0.24 2.2 0

# 28 2025 2732 1831 15 37 86 2.26 Clear Cell RCC              330 458 678 5 0 0 0.51 22.3 0

# 29 1828 1111 1520 11 78 81 4.32 Clear Cell RCC              1298 1351 1483 14 15 11 0.98 22.6 0

# 30 938 969 1095 67 78 42 6.34 Clear Cell RCC              1311 1083 974 1 6 4 0.35 5.5 2

# 31 2089 N.a. 2061 140 N.a. 111 6.04 Clear Cell RCC              1055 1003 1078 7 2 3 0.38 6.3 1.75

# 32 871 1035 N.a. 54 56 N.a. 5.81 Clear Cell RCC              N.a. 242 304 N.a. 0 0 0.00 0.0 1

# 33 972 1209 1064 71 8 21 3.31 Clear Cell RCC              1497 2102 1945 6 4 3 0.25 7.5 2

# 34 N.a. 710 1322 N.a. 19 31 2.51 Clear Cell RCC              1136 1400 1828 4 0 4 0.19 7.6 1

# 35 N.a. 1358 N.a. N.a. 20 N.a. 1.47 Clear Cell RCC              598 669 744 2 3 5 0.48 32.9 5

# 36 1676 858 1106 99 39 55 5.14 Clear Cell RCC              1636 1417 610 1 2 4 0.29 5.6 2.67

# 37 605 669 681 28 53 51 6.68 Clear Cell RCC              864 929 1217 5 8 7 0.67 10.1 1.33

# 38 1497 1202 1339 68 83 20 4.31 Clear Cell RCC              490 646 420 0 0 0 0.00 0.0 0

# 39 948 857 948 45 32 50 4.59 Clear Cell RCC              1405 1409 1265 0 0 0 0.00 0.0 0.5

# 40 2003 N.a. N.a. 46 N.a. N.a. 2.30 Clear Cell RCC              1248 1260 1227 0 0 18 0.49 21.3 2

# 41 828 1103 973 82 45 66 6.92 Clear Cell RCC              N.a. 732 784 N.a. 0 1 0.06 0.9 0.33

# 42 1419 N.a. 1576 22 N.a. 29 1.70 Clear Cell RCC              806 376 N.a. 4 0 N.a. 0.25 14.6 0.5

# 43 N.a. 1991 1658 N.a. 117 112 4.21 Clear Cell RCC              1291 N.a. N.a. 7 N.a. N.a. 0.54 12.9 4

# 44 730 1216 1867 6 70 86 3.73 Clear Cell RCC              1051 1549 1389 0 7 5 0.27 7.3 3

# 45 1228 1225 1132 60 58 60 4.97 Clear Cell RCC              779 483 1096 0 0 4 0.12 2.4 1

# 46 1516 1342 1670 19 19 3 0.95 Clear Cell RCC              968 571 711 3 1 0 0.16 17.0 2

# 47 N.a. 411 1236 N.a. 8 33 1.54 Clear Cell RCC              1326 784 1463 0 0 0 0.00 0.0 1

# 48 806 917 1136 18 30 17 2.33 Clear Cell RCC              N.a. 1375 1601 N.a. 2 4 0.20 8.5 2

# 49 1037 N.a. 1066 52 N.a. 26 3.73 Clear Cell RCC              2447 2019 2362 0 0 0 0.00 0.0 3.67

# 50 N.a. 1067 720 N.a. 66 28 3.36 Clear Cell RCC              1251 1658 2061 0 10 3 0.25 7.4 2

# 51 1311 1410 969 41 66 53 4.43 Clear Cell RCC              2028 151 1970 0 0 0 0.00 0.0 1

# 52 1213 1257 1181 21 9 9 1.07 Clear Cell RCC              1029 1810 1578 1 0 6 0.16 14.9 1.67

# 53 1075 1108 1032 72 34 72 5.58 Clear Cell RCC              1548 1263 982 0 0 0 0.00 0.0 1.67
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# 54 933 N.a. 325 41 N.a. 6 3.12 Clear Cell RCC              1107 1051 695 0 4 0 0.13 4.1 0

# 55 N.a. 1109 882 N.a. 10 6 0.53 Clear Cell RCC              N.a. 1143 956 N.a. 3 1 0.18 34.8 0.2

# 56 N.a. 1302 860 N.a. 80 79 5.11 Clear Cell RCC              443 1071 1267 6 3 4 0.65 12.7 2

# 57 1067 994 1045 58 71 28 5.09 Clear Cell RCC              838 1016 N.a. 0 0 N.a. 0.00 0.0 0

# 58 N.a. 1163 1164 N.a. 2 131 2.65 Clear Cell RCC              1547 1555 N.a. 3 4 N.a. 0.23 8.5 1

# 59 1227 1012 1358 88 104 81 7.80 Clear Cell RCC              843 N.a. 1349 4 N.a. 15 0.79 10.2 2

# 60 1126 771 664 49 35 14 3.67 Clear Cell RCC              1431 1255 1380 3 0 2 0.12 3.2 0.33

# 61 1309 2091 1398 145 83 168 9.02 Clear Cell RCC              684 1010 614 7 12 2 0.85 9.4 1.67

# 62 1267 1835 2083 108 73 38 4.78 Clear Cell RCC              554 1182 1581 2 10 2 0.44 9.3 1

# 63 1087 707 N.a. 85 67 N.a. 8.65 Clear Cell RCC              N.a. 843 1087 N.a. 5 6 0.57 6.6 1.67

# 64 1442 921 628 38 75 75 7.57 Clear Cell RCC              1814 1721 2170 9 7 5 0.38 5.0 5

# 65 N.a. 1042 1087 N.a. 23 112 2.65 Clear Cell RCC              N.a. 1256 1208 N.a. 5 4 0.36 13.7 0

# 66 926 921 1088 51 53 49 5.26 Clear Cell RCC              128 563 924 1 6 3 0.72 13.8 0.5

# 67 1194 1302 1141 108 62 57 6.27 Clear Cell RCC              1460 981 1461 14 11 17 1.08 17.3 0.5

# 68 645 821 702 104 162 138 18.50 Clear Cell RCC              1100 1107 1281 13 15 20 1.37 7.4 .

# 69 1121 1188 1377 82 164 121 9.97 Clear Cell RCC              345 861 955 19 18 32 3.65 36.6 1.5

# 70 736 820 1026 157 140 124 16.83 Clear Cell RCC              690 540 540 13 12 18 2.48 14.7 1

# 71 921 1044 1184 95 55 64 7.00 Clear Cell RCC              617 939 888 61 38 38 6.07 86.8 0.5

# 72 677 N.a. N.a. 64 N.a. N.a. 9.45 Clear Cell RCC              1255 1342 1295 22 20 24 1.70 18.0 1.33

# 73 1059 1350 1182 115 91 107 8.88 Clear Cell RCC              759 643 473 7 4 9 1.15 12.9 0.5

# 74 894 924 917 86 80 124 10.60 Clear Cell RCC              1468 1306 1617 15 9 13 0.84 7.9 3.67

# 75 797 899 1115 128 137 178 15.75 Clear Cell RCC              740 568 1105 6 12 8 1.22 7.7 2

# 76 1623 1139 1408 115 133 71 7.94 Clear Cell RCC              1693 1808 1375 12 20 23 1.16 14.7 3

# 77 1329 1178 N.a. 59 81 N.a. 5.66 Clear Cell RCC              826 766 835 6 11 10 1.12 19.8 0.33

# 78 981 941 1460 51 25 40 3.53 Clear Cell RCC              N.a. 528 294 N.a. 2 1 0.36 10.2 2

# 79 855 838 754 77 109 100 11.76 Clear Cell RCC              1210 1177 1254 4 6 5 0.41 3.5 0.8

# 80 1014 1000 833 93 124 63 9.71 Clear Cell RCC              418 433 716 4 7 13 1.46 15.1 3

# 81 1066 1068 847 70 37 51 5.35 Clear Cell RCC              1249 1067 1439 12 8 16 0.94 17.6 1

# 82 1226 1339 1150 91 52 111 6.99 Clear Cell RCC              1402 1807 1026 9 15 14 0.95 13.5 1.25

# 83 1194 773 748 76 51 52 6.64 Clear Cell RCC              652 1279 1169 7 3 4 0.55 8.3 0

# 84 1043 996 743 59 78 92 8.62 Clear Cell RCC              1145 1222 1212 16 12 11 1.10 12.7 3

# 85 944 810 2053 67 63 83 6.31 Clear Cell RCC              204 440 715 4 2 6 1.08 17.2 1.25

# 86 N.a. 1220 1323 N.a. 7 17 2.65 Clear Cell RCC              1557 1458 1298 5 0 0 0.11 4.0 3.5

# 87 1335 N.a. N.a. 56 N.a. N.a. 4.19 Clear Cell RCC              N.a. N.a. 1555 N.a. N.a. 0 0.00 0.0 12.67

# 88 1201 1170 1228 39 36 37 3.11 Clear Cell RCC              N.a. 749 921 N.a. 8 9 1.02 32.9 2.33

# 89 1003 1087 1037 29 39 60 4.09 Clear Cell RCC              1531 N.a. 1456 14 N.a. 6 0.66 16.2 2.33

# 90-97 N.a. N.a. N.a. N.a. N.a. N.a. N.a. Papillair RCC         N.a. N.a. N.a. N.a. N.a. N.a. N.a. N.a. N.a.

# 98 822 1309 1252 92 41 60 6.37 Oncocytoma 984 1020 842 5 2 0 0.23 3.7 X

# 99 1486 1243 N.a. 19 9 N.a. 1.00 Oncocytoma 1051 928 943 5 6 3 0.48 48.0 X

# 100 N.a. 1241 N.a. N.a. 62 N.a. 5.00 Oncocytoma 2242 1885 N.a. 0 0 N.a. 0.00 0.0 1

# 101 1327 1011 1071 105 139 59 9.06 Oncocytoma 1083 900 1006 3 2 3 0.27 2.9 0.33

# 102 1054 1238 1235 57 36 48 4.07 Oncocytoma 1314 1256 963 5 0 0 0.13 3.1 0

# 103 889 938 766 106 89 84 10.79 Oncocytoma 613 763 594 11 8 17 1.90 17.6 X

# 104 811 1024 N.a. 117 131 N.a. 13.61 Chromophobe RCC 1561 1484 970 23 13 12 1.20 8.8 1.6

# 105 N.a. 1353 N.a. N.a. 49 N.a. 3.62 Chromophobe RCC 1734 1385 1770 8 6 4 0.37 10.3 1.67

# 106 1019 898 N.a. 54 28 N.a. 4.21 Chromophobe RCC 618 2062 2246 3 4 7 0.33 7.8 7.5

# 107 1353 1036 1157 90 103 105 8.56 Chromophobe RCC 1508 1086 1110 6 28 19 1.56 18.3 1

# 108 N.a. 909 1142 N.a. 9 58 2.65 Chromophobe RCC N.a. 2215 1604 N.a. 32 17 1.25 47.2 4

# 109 957 1005 1060 99 101 79 9.28 Sarcomatoid             2384 1583 674 2 2 7 0.42 4.5 23.33

# 110 1039 1149 1785 121 125 95 9.28 Sarcomatoid             1986 2842 2018 37 36 20 1.37 14.8 2.67
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Table S2. Validation of automated nuclei count
Randomly selected sections (n = 10) of parenchymal and tumor tissues were analyzed by overlaying the original image with recovered 
particle analysis events. The number of nuclei that are not recognized by the automated methodology are used to calculate the percentage 
of error. The error typically indicates an underrepresentation. 

Total nuclei events (automated) Validated error (manual) RCC subtype

1155 6.7% Clear Cell

749 4.7% Parenchyma

1988 2.2% Clear Cell

1349 2.3% Parenchyma

Out of range - Papillary

2020 1.5% Clear Cell

879 3.8% Parenchyma

1045 5.1% Clear Cell

885 9.3% Parenchyma

984 1% Parenchyma

3
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Abstract

Birt-Hogg-Dubé syndrome (BHD) is an autosomal dominant disorder where patients are 
predisposed to kidney cancer, lung and kidney cysts, and benign skin tumours. BHD is caused by 
monogenic mutations affecting folliculin (FLCN), a conserved protein that is considered a tumour 
suppressor. Previous research has uncovered multiple roles for FLCN in cellular physiology, yet it 
remains unclear how these translate to BHD lesions. Since BHD manifests hallmark characteristics 
of ciliopathies, we speculated that FLCN might also have a ciliary role. We provide evidence that 
fibrofolliculomas are cystic sebaceous lesions, which may result from ciliary dysfunction. We 
show that BHD-associated oncocytoma, a benign kidney lesion, has fewer cilia than a sporadic 
one. Our data indicate that FLCN levels control the onset of ciliogenesis. FLCN localises to 
motile and non-motile cilia, centrosomes and the mitotic spindle. In three-dimensional culture, 
abnormal expression FLCN disrupts polarised growth of kidney cells and deregulates canonical 
Wnt signalling. Our findings further suggest that BHD-causing FLCN mutants may retain partial 
functionality. Thus, BHD symptoms may be due to abnormal levels of FLCN rather than its 
complete loss. Accordingly, we show expression of FLCN in a BHD-associated renal carcinoma. We 
propose that BHD is a novel ciliopathy, its symptoms at least partly due to abnormal ciliogenesis 
and canonical Wnt signalling. 

Chapter 4



71BHD syndrome is a ciliopathy 

Introduction

Birt-Hogg-Dubé syndrome (BHD, MIM #135150) is a rare autosomal dominant disorder that was first 
described in 1975 by Hornstein and Knickenberg as a distinct disorder associated with intestinal polyps 
[275]. Birt, Hogg and Dubé later reported the same disorder, but in association with medullary thyroid 
carcinoma [276]. A clear association with kidney cancer, mostly of hybrid oncocytoma and chromophobe 
subtypes, was recognised in 1999 [277] and has been extensively documented since. The majority of 
papers published to date put the lifetime risk of developing renal cell carcinoma (RCC) in BHD patients at 
approximately 30% [278]. Our own more recent data suggest a range of 16% to 20% [279]. A roughly similar 
risk exists for pneumothorax, due to basal lung cysts that are present to a varying degree in almost all 
BHD patients. About 80% of BHD patients will develop benign skin tumours called fibrofolliculomas [278], 
generally after the age of 35. An emerging aspect of the BHD phenotype is cyst formation in kidney, liver 
and the pancreas (Figure 2, unpublished data and [280]) BHD is caused by mostly truncating mutations in 
the gene coding for the conserved protein folliculin (FLCN) [281], whose functions are largely unknown but 
which is considered a tumour suppressor [282, 283]. Previous research suggests that FLCN is a downstream 
target of both AMP-dependent protein kinase (AMPK) and mammalian Target of Rapamycin complex 1 
(mTORC1) signalling [284]. Loss of FLCN might also modulate mTORC1, but conflicting data obtained in 
cells and tissues that lack FLCN show both up- and down-regulation of mTORC1 activity [214, 216, 217, 283]. 
We recently reported that absence of FLCN causes aberrant hypoxia inducible factor 1 (HIF1) transcriptional 
activity and the Warburg effect, where FLCN-deficient cells favoured aerobic glycolysis over oxidative 
phosphorylation [285]. Deregulation of TGFß signalling in FLCN-deficient cells has also been reported, 
although the reports are contradictory on the nature of FLCN’s involvement [282, 286]. The von Hippel-
Lindau (VHL) and Tuberous sclerosis complex (TSC) disease syndromes predisposing to malignant and 
benign renal tumours, respectively, have previously been linked to cilia function and cyst formation [287, 
288]. Since BHD patients develop cysts in multiple organs such as kidney, liver and lungs, we hypothesised 
that FLCN might similarly have a functional role in primary cilia. 
Cilia are microtubule-based structures that are constructed from a centrosome once cells exit the cell 
cycle. The centrosome differentiates into a basal body and then associates with the apical cell membrane. 
From this cytoplasmic tethered basal body, stable microtubules grow outwards from the cell to form a thin 
membrane-wrapped cylindrical protrusion of microtubles (reviewed in [13]). Different ciliary subtypes have 
been described of which primary (non-motile) cilia are most common and are considered to having mainly 
sensory functions. Motile cilia are predominantly associated with autonomously generated fluid flow [289]. 
Dysfunction of (primary) cilia is a universal cause of the ciliopathies, a large group of disorders that are 
particularly (but not exclusively) associated with cyst formation in several organs, including kidneys [55]. 
In recent years, it has become apparent that cilia act as a master switch essential to maintain normal kidney 
morphology. The mechanisms involved are far from resolved but many links have been made between 
ciliary signalling and planar cell polarity (PCP), the mechanism that defines the cellular orientation in 
tissue morphology [290]. Defective PCP can cause renal tubule elongation defects, which are believed to 
underlie cystic growth initiation. Therefore, loss of normal ciliary function is a primary cause of renal cyst 
formation [291], a potential pretumourigenic stage [200]. As cilia are signalling hubs, their dysfunction 
can have pervasive consequences for cellular physiology. Cilia are also increasingly implicated in the 
pathogenesis of several cancer types including renal carcinoma [180, 191, 192], melanoma [174], pancreatic 
ductal adenocarcinoma [175] and ovarian cancer [177].
We set out to test our hypothesis by examining FLCN’s subcellular localisation in various cellular models 
and its influence on ciliary number, morphology and function. Our data suggest that Birt-Hogg-Dubé 
syndrome can be considered as a novel ciliopathy, and that FLCN has a role in regulating morphology and 
PCP, possibly through interaction with Wnt signalling. We also provide evidence that mutant FLCN retains 
functionality, which has important implications for understanding and treating BHD manifestations. Very 
recently, Nookala et al provided evidence that the C-terminal half of FLCN may in vitro act as a guanine 
nucleotide exchange factor (GEF) for Rab35 [292], a poorly characterised GTPase involved in endocytotic 
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membrane recycling and in the final steps of cytokinesis [293]. How this function relates to the pervasive 
cellular abnormalities caused by FLCN’s absence and the BHD phenotype is not yet clear. However, both 
ciliogenesis and mitotic spindle positioning require vesicular transport and we show that these processes are 
affected in BHD. If therapeutic or preventive approaches to BHD-associated pathology are to be developed, 
FLCN’s functional role(s) must first be elucidated.

Results

Fibrofolliculomas are cystic-sebaceous lesions
Fibrofolliculomas are commonly considered to be hair follicle tumours or hamartomas, possibly originating 
from the hair follicle bulge or the outer root sheath [278, 294]. There is however little actual evidence to 
support this notion. Careful review of published fibrofolliculoma histopathology reveals that these lesions 
almost invariably contain prominent sebaceous glands. This has been previously noted and described 
as ‘sebaceous differentiation’ [295]. Intriguingly, more than ten years ago, two papers indicated that 
fibrofolliculomas could be ‘mantleomas’, neoplasms arising from the early mantle stage of sebaceous gland 
differentiation [296, 297] Depending on the developmental stage of the tumour, it may consist only of cords 
and columns of epithelial cells that emanate from a hair follicle infundibulum, consistent with commonly 
observed fibrofolliculoma histopathology. Later on, these cords become thicker and contain sebocytes of 
varying degrees of vacuolisation and sebaceous gland-like structures. Indeed, we have observed precisely 
such mantleoma-like histopathology upon examination of lesions diagnosed as fibrofolliculomas in our 
patients (Figure 1A). In addition to sebaceous glands, fibrofolliculomas almost invariably contain cysts, 
which may or may not be filled with keratin [298] (Figure 1A). Using a custom made antibody directed 
against the C-terminus of FLCN, we have observed strong expression throughout the fibrofolliculomas/
mantleoma, including the sebocytes (Figure 1B) The latter observation is in accordance with previous 
reports that show high levels of FLCN mRNA in fibrofolliculomas [299, 300]. 

Figure 1. Histopathological examination of a fibrofolliculoma reveals a mantleoma pattern
(A) Histopathology (composite of 4) of a skin papule from a BHD patient. The lesion clinically impressed as a fibrofolliculoma. There are clear 
cysts containing keratinaceous material (arrowheads) and pronounced sebaceous differentiation (arrows), consistent with classification as 
a mantleoma. Thick epithelial strands connect the sebaceous glands to the central cystic mass (asterisk). H&E magnification 50x. (B) FLCN 
expression in the same lesion (composite of 6 images) as determined with a custom made antibody against the C-terminus of FLCN (see 
material and methods for details). The antibody detects mostly nuclear expression throughout the lesion, including the sebaceous glands. 
All magnifications 50x, scale bars 400 μm.
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Birt-Hogg-Dubé syndrome-associated oncocytomas have reduced numbers of cilia
Birt-Hogg-Dubé patients develop cysts in multiple internal organs such as kidneys, liver and pancreas 
(Figure 2A), suggesting that BHD might be a member of a larger group of disorders called ciliopathies 
[55]. As renal cyst formation in particular is a feature of ciliopathies, we reasoned that BHD-associated 
benign kidney lesions might show ciliary defects. Since BHD-associated kidney cysts are never surgically 
removed, we instead examined an oncocytoma [278] taken from a BHD patient with the most common 
mutation (c.1285dupC). This benign tumour is thought to originate from the collecting duct [301, 302]. We 
found that BHD oncocytes have considerably fewer cilia than collecting duct cells from unaffected BHD 
kidney, or sporadic oncocytoma cells (Figure 2B-D). Oncocytoma is considered to be associated with FLCN 
haploinsufficiency [303].
Next we examined the staining of FLCN in kidney material derived from a BHD patient with a c.499C>T 
mutation (Figure 2E). The kidney sample contains both unaffected kidney and renal tumour material with 
mixed chromophobe/clear cell histology (Figure 2E). Within the tumour mass we see clear staining for 
FLCN, suggesting that FLCN has not been lost in this particular tumour. Within the normal kidney clear 
staining for FLCN around the kidney tubules was evident (Figure 2E). We also noted an area devoid of cells, 
which is likely to be a small kidney cyst. Interestingly, the cells around the cyst seem to stain less strongly 
for FLCN (Figure 2E, magnified panels). As cyst formation can be a direct result of problems with formation 
or maintenance of cilia, we hypothesised that the reduced expression of FLCN might influence ciliogenesis.

Figure 2. Birt-Hogg-Dubé syndrome is associated with cyst formation and a reduction in the number of cilia
(A) CT scan of a BHD patient (coronal plane), arrows indicate cysts in the liver and kidney. (B-D) Immunohistochemical staining with 
axonemal marker acetylated-α-tubulin revealed far fewer cilia (red arrows) in a renal oncocytoma from a BHD patient (B) compared to 
the patients’ tissue obtained from the tumour parenchyma at > 1 cm distance (C) or sporadic oncocytoma cells (D). Scale bars 100 μm. 
(E) Paraffin-embedded sample of a renal carcinoma from a patient with BHD (mutation c.499C>T). Immunohistochemical staining with 
custom made C-terminal FLCN antibody revealed FLCN around kidney tubules and within the tumour. Boxed area presented in higher 
magnification in single panel and corresponding H&E staining. Scale bar 400 μm. (F) UOK257 and UOK257-2 cells were maintained at 
confluence for indicated amount of days, fixed and stained with acetylated-α-tubulin to mark the ciliary axoneme and pericentrin to mark 
the ciliary base. Nuclei were stained with DAPI and the percentage of ciliated cells was counted using ImageJ. After six days of confluence 
UOK257 had a statistically significant reduced number of cilia compared to UOK257-2 (P = 0.023). After ten days of confluence both cell 
lines have a similar number of cilia (P = 0.422). A minimum of 365 cells were counted per cell line per time point. * is P < 0.05.
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Abnormal ciliation in the BHD-derived renal cancer cell line UOK257
UOK257 is a BHD-derived kidney tumour cell line carrying the most common germline FLCN mutation, 
c.1285dupC [304] resulting in the truncation p.His429ProfsX27 (hereafter referred to as FLCN H429X). 
Whereas BHD patients are heterozygotes, and still have one wild-type allele for the FLCN gene, the UOK257 
cell line has been reported to have lost the wild-type allele and consequently only contains the mutant copy 
[304]. We, therefore, reasoned that ciliogenesis should be impaired in these cells and examined the ability 
of UOK257 cells to ciliate. As UOK257 was originally a polyclonal cell population derived from a kidney 
tumour, we decided to generate single clones from an early passage of UOK257 cells. The two standard 
methods to initiate ciliogenesis are serum starvation or maintaining cells at confluence for several days. 
Upon 48 hours of serum starvation, no cilia were evident in UOK257 cells (Figure S1). Of interest, if these 
cells were left at full confluence for several days, cilia did form (Figure S1). The length of the cilia was not 
significantly different in UOK257 cells (6.3 μm +/- 2.5 μm, n = 74) compared to the immortalised proximal 
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tubule control cell line HK-2 (7.0 μm +/- 3.2 μm, n = 147). We next examined the ability of these UOK257 
cells with re-expressed FLCN (referred to as UOK257-2 [282]) to ciliate. Although these UOK257-2 cells 
also ciliate when confluent (Figure 2F), we noted that confluent UOK257-2 cells exhibited fewer cilia than 
UOK257, even after six days. When the time at full confluence was increased to ten days, no difference in 
ciliation between UOK257 and UOK257-2 cells was evident (Figure 2F and Figure S1).

UOK257 cells express wild-type FLCN
Previously published data on UOK257 cells suggests that FLCN H429X is broken down by nonsense-
mediated decay [282], and as a consequence these cells are considered to be FLCN null. However, our initial 
cilia experiment suggested that this might not be the case. We immunofluorescently stained UOK257 cells 
with several different FLCN antibodies. As shown in Figure 3A, in UOK257 cells an antibody raised against 
full-length FLCN (here after referred to as full length FLCN antibody [285]) shows staining similar to that 
observed in the UOK257-2 (FLCN restored) cell line. Moreover, an antibody raised to the last 20 C-terminal 
amino acids of FLCN [217] exhibits similar specific staining (Figure 3A). EGFP-tagged H429X mutant FLCN 
was used to confirm antibody specificity by showing that the antibody raised to the C-terminal peptide 
did not recognise the tagged form of the H429X mutant FLCN protein (Figure 3B). The whole cell lysate 
from UOK257 cells was compared not only to UOK257-2 but also to a number of different kidney cells lines 
to determine if FLCN was present. In all cell lines we detected a band consistent with expression of full 
length FLCN (Figure 3C). Finally, genomic sequencing of the FLCN locus in individual UOK257 clones 
demonstrated that these polyploid cells contained a low level of the wild-type allele (Figure 3D). Thus, 
we conclude that UOK257 cells are not FLCN null as originally thought, but rather still express full-length, 
probably wild-type, FLCN.

Figure 4. Knockdown of FLCN in human kidney cells delays ciliogenesis
(A) Western blot on 30 μg of whole cell lysate showing α-Folliculin (FL) staining and expression of control levels in both wild-type HK-2 and 
stable HK-2 cell line transfected with scrambled control shRNA (clone NT), upon stable knockdown of FLCN using shRNA (FLCN KD, see 
Figure S2) Folliculin protein expression is reduced. Actin is used as a loading control. (B) HK-2 FLCN NT and KD cells were serum starved 
for indicated amount of hours, fixed and stained with acetylated-α-tubulin to mark the ciliary axoneme and pericentrin to mark the ciliary 
base. Nuclei were stained with DAPI and the percentage of ciliated cells and cilium length was measured using ImageJ. After 48 (P < 0.001) 
and 72 (P < 0.001) hours of serum starvation HK-2 FLCN KD cells showed a statistically significant reduction in the percentage of ciliated 
cells compared to NT cells. After 96 (P = 0.915) and 120 (P = 0.067) hours of serum starvation there was no difference in the percentage of 
ciliated cells between the two cell lines. Error bars represent standard error of the mean. Average of 350 cells counted per cell line per time 
point. * is P < 0.05. (C) Average cilium length of HK-2 FLCN NT cells (n = 124) shows a significantly decrease compared to FLCN KD cells 
(n = 40) cilia after 48 hours of serum starvation (P = 0.001). After 72 hours of serum starvation no difference in cilia length was observed 
between NT cells (n = 55) and HK-2 FLCN KD (n = 24) (P = 0.55). Error bars represent standard error of the mean. * is P < 0.05.
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Knockdown of FLCN in human kidney cells delays ciliogenesis
Given the fact that UOK257 cells express full length FLCN, we wondered if the ciliary phenotype observed in 
these cells resulted from reduced levels of wild-type FLCN. Therefore, we generated stable knockdowns of 
FLCN in HK-2 cells [305], see Figure S2. Subsequently, FLCN knockdown HK-2-clone A5 (hereafter referred 
to as FLCN KD, estimated 50% knockdown) and the scrambled control HK-2 clone G10 (hereafter referred 
to as NT (Figure 4A) were selected. Knockdown of FLCN did not alter cell morphology or growth rate (data 
not shown). Cells were plated at low density and subsequently serum starved for 48, 72, 96 and 120 hours 
to initiate ciliogenesis. As seen in Figure 4B, at 48 and 72 hours, FLCN KD cell line showed a significant 
reduction in number of ciliated cells compared to the NT control cells. Knockdown or knockout of other 
ciliary proteins can cause changes in the length of cilia [13]. Cilia in the HK2 knockdown clone showed a 
slight but significant reduction in length versus the control cell line after 48 hours of serum starvation. This 
was not evident after 72 hours of serum starvation (Figure 4C). At the later time points 96 and 120 hours 
both cell lines exhibited more cilia, and no significant difference in the number of ciliated cells between 
FLCN KD and NT control was evident. Collectively, this data suggests that ciliogenesis is delayed upon 
FLCN knockdown. 

FLCN is a constitutively present at the cilia, basal body and centrosome
Having established that reduction of FLCN causes a delay in ciliogenesis and that kidney tubules exhibited 
staining for FLCN, we proceeded to examine whether FLCN is a ciliary protein. We thus determined 
endogenous FLCN localisation in several different cell types that form primary cilia. In all cell lines 
examined we observed a clear and specific staining to the ciliary axoneme (Figure 5A and Figure S3). Next 
we wondered whether FLCN would also be present in motile cilia. In primary human nasal epithelial cells 
(HNE) that contain beating motile cilia, we observed localisation of FLCN to the axonemes (Figure 5B) and 
at the base plate (which is the basal body equivalent for motile cilia) (Figure 5C). To rule out the possibility 
of a non-specific antibody stain, we stably expressed EGFP-tagged FLCN (hereafter referred to as EGFP-
FLCN WT) in type II Madin-Darby canine kidney cells (MDCK) (Figure 5D). We noted that EGFP-FLCN 
WT indeed localises to the basal body, which we confirmed using co-localisation with γ-tubulin (Figure 
5D). Furthermore, using full length FLCN antibody, we demonstrated localisation of endogenous FLCN to 
the centrosome in IMCD3 (murine inner medullary collecting duct), HK-2 and UOK257 cells (Figure 5E).
Finally, we considered the possibility that FLCN might be a universal constituent of both primary and motile 
axonemes and their respective basal bodies. In Drosophila melanogaster, BHD-/- males exhibit a fertility 
defect [306]. We therefore asked whether FLCN would be present in sperm flagellae or their associated 
structures. The sperm flagellum is structurally identical to motile cilia, although its beating pattern is 
different [307]. Some ciliopathies are associated with sperm motility defects [308]. As shown in Figure 
5F, in human spermatozoa we observed clear staining of FLCN to the centrosome and annulus. The latter 
structure is equivalent to the ciliary diffusion barrier for non-motile cilia [307]. Faint flagellar staining can 
also be observed, but from these experiments it is not clear whether this is an artefact or true flagellar 
staining.

Disease-associated mutations of FLCN do not affect subcellular localization
Having previously observed full-length FLCN localising to cilia and the centrosome, we reasoned that 
disease-associated FLCN mutations might affect its subcellular localisation. Therefore, we expressed EGFP-
tagged versions of several disease-causing FLCN mutations in HK-2 cells. Unfortunately, localisation of 
the tagged protein to cilia could not be determined as transient transfection of FLCN-containing vectors 
consistently prevents ciliation. However, tagged versions of missense mutations p.His255Arg (H255R) and 
p.Lys508Arg (K508R) can both be visualised at the centrosome (Table 1 and Figure S4). Next, we examined 
EGFP-tagged patient mutations that result in C-terminal deletions, p.Tyr463Stop (Y463X) and the most 
common mutation, p.His429ProfsX26 (H429X). Again, both of these truncating mutants localise to the 
centrosomes. These observations suggest that BHD-associated FLCN mutations do not prevent centrosomal 
localisation.

Chapter 4
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Figure 5. FLCN is a constitutive axonemal, basal body and centrosomal protein
All endogenous FLCN stains were obtained using the full length FLCN antibody and nuclei are stained with DAPI (blue). Single panels 
gray scale inverted. All scale bars 10 μm unless indicated otherwise. (A) HK-2 cells serum starved for 48 hours were fixed and stained for 
endogenous FLCN (green) and acetylated-α-tubulin (red). Nuclei were stained with DAPI (blue). The cilium in the white box is shown in 
orthogonal view below. Scale bar 10 μm. (B) Upper panel, image of fixed primary Human Nasal Epithelial (HNE) cells, single stained for 
endogenous FLCN (green) in combination with DIC (cilia indicated by arrow), scale bar 20 μm. Lower panels, images of HNE cells double 
stained for FLCN (red) and axonemal marker acetylated-α-tubulin (green) or base plate marker pericentrin (green). (C) Fixed MDCK cells 
stably expressing EGFP-FLCN WT stained with centrosomal (arrow) marker γ-tubulin (red), scale bar 20 μm. (D) IMCD3, HK-2 and UOK257 
were fixed and stained for γ-tubulin (red) and endogenous FLCN (green). (E) Human sperm cells were fixed and stained for endogenous 
FLCN (red). Please note the staining at the centrosome (arrowhead) and annulus (arrow). 

Cell line Centrosomal localisation

EGFP No
EGFP-FLCN WT Yes
EGFP-FLCN His255Arg (H255R) Yes
EGFP-FLCN Lys508Arg (K508R) Yes
EGFP-FLCN Tyr463 Stop (Y463X) Yes
EGFP-FLCN His429 ProfsX26 (H429X) Yes

Table 1. Localisation of EGFP-tagged constructs to the centrosome Table 2. Average Doubling time of MDCK

Cell Line Average 
doubling time 
(hours) 

SEM 
(hours)

MDCK 13.7 1.8
MDCK EGFP 14.3 1.2
MDCK EGFP-FLCN WT 17.3 1.1
MDCK EGFP-FLCN K508R 16.3 0.8
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Overexpression of FLCN in MDCK cells affects proliferation and ciliogenesis
Using MDCK cells, we generated cell lines stably overexpressing EGFP alone, EGFP-FLCN WT or EGFP-
FLCN K508R mutant (Figure 6A). The overexpression of EGFP-FLCN WT seemed to slow down cellular 
proliferation. We therefore measured the doubling time of MDCK cells stably overexpressing EGFP alone or 
EGFP-FLCN WT. As shown in Figure 6B and Table 2, expression of EGFP-FLCN WT significantly increases 
cellular doubling time by approximately 20% (from 13 hours to 16 hours). As the localisation of the disease-
causing FLCN missense variant EGFP-FLCN K508R is similar to that observed for the wild-type protein, we 
wondered if expression of this mutant would also result in a growth defect. Overexpression of K508R does 
indeed increase doubling time, to 16 hours, as was previously observed for EGFP-FLCN WT. This finding 
contrasts with previously published data suggesting that a missense mutant (H255R) does not affect cell 
growth [282]. Next, we tested the ability of these different FLCN overexpressing cells to ciliate (Figure 6C). 
To initiate formation of cilia, all MDCK cells were cultured to five days post-confluence. Surprisingly, cells 
expressing EGFP-FLCN WT exhibit fewer cilia than controls. In contrast, expression of EGFP-FLCN K508R 
results in no change in the percentage of ciliated cells when compared to MDCK, or MDCK cells expressing 
EGFP alone (Figure 6C). We also noted that the EGFP-FLCN K508R mutant was more readily visible in cilia 
than EGFP-FLCN WT (data not shown).

Chapter 4

Figure 6. Overexpression of FLCN affects cell proliferation and ciliogenesis
(A) Western blot probed with α-GFP antibody showing MDCK cells, MDCK cells with stable overexpression of EGFP alone (EGFP), EGFP-
FLCN WT (WT) and the disease-causing FLCN missense variant EGFP-FLCN K508R (K508R). α-Actin was used as a loading control. Actin 
is not detected in the EGFP sample, as a result of 10-fold dilution of this sample due to very high EGFP expression in this cell line. (B) At a 
starting density of n = 105 cells of per well, MDCK, EGFP, WT and K508R were plated. Cell number was determined at each time point as 
average of six independent counts (not indicated). (C) MDCK, EGFP, WT or K508R were maintained at confluence for five days, fixed and 
stained with acetylated-α-tubulin to mark the ciliary axoneme and with DAPI to stain nuclei. Cells expressing EGFP-FLCN WT showed a 
statistically significant reduction in the percentage of ciliated cells compared to cells expressing EGFP alone (P < 0.001) or EGFP-FLCN 
K508R (P < 0.001), as counted using ImageJ. Error bars represent standard error of the mean. * is P < 0.01.
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Knockdown and overexpression of FLCN impairs kidney cell spheroid growth in three-
dimensional culture
Having established that overexpression and knockdown of FLCN affect cilia number in monolayer culture, 
we then assessed the effect of modulating FLCN expression in a 3D culture system. Due to the complex 
signalling required for proper spatial orientation, a mild ciliopathy phenotype in monolayer culture can 
translate into a more severe one in 3D cultures [20]. MDCK and IMCD3 cell lines cultured in 3D are both 
established models for renal morphogenesis, mimicking normal renal tubules by forming spheroids or 
tubules composed of polarised cells exhibiting a lumen lining a ciliated apical membrane. As BHD cyst 
formation presumably results from FLCN haplo-insufficiency, we assessed the effects of FLCN knockdown 
in detail. Spheroid formation in cells treated with RNAi specific against the expression of Flcn (siFlcn), 
was severely impaired when compared to non-target RNAi (siCON) (Figure 7A). The number of cells 
composing the median section of a spheroid did not differ significantly (P = 0.5255) in the siFlcn treated 
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Figure 7. Knockdown or overexpression of FLCN impairs kidney cell spheroid growth in three-dimensional culture
(A) IMCD3 cells treated with siCON or siFlcn cultured for three days in matrigel. Tight-junction marker ZO-1 (orange) localises to the apical 
side, β-catenin (green) is enriched at lateral cell-cell contacts and acetylated-α-tubulin stains cilia (red) that are present protruding into the 
lumen. Nuclei are stained with DAPI. Representative spheroids are shown. SiCON cells form a typical spheroid that is evenly rounded and 
has a clear lumen. Cells treated with siFlcn form spheroids with impaired ciliogenesis, reduced overall and luminal sizes. Arrows indicate 
cilia containing β-catenin. Scale bar is 10 μm. Bar graph of quantification of Flcn levels using RT-PCR in IMCD3 cells treated with siCON or 
siFlcn (normalised to Rpl19) and scatter plot of the number of cilia observed in siCON and siFlcn spheroids are shown. (B) MDCK cells stably 
overexpressing EGFP or EGFP-FLCN WT were grown in collagen for 11 days. Cultures were stained with Phalloidin (red) and DAPI. Please 
note the lack of lumen formation in the cells overexpressing EGFP-FLCN WT in the 2D and 3D projection. (C) IMCD3 cells with siFlcn or 
stable overexpression of EGFP-FLCN WT form spheroids that are significantly smaller in size and have a smaller lumen compared to siCON 
and non-transfected spheroids respectively. (D) MDCK and IMCD3 cells overexpressing EGFP-FLCN K508R were grown for three days in 
matrigel or 11 days in collagen respectively and stained with DAPI (blue). IMCD3 cells with overexpression of EGFP-FLCN K508R form 
spheroids that are smaller in size (P = 0.042) and have a smaller lumen (P = 0.0003) compared to non-transfected IMCD3 cells. (E) UOK257 
cells were grown in collagen for ten days and stained with acetylated-α-tubulin (red) and DAPI (blue). Note the lack of cilia and lumen. All 
scale bars 20 μm unless indicated otherwise.
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cells versus control knockdown (Figure S5A). The level of knockdown achieved was approximately 60% 
(Figure 7A) and in line with previous data, fewer cilia were observed in Flcn knockdowns compared to 
nontarget controls (P < 0.001) (Figure 7A).
Having observed that knockdown of Flcn affects spheroid formation in 3D cultures, we then assessed 
the effect of overexpression of EGFP-tagged full length human FLCN in IMCD3 and MDCK spheroids. 
Interestingly, spheroid formation in both cell types expressing EGFP-FLCN WT was also severely impaired, 
with little or no lumen present in the spheroids (Figure 7B and Figure S5B). Consistent with the previously 
observed growth defect in cells expressing EGFP-FLCN WT the number of cells composing an EGFP-FLCN 
WT spheroid was reduced when compared to the control cell line (Figure S5C). Since the knockdown or 
overexpression of FLCN results in abnormal lumen formation, we then determined the overall and lumen 
size of these spheroids. To generate statistically comparable groups, we analysed n = 30 IMCD3 spheroids per 
condition and subjected the results to non-parametric two-tailed Mann-Whitney tests. As shown in Figure 
7C, while siFlcn only resulted in a small decrease in the overall size of the spheroid, it did cause a marked 
decrease in the luminal size when compared to the control spheroids. In comparison, overexpression of 
FLCN resulted in overall smaller spheroids, when compared to untransfected cells (Figure 7C). A significant 
decrease in the size of the lumen was also observed upon FLCN overexpression. Thus knockdown and 
overexpression of FLCN resulted in a similar lumen formation problem, with the overexpression giving a 
more severe phenotype.

A BHD-associated FLCN missense mutation is partially dysfunctional with respect to 
spheroid formation
Having established that overexpression of wild-type FLCN severely impacts spheroid formation, we then 
tested the ability of the K508R mutant allele to influence spheroid formation. In contrast to EGFP-FLCN 
WT, EGFP-FLCN K508R spheroids were similar to normal spheroids (Figure 7D), where a clear lumen can 
be observed. For the IMCD3 cells the size of the spheroid and lumen was determined and was found to 
slightly deviate from non-transfected controls (size P = 0.042, lumen P = 0.0003) which is likely the result 
of the reduced proliferation rate (as in Figure 6B) and correlates with the reduced cell numbers in EGFP-
FLCN K508R spheroids (Figure S5D). Interestingly, upon culture in a 3D system, UOK257 cells do not form 
spheroids. Like FLCN overexpressing and IMCD3 knockdown cells, they form structures that contain little 
or no lumen (Figure 7E).

FLCN knockdown results in ß-catenin delocalisation and causes a switch from planar 
cell polarity to activation of canonical Wnt signaling
In addition to the effects of siFlcn on cilia frequency and lumen size, we observed an increase in improper 
orientation of cell divisions. In normal spheroids, cell division occurs in plane with the apical membrane, 
directed towards the lateral membranes (Figure 8). By scoring the number of cells that are either actively 
dividing in the wrong orientation, or have ended up outside the normal plane, we found that Flcn knockdown 
causes a strong increase in abnormally orientated cell divisions. This might be attributable to abnormal 
ciliary function as a result of decreased ciliation. 
In the IMCD3 spheroid assays, ß-catenin was used as a standard marker for the baso-lateral membranes. 
When we performed these assays, we noticed that ß-catenin can often be observed in the cilium (Figure 
7A, extra panel siCON). Intriguingly, this was not the case for the spheroids which had been treated with 
siFlcn. In the siFlcn treated spheroids, cilia levels were reduced, but in the cilia that did form, we rarely 
ever observed localisation of ß-catenin to the cilia (data not shown). The sequestration of ß-catenin to 
cilia has been reported to dampen canonical Wnt signalling [104] and abnormal Wnt/ß-catenin signalling 
has previously been implicated in renal cystogenesis [309]. Therefore, we hypothesised that the observed 
defects in spheroid formation upon knockdown of Flcn might be a consequence of altered Wnt signalling. 
Thus, we examined canonical Wnt activity by looking at ß-catenin phosphorylation and CyclinD/Axin2 
mRNA levels. Upon siFlcn treatment of IMCD3 no reduction in the total amount of β-catenin was evident 
when compared to control siCON (Figure 9A). However, an antibody against the active, unphosphorylated 
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Figure 9. FLCN knockdown causes activation of canonical Wnt signaling
(A) Western blot on 30 μg of whole cell lysate from treated IMCD3 cells. IMCD3 express equal amounts of total β-catenin (upper panel) 
upon treatment with non-targeting siCON or siFlcn or treatment with 20 mM KCl or LiCl for 16 hours. Using an antibody to detect the 
unphosphorylated, active β-catenin, cells treated with LiCl (an activator of β-catenin through inhibition of GSK3β) showed increased active 
β-catenin as did siFlcn treated cells. Arrows indicate the specific band. The lower, non-specific band was used as a loading control. (B) 
Activation of the canonical Wnt pathway was further confirmed using quantitative RT-PCR of downstream target genes Axin2 and CyclinD. 
Upon Flcn knockdown mRNA levels of both genes exhibited up-regulation.

Figure 8. FLCN knockdown results in abnormally oriented cell division
IMCD3 cells treated with non-targeting siCON or siFlcn were cultured for three days in Matrigel. Cultures were fixed and stained as indicated. 
Arrows indicates orientation defect. Right graph shows the quantification of misorientated spindles per spheroid which is increased in 
spheroids with Flcn knockdown compared to control spheroids (P < 0.0001). Scale bar 20 μm.
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form of β-catenin shows clear activation of β-catenin upon siFlcn. Furthermore, quantitative RT-PCR of 
downstream target genes Axin2 and CyclinD shows up-regulation of these two genes upon Flcn knockdown, 
further supporting activation of the Wnt/β-catenin signal pathway (Figure 9B).

FLCN localises to the mitotic spindle
It has been previously described that cilia are involved in the switch between canonical Wnt and non-
canonical PCP signalling [111]. However, the exact mechanisms linking spindle positioning with PCP are 
poorly understood and it has been suggested that although cyst formation is a PCP defect, actual PCP 
signalling might not directly be involved [310]. Activation of canonical β-catenin signalling is sufficient to 
induce cystogenesis [103]. Interestingly, several ciliary proteins such as IFT88, LKB1 and VHL [112, 311] are 
known to localise to the mitotic spindle and have an active role in spindle positioning that is independent 
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of its ciliary function. To see if this is the case for FLCN, we examined mitotic cells expressing EGFP-FLCN 
WT and indeed, we observed the tagged protein localising to the mitotic spindle (Figure 10). Furthermore, 
we also observed EGFP-FLCN K508R localising to the spindle (data not shown). These data might indicate 
that apart from the PCP to canonical Wnt switch, multiple mechanisms might be actively distorting the 
regulation of spindle positioning.

Figure 10. FLCN localises to the mitotic spindle
HK-2 cells overexpressing EGFP-FLCN WT were fixed and counterstained with acetylated-α-tubulin (red) to mark the mitotic spindles 
(indicated by arrows) and DAPI (blue). Scale bar is 20 μm.

MergeDAPIEGFP-FLCN WT
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Discussion

Fibrofolliculomas may be mantle-derived cystic neoplasms
BHD patients show cyst formation in lungs, kidney and liver. Cyst formation in multiple organ systems is 
a characteristic of ciliopathies [55], which led us to hypothesise that ciliary dysfunction could contribute 
to the BHD phenotype. To test our hypothesis, we set out to examine patient tissue samples for evidence 
of ciliary dysfunction. We note that fibrofolliculomas, which are considered as hair follicle tumours [312], 
invariably consist of branching epithelial strands that emanate from what are commonly considered to be 
dilated hair follicule infundibula [312]. We propose that these actually represent cysts, thus extending the 
cystic BHD phenotype to the skin. Of interest, we invariably find that fibrofolliculomas include sebaceous 
glands (Figure 1B), and careful review of the literature suggests that such sebaceous differentiation is 
indeed a common feature [295]. Drawing on previously published work by Steffen [296] we would like to 
resurrect the notion of a fibrofolliculoma as a ‘mantleoma’, a benign neoplasm that originates from the hair 
follicle mantle. This structure consists of undifferentiated cords of epithelial cells that originate from the 
hair follicle isthmus or infundibulum and encircle the follicle like a skirt, or mantle [313]. During puberty, 
the mantle cells start to proliferate and differentiate into fully-fledged sebaceous glands [313].
Recent work has demonstrated that loss of epidermal cilia in mice results in outgrowth of basal keratinocytes 
and in the formation of cystic structures originating from hair follicles, with prominent sebaceous 
differentiation [300]. Lineage tracing was not performed, but BrdU label retention studies suggested a more 
rapid turnover of the cutaneous stem cell population. This was reflected in premature balding in the mutant 
mice. Abnormal orientation of cell divisions was not observed [300]. We suggest that fibrofolliculomas in 
BHD analogously reflect abnormal growth and differentiation from the hair follicle mantle, possibly due 
to ciliary dysfunction in sebaceous gland progenitor or stem cells. We note that a sebaceous mantle origin 
could explain why fibrofolliculomas preferentially affect areas that are rich in sebaceous glands, such as 
the nose and perinasal skin. If correct, our hypothesis would further predict that in BHD skin, cutaneous 
stem cell reservoirs might more rapidly become depleted than in normal skin. As is the case for the mice 
described above, humans with BHD would then be expected to have earlier and more rapid development 
of age-related skin disorders such as baldness. To the best of our knowledge, no studies have so far been 
reported that address aging skin in BHD. We did not examine skin for evidence of abnormal cilia because 
the ciliation patterns of keratinocytes are not well delineated. Instead, we chose to analyse an oncocytoma 
from a BHD patient. This is a benign neoplasm that originates from the collecting duct and is considered 
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as a hallmark lesion associated with BHD. Consistent with our hypothesis that BHD symptoms may be 
associated with ciliary dysfunction, we observed reduced ciliation in the patient oncocytoma compared to a 
sporadic one. Further in vitro work confirmed that FLCN has a role in ciliogenesis.

FLCN is a dose-dependent regulator of cilia formation
Cilia formation is a process requiring complex regulation that is not yet fully understood. Entrance into 
G0 phase of the cell cycle and establishment of cell polarity are considered to be the first prerequisites of 
ciliation [143]. We observe that levels of FLCN strongly affect the timing of ciliation, possibly by interfering 
with both processes. We show that endogenously expressed FLCN in addition to tagged versions of FLCN 
very specifically localises to tubulin-based structures such as motile and non-motile cilia, centrosomes and 
the mitotic spindle in a variety of cell lines we have studied. HK-2 cells with reduced endogenous wild-type 
FLCN show reduced ciliation and a subtle but significant decrease in length at early time points, which 
is subsequently overcome at the later time points. This indicates that cells with less FLCN have a delay 
in ciliogenesis. IMCD3 spheroids recapitulate this reduction in ciliation upon knockdown of Flcn. To our 
surprise, overexpression of FLCN also resulted in a reduction in ciliation, as is observed in MDCK cells that 
express EGFP-FLCN WT but not in cells expressing the partially non-functional EGFP-FLCN K508R mutant. 
Apart from the timing of ciliation, we have not observed any striking defects in the size or shape of cilia, 
indicating that, once ciliogenesis has been initiated, FLCN’s role is permissive. We also have indications that 
the BHD-patient derived renal cancer line UOK257 still expresses the wild-type FLCN allele. In line with 
other renal cell type examined (MDCK and HK-2), under conditions of confluence, UOK257 cells do have 
the ability to form cilia. However, despite the apparently normal appearance of these cilia in UOK257 cells, 
the actual percentage of cells exhibiting cilia is low relative to other cell lines examined. Based on our data, 
the low level of ciliation observed in UOK257 may reflect a reduced level of full length FLCN. Furthermore, 
this reduced level of ciliation may help explain the lack of lumen formation (and cilia) observed when 
UOK257 were cultured in 3D. UOK257-2 cells that express reconstituted FLCN showed an even more 
pronounced reduction in ciliation at the early time points which is consistent with the overexpression 
phenotype observed for EGFP-FLCN WT. At later time points, both UOK257 and UOK257-2 cell types show 
similar ciliation levels, suggesting a threshold-effect.
It is possible that the clinical manifestations of BHD are not a result of haploinsufficiency. Rather, the 
mutant versions of FLCN could also contribute to the BHD phenotype, perhaps in a dominant negative 
manner. Relative to the UOK257 cell lines, the restoration and (over)expression of FLCN in UOK257-2 
cells does not increase the low percentage of ciliated cells upon confluence. This may be due in part to a 
dominant negative effect. All of the EGFP-tagged mutant versions of FLCN (like the wild-type protein) 
were visualised at the centrosome. Moreover, K508R also localises to the spindle and its overexpression in 
cells resulted in a growth defect similar to that previously observed for overexpression of wild-type FLCN. 
In the UOK257 cell line, the lack of a band consistent with the expression of H429X by western blot does 
not necessarily imply absence. Thus, the notion that mutant alleles of FLCN are always broken down by 
nonsense mediated decay and are therefore not expressed may not be correct. Complete loss of FLCN has 
been shown to be lethal [216, 283] and we would therefore not expect to encounter it in patients. Accordingly, 
the majority of BHD-associated kidney tumours have somatic second hits affecting FLCN, rather than loss 
of heterozygosity [314]. We also show that FLCN is still expressed in a renal cancer from a BHD patient 
(Figure 2E). Finally, people with the Smith-Magenis syndrome (MIM 182290), a congenital disorder caused 
by heterozygous deletion of chromosome 17p11.2 (including FLCN), do not develop symptoms consistent 
with BHD [315]. In particular, patients do not exhibit an elevated risk of developing kidney cancer. Based on 
these observations, we propose that a ‘just right’ hypothesis, as for the adenomatous polyposis coli (APC) 
tumour suppressor [316], also holds true for FLCN.

FLCN regulates canonical Wnt signalling and spindle orientation in spheroids
We previously described the IMCD3 spheroid culture system as a suitable method to assess ciliopathy 
genes and their effects on renal morphology [20]. The siRNA-mediated knockdown of Flcn in IMCD3 
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demonstrates a role for the protein in establishing cellular orientation, as the spheroids formed by these 
knockdown cells exhibit an increased number of cells outside of the normal plane of division. This mitotic 
spindle misalignment may reflect disturbed planar cell polarity, a process controlled by non-canonical Wnt 
signalling, cortical microtubule function or mislocalised polarity proteins. Cilia have a role in this process 
by dampening activity of the canonical Wnt pathway via sequestration of ß-catenin [104]. Accordingly, 
Flcn knockdown seems to reduce ciliary ß-catenin retention and is associated with ß-catenin stabilisation 
and increased canonical Wnt activity. As a consequence, non-canonical activity might be inhibited [111]. 
Since ciliary localisation of ß-catenin requires the protein AHI1/Jouberin [104], FLCN may be involved in 
the ß-catenin-AHI1 interaction and it will be of future interest to examine if this holds true. In view of the 
increased Wnt activity, it is of considerable interest that recent observations clearly show an increased 
incidence of kidney cancer in people who chronically use lithium chloride for psychiatric conditions [186]. 
Lithium activates canonical Wnt signalling through repression of GSK3ß activity [317]. The spectrum of renal 
tumours associated with lithium use is remarkably similar to that seen in BHD and includes oncocytomas. 
Thus, we propose that carcinogenesis in BHD may be partly due to deregulated canonical Wnt signalling.
An alternative explanation for the spindle orientation defect could be that FLCN does not exert an effect 
on PCP signalling, but rather is actively involved in spindle orientation. The observation that EGFP-
FLCN WT localises to the centrosome and mitotic spindle is compatible with this idea. The classic ciliary 
transport protein IFT88 has been shown to localise to the centrosome in mitosis, where it plays a role in 
microtubule transport [112]. FLCN might exert a similar function in controlling essential processes at the 
spindle pole, defects of which result in misorientation. Finally, a recent report describes that LKB1 regulates 
spindle orientation through AMPK, possibly through microtubule destabilization and we have previously 
demonstrated increased AMPK phosphorylation in UOK257 [285].

Abnormal lumen formation in spheroids with perturbed FLCN expression suggests a 
role in polarised exocytosis
Modification of the levels (both increase and decrease) of FLCN in IMCD3 and MDCK cells results in 
spheroids that form without a proper lumen. Likewise UOK257 cells exhibit a similar defect. The lack of 
proper lumen formation may be
due to the polarity defect associated with disruption of FLCN levels. The sustained canonical Wnt signalling 
might also provide an inappropriate mitotic stimulus, causing undirected cell growth. Recently, Nahorski et 
al. reported similar observations in IMCD3 Flcn knockdown spheroids. Based on their observation that FLCN 
interacts with the armadillo repeat protein plakophilin 4/p0071, they showed defective adherens junction 
formation, which might cause abnormal polarisation [318]. However, FLCN’s putative function in vesicular 
transport suggests that other mechanisms might be involved. For lumenogenesis in IMCD3 spheroid, the 
cells at the centre of the growing spheroid have to initiate polarised exocytosis in response to positional or 
environmental cues [319]. We speculate that FLCN could be involved in polarised exocytosis and that the 
localisation of FLCN to the sperm annulus suggests a mechanism. The sperm annulus is comprised largely 
of Septin rings that form a diffusion barrier, which defines specific membrane compartments [320]. Septins 
regulate polarized exocytosis and are at the ciliary gate, where they are required for ciliogenesis [321]. From 
this, we propose that FLCN could have a role in carrying cargo past Septin diffusion barriers. Its putative 
function as a GEF is consistent with this model, given that Septins are GTP-binding molecules [322]. 
Interestingly, a function in polarised exocytosis or directional vesicular transport provides a mechanism 
to unify the defects in ciliogenesis, spindle positioning and cellular polarity that we have observed in our 
experiments.

In conclusion, we provide evidence that Birt-Hogg-Dubé syndrome is a novel ciliopathy. The causative 
protein, FLCN, localises to motile and non-motile cilia, centrosomes and the mitotic spindle. It is involved 
in the initiation of ciliogenesis but once ciliation is underway FLCN’s role seems permissive. Knockdown 
of FLCN affects planar cell polarity, which might be due to the ciliation defect. Additional roles for FLCN 
in establishing cellular polarity seem likely and we have evidence for abnormal canonical Wnt signalling 
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in the context of FLCN knockdown. Wnt signalling is potentially oncogenic and might thus present a new 
mechanism for carcinogenesis in BHD. Our data further suggest that the correct level of FLCN expression 
is critically important for its optimal function. The classification of BHD as a ciliopathy should help to 
better understand its pathogenesis, as the study of BHD can now benefit from the intense research effort 
on ciliopathies.
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Materials and methods

Immunocytochemistry of 2D cultures
For fluorescent microscopy, cells were cultured on glass coverslips. Cilium formation was induced by 
culturing the cells for at least four days after reaching confluence or by serum starving the cells for at least 48 
hours in DMEM without FCS, depending upon the cell type. When ready for staining, cells were fixed using 
either ice-cold 100% methanol or 4% formalyde at room temperature and permeabilised using 0.5% Triton 
X-100, depending upon the primary antibody. Cells were incubated overnight at 4°C in primary antibody 
appropriately diluted in 3% BSA in TBS block buffer followed by 1 hour incubation at room temperature in 
secondary antibody appropriately diluted in block buffer. DNA was stained with DAPI. Fluorescent samples 
were visualised using a Leica TCS SPE confocal laser scanning fluorescence microscope (Leica DMRBE, 
Mannheim, Germany). Images were further processed using ImageJ (NIH) software.

Immunohistochemistry
Sections of 4 μm were processed using standard methodology; antigen retrieval was performed after 
blocking in H2O2, using 10 mM citrate buffer pH 6.0. Acetylated-α-tubulin antibody from Sigma (clone 
6-11B-1 purified from mouse, 1:12,000). Secondary antibody staining was performed using α-mouse HRP 
(1:100) and PowerVision (Immunologic, Duiven, The Netherlands) activated with H2O2 and stained with 
Novared. For FLCN stain of BHD kidney sections the custom made C-terminal FLCN antibody (1:100) 
was diluted in 3% BSA/PBS. To visualise we used the Dako REAL EnVision Detection System Peroxidase/
DAB+Rabbit (Dako Heverlee, Belgium), the slides were counterstained with hematoxylin and embedded in 
entellan.

DNA constructs and antibodies
Human FLCN was cloned into pEGFP (Clontech, Mountain View, CA) using EcoRI. EGFP-tagged FLCN 
mutant constructs were made by site directed mutagenesis using the Quikchange II Site Directed 
Mutagenesis kit according to the manufacturer’s instructions (Agilent, Santa Clara, CA) with the following 
primers: (Table S2). EGFP-tagged FLCN WT and mutants were cloned into the pQCXIP vector (Clontech) 
using AgeI and EcoRI. Human-specific FLCN shRNA plasmid pLKO.1-puro-shRNA5968 and the Non Target 
shRNA plasmid pLKO.1-puro-NonTaget (Sigma) were a kind gift from Prof. A. Pause (McGill University, 
Canada). Murine-specific Flcn siRNA oligos were purchased from Dharmacon (Lafayette, CO, USA). 
Primary antibodies used for immunofluorescence microscopy are full length α-FLCN (rabbit polyclonal, 
a kind gift from Prof. A. Pause, 1:200), α-FLCN (rabbit monoclonal, 3697 Cell Signalling, Danvers, MA, 
USA 1:200), α-FLCN (rabbit polyclonal, [286] a kind gift from Dr. T. Cash 1:100), α-pericentrin (rabbit 
polyclonal, ab4448 Abcam, Cambridge, UK, 1:1000), α-γ-tubulin (mouse monoclonal, T3559 Sigma 1:1,000), 
α-acetylated-α-tubulin (mouse monoclonal, ab24610 Abcam 1:200), α-acetylated-α-tubulin (mouse, T7451 
Sigma, 1:20,000), α-β-catenin (rabbit, AHO0462 Invitrogen, Paisley, UK, 1:500), α- ZO-1 (rat, R40.76 Santa 
Cruz Biotechnology, Santa Cruz, CA, USA, 1:500). Secondary antibodies used were goat-α-mouse texas red 
(1010-07 Southern Biotech, Birmingham, AL, USA, 1:80), goat-α-rabbit FITC (4050-02 Southern Biotech, 
1:80), and α-Rabbit-488, α-mouse-568 and α-Rat-647 (all from Molecular Probes, Invitrogen). Primary 
antibodies used for Western blot and immunoprecipitation were raised against EGFP (mouse, 11814460001 
Roche, Basel, Switserland), β-actin (mouse monoclonal, Sigma 1:5,000), γ-tubulin (mouse monoclonal, 
T3559 Sigma 1:1000), total β-catenin (Ab6302, Abcam, 1:400), unphosphorylated β-catenin (ABC; clone 
8E7, Millipore, 1:400) and custom made rabbit antibodies against the N-terminus of FLCN, and C-terminus 
of FLCN generated by Eurogentec (Seraing, Belgium). The N-terminal antibody was raised against a peptide 
consisting of amino acids 29-41 (LPQGDGNEDSPGQCE) and the C-terminal antibody was raised against a 
peptide consisting of amino acids 522-536 (TKVDSRPKEDTQKLL) of human FLCN (NP_659434). Secondary 
antibodies used include HRP-conjugated goat-α-mouse and goat-α-rabbit (Jackson ImmunoResearch 
Laboratories, West Grove, PA, USA, 1:10,000).
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Cell lines, cell culture, transfection and generation of stable cell lines
Normal Human Dermal Fibroblasts (NHDF) where purchased from Lonza (Blackley, UK). Madin-Darby 
canine kidney cells type II (MDCK) were a gift from P. Zimmermann (Department of Human Genetics, 
University of Leuven, Belgium). HK-2 cells were provided by Prof. Dr. M. van Engeland (Department of 
Pathology, Maastricht University Medical Center). UOK257 and UOK257-2 cell lines were kindly supplied 
by Dr. L. Schmidt (NIH, USA). All cells were cultured intissue culture grade plastics, in Dulbecco’s Modified 
Eagle Medium (DMEM) containing 4.5 g/l D-glucose and L-glutamine (Lonza) supplemented with 10% 
FCS (Lonza) and 50 μg/ml gentamycin (Lonza) at 37˚C in 5% CO2 (humidified atmosphere). The culture 
medium was changed every two to three days. At confluence, cells were split using trypsin-EDTA (Lonza). 
Primary ciliated human nasal epithelial cells (HNE) were obtained from consenting donors with no known 
history of BHD under local ethical approval from East of Scotland Research Ethics Service (EoSRES) REC1 
(12/ES/0081). A 2 mm diameter cytology brush was inserted into each nostril and cellular material was 
recovered by abrasion of the nasal turbinate. This was washed with several changes of serum free Medium 
199 containing 1mM Dithiothreitol (Sigma) and Primocin antibiotic/antimycotic (Invivogen, Toulouse, 
France). Cells were either processed immediately for immunofluorescence or maintained in culture for up 
to one week by placing into Bronchial Epithelial Growth Medium (Lonza), supplemented with SingleQuot 
Kit Supplements and appropriate growth factors. Human Sperm was obtained from volunteer sperm donors 
(healthy men randomly selected from the general public with no known fertility problems) who were 
recruited in accordance with the HFEA Code of Practice (version 8) under ethical approval (08/S1402/6) 
from the EoSRES REC1. Capacitated sperm cells were prepared using a swimup assay [323] and where then 
immediately processed for immunofluorescence by spreading 10 μl sperm solution onto Polysine slides 
(VWR, Leicestershire, UK). Slides were air-dried prior to fixation in Methanol:Acetone (1vol:1vol) for 20 
minutes at -20°C and staining was performed as described for 2D cultures. Transfections were performed 
using FuGENE HD Transfection Reagent (Roche) according to the manufacturer’s instructions. Stable cell 
lines were selected using 3 μg/ml puromycin (Invivogen) for pQCXIP and 1μg/ml puromycin (Invivogen) for 
pLKO.1 starting 24 hours after transfection. Clonal cell populations were picked using cloning cylinders and 
analysed for FLCN expression. 

MDCK growth curve and 3D spheroid growth
MDCK cells were seeded into 6-well plates at a starting density of 104 cells /well. The cell number was 
determined at 48 hour intervals using a haemocytometer. After counting cells were reseeded into a fresh 
6-well plate at an appropriate subconfluent density and allowed to grow for another 48 hours. For 3D 
spheroid growth, MDCK and UOK257 cells were resuspended in a collagen matrix and seeded on a glass 
coverslip. The mixture was allowed to polymerise for 30 min at 37°C, and fresh medium was put on top to 
cover the matrix. After 11 days spheroids had formed. IMCD3 cells were cultured and reverse transfected 
with 50 nM On-TargetPlus siRNA murine-specific oligos (Dharmacon) using Lipofectamine RNAimax 
(Invitrogen) according to the manufacturer’s recommendations. 24 hours later, cells were collected and 
resuspended, mixed 1:1 with growth factor-depleted Matrigel (BD Bioscience, San Jose, CA, USA) and 
seeded in a glassbottom Lab-tek II chamber (Nunc). The mixture was allowed to polymerise for 30 min at 
37°C, and fresh medium was put on top to cover the matrix. After three days spheroids had formed.

Immunocytochemistry of 3D cultures
Spheroids were washed with warm PBS supplemented with Ca2+ and Mg2+ and fixed in fresh 4% PFA 
for 30 minutes at RT. After washing with PBS, cells were permeabilised for 20 min in 37°C gelatin/PBS 
(350mg/50mL) with 0.5% Triton X-100. Primary antibodies were diluted in the permeabilisation gelatin 
buffer and gels were incubated at 4°C overnight. After washing 3 times for 30 min in permeabilisation buffer, 
gels were incubated overnight at 4°C in secondary antibody solution. Next, gels were washed 3 times in 
permeabilisation buffer immersed in Fluoromount-G (Cell Lab, Beckman Coulter, Brea, CA, USA). Images 
were aquired using a Zeiss LSM510 inverted confocal microscope. Using confocal laser scanning microscopy 
the parameters of spheroids can be determined, including the number of cells forming the median section of 
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a spheroid. Additionally, the total spheroid size (basal membrane) and the luminal size (apical membrane) 
can be determined by measuring the distance of three lines spanning the maximal distance at a roughly 
120° angle of one another. Also the number of cilia present parallel to the transverse section (over a 6-8 μm 
Z-section depending on spheroid size) can be counted.

Statistical analyses
The number of ciliated cells was analysed using a two-tailed Pearson’s chisquare test for categorical data 
(significant P < 0.05). Cilium length and all spheroid parameters were analysed using non-parametric two-
tailed Mann-Whitney tests (significant P < 0.05). For siCON, siFlcn, untransfected and EGFP-FLCN K508R 
cells, n = 30 spheroids were analysed and for EGFP-FLCN WT n = 43 spheroids were analysed. Distances are 
averages of three measurements at a 120° angle of each other in μm.

RNA isolation and quantitative RT-PCR
RNA was isolated using the RNA isolation kit from Qiagen (Hilden, Germany), according to the 
manufacturer’s recommendations. Probes Flcn mm00840973_m1 and Rpl19 Mm01606037_g1 for mRNA 
analysis were purchased from Applied Biosystems. Real time PCR was performed in triplicate using the 
one-step RT-PCR kit and the 7500 system from Applied Biosystems. Normalised Ct values were used to 
calculate relative expression levels per condition and to determine the standard deviation (P = 0.05; n = 3). 
Real time PCR for Axin2 and CyclinD was performed as previously described, [324] using the primers listed 
in Table S2.

Sequencing
1x106 UOK257 and HK-2 cells were harvested using trypsin-EDTA. Genomic DNA was isolated using the 
Genomic DNA purification kit from Gentra Systems (Minneapolis, USA) according to the manufacturer’s 
recommendations. Subsequently the BHD locus was sequenced using a primer directed to an intronic 
sequence adjacent to FLCN exon 11 (BHD11R AGGAGGCGTGTGGGGTTTG).

Western blotting
Cells were harvested using typsin-EDTA and whole cell lysate (WCL) was obtained using NP-40 lysis buffer 
(150 mM NaCl, 1% NP-40, 250 mM Tris pH 7.3) supplemented with protease and phosphatase inhibitors 
(Roche). Protein concentration was determined using the Bradford protein assay (Sigma). An appropriate 
volume of Laemmli sample buffer was added to equal amounts of total protein followed by boiling for 5 
minutes. Samples were subjected to SDS-PAGE electrophoresis before transfer to an Amersham HybondTM-
PVDF membrane (GE Healthcare Life Sciences, Buckinghamshire, UK). After overnight incubation at 4°C 
in primary antibody appropriately diluted in 0.5% BSA in TBS block buffer, membranes were incubated 
with secondary antibody appropriately diluted in block buffer. Signal was detected using enhanced 
chemiluminescence (ECL) system (Thermo Scientific, Waltham, Massachusetts, USA).
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Supplemental data

Figure S1. UOK257 and UOK257-2 cells ciliate at confluence but not under serum starvation
UOK257 and UOK257-2 cells were serum starved for 120 hours or maintained at confluence for the indicated amount of days, fixed and 
stained with acetylated-α-tubulin  to mark the ciliary axoneme (red) and pericentrin (green) to mark the ciliary base. Nuclei were stained 
with DAPI (blue). The orthogonal view of ten day confluent cells is shown n the smaller lower panels. Scale bar is 20 μm.

Figure S2. Knockdown of FLCN using shRNA in HK-2
(A) Schematic representation of FLCN locus. The 3’UTR is marked in light grey, the coding exons in dark grey and the 5’ UTR in black. The 
sequence of FLCN shRNA5968 corresponds to bp 775 - 795 of the 3’UTR. (GCTGCTTTCAACATTTACGTTCTCGAGAACGTAAATGTTGAAAGCAGC). 
The sequence of FLCN shRNA5970 corresponds to bp 1677 -1697 of exon 14 of the coding sequence. 
(GACCTACAAGTCACACCTCATCTCGAGATGAGGTGTGACTTGTAGGTC). (B) Western blot on 20 μg of whole cell lysate from HK-2 cells stably 
transfected with shRNA FLCN shRNA5968, shRNA FLCN shRNA5970, both FLCN shRNA’s (shRNA5968 +5970) or the non-target shRNA 
control. The membrane was probed with full-length FLCN antibody and actin was used as a loading control. FLCN knockdown HK-2 clone 
A5 and FLCN knockdown non-target control HK-2 clone G10 were selected.
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Figure S3. FLCN is detected at the primary cilia of various cell types using various antibodies
Normal human dermal fibroblasts (NHDF), retinal pigmented epithelial cells (RPE), UOK257-2 and MDCK cells were allowed to ciliate, fixed 
and stained for acetylated-α-tubulin to mark the ciliary axoneme (red) and for endogenous FLCN (green) using indicated FLCN antibodies. 
Nuclei were stained with DAPI (blue). Cilia in white boxes are shown in orthogonal views below. Scale bar is 10 μm.
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Figure S4. Disease-associated mutations of FLCN do not affect FLCN localisation to the centrosome
HK-2 cells were transiently transfected with the indicated EGFP-tagged disease causing mutations. 24 hours post transfection cells were 
fixed and counterstained with γ-tubulin (red) to mark the centrosome (indicated by white arrows). Nuclei are stained with DAPI (blue). 
Scale bar is 20μm.

Figure S5. Spheroid formation in IMCD3 cells
(A) The number of cells composing a spheroid is not significantly different in the siFlcn treated cells versus control knockdown (n = 30 
siCON, n = 30 siFlcn).           (B) IMCD3 cells overexpressing EGFP-FLCN WT were grown for three days in Matrigel revealing a lack of lumen 
formation. Cultures were fixed and stained with DAPI (blue). Scale bar is 20 μm. (C) Quantification of the number of cells per spheroid in 
EGFP-FLCN WT versus the untransfected control reveals a small, but significant reduction (n = 30 untransfected, n = 43 EGFP-FLCN-WT). 
(D) Quantification of the number of cells per spheroid in the untransfected control versus EGFP-FLCN K508R reveals a slight reduction        
(n = 30 untransfected, n = 30 EGFP-FLCN K508R).
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Table S2. Primer sequences used for real-time PCR 
of Axin2 and CyclinD

Table S1. Primer sequences used for site-directed mutagenesis

Construct Primer Sequence

pEGFP-FLCN H255R GGCAAAGGAGGTGCGCAGGCACGC
pEGFP-FLCN H255R GCGTGCCTGCGCACCTCCTTTGCC
pEGFP-FLCN H429 AGGAGAGCACGTGGGGGGGGGATCT
pEGFP-FLCN H429 AGATCCCCCCCCCACGTGCTCTCCT
pEGFP-FLCN Y463X GGTCACCACAAACTCCTACTTGCTGAGAGACTG
pEGFP-FLCN Y463X CAGTCTCTCAGCAAGTAGGAGTTTGTGGTGACC
pEGFP-FLCN K508R CCACTCCTCCCTGAGGCAGACGAG
pEGFP-FLCN K508R CTCGTCTGCCTCAGGGAGGAGTGG

Cyclin D1 GTGCTGCGAAGTGGAAACC

Cyclin D1 ATCCAGGTGGCGACGATCT

Axin2 AGCCAAAGCGATCTACAAAAGG

Axin2 GGTAGGCATTTTCCTCCATCAC
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Abstract

Seminoma is a subclass of human testicular germ cell tumors (TGCT), the most frequently observed 
cancer in young men with a rising incidence. Here we describe the identification of a novel gene 
predisposing specifically to seminoma formation in a vertebrate model organism. Zebrafish 
carrying a heterozygous nonsense mutation in Leucine-Rich Repeat Containing protein 50 (lrrc50 
also called dnaaf1), associated previously with ciliary function, are found to be highly susceptible 
to the formation of seminomas. Genotyping of these zebrafish tumors shows loss of heterozygosity 
(LOH) of the wild-type lrrc50 allele in 44.4% of tumor samples, correlating with tumor progression. 
In humans we identified heterozygous germline LRRC50 mutations in two different pedigrees with 
a family history of seminomas, resulting in a nonsense Arg488* change and a missense Thr590Met 
change, which show reduced expression of the wild-type allele in seminomas. Zebrafish in vivo 
complementation studies indicate the Thr590Met to be a loss-of-function mutation. Moreover, we 
show that a pathogenic Gln307Glu change is significantly enriched in individuals with seminoma 
tumors (13% of our cohort). Together, our study introduces an animal model for seminoma and 
suggests LRRC50 to be a novel tumor suppressor implicated in human seminoma pathogenesis.
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Introduction

Human testicular germ cell tumors (TGCT) [MIM 613190] affect 1 in 500 Caucasian men. Current clinical 
classification recognizes five main subcategories with diverse clinical manifestations, genomic constitution 
and pathology [325]. TGCTs have their origin in the oncogenic counterparts of cells derived from the 
embryonic stage of the germ lineage. So-called Type II TGCTs, which are the most predominant tumor types 
diagnosed in Caucasian men aged 20-40, derive from primordial germ cells (PGC)/gonocytes that have 
become blocked in their maturation and form carcinoma in situ (CIS) cells [325]. Depending on incompletely 
understood factors these form the uniform pathology seminoma, which is considered the default tumor 
type developing from CIS. Alternatively, CIS cells can also develop into non-seminoma, a more mixed tumor 
spectrum that includes characteristics of undifferentiated stem cells, which are expected to arise in part 
through epigenetic reprogramming. An overview of the development of various TGCT subtypes is provided 
in Figure S1 [325, 326]. The incidence for seminomas, representing the major component of TGCT type II, 
is rising [325]; nevertheless, there are sparse data describing genetic alterations functionally contributing 
to seminoma development, and previously described mammalian models did not have sufficient analogy to 
human seminoma [325].
In recent years, zebrafish have emerged as an established and tractable vertebrate animal model that 
contributes to current oncology research [327]. Many basic developmental processes are well conserved from 
fish to mammals, including germ line development [328] and earlier described TGCT isolated from zebrafish 
seem to resemble human TGCT characteristics [329]. We previously described a loss-of-function mutation 
in zebrafish lrrc50Hu255h, of which homozygous mutants display the ciliopathy phenotypes of primary ciliary 
dyskinesia (PCD) (CILD1; MIM 244400) in humans [330]. An essential function in proper cilia function 
has now been attributed to LRRC50 across eukaryotic taxa in organisms ranging from Chlamydomonas 
and zebrafish to humans (CILD13; MIM 613190) [330-333]. Here, we describe the susceptibility to tumor 
formation of heterozygous lrrc50Hu255h zebrafish and suggest a tumor suppressor role for LRRC50 (alias 
DNAAF1; dynein assembly factor 1) in the specific development of the TGCT subtype seminoma in both 
zebrafish and man.

Results

Heterozygous zebrafish lrrc50Hu255h are predisposed to testicular tumor formation
Whereas homozygous lrrc50 (-/-) mutants develop lethal defects during larval development due to severe 
ciliopathy phenotypes [330, 334], heterozygous lrrc50Hu255h (+/-) zebrafish develop into adulthood without 
apparent defects. Noticeably, we observed unexpectedly high tumor prevalence in the male population (n 
= 30) during the second and third year of life, with a penetrance exceeding 90% (Figure 1A). Testes are the 
predominant tissue for tumor formation (Figure 1B), although sporadically tumors were also observed in 
other tissues (Figure 1A, and non-TGCT examples in S2A,B). Histological analyses (n = 11) indicate that 
females develop no gonadal abnormalities (Figure S2C). The recovered tumors display uniform loss of 
macroscopic normal testicular architecture (Figure 1C). The tumors are well encapsulated and do not 
appear to be metastatic; upon tumor isolation no abnormal visceral organs were observed. Analysis of 
104 randomly selected age-matched male zebrafish (24-44 months old) that had similarly been generated 
through N-ethyl-N-nitrosourea (ENU) mutagenesis showed a common background level (16.3%) of TGCT 
formation (Figure 1A). 

Zebrafish lrrc50 testicular tumors appear analogous to human seminoma 
Wild-type zebrafish adult testes are composed of few SPG/gonocytes and large numbers of differentiated 
germ cells or mature sperm (Figure 2A, high resolution image in S3A) [335]. The recovered tumors generally 
present severely reduced or total absence of end-stage differentiated germ cells and an increase of cells 
morphologically resembling early spermatogonial cells (SPG) (Figure 2A). Three testes from fish without 
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externally evident tumors (Figure 1A) morphologically contained increased numbers of both pre- and 
post-meiotic cells that most likely represents hyperplasia, but might additionally suggest that population 
expansion precedes tumorigenesis (Figure S3B) [336]. Differentiated spermatogonia typically remain 
interconnected through a stabilized intercellular bridge (forming a syncytium), licensing unbound exchange 
of cytoplasmic components resulting in population synchronization [337]. Immunohistochemistry (IHC) 
with mitotic marker phospho-Histone H3 (pH3) in wild-type testis occasionally stains single stem cells -the 
only germ cell type dividing as a single cell- and marks clutches of synchronously dividing differentiated 
cells, while the tumors are predominantly composed of single proliferating cells (Figure 2B). Upon 
quantification (Figure S4A), we observed significantly increased numbers of individual proliferating cells 
(P = 0.0025, non-parametric Mann-Whitney test), suggesting that these tumors are highly proliferative and 
enriched for single cells. The zebrafish tumors consist of a morphologically uniform tumor cell population, 
which is most analogous to human seminoma. A human seminoma-specific marker is HIWI [338], whose 
zebrafish ortholog Ziwi is described [339] to have similar elevated expression in early germ cells and reduced 
diffuse expression in differentiated germ cells (Figure 2C). Ziwi IHC on lrrc50Hu255h tumors shows strong 
staining in the majority of cells with the exception of somatic tissue. Staining with meiosis marker γ-H2Ax 
shows various stages of differentiated germ cells in wild-type, but almost complete absence in the tumors, 
indicating a pre-meiotic population of cells (Figure 2D,E) [340]. More in-depth studies would be useful to 
correlate the tumor characteristics of our zebrafish tumors with human seminomas, such as staining with 
the additional TGCT markers for early germ cells Nanog and Oct3/4, in order to affirm a seminoma analogy 
more accurately. Nevertheless, the zebrafish tumors have a severe early germ cell differentiation defect, 
and based on both the morphology and the combination of the various histological analyses of lrrc50Hu255h 
tumors we suggest an initial specific classification as seminoma is supported.

Zebrafish seminomas display lrrc50 LOH
We next interrogated the somatic loss of the wild-type lrrc50 allele in zebrafish tumorigenesis by genotyping 
the Hu255h (c.263T>A/p.Lys88*) nonsense mutation and LOH was found in 44.4% of tumors (n = 4/9) 
(Figure 2F); direct sequencing of the coding regions of the lrrc50 locus revealed no additional mutations. 
Tumors lacking evident LOH could potentially reflect the presence of wild-type tissue and/or variable 
tumor progression. When tumor genotypes and tumor progression are compared based on morphology and 
Ziwi expression, LOH strongly correlates with samples where sperm content is relatively low and there is an 
abundance of early germ cells (Figure S4B). Alternatively, undetected inactivating lesions (e.g. promotor/
intronic sequences, large chromosomal deletions), epigenetic alterations, or unrelated background tumors 
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Figure 1. Heterozygous lrrc50Hu255h zebrafish are predisposed to testicular tumor formation
(A) Incidences of tumors extracted from randomly selected male controls derived from ENU-mutagenesis (n = 104) and heterozygote male 
lrrc50Hu255h (n = 30) zebrafish between 24-44 months of age are summarized in pie charts. Tumor formation presented as both TGCT and 
non-TGCT (sporadic tumors in somatic tissues) in the lrrc50Hu255h cohort (90%) is significantly elevated from TGCT (16.3%) formation in the 
controls (P < 0.0001). No alternative tumor types were noticeable in the control group. (B) An age-matched wild-type zebrafish compared 
to a TGCT bearing lrrc50+/- zebrafish (skin around tumor removed; merge of three images). (C) Wild-type testes are composed of two 
tubular arms forming the paired gonad. The tissue architecture is severely disrupted in the tumor. 
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Figure 2. Characterization of lrrc50Hu255h zebrafish TGCT suggests analogy to human seminoma
(A-D) Histological characterization of wild-type testis (left panels) and lrrc50H255h tumors (right panels). Two magnifications shown 
A,B (largest in insert) all scale bars; 50 μm. The characterization indicates the presence of predominantly early germ cells and loss of 
differentiated germ cells in the tumors. (A) Morphological tissue analysis of toluidine blue stained sections indicates the presence of all 
stages of spermatogenesis in normal tissue (extensively described in Figure S3A), and shows a dramatic loss of differentiated germ cells 
in the tumor. (B) IHC characterization with proliferation marker α-phospho-HistoneH3 (pH3) shows synchronously dividing cell-clusters 
in normal tissue, indicative of differentiated germ cells. Early SPG is the only germ cell that can divide as a single cell, and the tumors show 
mostly single proliferating cells. Increased pH3 staining suggests the tumor tissue is highly proliferative (quantified in Figure S4A). (C) 
IHC using α-Ziwi (strong cytoplasmic expression). In normal tissue, Ziwi expression is restricted to early SPG and gradually and diffusely 
lost differentiated germ cells. With the exception of somatic tissue, the tumors are almost completely composed of early SPG. (D) IHC with 
meiosis marker α-γ-H2Ax shows normal tissue that is composed of various stages of differentiation, whereas these are predominantly 
absent in tumor tissue. (E) Chromatograms of WT zebrafish, heterozygote lrrc50H255h and lrrc50H255h tumors. We observe a loss of the 
remaining wild-type allele c.263T>A/p.Lys88* in 44.4% of the tumors (LOH).

could obscure genotypic analysis. Although we cannot exclude an underlying haploinsufficient mechanism, 
we suggest that zebrafish lrrc50Hu255h seminoma progression is consistent with biallelic inactivation. 

Mutations in LRRC50 are associated with human seminoma
We next conducted LRRC50 mutational analysis in a collection of 30 human seminomas and five 
spermatocytic seminomas (the latter as controls) (Table 1). We identified one individual (SE14) diagnosed 
with a stage-II seminoma and a contra-lateral stage I seminoma within a six-year interval; both tumors have 
a nonsense c.1462C>T/p.Arg488* mutation in exon 8 (Figure 3A,B, Table 1). Corresponding peripheral 
blood (PBL) revealed a heterozygous germline c.1462C>T/p.Arg488* (TMP_ESP_16_84203896) LRRC50 
mutation, which is extremely rare and identified in 0.008% (1/12,999) of chromosomes in the  NHLBI 
Exome Variant Server (NHLBI ESP, http://evs.gs.washington.edu/EVS/). Both tumor DNA chromatograms 
show a consistently stronger mutant peak compared to PBL, indicating biallelic loss in at least a subset of 
tumor cells, or presence of non-tumorous cells (somatic tissue, lymphocytes). Analysis of SNPs in closest 
proximity to the mutation, rs17856705 and rs2288020, showed perfect heterozygosity in both seminomas 
and PBL, supportive of a localized LOH event. Accordingly, IHC staining of SE14-tumor sections with 
α-LRRC50 indicates no detectable protein expression, whereas IHC on rete testis (non-tumorous normal 
control tissue) from SE14 confirms presence of LRRC50 in ciliated somatic tissue and antibody specificity 
(Figure 3C). In normal testis LRRC50 is expressed in SPG and spermatocytic cells and notably appears to 
localize to structures resembling cilia (Figure 3C). Cilia have not previously been demonstrated in early 
germ cells. To investigate the cilia-like structures in more detail, immunofluorescent staining and confocal 

5

A lrrc50 (+/-)WT Toluidine blue
SPG

B α-phospho-Histone H3

C α-Ziwi D α-γ-H2Ax 

lrrc50 +/+
X

lrrc50 +/-
5/9

lrrc50 -/-
LOH 4/9

c.263T>A/p.Lys88*E
G T AG G G GTT G T AG G G GTTA G T AG G G GAT



98

microscopy was performed on 6 normal testes obtained from autopsies of men ranging from 33-43 years of 
age. Not only did we observe cilia on spermatogonia upon staining for specific ciliary marker detyrosinated 
tubulin, but co-staining α-LRRC50 with another established cilia marker, acetylated-α-tubulin, confirms 
LCCR50 localization to the axoneme of the cilium. Furthermore, ciliary LRRC50 was observed in both 
somatic tissue cells of the seminiferous tubule (red arrows and insert) and germ cells lining the tubular 
epithelium (white arrows and higher resolution images) (Figure 3D). 
Pedigree analysis of the proband SE14 (Figure 3E) revealed two first cousins who died of seminoma as 
teenagers (samples unavailable), suggestive of an underlying genetic predisposition. The presence of familial 
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Figure 3. Genetic analysis of LRRC50 in human seminoma samples
(A) LRRC50 spans 12 exons on chromosomal arm band 16q24.1. All recovered genetic variations (see Table 2) are indicated in the LRRC50 
structure. (B) Chromatogram of SE14-PBL reveals a germline heterozygous nonsense c.1462C>T/p.Arg488* (TMP_ESP_16_84203896) 
mutation (red arrow in A). Bilateral SE14-seminomas (one sample shown) show a constitutively stronger mutant peak. Analysis of up- and 
downstream SNPs in closest proximity (blue arrows in A), c.1178A>G/rs17856705 in exon 8 and c.1898T>C/rs2288020 in exon 11, render 
equivalent peak intensities, indicative of a regional LOH in the tumor. (C) IHC for LRRC50 stains SPG and spermatocytes in normal testis, 
interestingly; structures reminiscent of cilia in SPG are observed. The SE14 tumor shows complete loss of LRRC50 protein expression. 
Motile cilia staining of non-tumorigenic tissue (rete testis) from SE14 supports antibody specificity and proper fixation of tumor SE14 
tissue. Scale bars; 50 μm. (D) IF of normal testis tissue indicates LRRC50 in cilia on germ cells lining the seminiferous tubule (red arrows) 
and somatic tissue of the seminiferous tubules (white arrows and insert). Early germ cells localize peripheral to the seminiferous tubule 
and higher resolution images (maximal projections of Z-stacks) show the presence of solitary cilia in these germ cells in more detail using 
cilia markers acetylated-α-tubulin (Ac-tub) and detyrosinated-tubulin, LRRC50 locates to cilia in these SPG. Scale bars; 10 μm (E) fTGCT6 
and SE14 proband pedigrees. (F) Genotyping LRRC50 in the seminoma collection (n = 38) identified one sample with a c.1769C>T/p.
Thr590Met (rs34777958) allele. Additionally, heterozygous variation c.919C>G/p.Gln307Glu (rs111472069) was identified in five 
seminoma samples, representing a significant enrichment (P = 0.0013). Both variations are absent in a healthy control group (n = 100). 

Table 1. Human TGCT samples
Genotypic analysis was performed on human TGCT samples (n = 51); a total of 30 seminomas (SE) and five spermatocytic seminomas 
(SS) were initially analyzed. These samples were expanded with 15 fTGCT samples, including eight seminomas, which were isolated from 
patients known to have a familial background of seminomas. Non-SE = non-seminoma, EC = embryonic carcinoma, (im)Te = (immature) 
teratoma, YS = yolk sac tumor, Ch = choriocarcinoma. Patients carrying alleles identified in this study are indicated.

Sample Primary tumor Family tumor Allele

SE1-SE6 SE Gln307Glu [2x]

SE7 Bilateral SE

SE8-SE13 SE Asp435Asn

SE14 Bilateral SE 2 Cousins with SE Arg488*

SE15-30 SE Asp435Asn [2x] Gln307Glu 
[2x]

SS1-5 SS Asp435Asn

fTGCT1 Bilateral SE Family members with SE identified

fTGCT2 Non-SE: EC, Te, YS Father with SE

fTGCT3 Bilateral SE Brother with TGCT

fTGCT4 SE Brother with SE (fTGCT5)

fTGCT5 SE Brother with SE (fTGCT4)

fTGCT6 SE Monozygous twin with SE Thr590Met

fTGCT7 Non-SE: EC Brother with SE

fTGCT8 Bilateral SE Cousin with TGCT Gln307Glu

fTGCT9 Non-SE: EC, Te, YS Monozygous twin with TGCT 

fTGCT10 Non-SE: EC, imTe, YS, Ch Monozygous twin with TGCT 

fTGCT11 Bilateral SE Brother with SE

fTGCT12 Bilateral SE 2 Brothers with TGCT 

fTGCT13 SE + non-SE: EC, Te, YS Father with non-SE

fTGCT14 SE + non-SE: EC Father with non-SE

fTGCT15 Bilateral SE + non-SE: Te, EC, YS Father and 2 cousins with TGCT

5TGCTs and previous diagnosis with seminoma are risk factors for the formation of contra-lateral TGCT 
[341]. Therefore, we screened LRRC50 sequences in 15 TGCTs with a known familial incidence (Table 1). 
We identified one sample (fTGCT6) harboring a heterozygous c.1769C>T/p.Thr590Met missense mutation 
(Figure 3A,F, Table 1), predicted to be damaging by PolyPhen-2 [342]. This is a rare SNP (rs34777958) 
not detected in an ethnically matched male control group (n = 100), and is present in 1.15% (150/12,850) of 
chromosomes in the NHLBI ESP. Additionally, genotype data in dbSNP137 showed that Thr590Met is not 
present in homozygosity in the NHLBI ESP cohort suggesting that it is a deleterious change likely under 
purifying selection. Patient fTGCT6 and his monozygotic twin brother both developed seminoma. Again, 
the mutant chromatogram is stronger in the tumor than in PBL, suggesting LOH. In the total seminoma 
population (n = 38) we identified a significantly enriched, heterozygous, conserved mutation, c.919C>G/p.
Gln307Glu (n = 5, 5/76 alleles, P = 0.0013, Fisher’s exact test), potentially associated with seminoma as it is 
absent in a healthy male control group (n = 100, 0/200 alleles) (Tables 1, 2 and Figure 3A,F). We sequenced 
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Figure 4. LRRC50 missense changes are functional nulls in a zebrafish model of development
(A) Live embryo images of lrrc50 morphants. Morpholino (MO) mediated suppression of lrrc50 gives rise to gastrulation defects in mid-
somitic zebrafish embryos that can be categorized according to previously established objective scoring criteria [69, 70]. Representative 
lateral and dorsal views are shown (top and bottom panels respectively). (B) Scoring of in vivo complementation; WT embryos were 
injected with MO and/or human mRNA and scored at the 8-9 somite stage according to phenotypes shown in panel A. Gln307Glu and 
Thr590Met are not significantly different (NS; χ2) from MO alone suggesting that both are functional nulls, n = 44-79 embryos/injection 
repeated twice with masked scoring. (C) Representative images of flat mounted in situ hybridized (ISH) zebrafish embryos labeled with a 
cocktail of krox20, myoD, and pax2a riboprobes. Arrows indicate measurement parameters for morphometric analyses shown in panel D; 
length (l) was measured as the anterior-posterior distance from the first to the last appreciable somite; width (w) was measured as the 
distance spanning the lateral tips of the fifth somites counted from anterior to posterior. (D) Morphometric quantification of Gln307Glu and 
Thr590Met gastrulation defects. Images of flat-mounted embryos age-matched at 9 somites were measured in two dimensions (as shown 
in panel C); the ratios of medial-lateral (width; w) versus anterior-posterior (length; l) measurements are shown for randomly chosen 
embryos from live scoring experiments (panels A and B) for ISH. LRRC50 Gln307Glu and Thr590Met do not produce a significant rescue in 
comparison to MO alone (NS; t-test), corroborating the in vivo scoring results in panel B (n = 9-13 embryos/injection). Error bars indicate 
standard deviation of the mean.

the entire coding sequences of the LRRC50 gene (primer sequences provided in Table S2) in these samples 
but observed no additional exonic mutations, apart from frequently occurring SNPs without predicted 
pathogenicity, excluding compound heterozygosity. The Gln307Glu allele is present 2.9% (375/12625) in the 
ESP cohort, however we cannot exclude the possibility that some ESP males may have been affected with 
seminomas.
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Missense LRRC50 alleles identified in seminomas are functional nulls
To test the functional consequences of Thr590Met and Gln307Glu on protein function, an in vivo 
complementation approach was employed in zebrafish. Since maternally-derived WT lrrc50 mRNA can 
still be detected in lrrc50Hu255h mutants early in development [330], we opted to  use transient morpholino 
(MO)-induced suppression designed to block maternal and embryo-derived lrrc50 translation. We have 
previously shown that in addition to the PCD and renal cystic phenotypes of lrrc50 mutants, transient 
MO-induced suppression of lrrc50 gives rise to gastrulation phenotypes in mid-somitic embryos, which 
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Figure 5. Localization and expression of LRRC50
LRRC50 antibody ab75163 (reproducible with alternative LRRC50 antibodies) shows a dynamic, cell cycle dependent, distribution in RPE-
hTERT cells (representative for other tested mammalian cell lines). Panels represent LRRC50 (green) at various stages, counterstained 
with DAPI (blue) and acetylated-α-tubulin (Ac-tub, red). Optical sections in A-C are 3 μm. (A) In ciliated serum-starved cells, LRRC50 
localizes to the peripheral centrosome/basal body region dorsal of the axoneme (red). Scale bar 10 μm. (B) In mitotic cells, LRRC50 remains 
associated with the duplicated centrosomes, as indicated with γ-tubulin (red). Inserts b1,2 demonstrate a peri-centrosomal localisation. 
Scale bar 2 μm. (C) Temporal localization to the midbody in cytokinesis. Scale bar 10 μm. (D) During mitosis LRRC50 dynamically associates 
with condensed chromosomes (extensively described in Figure S5B). Counterstain CREST (red) marks kinetochores. Image is a maximum 
intensity projection of deconvoluted stacks. Scale bar 2 μm. (E) Dynamic LRRC50 mRNA expression (correlating with dynamic localization) 
with error bars as standard deviation. T47D cells synchronized at the G1/S transition with thymidine show a strong LRRC50 transcript up-
regulation upon release, specifically in the cell population entering early S-phase (see also Figure S6A). Intriguingly; although the protein 
remains stable during mitosis (shown in D) the transcript is rapidly down-regulated, and restored to basal levels. (F) Expression profiling of 
Lrrc50 mRNA expression with error bars of standard deviation in a library of mouse cDNA tissues normalized to full mouse reference pool. 
Testis expression shown in red as the expression level (>26,000%) strongly exceeds the normalized value.

5

can be rescued by wild-type (WT) capped human LRRC50 mRNA (Figure 4A,B, scoring shown in Table S1) 
[70]. Here, we test LRRC50 mRNA harboring either Thr590Met or Gln307Glu missense mutations to rescue 
MO-induced gastrulation defects. Whereas co-injection of WT message with MO results in a significant 
rescue in comparison to MO alone (P < 0.0001; χ2), embryo batches injected with either missense change 
resulted in no significant rescue suggesting that both variants are functional nulls in this assay (Figure 
4B, scoring shown in Table S1). Importantly, mutant LRRC50 message injected alone did not produce a 
significantly different phenotype from that of WT mRNA. To corroborate these findings, two dimensional 
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Table 2. Genetic variation of LRRC50 in human seminomas
Genotyping of seminoma (n = 38) samples and a control group (n = 100) revealed several variations. c.919C>G/p.Gln307Glu (rs111472069) 
is a heterozygous mutation significantly more frequently observed (P = 0.0013) in the seminoma group (5/38 samples) and absent in the 
control group (0/100 samples). We identified a heterozygous mutation c.1303G>A/p.Asp435Asn (rs149158199), however this mutation 
is, seemingly less predominant, also identified in the control group and was also identified in one spermatocytic seminoma patient. The 
known variation c.1769C>T/p.Thr590Met (rs34777958) was identified in one seminoma patient with a monozygotic twin brother that had 
also developed a seminoma. Both Gln307Glu and the Thr590Met variants are shown to be functional nulls in this study. The positions of the 
variations are indicated in the protein structure in Figure 3A.

Variation Protein Control group (n = 100) Seminoma (n = 38) dbSNP

c.919C>G p.Gln307Glu 0 5 rs111472069
c.1303G>A p.Asp435Asn 4 4 rs149158199
c.1462C>T p.Arg488* 0 1 TMP_ESP_16_ 84203896
c.1769C>T p.Thr590Met 0 1 rs34777958 

morphometric analysis of the gastrulation defects are conducted. We labeled anatomical landmarks of 
9-somite stage embryos with a cocktail of krox20, pax2, and myoD riboprobes, and measured the ratio 
of the width spanning the fifth somite counted from the anterior end of the embryo versus the length 
from the first to the last appreciable somite (Figure 4C,D, scoring shown in Table S1). Consistent with 
the in vivo scoring data, the measurements capturing the gastrulation defects of lrrc50 morphants were 
statistically indistinguishable from those of either of the two mutant rescue batches (n = 9-13 embryos/
batch), substantiating further the notion that both changes are detrimental to protein function.

LRRC50 is dynamically localized and expressed in a cell cycle dependent fashion
Current knowledge of LRRC50 function is limited to ciliary motility and ciliogenesis [330, 334, 343], but lacks 
molecular detail. We therefore used immunofluorescence (IF) and four polyclonal LRRC50 antibodies from 
different companies to characterize the protein. In serum-starved ciliated RPE-hTERT cells, we confirmed 
endogenous localization to the basal body (Figure 5A) [330, 331, 343, 344]. Moreover, LRRC50 maintains 
centrosomal association throughout the cell cycle and temporarily localizes to the midbody (Figure 5B,C). 
Midbody localization is manifested by multiple centrosome/basal body-related proteins [135, 142, 345, 346], 
and LRRC50, structurally and dynamically, closely resembles a specific subset of LRR-proteins sharing 
multiple characteristics and cellular localization patterns (Figure S5A) [347]. Intriguingly, we observed that 
LRRC50 also associates with condensed chromosomes (Figure 5D), reminiscent of the dynamic localization 
exhibited by perichromosomal sheath proteins (Figure S5B) [348]. Similarly, LRRC50 mRNA expression is 
subjected to a stringent cell cycle regulation (Figure 5E, FACS profiles presented in S6A). Analysis of Lrrc50 
mRNA expression in a mouse cDNA library of developing embryonic stages and adult tissues shows high 
expression levels in the ciliated tissues testis, lung and ovary, but also in highly proliferating intestinal 
tissue (Figure 5F). In RPE-hTERT cells we observed increased LRRC50 expression upon serum starvation, 
which promotes cell cycle exit and initiation of ciliation [143] (Figure S6B). Collectively, the expression and 
localization data confirms the ciliary role of LRRC50, but suggests there may be additional functions other 
than cilia regulation (Figure S6C, summarizing model in S7).

Discussion

In this manuscript we characterize a novel vertebrate model for human seminoma associated with biallelic 
inactivation of lrrc50 in at least 44.4% of tumors tested. We translated this finding to humans and identified 
pathogenic germline LRRC50 mutations in two human seminoma pedigrees that had at least partially lost 
expression of the wild-type allele in their tumors. In addition, a significant enrichment of a pathogenic 
Gln307Glu change in sporadic seminomas (13% of cases) was identified, which is absent from a healthy 
control population, and low in the general population. Although functional evidence indicates that 
Gln307Glu is detrimental to protein function, population frequency data suggests that in homozygosity, it is 
likely not sufficient to cause PCD when inherited in the germline (0.001% of the ESP cohort is homozygous 
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5

for this change). However, in the context of seminoma, this change potentially represents a significant 
genetic risk factor. 
Wild-type zebrafish have been previously described to be susceptible to the formation of TGCTs upon 
advanced age [349, 350], however the etiology for this is undetermined. Similarly, zebrafish derived from 
genetic screens typically show seminoma development upon advanced age; one large-scale study including 
10,000 zebrafish determined a background percentage of 5% in two year old zebrafish, of which nearly 50% 
were diagnosed as seminomas [351]. One other study of genetic instability (gin) zebrafish mutants between 
30-34 months old identified a 28% tumor incidence compared to 5% in wild-type animals, and seminomas 
are observed in ~20% of the gin mutants [336]. In line with these results, we identified a 16.3% background 
incidence of seminoma formation in 104 male zebrafish derived from N-ethyl-N-nitrosourea (ENU)-based 
mutagenesis screens (Figure 1A). Of interest, genetic mutant zebrafish lines are typically more susceptible 
to develop a different tumor spectrum, most notable malignant peripheral nerve sheath tumors (zMPNST) 
(Figure S2A), as has been described for p53, ribosomal protein mutants and genomic instability mutants 
[352, 353]. The recently described mutant Alk6b zebrafish are similarly predisposed to GCT formation; of 
interest, tumor formation occurs earlier in life in this genetic model. The introduced loss-of-function Alk6b 
mutation fails to activate BMP target genes through downstream nuclear p-SMAD1/5/8. The authors suggest 
that haploinsufficiency is a likely mechanism for the observed tumor phenotype, which is consistent with 
the observed latency of heterozygous compared to homozygous mutants, but possible LOH events cannot 
be excluded [354]. Here, we observed a tumor penetrance exceeding 90%, which is considerably elevated 
from the control zebrafish assessed here, as well as in previously described studies [336, 351]. Importantly, 
sequencing of zebrafish seminomas identified a subset of tumors showing LOH, which is likely correlated 
with advanced tumor progression in these samples (Figure S4B). Both zebrafish tumors and human 
seminomas show biallelic loss in a subset of samples, but LOH is not evident in all samples. Despite the 
presence of wild type tissue, which may obscure our genetic LOH analysis in the remaining samples, we 
cannot rule out a potential haploinsufficient mechanism. All identified alleles we tested are loss-of-function 
mutations as determined by in vivo complementation studies and IHC, and do not show dominant negative 
phenotypes. 

The incidence for human seminoma is rising, however currently established risk factors remain poorly 
described and are limited to urological and testicular developmental abnormalities such as cryptorchidism 
and testicular atrophy and undetermined environmental factors [355]. Since LRRC50 mutations have been 
reported in PCD [332, 333], a multifaceted disease that includes infertility, we cannot exclude a correlation 
with impaired sperm motility, however, thus far no systematic association between PCD and seminoma has 
been described [40]. Of interest though, motile cilia protein DNAH9 (MIM 603330) is frequently mutated 
in breast cancer (MIM 114480) [168, 356] and in line with this notion, ciliary frequencies are reduced on 
cells derived from breast tumors [170]. We hypothesize that the ciliary localization of LRRC50 in early germ 
cells (Figure 3D) and subsequent loss in tumor sections might suggest a role for this organelle in normal 
germ cell regulation. Loss of cilia potentially deregulates specific receptors essential for proper germ cell 
responses. Indeed, there is some circumferential support for this hypothesis. Somatostatin receptor 3 
(Sstr3) is an established ciliary localized receptor [357] that is known to be lost in seminomas [358]. Loss of 
Fgf8 and Fgfr1 expression in Xenopus reduces cilia length [120] and expression of the human orthologs is 
reduced in seminoma specifically when compared to other GCTs [359]. Another interesting correlation is 
the aberrant expression of a PDGFRα transcript in CIS cells [360], and normal PDGF-AA signaling can signal 
through cilia, at least in fibroblasts [117]. The data presented in this manuscript would argue for an additional 
unique role of LRRC50 in primary cilia that is not related to its function in motile cilia: the gastrulation 
phenotypes described in MO-treated zebrafish are associated with primary cilia function and we have never 
observed these defects with PCD-associated genes previously tested. Furthermore, we have described that 
primary cilia formation is inhibited upon shRNA-mediated knockdown in mammalian cells [330], and show 
increased LRRC50 mRNA expression upon primary cilia formation (Figure S6B). It is under debate whether 
cilia could have a direct contribution to tumorigenesis, but it has rather been demonstrated that well-
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described tumor suppressors like VHL, APC, and members of the Shh and Wnt pathway connect to cilia 
function [180, 228], indicating that the cilium could be implicated in tumor development. Alternatively and 
moreover, the intracellular localizations observed for LRRC50 and cell-cycle dependent regulation could 
equally well reflect a cilia-independent putative tumor suppressor function. Further studies are required to 
unravel the apparent diverse molecular functions of LRRC50. In what way the dysfunction or loss of LRRC50 
affects autonomous early germ cell development, and whether it induces a block in maturation, deregulates 
differentiation or proliferation and systematically leads to seminoma development, remains elusive. 

The fundamental mechanisms underlying seminoma formation are incompletely understood, but in 
humans is known to involve erasure of genetic imprinting of PGC/gonocyte progenitor cells [361]. Although 
common characteristics have been extensively described to include aneuploidy and non-random gain and 
loss of chromosomes, of which gain of 12p appears important in metastatic tumors [361], little information 
on early initiating events is available. Causal genetic factors to seminoma development are also limited 
as only 1.4% of TGCT are familial cancer syndromes. Nevertheless, the familial risk factor for inherited 
TGCT is estimated as more than double of other familial cancer syndromes [341], appealing to the need 
for more genetic studies. Recent advances have implicated the KITLG / SPRY4 / BAK1 and TGFβ / BMP-
signaling (BMPR1B) pathways in germ cell tumor development, which include the control of differentiation, 
cell proliferation and apoptosis [354, 362-364]. Mutations in both pathway components are identified in 
seminomas and non-seminomas, hence differentiating factors amongst these tumors remain unknown. 
Furthermore, N- and KRAS activation mutations and LOH of well-accepted tumor suppressors APC, p53 
and CDH-1 have been identified in both seminomas and non-seminomas [365, 366]. It is expected however, 
that the default pathway for CIS cell development is seminoma and that an additional event is required 
to induce a switch in pluripotency, leading to non-seminoma [361]. Our data identifies LRRC50 as a novel 
candidate and we suggest that a currently unknown tumor suppression mechanism (Figure S7) specifically 
predisposes to zebrafish and human seminoma development.
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Materials & Methods

Ethical approval
All animal experiments were approved by the Animal Care Committee of the Royal Dutch Academy of 
Science according to the Dutch legal ethical guidelines or the Duke University Institutional Care and Use 
Committee. The human tumor samples used for this study were approved by an institutional review board 
(MEC 02.981). Samples were used according to the ‘‘Code for Proper Secondary Use of Human Tissue in the 
Netherlands,’’ developed by the Dutch Federation of Medical Scientific Societies [367]. 

Zebrafish lines, tissue isolation and histology
Heterozygote lrrc50Hu255h, vhl and randomly selected control zebrafish were isolated from a forward genetic 
N-ethyl-N-nitrosourea (ENU)-based mutagenesis screen as previously described and maintained according 
to standard protocols [330, 368]. Founder lrrc50+/- fish were outcrossed three consecutives times to wild-type 
lines and incrossed once to maintain the line. Prior to tissue isolation, zebrafish were euthanized by overdose 
of MS222. Fragments for immunohistochemistry were fixed overnight using a 4% paraformaldehyde solution 
containing 2% acetic acid, embedded in paraffin and sectioned at 6 μm. Fragments used for morphological 
analysis were fixed using 4% glutaraldehyde and embedded in glycol methacrylate (Technovit 7100, Hereaus 
Kulzer), sectioned at 4 μm and stained with toluidine blue. Images were captured using a Nikon Eclipse 
E800 equipped with a Nikon DXM1200 digital camera and Plan Apo 2x/0.1, 10x/0.45, 20x/0.75 and 40x/0.95 
NA objectives. 
 
Tissue culture, transfections and cell synchronization
Human RPE-hTERT and T47D cells were cultured in DMEM/F12 supplemented with 10% fetal bovine 
serum (Lonza), penicillin/streptomycin and ultra-glutamine (2 mM). T47D cells were subjected to a 
double thymidine block (10 mM, Sigma) and released for indicated times. RPE-hTERT cells were ciliated 
by 48 hours of serum withdrawal. Mitotic RPE-hTERT cells were trapped in nocodazole (Sigma): 1 μg/ml, 
collected using mitotic shake-off, swollen for 15 minutes in hypotonic (75mM) KCl solution at 37°C and 
prepared for imaging using cytospin. RPE-hTERT cells were transfected with Mybbp1a-RFP using Fugene6 
(Roche) according to manufacturer recommendations. 

RNA isolation, Real-Time PCR and cell cycle analysis
RNA isolation was performed according to manufacturers recommendations (Qiagen, RNA isolation 
kit). mRNA probes; LRRC50 Hs00698399_m1 and RPL19 Hs01577060_gH, were purchased from Applied 
Biosystems. Real time PCR was performed in triplicate using the one-step RT-PCR kit and the 7500 
system from Applied Biosystems. For mouse tissue Lrrc50 expression profiling, Clontech RNA libraries of 
developing embryo’s and adult tissues were used. Cells for FACS analysis were fixed in ice-cold 70% ethanol, 
DNA content and mitotic index determined using propidium iodide and phospho-HistoneH3 according to 
standard conditions. 

Immunofluorescence and Immunohistochemistry
Cells are fixed in either ice-cold methanol or 4% PFA with 0.1% Triton-X-100. All immuno-fluorescence 
stainings were performed in PBS containing 3% BSA and 5% goat serum and washed in 3% BSA in PBS. 
Coverslips were mounted using ProLong antifade (Molecular Probes). Primary antibodies used are α-LRRC50 
(1:100, Abcam; ab75163, 1:100 Aviva Systems Biology; ARP53359_P050, 1:100 Santa Cruz Biotechnology; sc-
133762, 1:100 Sigma; SAB2101390), α-acetylated α-tubulin (1:10,000, Sigma-Aldrich T6793; clone 6-11B-1), 
α-CREST/ACA anti-sera (1:10,000, Fitzgerald Industry Int.), α-γ-tubulin (1:500, Sigma; clone GTU-88, T6557). 
Secondary antibodies (alexa-488, -568 and -647, various species) were obtained from Molecular Probes. 
Images were acquired using a Zeiss 510 Meta confocal microscope with a 63x 1.3 N.A. objective and analyzed 
with the Zeiss LSM Meta 510 software and a Deltavision RT imaging system (Applied Precision) using 100x 
NA 1.4 UPlanSApo objective (Olympus) using SoftWorx software. For zebrafish immunohistochemistry, 
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stainings were performed as described [339, 354]. Primary antibodies used were α-phosphorylated-histone 
H3 (1:1,000, Upstate; 06-570), α-Ziwi (1:100, [339]) and α-γ-H2Ax (1:200, Cell Signaling). Human testicular 
tissues isolated from autopsies performed at the University Medical Center Utrecht of 6 men (33-43 years 
of age) were used. After deparaffination and rehydration, 4 μm sections were digested in protease XXIV 
(Sigma, 0.02 mg/ml in PBS, pH 7.3, 60 minutes at room temperature) [269]. After washing and blocking in 
1% BSA in PBS, primary antibodies (mouse monoclonal acetylated-α-tubulin, clone 6-11B-1 Sigma 1:12,000, 
rabbit polyclonal α-LRRC50, ARP53359_P050 Aviva Systems Biology, 1:50, rabbit detyrosinated-tubulin, 
Millipore AB3201 1:250) were incubated for 60 minutes at room temperature. After repeated washing in 
PBS, secondary antibodies are incubated for an additional 60 minutes at room temperature: goat-anti-
mouse conjugated to Cy5 (Millipore, 1:100) and goat-anti-rabbit-Cy3 (Life Technologies, 1:100). Sections 
were washed again repeatedly, incubated in DAPI (diluted 1:5,000 in PBS) for 15 minutes and after a final 
round of washes in PBS, mounted with Fluoromount G. Stained sections are stored in the dark at 4ºC until 
confocal imaging with a Zeiss LSM700 63x objective. IHC section (3 μm) are stained with α-LRRC50 (1:200, 
Abcam; ab75163), secondary antibody used is powervision-HRP IgG (1:200, Immunologic) and sections 
were counterstained with hematoxylin according to standard protocols.

Zebrafish in vivo complementation assays
MO targeting lrrc50 was injected into wild-type embryos at the one to four cell stage, and rescued with 
capped human LRRC50 mRNA as described [19]. We used site-directed mutagenesis to introduce missense 
changes Thr590Met and Gln307Glu into the WT pCS2+ LRRC50 construct (Quick-Change Site Directed 
Mutagenesis kit, Agilent) and used linearized plasmid to transcribe mRNA (SP6 mMessage mMachine 
kit, Ambion). Live embryo scoring, RNA ISH, morphometric analyses and statistics were conducted as 
described [69]. Analysis is detailed in Table S1.

Quantification of spermatogonial proliferation
To assess and compare the amount of proliferating spermatogonial stem cells between wild-type and tumor 
tissue, sections pH3-stainings were quantified. For analysis of the tumor samples, three photographs (20x 
magnification) from three different sections are used (16-20 µm distance between sections) to obtain a valid 
representation of various regions of the tumor. For the control samples, two sections were used given the 
smaller size of testis fragments. The protocol for quantification was adapted from ImageJ (http://rsbweb.
nih.gov/ij/). Briefly, the difference in intensity between pH3-positive and pH3-negative background tissue 
was substantial enough to set the threshold by manually adjusting the background levels. Next, a binary 
image was created to calculate the percentage of total surface area covered with positive cells. Large clusters 
(> 3-4 cells) of proliferating cells are removed manually to enrich for individual positive cells. To correlate 
the amount of proliferative spermatogonial stem cells to the total amount of tissue on a given image, the 
calculated surface area was set to 100% and the proliferation percentage was extrapolated. The percentage 
of proliferation per picture was averaged for each tissue fragment. Averages were calculated and results are 
represented in a box-plot. More details on the calculation are found in the statistical analysis section.

Genotypic analysis zebrafish lrrc50+/- tumors and human TGCT
DNA isolation, PCR and sequencing of tumor fragments and human samples were performed according 
to standard procedures. Human control samples were obtained from healthy blood donors that submitted 
material to the UMC Utrecht department of Medical Genetics. Primer sequences can be found in the 
supplementary data as Table S2. Sequence analysis was performed using polyphred software [330] and 
DNASTAR Lasergene Software (http://www.dnastar.com/default.aspx). 

Statistical analysis
The number of tumors identified in the different groups (Figure 1A) were compared using a two-tailed 
Fisher’s exact test in a 2x2 contingency table. Between 24 months and 44 months of age, male lrrc50Hu255h 
zebrafish (TGCT tumors n = 24, normal n = 0) compared controls (TGCT tumors n = 17, normal n = 87). The 
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quantifications of spermatogonial stem cell proliferation (Figure S4A) were subjected to statistical analysis. 
As input the following data was used; the tumor averages three quantified sections per sample; whereas vhl 
(+/-) and wild type control groups averaged two sections. A non parametric Mann-Whitney test at P < 0.05 
was used to compare whether the averages of two groups are different, the p-value between the tumor group 
(n = 7) and normal wild type (n = 5) or vhl (+/-) (n = 4) was calculated. Wild type and the vhl (+/-) group are 
not significantly different (P = 0.3095, U = 7.000), both are significantly (P = 0.0025, U = 0.0000) different 
from the tumor group. Results are represented in a box-plot. To calculate the putative overrepresentation 
of c.919C>G/p.Gln307Glu in the seminoma cohort (Figure 3F), a two-tailed Fisher’s exact test in a 2x2 
contingency table was used as the data is categorical and sample sizes are large. We used n = 100 and n = 0 
for the control group and n = 33 and n = 5 for the seminoma group, and determined P = 0.0013 confirming a 
significant enrichment. Expression of mRNA as described in Figure 5E; Ct values obtained were normalized 
and used to calculate relative expression levels in n = 4 per condition. The standard deviation (P = 0.05) was 
calculated. This was performed similarly for Figure 5F using n = 3 per condition.
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Figure S1. Schematic overview of human TGCT development
Schematic representation of human testicular germ cell development 
(black lines) giving rise to the known tumor (orange lines) pathologies 
[325]. Type I GCT are not indicated, but are derived from early stages 
of embryonic stem cells with different characteristics. Type II GCT 
commonly arise from transformed, intrinsically pluripotent PGC/
gonocytes forming an oncogenic counterpart known as a carcinoma 
in situ (CIS) cell. The Type II tumors can be seminomas or non-
seminomas, the latter forming a more complex pathology consisting 
of multiple tumorigenic cell types that display characteristics of 
undifferentiated stem cells, as well as differentiated derivatives (the 
latter similarly observed in type I GCTs). In normal development, 
gonocytes establish the germ cell lineage in the seminiferous tubules 
and differentiate to spermatogonial stem cells that at some point 
become committed to spermatogenesis. In the seminiferous tubules, 
the Sertoli cell supports and co-regulates germ cell differentiation 
and development. Type III GCT are usually recovered from old-aged 
men and are thought to arise from spermatogonia, i.e., germ cell that 
lost their embryonic characteristics, committed to spermatogenesis, 
which is a more differentiated stage of spermatogenesis.
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Figure S2. Non-TGCT zebrafish lrrc50Hu255h tumors and 
female gonad
(A) One fish was identified bearing a large tumor (merge of two 
images) located proximal to the brain, histologically resembling 
zebrafish malignant peripheral nerve sheath tumors (zMPNST) 
[369]. Albeit a rare finding in lrrc50Hu255h zebrafish, these tumors 
typically do not occur in wild-type zebrafish and might therefore 
potentially represent an alternative lrrc50 associated tumor type. 
Scale bars; 50 μm. (B) We identified a tumor of somatic tissue 
(undetermined pathology, putative zMPNST) located in the testes of 
one zebrafish, unlike all other TGCTs described in this manuscript. 
Scale bars; 50 μm. (C) Heterozygote lrrc50 females (n = 11) do not 
show gonadal abnormalities; ovaries were isolated simultaneously 
with male testes/TGCT at an age of 30 months. Scale bars; 50 μm. 

Figure S3. Zebrafish spermatogenesis and lrrc50Hu255h testicular 
hyperplasia
(A) The various stages of spermatogenesis in zebrafish can be 
morphologically distinguished and are indicated in a section from 
wild-type zebrafish. Spermatogonial stem cells (SPG) that commit to 
spermatogenesis from clusters of paired (SPG_paired) and aligned 
spermatogonia (SPG_al) by mitotic divisions. All differentiated 
germ cells remain connected via stabilised intracellular bridges 
that allow the shared use of cytoplasmic components. This elegant 
mechanism is essential to synchronise collective mitosis, meiosis, 
differentiation and apoptosis of these clusters of cells. Next, 
SPG_al collectively differentiate into primary spermatocytes (PS), 
reducing cytoplasmic volume and severely modifying nuclear 
structure. Meiosis is the next step of differentiation, and occurs via 
the first (MI) and second (MII) meiotic divisions, forming haploid 
cells, these cells are known as secondary spermatocytes (SS). 
These cells contain one copy of the genome and need no further 
divisions; instead, these cells differentiate into spermatids (ST) 
that eventually form mature sperm. Scale bars; 100 μm. (B) Wild-
type and hyperplastic testes of heterozygote lrrc50Hu255h zebrafish. 
A total of three have been identified, all showing moderate to 
extreme increases in testes volume, however upon histology we do 
not observe the typical increase in early germ cells as observed in 
tumors. Scale bars; 50 μm.
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Figure S4. Zebrafish lrrc50Hu255h tumor proliferation and genotyping various stages of tumor progression
(A) Quantification of single stem cell proliferation from phospho-HistoneH3 staining; lrrc50+/- (T; tumors, n = 7), wt (n = 5) and age-
matched vhl+/- (n = 4). Statistical analysis was performed using a non-parametric Mann-Whitney test at P < 0.05. (B) Analysis of the tumor 
progression, defined by SPG content determined by α-Ziwi IHC and morphologically identifiable sperm content, correlates with increased 
biallelic loss indicated by tumor genotypes. Scale bars; 50 μm.
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Figure S6. Human LRRC50 expression 
(A) LRRC50 mRNA is analyzed in a cell cycle dependent fashion (Figure 5E). Samples were harvested from T47D cells double blocked 
in thymidine or released from this block at indicated time points. FACS analysis using propidium iodide and α-phospho-Histone H3 are 
used to determine the cell cycle stages. Percentages of cells in [SubN2], [G1], [S], [G2] and [M] phases are indicated. (B) RPE-hTERT cells 
were serum starved for three consecutive days to initiate cilia formation. Expression of LRRC50 mRNA is increased accordingly. Error bars 
present standard deviation. Samples are normalized to day 0 expression levels. (C) Graphical overview of LRRC50 mRNA and protein 
expression in various cell cycle dependent stages. LRRC50 is low during interphase prior to a dramatic up-regulation during early S-phase. 
Protein expression lags shortly behind based on staining intensities. In mid-S-phase / early G2, mRNA has been reduced to interphase levels, 
indicating a stringent regulation. Protein levels remain elevated throughout mitosis, before decreasing in interphase. Cells either proceed 
into a new round of mitosis or cells exit from the cell cycle into G0. LRRC50 mRNA and protein levels are increased during ciliogenesis as 
has been described in B and as previously described literature [330, 331, 334, 343]. Taken together, the expression pattern and localization 
of LRRC50 are highly suggestive of a dual protein function; one role required for ciliary processes, another for a cell cycle related function. 

Figure S5. Detailed characterization of human LRRC50  
(A) Adapted image from a report by Muto et al. [347] which describes a group of LRR containing proteins that all share localization to the 
centrosome. Based on the intracellular distribution of LRRC50 described in this manuscript and the presence of six Leucine Rich Repeats 
as well as a Coiled-Coil domain, we propose LRRC50 to be an additional member of this subgroup. (B) LRRC50 localization resembles that 
of the group of perichromosomal sheath proteins [348].  A detailed description of the dynamic LRRC50 localization to chromosomes during 
the cell cycle is provided. Additionally, continuous association of LRRC50 with the centrosomes and localization to the midbody can be 
appreciated. We used DAPI (blue), α-LRRC50 ab75163  (green) and α-acetylated-α-Tubulin unless otherwise indicated.
Nucleolus; in interphase cells, LRRC50 localizes to structures in the nucleus. We show these structures to be nucleoli based on co-
localization with ectopically expressed mybbp1A-RFP (red), which is an established nucleolar marker [370].
G2; cells that are in the G2 phase of the cell cycle show increased expression of LRRC50 in both nucleoli and nucleoplasm. One cell with 
duplicated centrosomes (using α-γ-Tubulin in red) can be observed, indicating this cell to be in the G2 phase. The neighbouring cell has no 
duplicated centrosomes and appears to be in interphase. Expression levels are generally lower, supported by the LRRC50 mRNA expression 
shown in Figure 5E and S6C, and localization is confined to nucleoli.
Prophase; upon completion of chromosome condensation at the G2/M transition, LRRC50 has associated with all foci of condensed 
chromosomes.
Metaphase and Anaphase; after nuclear envelope breakdown, LRRC50 remains associated with the chromosomes throughout formation 
of the metaphase plane and the actual chromosome segregation during anaphase.
Telophase and cytokinesis; during telophase when condensed chromosomes begin to de-condense, LRRC50 relocalizes from the 
perichromosomal sheath to a more diffuse and less defined chromosomal location. Followed by a temporal redistribution to the midbody.
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Figure S7. Summarizing overview of described data  
LRRC50 (green) normally exhibits various intracellular 
localizations. Defects in LRRC50 (red) have been previously 
shown to cause ciliary defects resulting in PCD. Here we show 
that, through an unknown mechanism likely to involve biallelic 
inactivation, mutations of LRRC50 results in the formation of 
seminomas in zebrafish and man. The identified mutant alleles 
are shown in red.

Table S1. LRRC50 in vivo complementation analysis
Statistics and sample size of in vivo complementation analyses (NS, not significant; MO, morpholino; WT, wild-type).

vs. wt rescue vs. MO

Injection n= chi-square P-val effect chi-square P-val effect
Controls 138

lrrc50 MO 88
lrrc50 MO + LRRC50 WT mRNA 96 58.712 < 0.0001 +

lrrc50 MO + LRRC50 Q307E mRNA 158 324.011 < 0.0001 - 2.863 0.239 NS
lrrc50 MO + LRRC50 T590M mRNA 122 217.1 < 0.0001 - 1.164 0.5587 NS

vs. wt mRNA vs. MO

chi-square P-val effect chi-square P-val effect
LRRC50 WT mRNA 110 56.715 < 0.0001 +

LRRC50 Q307E mRNA 110 3.589 0.1662 NS 105.281 < 0.0001 +
LRRC50 T590M mRNA 88 0.122 0.9407 NS 613.822 < 0.0001 +

Primer name Fw (5-3’) Rv (5-3’)

Zf_exon_1 gggACACATTCgTgAgTTTC ACTgAATAATgCAgCAATgg

Zf_exon_2+3 AgCCAAAgCTgAAggATATg TACAATggAgAATTAACAgTTTC

Zf_exon_4 TgAATgACACACTTTATCTTCAC TCTgTAgAgTggACAAgTCg

Zf_exon_5+6 gCACgCTTAATgTCTCAAAC AgCTTTgTggAgAAAACTgC

Zf_exon_7 AggACACCAgCCCTCTATg CCAAAgTAAgAgAATgTgAgTgC

Zf_exon_8 CTgTTCATgCCAATTCAAAg gAAgATCCTAgggAgAATCC

Zf_exon_9 ATCAACCTTTCAgATgAACC gACACTgCAgTTCACAAAATg

Zf_exon_10 TCACTTggTgAgAAAgCAAg TATggTAgACgTCCCATTTg

Hs_exon_1 CTggCgAAgAAggAAAgAg CTgTgAAgATCgggTATgTg

Hs_exon_2 gATggTCATTAACCAAgCTg CCAgCCTCTATTTCATTATCC

Hs_exon_3 CAggAATggATgTggTAAAg TTCTgAgAACTAAAggTgATCC

Hs_exon_4 TTGAAGGGACACAGACATTC, AAAGCTTAGAACATCCCTCAG

Hs_exon_5 ACAggTATgAACCACTgTgC TGGCATTTCAGATACTCCAG

Hs_exon_6 ggACAggATATTggCACTTC TAgCCATCAAgCCTATTTCC

Hs_exon_7 CTGATGCTCACTTTGCTTTG TTAAAGACTGGGTTTGAGAGC

Hs_exon_8 TGTGAGCCCTTGATGTACC TCCCACAGAGACGTGAGTC

Hs_exon_9 GAGCCCATCTTCACCGTAG TATCGAGGGTCTCCAAAGTC

Hs_exon_10 AACTAAGGCTGGGTTGACTG GGAGAGAAACGGTAAACGAC

Hs_exon_11 TGGATGTGGCAACAGAATAC AGGGTAAGGCTGAGTGACTG

Hs_exon_12 AATTTGGCCTGGACTGAAC CCCAATCATACACTGACTCG

Table S2. Primer sequences
Primer sequences used for zebrafish and human genotyping. Amplicons 
spanning zebrafish lrrc50 and human LRRC50 exons were designed 
using the Primer3 software (http://fokker.wi.mit.edu/primer3/input.
htm).
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Abstract

Primary ciliary dyskinesia is a human disorder that develops as the result of dysfunctional motile 
cilia. Cilia motility is achieved by the coordinated activity of axonemal dynein complexes that 
interact with adjacent microtubule doublets. The assembly of dynein arms is a multi-step process 
that requires the orchestrated interplay of assembly factors and axonemal dynein subunits. 
Although a general pathway has been sketched and a growing list of proteins expected to play 
part in this process have been described, the driving force behind this process is unknown. 
Here we describe proteomics data suggesting a biochemical interaction of dynein arm assembly 
to a versatile scaffolding protein complex of which core is formed by RVB1 and RVB2. These 
scaffolding proteins form the foundation of a number of protein complexes involved in diverse 
cellular processes ranging from chromatin remodeling to ribosome biogenesis. Furthermore, 
an interaction with IFT88 and KIF3B is observed, for first time linking dynein arm complexes to 
intraflagellar transport. Overall, a comprehensive model of dynein arm pre-assembly is emerging.
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Introduction

The human disease Primary ciliary dyskinesia (PCD) is a recessive multigenic disorder with an incidence of 
1:15,000 that is characterized by infertility, chronic airway conditions such as sinusitis, recurrent infections, 
rhinitis and otitis media. Related Kartagener’s syndrome additionally involves laterality defects and has 
an incidence of 1:30,000 [40]. The molecular pathology of these diverse syndromes lies in the cardinal 
cellular process of cilia motility. Cilia are small microtubule-based extensions of the basal body on the 
surface of virtually all cell types in the human body. They serve as sensory organelles that evoke cellular 
activities in response to extracellular chemical, morphogenic and mechanic stimuli [1]. While most cells 
express an immotile monocilium or primary cilium, a small fraction of terminally differentiated cells can 
express up to hundreds of motile cilia, such as epithelial cells lining the trachea, efferent ducts and fallopian 
tubes [132, 371]. Cilia subtypes can be distinguished by ultrastructure; primary cilia contain nine partially 
overlapping microtubule doublets distributed in a circle (9+0), while motile cilia include an extra pair 
of central microtubules (9+2). Motile cilia contain additional radial spokes and dynein arm complexes; 
the latter are positioned at both sides of the axoneme, forming outer (ODA) and inner (IDA) dynein arm 
complexes [40]. The current view on how dynein arms are assembled and their composition has largely 
been driven by studies in the ciliated green alga Chlamydomonas. Outer dynein arms consist of three 
structural components; the globular head (HCα, HCβ, HCγ) that moves over the B-tubule of the doublet, 
linked via the intermediate domain (IC1, IC2) to the docking complex (DC1, DC2, DC3) that anchors the 
complex to the A-tubule of the neighboring mircotubule doublet [372]. Associated with this core complex 
are a number of light chain (LC) subunits that are required for assembly, stability and regulated motility 
[40]. Twisting of the central microtubule pair moves the radial spokes that ultimately regulate dynein arm 
activity. Movements of the free head domain pull the anchored neighboring microtubules toward each other 
hence bending the axoneme and coordinated regulation results in cilia bending and motility. Axonemal 
dynein arm complexes are incorporated into cilia as large building blocks; pre-assembly of ODAs and 
IDAs occurs exclusively in the cytoplasm. To date, three assembly factors have been described to stabilize 
HC-subunits and are essential for complex formation: ODA7 (Chlamydomonas ortholog of LRRC50/
DNAAF1, named as outer dynein arm mutant 7), PF13 and PF22 [41]. The vertebrate orthologs of many 
Chlamydomonas proteins similarly function as assembly factors, radial spoke components and ODA/IDA 
components, defects in which can result in ciliary motility defects. Consequently, PCD is a heterogenerous 
disease attributable to mutations in at least 16 genes. Recently, the nomenclature of some of these genes 

Table 1. Genes mutated in human PCD

Human Orthologs (Chlamydomonas/mouse) Function Reference

DNAH5 HC Dynein arm component [398]
DNAH11 HC Dynein arm component [390]
DNAI1 IC78 Dynein arm component [400]
DNAI2 IC69, IC2 Dynein arm component [401]
DNAL2 Dynein arm component [402]
TNXDC3 LC3, LC5 thioredoxin–nucleoside diphosphate kinase, dynein 

arm component
[403]

RSPH9 Radial spoke component [404]
RSPH4A Radial spoke component [404]
CCDC103 Pr47b, Smh Attachment [405]
DNAAF1/ LRRC50 ODA7 Dynein arm assembly factor [332, 333]
DNAAF2/KTU PF13 Dynein arm assembly factor [393]
DNAAF3 PF22 Dynein arm assembly factor [41]
CCDC39 FAP59 Assembly factor ? [406]
HEATR2 Transport / assembly ? [407]
CCDC40 Lnks Central pair regulation [408]
HYDIN hydin Central pair regulation [409]
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has been updated to a more uniform function-based terminology (Table 1) [373]. We and another group 
have described the vertebrate ortholog of Chlamydomonas ODA7, Lrrc50/Dnaaf1, to cause PCD phenotypes 
in zebrafish [330, 334, 374-376]. Further analysis of human PCD affected families revealed germline point 
mutations and chromosomal deletions at the LRRC50/DNAAF1 locus, confirming it as a PCD disease gene 
[332, 333]. With the exception of being a key molecule in dynein arm assembly, the function of DNAAF1 is 
largely unknown. In an attempt to further elucidate the function of DNAAF1 protein, we used expression 
profiling of homozygous lrrc50/dnaaf1Hu255 (-/-) mutant zebrafish. To identify novel binding partners we 
employed yeast two-hybrid screening and TAP-tag systems to isolate interacting proteins in mammalian 
retinal and renal ciliated cells by co-immunoprecipitation and mass spectrometry. This approach revealed 
a putative connection between dynein assembly and intraflagellar transport (IFT), in addition to linking 
these processes with an incompletely characterized RVB scaffolding complex. Here we show evidence that 
members of a RVB scaffolding complex associate with DNAAF1. We propose a model of dynein assembly 
that is analogous to the chaperone R2TP-prefoldin complex.

Table 2. Differentially expressed genes in dnaaf1/lrrc50Hu255 zebrafish.
A total of 736 genes are differentially expressed +/- <1.3 fold. The table is a selective presentation of cilia-related genes that show gene 
expression variations in zebrafish dnaaf1/lrrc50 (-/-) versus siblings. Numbers are fold change as calculated from limma analyses.

Fold 
Change

Zebrafish gene / ortholog Function

- 1.32 ref|Danio rerio tubulin polymerization-promoting protein family member 3 
(tppp3), mRNA [NM_201335])

Microtubule regulation

- 1.32 ref|Danio rerio zgc:111988 (zgc:111988), mRNA [NM_001020639] WDR16, dynein arm transport, ciliary mo-
tility

- 1.35 ref|Danio rerio DnaJ (Hsp40) homolog, subfamily B, member 11 (dnajb11), 
mRNA [NM_198821]

HSP40 homolog, protein folding

- 1.38/-1.40 ens|Novel protein similar to vertebrate radial spokehead-like 3 (RSHL3). 
[Source:Uniprot/SPTREMBL;Acc:A2CET1] [ENSDART00000014686]

Radial Spokehead like 1 gene, ciliary mo-
tility

- 1.38 ens|Novel protein similar to vertebrate dynein, cytoplasmic, light interme-
diate polypeptide 2 (DNCLI2). [Source:Uniprot/SPTREMBL;Acc:Q1LUM9] 
[ENSDART00000052859]

Cytoplasmic dynein component

- 1.41 ref|Danio rerio sperm associated antigen 6 (spag6), mRNA [NM_001002210] Flagellar motility

- 1.43 ref|Danio rerio zgc:113106 (zgc:113106), mRNA [NM_001017876] FSIP1, flagellar fibrous sheath component

- 1.44 ref|Danio rerio zgc:101797 (zgc:101797), mRNA [NM_001007397] TEKT1, microtubule stabilization in ax-
onemes

- 1.47 ref|Danio rerio similar to Dynein, axonemal, light intermediate polypeptide 
1 (MGC171595), mRNA [NM_001110114]

Dynein arm motility

- 1.49/-1.41 ref|Danio rerio zgc:162848 (zgc:162848), mRNA [NM_001089518] TEKT4, microtubule stabilization in ax-
onemes

- 1.53/-1.41 ref|Danio rerio zgc:55461 (zgc:55461), mRNA [NM_213490] Tubulin Beta2

- 1.53 ref|Danio rerio zgc:66125 (zgc:66125), mRNA [NM_200823] kinesin family member 4-like, transport, 
cytokenesis, mitosis

- 1.54/-1.48 ref|Danio rerio zgc:111885 (zgc:111885), mRNA [NM_001017432] TEKT2; microtubule stabilization in ax-
onemes

- 1.56 ens|Novel protein similar to vertebrate t-complex testis expressed 1 
(Tctex1) (Fragment). [Source:Uniprot/SPTREMBL;Acc:Q1LYB4] [ENS-
DART00000105444]

Tctex-1, dynein component

-3.57/-3.12 ref|Danio rerio heat shock protein 90kDa beta (grp94), member 1 
(hsp90b1), mRNA [NM_198210]

Ubiquiteous, protein maturation, stabili-
zation
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Results

Expression profiling dnaaf1/ -/- zebrafish
We have previously described a ciliary phenotype including cystic kidneys, body axis curvature, and situs 
inversus/PCD in dnaaf1/lrcc50Hu255 zebrafish harboring a truncating p.L88X gene inactivating mutation 
[330]. We conducted gene-expression profiling of (n = 40) dnaaf1/lrcc50 (-/-) zebrafish versus wild-type 
siblings (n = 40), equally pooled from four different clutches at five days post fertilization (dpf). At the time 
of analysis the arrays were not fully annotated and were therefore manually analyzed. The observed changes 
in expression were relatively small, with a maximal amplification and reduction of ~3.5 fold. These zebrafish 
manifest a severe reduction of ciliary frequency and function [330], and as expected many cilia related 
genes are reduced (Table 2 and Table S1). The downregulation of these and many other genes are likely 
downstream of defective cilia formation and increased proliferation of embryos [330]. The relative small 
change in gene-expression was of insufficient grounds to continue with follow-up studies and prompted us 
to use alternative strategies to reveal functional aspects of DNAAF1.

Figure 1. DNAAF1-IFT88 interaction in yeast two-
hybrid
Full length DNAAF1 contains 6 leucine-rich repeats 
(LRR), a coiled-coil domain (CC) and a proline-rich 
domain (PRO). IFT88 contains 3 N-terminal and 7 
C-terminal tetratricopeptide repeats (TRP) [52]. 
In dedicated yeast two-hybrid for DNAAF1-BD we 
confirmed the initial interaction in the retinal library, 
with full length IFT88 and N-terminally truncated 
IFT88 (442-833). The interaction is not observed in 
C-terminal truncated IFT88 (1-449).
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DNAAF1 physically interacts with IFT88
A GAL4-based yeast two-hybrid screen using an oligo dT-primed human retinal cDNA library was applied as 
previously described to identify binary protein-protein interactions using full length DNAAF1 as bait. [377, 
378]. A single positive clone was identified in this screen representing the intraflagellar transport protein 
IFT88. The DNAAF1-IFT88 interaction was confirmed through a dedicated yeast-2-hybrid assay, here 
DNAAF1 interacts with full length IFT88 and N-terminally truncated IFT88, but not C-terminally truncated 
IFT88 (Figure 1). The IFT88 protein has been extensively described and is essential for the assembly of cilia 
and flagella is where it is involved in intraflagellar transport [52]. A homozygous mutation in IFT88 results 
in a severe human ciliopathy, phenotypically resembling MKS [66]. The interaction between DNAAF1 and 
IFT88 suggests that dynein arm assembly is directly coupled to the intraflagellar transport machinery.

Affinity purification of LAP-DNAAF1
We next performed tandem-affinity purification and tandem Mass Spectrometric analysis using the 
localization-affinity purification (LAP)-tag system [379]. Stable pG-LAP-DNAAF1 RPE-hTERT-Flp-
IN-TREX (hereafter referred to as RPE-LAP-DNAAF1) and 293T-Flp-IN-TREX (hereafter referred to as 
293T-LAP-DNAAF1) cell lines were generated (Figure 2A). We previously showed endogenous DNAAF1 to 
localize at the basal body, centrosomes, midbody and perichromosomal sheath using immunofluorecent 
staining [380]. LAP-DNAAF1 localization does not match the observed endogenous localization and is 
aspecifically localized to the cytoplasm throughout the cell cycle in both stable RPE and 293T lines (figure 
2B). Endogenous localization of C-terminally tagged DNAAF1-LAP or N- and C-terminal -HA or -MYC 
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tagged DNAAF1 was similarly not observed (not shown). We therefore proceeded using the N-terminal 
LAP-DNAAF1 lines. Protein expression was efficiently induced by addition of 10 ng/ml doxycycline 48 hours 
prior to harvest (Figure 2C) and given the described ciliary function of lrr50 [330], serum concentration 
were reduced to 0.2% for 48 hours to induce ciliogenesis. Cells were harvested and according to standard 
LAP purification procedures (see materials and methods). Eluates from the S-bead fraction were analyzed 
by silver stain (figure 2D). TEV cleaved LAP-DNAAF1 runs at the expected ~110 kD size and is amongst 
the most intensely stained bands. Noticeably there are two bands of roughly 50 and 55 kD of almost equal 
intensity as the bait. As no obvious differences were observed between serum concentrations, all subsequent 
experiments were performed in normal serum levels. Performing the LAP purification from a polyclonal 
293T-LAP-DNAAF1 line and two single clones generated from this polyclonal line yielded similar results 
(figure 2C). 

LAP-DNAAF1 affinity purification is independent of cell cycle stage
As we described previously [380], DNAAF1 is expressed the highest during S-phase and protein expression is 
maintained during mitosis. We therefore hypothesized DNAAF1 to interact with other proteins during these 
phases. To enrich for mitotic cells, we synchronized cells using an overnight thymidine block, which arrests 
cells at the G1/S-transition phase. Subsequently, cells are released from thymidine in the presence of mitotic 
inhibitor nocodazole for 14 hours to enrich for mitotic cells. Analysis of the S-bead eluate fraction with silver 
stain did not indicate any major differences in the eluates of mitotic cells compared to the normally cultured 
cells (figure 2F). Minor changes in the intensity of several bands are observed, most notably a band around 
80 kD appears more intense. Endogenous DNAAF1 has a predicted molecular weight of ~80 kD and we 
rationalize that this is likely the increased band at ~80 kD. This would also correlate with the increased 
expression of DNAAF1 in mitosis and potentially suggests that DNAAF1 is able to form homo-multimers. 

LAP-DNAAF1 interaction spectrum
Given the reproducible results amongst the two cell lines we proceeded to perform large scale LAP-
purifications to identify interaction partners using Mass Spectrometry. Both purification from stable 
retinal RPE and kidney 293T lines were performed and results are entirely comparable. The results from 
the two clones of 293T cells are presented in Table 3 (extended in Table S2). The peptide counts indicate 
the parallel purifications to be highly reproducible, suggesting the interaction partners to be stable. The 
LAP-DNAAF1 purification revealed several abundantly present peptides, most notably the multi-functional 
proteins Pontin and Reptin; also known as RVB1/Ruvbl1/Tip49 and RVB2/Ruvbl2/Tip48. RVB1 and RVB2 
are AAA+ ATPases and crucial components of several well-defined protein complexes of diverse functions 
including chromatin remodeling, cellular transformation and snoRNP assembly and maturation [374]. RVB1 
and RVB2 can form homo-hexamers, hetero-hexamers and hetero-dodecameric structures [381], we will 
refer to complexed RVB1 and RVB2 as RVB1/2. Interestingly, RVB1/2 have previously been associated with 
cilia function. In Chlamydomonas, both orthologs are dramatically upregulated quickly after de-flagelation 
[382]. In zebrafish pontin mutants, cystic kidneys and body axis curvature are observed which are hallmark 
phenotypes of cilia dysfunction [383]. In line with the established DNAAF1 function in ODA/IDA assembly, 
we identified several axonemal dynein subunits in our purification, albeit at low peptide counts.
Germline mutations in the aminopeptidase XPNPEP3 were recently identified in patients with a 
nephronophthisis-like nephropathy [70]. Based on N-terminal sequences that meet the consensus of this 

Figure 2. LAP-DNAAF1 affinity purification
(A) Full-length DNAAF1 subcloning into the pG-LAP1 expression vector. EGFP and a TEV sequence are fused to the N-terminal of DNAAF1. 
The flanking Frt recombination sites allow stable integration into recipient cell lines that were constructed to contain a single locus 
Frt insertion. A double Tet-Operon ensures inducible expression under the control of doxycycline from a CMV promotor. (B) Stable cell 
lines expressing pG-LAP-DNAAF1 were generated, selected and expanded. Inducing protein expression reveals a diffusely cytoplasmic 
localization in both RPE-LAP-DNAAF1 and 293T-LAP-DNAAF1 cells. Scale bars 20 μm. (C) Upon minimal (0-500 ng/ml) doxycyline addition, 
the LAP-DNAAF1 fusion protein is efficiently expressed as determined by α-GFP western blot analysis (D) LAP-IP from RPE-LAP-DNAAF1 
cells cultured in the presence of 10% or reduced 0.2% serum concentrations. S-bead eluates separated by gradient 4-12% SDS-PAGE and 
stained using silver stain. The eluates show marginal variation. (E) Analysis of a polyclonal and two clonally derived lines of 293T-LAP-
DNAAF1 shows a roughly similar eluate compared to RPE-LAP-DNAAF1 cells. (F) Eluates extracted from mitosis-enriched cell fractions 
show neither abundant enrichments nor major losses of specific proteins.
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aminopeptidase and previously described associations with ciliogenic defects, the authors selected potential 
substrates including DNAAF1, CEP290 and ALMS1. Protease activity of XPNPEP3 towards these three 
substrates implicates DNAAF1, CEP290 and ALMS1 in nephronophthisis. In the current study, we observe 
LAP-DNAAF1 pulling down XPNPEP3, however, the number of recovered XPNPEP3 peptides is low. This 
might be explained by the non-physiological LAP-DNAAF1 localization or the transient nature of XPNPEP3 
enzyme- DNAAF1 substrate interaction. The non-physiological LAP-DNAAF1 localization itself could be 
a result of ineffective N-terminal cleavage as the LAP-tag potentially blocks efficient XPNPEP3 binding or 
recognition, but given that we observed a similar non-physiological localization using a C-terminal LAP-
tag this explanation remains speculative. Of interest, DNAAF1 is identified with similar low peptide scores 
(34 XPNPEP peptides, 2 DNAAF1 peptides) in a tandem affinity purification of transiently expressed TAP-
XPNPEP3 in 293T cells (not shown).

Tandem Affinity Purification of TAP-DNAAF1
In addition to LAP1 purifications, we applied a Streptavidin-II/FLAG based tandem affinity purification 
(SF-TAP) method to validate the protein-protein interaction data from the LAP1 purification [384]. In 293T 
cells, TAP-DNAAF1 was overexpressed, immunoprecipitated and subsequently analyzed through mass 
spectrometry according to previously established parameters [385]. The obtained results from the TAP 
analysis show largely overlapping interaction profiles, indicating that the sensitivity of protein complex 
detection using these techniques is comparable. Similar to the LAP purifications, RVB1/2 are the most 
prominent in TAP-tag purification. Intriguingly though, unlike in the LAP1 purification we identified KIF3B 
as a binding partner for DNAAF1 (Table 4, extended in Table S3). KIF3B is a subunit of kinesin-2, the major 
axonemal motor protein essential for ciliogenesis and cilia maintenance [36]. Together with the observed 
yeast two-hybrid interaction with IFT88, these results suggest that DNAAF1 interacts with the kinesin-2-
coupled intraflagellar transport module.

DNAAF1 binding to RVB1/2 is ATP-dependent
To gain more insight into the nature of the binding between DNAAF1, RVB1/2 and other interaction partners, 
we performed LAP-DNAAF1 purifications in presence of ATP analogs. RVB1/2 are AAA+ ATPases and 

Chapter 6

Table 3. Peptides recovered in LAP-DNAAF1 affinity purification

293T LAP-DNAAF1 
Clone#1

293T LAP-DNAAF1 
Clone#2

Protein Total peptides Unique peptides Total peptides Unique peptides

DNAAF1 (bait) 949 67 1363 77
RuvBl-1 / Pontin 584 58 442 53
RuvBl-2 / Reptin 525 70 481 60
DPCD 50 26 55 26
HSP90 Alpha 1Isoform 2 28 17 92 32
HSP90 Beta 11 19 25 62
HSP90 alpha 2 4 6
HSP70 mitochondrial 33 47
SUGT1 35 21 35 19
XPNPEP3 3 1 6 1
Similar to Dynein IC2, Axonemal 0 0 1 1
Isoform 2 of Dynein HC2, Axonemal 0 0 1 1
Cytoplasmic DYNEIN L1IC 0 0 2

ZnHIT2 2 2 1 1
Tubulin alpha 4a chain 4 2 13 5
Tuba1c protein 4 3 13 3
Tubulin beta 2c chain 0 0 3 2
Tubulin beta 1 chain 0 0 3 2
Tubulin beta 1 a chain 1
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Figure 3. LAP-DNAAF1 interaction spectrum 
is dependent on ATPase activity.
(A) 293T-LAP-DNAAF1 expression was induced 
48 hours prior to harvest. Cells were collected, 
concentrated and lysed. During lysis and 
subsequent steps, the samples were either 
untreated or incubated with 2.5 mM of ATP 
analogs; ATP, ADP or ATP-γ-S. Eluates were 
separated on SDS-PAGE and silverstained. 
Untreated (X), ADP or ATP treated samples 
show no remarkable variations, ATP-γ-S treated 
samples show a strong reduction of bands ~50 
kDa, MS analysis confirmed these as RVB1/2. 
(B) Large scale IPs of untreated and ATP-γ-S 
treated lysates were run on a gel and stained 
with coomassie. MS analysis (Table 5) and 
visual observation show reduced RVB1/2 
fractions. 

Table 4. Predominant peptides recovered in TAP-DNAAF1 affinity purification

therefore are able to exhibit enzymatic activity at the expense of ATP [386]. In order to mimic non-enzymatic 
RVB1/2, the purification was performed in an excess of ADP to trap the molecule in its closed conformation. 
Additionally, we used a similar concentrations of either ATP or ATP-y-s; a non-hydrolysable form of ATP 
trapping it in the open or active conformation. Affinity purification eluates of the various conditions were 
visualized by silver stain (Figure 3A). Overall there is little difference between these purifications, and the 
levels for the bait are relatively equal in all conditions. RVB1 and RVB2 have roughly the same protein size 
and should appear as a single band around ~50 kD. Both in the presence of an excess of ADP and ATP the 
eluates do not deviate greatly from the control purification, although it could be argued that specifically 
at this height of RVB1/2 there are differences of intensities observed. However, in the presence of non-
hydrolysable ATP-γ-s, the amount of RVB1/2 co-purifying with DNAAF1 is markedly decreased. To obtain 
a more detailed analysis of the effect of ATP-y-s, we repeated the purification and analyzed the fractions 
using Mass Spectrometry (Figure 3B, Table 5, extended in Table S4). The effect on the amount of RVB1/2 
peptides recovered is indeed dramatic. In the control purification 333 peptides for RVB1 and 431 for RVB2 
versus 1226 for DNAAF1 are recovered, a gross 1 to 3 ratio of RVB1/2 versus LRRC50. The ATP-y-s treated 
sample recovers 1375 peptides for LRRC50, 47 for RVB1 and 61 for RVB2; a gross 1 to 28 ratio. It has been 
extensively described that RVB’s assemble into hexameric and dodecameric (double hexamer) complexes, 
forming the hallmark double ring structure [374]. It has further been suggested that the RVB subunits 
require ATPase activity to associate into hexamers [386]. It is likely that in the ATP-y-s treated sample RVB’s 
fail to form hexameric structures, hence the grossly 7-fold reduced RVB fraction recovered. This would 
indicate that DNAAF1 is able to bind single RVB units, but in physiological conditions it associates with a 

Protein 293T TAP-DNAAF1 [#1] peptide count 
and sequence coverage (%)

293T TAP-DNAAF1 [#2] peptide count 
and sequence coverage (%)

DNAAF1 43 (61%) 44 (62%)
RVB1 26 (68%) 24 (67%)
RVB2 29 (64%) 28 (62%)
SUGT1 5 (16%) 3 (9%)
KIF3B 15 (24%) 10 (15%)
Tubulin, alpha 1b 2 (6.7%) 0
Tubulin, beta 9 (26%) 8 (25%)
HSP90AA1 13 (16%) 8 (12%)
HSP90AB1 5 (18%) 0
HSP70 protein1A/1B 35 (63%) 32 (57%)
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hexameric RVB complex. Interestingly, the association with DPCD is completely lost in the ATP-y-s treated 
sample. Suggesting that DNAAF1 binds DPCD indirectly via the RVB complex. Additionally, the recovered 
number of peptides for HSP90 and SUGT1 is roughly doubled, which is of interest given that HSP90/SUGT1 
are known RVB1/2 chaperones that interplay with RVB1/2 in complex formations. HSP90 is an ATPase as 
well and the observed doubled interaction ratio could be due to blocking the ATPase cycle and trapping 
HSP90 in the active conformation. These results are indicative of a DNAAF1-RVB1/2 scaffolding complex in 
dynein arm assembly (see models in Figure 4). 

DNAAF1-RVB1/2 co-localize to the nucleolus
In light of the tumor suppressor function of DNAAF1/LRRC50 we have recently described in human 
and zebrafish seminoma development, we wondered if there is an additional function of DNAAF1 to be 
interpreted from the interaction spectrum. As mentioned above, RVB1/2 are part of diverse scaffolding 
complexes. The predominant RVB1/2 scaffolding complex is the R2TP-module (RVB1, RVB2, Tah1, Pih1) 
which is observed in the nucleolus and functions in the formation and maturation of snoRNP’s (small 
nucleolar ribonucleoproteins) [387]. DNAAF1 likewise localizes to the nucleolus in interphase and 
abundantly accumulates prior to nuclear envelope breakdown, which is in line with a peak DNAAF1 mRNA 
expression in S-phase [380]. The nucleolar accumulation precedes translocation to the perichromosomal 
sheath. Based on the overlap of expression and localization of DNAAF1 and RVB1/2 we hypothesized it 
might function in a nucleolus-related process. We tested whether the nucleolar localization of DNAAF1 
is dependent on RVB1/2. Using RNA interference in T47D cells and despite the effects of siRVB on the 
nucleolus, we observed no re-localization of LRRC50 upon siRVB1, siRVB2 or both (Figure 4A,B). 

Figure 4. Nucleolar DNAAF1 does not affect polysome profile in dnaaf1/lrrc50-/- zebrafish
(A) DNAAF1 immunostaining shows previously established localization to nucleolar structures. Upon knockdown of siRVB1/2 in RPE 
or T47D cells, DNAAF1 localization does not change. Individual RVB1 or RVB2 knockdown similarly does not mislocalize DNAAF1 (not 
shown). Counterstained with DAPI (blue). Scale bars 5 μm. (B) Efficacy of siRVB1/2 on RVB1 and RVB2 expression levels compared to 
non-targeting control. (C) Right panel indicates the effect on sub-nucleolar structures upon ActinomycinD treatment. DNAAF1 localization 
in unsynchronized cells, two hours post thymidine (24 hours synchronization) release to enrich for cells entering S-phase and optimize 
nucleolar staining, or thymidine released and treated 2 hours with 250 ng/ml ActinomycinD. Counterstained with DAPI. ActinomycinD 
treatment disrupts nucleoli, DNAAF1 is retained in described caps structures. (D) Ribosomal profiling in 5 dpf dnaaf1/lrrc50-/- zebrafish 
does not show any defects compared to siblings. 
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Table 5. LAP-DNAAF1 interaction spectrum changes in presence of excessive ATP-y-S

293T LAP-LRRC50 293T LAP-LRRC50 +ATP-y-s

Protein Total peptides Unique peptides Total peptides Unique peptides

DNAAF1 (bait) 1226 63 1375 70

RuvBl-1/ Pontin 333 35 47 22
RuvBl-2/ Reptin 431 49 61 32
DPCD 24 14 0 0
HSP90 alpha 19 13 36 16
HSP90 beta-3 14 10 28 12
HSP90 beta-2 10 6 17 7
HSP90 beta 10 7 16 9
HSP90 combined 53 36 97 44
SUGT1 24 17 51 29
XPNPEP3 2 1 3 1
Cytoplasmic Dynein 1 IC2 1 1 0 0
ZnHIT2 0 0 0 0
Tubulin alpha 1a chain 30 14 34 18
Tubulin beta 2a chain 8 5 12 10
Tubulin alpha 1b chain 6 1 8 1
Tubulin beta 2c chain 3 2 5 5
Tubulin beta 1 chain 2 1 6 3
Tubulin beta chain 3 2 4 4
Tubulin combined 52 25 69 41
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The nucleolus is a major site of transcription and translation and ribosome biogenesis. Three distinct 
substructures are recognized; the fibrillar center (FC) that controls rDNA transcription machinery, the 
dense fibrillar component (DFC) that controls early rRNA processing and the granular component (GC) that 
is involved in later stages of rRNA processing [388]. Treatment with the transcription machinery inhibitor 
Actinomycin-D (250 ng/ml) disrupts the nucleolus and segregates its components. DFC and FC components 
cluster together in so-called caps that locate to the nucleolar periphery contain RNA polymerase I and other 
components of the rRNA transcription machinery [389]. Other nucleolar components accumulate in a central 
body and mostly contains GC components (Figure 4C) [388]. We investigated the effect of Actinomycin-D 
treatment on DNAAF1 localization and observed that it localizes to small aggregated structures that are 
likely cap-structures (Figure 5C). This is an indication that DNAAF1 at least shows a similar localization 
pattern as the transcription machinery. All suggests a putative role in ribosome biogenesis. Interestingly, in 
a zebrafish screen for cancer genes, many lines were recovered that have defects in ribosomal function [375]. 
To test a potential involvement in normal ribosome biogenesis [376], we analyzed the effect of DNAAF1 
disruption on ribosomal integrity. For this we used dnaaf1/lrrc50Hu255h (-/-) zebrafish. To reduce the effect 
of excessive maternal protein input, we used 5 dpf old embryos. Both siblings and mutants show a similar 
ribosomal profile; 40S and 60S subcomplexes are present, followed by an abundant peak representing the 
single ribosomes, next a normal polysome profile is observed (Figure 4D). Therefore, loss of DNAAF1 does 
not affect ribosome biogenesis. However, we cannot exclude a more subtle effect on alternative nucleolar 
processes.

Discussion

Two affinity purification strategies show overlapping interaction spectra that robustly link DNAAF1 to a 
molecular scaffold complex based on the AAA+ ATPases RVB1/2. We furthermore demonstrate that this 
complex is dependent on ATPase activity. In addition, yeast two-hybrid screening indicates an interaction 
with IFT88 and we identified KIF3B in our TAP-purification, suggestive for a role in IFT. The experiments 
were highly reproducible with large overlap of obtained interacting peptides across multiple cell lines and 
with only marginal differences between independent institutes. Nevertheless, it must be stressed that the 
obtained results remain preliminary and incomplete with regard to functional validation of interaction 
partners. Collectively, the data is suggestive of a role for DNAAF1 in novel functional modules. 

DNAAF1 is part of a R2TP-prefolding like scaffold complex?
RVB1 and RVB2 are AAA+ helicases that form hetero-hexamer and dodecameric ring structures that form 
the core of many complexes, including the transcriptional Ino80, SWR1/SRCAP and Tip60 complexes, 
telomerase complex, DNA-damage response and repair complexes and snoRNP assembly complex 
[374]. Robustly identified in our LAP purifications is DPCD (Defective in primary ciliary dyskinesia), an 
uncharacterized protein of 23 kDa. Mice with a gene inactivation insertion cassette disrupting Dpcd display 
a classic PCD phenotype including immotile cilia, situs inversus and male infertility [390]. The phenotypical 
overlap between Dpcd and DNAAF1 is highly suggestive of a function in the same pathway. Furthermore, 
DPCD has been shown to be in a network with RVB1/2, part of a sub-complex likely to involve members of 
the URI/prefoldin pathway [391]. Another protein associated with this network is ZnHIT2; we also weakly 
recovered ZnHIT2 in the LAP-DNAAF1 purification. The predominant phenotype caused by defective 
DNAAF1, RVB1, RVB2 and DPCD is cilia immotility, a defect marked by the absence of ODA and/or IDA 
assembly or transport. These proteins are not abundantly present in the axoneme, rather, DNAAF1/ODA7 
has been described to be required for the proper cytoplasmatic assembly of dynein arms [331-333, 343].
Heat shock proteins (HSPs) are ubiquitous chaperones that can bind, stabilize and regulate the maturation 
of proteins [392]. We observed a large representation of HSP proteins in our DNAAF1 affinity purifications, 
with particularly abundant HSP90 and HSP70. It has, however, been recognized that many HSPs bind 
the unfolded linker region between the bait and tag and represent aspecific binding artifacts common in 
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Figure 5. Model of R2TP-Prefoldin like module for dynein assembly
The conventional R2TP module was identified as a complex regulating the maturation of snoRNPs [387]. In addition, a R2TP-like module 
was identified in the assembly of RNA polII [397]. Simplified, HSP90 and HSP70 are required for the maturation and regulation of Pih1 
interacting protein and the Tah1 co-factor, transferring it to oligomeric RVB1/2. We propose a model for dynein assembly based on similar 
mechanisms. Here, HSP90 and HSP70 are identified as binding partners for assembly factors DNAAF2 and DNAAF1 [393]. We identified 
SUGT1 as a co-factor (Co.f.) for HSP90 that interacts with DNAAF1, and PIH-domain containing proteins involved in dynein arm assembly 
were identified before [395]. DNAAF1 interacts with RVB1/2, but it remains to be determined if it is involved in HSP90/TP transfer to 
RVB1/2, is a client for HSP90 itself or both. DPCD interacts with the RVB1/2 complex, and based on our results, not directly to DNAAF1. It 
was previously suggested that DPCD could be a linker protein for RVB1/2 and the Prefoldin-module [391].

these assays. Cautiously interpreting the relevance of these HSPs in DNAAF1 function, there remains a 
possibility that HSPs could represent relevant interacting proteins for DNAAF1 function. For example, in 
addition to HSP90, we recover SUGT1 in our purification, a known co-chaperone of HSP90 that interacts 
with many LRR-domain containing proteins, suggesting an additional layer of regulation [392]. Secondly, 
in light of the observed interaction with RVB1/2 and its co-chaperones HSP90/SUGT1 it of interest that in 
dnaaf1/lrrc50 (-/-) zebrafish expression profiling, hsp90b is the most severely downregulated transcript. 
Thirdly, KTU/DNAAF2 is a validated PCD gene and, similar to DNAAF1, known to be essential for proper 
cytosolic assembly of dynein arms and TAP-IP of the KTU/DNAAF2 is described to predominantly interact 
with HSP70, possibly through its PIH domain (Protein Interaction with HSP90) [393, 394]. Of interest, 
other Chlamydomonas cilia proteins containing a PIH domain are MOT48 and TWI1, both of which are 
part of dynein arm complexes [395]. That DNAAF1 robustly binds RVB1/2 might reflect on a putative role 
for DNAAF1 in the nucleolar snoRNP assembly R2TP-module, consisting of RVB1/2, Tah1 and PIH1, where 
Tah1 is a HSP90 co-factor [394]. Based on the collective DNAAF-results, we propose that dynein assembly is 
mediated by a novel RVB core complex, built on from the R2TP-prefoldin module (Figure 5). RVB1/2 form 
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the core of the complex. HSP90 and co-chaperones (SUGT1) bring assembly factors and/or dynein arm 
components to the RVB1/2 core. DPCD could be a linker to this prefoldin module.

DNAAF1 links dynein arm assembly to IFT?
IFT is mediated by the anterograde molecular motor kinesin-2, composed of KIF3A, KAP and KIF3B or 
KIF3C, and dynein-2 (retrograde) [33]. To enter the cilium, cargo such as ODAs must be coupled to the 
intraflagellar transport IFT-B machinery and anterograde motor kinesin-2 which then facilitates movement 
towards the ciliary tip. Both TAP-DNAAF1 and the yeast two-hybrid indicated an association with the 
IFT-B associated KIF3B and IFT88. We postulate that DNAAF1 is required for the cytoplasmic dynein arm 
assembly in addition to coupling these dynein arms to the IFT machinery for import and positioning in the 
axoneme. This would also explain the presence of small amounts of ODA7 in axonemes [333]. 

Conclusions

The presented data on DNAAF1 function mainly suggests a role for this protein in dynein arm assembly, 
which is consistent with previous studies in Chlamydomonas and zebrafish, as well as human disease 
genetics [330-334, 343]. In addition we provide evidence for a novel R2TP-prefolding module that specifically 
functions in dynein arm assembly. Furthermore, preliminary results indicate that DNAAF1 could also bridge 
the assembly pathway to IFT. Nevertheless, functional validation studies are required to firmly establish this 
model. The data does not exclude the possibility that additional roles are associated with DNAAF1 that are 
independent of dynein assembly, as we anticipate given the recently described tumor suppressor function 
[380]. Speculatively, another co-chaperone role in a nucleolar function, but not ribosomal biogenesis, 
could be achieved through interaction with a partly overlapping or alternative RVB1/2 scaffolding complex. 
DNAAF1 dysfunction could dramatically change the stability and homeostasis of other RVB1/2 scaffolding 
complexes as is indicated by the reduced hsp90 gene expression in homozygous dnaaf1/lrrc50 (-/-) zebrafish. 
If so, the endogenous localization of both DNAAF1 and RVB1/2 at the nucleolus, centrosomes and midbody 
in combination with the broad cellular activities of RVB1/2 could potentially lead to numerous defects. 
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Materials and Methods

Agilent microarray expression profile
Dnaaf1/lrrc50Hu255H zebrafish were isolated from a forward genetic N-ethyl-N-nitrosourea (ENU)-based 
mutagenesis screen as previously described and maintained according to standard protocols [330]. All 
animal experiments were approved by the Animal Care Committee of the Royal Dutch Academy of Science 
according to the Dutch legal ethical guidelines. Zebrafish dnaaf1/lrrc50Hu255H mutant and wild-type siblings 
(n = 40, equally pooled from 4 different clutches) at 7 dpf was isolated using TRIzol (Invitrogen). A 4 × 44K 
zebrafish expression array (G2519F; Agilent Technologies, Amstelveen, The Netherlands) was performed; 
cDNA synthesis and labeling were performed using the two color Quick-Amp Labeling Kit (5190-0444, 
Agilent Technologies, http://www.home.agilent.com/), and samples were purified using the RNeasy Mini 
kit (Qiagen, http://www.qiagen.com/). Duplicate samples were run in dye-swap. Labeled samples were 
hybridized to a 4x44K zebrafish expression array (G2519F, Agilent Technologies) using the Gene Expression 
Hybridization Kit (5188-5242, Agilent Technologies). Scanned images were processed using the Feature 
Extraction software (Agilent Technologies), and analyzed (P ≤ .01) using Limma in R software as was 
previously described [368].

Vector design and integration
From an Open Biosystems sequence verified cDNA clone, ID 4822973 of full-length DNAAF1, we 
generated a PCR generated fragment flanked by AttB1 Gateway compatible sites using forward; 
5’-GGGGACAAGTTTGTACAAAAAAGCAGGCTACATGCACCCTGAGCCCTCG-3’ and reversed; 
5’-GGGGACCACTTTGTACAAGAAAGCTGGGTCTGATGCTTTCGGTGCTGG-3’ sequences. Using LR 
recombination (Invitrogen) the fragment was cloned into a Gateway entry vector pDONR221 (Invitrogen). 
After sequence verification, the LRRC50 cassette was subcloned into the pG-LAP1, pCS2+Myc_DEST and 
pCS2+HA_DEST vectors using BP recombination. Vectors and Flp-In cell lines RPE-hTERT-Flp-In-T-REX 
and 293T-Flp-In-T-REX are described in [379]. Upon co-transfection of LAP-DNAAF1 and pOG-044 (Flp-
recombinase) in a 1:10 ratio using Fugene 6 (Roche) we generated cell lines having LAP-DNAAF1 stably 
integrated into a single site within the genome, that were further selected using puromycin. LAP-DNAAF1 
expression was induced via addition of 10 ng/ml doxycyclin for 48 hours [379].

LAP1 and TAP purification
LAP purification is a tandem affinity approach, and has been described extensively in [379]. To summarize; 
cells are grown in bulk in either roller bottles (RPE) or 500 cm2 plates (293T). Cells are harvested and lysed 
in buffer with 200 nM NaCl and 0.3% NP-40. The soluble fraction was obtained by centrifugation at 43,000 
RPM and added to pre-coupled GFP antibody-protA beads [80 μg/160 μl beads for 1 ml of cleared lysate]. 
Next, bait and interacting proteins are released by TEV-cleavage [10 μg TEV protease/ml] and recaptured on 
S-protein agarose. Finally the sample is eluted in 2X NuPAGE sample buffer and separated on NuPAGE gels 
followed by silver staining or coomassie blue. TAP purifications were performed in transiently transfected 
HEK293T cells with TAP-tagged full length DNAAF1 for 48 hours using Effectene (Qiagen). Cells were lysed 
in buffer containing 30 mM Tris–HCl (pH 7.4), 150 mM NaCl, 0.5% Nonidet-P40, protease inhibitor cocktail 
(Roche Diagnostics, Mannheim, Germany) and phosphatase inhibitor cocktail 1 and 2 (Sigma-Aldrich, 
Zwijndrecht, The Netherlands) for 20 min at 4°C. After sedimentation at 10,000xg, the cleared supernatant 
was incubated for 2 h at 4°C with Strep-Tactin superflow (IBA, Göttingen, Germany). Subsequently, the 
resin was washed three times in wash buffer [30 mM Tris–HCl (pH 7.4), 150 mM NaCl, 0.1% Nonidet-P40] 
supplemented with phosphatase inhibitors. Protein complexes were eluted with 2 mM desthiobiotin (IBA) 
in TBS. For the second purification step, eluates were transferred to anti-FLAG M2 agarose (Sigma-Aldrich) 
and incubated for 2 h at 4°C. The FLAG-beads were washed three times with wash buffer, subsequently 
proteins were eluted with FLAG peptide (200 μg/ml, Sigma-Aldrich) in TBS. Then, 5% of the sample was 
separated by SDS–PAGE and stained with silver according to standard protocols. The rest of the sample was 
subjected to protein precipitation with chloroform and methanol. Protein precipitates were stored at −80°C. 
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LAP Mass Spectrometry
After separation by SDS-PAGE, bands spanning the length of the gel were excised, washed in 50 mM 
Ammonium bicarbonate (Sigma, St Louis, MO) containing 50% acetonitrile (Burdick and Jackson, 
Muskegon, MI) (100 μL, 20 min). Gel pieces were then dehydrated with acetonitrile and digested with 
trypsin (Promega, Madison, WI), chymotrypsin or endoproteinase Glu-C (Roche, Nutley, NJ) in 50 mM 
Ammonium Bicarbonate pH 8, 0.2 μg overnight at 37°C. Peptides were extracted from the gel slices in 50 
μl of 50:50 v/v acetonitrile: 1% formic acid (Sigma, St. Loius, MO) for 30 min followed by 50 µl of pure 
acetonitrile. Extractions were pooled and evaporated to near dryness. 10 µL of 0.1% formic acid was added 
to samples for reconstitution. 
Samples were injected via an auto-sampler onto a 75 μM x 100 mm column (BEH, 1.7 μM, Waters Corp, Milford, 
MA) at a flow rate of 1 μL /min using a NanoAcquity UPLC (Waters Corp, Milford, MA). A gradient from 
98% Solvent A (water + 0.1% Formic acid) to 80% Solvent B (acetonitrile + 0.08% Formic acid) was applied. 
Samples were analyzed on-line via nanospray ionization into a hybrid LTQ-Orbitrap mass spectrometer 
(Thermo Scientific, San Jose, CA). Data was collected in data dependent mode with the parent ion being 
analyzed in the FTMS and the top 8 most abundant ions being selected for fragmentation and analysis 
in the LTQ. Tandem mass spectrometric data was analyzed using the Mascot search algorithm (Matrix 
Sciences, London, UK) against the mouse Uniprot database (including reverse hits and contaminants) and 
filtered to a 5% FDR.

TAP Mass Spectrometry
Prior to LC-MS/MS analysis, protein precipitates were subjected to tryptic proteolysis. Digested samples 
were loaded in the UltiMate 3000 nano HPLC system. Peptides were eluted from the trap column onto the 
analytical column using an acetonitrile gradient. The eluted peptides were analyzed by mass spectrometry 
(LTQ Orbitrap XL, Thermo Fisher Scientific, Waltham, USA). Tandem mass spectra were extracted by 
Bioworks Browser (Thermo Fisher Scientific) version 3.3.1. Charge state deconvolution and deisotoping 
were not performed. All MS/MS samples were analyzed using Sequest (version SRF v. 5, ThermoFinnigan, 
San Jose, CA). Sequest was set up to search the human subset of the Uniref100 database (Release 2008_02, 
263932 entries), assuming trypsin as the digestion enzyme. Sequest was searched with a fragment ion mass 
tolerance of 1 Da and a parent ion tolerance of 10 PPM. Oxidation of methionine, iodoacetamide derivative 
of cysteine and phosphorylation of serine, threonine and tyrosine were specified in Sequest as variable 
modifications. The Sequest result files were loaded in Scaffold (version Scaffold_2.02.01, Proteome Software 
Inc., Portland, OR) to validate MS/MS-based peptide and protein identifications. Peptide identifications 
were accepted if they could be established at 80% probability as specified by the Peptide Prophet algorithm. 
Protein identifications were accepted if they could be established at 99% probability and contained at least 
two identified peptides. Protein probabilities were assigned by the Protein Prophet algorithm. Proteins that 
contained similar peptides and could not be differentiated based on MS/MS analysis alone were grouped 
to satisfy the principles of parsimony. Proteins identified in control SF-TAP experiments, were manually 
removed from the analysis.

Yeast two-Hybrid
A GAL4-based yeast two-hybrid system (HybriZAP, Stratagene, USA) was used to identify proteins that 
physically interact with full length DNAAF1 as previously described [396]. The DNA-binding domain fused 
to the human DNAAF1 (pBD-DNAAF1) was used as a bait for screening a human oligo-d(T) primed retina 
cDNA library containing 1.9*106 primary clones fused to the activation domain (pAD). Clones were plated 
on amino acid dropout plates lacking Trp, Leu and His (SD -WLH plates), containing 1 mM 3-aminotriazol, 
and selected for growth. Clones were then patched on medium additionally lacking adenine (SD-WLHA 
plates) and selected for growth and α-galactosidase activity by the activation of the MEL1 reporter gene. 
The latter was done using 20 mg/ml of the chromogenic substrate 5-bromo-4-chloro-3-indolyl α-D-
galactopyranoside (X-α-Gal) in the dropout plates and selecting the yeast cells that developed a blue-green 
color due to hydrolysis of X-α-Gal by the secreted α-galactosidase enzyme. Further selection of positive 
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6

clones was based on β-galactosidase activity by the activation of the LacZ reporter gene, which was detected 
by a filter lift assay.

Zebrafish polysome profiling
Zebrafish dnaaf1/lrrc50Hu255 embryos [330] were selected for the curly tail phenotype. Mutant or sibling (n = 
50) 5 dpf embryos were collected and processed for polysome profiling [376]. Embryos were homogenized 
with a Dounce tissue grinder (Wheaton) on ice in 500 μl of polysome lysis buffer (0.11M KAc, 20mM MgAc, 
10mM HEPES, pH 7.6, 100mM KCl, 10mM MgCl, 0.1% NP-40, 2mM DTT, and 40 U/mL RNase inhibitor; 
Promega). Nuclei and debris were removed from the lysates by centrifuging at 1100g for 10 minutes at 4°C 
in a table- top centrifuge (Eppendorf 5415 R). Lysates were layered on 11 ml of a 17% to 50% sucrose gradient 
and centrifuged at 27 000g at 4°C for 2 hours in an SW40 Ti rotor (Beckman) and a Kontron T-1080 ultra- 
centrifuge. Samples were displaced in a fractionator (Brandell) using a 60% sucrose solution, and the RNA 
content read by a UA-6 absorbance reader (Teledyne ISCO) at 280 UV.

Immunoflurescence, western blot and chemical incubations
Human RPE-hTERT, HEK293T and T47D cells were cultured in DMEM/F12 supplemented with 10% fetal 
bovine serum (Lonza), penicillin/streptomycin and ultra-glutamine (2 mM). For nucleolar analysis cells 
were synchronized for 24 hours using 100 mM thymidine. After release cells were incubated with or without 
250 ng/ml ActinomycinD for 2 hours. Cells are fixed in 4% parafolmaldehyde solution and permeabilized 
in 0.1% triton-X-100. Prior to immunostainings, cells are blocked in 3% BSA and 5% goat serum for 30 
minutes. Immunostaining is performed using primary antibodies α-LRRC50 (1:100, Abcam; ab75163, 1:100 
Santa Cruz Biotechnology; sc-133762) anti-Acetylated alpha-tubulin (1:10,000 Sigma T7451 or 1:10,000 T6793; 
clone 6-11B-1) and counterstained with DAPI or Hoechst 33258. Secondary antibodies used are Cy3 goat 
anti-mouse, Cy5 goat anti-rabbit, Alexa-488 anti-mouse or Alexa-568 anti-rabbit obtained from Molecular 
Probes and Jackson Immunoresearch. Slides are mounted on coverslips using prolong gold antifade 
(Molecular Probes). Fluorescence microscopy was performed on a Marianas inverted microscope system 
(Intelligent Imaging Innovations, Inc.) equipped with a Zeiss Axiovert 200M microscope, a Cascade 512B 
camera, an environmental control chamber, and a Zeiss 63 × (NA 1.4) or Zeiss 40x (NA 1.3) PlanApochromat 
objective. Images were acquired and deconvolved using Slidebook 4.2 or Slidebook 5.0 (Intelligent Imaging 
Solutions). Alternatively, a Zeiss 510 Meta confocal microscope with a 63x 1.3 N.A. objective was used, and 
analyzed with the Zeiss LSM Meta 510 software. Antibodies used for western blot analysis are anti-α-tubulin 
(clone DM1A, T6199, Sigma), α-GFP (ab290, Abcam or sc-9996, Santa Cruz Biotechnology), IRDye 700CW 
and IRDye 800CW secondary antibodies for immunoblotting were from Li-cor Biosciences. Blots were 
scanned using a Li-cor Odyssey system.

SiRNA, RNA isolation and Real-Time PCR
T47D cells were reverse transfected with 50 nM On-Target Plus siRNA smartpool oligos (Dharmacon) 
using Lipofectamine RNAimax (Invitrogen). RNA isolation was performed according to manufacturers 
recommendations (Qiagen, RNA isolation kit). mRNA probes for RUVBL1, RUVBL2 and RPL19 were 
purchased from Applied Biosystems. Real time PCR was performed in triplicate using the one-step RT-PCR 
kit and the 7500 system from Applied Biosystems. 
 

Acknowledgements

We gratefully acknowledge Wendy Sandoval for advice, assistance and analyses of LAP-purifications and 
Ellen van Rooijen and members of the Cuppen lab at the Hubrecht institute for gene expression array data 
generation and analyses. We would like to thank Stef Letteboer and Wensi Hao for their help in yeast-2-
hybrid screening, Emine Bolat and Karsten Boldt for assistance in the TAP-analyses. SB was financially 
supported by a travel grant from ‘3 Lichten’ foundation, a travel grant from the Rene Vogels Dutch Association 



132 Chapter 6

Table S1. Differentially dnaaf1/lrrc50Hu255 expressed genes >1.5 fold (left page) / <1.5 (right page)

GeneName fold change GeneName fold change GeneName fold change
pth2 3.742 ENSDART00000011729 1.875 LOC569547 1.559
zgc:92590 3.645 ENSDART00000106082 1.865 zgc:154009 1.552
si:dkey-14d8.6 3.063 faah2b 1.858 LOC100002040 1.552
zgc:162893 2.918 zgc:56053 1.832 bsg 1.552
dhdhl 2.822 LOC568900 1.826 gadd45b 1.546
BC092811 2.764 c6ast3 1.814 cyp3c1l2 1.543
LOC563681 2.744 LOC796842 1.812 BC116590 1.543
cpa5 2.680 cel.1 1.791 TC343323 1.542
si:dkey-14d8.7 2.650 zgc:92041 1.788 TC362808 1.539
amy2a 2.639 zgc:92041 1.781 zgc:112146 1.532
ela2l 2.566 LOC565961 1.778 fstl5 1.532
BC092811 2.554 LOC100004902 1.751 zgc:86757 1.531
cpa1 2.457 TC339303 1.747 slc6a5 1.530
ENSDART00000091752 2.425 DarkCorner 1.744 gadd45b 1.529
ENSDART00000105528 2.401 c6ast4 1.743 gadd45b 1.528
zgc:92137 2.401 LOC569489 1.728 cd36 1.525
zgc:92041 2.381 zgc:64076 1.727 zgc:92511 1.521
slc39a13 2.380 zgc:112105 1.723 fabp6 1.519
ela3l 2.348 nr5a5 1.697 ck2a1 1.518
TC315630 2.348 ctrb1 1.696 fstl5 1.517
ela3l 2.335 TC303096 1.684 cpb1 1.517
zgc:123237 2.325 zgc:101673 1.678 zgc:113305 1.516
TC359093 2.283 fads2 1.674 anxa5 1.514
LOC799806 2.236 LOC553226 1.657 TC351794 1.514
bsg 2.217 atp1a1a.4 1.655 ect2 1.510
ENSDART00000066722 2.213 zgc:55406 1.654 ndrg1l 1.510
bsg 2.193 nr5a5 1.643 ace2 1.510
zgc:66382 2.165 ENSDART00000078510 1.643 LOC100000736 1.508
ENSDART00000073554 2.151 LOC559381 1.626 zgc:86757 1.507
ela3l 2.118 ucp4 1.621 zgc:158846 1.505
TC340210 2.090 atp1a1a.4 1.620 TC346772 1.504
ltb4dh 2.048 smad3a 1.619 EB960943 1.502
cpa5 2.040 zgc:91868 1.612 TC362150 1.502
cell 2.014 zgc:123237 1.608 cyp24a1l 1.501
LOC564264 1.993 zgc:92292 1.603 cx39.9 1.501
try 1.981 si:busm1-194e12.12 1.599 EE325777 1.500
fbxo32 1.966 zgc:153272 1.595
BC086847 1.962 nr5a5 1.587
zgc:92041 1.942 zgc:153846 1.586
TC310191 1.942 ghrb 1.586
ENSDART00000066833 1.940 zgc:112146 1.577
zgc:91794 1.939 rdh1 1.575
zgc:136461 1.936 fads2 1.564
LOC560118 1.924 lpin1 1.564
acta2 1.893 zgc:154062 1.561
TC351776 1.884 TC358397 1.560
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GeneName fold change GeneName fold change GeneName fold change
LOC100004257 -1.500 LOC100003961 -1.652 id3 -2.851

zgc:158123 -1.501 zgc:152917 -1.654 GE_BrightCorner -3.092
hbae3 -1.501 fam60al -1.654 hsp90b1 -3.121

TC351159 -1.507 mespa -1.660 hsp90b1 -3.566
zgc:154020 -1.513 LOC569901 -1.671
TC335902 -1.515 LOC402976 -1.676

hamp1 -1.518 abcf2 -1.687
pfkm -1.520 c10orf63 -1.692

AF423762 -1.520 LOC560869 -1.693
cldnh -1.522 zgc:165529 -1.705

zgc:55461 -1.527 LOC402976 -1.710
zgc:92451 -1.527 LOC569901 -1.712
zgc:66125 -1.531 LOC793246 -1.716

LOC100005084 -1.532 zgc:112473 -1.727
si:dkeyp-113d7.7 -1.533 TC326257 -1.741

zgc:103586 -1.533 hbae1 -1.749
eif4a1a -1.534 si:dkey-61p9.11 -1.766

LOC566001 -1.535 fkbp5 -1.781
srl -1.536 BC122460 -1.799

LOC796698 -1.537 LOC100002541 -1.820
zgc:111885 -1.538 zgc:165536 -1.821
zgc:101667 -1.543 si:dkey-61p9.11 -1.822
zgc:110031 -1.550 zgc:152706 -1.841
wu:fb78a10 -1.554 ENSDART00000079630 -1.857

hamp1 -1.557 LOC795765 -1.865
ENSDART00000105444 -1.559 TC352150 -1.874

hbae3 -1.559 slc4a2 -1.883
LOC100007672 -1.566 wu:fc23f06 -1.885

LOC799157 -1.568 LOC565309 -1.891
zgc:158363 -1.577 mgc35261l -1.897

ENSDART00000079311 -1.588 ENSDART00000028610 -1.915
zgc:56418 -1.592 ENSDART00000051666 -1.928

LOC567149 -1.594 rtf1 -1.956
lect2l -1.599 c3b -1.969

zgc:165529 -1.604 pdzk1ip1l -1.972
mcee -1.604 TC362483 -1.981

LOC100003961 -1.614 sb:cb252 -1.991
CN168633 -1.614 brd9 -2.018
BC051151 -1.618 TC341875 -2.058

LOC555334 -1.618 LOC558146 -2.182
cp -1.620 LOC555598 -2.257

rhoab -1.625 zgc:64085 -2.422
TC339820 -1.630 TC359918 -2.431

LOC100002210 -1.634 ENSDART00000079630 -2.476
fkbp5 -1.645 LOC792467 -2.626

TC350485 -1.649 LOC792467 -2.631

6
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Table S3. Total peptides 293T-TAP-DNAAF1

Identified Proteins UniProt Symbol Peptide 
count 

LRRC50_
NTAP 

(1st run)

Peptide 
count 

LRRC50_
NTAP 

(2nd run)

RuvB-like 1 OS=Homo sapiens GN=RUVBL1 PE=1 SV=1 RUVB1_HUMAN 26 24
RuvB-like 2 OS=Homo sapiens GN=RUVBL2 PE=1 SV=3 RUVB2_HUMAN 29 28
Heat shock 70 kDa protein 1A/1B OS=Homo sapiens GN=HSPA1A PE=1 SV=5 HSP71_HUMAN 35 32
Leucine-rich repeat-containing protein 50 OS=Homo sapiens GN=LRRC50 PE=1 SV=5 LRC50_HUMAN 43 44
Ubiquitin-60S ribosomal protein L40 OS=Homo sapiens GN=UBA52 PE=1 SV=2 RL40_HUMAN 5 5
Tubulin beta chain OS=Homo sapiens GN=TUBB PE=1 SV=2 TBB5_HUMAN 9 8
Kinesin-like protein KIF3B OS=Homo sapiens GN=KIF3B PE=1 SV=1 KIF3B_HUMAN 15 10
Heat shock protein HSP 90-beta OS=Homo sapiens GN=HSP90AB1 PE=1 SV=4 HS90B_HUMAN 5 0
Heat shock protein HSP 90-alpha OS=Homo sapiens GN=HSP90AA1 PE=1 SV=5 HS90A_HUMAN 13 8
Suppressor of G2 allele of SKP1 homolog OS=Homo sapiens GN=SUGT1 PE=1 SV=3 SUGT1_HUMAN 5 3
Actin, cytoplasmic 1 OS=Homo sapiens GN=ACTB PE=1 SV=1 ACTB_HUMAN 

(+1)
6 8

Heterogeneous nuclear ribonucleoprotein H OS=Homo sapiens GN=HNRNPH1 PE=1 
SV=4

HNRH1_HUMAN 4 5

Peptidyl-prolyl cis-trans isomerase A OS=Homo sapiens GN=PPIA PE=1 SV=2 PPIA_HUMAN 2 2
Acetyl-CoA carboxylase 1 OS=Homo sapiens GN=ACACA PE=1 SV=2 ACACA_HUMAN 23 18
Heterogeneous nuclear ribonucleoprotein F OS=Homo sapiens GN=HNRNPF PE=1 
SV=3

HNRPF_HUMAN 2 0

Ankyrin repeat and MYND domain-containing protein 2 OS=Homo sapiens 
GN=ANKMY2 PE=1 SV=1

ANKY2_HUMAN 4 6

Tubulin alpha-1B chain OS=Homo sapiens GN=TUBA1B PE=1 SV=1 TBA1B_HUMAN 2 0
Elongation factor 1-alpha 1 OS=Homo sapiens GN=EEF1A1 PE=1 SV=1 EF1A1_HUMAN 

(+1)
2 2

Obscurin-like protein 1 OS=Homo sapiens GN=OBSL1 PE=1 SV=3 OBSL1_HUMAN 5 5
Multifunctional protein ADE2 OS=Homo sapiens GN=PAICS PE=1 SV=3 PUR6_HUMAN 2 3
Protein Hook homolog 1 OS=Homo sapiens GN=HOOK1 PE=1 SV=2 HOOK1_HUMAN 2 2
Mediator of RNA polymerase II transcription subunit 1 OS=Homo sapiens GN=MED1 
PE=1 SV=4

MED1_HUMAN 2 0

Melanoma-associated antigen E1 OS=Homo sapiens GN=MAGEE1 PE=2 SV=2 MAGE1_HUMAN 2 2
Nuclear pore membrane glycoprotein 210 OS=Homo sapiens GN=NUP210 PE=1 SV=3 PO210_HUMAN 2 0
Growth factor receptor-bound protein 2 OS=Homo sapiens GN=GRB2 PE=1 SV=1 GRB2_HUMAN 0 2
HAUS augmin-like complex subunit 3 OS=Homo sapiens GN=HAUS3 PE=1 SV=1 HAUS3_HUMAN 0 2
Elongation factor 2 OS=Homo sapiens GN=EEF2 PE=1 SV=4 EF2_HUMAN 0 2
Nucleolar protein 8 OS=Homo sapiens GN=NOL8 PE=1 SV=1 NOL8_HUMAN 0 2
RNA-binding protein 26 OS=Homo sapiens GN=RBM26 PE=1 SV=3 RBM26_HUMAN 0 2
Antigen KI-67 OS=Homo sapiens GN=MKI67 PE=1 SV=2 KI67_HUMAN 0 2
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Table S4. Total peptides 293T-LAP-DNAAF1 Control vs ATP-y-s (>10 unique peptides)

UniProt Symbol Entrez Gene STRING Description CTRL ATP-y-S

 Total (Unique) 
Peptides

LRC50_HUMAN 123872 B4DJA3 Isoform 1 of LRRC50 1226 (63) 1375 (70)
B3KNL2_HUMAN 10856 B3KNL2 Ruvb-Like 2 431 (49) 61 (32)
RUVB1_HUMAN 8607 B2R5S0 Isoform 1 of Ruvb-Like 1 333 (35) 47 (22)
SUGT1_HUMAN 10910 A2A303 Isoform 1 of suppressor of G2 allele of  SKP1 

Homolog
24 (17) 51 (29)

CH60_HUMAN 3329 B2R5M6 60 kDA Heat shock protein, mitochondrial 34 (25) 41 (25)
TBA1A_PANTR 22142 A5A6J1 Tubulin alpha-1A chain 30 (14) 34 (18)
HS90A_HUMAN 3320 A8K500 Isoform 1 of Heat shock Protein HSP 90-alpha 19 (13) 36 (16)
H90B3_HUMAN 3327 Q58FF7 Putative Heat shock Protein HSP 90-Beta-3 14 (10) 28 (12)
A8K402_HUMAN 10576 A8K402 T-Complex Protein 1 subunit Beta 18 (17) 23 (16)
GRP75_HUMAN 3313 B2RCM1 Stress-70 Protein, mitochondrial 35 (24) 1 (1)
H90B2_HUMAN -- Q58FF8 Putative Heat shock protein HSP 90-beta 2 10 (6) 17 (7)
A8K3W9_HUMAN 3326 A8K3W9 Heat shock protein HSP 90-BETA 10 (7) 16 (9)
TCPA_HUMAN 6950 P17987 T-Complex Protein 1 subunit alpha 13 (12) 12 (11)
DPCD_HUMAN 25911 A8K289 Protein DPCD 24 (14) 0 (0)
HSP7C_HORSE 100009679 A2Q0Z1 Isoform 1 of Heat shock cognate 71 KDA Protein 18 (13) 4 (4)
SYYC_HUMAN 8565 B3KWK4 Tyrosil-tRNA Synthetase, Cytoplasmic 7 (7) 14 (14)
SPB3_HUMAN 6317 A6NDM2 Isoform 1 of Serpin B3 20 (15) 1 (1)
EF1A1_BOVIN 100009189 A5PK01 Elongation factor 1-alpha 1 9 (8) 12 (7)
A5D906_HUMAN 22151 A5D906 Tubulin Beta-2A Chain 8 (5) 12 (10)
A1JUI8_HUMAN 908 A1JUI8 T-Complex Protein 1 subunit Zeta 8 (8) 11 (10)
G3P_HUMAN 2597 P00354 Glyceraldehyde-3-Phosphate Dehydrogenase 12 (7) 4 (2)
ATPB_HUMAN 506 A8K4X0 ATP Synthase subunit Beta, mitochondrial 4 (4) 12 (12)
A8K5F7_HUMAN -- A8K5F7 cDNA FLJ75405, highly similar to Homo sapiens 

diaphanous homolog 2 (Drosophila) (DIAPH2), 
transcript variant 12C, mRNA

10 (1) 5 (1)

A8K2U5_HUMAN 79983 A8K2U5 Isoform 1 of protein POF1B 13 (11) 1 (1)
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Cilia form major signaling centers in control of cell and tissue homeostasis [253]. Dysfunctional cilia underlie 
a plethora of disease phenotypes, which is partly due to their nearly ubiquitous expression on human cell 
types [1]. The degree of functional impairment of cilia correlates with disease severity; defects in dynein arm 
assembly result in immotility of cilia leading to infertility, situs inversus, and recurrent respiratory diseases 
[40]. In contrast, proteins required for transition zone dynamics modify ciliary signaling and downstream 
cellular responses and, when dysfunctional, can cause multi-organ failure and neonatal lethality [67]. 
Although it has been postulated that cilia can also be implicated in tumorigenesis, and well-known tumor 
suppressor proteins such as VHL, LKB1, TSC1, TSC2 and APC localize to ciliary axonemes or basal bodies 
(Chapter 1), the direct contribution of cilia dysfunction to tumorigenesis is incompletely understood and 
remains highly debated. In this thesis, multidisciplinary approaches are used to characterize functional 
aspects of cilia and regulators of ciliogenesis, and describe the identification of tumor suppressor proteins 
and their ciliary roles.

Screening for kinesins in ciliogenesis

In Chapter 2 we screened for motor domain containing proteins (in particular, kinesins), to identify 
novel contributors to ciliogenesis. Vesicles and other cargo can be coupled to kinesins through complex 
interactions with various modulators [252]. Kinesins interact with and can migrate on a network of 
microtubules that is dispersed throughout the cell in interphase. In mitosis, bundled microtubules form 
structures including the mitotic spindle that couples chromosomes to centrosomes and the midzone in 
cytokinesis. In quiescence, bundled microtubules make up the core structure of ciliary axoneme; however, 
prior to ciliogenesis, several polarized transport processes are required. One of the earliest events is the 
binding of the ciliary vesicle to the centrosome, which is mediated by CEP164 [3]. This vesicle is likely rich in 
components required for early ciliogenesis events, but the origin of this vesicle and how it is targeted to the 
centrosome are unknown. Most knowledge concerning this ciliary vesicle has been gained from electron-
microscopy studies rather than biochemical characterization [5]. Subsequent to binding the centrosome, 
a multitude of other vesicles accumulate and fuse with the ciliary vesicle [10]. Next, the centrosome, which 
at this point is generally referred to as the basal body (BB), needs to translocate and dock to the membrane, 
which is in part mediated through an interaction between transition zone components MKS1 and Meckelin 
and the actin cytoskeleton components Nesprin-1 and 2 [4]. After the BB has docked, additional post-
golgi ciliary vesicles must be targeted to the BB which is a continuous process also required for ciliary 
maintenance. Many core components localize to the cilium, golgi as well as exocytic vesicles, including 
the BBSome, IFT20, Rab8, Rabin and other Ras-related small G-proteins and regulatory guanine exchange 
and activating factors/proteins [10]. The combinations of these regulate part of the specificity to direct and 
couple vesicles to and into the cilium. It is expected that both actin- and microtubule-mediated transport 
mechanisms act in parallel to transport ciliary components to the cilium. Despite the identification of 
several vesicle markers and regulators, the kinesins that actually facilitate this transport have not been 
identified. Transport inside the cilium, called intraflagellar transport (IFT), is also crucial for ciliogenesis 
as well as ciliary maintenance [33]. The heterotrimeric kinesin-2 complex, consisting of KAP3, KIF3A and 
either KIF3B or KIF3C, is pivotal for IFT. Complimentary to the kinesin-2 complex, several other kinesins 
seem to account for at least some IFT by delivering specific cargo and regulating signaling functions, but 
which are not essential for ciliogenesis per se [34]. 
To screen for new kinesins in ciliogenesis we used well characterized human immortalized retinal 
pigmented epithelial cells (RPE-hTERT), which form primary cilia in serum deprived culture medium. For 
the primary screen, we used an RNAi library targeting 50 transcripts that were predominantly selected 
based on the presence of a conserved motor domain. Several related microtubule associated proteins are 
also included. Whereas most cell lines form cilia that grow perpendicular to the apical membrane, cilia in 
RPE cells grow nearly longitudinal to the apical membrane, allowing us to relatively quickly acquire images 
using a microscope, without the need for Z-sectioning. We designed an automated analysis protocol for 

Chapter 7



141Summary and Discussion

the primary screen, which was confirmed to be reliable upon validation with manually counted images. 
Although the analysis robustly identifies the presence of cilia, this analysis cannot discriminate between 
complete inhibition of ciliogenesis or more subtle effects. To assess the hits of our primary screen in more 
detail we performed a validation screen, which was quantified manually to better discriminate between 
full-length cilia, absence of cilia and stumpy cilia. The frequency of stumpy cilia was rather low, suggesting 
that this is not a common phenotype induced by knocking down our positive primary screen hits. In the 
experimental setup used, KIF4A and KIF5C are identified as novel essential motors required for efficient 
cilia formation, which we demonstrate using multiple sets of siRNA sequences and validated for efficacy 
of reducing gene expression. Although the results clearly indicate that both KIF4A and KIF5C affect 
ciliogenesis, this does not connote an absolute requirement. It will be imperative to study ciliogenesis 
during a prolonged period in combination with an shRNA to ensure stable rather than transient gene 
suppression. In addition, the determination of intracellular localization is amongst the first prerequisites 
to further study these kinesins and their potential contribution to ciliogenesis. Subsequently, it would be 
informative to test whether induced knockdown post-cilia formation promotes cilia shortening, and hence 
discriminate between ciliogenesis and cilia maintenance. To date, only three kinesins have been implicated 
in mammalian ciliogenesis and morphogenesis. Firstly, the IFT kinesin-2 motor complex; where depletion 
of KIF3A efficiently inhibits ciliogenesis [33]. Secondly, KIF24 and KIF19A, which both are non-motile 
motors that associate with microtubules. KIF24 is a negative regulator that needs to be removed from the 
basal body to allow microtubule growth [6, 7]. KIF19A locates to the tips of cilia where it suppresses further 
axonemal growth by microtubule depolymerization at a steady-rate; accordingly, loss of KIF19A results in 
abnormally long cilia [255]. It is rather puzzling what the ciliogenic function of the chromokinesin KIF4A 
might be, although its role in microtubule dynamics is the likeliest; RNAi knockdown of the plus-end 
stabilizing protein KIF4A shows excessive lengthening of microtubules in the spindle and midzone [260, 
262, 410]. Speculatively, defects in microtubule length control might cause defects in the interconnection 
between BB and sites where ciliary cargo is produced, such as the post-golgi. KIF5C is a kinesin-1 member 
that together with KIF5A and KIF5B forms hetero/homodimers, with have rather generic functions in 
intracellular transport, including apical transport [258]. There is a complex synergy between KIF5B, KIF5C 
and KIFC3 motors in apical transport, defects in which might temporarily slow down transport efficiency 
and consequently delay ciliogenesis [258]. Perhaps most relevant to our observation is that ciliary rootlets, 
a structure associated with the BB, interacts with KIF5-complex members and thus renders the rootlet 
a potential docking site for kinesin-1 mediated vesicles [16]. Loss of KIF5C might therefore lead to a 
reduced pool of vesicles targeted to the apical membrane and BB, inhibiting ciliogenesis. We could not 
confirm KIF5B in our validation screen, though it was a significant hit in the primary screen, and given the 
redundancy of KIF5 subunits; we suggest that the observed cilia phenotype is likely the result of impaired 
kinesin-1 transport, and depleting any component reduces the efficiency of vesicle transport. Moreover, 
KIF5B was identified in the ciliary proteome, which bears significant overlap with the cellular machinery of 
cytokinesis, including KIF5B [142]. Additionally, the nuclear pore protein RanBP2 interacts with KIF5B/5C 
[411], in light of an analogous cilia import model described [412] it would be appealing to further investigate 
this aspect of kinesin-1 complexes and ciliogenesis. Of interest, in Chapter 4 of this thesis, we describe that 
reduced expression levels of FLCN delays ciliogenesis, which might be a feature in Birt-Hogg-Dubé (BHD) 
Syndrome. FLCN has WD-WQ-motif that putatively interacts with kinesin-1, and also has in vitro GEF 
activity for Rab35; FLCN might thus be a modulator of an uncharacterized transport module [212, 292, 413].
Unexpectedly, we identified KIF17 and KIF21B to be dominant negative modulators of cilia formation, as 
gene expression levels were repeatedly elevated -rather than decreased- upon siRNA treatment. Although 
the mechanism behind this obvious counterintuitive effect remains unclear, some studies suggest of 
an interference of exogenous siRNAs with endogenous miRNAs that normally regulate gene expression 
[263]. This can promote the mRNA to escape miRNA-mediated gene suppression, resulting in an overall 
overexpression after siRNA treatment. It will be important to analyze total protein levels of these targets 
upon siRNA-mediated knockdown and validate if these are similarly increased. Transient overexpression 
of exogenous KIF17-GFP in RPE cells does corroborate the effect observed the increased mRNA expression 
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and reduces cilia frequencies, suggesting that the KIF17 protein functions in controlling cilia frequencies. 
KIF17 is the ortholog of OSM-3 in Caenorhabditis elegans, which seems to work in an orchestrated fashion 
together with kinesin-2 in some cilia subtypes, and is required for formation of the cilia distal end [34]. In 
vertebrates, KIF17 appears to function more complementary to kinesin-2, and deletion structurally only 
affects outer segment cilia compartments, whereas the majority of cilia subtypes remain unaffected [36]. 
The observation of a strong ciliary phenotype associated with elevated gene expression is unexpected in 
regard to the currently described ciliary functions of KIF17, and it will be essential to further validate this 
target. Moreover, it was recently shown that KIF17 does not function exclusively in cilia, but also establishes 
apical polarity and universally controls microtubules dynamics by promoting acetylation [231], and thus the 
observed cilia phenotype could equally well reflect an indirect effect of non-ciliary KIF17 function. KIF21B-
GFP overexpression did not affect cilia frequencies, hence the observed effect upon siRNA treatment and 
subsequently upregulated mRNA and reduction in cilia frequencies might reflect an aspecific effect of the 
oligonucleotides or protein activity is not essential for the observed effect. KIF21B-GFP is an uncharacterized 
plus-end tracking kinesin implicated in neural dendritic structures [264], and any putative effect on 
ciliogenesis must be further clarified by follow-up studies. 

Cilia in renal tumorigenesis

Cilia dysfunction are strongly associated with a number of renal pathologies, most often manifested by the 
formation of multiple fluid filled cysts positioned throughout various regions of the renal nephron [56]. 
The renal cysts observed in classic ciliopathy syndromes such as autosomal dominant or recessive polycystic 
kidney disease, Bardet-Biedl syndrome and Joubert syndrome progressively impair renal function leading 
to the development of end-stage renal disease [56]. Although these cysts often display characteristics of 
hyperproliferation, for example by expressing increased nuclear β-Catenin [309], they rarely develop into 
tumors. Interestingly, several familial cancer syndromes (von Hippel-Lindau, Tuberous sclerosis complex 
and Birt-Hogg-Dubé syndrome) predispose to various forms of renal cell carcinoma (RCC), and renal cysts 
are often concomitantly identified [180, 204, 274]. Several studies have posed the hypothesis that these cysts 
could be a premalignant stage and that renal cancers develop from such cysts, and raised the question as 
to whether the tumor suppressor proteins inactivated in these syndromes (VHL, TSC1, TSC2 and FLCN) 
have ciliary functions. Indeed, VHL was one of the first proteins to be shown to localize to cilia and interact 
with the IFT machinery through a direct interaction with KIF3A and KAP3 [271]. While VHL loss is not 
sufficient to inhibit ciliogenesis, it does interfere with normal cilia dynamics and flow-induced (mechano)-
sensation [414]. In vivo studies using inducible Cre-Lox deletion in mice furthermore indicated that the 
combined loss of VHL and GSK3β or PTEN (second site modifiers), but neither alone, reduces renal tubule 
ciliogenesis and facilitates cyst development [199, 201]. However, mice with loss of Vhl and/or Gsk3β in 
their kidney epithelium did not develop renal tumors at a high incidence [199]. There have been a number 
of molecular activities attributed to VHL, and is foremost a mediator in the proteosomal degradation of 
hypoxia-inducible factors [196], which will not be further discussed here. The VHL protein is also involved 
in the regulation of microtubule stability and VHL loss has been linked to chromosome segregation errors, 
consequently tumor formation initiation could be an effect of aneuploidy events and independent of cyst 
formation [202]. We therefore interrogated whether cilia loss might be a common and critical event in renal 
tumorigenesis. One published study suggests that cilia frequency is indeed reduced in RCC, but the cohort 
investigated was limited in number and the data shown confined to small regions of tumor tissue [191]. 
Importantly, several studies on other tumor types, such as basal cell carcinoma (BCC) and medulloblastoma, 
conversely indicate that these tumors actually retain cilia [181, 182]. The oncogenic mutations in these 
tumors are often driven by members of the hedgehog signaling network, which is dependent on normal 
ciliary function to successfully generate downstream transcriptional activators and repressors [181, 182]. 
This apparent dual role for cilia in tumor development urges the need to extensively catalogue the presence 
or absence of cilia in various tumor types. In Chapter 3 we used a tissue microarray (TMA) of 110 renal 
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tumors of various pathologies together with corresponding parenchymal tissue from the same patients 
[268]. Three 1 mm core sections of both tumor and parenchymal tissue were included, allowing for a robust 
representation of the patients’ material. In our initial experiments we used immunofluorescent (IF) stained 
sections, labeled with both basal body (PCNT) and axoneme (α-acetylated-α-tubulin) markers to faithfully 
determine ciliary structures. In addition, we used Z-sectioning to maximize the number of cilia that we can 
count in the tissue. Although this technique is highly reliable, it proved to be extremely time consuming 
and we noted a rapid deterioration of sample quality likely due to indirect bleaching and prolonged 
presence at room temperature. We therefore explored the use of an alternative approach, using standard 
immunohistochemistry (IHC). Despite the limitation of this technique to not allow co-staining of both the 
basal body and axoneme, solely marking axonemes appeared sufficient to allow for visual identification of 
cilia. To validate this alternative approach the obtained cilia frequencies (%) amongst the two experiments 
were compared (n = 20). As the number of cilia observed using Z-sectioning is much higher, frequencies 
rather than total event numbers were used. Statistically, both approaches exceeded our expectations and 
proved robustly comparable (r = 0.95, t-test 95%). The remaining 90 samples were subsequently analyzed 
using the IHC methodology. Due to the variations in intensity and the partial overlap of the IHC staining 
with the H&E staining, nuclei numbers could not be faithfully determined in these sections. We therefore 
used different sections, and although this is likely to introduce a standard error it is expected to be of minor 
contribution as the sections are obtained within 50 μm of each other. Both since the IHC stained sections of 
papillary RCC were generally overstained and the corresponding nuclei numbers obtained from automated 
quantification were considered unreliable, this subtype was excluded. In all other RCC samples ciliary 
frequencies of the average of three tumor sections were severe reduced compared to three parenchymal 
sections, indicating that cilia loss is a common characteristic of RCC. 
Prior to cell division, cilia must be retracted to allow the centrosome to participate in forming the mitotic 
spindle [132]. Disassembly is initiated in late G1-phase but the exact kinetics are unclear as some cell types 
do not completely resorb their cilia until G2-phase [145], in vivo this has been poorly characterized. In 
disregard, the observed reduction in ciliation frequencies could nonetheless be masked by an increase in 
dividing cells. To exclude this option, TMA sections were stained with proliferation marker Ki67, and the 
percentage of positive cells was generally low, < 5%. Having determined a lowered ciliation frequency in 
RCC, what is the implementation of this finding, and what is the mechanism underlying cilia loss in RCC? 
One possibility is that these cells actually do not become properly quiescent, and this would by itself not 
activate the ‘ciliogenesis program’. There is a basic understanding of which proteins and mechanisms are 
involved in the initial stages of ciliogenesis, e.g. basal body differentiation, fusion with the ciliary vesicle and 
membrane docking, but the cellular conditions required are incompletely understood. Ciliogenesis in most 
in vitro systems is induced by the absence of growth factors, which is the basal definition of quiescence, and 
most mitogenic pathways will be turned off. It would be informative to employ the TMA to determine if 
downstream targets, such as ERK1/2, JNK and p38, are activated, or other proteins that have been previously 
described to be associated with quiescence, such as low levels of Disheveled and CyclinB [224], to establish 
whether these tumor cells do actually allow for ciliogenesis.
Alternatively, perhaps ciliogenesis itself is not perturbed, but this is masked by a cell cycle arrest at the G1/S 
transition. In this scenario, cilia disassembly would have already been initiated, but cell cycle progression 
into S-phase is inhibited. When the TMA is stained for E2F1, a transcription factor that becomes activated 
prior to G1/S cell cycle progression, high levels of nuclear E2F1 are observed (manuscript in preparation). 
However, E2F1 can either promote cell cycle progression by activating downstream targets, but upon 
prolonged activation it induces a permanent cell cycle arrest [415]. Indeed, corresponding p27 staining in 
TMA tumor samples is similarly upregulated, indicative of an entry into senescence. Given that higher levels 
of nuclear E2F1 correlated with good prognosis and overall survival of RCC, concordant with slow growth 
of the tumor, this phenomenon could be accounted for by the increase in senescent cells. VHL protein 
is normally required to inhibit E2F1; 87% of sporadic ccRCC tumors also are characterized by somatic 
inactivation of VHL [416]. These observations could certainly explain part of the reduced ciliation, however 
we noted a severe reduction of cilia in all samples, not confined to a subset of patients. This might suggest 
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that the observed cilia-loss is not only related to the proposed G1/S cell cycle arrest, but must already be 
inhibited in earlier stages, as it is beneficial to tumor cells. Cilia are predominantly sensory organelles of the 
extracellular environment and recipient to and relay growth factors to downstream targets , however, they 
also provide a means to respond only above a certain threshold level of activation. One particularly relevant 
example is the inositol polyphosphate 5-phosphatase (INPP5E) gene associated with the severe ciliopathy 
Joubert Syndrome [130]. Similar to VHL-deficient cells, Inpp5e (-/-) mouse embryonic fibroblasts (MEFs) do 
not show defects in ciliogenesis, rather re-entry into the cell cycle is rapidly increased upon growth factor 
stimulation and so it follows that Inpp5e must modify the stability of the cilium [130]. INPP5E is required 
for the processing of phosphoinositides and inositolphosphates, and is related to ciliary PI3K signaling 
[417]. Part of the explanation is that lack of INPP5E appears to introduce a hypersensitivity to growth factor 
pathways that signal through the cilium, such as PDGF-AA, and elevated downstream PI3K activation [130]. 
RCC that do form normal cilia are therefore also less responsive to growth factor stimulation, and selection 
for cells that do not form cilia might be a tumor-promoting event. As VHL is often inactivated in these 
cells, a second event leading to GSBK3β inactivation is enough to lose ciliation, which would sensitize these 
tumor cells to growth factor-induced cell proliferation.
As indicated above, other familial tumor suppressors predisposing to renal tumor development are the 
TSC1 and TSC2 proteins, but in contrast to VHL/GSK3β, loss of TSC1/2 increases cilia length in MEFs 
[203]. It is not entirely known what the underlying mechanism is, however low energy/nutrient levels tend 
to increase cilia length, potentially to delay cell cycle progression. As TSC1/2 are upstream activators of 
energy sensing through the mTOR/S6 pathway, insufficient pathway activation upon loss of TSC1/2 could 
explain the increased cilia length [210]. Interestingly, although TSC patients are predisposed to renal tumor 
formation, most of these are benign renal angiomyolipoma and only a subset of patients develop RCC, 
which is only slightly elevated from the lifetime risk for RCC development in the general population [204]. 
This development of RCC is further characterized by an earlier onset in TSC patients. In light of the results 
described in Chapter 3, it would be of interest to score cilia frequency in tumors of TSC patients. It needs to 
be stressed however that the ciliary roles have only been a recent addition to the vast amount of biological 
processes there proteins are involved in, and care must be taken not to over-interpret the roles of cilia in 
tumor development in these patients.
In Chapter 4 we study another gene that predisposes to a disease spectrum that overlaps with VHL and 
TSC1/2. BHD syndrome an autosomal dominant disease caused by monoallelic mutations in the FLCN 
gene [211]. Patients are characterized by cyst development in multiple organ systems including the kidneys 
and lungs, and additionally form benign neoplasms in the skin known as fibrofolliculomas. BHD patients 
have an increased risk to the development of RCC; clear cell, oncocytoma and hybrid chromophobe/
oncocytoma [418]. The Flcn (-/-) knockout mouse is embryonic lethal, but heterozygous mice (+/-) similarly 
develop renal cysts and RCC pathologies, associated with LOH as is the case in tumors of BHD patients 
[216]. The FLCN protein has poorly defined domains but two identified binding partners, FNIP1 and FNIP2, 
interact with AMPK, a negative regulator of the mTOR pathway [284]. These studies suggest that FLCN has 
functions in the nutrient/energy-sensing pathway, as do TSC1/2 and other tumor suppressors such as PTEN 
and LKB1. The exact effect of FLCN disruption in energy-sensing is not understood because conflicting data 
on activation and repression of the mTOR pathway have been described [216]. It is hypothesized that the 
FLCN-mTOR regulation is subjected to mutual positive and negative feedback mechanisms, and the level 
of FLCN expression and/or phosphorylation modulates the outcome of downstream mTOR events. This 
potentially explains the temporally variable nature of cell culture and mouse models, which at times show 
contradicting data [212].
We demonstrate that FLCN localizes to the cilium and has functional activity towards the cilium, which 
categorizes at least part of the BHD disease spectrum as a ciliopathy. BHD patient-derived cells, as well as cells 
with reduced levels of endogenous FLCN show delayed, but otherwise unperturbed, ciliogenesis. Transient 
FLCN suppression in renal IMCD3 cells reduces cilia numbers similarly. Even such a transient delay appears 
to be sufficient for deregulation of cilia-mediated signaling pathways, such as Wnt signaling. Inappropriate 
activation of canonical Wnt is common to cilia dysfunction and FLCN has therefore significant overlap with 
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core ciliopathy genes [309]. The cilium appears to act as a switch in controlling Wnt dependent signaling, 
normally promoting planar cell polarity (PCP, non-canonical), which controls directional tissue growth, 
over canonical signaling [111]. Loss of PCP is thought to be a crucial event in the cystic transformation of 
tubular structures, but there are some discrepancies; canonical Wnt activation (β-catenin) alone supports 
cyst formation [103] and members of the PCP signaling pathway are not particularly deregulated in most 
ciliopathy mutants [111]. PCP defects can similarly be achieved by deregulating the angle of cell division. 
Accordingly, it has been shown that core ciliopathy proteins, such as IFT88, can directly modify spindle 
positioning by regulating astral microtubule anchoring [112]. We hypothesize that FLCN can also directly 
influence spindle orientation, given the observed FLCN-GFP localization to the mitotic spindle. Recently, 
the N-terminus of FLCN was shown to have in vitro GEF activity towards Rab35, a GTPase subtype that is 
involved in vesicle transport functioning in endosomal recycling, cytokinesis and actin modulations [292]. 
Cytokinesis and ciliogenesis have been shown to share considerable proteomic overlap [142], moreover 
Rab35 is hypothesized to share some functional overlap with Rab11, an established GTPase in cilia membrane 
assembly [12]. Furthermore, a kinesin-1 linker motif was identified in FLCN [413] (see above), which might 
additionally suggest a role for FLCN in transport. This could both explain the spindle orientation hypothesis 
and delay in ciliogenesis, as the efficacy of both processes can be transport-mediated. Live–cell imaging 
of fluorescently tagged versions of both FLCN and Rab35 might reveal some insight into these dynamics. 
Furthermore, introducing constitutively active or dominant negative mutations in the Rab35 GTPase could 
reveal phenotypic overlap with FLCN loss. The true contribution to spindle positioning can be addressed 
through knockdown of FLCN in non-polarized Hela cells seeded on slides covered with fibronectin to induce 
basal membrane determination and subsequent polarity. The induced polarity will result in an alignment 
of both spindle poles in a longitudinal plane with the basal membrane. When microtubule-mediated 
alignment is disturbed, as observed in siIFT88 treated cells, siFlcn treated cells will similarly randomize 
spindle pole orientation [112]. In theory, polarity disturbances might also cause PCP defects. This might be of 
importance as another recent study has implicated FLCN in control of desmosomal and adherens junction 
complexes that affect RhoA function [318, 419]. In our IMCD3 spheroid model, the control stainings for tight 
junction marker ZO-1 and β-catenin at the basolateral membranes did not suggest severe effects of FLCN 
loss on polarity. 
Next to inhibition/delay of ciliogenesis, several additional phenotypes were observed in our knockdown 
as well as overexpression spheroid models; the lumen volume was reduced and the cell size is increased. 
An increase in cell size could be related to mTOR signaling, which regulates cell volume increases with 
respect to cell proliferation. Importantly though, cell size was only measured in two dimensions, therefore 
we cannot exclude that the cells were elongated rather than swollen. The decrease in lumen volume could 
be caused by the increase of cell volume, but might also be a consequence of disturbed polarized exocytosis, 
something that correlates with the proposed transport function of FLCN. Generating a spheroid system 
that allows for a chemical induction or repression of FLCN-levels might allow us to study these effects more 
thoroughly. 

Identification and characterization of LRRC50, a putative tumor suppressor

The lrrc50 gene was previously identified in a forward genetic mutagenesis screen for cilia dysfunction 
in zebrafish, mutant genotyping identified a truncating, gene-inactivating mutation [330]. Initial 
characterization recognized lrrc50 to be required for the formation of dynein arm complexes, lack or 
dysfunction of which lead to the formation of the heterogeneous disease Primary ciliary dyskinesia (PCD) 
or Kartagener’s syndrome [330, 334]. Accordingly, later studies confirmed the human ortholog LRRC50 (also 
known as DNAAF1) to be mutated in a subset of PCD patients [332, 333]. Whereas homozygous lrrc50 (-/-) 
zebrafish embryos do not survive past juvenile stages, heterozygous lrrc50 (+/-) embryos appear to develop 
into adulthood without obvious defects. Unexpectedly, older age heterozygous lrrc50 (+/-) zebrafish were 
serendipitously found to form abdominal tumors in a frequency that was noticeably elevated from any 
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other zebrafish line in our aquarium. Spontaneous tumor development in normal and mutagenesis-derived 
zebrafish is not an uncommon phenomenon in older age zebrafish, and the incidence described amongst 
aquaria varies between 5-40% in two and three year old zebrafish [336, 349, 351]. We nevertheless observed 
a tumor penetrance exceeding 90% in heterozygous lrrc50 (+/-) zebrafish, between 18-44 months of age, but 
restricted to the male population. Retrospectively, analysis of > 100 mutagenesis-derived zebrafish from our 
facility determined a background tumor incidence of 16%. In Chapter 5 we describe the characterization of 
these tumors, and identified them as male germ cell tumors. Genetic analysis in a subset of tumor samples 
showed a loss of heterozygosity (LOH) of the wild-type allele in 44% of tumor samples, close investigation 
suggested that the samples with noticeable LOH correlated with tumor progression and samples without still 
have a highly heterogeneous composition of both tumor cells and wild-type tissue. One imminent method 
that can be utilized to assess tumor predisposition in greater detail is to expose lrrc50 (+/-) and wild-type 
fish to a mutagenic compound such as the commonly used 7,12-dimethylbenz(a)anthracene (DMBA) [420]. 
If lrrc50 indeed is a tumor suppressor, fish carrying the heterozygous loss-of-function allele will be more 
susceptible to (random) tumor formation, and this will additionally provide a more quantitative approach.

Early in human embryonic development, a subset of embryonic stem cells (ESC) form primordial germ 
cells (PGC) that expand the population and migrate to the genital ridge, where they are referred to as 
gonocytes [325]. The testis is composed of seminiferous tubules, containing Sertoli cells that form a niche 
for spermatogonial development. Gonocytes generate lineage-committed spermatogonia that via series 
of intermediate proliferative and differentiating steps eventually form spermatozoa. The main subclasses 
of testicular germ cell tumors (TGCT) are derived from a cell of origin anywhere in this developmental 
pathway; type I tumors are derived from ESC, type II from PGC/gonocytes and type III from spermatocytes. 
Type II TGCT are the most predominant tumor type in men aged 18-40, and comprises two main classes; 
pure seminoma and non-seminoma [325]. Whereas ESCs are omnipotent and show bi-parental imprinting, 
somewhere during development pluripotent PGC/gonocytes erase this imprinting, only to re-occurs during 
later stages of spermatogenesis [325]. The pathology of seminomas shows a homogeneous population that 
has resemblance to the oncogenic counterpart of PGC’s, called the carcinoma in situ (CIS) cell, whereas 
non-seminomas have pathologies that overlap with the undifferentiated characteristics of type I TGCTs, 
sometimes in conjunction with seminoma. Based on lrrc50 zebrafish TGCT characterization, we proposed 
that these tumors model the human seminoma subtype. This is further supported by our genotypic analysis 
of human TGCTs in which we identified loss-of-function mutations in LRRC50 in seminoma samples. 
Interestingly, the recovered p.R488X and p.T590M alleles were found in patients with family members that 
also had developed seminoma. TGCTs have the third highest heritability among all cancers [363]. Combined, 
our data suggested that LRRC50 functions as a tumor suppressor in both zebrafish and men, predisposing 
to the specific development of seminomas. This raises the question of which processes LRRC50 functions 
in, and how this can be correlated with seminoma development? Firstly, we have to consider the known 
function of LRRC50. As stated above, lrrc50 (-/-) zebrafish show cilia and dynein arm defects [330]. And 
although this function seems to be mostly profound in motile cilia, all renal cilia in the zebrafish mutant 
are affected, as there are generally fewer and shorter cilia observed [330]. The zebrafish urological tract has a 
mesonephric origin [332] and contains both motile and primary cilia, therefore, based on reduced axonemal 
staining, we cannot fully exclude that motile cilia are more severely affected than primary cilia. Nevertheless, 
LRRC50 cell culture knockdown in renal cells does inhibit primary cilia formation [330]. Further supporting 
this notion are the gastrulation phenotypes in lrrc50 morpholino-treated zebrafish embryos, the observed 
convergent extension defects are thought to be associated with primary cilia function [97], and previously 
tested PCD-associated genes never displayed this phenotype upon morpholino-mediated gene suppression. 
In nephronophthisis-like patients, it was found that mutant XPNPEP3 fails to cleave the N-terminus of 
CEP290/NPHP6, AMLS1 and LRRC50 [70]. Although disease loci of ALMS1 alone cause the severe ciliopathy 
Alstrom syndrome, and CEP290 mutations are linked to pleiotropic ciliopathy syndromes, all displaying 
severe renal cystic disease, this does suggest that LRRC50 is at least associated with these common and basic 
cilia genes, and XPNPEP3 mediated proteolytic processing is required for normal functioning. We here 
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show that α-LRRC50 immunostaining in cell lines of various origins as well as in normal human testicular 
sections localizes to the basal body and axoneme. One putative mechanism might be that mutant LRRC50 
affects cilia of early germ cells, and consequently disturbes cilia-mediated sensory events that regulate germ 
cell homeostasis. There is some circumferential support for this hypothesis. Expression of somatostatin 
receptor 3 (Sstr3), a known ciliary localized receptor, is lost in seminomas [357, 358]. Loss of Fgf8 and Fgfr1 
expression in Xenopus reduces cilia length, the human orthologs have reduced expression specifically in 
seminoma compared to other GCTs [120, 359]. Another interesting correlation is the aberrant expression 
of a PDGFRα transcript in CIS cells, as PDGF mediated signaling has similarly been described to function 
through ciliary localized receptors (at least in fibroblasts) and the presence of cilia is required to activate 
this pathway [117, 360]. Despite these in vivo characterizations of seminomas and the high and steadily 
rising frequency of seminomas and non-seminomas, there is very little information concerning genetic 
risk factors. Genome-wide association studies have identified an overrepresentation of mutations in KITLG 
and downstream components SPRY4 and BAK1; this pathway is an important regulator of PGC migration 
and population expansion [362, 363]. Recently, a zebrafish model predisposing to TGCT development that 
appears analogous to lrrc50-associated tumors was described. This mutant harbored a loss-of-function 
mutation in BMPR1B (alk6b), normally regulating BMP/TGFβ signaling to downstream SMAD transcription 
factors [354]. BMP target genes that were downregulated in the alk6b mutant include id1 and id2, and the 
human ortologs ID1, ID2 and ID3 are similarly not expressed in seminoma [421]. We identified id3 to be 
amongst the most severely downregulated genes in our lrrc50 (-/-) gene expression microarray, indicating 
an inability to activate this gene in the mutants. BMP, FGF and Wnt, through the intermediate Hairy2, can 
induce expression of ID3 [422, 423]. It remains to be established if LRRC50 is involved in modulating these 
BMP and KIT-signaling pathway targets, possibly through ciliary mechanisms. Analysis of the activity of 
these would provide a first means to address this.

We regularly observed LOH of lrrc50 in zebrafish tumors and conclude that it is highly likely that a ‘second-
hit’ LOH event introduces the onset of tumorigenesis. How can this be correlated with the human disease 
development? Especially since this is linked to early life events, CIS formation can already occur in utero and 
there is some evidence that imbalances of estrogen and androgen levels are involved [424]. In humans, the 
actual development of disease probably has something to do with a dormant CIS population in childhood, and 
only with the onset of puberty, sex hormones and gonadotropin activate germ cell development and sperm 
production [424]. Important questions for future research should be aimed at establishing the mechanisms 
of LRRC50 associated tumorigenesis. Does loss of LRRC50 drive cell-autonomous tumorigenesis? Does it 
induce a block in differentiation? Is there an interaction with paracrine regulation? Unfortunately, there 
is little to learn from alternative animal models described to date. In mice, overexpression of GDNF, a 
paracrine factor secreted by Sertoli cells, blocked spermatogonial cell differentiation and expansion of 
the population. Later in life these cells undergo apoptosis and are phagocytosed by Sertoli cells and is 
therefore not considered as a valuable model for seminoma [425]. One interesting human cell line is TCam-
2, which is derived from a human seminoma patient, and shares multiple characteristics of CIS cells [426]. 
Genomic sequencing identified an oncogenic mutation in BRAF, which is probably why this cell line can be 
propagated in vitro. Then again, this is also the critical issue, as no other seminoma derived lines have been 
succesfully established it is suggested that the TCam-2 line has acquired properties that sets it apart from 
other CIS cells [426]. Intriguingly, depending on where this cell line is grafted within the testis, the outcome 
can vary between seminoma and non-seminoma [427]. The authors of these experiments conclude that the 
microenvironment regulates cell-fate decisions of CIS cells and this cell line will be of great importance in 
the future to further investigate the role of the microenvironment in tumor progression [427]. However, this 
model will not be useful for studying tumor-initiating events. We propose that our lrrc50 zebrafish model 
could be of value in future studies of seminoma development, however technical improvements are required 
to allow detailed analysis. Combining it with transgenic lines to mark early spermatogonia would be a good 
first step. Alternatively, it would be interesting to have an inducible knockout model, fish or mouse, to allow 
for time-controlled gene inactivation and studies of early germ cell defects, rather than lingering on rare 

7



148

LOH events. We have attempted to generate knockout mouse models, one of which we could not generate 
for technical reasons. The second model concerned a gene-trap embryonic stem (ES) cell that carried an 
in-frame insertion after the third exon of Lrrc50; capturing the reading frame, transcribing β-galactosidase 
and truncating the wild-type protein. Indeed, we detected β-galactosidase activity and validated expression 
of a truncated cDNA. However, within a few days of ES propagation, β-galactosidase activity was lost and 
the truncated cDNA could not be detected. This suggests that these gene-trap cells cannot properly survive 
and contaminating wild-type cells have a growth advantage. Similarly, despite several attempts, none of the 
knockout consortia were able to generate Lrrc50 knockout mice to date. 

One of the most puzzling results is the discrepancy between our human and zebrafish lrrc50 -/- tumor data 
and the phenotype in PCD patients carrying biallelic inactivating mutations in LRRC50. In PCD patients 
where both alleles of LRRC50 contained gene-truncating or gene-inactivating mutations, or both alleles were 
lost by large chromosomal deletions, no increased tumor susceptibility was reported [332, 333]. Personal 
communication with the labs that reported these patients confirmed this. However, the majority, but not 
all, of these patients were deceased during infancy, puberty and early adolescence. Since life expectancy 
can be reduced in PCD, often caused by recurrent airway infections or cardiac defects when associated with 
situs inversus, these patients might not have lived long enough to develop tumor pathologies. Also, PCD is a 
heterogeneous disease with a total population incidence of 1:32,000 for which 15 genes have been described 
to date; LRRC50 inactivation causes a relatively severe phenotype with both outer and inner dynein arm 
complexes absent from ciliary axonemes. This might partly account for lethality at a younger age. Given that 
defects in both dynein arms are sporadic within the entire PCD population and the proportion of LRRC50 
mutations identified in the patient cohorts tested was low (~5%), indicates that within PCD [332] LRRC50 
inactivation accounts for a small number of PCD patients (estimated at ~1%). Based on the population 
incidences of the gene-inactivating mutations we identified, p.R488X (0.008%) p.T590M (1.1%) and p.Q307E 
(2.9%), mutations in LRRC50 are significantly overrepresented in our seminoma cohort. The sequence data 
hints at a partial LOH for the p.R488X and p.T590M alleles in seminomas, but we cannot firmly conclude 
this with certainty, and the p.Q307E allele is only present in heterozygosity. This might suggest that in 
contrast to zebrafish, LRRC50 functions as a haploinsufficient tumor suppressor in human seminomas. 
However, in that scenario, we would have expected that seminomas would have been reported in family 
members of PCD patients bearing a single allele heterozygous for an inactivating mutation of LRRC50. 
Perhaps the incidence of TGCT formation (1:500) is so much more frequent than LRRC50 inactivation 
associated PCD (estimated at 1:300,000) that an association was not considered relevant, or was not well 
documented. Inversely, seminomas have not been frequently reported in PCD patients, one sporadic case 
was reported on but we did not recover LRRC50 mutations in the coding region when we tested this sample. 
Of note, in our hospital we have a family where members show light PCD phenotypes, and one member had 
established PCD and seminoma. This proband’s son also had seminoma, but unfortunately we could not 
follow up because of ethical approval issues.

The LOH observed in seminomas raises the question of whether LRRC50 functions as a classic tumor 
suppressor according to Knudson’s two hit hypothesis, or as a haploinsufficient tumor suppressor [428]. 
Germ cells, which are essential for maintaining the species, may not tolerate strong mutations that 
greatly impair germ cell stability (through evolutionary selection), which explains the relative dearth of 
identified genetic risk factors for TCGT development [341]. The data rather support the presence of many 
subtle heterozygous risk factors (total mutational load) which are normally tolerated and only appear to 
be critical when a second event occurs (genetic or exogenous). One of the discrepancies between male and 
female germ cell development is the number of gametes produced. Early in life, females develop a limited 
number of gametes that must predominantly remain stable and unperturbed. In contrast, the male germ 
line is a highly proliferative tissue. It is a well-accepted paradigm that highly proliferative tissues such as 
the colorectal epithelium and skin are more susceptible to cancer-causing events than less proliferative 
tissue types; perhaps by analogy one could reason that the highly proliferative nature of the male germ line 
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accounts for a relatively high predisposition to tumor formation. 

As described above, we hypothesized that the observed tumor suppressor function of LRRC50 might be 
linked to its proposed ciliary function, yet we found additional evidence that could also suggest disparate 
functions. Using immunofluorescent studies we observed LRRC50 localization to cilia, but moreover its 
prominent localization is a cell cycle-dependent dynamic localization to the nucleolus and condensed 
chromosomes during cell division. Analysis of LRRC50 gene expression during distinct phases of the cell 
cycle confirmed our immunofluorescent results and indicated a stringent regulation of LRRC50 expression. 
This dynamic localization pattern is in line with proteins that have been previously described and categorized 
as perichromosomal sheath proteins [348]. This localization pattern and its function is a biological enigma, 
but one proposed mechanism is that the proteins located to the perichromosomal sheath do not have an 
actual mitotic function, but rather use it as an efficient way to hitchhike along with chromosomes and to 
ensure each daughter cell has equivalent levels of protein, presumably for an immediate function in the 
very earliest events of the new cell. This is also explained by the fact that many of these proteins function 
in ribosomal biogenesis. In Chapter 6 we further characterize the LRRC50 protein. Using proteomic and 
yeast-two-hybrid approaches, we generated evidence that a RVB1/2 scaffolding complex interacts with 
LRRC50. Validation of the direct interaction of these proteins with LRRC50 is pending. Complicating 
matters for an interpretation of the observed interaction is the promiscuous nature of the RVB1/2 complex 
that forms the core of many sub-complexes whose functions range from transcription, telomerase activity to 
mediating DNA-damage responses [374]. Based on our own results, coupled with other reports describing 
RVB1/2 function, we propose a speculative model in which the RVB1/2 complex forms the core machinery 
for assembling axonemal dynein arms, based on resemblance to the R2TP complex. Additionally, our data 
demonstrating interactions of LRRC50 with IFT88 and KIF3B suggest a possible mechanism by which 
these cytosolic pre-assembled dynein arm complexes are coupled to intraflagellar transport. In light of 
the putative tumor suppressor function of LRRC50, the mechanism of dynein arm assembly is possibly of 
limited interest, and we attempted to pursue alternative approaches. Given that LRRC50 and the RVB1/2 are 
both located to the nucleolus, a major site of RNA processing and ribosomal function, we hypothesized that 
this process could potentially be affected. Ribosomal profiling (polysome analyses) in lrrc50 (-/-) zebrafish 
however indicated no abnormalities compared to siblings. Still, there might be more subtle effects on RNA 
processing in ribosomal function, which would require further in-depth studies. Instead, LRRC50 could 
potentially mediate any of the other RVB-associated functions, however, few suggestions can be derived 
from our obtained data.
Whereas most classic PCD disease loci encode dynein arm components, mutations in which induces 
flagellar paralysis causing laterality problems and infertility, spermatogenesis itself is commonly not 
perturbed [40]. Curiously, the axonemal central pair regulator Pf20, also required for flagellar beating, not 
only caused infertility in knockout-mice, but actually induced apoptosis of the germ line during the final 
stages of spermatogenesis and a reduction in gonad size [429]. It was found that the encoding transcript 
forms either the full-length protein, and a splice variant that encodes a nuclear protein [429]. Loss of this 
splice variant reduces expression of the full-length isoform, and causes the observed spermatogenesis 
defects [430]. These data indicate that this axonemal motility protein has multiple functions. This might be 
of interest to LRRC50, as it similarly is a protein in dynein arm function, localizes to the nucleus (although 
at a distinct subcompartment) and Uniprot predicts there are three splice variants of LRRC50; full-length, 
a C-terminal truncation of the coiled-coil and proline-rich domains, and a N-terminal truncation of the 
leucine rich domains, which have not been experimentally validated. The domains present in LRRC50 are 
common and are predicted to participate in protein-protein interactions, thus providing limited clues as to 
its exact function.
In conclusion, the molecular function of LRRC50 at least relates to RVB1/2 scaffolding complexes, where 
LRRC50 appears to act as a co-chaperone. The large overlap in intracellular localization of both could 
indicate that this co-chaperone activity is not limited to the speculative model in dynein arm assembly, but 
additional processes might also be disturbed. 
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Concluding remarks

The cilium is intrinsically associated with the cell cycle because the presence of a cilium inhibits cell cycle 
progression and disassembly of the cilium is a prerequisite to proliferation. This tight connection has fed 
speculation for many years about whether the cilium can be implicated in tumorigenesis, and whether it can 
be considered a tumor suppressor organelle. Indeed, cilia loss or disturbed ciliary signaling can result in the 
development of benign, limited hyperproliferative lesions. However, these lesions only rarely develop into 
tumors. That said, this does not imply that cilia are of no influence in tumorigenesis. In fact, depending on 
the oncogenic context and tumor-type, cilia seem to have opposite effects on tumorigenesis and can either 
be required for or repress tumorigenesis. We found that in renal tumors overall, cilia are preferentially 
lost; this is probably advantageous to the tumor cell population. Cilia probably have an inhibitory or 
dampening effect on signaling events driving these tumors (Chapter 3). In contrast, elegant mouse models 
of oncogenic Hedgehog components that develop basal cell carcinomas and medulloblastomas depend on 
ciliary retention, because this organelle is required for Hedgehog pathway activation [183]. Upon combined 
knockout of kif3a or ift88, both cilia formation and Hedgehog pathway activation are inhibited, omitting 
tumor development [183]. The emerging view is that, depending on the tumor type, cells will select for 
either cilia retention or cilia disposal during transformation; whichever is more advantageous for the main 
signaling pathways driving this tumor cell. 
We have characterized functional aspects of the putative tumor suppressors FLCN (Chapter 4) and LRRC50 
(Chapters 5 and 6), both of which are actively involved in regulation of normal cilia function. The disease 
spectrum of BHD patients overlaps with classic ciliopathy syndromes, suggesting that FLCN could have 
functions in the cilium, possibly in conjunction with other components of the ciliome. Indeed, FLCN 
localizes to the cilium and loss of FLCN delays ciliogenesis and affects ciliary signaling by activation of 
β-catenin, accounting for at least part of the BHD pathology. Similar to VHL, LKB1 and TSC1/2, it is unknown 
if this ciliary function plays a relevant role in contributing to tumor development. We have characterized 
a zebrafish model for seminoma development associated with LOH of lrrc50 and subsequently identified 
an over-representation of loss-of-function LRRC50 mutations in human seminoma. The mechanism of 
tumor suppressor activity of LRRC50 in these seminomas could reflect either a classic or haploinsufficient 
tumor suppressor mechanism. Apart from a role in dynein arm assembly, the tumor suppressor functions 
of LRRC50 in seminoma formation remain obscure. Based on gene expression, dynamic intracellular 
localizations and interaction partners, multiple processes might be affected upon LRRC50 loss. 
Future efforts made at cataloguing ciliation incidences in a variety of tumor-types and delineating associated 
modulated signaling will be of great contribution to the understanding of the role of cilia in tumorigenesis. 
Possibly, appropriate supplementary therapies targeting cilia function might lend a means to fine-tune 
cellular behavior in the context of tumorigenesis.
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Nederlandse Samenvatting (ook voor niet-ingewijde)

Het DNA in elke cel van het menselijk lichaam bevat de genetische code die nodig is om voornamelijk 
eiwitten/enzymen te produceren, die vervolgens in samenwerking verantwoordelijk zijn voor het reguleren 
van intracellulaire processen. Veel genetische ziekten vinden hun grondslag in fouten -mutaties- in 
de genen waardoor het resulterende eiwit niet of niet functioneel wordt geproduceerd. Iedere cel heeft 
twee kopieën van het DNA, zodat er in het geval van DNA schade altijd een gezonde kopie aanwezig is. 
In het geval van veel recessieve erfelijke ziekten hebben beide ouders -dragers- een mutatie in één van 
twee kopieën, waardoor de nakomeling kans heeft om twee gemuteerde kopieën te ontvangen. Echter, 
in het geval van een dominante mutatie is één gemuteerde kopie voldoende om ziekte te veroorzaken. 
Veel familiaire/erfelijke vormen van kanker worden eveneens gekarakteriseerd door mutaties in specifieke 
genen -tumor suppressors- in één van de twee kopieën. Wanneer er vervolgens additionele schade ontstaat, 
door bijvoorbeeld externe factoren, en er geen gezonde kopie meer resteert zal dit uiteindelijk leiden tot 
tumorformatie. Ook hier geldt dat er dominante mutaties kunnen zijn en het wordt nog complexer in het 
geval dat bepaalde eiwitten in lagere concentraties al schade kunnen berokkenen. In het geval van een 
tumor suppressor heeft de functie van het eiwit vaak een remmend effect op de celdeling en zonder deze 
rem kan de cel, onder de juiste omstandigheden, ongelimiteerd gaan delen. De tegenhanger van de tumor 
suppressor is het oncogen, waarbij een dominante mutatie in een gen dat normaliter celdeling bevordert 
een overstimulatie ten gevolge brengt. 

Sensatie van de extracellulaire omgeving is van cruciaal belang voor een cel om juiste beslissingen te 
nemen. Hiervoor is een arsenaal aan mogelijkheden, zoals interpretatie van het contact met naastgelegen 
cellen en het meten van het zuurstofniveau en metabole factoren zoals de hoeveelheid voedingsstoffen. 
Misinterpretatie van omgevingsfactoren kan leiden tot een incorrecte reactie van de cel, met als gevolg een 
afwijkend of niet-wenselijk gedrag van weefsels waar deze cellen zich bevinden. Een organel -cellulaire 
substructuur- dat specifiek voor sensatie doeleinden lijkt te zijn ontworpen is het cilium. Het cilium wordt 
ook vaak omschreven als de antenne van de cel en dit heeft betrekking op zowel het voorkomen als het 
functioneren van het cilium. Vanuit het redelijk vlakke celmembraan kan een cilium als een periscoop naar 
buiten steken. Ondanks de verschillen tussen cellen in het menselijk lichaam hebben de meeste cellen 
de potentie om een cilium te vormen, al zijn er wel subtiele verschillen in uiterlijk en functie. In de meest 
simpele vorm bestaat het cilium uit twee componenten. De uitstulping, bestaande uit het ciliary membraam 
dat gestabiliseerd wordt door een aantal pilaren -microtubuli- welke tegelijkertijd ook dienen als transport 
routes. Daarnaast is er een fundament van waaruit de pilaren zich vormen, dat tevens ook fungeert als een 
toegangspoort. Mede omdat het cilium uitsteekt kan het als een voelspriet de omgeving waarnemen. Een 
van de meest bekende voorbeelden is het cilium in de buizen van de nier; op het moment dat vloeistof 
sneller door deze buizen stroomt zal het cilium met de stroom meebuigen -mechanosensatie- en zal er 

vervolgens een signaal worden afgegeven aan de cel 
om zich bijvoorbeeld steviger aan de buurcel vast te 
houden en/of niet te delen. Naast mechanosensatie 
is het cilium ook in staat om de eventueel aanwezige 
signaleringmoleculen –morphogenen, mitogenen, 
hormonen- zeer makkelijk op te pikken, juist om 
deze reden zijn er ook veel specifieke receptoren in 
het cilium aanwezig.

Wanneer bepaalde genen die belangrijk zijn 
voor het bouwen van een cilium gemuteerd zijn, 
kan de cel geen goed functionerende voelspriet 
genereren. Afhankelijk van de gradatie van het 
disfunctioneren van deze voelspriet kunnen 

&

In vitro gekweekte RPE-hTERT cellen. Middels immunofluorescentie 
zijn verschillende structuren aangekleurd. In blauw zijn de celkernen 
zichtbaar. In groen is het “basal body” gekleurd, dat dient als 
fundament van het cilium. De rode structuren zijn de voelsprieten.
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verschillende ziektebeelden ontstaan die collectief ciliopathieën worden genoemd. Aangezien verreweg 
alle verschillende soorten cellen cilia vormen, kunnen ciliopathieën in potentie overal in het lichaam 
voorkomen. Voorbeelden van relatief milde vormen van ciliopathieën zijn steriliteit, situs inversus 
-gespiegelde oriëntatie van organen- en blindheid en/of doofheid. Een ander veel voorkomend ziektebeeld 
is de vorming van cysten in o.a. de nieren, lever en alvleesklier; wanneer cysten zich in groten getale vormen 
heeft dit ernstige gevolgen voor het functioneren van het betreffende orgaan. In het geval dat het cilium 
nagenoeg al zijn functies verloren heeft, zullen bovenstaande ciliopathieën zich cumulatief presenteren. 
Daarbij hebben deze patiënten vaak ook ernstige defecten o.a. in de ontwikkeling van botstructuren, 
malformatie van het gezicht en neurologische aandoeningen, tezamen leidend tot een sterk verminderde 
levensverwachting. In de meest ernstige gevallen leidt dit zelfs tot prenatale of vroeg postnatale letaliteit.

Het onderzoek dat beschreven staat in dit proefschrift heeft betrekking op het grensgebied waar de twee 
hierboven beschreven onderzoeksvelden elkaar raken: de biologie van cilia functionaliteit en de eventuele rol 
hiervan in tumor formatie. In hoofdstuk 1 geven we een uitgebreid overzicht van de verschillende aspecten 
die betrokken zijn bij het genereren en functioneren van cilia en bijbehorende ziektebeelden. Daarnaast 
bespreken we de huidige literatuur die inzicht geeft in de mogelijke relatie tussen cilia en tumorformatie. 
In het geval dat cellen namelijk geen goede voelspriet hebben zullen ze incorrect reageren op regulatoire 
factoren, bijvoorbeeld omdat deze niet worden gedetecteerd, en als gevolg minder goed reageren op 
signalen die celdeling normaliter aansturen. Naast de functie als voelspriet is het cilium ook een belangrijke 
factor in de fysieke celdeling. De cel is efficiënt in het hergebruik van verschillende componenten, zo wordt 
het fundament voor het cilium namelijk omgevormd tot een spoel die tijdens celdeling de gedupliceerde 
chromosomen van elkaar wegtrekt naar de dochtercellen. In gevolge moet het cilium dus eerst worden 
afgebroken voordat de spoel kan worden gevormd en de cel succesvol kan delen. Dit zijn de hoofdredenen 
dat er al geruime tijd interesse is voor het cilium vanuit het oogpunt van kankeronderzoek; kanker is een 
ziekte waarbij cellen zich onbeperkt blijven delen en niet meer gevoelig zijn voor de normale signalen die 
bepalen wanneer celdeling moet worden geremd dan wel gestimuleerd. Een aantal van de ziektebeelden 
die gevormd worden in patiënten met ciliopathieën kunnen inderdaad worden beschreven als goedaardige 
laesies of tumoren. Nochtans behoort ongebreidelde kwaadaardige kankerformatie normaliter niet tot 
het ziektespectrum; wat suggereert dat het verlies van cilia functie niet per definitie betrokken is bij de 
ontwikkeling van kanker. Omgekeerd lijkt het wel degelijk zo te zijn dat het verlies van cilia functie een 
onderdeel is, of één van de stappen, bij het proces van kankerformatie en kunnen ook de goedaardige laesies 
een mogelijk voorstadium zijn van tumorigenese. 

In hoofdstuk 2 beschrijven we de zoektocht naar nieuwe factoren die belangrijk zijn voor de formatie van 
een cilium, toegespitst op eiwitten die betrokken zijn bij intracellulair transport. Een van de mechanismen 
om factoren die betrokken zijn bij ciliogenese op de juiste bestemming te krijgen is transport; kleine motors 
(KIFs genaamd) die over microtubules -strengen die o.a. dienen als snelwegen door de cel- migreren en 
vracht meeslepen nemen hier een groot deel aandeel in. Door in cellen die in het lab gekweekt worden 
steeds specifiek één van deze motors uit te schakelen kunnen we onderzoeken of de formatie van cilia 
beperkt wordt en welke motor hier een rol bij speelt. Uit deze studie blijkt dat KIF4A en KIF5C essentieel 
zijn voor het vormen van cilia. In tegenstelling tot het uitschakelen van bepaalde motoren, blijkt dat de 
gebruikte techniek in sommige gevallen juist tot een excessieve productie van deze motoren leidt, wat tegen 
onze verwachting in ook een negatief effect had op de formatie van cilia. Zo vinden we dat hoe meer KIF17 
aanwezig is, des te slechter cellen een cilium kunnen vormen. 

In hoofdstuk 3 richtten we ons op bepaalde vormen van nierkanker. Door het onderzoeken van gezond 
weefsel aangrenzend aan tumorweefsel, kunnen we vaststellen dat deze cellen (zoals verwacht) een cilium 
vormen. Vervolgens stellen we ons de vraag of cilia nog voorkomen in het tumorweefsel, wat niet zo blijkt te 
zijn. Hieruit kunnen we concluderen dat de cellen in deze tumoren preferentieel geen cilium vormen, wat 
wellicht een groeivoordeel oplevert voor de tumor; deze wordt immers niet meer beperkt door het constant 
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moeten afbreken van het cilium maar altijd de beschikking heeft over de spoelstructuur die betrokken is bij 
celdeling. Eerder onderzoek heeft echter beschreven dat in bepaalde vormen van huidkanker en hersenkanker 
cilia juist behouden blijven en dus lijkt het preferentiële behoud dan wel verlies tumorspecifiek te zijn. 
Onze vinding is hierdoor relevant in licht van het categoriseren en karakteriseren van verschillende tumor 
subtypen. In hoofdstuk 4 onderzoeken we een tumor suppressor gen, FLCN, dat wanneer het gemuteerd 
is Birt-Hogg-Dubé syndroom veroorzaakt; een erfelijk kanker syndroom waarbij patiënten o.a relatief vaak 
niertumoren ontwikkelen alsmede goedaardige huidtumoren. Verder zien we vaak cysten in verschillende 
organen in deze patiënten. Omdat deze ziektebeelden een sterke overlap hebben met ciliopathiën is de 
hypothese dat FLCN wellicht een rol vervult bij het functioneren van cilia. Dit blijkt inderdaad zo te zijn, 
maar het uitschakelen van FLCN leidt echter niet zozeer tot het voorkomen van ciliogenese als wel het 
vertragen van cilia formatie, iets dat redelijk ongebruikelijk is. Verder zien we dat dit fysiologisch wel 
degelijk een effect had op het normaal functioneren van cellen en hebben we kunnen vaststellen dat FLCN 
direct betrokken is bij de deregulatie van enkele processen waarvan al eerder beschreven is dat ze betrokken 
lijken te zijn bij de formatie van cysten. 

In hoofdstuk 5 beschrijven we onderzoek waarbij we gebruik maken van een diermodel, de zebravis. 
Aanvankelijk werden de vissen, die een geïntroduceerde mutatie in het lrrc50 gen hebben, gebruikt als 
modelorganisme om onderzoek te doen naar Kartagener’s syndroom. Patiënten met dit syndroom worden 
gekarakteriseerd door een combinatie van verschillende ciliopathieën omdat bepaalde cilia subtypes 
-bijvoorbeeld de trilharen in de bronchiën- niet goed autonoom kunnen bewegen. Echter, tot onze 
grote verbazing blijken de volwassen mannen die één mutant kopie bevatten zeer gevoelig te zijn voor 
de formatie van testiculaire tumoren. Het karakteriseren van deze tumoren in de vis suggereert dat deze 
tumoren zeer goed vergelijkbaar zijn met de humane vorm seminoma, een subtype van de kiemcel tumoren. 
Om te onderzoeken of mutaties in LRRC50 ook voorkomen bij de humane variant hebben we een aantal 
tumoren onderzocht en hebben we inderdaad een aantal patiënten geïdentificeerd waarbij dit specifieke 
gen gemuteerd is. Dit suggereert dat mutaties in LRRC50 een risicofactor vormen voor dit tumortype en dat 
LRRC50 een mogelijk nieuw tumor suppressor gen is. Onze vervolgexperimenten zijn voornamelijk gericht 
op het in kaart brengen van de mogelijke moleculaire  functies die LRRC50 bezit. Verder laten we zien dat 
cellen in gezond weefsel cilia kunnen vormen terwijl deze niet aanwezig zijn in het tumorweefsel; een van 
de mogelijkheden zou dus kunnen zijn dat cilia in normale kiemcellen van groot belang zijn voor de correcte 
sensatie van de omgeving en dat verlies van cilia kan leiden tot misinterpretatie van signalen en mogelijk 
tumorformatie. We vinden echter ook bewijs dat LRRC50 meerdere functies kan hebben naast de regulatie 
van cilia, welke evengoed een aandeel kunnen hebben in de formatie van de tumoren. In hoofdstuk 6 laten 
we zien dat een van de gevolgde onderzoeklijnen ons in staat stelt om een moleculair model samen te stellen 
dat inzicht geeft over hoe LRRC50 functioneert in het compileren van eiwitcomplexen. Dit onderzoek lijkt 
de meeste relevantie te hebben voor de rol van dit gen in Kartagener’s syndroom.

In hoofdstuk 7 worden de resultaten samenvattend besproken en bediscussieerd in het licht van de huidige 
literatuur.
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