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Abstract 

 Primary cilia are cellular antennae found on many cell types in metazoans. 

Their biogenesis and maintenance is critical throughout lifespan of an animal to 

support signal transduction pathways essential for development, and 

physiological processes such as vision and olfaction. Intraflagellar transport (IFT) 

is a process that is required to form and maintain cilia. Studies in 

Chlamydomonas reinhardtii and Caenorhabditis elegans have revealed several 

components required for ciliogenesis and IFT, but the function and mechanism of 

many of these proteins are poorly understood. In this dissertation, I identify and 

characterize two genes, che-10 and dyf-18, that maintain ciliary function at least 

in part by modulating IFT.  

 I identified CHE-10 as the rootletin ortholog in C. elegans. Rootletin is an 

evolutionarily conserved protein that exists as polymerized striated rootlets, a 

cytoskeleton-like structure associated to the cilium-nucleating basal bodies, or as 

non-filamentous form associated to the ciliary base. Similar to its disruption in 

mouse model, che-10 mutants initiate ciliogenesis but the cilia degenerate over 

time. I showed that rootletin maintains cilia by modulating the assembly, motility 

and flux of IFT components. I also demonstrated that rootletin is essential for the 

stability of the axoneme, the transition zone, which forms a ciliary gate, and the 

basal bodies. Finally, I present evidence that the molecular basis of these defects 

may be due to inefficient delivery of ciliary components and organization at the 

periciliary membrane compartment, leading to cilium degeneration.  

 DYF-18, a C. elegans CCRK-related Ser-Thr kinase, was uncovered in a 

screen for genes expressed during ciliogenesis. I show that DYF-18 is expressed 

in all ciliated sensory neurons. Similar to C. reinhardtii, disruption of DYF-18 

leads to ciliary length defects. Finally, I demonstrated that dyf-18 mutants have 

abnormal accumulation of key IFT components. Specifically, OSM-5 is at the 

base of cilia and OSM-3 kinesin accumulates between and middle and distal 

segments of the axoneme. Intriguingly, in spite of the loss of OSM-3 kinesin in 
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the distal segments, dyf-18 mutants can build a full-length cilium. Altogether, my 

studies offer insights into functional aspects of two novel proteins required for the 

maintenance of ciliary function in C. elegans. 

 
Keywords: cilia, intraflagellar transport, rootletin, striated rootlets, dyf-18, kinase 
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Preface  

Transducing information from the environment, as a whole organism or at 

the cellular level, is essential for growth, development and homeostasis. Among 

several cellular innovations that evolved in the last common eukaryotic ancestor, 

of significant note was the appearance of centrioles and cilia that enabled 

specialized communications between cells and the environment. Cilia are 

microtubule-based sensory organelles that orchestrate cellular responses 

mediated by kinetic, olfactory, photonic and morphogenic stimuli. Cilia are 

ubiquitously expressed in nearly all cell types in vertebrates and therefore, ciliary 

dysfunction is the etiology for a large group of multisymptomatic diseases, 

commonly called ciliopathies. Thus, the formation and maintenance of this 

essential organelle throughout animal lifespan is crucial for cellular and 

organismal well being.  

Cilia research in the last decade has uncovered several key components 

required for its formation and function. Remarkably, few components essential for 

maintaining ciliary function and their mechanisms of action are known. 

Biochemical studies have revealed that there exists over 1000 proteins in the 

cilium, of which only ~300-400 are currently known. Therefore, many unidentified 

or uncharacterized proteins may be essential for maintaining ciliary function. 

Importantly, their identification will provide insights into both the fundamental and 

pathophysiological aspects of ciliary maintenance and define their roles in 

disease development. The scope of this dissertation is to expose functional 

aspects of two previously uncharacterized proteins with regards to their role as 

regulators of ciliary maintenance.  
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1. Introduction 

1.1. The Cilium 

 This past decade has seen cell biologists and human geneticists show 

tremendous attention towards the study of cilia, a ubiquitous organelle present on 

most human cell types. These slender microtubule based appendages are 

adapted to serve multiple purposes such as bulk fluid movement, cell motility, 

and sensing the environment (Goetz and Anderson 2010). Given their roles in 

different cells, cilia are associated with a wide array of clinical symptoms, 

collectively termed ciliopathies (Hildebrandt et al. 2011; Waters and Beales 2011; 

Davis and Katsanis 2012; Beales 2005). These symptoms include cystic kidneys, 

obesity, liver disease, skeletal anomalies, situs inversus (organ asymmetry 

defects), and sensory defects (loss of hearing, smell, vision) (Hildebrandt et al. 

2011). Understanding the mechanism of cilia formation, function and 

maintenance can shed light on many physiological processes and disorders 

present in ciliopathies such as Bardet-Biedl syndrome, Meckel-Gruber syndrome, 

Nephronophthisis, etc. 

1.1.1. Motile and non-motile cilia 

 Cilia are broadly classified into two categories - motile and non-motile or 

primary cilia. Motile cilia, also called flagella, such as Chlamydomonas reinhardtii 

flagella and the vertebrate sperm flagella, are equipped with features that bestow 

cellular mobility. Some motile cilia, such as those in epithelial cells of human 

oviduct and trachea, are present in bundles and move in a wave-like pattern to 
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assist in the movement of oocytes or mucous clearance across the epithelial 

layer, respectively (Figure 1.1) (Ishikawa and Marshall 2011; Marshall and 

Nonaka 2006). Although they are structurally distinct from their non-motile 

counterparts and are categorized according to motility, motile cilia can also 

perform sensory functions. For example, phototaxis in C. reinhardtii and 

detection of noxious stimuli in vertebrate airway epithelia by concentrating bitter 

taste receptors in the motile cilium (Shah et al. 2009). 

Primary cilia are immotile and function as cellular antennae, capturing and 

transducing diverse extracellular signals, such as mechanical, chemical, and 

visual stimuli (Goetz and Anderson 2010). Some primary cilia are critical for 

sensory physiology; for example, (1) the connecting cilium and the outer 

segments of vertebrate photoreceptors are modified cilia and concentrate opsins 

to enable photoreception (vision), (2) the cilium on sensory neurons in the 

olfactory bulb harbor receptors required for chemoreception (smell) and (3) 

primary cilia on renal epithelial cells sense fluid flow through receptors that sense 

mechanical stimuli (Singla and Reiter 2006). In vertebrates, primary cilia also 

regulate several signal transduction pathways important for development, 

including Hedgehog, Wnt, and receptor tyrosine kinase (e.g., PDGFR, EGFR) 

signaling (Zaghloul and Brugmann 2011; Eggenschwiler and Anderson 2007; 

Christensen et al. 2012). 

 

The term “cilia” is used to refer to both cilia and flagella. 
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Figure 1.1 Examples of motile and non-motile/primary cilia 
Examples of non-motile/primary cilia (A) renal epithelia, (B) photoreceptors and (C) olfactory 
sensory neurons in the olfactory bulb.  
Examples of motile cilia (D) respiratory epithelia, (E) oviduct epithelia, and (F) motile flagella of a 
sea urchin sperm 
Figures adapted from 
Fawcett, D.W. The Cell, 2nd ed., W.B. Saunders, Philadelphia, 1981, p.581. 
http://darwin.iz.uj.edu.pl/iz/anatomy/jakub/grafika/o2e.html 
http://webvision.med.utah.edu/wp-content/uploads/2011/10/Rod_Photoreceptor_cilium.jpg 
http://www.stanford.edu/group/Urchin/LP/ 
http://ars.els-cdn.com/content/image/1-s2.0-S0960982206018318-gr1.jpg 

renal epithila 

cilia

connecting cilia

outer 
segment

rod photoreceptors

cilia

olfactory bulb

non-motile/primary cilia

motile cilia

respiratory epithelia

bunches 
of cilia

bunches
of cilia

oviduct epithelia

sperm

sea urchin sperm

A B C

D E F



 

 

4 

1.2. Building the cilium 

1.2.1. Ciliogenesis 

Ciliogenesis occurs through several distinct steps (Figure 1.2) (Sorokin 

1962; Sorokin 1968). In most mammalian cells, the first ciliogenic event is the 

docking of the mother centriole to a ciliary vesicle (Reiter et al. 2012; Pedersen et 

al. 2008). The cilium-nucleating basal body is first derived from the mother 

centriole, made up of nine triplet microtubules, by the addition of accessory distal 

appendages to the centriolar barrel. The basal body then migrates to the cell 

surface. The formation of the cilium can occur following migration of the basal 

body to the membrane to initiate ciliogenesis, or it can involve several 

intermediary steps that lead to the formation of the cilium (Figure 1.2) (Reiter et 

al. 2012; Pedersen et al. 2008). In the latter case, during migration, the basal 

body associates through its distal appendages to a vesicle called the ciliary 

vesicle (CV) (Figure 1.2) (Sorokin 1962; Sorokin 1968). Although it is not known 

what targets this vesicle to the basal body, recent studies in mammalian 

epithelial cells have shown that docking is mediated by CCDC41 and CEP164. 

CCDC41, a coiled-coil domain containing protein, localizes to the distal 

appendages, where it interacts with CEP164 (Schmidt et al. 2012; Joo et al. 

2013). This vesicle, likely enriched with components required for early 

ciliogenesis, is thought to prime or establish the ciliary membrane. Once the CV 

docks to the basal body, other vesicles accumulate and fuse to the CV (Figure 
1.2) (Hsiao et al. 2012). These primed basal bodies, with the help of actin 

cytoskeleton components, Nesprin-1 and 2 at the cell cortex, docks to the cell 

membrane through their distal appendages, and the vesicle fuses with the 

plasma membrane to form a distinct ciliary membrane compartment (Figure 1.2) 
(Dawe et al. 2009). Basal body docking to the cell membrane is dependent on 

transition zone proteins, such as MKS1 and MKS3/Meckelin (see below). The 
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docking and position of the basal bodies determine the orientation of the cilium. 

Proteins destined for the cilium are selectively imported and actively transported 

to the ciliary tip through a motor-driven process termed intraflagellar transport 

(IFT). Please refer to Section 1.4 for details on IFT. 

 

 

 

Figure 1.2 Stages of ciliogenesis 
The cilium-nucleating basal body is derived from the mother centriole by the addition of distal and 
sub-distal appendages. (1) The first ciliogenic event involves the binding of a ciliary vesicle (CV) 
to the distal end of the mother centriole through their distal appendages. (2) Transition zone 
begins to form and secondary vesicles fuse to the CV. (3) The basal body-CV migrates and docks 
through the action of the distal appendages to the plasma membrane (4) The CV fuses with the 
membrane. (5) The maturing TZ and TFs forms the ciliary gate. (6) Formation of the axoneme is 
an IFT/BBS protein-dependent process. (7) Alternatively, the basal body, without a CV, docks 
directly with the membrane. CV, ciliary vesicle; IFT, intraflagellar transport; BBS, Bardet–Biedl 
syndrome; TZ, transition zone. Figure adapted from Reiter et al., 2012 
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1.2.2. Transition fibers and transition zone 

The distal appendages of the basal body, containing proteins such as 

orofaciodigital 1 (OFD1), centrosomal proteins, CEP164 and Ccdc123/CEP123, 

form a pin-wheel like structure, called transition fibers (TFs), that anchor the 

basal body to the membrane (Figure 1.3) (Reiter et al. 2012; Singla et al. 2010; 

Schmidt et al. 2012; Wang et al. 2013). OFD1, a distal centriolar protein 

associated with the ciliopathy orofaciodigital syndrome, is required for the 

recruitment of CEP164 and co-localizes with CEP123 at the distal appendages 

(Ferrante et al. 2001; Singla et al. 2010; Sillibourne et al. 2011). In the absence 

of ofd1, cells cannot form distal appendages, associate with the ciliary vesicle or 

dock to the membrane to initiate ciliogenesis. The TFs, apart from being the 

docking point of the basal body to the membrane, are also the target site of 

various proteins such as Retinitis Pigmentosa 2 (RP2) and Septins (SEPT2) 

(Stephan et al. 2007; Hu et al. 2010; Blacque et al. 2005). C. elegans and 

Trypanosome RP2, a tubulin folding co-factor C, may be involved in quality 

control of tubulin before incorporation onto the axoneme (Stephan et al. 2007), 

and Septins are membrane bound proteins that form barriers to lateral diffusion 

of ciliary signalling proteins (Hu et al. 2010). A large pool of ciliary precursor 

proteins are also closely associated to the TFs. Electron microscopy in 

Chlamydomonas revealed IFT protein, IFT52/OSM-6, associated to the TFs 

(Deane et al. 2001). Studies in photoreceptor cells have shown that IFT proteins, 

IFT88/OSM-5, IFT140/CHE-11 and IFT57/CHE-13 are also found in the region 

which corresponds to TFs (Sedmak and Wolfrum 2010). The TFs are thus the 

functional end of the basal body, crucial for ciliogenesis, where ciliary precursors 

dock and are assembled prior to their entry into the cilium.  
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The cilium, an organelle directly exposed to the cell’s milieu, has evolved to 

establish its own gate or diffusion barrier. At the base of the ciliary axoneme is an 

evolutionarily conserved ciliary sub-domain termed the transition zone (TZ), 

which is formed during the migration of the primed basal body to the cell 

membrane (Figure 1.2 and 1.3) (Boisvieux-Ulrich et al. 1989). The TZ is 

characterized by Y-shaped microtubule-to-membrane linkages (Williams et al. 

2011; Craige et al. 2010) that constitute or organize the ciliary ‘necklace’ (Figure 
1.3) (Gilula and Satir 1972; Reiter et al. 2012). The TFs along with the TZ act as 

a ciliary gate and compartmentalize ciliary signaling proteins (Williams et al. 

2011; Chih et al. 2012; Garcia-Gonzalo et al. 2011). The first evidence that the 

TZ may act as the diffusion barrier was from studies on rhodopsin localization in 

dissociated photoreceptor cells (Spencer et al. 1988). Rhodopsin was found to 

diffuse from the outer segment into the inner segment only in the absence of an 

intact TZ (Spencer et al. 1988). Further studies in divergent species have shown 

that the TZ controls the ciliary exit and entry of several proteins such as RP2, 

TRAM-1, AC3, PKD2 etc. (Williams et al. 2011; Chih et al. 2012; Garcia-Gonzalo 

et al. 2011). Although several proteins that localize specifically to the TZ have 

been identified, the specific composition of the Y-links is still unclear, with the 

exception of CEP290/Nphp6 in Chlamydomonas (Craige et al. 2010). The 

disruption of CEP290 in Chlamydomonas also affected the ciliary composition, 

such as accumulation of IFT-associated BBS4 and reduction of polycystin-

2/PKD2 from the cilium (Craige et al. 2010). The TZ proteins include an 

expanding list of ciliopathy associated genes implicated in Meckel-Gruber 

syndrome (MKS), Joubert’s syndrome (JBTS), Nephronophthisis (NPHP), etc. 

(Williams et al. 2011; Brancati et al. 2007). A detailed list of these proteins and 

their associated ciliopathies can be found in Table 1.3 in Section 1.7.   
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In C. elegans, mutations in a single TZ protein does not appear to affect 

IFT or ciliogenesis (Williams et al. 2011; Bialas et al. 2009). Genetic studies have 

revealed the existence of two functionally interacting modules that are required 

for ciliogenesis: NPHP module and the MKS module (Williams et al. 2008; Bialas 

et al. 2009; Williams et al. 2011). Simultaneous disruption of genes from each 

module results in ciliogenesis defects in some cilia, due to impaired TFs-TZ 

attachments to the ciliary membrane. While in other cilia, ciliary structures and 

IFT are grossly wild-type indicating that the TZ is not required for IFT (Williams et 

al. 2011). Although several of the TZ-associated proteins are known and contain 

membrane-associated domains (transmembrane or lipid-interacting C2/B9 

domains), consistent with their role as a diffusion barrier, their mechanism of 

action is largely unclear (Williams et al. 2008; Chih et al. 2012; Williams et al. 

2011; Bialas et al. 2009). 

As previously alluded to, the TZ forms during the migration of the ciliary 

vesicle-associated basal body to the cell membrane (Figure 1.2). The early steps 

of ciliogenesis are independent of IFT proteins but dependent on a large group of 

TZ and TF associated proteins, such as components of the MKS and NPHP 

modules (Figure 1.2). Disruption of TZ and TF associated proteins in both C. 

elegans and mammalian cells leads to defects in basal body migration, docking 

and impaired membrane attachments (Williams et al. 2011; Craige et al. 2010; 

Huang et al. 2011; Singla et al. 2010; Schmidt et al. 2012; Wang et al. 2013).  

Once the basal body along with the TZ docks at the cell membrane, axonemal 

nucleation is dependent on IFT proteins and BBS proteins, which are associated 

with Bardet-Biedl Syndrome (Figure 1.2) (Williams et al. 2011; Reiter et al. 

2012). Consistently, genetic studies in both C. reinhardtii and C. elegans show 

that the disruption of IFT proteins, such as IFT52 and IFT88/OSM-5, fail to build 

an axoneme, but have intact TZs and basal bodies (Brazelton et al. 2001; 

Williams et al. 2011; Perkins et al. 1986). 
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1.2.3. Striated rootlets 

Many, but not all ciliated cells, project cytoskeleton-like striated rootlets 

from the base of cilia (Hagiwara et al. 1997; Ward et al. 1975). These rootlet 

structures, present in both motile and non-motile cilia and associated with basal 

bodies, may emanate from the middle of the TZ and extend proximally towards 

the cell nucleus (Ward et al. 1975; Perkins et al. 1986). A large coiled-coil 

protein, rootletin/ciliary rootlet coiled-coil (CROCC), polymerizes laterally to form 

striated rootlets (Yang et al. 2002; Yang and Li 2006). Striated rootlets are 

required for stability of the cilium and may be required for docking cilia targeted 

vesicles (Yang and Li 2005; Yang et al. 2005). In the absence of rootletin, 

striated rootlets disappear and the outer segments of mouse photoreceptor cells 

degenerate over time (Yang et al. 2002; 2005).  For more details on striated 

rootlets and rootletin, please refer to Section 1.9 and Chapter 3. 

1.2.4. Periciliary membrane compartment 

At the very base of the cilium, an invagination of the plasma membrane 

forms a structure called the ciliary pocket/periciliary membrane compartment 

(PCMC) (Figure 1.3). In C. elegans, the PCMC houses the transition fibers and 

striated rootlets (Kaplan et al. 2012; Benmerah 2013; He et al. 2012). The 

PCMC/ciliary pocket, sometimes called the flagellar pocket, is a specialized 

compartment enriched with clathrin-coated pits, required for endocytosis and 

exocytosis of ciliary targeted vesicles (Kaplan et al. 2012; Molla-Herman et al. 

2010). Before their entry into the cilium, cilia-targeted vesicles fuse to the PCMC 

through the action of exocytosis components, such as SNAP-25, Syntaxin-3, 

exocyst complex, etc. (Mazelova et al. 2009b; Hsiao et al. 2012; Nachury et al. 

2010). Evidence from photoreceptors and C. elegans show that the PCMC/ciliary 

pocket is a docking site for IFT proteins (Kaplan et al. 2012; Ghossoub et al. 

2011; Bloodgood 2012). Studies in C. elegans have shown that endosome-
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associated proteins, signal-transducing adaptor molecule 1 (STAM-1), 

hepatocyte growth factor regulated tyrosine kinase substrate (HGRS-1), localize 

to the ciliary base, reminiscent of the PCMC in male sensory cilia, and are 

required for the ciliary localization of polycystins (Hu et al. 2007). Another study 

in C. elegans, using in vivo time-lapse movies, has shown the dynamic 

movement of RAB-5::GFP, presumably on vesicles moving from the PCMC 

towards the cell body (Kaplan et al. 2012). Although the PCMC is required for the 

docking, sorting and assembly of IFT components and signalling proteins 

(Kaplan et al. 2012 and presented in this dissertation), disruption of proteins that 

localize to, and presumably function in, the PCMC, do not affect ciliogenesis per 

se. For example, mutations in dpy-23, the C. elegans AP-2 clathrin adaptor 

protein, did not affect ciliogenesis in C. elegans but defects in the size of the 

PCMC and the velocity of OSM-3 kinesin motor were observed (Kaplan et al. 

2012). Further investigations into the components of this compartment may shed 

light on its role in maintaining ciliary function.  



 

 

11 

 

Figure 1.3 Ciliary sub-domains 
Cilia are nucleated by a basal body (represented in dashed lines because they degenerate in C. 
elegans), the distal region of which contains TFs that make connections to the membrane. Distal 
to the TFs is the transition zone (TZ), distinguished by Y-links that make connections from the 
microtubules to the membrane. The TFs and the TZ together form the ciliary gate. Distal to the TZ 
is the ciliary proximal segment, which are made up of 9 doublet microtubules and then is the 
distal segment, which are made up on 9 singlet microtubules. IFT motors proteins (kinesin-II and 
OSM-3-kinesin) carry IFT-A, IFT-B, BBS proteins and cargoes within the cilium. The periciliary 
membrane compartment, at the base of cilia, is the site of ciliary protein delivery and assembly. 
Figure adapted from Williams et al., 2011. 
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1.2.5. Ciliary axoneme 

The most prominent feature of both motile and primary cilia is the 

microtubule-based backbone called the ‘axoneme’ (Figure 1.3 and 1.4). This 

backbone is housed inside the ciliary membrane, which is continuous with and 

distinct from the plasma membrane of the cell. The axoneme is composed of 

nine annular doublet microtubules made up of α- and β-tubulin dimers (Figure 
1.4). Each doublet consists of an A tubule (complete) with 13 protofilaments and 

B tubule (incomplete) with 11 protofilaments, which template from the centriolar-

derived basal body (Perkins et al. 1986; Ward et al. 1975; Ware et al. 1975). In 

addition to the above mentioned ciliary domains and structures (axoneme, TZ, 

TFs, BB, PCMC and rootlets), motile cilia possesses additional components 

required for its locomotory function, described below (Figure 1.4) (Steffen and 

Linck 1988; Nicastro 2006).  

Almost all motile cilia possess an axoneme structure of ‘9+2’ arrangement, 

with an outer doublet array of nine microtubules and an inner central pair of 

microtubules (Figure 1.4). Apart from the central pair, the motile axoneme have 

inner and outer arms of dynein (ODA, IDA), radial spokes, tektins and central pair 

projections which generate and regulate the force required for motility (Figure 
1.4) (Pedersen and Rosenbaum 2008; Satir and Christensen 2007).  

Primary cilia, on the other hand, have an axonemal structure of ‘9+0’ 

arrangement with no central pair or accessory proteins (Figure 1.4) (Pedersen 

and Rosenbaum 2008; Satir and Christensen 2007).  
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Figure 1.4 Axonemal structures of motile and non-motile/primary cilia 
(A) Motile cilia typically possess a ‘9+2’ arrangement with a doublet array of 9 microtubules and 2 
inner singlet microtubules called the central pair. In addition to the microtubules, motile cilia have 
accessory structures such as outer dynein arms (ODA), inner dynein arms (IDA) and radial spoke 
protein (RSP) that help provide motility. (B) Non-motile cilia on the other hand do not have these 
accessory proteins or the central pair. They typically possess a ‘9+0’ arrangement with a doublet 
array of 9 microtubules. Figure adapted from Pederson and Rosenbaum, 2008 
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1.3. The cilia of Caenorhabditis elegans 

 The microscopic nematode, Caenorhabditis elegans, has emerged to be a 

powerful and robust model system. It is a free-living nematode mostly found in 

rotting fruits and vegetables. Sydney Brenner in 1963, established C. elegans as 

a model system using a strain that he isolated from Briston, UK (referred to as 

N2). It is the first multicellular organism whose 100Mb genome was sequenced. 

In 1977, John Sulston and colleagues determined the fate of every somatic cell 

(959 in hermaphrodite and 1031 in the adult male) in C. elegans. Its ease of 

maintenance, genetic manipulation and the ability to perform in vivo imaging, due 

to its transparency, catapulted the use of C. elegans as a popular model 

organism. Despite its size and simple neurological anatomy (302 neurons), this 

animal displays a large repertoire of behaviors including locomotion, foraging, 

feeding, defecation, egg laying, dauer larva formation, sensory responses to 

touch, smell, taste and temperature, a large majority of which are regulated by 

their primary cilia (Inglis et al. 2007).  

 

C. elegans undergo four larval molt stages before they reach adulthood 

(Figure 1.5). These stages are referred to as L1, L2, L3 and L4 and in each 

stage a new cuticle is synthesized and the old one is shed (Figure 1.5). If the 

environmental conditions are not favorable for growth, the animal enters a 

dormant state called the dauer stage (Figure 1.5). Environmental factors include 

the presence of dauer pheromone (indicative of high population density), food 

scarcity and high temperature. The entrance into this arrested state is also 

dependent on ciliary function. 
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Figure 1.5 Caenorhabditis elegans life cycle 
C. elegans undergoes 4 larval molt stages before reaching adulthood. These stages are called 
L1, L2, L3 and L4. Ciliogenesis occurs during the final hours of ex utero development (between 
and 2-fold and 3-fold stage). The entire life cycle takes a little over 2 days. Figure adapted from 
WormAtlas (Altun and Hall. 2005). 
 

 

 Nematodes, including C. elegans, are the only known animal species that 

possess exclusively primary (non-motile) cilia. They are required for almost all 

physiological functions such as lifespan, motility, reproduction and behavior 

(Ward 1973; Dusenbery et al. 1975). The ciliated cell types in C. elegans are the 

60 sensory neurons, which make up a substantial portion (~1 in 5) of the 302 

neurons present in the nematode (Ward et al. 1975; Ware et al. 1975; Perkins et 

ciliogenesis



 

 

16 

al. 1986). These sensory neurons are mainly present in the head and tail regions 

of the worm (Figure 1.6). They extend dendrites which terminate in diverse 

ciliary structures and are characterized according to their position and function 

(see below, Figure 1.6, 1.7 and Table 1.1) (Ward et al. 1975; Ware et al. 1975; 

Perkins et al. 1986). Ciliogenesis in C. elegans occurs between the 2-fold and 

the 3-fold stage when a transcriptional up-regulation of ciliary genes is observed 

(Figure 1.6) (Swoboda et al. 2000; Phirke et al. 2011). Interestingly, C. elegans 

spermatozoa, unlike other organisms, do not possess a motile flagellum and 

depend on amoeboid movement to reach the oocyte (Nelson et al. 1982).  

 

 Contrary to other ciliated organisms, C. elegans basal bodies degenerate 

almost completely after ciliogenesis, with the exception of transition fibers 

(Perkins et al. 1986).  Although the exact time of the basal body degeneration 

has not been investigated, evidence suggests that it may degenerate with the 

initiation of ciliogenesis (www.wormimage.org). When the L1 larvae hatch from 

the embryos, the basal bodies are fully degenerated (through personal 

correspondence with Dr. Oliver Blacque). Centriolar proteins that localize to the 

distal end of the basal bodies and required for ciliogenesis, such as hydrolethalus 

syndrome protein 1 (HYLS-1), are retained in the nematode basal body but other 

centriolar proteins required for cell division, such as SAS-6 and SAS-4, are lost 

(Dammermann et al. 2009). The location of HYLS-1 coincides with that of the 

TFs. This structure, found at the distal end of basal bodies from all examined 

eukaryotes, therefore constitutes a remnant of the basal body and is sufficient for 

maintaining ciliary function in C. elegans. 

 



 

 

17 

 

 

Figure 1.6 Ciliated cells in C. elegans 
All C. elegans cilia are non-motile. These are present on the 60 ciliated sensory neurons situated 
mostly in the head (amphid) and in the tail (phasmid) of the worm. The head neurons extend 
dendrites towards the tip of the nose where they terminate in diverse ciliary structures. Figure 
adapted from Inglis et al.,2007 

 

1.3.1. Amphid and phasmid neurons 

 Amphids and phasmids are a collection of neurons situated in the head and 

tail of the worm respectively, and are the major chemosensory organ in C. 

elegans. The cell body of amphid neurons extends axons that synapse at the 

nerve ring, the central brain mass of the worm, and dendrites towards the tip of 

the nose where they terminate in cilia (Inglis et al. 2007; Perkins et al. 1986; 

Ward et al. 1975; Ware et al. 1975). The amphid cilia are structurally diverse in 

nature, ranging from single rod (ASE, ASG, ASI, ASH, ASJ, ASK), double rod 

(ADL, ADF) which are ~7 - 8µm in length, to structures with unique membrane 

elaborations such as wing cilia (AWA, AWB, AWC) and finger cilia (AFD) (Figure 
1.7) (Ward et al. 1975; Perkins et al. 1986; Ware et al. 1975). The single and 
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double rod cilia are exposed to the environment, extending through a channel 

created by the surrounding socket cells, and thus called channel cilia (Perkins et 

al. 1986). On the other hand, the winged and finger cilia are surrounded by 

sheath cells and are not exposed to the environment. Phasmid neurons (PHA, 

PHB) are situated posterior to the anus and extend dendrites that terminate in 

single rod cilia that, similar to amphid channel cilia, are exposed to the 

environment (Hall and Russell 1991).  

 

 A large part of this dissertation is focused on the amphid channel cilia - 

single and double rod cilia. They possess a different axonemal structure 

compared to what was described in Section 1.2.5. The axonemes of these cilia 

can be divided into two parts based on their microtubule organization. The 

transition zone, at the base of the axoneme, is followed by the ‘proximal/middle 

segment’ characterized by a circular array of nine doublet microtubules made up 

of A and B tubules. At the end of the proximal segment, only A tubules extend 

further to form the ‘distal segment’ characterized by a circular array of nine 

singlet microtubules (Ward et al. 1975; Ware et al. 1975; Perkins et al. 1986). 

This axonemal organization in C. elegans is similar to olfactory sensory neurons 

(OSNs), renal and pancreatic cells in humans and the flagella of mating 

Chlamydomonas (Mesland et al. 1980; Reese 1965; Inglis et al. 2007). Please 

refer to Table 1.2 for details of amphid cilia and their functions. 

1.3.2. Inner and outer labial neurons 

 The inner labials (IL1, IL2), a set of 6 cells, extend dendrites that terminate 

in cilia in the 6 ‘lips’ that surround the mouth of the worm (Figure 1.7). They 

possess cilia shorter than the channel cilia and are typically made up of 5 - 7 

doublet microtubules. Similar to the channel cilia, IL2 cilia are also exposed to 

the environment through an opening in the cuticle (Ward et al. 1975; Ware et al. 
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1975; Perkins et al. 1986). The outer labials consist of 2 lateral (OLL) and 4 

quadrant outer labial (OLQ) neurons. Similar to inner labials they extend 

dendrites that terminate in cilia in the dorsal and ventral lips of C. elegans 

(Figure 1.7). Their axonemal structures of ILQ cilia are unique, they possess 

cross-links between 4 of the 9 microtubule doublet (Ward et al. 1975; Ware et al. 

1975; Perkins et al. 1986). The inner and outer labial cilia are involved in 

mechanosensation (Hart et al. 1995; Kaplan and Horvitz 1993). Please refer to 

Table 1.2 for details. 

The IL1, OLL and OLQ cilia, along with the CO2 sensing BAG cilia (see 

below) have an additional structure, the striated rootlet, that emanates from the 

base of the cilium and extends proximally towards the cell nucleus (Ward et al. 

1975; Perkins et al. 1986; Hallem and Sternberg 2008). Striated rootlets are 

made up of polymerized coiled-coil protein, rootletin, and are thought to be 

required for the stability of cilia. For a more detailed description on striated 

rootlets refer to Section 1.8 and Chapter 3. 

1.3.3. Pseudocoelomic neurons 

Two cell types, AQR (head) and PQR (tail) extend dendrites which 

terminate in cilia exposed to the pseudocoelomic cavity of the worm (Ward et al. 

1975; Perkins et al. 1986; Ware et al. 1975). Although very little is know about 

the ultrastructure of these cilia, they are required for oxygen sensation and social 

feeding (Hall and Russell 1991; Cheung et al. 2005). Please refer to Table 1.2 

for details. 
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1.3.4. Deirid and cephalic neurons 

The deirid neurons, ADE and PDE, are paired neurons present in the 

head and in the tail of the worm respectively. The cephalic neurons (CEP) 

consist of a set of 4 cells in the head (Figure 1.7) (Ward et al. 1975; Ware et al. 

1975). These 8 neurons make up the dopaminergic system of the hermaphrodite 

and are required for mechanosensation (Sulston et al. 1975). Please refer to 

Table 1.2 for details. 

1.3.5. Additional ciliated and male specific neurons 

 Apart from the above mentioned ciliated neurons, the BAG and FLP 

neurons also possess cilia at their dendritic tip that terminate at that anterior end 

of the worm. Their cilia are more complex in structure described as ‘bags’ and 

‘flaps’ through EM reconstruction (Figure 1.7) (Ward et al. 1975; Ware et al. 

1975; Perkins et al. 1986). Although not much is known about the ultrastructure 

of these cilia, BAG cilia are required for CO2 sensation and acute avoidance 

(described more in detail in Chapter 3) and FLP cilia are required for 

mechanosensation (Hallem and Sternberg 2008; Kaplan and Horvitz 1993). 

Please refer to Table 1.2 for details. 

In addition to the 60 ciliated neurons in the hermaphrodite, males have 52 

additional neurons, 48 of which are known to be ciliated (Inglis et al. 2007; 

Sulston et al. 1980). The majority of these are present in the male tail and are 

required for sensory functions such as mating and chemotaxis (Peden and Barr 

2005). 
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Figure 1.7 Diverse ciliary structures in C. elegans 
C. elegans have diverse ciliary structures that range from simple rod-like cilia to highly modified 
cilia, with unique membrane elaborations, adapted to perform different sensory functions (See 
Table 1.1 for details. Figure adapted from WormAtlas (Altun and Hall. 2005) 

 

 Table 1.1 Listed are details of ciliated sensory neurons of C. elegans 
hermaphrodite 

 
Table adapted from (Inglis et al. 2007) 

 

 Category Cilia Structure Number Function Striated 
Rootlet 

Dyefill, 
DiI 

 
 
 
 
 
 
 
 
 
 
 

Amphids 
 

AWA Winged 2 Chemo-attraction No No 

AWC 2 No No 

AWB 2 Chemo-repulsion No No 

AFD Finger  2 Thermo-sensation No No 

ASE  
 
 
 

Single Rod 

2  
Chemo-attraction 

No No 

ASG 2 No No 

ASI 2 No Yes 

ASK 2 No Yes 

ASH 
Polymodal 

2 Mechanosensation 
Chemo-repulsion 
Osmo-repulsion 

 
No 

 
Yes 

ASJ 2 Dauer recovery No Yes 

AQR 1 Oxygen sensation   

ADL Double Rod 2 Chemo-repulsion No Yes 
ADF 2 Dauer entry No Yes 
ADE - 2 Basal slowing No No 

Other 
URX? 

BAG Bag Shape 2 CO2 avoidance Yes No 

FLP Flap Shape 2 Mechanosensation No No 

Labials IL  
 
 
 

Single Rod 

IL1 6 Mechanosensation Yes No 
IL2 6 Chemo-sensation? No Yes 

OL OLL 2 Mechanosensation? No No 
OLQ 4 Mechanosensation and  

basal slowing? 
Yes No 

Cephalic CEP 4 Basal slowing response No No 

 
 

Phasmids 
 

PHA 2 Chemo-repulsion No Yes 

PHB 2 No Yes 

PQR 1 Oxygen-sensation   

PDE - 2 Basal slowing No No 
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1.4. Intraflagellar transport 

The biogenesis of cilia is critically dependent on intraflagellar transport 

(IFT), a motor-driven process that mobilizes ciliary precursors from the basal 

body to the growing end of the cilium (Hao and Scholey 2009; Pedersen and 

Rosenbaum 2008). IFT was first observed, in 1993, in C. reinhardtii flagella and 

described as a ‘rapid bidirectional movement of granule-like particles along the 

length of the flagella’ (Kozminski et al. 1993). This discovery marked the 

beginning of the molecular revolution to understand the importance and 

implications of cilia. TEM analysis of IFT in Chlamydomonas were observed as 

particles arranged as linear arrays that seem to contact the ciliary membrane and 

the outer doublet microtubules, also called IFT trains (Figure 1.8) (Kozminski et 

al. 1993).  Recently, in studies using electron tomographic analysis on 

Chlamydomonas flagella, these trains were further grouped into two categories; 

long (~700nm), less frequently observed (every ~40nm) trains and short 

(~250nm), more frequently observed (every ~16nm) trains. These long and short 

trains were further thought to contribute to anterograde and retrograde transport 

respectively (Figure 1.8) (Pigino et al. 2009). 
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Figure 1.8  IFT trains in Chlamydomonas reinhardtii 
IFT trains in Chlamydomonas flagella seen through EM tomography and TEM. White arrows point 
to short retrograde IFT trains and black arrows point to long anterograde IFT trains. Short black 
lines mark the extremities of the long trains. IFT trains connect the microtubule doublets to the 
membrane. Figure adapted from (Kozminski et al., 1993 and Pigino et al., 2009). 
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ciliary base

ciliary tip
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1.4.1. IFT particles 

 The ‘granule-like particles’ present on each train were identified to be two 

biochemically distinct protein subcomplexes termed IFT subcomplex A (IFT-A) 

and IFT subcomplex B (IFT-B) (Piperno and Mead 1997; Cole et al. 1998). This 

expanding list now consists of 20 proteins that move together in the cilium. IFT 

proteins are conserved in all ciliated organisms and enriched in protein-protein 

interaction domains (Cole 2003; Avidor-Reiss et al. 2004). These two complexes 

play complementary and functionally distinct roles in the cilium (Table 1.2) (Hao 

and Scholey 2009; Pedersen and Rosenbaum 2008). The IFT-B complex 

consists of 14 proteins (including OSM-5/IFT88/Tg737/Polaris, OSM-6/IFT52, 

DYF-11, etc.) required for cilium biogenesis and maintenance; in the absence of 

IFT-B complex proteins cilium assembly is disrupted (Fujiwara et al. 1999; 

Pazour et al. 2000; Collet et al. 1998; Brazelton et al. 2001; Cole 2003; Follit et 

al. 2006; Pedersen and Rosenbaum 2008; Haycraft et al. 2001; Perkins et al. 

1986). For example, IFT88/OSM-5 was identified as a core component of IFT-B 

complex required for ciliogenesis; in the absence of OSM-5, ciliogenesis does 

not occur in all ciliated organisms tested (Pazour et al. 2000; Qin et al. 2001). 

The disruption of IFT88/OSM-5/Tg737 was also the first evidence linking 

autosomal recessive polycystic kidney disease to cilia (Qin et al. 2001; Pazour et 

al. 2000). Another IFT-B complex protein, IFT70/DYF-1/fleer is required for 

tubulin polyglutamylation and building the distal outer B tubule in Tetrahymena 

thermophila, C. reinhardtii, zebrafish and C. elegans (Table 1.2) (Fan et al. 2010; 

Dave et al. 2009; Pathak et al. 2007). The IFT-A complex consists of 6 proteins 

(including CHE-11, DAF-10, etc.) and defects in IFT-A proteins resemble 

retrograde mutants, where abnormal bulges are observed at the ciliary tip (Table 
1.2) (Efimenko et al. 2006; Tsao and Gorovsky 2008; Iomini et al. 2009; Perkins 

et al. 1986; Pedersen and Rosenbaum 2008; Cole 2003; Piperno et al. 1998). 
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 Genetic analyses have identified several other proteins, which localize to 

the cilium and undergo IFT, that are activators or regulatory proteins; for example 

DYF-1/fleer, apart from being a core IFT-B component, also associates with and 

activates the anterograde OSM-3 kinesin motor (Ou et al. 2005; Pathak et al. 

2007). DYF-5/LF4p, a MAP kinase, is required for the removal of kinesin-II from 

IFT particles during the transition from middle to distal segments and the 

association of OSM-3 kinesin to the IFT particles (Burghoorn et al. 2007). IFT-20 

is the only known IFT protein that localizes to the Golgi as well as the cilium and 

is required for the trafficking of opsins to the outer segment in photoreceptors 

(Follit et al. 2006; Keady et al. 2011).  

  

 Although not many IFT cargoes (defined as IFT-associated proteins that are 

not required for IFT motility) have been identified, IFTA-2/IFT22, a Rab-like 

protein, recently shown in C. elegans to be involved in signaling through insulin-

like growth factor pathway (Schafer 2006). OSM-9 and OCR-2 are TRP-type 

channels which were the first to be visualized as IFT-cargo in C. elegans (Tobin 

et al. 2002). TUB-1, homolog of mammalian tubby, is also an IFT-cargo 

associated with obesity phenotype in mouse (Kleyn et al. 1996). TUB-1 was 

found to be transported in both dendrites and the cilium and is required for lipid 

homeostasis, lifespan and chemotaxis (Mukhopadhyay et al. 2005). IFT25, a 

phosphoprotein, was recently identified as an IFT-B protein that interacts with 

IFT27 and is dispensable for ciliogenesis, but is involved in the entry/exit of 

hedgehog signaling (Hh) proteins in the cilium (Wang et al. 2009; Keady et al. 

2012). Therefore, IFT proteins are not only required for building and maintaining 

the ciliary structure, but are also crucial for ciliary signalling.  
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1.4.2. IFT motors 

 The cilium, being a microtubule based structure, employs molecular motors 

that drive IFT (Scholey 2003; Rosenbaum and Witman 2002; Pedersen and 

Rosenbaum 2008). Analysis in C. reinhardtii revealed that anterograde IFT 

(transport from ciliary base to the tip), is carried out by a kinesin-II (KIF3) motor 

and is crucial for the formation of cilia (Walther et al. 1994; Kozminski et al. 1995; 

Cole et al. 1998). In most organisms, kinesin-II is solely responsible for 

ciliogenesis and IFT, however in C. elegans, two different kinesin-II family of 

motors, heterotrimeric kinesin-II (composed of the kinesin-like proteins KLP-

11/KIF3B and FLA10/KLP-20/KIF3A and the kinesin-associated protein KAP-1) 

and homodimeric OSM-3 (KIF17) kinesin, are involved in anterograde transport 

(Table 1.2) (Evans et al. 2006; Pan et al. 2006; Snow et al. 2004). The two 

kinesin motors cooperate to build the channel cilia in C. elegans. Kinesin-II and 

OSM-3 function redundantly to build the proximal segment and to carry the IFT 

machinery (Figure 1.9). The slower motor, kinesin-II (~0.5µm/s), produces a 

drag force on the faster motor, OSM-3 (~1.2µm/s), making the IFT machinery 

move at an intermediate velocity of ~ 0.7µm/s in the middle segment (Ou et al. 

2005; Snow et al. 2004; Ou et al. 2007; Inglis et al. 2009). However, at the end of 

the middle segment, kinesin-II dissociates from the IFT machinery and is 

recycled back to the base. In C. reinhardtii, the retrograde movement of kinesin-II 

is independent of dynein and occurs presumably by diffusion (Engel et al. 2012). 

OSM-3 motor then carries the IFT machinery to the ciliary tip and builds the distal 

segment (Figure 1.9) (Ou et al. 2007; 2005; Evans et al. 2006; Snow et al. 2004; 

Inglis et al. 2009). Therefore, in the absence of kinesin-II, OSM-3 can build a full 

length cilium and the IFT particles movie in the faster OSM-3 velocity, and in the 

absence of OSM-3 motor, kinesin-II can only build the middle segments, the 

distal segments are absent, and IFT proteins travel in the slower kinesin-II 

velocity (Figure 1.9) (Evans et al. 2006; Inglis et al. 2009).  Although OSM-3 
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kinesin is found in many other organisms including humans, this dual motor 

coordination has been widely studied in the amphid and phasmid channel cilia of 

C. elegans (Evans et al. 2006; Ou et al. 2005).  

 

 Genetic studies have also revealed that OSM-3 and kinesin-II motor 

proteins are important for ciliary diversity and function (Evans et al. 2006; Snow 

et al. 2004; Mukhopadhyay et al. 2007). Compared to channel cilia, OSM-3 motor 

is not required to build distal segments in AWB cilia (Mukhopadhyay et al. 2007). 

The authors speculate about the existence of another motor protein found 

specifically in the AWB cilia that functions redundantly with OSM-3 motor 

(Mukhopadhyay et al. 2007). Apart from kinesin-II and OSM-3 motors, an 

additional anterograde motor, KLP-6/KIF28, was discovered to play a role in C. 

elegans male specific cilium. KLP-6 is a kinesin-3 family protein that functions 

along with kinesin-II motor and regulates ciliary trafficking of polycystin-2 (PKD-2) 

receptor to the cilium in male specific CEM cilia in C. elegans (Peden and Barr 

2005; Morsci and Barr 2011). Evidence from my experiments in Chapter 4, also 

indicates the presence of a third anterograde motor that can build the cilium.  

 

 Dyneins are molecular motors that are directed towards minus end of 

microtubules and are involved in retrograde transport in polarized cells (Hirokawa 

1998). Dyneins are broadly classified as cytoplasmic and axonemal (Vale 2003). 

Axonemal dyneins are specifically localized to the motile ciliary axoneme and 

function as force generating components required for motility (Kamiya 2002). 

Cytoplasmic dyneins are of two types, cytoplasmic dynein 1, which is required in 

mammalian cells for intracellular transport and cell division, and cytoplasmic 

dynein 1b/2, sometimes called IFT dynein, which is required for retrograde IFT 

transport (Vale 2003). Ciliary components are trafficked from the Trans-Golgi 

Network (TGN) by cytoplasmic dynein 1 to the ciliary base in rod photoreceptor 

cells (Wang et al. 2012; Horgan et al. 2010). First identified in sea urchin, the 
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cytoplasmic dynein 1b/2 (DYNC2) is the ciliary retrograde motor (Gibbons et al. 

1994; Pazour et al. 1998; 1999; Porter et al. 1999).  It is a large complex of 

proteins made up of multiple subunits, including; heavy chain (CHE-3), light 

intermediate chain (XBX-1), light chain (Tctex-1, LC8) (Wicks et al. 2000; 

Perrone et al. 2003; Schafer et al. 2003; Palmer et al. 2011; Pazour et al. 1998; 

Hou et al. 2004; Porter et al. 1999). Cytoplasmic dynein is carried to the tip of the 

cilium by anterograde IFT, where is becomes activated and transports the IFT 

machinery back to the basal body docking site (Figure 1.9). In the absence of 

dynein, very short cilia with no IFT and large accumulations at the tip are 

observed (Figure 1.9) (Inglis et al. 2009; Wicks et al. 2000; Perrone et al. 2003; 

Schafer et al. 2003; Palmer et al. 2011; Pazour et al. 1998; Hou et al. 2004; 

Porter et al. 1999). Dynein commonly associates with its accessory dynactin 

complex that stabilizes the motor, but there is no evidence thus far indicating a 

role of dynactin in retrograde transport in the cilium (Vallee et al. 2004).  

 

 Although cytoplasmic dynein 1b/2 is the known ciliary retrograde motor, 

recently several new dynein genes have been identified in C. elegans that play 

cell specific roles, including three new light chains; DYLT-1 in ADF cilia, DLT-2 in 

ASE cilia, and DYRB-1 in OLQ cilia and a new dynein heavy chain, DHC-3, was 

identified and can substitute for CHE-3 in OLQ cilia (Efimenko et al. 2005; Hao et 

al. 2011a). Therefore, one must keep in mind the possibility that motors, in 

addition to the known anterograde and retrograde motors, may be involved in the 

formation, function and specification of cilia. 

1.4.3. BBS complex 

 Subsequent genetic, cell biology and biochemistry approaches have 

revealed a third conserved IFT-associated protein complex (Ou et al. 2007; 2005; 

Blacque et al. 2004; Nachury et al. 2007). Out of the 16 known BBS proteins 
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linked to the multisymptomic Bardet-Biedl Syndrome, 7 of them (BBS1, BBS2, 

BBS4, BBS5, BBS7, BBS8 and BBS9) form a complex called the BBSome and 

undergo intraflagellar transport (Nachury et al. 2007; Ou et al. 2005; Blacque et 

al. 2004; Ou et al. 2007). Studies in C. elegans show that the BBS proteins 

modulate the cooperation between kinesin-II and OSM-3 motors in the proximal 

segment of the axoneme (Figure 1.9) (Blacque et al. 2004). BBS mutants show 

a separation of IFT-A and IFT-B subcomplexes in the axoneme and a loss of the 

intermediate velocity (0.7µm/sec) in the middle segment (Ou et al. 2005; Blacque 

et al. 2004; Inglis et al. 2009; Ou et al. 2007). More specifically, kinesin-II motor 

and IFT-A complex proteins travel at the kinesin-II velocity (~0.5µm/sec) in the 

proximal segment and OSM-3 motor and IFT-B complex proteins travel at the 

OSM-3 kinesin velocity (~1.2µm/sec) throughout the cilium (Figure 1.9) (Ou et al. 

2005; Blacque et al. 2004; Inglis et al. 2009; Ou et al. 2007). The BBSome is also 

involved in the trafficking of ciliary proteins to the cilium. The BBSome forms a 

coat complex through its effector Arl6/BBS3 and is required for the localization of 

ciliary receptors such as somatostatin receptor 3 (SSTR3) and melanin-

concentrating hormone receptor 1 (MCHR1) in mammalian cells and OSM-9 in 

C. elegans to the cilium (Jin et al. 2010; Berbari et al. 2008b; Tan et al. 2007). 

Briefly, the BBSome modulates the transport of proteins to the ciliary base 

through its interaction with Rab8/Sec4, a GTPase, and its exchange factor, 

Rabin8/Sec2 (Nachury et al. 2007). IFT54/elipsa/DYF-11/MIP-T3 was recently 

identified as an IFT-B complex protein that interacts with IFT-20 and Rab8, 

through its effector rabaptin5/RABEP1 and is required for the localization of 

PKD2 and OSM-9 to the cilium (Follit et al. 2009; Omori et al. 2008; Li et al. 

2008; Follit et al. 2006). For a detailed description of regulation of transport of 

proteins to cilia, refer to Section 1.6. 
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1.4.4. Other functions of IFT proteins 

 Intriguingly, IFT proteins seem to have independently evolved to play a role 

at the immune synapse, an interface between an antigen presenting cell and a 

lymphocyte (Finetti et al. 2009). Similar to ciliated cells, IFT20 is found to localize 

to the microtubule-organizing center (MTOC), Golgi and post-Golgi vesicles of 

non-ciliated T-lymphocytes. During the formation of the immune synapse, IFT20 

translocates along with MTOC and the Golgi to the immune synapse where it 

clusters and associates with T-cell receptor, TCR/CD3, and is implicated in the 

trafficking of TCR from the Golgi to the synapse (Finetti et al. 2009). The 

specialized membrane patch of the T-cell with the MTOC juxtaposed below it 

could be analogous to a primary cilium. Therefore the parallels between an 

immune synapse and a primacy cilium are striking, and molecular 

characterization of one could predictably inform the other (Finetti and Baldari 

2013).   
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Figure 1.9  IFT motor coordination in wild-type and mutant amphid channel cilia 
In wild-type animals, kinesin-II and OSM-3 motors work in coordination to build the in the middle 
segment and transport IFT proteins at an intermediate velocity of ~0.7µm/sec, OSM-3 kinesin 
works alone to build the distal segment, transporting IFT particles at ~1.3µm/sec. In kinesin-II 
mutants (klp-11 and kap-1), OSM-3 motor can build a full-length cilium and transport IFT particles 
at ~1.3µm/sec throughout the cilium. In osm-3 mutants, kinesin-II can only build the middle 
segments and transport IFT particles at ~0.5µm/sec. In dynein mutants (che-3 and xbx-1), short 
cilia with large accumulations of IFT proteins at the tip are observed. In BBS mutants, the motor 
proteins are split and not coordinated anymore. IFT-A proteins are transported by kinesin-II in the 
middle segment at ~0.5µm/sec and IFT-B proteins are transported by OSM-3 motor in the middle 
segments at ~1.3µm/sec. In the distal segments, IFT-A proteins do not enter and IFT-B proteins 
are transported by OSM-3 motor at ~1.3µm/sec. In BBS mutants we also observe accumulations 
of IFT proteins at the tip and at the junction between the middle and distal segments. Figure 
adapted from Inglis et al., 2009 
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Table 1.2 Listed are components of the intraflagellar transport machinery  

 

IFT 
component 

Protein name Caenorhabditis 
elegans 

Chlamydomonas 
reinhardtii 

Homo 
sapiens 

Kinesin-2  
Heterotrimeric 

KLP-20 
KAP-1 
KLP-11 

FLA10 
FLA8 
FLA3 

KIF3A 
KIF3B 
KAP3 

Kinesin-2 Homodimeric OSM-3 - KIF17 
Cytoplasmic 
Dynein 1b/2 

Heavy chain CHE-3 DHC1B DYHC2H1 
Heavy chain DHC-3 - - 

Intermediate chain DYCI-1 FAP133 WDR34 
Light intermediate 

chain 
XBX-1 D1BLIC DYNC2LI1 

 
Light chain 

DLC-1 LC8 
FLA14 

DYNLL1 

LIGHT CHAIN 
TCTEX-1 

DYLT-1 - - 
DYLT-2 or  XBX-2 - - 

 
 
 

IFT complex 
A 

 DYF-2 IFT144 WDR19 
 CHE-11 IFT140 IFT140 
 ZK328.7 IFT139 THM1 or 

TTC21B 
 DAF-10 IFT122, FAP80 IFT22 or 

WDR10 
 IFTA-1 IFT121 WDR35 
 - IFT43 IFT43 or 

C14orf179 
 

IFT complex 
A -  

accessory 
protein 

 

  
TUB-1 

 
TLP1 

 
TULP3 

 
 
 
 
 
 

IFT complex 
B 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 OSM-1 IFT172 IFT172 
Polaris OSM-5 IFT88 Tg737 

 IFT-81 1FT81 IFT81 
 CHE-2 IFT80 IFT80 

WDR56 
 IFT-74 1FT74, 

IFT72 
IFT74 
IFT72 

Fleer DYF-1 IFT70 
FAP259 

TTC30A 
TTC30B 

Hippi CHE-13 IFT57 IFT57 
 

Elipsa 
 

DYF-11 
IFT54 

FAP116 
IFT54 

TRAF3IP1 
MIPT3 

 OSM-6 IFT52 
BLD1 

IFT52 
NGD5 

 DYF-6 IFT46 IFT46 
C11orf60 

 - IFT27 IFT27 
RABL4 

 - IFT25 
FAP232 

IFT25 
HSPB11 

 IFTA-2 IFT22 
FAP9 

RABL5 

 IFT-20 IFT20 IFT20 
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Table adapted from (Ishikawa and Marshall 2011)          

    

1.5. Regulation of ciliogenesis 

Ciliogenesis is a complex process that requires temporally controlled 

synthesis and assembly of large macromolecular structures. Cilium assembly 

and disassembly has three potential checkpoints the cell utilizes to regulate 

these processes. I explain these three checkpoints below. 

1.5.1. Cell cycle control 

In dividing cells, the centrioles act as MTOCs that are eventually inherited by 

the daughter cells. These centrioles then duplicate and, typically at the G1 or G0 

phase, ciliogenesis occurs. For mitosis to begin, the cilium is first disassembled 

and the cell enters mitosis. This cell cycle does not occur in terminally 

differentiated cells such as neurons and multi-ciliated polarized cells, such as 

epithelial cells. Disassembly, or the removal of cilia, can occur in two ways; 

severing prior to entry into mitosis and/or controlled, active microtubule 

disassembly. In the severing mechanism, katanin, a microtubule severing 

protein, is employed to sever doublet microtubules between the basal body and 

the transition zone, thereby freeing the centrioles for cell division (Parker et al. 

 
IFT complex 
B- accessory 

protein 

Qilin DYF-3 FAP22 CLUAP1 

 DYF-13 DYF13 TTC26 

 
 
 

BBSome 

 BBS-1 BBS1 BBS1 
 BBS-2 - BBS2 
 BBS-4 BBS4 BBS4 
 BBS-5 BBS5 BBS5 
 BBS-7 BBS7 BBS7 
 BBS-8 BBS8 BBS8 
 BBS-9 BBS9 BBS9 
 K07C11.10 

Y38H6C.3!
- BBIP10 
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2010). Alternatively, cilia are actively disassembled from their tip though 

signalling pathways that include Pitchfork, a basal body associated protein, and 

human enhancer of filamentation 1 protein (HEF1) through Aurora A kinase. 

Aurora A kinase in turn destabilizes the microtubules by activating histone 

deacetylase 6 (HDAC6), which reduces the levels of stabilized acetylated tubulin 

within the axoneme (Kinzel et al. 2010; Pan et al. 2004; Pugacheva et al. 2007). 

Once the cilium is disassembled, the cell progresses into mitosis.  

 

1.5.2. Transcriptional control 

The regulation of ciliogenesis is also controlled by the transcription of ciliary 

precursor proteins (Thomas et al. 2010). The formation of a cilium involves a 

large amount of ciliary precursor proteins that are synthesized precisely at the 

time of ciliogenesis (Phirke et al. 2011; Blacque et al. 2005; Inglis et al. 2006; 

Swoboda et al. 2000; Efimenko et al. 2005; Chen et al. 2006; Avidor-Reiss et al. 

2004). Proteins on this continuously expanding list are regulated at the 

transcription level by a regulatory factor X (RFX) type transcription factor and, in 

vertebrate motile cilia, by a forkhead box J1 (FOXJ1) transcription factor 

(Swoboda et al. 2000; Blacque et al. 2005; Thomas et al. 2010; Yu et al. 2008). 

RFX-type transcription factors are conserved throughout all eukaryotes. Humans 

and mouse have 5 RFX factors while C. elegans only have one, DAF-19 

(Swoboda et al. 2000). RFX transcription factors are auto-regulatory and have 

DNA binding domains that recognize short ~14bp regulatory sequences called X-

boxes that are located ~100-200bp upstream of the start codon and function to 

initiate transcription (Swoboda et al. 2000). Several novel ciliary genes have 

been identified by searching for the presence or absence of an X-box domain 

(Blacque et al. 2005; Efimenko et al. 2005; Chen et al. 2006; Laurençon et al. 

2007). In C. elegans, DAF-19 is expressed in all ciliated cells during the time of 
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ciliogenesis and the disruption of daf-19 prevents cilium formation (Swoboda et 

al. 2000; Perkins et al. 1986). In vertebrates, FoxJ1 transcription factor is 

required for specialization of motile cilia (Yu et al. 2008). Unlike RFX transcription 

factors, FoxJ1 is not required for the transcription of ‘core’ IFT machinery, but is 

required for the transcription of axonemal dynein and regulators of its assembly 

such as Tektin and outer dynein arm protein, ODA-1 (Jacquet et al. 2009; 

Thomas et al. 2010; Yu et al. 2008; Stubbs et al. 2008). Disruption of FoxJ1 

leads to motile cilia defects that manifest as left-right asymmetry and airway 

defects (Brody et al. 2000). In D. melanogaster, the FoxJ1 transcription factor, 

Fd3F, interacts with the Rfx transcription factor for specialization of the 

mechanocilia in chordotonal cells (Newton et al. 2012). In C. elegans, a forkhead 

transcription factor, FKH-2, is found specifically in the AWB neuron, interacts with 

the RFX transcription factor, DAF-19, for specification of AWB cilia morphology 

(Mukhopadhyay et al. 2007). Therefore, apart from being essential for initiating 

the synthesis of ciliary precursors during ciliogenesis, transcription factors 

themselves have also evolved to specify ciliary morphology in diverse species. 

1.5.3. Intraflagellar transport control 

Ciliogenesis and the maintenance of cilia are also regulated at the level of 

intraflagellar transport. Ciliary precursors, such as tubulin, have to be effectively 

transported to the ciliary tip through IFT (Marshall et al. 2005; Engel et al. 2009). 

This requires regulation of size of the IFT train, flux or periodicity of train entry, 

and selective incorporation of IFT cargo at the ciliary base (Engel et al. 2009 and 

shown in Chapter 3). In a C. reinhardtii growing cilium, larger IFT trains with 

higher cargo carrying capacities are trafficked to the ciliary tip.  As the cilium 

length increases, the size of the IFT train decreases, although the flux of these 

trains remain the same (Engel et al. 2009). The mechanism of regulation of the 

size of IFT trains is unknown, however, their site of regulation could possibly be 
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at the ciliary base, closely associated to the TFs and at the ciliary tip where the 

turn over of ciliary precursors occurs. IFT is therefore a key regulator of ciliary 

length and ciliary maintenance (Ishikawa and Marshall 2011; Wemmer and 

Marshall 2007; Marshall et al. 2005; Engel et al. 2009). Several ciliopathy 

associated proteins, such as Tuberous Scelorsis 1 (Tsc1) (Hartman et al. 2008), 

Retinitis Pigmentosa 1 (RP1) (Omori et al. 2010), Meckel-Gruber Syndrome 

(MKS1 and MKS3/Tmem67) and Nephronophthisis (NPHP4) (Tammachote et al. 

2009; Williams et al. 2010), affect ciliary length and the knockdown of these 

proteins leads to an increase (MKS3, Tsc1) or decrease (RP1, MKS1, NPHP4) in 

ciliary length. 

 

Genetic approaches in C. reinhardtii and C. elegans identified a MAP 

kinase, LF4/dyf-5, that is required for regulating ciliary length (Burghoorn et al. 

2007). Although the mechanism of action of this MAP kinase remains unknown, 

disrupting dyf-5 leads to defects in cilia length, morphology and IFT particle 

movement (Burghoorn et al. 2007). Disruption of the DYF-5 ortholog, male germ 

cell associated kinase (Mak), leads to an increase in the length of the 

photoreceptor cilia and progressive degeneration associated with retinitis 

pigmentosa 1 (Omori et al. 2010; Stone et al. 2011). Another kinase, 

CDK7/CCRK/LF2/dyf-18, at least partially related to DYF-5 human ortholog, was 

identified in a screen for genes up-regulated during the time of ciliogenesis 

(Phirke et al. 2011). As part of my dissertation goal, to identify and characterize 

novel ciliary genes, I studied the ciliary phenotypes caused by disrupting C. 

elegans DYF-18/LF2 (Chapter 4). 
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1.6. Transport to cilia 

 To date, there is no evidence of protein synthesis in the cilium. Therefore, 

ciliary precursors and signalling proteins have to be trafficked to the cilium from 

the Trans-Golgi Network (TGN) through a highly regulated process (Hsiao et al. 

2012). Proteins, synthesized in the cytosol, undergo polarized trafficking to the 

ciliary base and are then selectively imported across a diffusion barrier prior to 

their entry into the cilium.  

 

 Polarized trafficking is a specialized transport mechanism that facilitates 

localization of proteins to their functional and specific cellular compartments 

(Muth and Caplan 2003). It is important for the maintenance and function of cilia, 

and its disruption leads to ciliopathies (Pedersen et al. 2008; Sorokin 1968; 

Hildebrandt et al. 2011; Nachury et al. 2010; Hsiao et al. 2012). Polarized 

trafficking to cilia is mediated by Rabs, monomeric G-proteins, and Arf/Arl small 

GTPases of the Ras superfamily (Das and Guo 2011). The GDP-bound inactive 

Rab proteins are activated by a nucleotide exchange factor (GEF) to its active 

GTP-bound form. Once activated, Rabs then act through several downstream 

effectors to modulate polarized trafficking. Activated Rabs subsequently undergo 

nucleotide hydrolysis back to their inactive GDP-bound form through GTPase 

activating proteins (GAPs) (Figure 1.11) (Stenmark 2009; Das and Guo 2011; 

Grosshans et al. 2006). 

 

 Ciliary proteins can reach their destination through many pathways: (1) 

direct targeting from the TGN to the ciliary base (2) centriollar satellites may act 

as waystations for ciliary trafficking (3) proteins are targeted to a recycling 

endosome where they are sorted and then transported to the ciliary base (4) 

proteins are targeted to the plasma membrane and then undergo lateral diffusion 

into the ciliary membrane. The same group of proteins largely controls all these 
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routes to the cilium. In this section, I briefly describe each group of interacting 

proteins and their methods of regulating ciliary trafficking.  

 

Figure 1.10  Trafficking to and within cilia 

 Ciliary proteins can be trafficked through essentially 4 different routes. The first (pathway 
A) involves direct targeting to the periciliary membrane from the TGN. (1) At the TGN, Arf4 
regulates the budding of vesicles containing ciliary proteins, and Tctex-1 (Dynlt1) binds to a ciliary 
targeting sequence (CTS) of the cargo protein and mediates transport. (2) Additional components 
(Rab8, Asap1, Rab11, FIP3, etc.) and IFT20 also found on these vesicles targeted to the ciliary 
base. (3) Centriolar satellites associated with the basal body, may act as waystations for ciliary 
components (e.g., BBS4, RPGR and Cep290). A second pathway (pathway B) involves, (4) the 
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apical recycling endosome (ARE), as an intermediary trafficking step. (5) In the third route 
(pathway C), some ciliary targeted proteins may be delivered to the apical plasma membrane 
prior to lateral movement into the periciliary membrane area. (6, inset) Once the proteins reach 
the ciliary base, the switch from vesicular trafficking to IFT may involve the interaction between 
Rabaptin5, a Rab8 binding protein, with MIP-T3/elipsa (IFT54/DYF-11) and IFT20. (7) Kinesin 
motor driven anterograde transport moves the IFT-associated cargo into the cilium. (8) Finally, a 
fourth mechanism employing Unc119, Arl3 and RP2 (pathway D) are implicated in trafficking 
post-translationally modified (myristoylated) ciliary cargo from the base of the cilium into the 
organelle. Figure used with permission (pending) from Sung and Leroux. 2013 – Nature Cell 
Biology Review, In Press.  

 

1.6.1. Rabs and their interactors 

 BBS proteins play a key role in vesicular transport to the basal body and 

cilium (Nachury et al. 2007; 2010). The first small GTPase that was identified and 

linked to the ciliopathy, Bardet-Biedl Syndrome, was BBS3/Arl6 (Chiang et al. 

2004; Fan et al. 2004b). BBS3 is found in all ciliated organisms and localizes to 

the distal end of the basal body, closely associating with the TFs, and functions 

to controls the entry of ciliary proteins (Wiens et al. 2010). The BBSome (made 

up of BBS1, BBS2, BBS4, BBS5, BBS7, BBS8 and BBS9) binds to Rabin8, a 

guanine nucleotide exchange factor (GEF) of Rab8, at the ciliary membrane and 

regulates transport of ciliary proteins to cilia (Figure 1.10, 1.11) (Nachury et al. 

2007). The BBSome also interact with BBS3/Arl6, and forms a coat complex that 

regulates the entry of ciliary proteins, including SSTR3 (Jin et al. 2010).   

 

 Rab8 is a small GTPase and is involved in membrane trafficking from the 

TGN and recycling endosomes to the plasma membrane (Huber et al. 1993; Ang 

2004). Disruption of Rab8 in frog photoreceptor cells leads to an accumulation of 

the rhodopsin transport carrier, a tubulo-vesicular structure, at the base of the 

cilium (Deretic et al. 1995; Moritz et al. 2001). Studies in human RPE cells have 

further shown that Rab8 and its effector Rabin8 are required for ciliogenesis 

(Figure 1.11) (Nachury et al. 2007). Rabin8 interacts with BBS1, in the BBSome 

complex, at the membrane and is involved in cargo transport into the cilium 
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(Nachury et al. 2007; Jin et al. 2010). Studies in C. elegans have also shown that 

Rab8 interacts with AP-1/UNC-101, a vesicle coating complex, for localization of 

receptor proteins, such as ODR-10, to the ciliary membrane (Dwyer et al. 2001; 

Kaplan et al. 2010). Another Rab, Rab11, localizes to the base of the cilium and 

disruption of Rab11 also inhibits ciliogenesis (Knödler et al. 2010; Westlake et al. 

2011). Activated Rab11 binds to Rabin8, and in-turn stimulates its GEF activity 

on Rab8 (Figure 1.11) (Knödler et al. 2010). Therefore, Rab11 modulates Rab8 

by acting on Rabin8 to regulates ciliogenesis (Knödler et al. 2010; Westlake et al. 

2011). Rab8 can also be activated by the retinitis pigmentosa GTPase regulator 

(RPGR), a ciliary protein implicated in X-linked retinitis pigmentosa, suggesting 

that there are multiple regulatory mechanisms for Rab8 activity that can be used 

in ciliated cells or in different cell types (Figure 1.11) (Murga-Zamalloa et al. 

2010). AHI1/Jouberin, a protein associated with Joubert Syndrome, is required 

for the recruitment of Rab8 to basal bodies (Hsiao et al. 2009). The recruitment 

of Rab8 to the ciliary base is therefore essential for its function at the primary 

cilium.  
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Figure 1.11  Activation of Rab8  
Rab8 in its GDP bound inactive form is activated by the GEF, Rabin8, to its GTP bound active 
form. Rab11 influences Rab8 by stimulating the GEF activity of Rabin8. RPGR is another GEF 
that can activate Rab8 independent of Rabin8. 

1.6.2. The exocyst complex 

 Regulation of ciliogenesis by Rab proteins is accomplished through 

downstream effectors, such as the exocyst complex (Hsu et al. 2004). The 

exocyst complex consists of 8 conserved proteins (Sec3, Sec5, Sec6, Sec8, 

Sec10, Sec15, Exo70 and Exo84), first identified in yeast, and are required for 

exocytosis of vesicles (TerBush et al. 1996). In polarized cells, the exocyst 

complex localizes to cell-cell junctions and the primary cilium (Rogers et al. 

2004). Studies in MDCK cells showed that Sec10 is a core exocyst component 

required for the stability of the exocyst complex (Zuo et al. 2009). Unlike 

knockdown of other exocyst components, knockdown of Sec10 in MDCK cells 

inhibits ciliogenesis and the overexpression of Sec10 increases ciliary length 

(Zuo et al. 2009). Although the knockdown of Sec10 leads to decreased 

expression IFT88, the mechanism behind this is unclear (Zuo et al. 2009). 

Studies in zebrafish showed that disrupting Sec10 leads to ADPKD symptoms 
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causes mislocalization of PKD-2 (Fogelgren et al. 2011). Another exocyst 

component, Sec15, is known to directly interact with both Rab8 and Rab11 

(Chiba et al. 2013; Kang and Fölsch 2009). The exocyst complex components 

Sec6 and Sec8 co-localizes with Rab8 at the ciliary base in photoreceptors and 

is required for the fusion of rhodopsin transport carriers to the ciliary base 

(Mazelova et al. 2009b). Therefore the exocyst complex is involved in both the 

transport, and selection of ciliary proteins at the ciliary base and for the fusion of 

ciliary proteins to the membrane.  

1.6.3. The Par complex 

 The Par complex, consisting of Par3, Par6, aPKC and Cdc42, is involved in 

polarity and asymmetric division, and was found to localize to the cilium and 

regulate ciliogenesis (Pruliere et al. 2011; Fan et al. 2004a; Sfakianos et al. 

2007; Zuo et al. 2011). The first evidence of Par complex localizing to the cilium 

and its role in ciliogenesis was shown mammalian cell culture (Fan et al. 2004a). 

The authors showed that the Par complex localizes to the cilium through 

interaction of Par3, a PDZ protein, with microtubules, through kinesin-II motor 

(Fan et al. 2004a). Studies in MDCK cells from the Lipshutz lab have shown that 

Par3 and Cdc42, a small GTPase, interacts with Sec10 of the exocyst complex 

(Zuo et al. 2011; 2009). Disruption of Cdc42 in MDCK cells inhibits ciliogenesis 

and the localization of PKD2 receptor to the cilium (Zuo et al. 2011). Zuo and 

colleages hypothesize that Sec10 interacts with Par6 and Cdc42 to localize 

PKD2 to the cilium in MDCK cells.  

1.6.4. The apical recycling endosome and centriolar satellites 

 The apical recycling endosome (ARE) may serve as in indirect transport 

route for apically targeted proteins (Weisz and Rodriguez-Boulan 2009). It is a 

highly dynamic endocytic compartment that concentrates and segregates surface 
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proteins into distinct compartments within the ARE before they reach their target 

destinations (Maxfield and McGraw 2004). In MDCK cells, the ARE is found 

proximal to the basal bodies (Apodaca et al. 1994). Indeed cilia transport-

associated proteins (Rab8, Rabin8, Rab11, Sec10, TRAPPII, fibrocystin) are 

localized to the ARE (Figure 1.10, pathway B) (Knödler et al. 2010; Nachury et 

al. 2007; Westlake et al. 2011; Zuo et al. 2009; Prigent 2003; Kim et al. 2010; 

Kaplan et al. 2010; Hoffmeister et al. 2007).  

 

 Centriollar satellites may act as waystations for certain ciliary proteins 

before they reach the cilium. Ciliary proteins such as Rab8, BBS4, RPGR and 

CEP290 localize at centriolar satellites. CEP290 interacts with centriolar satellite 

protein PCM-1 (implicated in BBS4 function) and CEP72, a PCM-1 interacting 

protein, and localizes to the centriolar satellite and is required for targeting Rab8 

to the ciliary base. The interaction of CEP290, CEP72 and PCM-1 at the 

centriolar satellites also helps in re-localization of BBS4 and affects incorporation 

of BBS8 to the primary cilium (Figure 1.10, pathway A - 3) (Kim et al. 2008; 

Stowe et al. 2012).   

1.6.5. IFT proteins 

 Two proteins, IFT20/IFT-20 and IFT54/DYF-11/elipsa, are the only known 

IFT proteins that are required for vesicular trafficking of ciliary proteins (Figure 
1.10, pathway A) (Follit et al. 2006; Omori et al. 2008; Li et al. 2008). In addition 

to localizing to the cilium and basal bodies, IFT20 is the only IFT protein that 

localizes to Golgi (Follit et al. 2006). IFT54 is also known to interact with Rab8, 

through a coiled-coil endocytosis regulator, Rabaptin 5/RABEP1, and is thought 

to be the bridging mechanism between the IFT particles and membrane 

associated proteins (Figure 1.10, inset) (Omori et al. 2008; Li et al. 2008). 

Significantly, IFT20 and IFT54 are also required for the ciliary localization of 
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receptors such as PKD-2, a mechanosensory receptor that when disrupted 

causes polycystic kidney disease, and OSM-9, a TRPV channel that is required 

for mechanosensation and olfaction in C. elegans. (Omori et al. 2008; Follit et al. 

2006). 

 

 Interestingly IFT proteins (IFT172, IFT80, IFT140 etc.) and BBS (BBSome) 

proteins resemble, and are thought to have originated from, the protocoatomer 

family of complexes that include the coat protein complex I and II (COPI, COPII), 

clathrin adaptin complex and the nuclear pore complex (NPC) (van Dam et al. 

2013; Jékely and Arendt 2006; Avidor-Reiss et al. 2004). This was established 

through sequence similarities and secondary structure predictions. Significantly, 

the BBSome interacts with Arl6/BBS3 and forms a coat complex that assists the 

transport of ciliary membrane proteins, including SSTR3 (Jin et al. 2010). 

1.6.6. Ciliary targeting sequences and post-translational lipid 
modifications 

 In addition to regulatory components that modulate ciliary protein 

trafficking, proteins have ciliary targeting sequences (CTS) that enable their 

localization to the cilium (Follit et al. 2010; Mazelova et al. 2009a). Different 

targeting sequences have been identified in ciliary proteins such as rhodopsin, 

polycystins, cystins, fibrocystin, SSTR3 and MCHR1 in different regions of the 

protein, leading to the conclusion that there is no unique conserved CTS (Pazour 

and Bloodgood 2008; Ward et al. 2011; Berbari et al. 2008a; Follit et al. 2010; 

Tao et al. 2009). Rhodopsin in photoreceptor cells undergoes polarized transport 

from the TGN to the ciliary base. At the TGN, the Rhodopsin cytoplasmic CTS 

(VxPx), is recognized by Arf4 and dynein light chain subunit, Tctex-1 (Figure 
1.10, pathway A). Arf4 and its associated proteins, ARF GTPase-Activating 

Protein (ASAP1) and family interacting protein 3 (FIP3), then regulate budding 

from the TGN. This protein complex along with Rhodopsin is transported to the 



 

 

46 

ciliary base by cytoplasmic dynein 1 (Figure 1.10, pathway A) (Mazelova et al. 

2009a; Wang et al. 2012). As mentioned earlier, IFT20 interacts with rhodopsin, 

independent of its CTS, and acts as an adaptor, along with elipsa/DYF-11/MIP-

T3/IFT54 and Rabaptin5-Rab8, and is required for localization of rhodopsin to the 

ciliary base (Figure 1.10, inset). CTS have also been identified in polycystin-1 

and polycystin-2 that is required for trafficking from the TGN to the ciliary base 

(Ward et al. 2011; Geng 2006). Once at the ciliary base, exocytosis machinery, 

such as exocyst complex, SNAREs and TRAP complexes, facilitate fusion of 

ciliary targeted vesicles to the periciliary membrane compartment (Rogers et al. 

2004; Mazelova et al. 2009b). Recently, several exocytosis components were 

found to localize at the cilium and ciliary base but their biological function in 

ciliary maintenance remains unclear.  

 Post-translation modifications such as palmitoylation and myristoylation also 

enable the recognition of proteins that are destined for the cilium. Rhodopsin and 

fibrocystin are palmitoylated at specific cysteine residues found in their CTS, 

which is required for their ciliary localization (Follit et al. 2010; Tam et al. 2000). 

The Nephronophthisis associated protein, NPHP3, when myristoylated binds to 

UNC119/HGR4 and is trafficked to the ciliary base (Figure 1.10, pathway D). In 

the cilium, Arl3 in its active GTP bound form binds to its effector UNC119 and 

releases NPHP3 into the ciliary membrane (Figure 1.10, pathway D) (Wright et 

al. 2011). Cystins are also myristoylated and this post-translational modification 

is required for the localization of cystin to the cilium (Tao et al. 2009). Thus, it is 

not just the presence of CTS, but also the post-translation modifications of 

proteins at this targeting sequence is required for its localization to the cilium.  

 

 Altogether, transport of ciliary proteins is a highly regulated process that 

involves multiple mechanisms of protein-protein interaction and post-translational 

modifications, in which the nucleotide bound state of the regulatory proteins is 
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fundamental. Once the ciliary precursors and signalling components reach the 

base of the cilium, they are assembled and selectively imported through the 

diffusion barrier at the base of the cilium (TZ and TFs - Section 1.2) and loaded 

onto the microtubules for IFT. 

1.7. Cilia and Disease 

Ciliopathies are a heterogeneous group of diseases that manifest as both single 

organ and multisystemic clinical symptoms including cystic kidneys, retinal 

degeneration, polydactyly, obesity and mental retardation (Hildebrandt et al. 

2011; Baker and Beales 2009). These symptoms are caused by defects in the 

ubiquitously present primary cilium. This section reviews the expanding list of 

symptoms and their associated diseases. Please refer to Table 1.3 and Table 
1.4 for details on genes and symptoms associated with ciliopathies. 

1.7.1. Renal disease 

Renal disease is associated with several ciliopathies. It can range from end-

stage renal disease (ESRD) to mild impairment of kidney function, often resulting 

in kidney cyst formation. This is the case for autosomal dominant and recessive 

forms of polycystic kidney disease (ADPKD and ARPKD). Autosomal dominant 

polycystic kidney disease (ADPKD) is a common inherited, potentially lethal 

polycystic kidney disease that manifests as fluid filled renal cysts and reduced 

function of the kidneys (Torres et al. 2007). The formation of renal cysts is due to 

over-proliferation and de-deferentiation of renal epithelial cells. Polycystin-

1/PC1/PKD-1 and polycystin-2/PC2/PKD-2 are transmembrane proteins that 

form heterodimers and localize to the cilium of many cell types such as renal 

epithelial cells and osteoblasts (Deane and Ricardo 2007). ADPKD is caused by 

heterozygous mutation in PC1 and PC2 (Hildebrandt et al. 2011). Autosomal 
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recessive polycystic kidney disease (ARPKD) is caused by homozygous 

mutation in protein PKHD1 (Hildebrandt et al. 2011) (Deane and Ricardo 2007). 

PKDH1 is a gene that encodes fibrocystin, a membrane protein that localizes to 

the cilium and the basal body. Mutations in PKHD1 leads to renal cyst formation 

(Ward et al. 2002).  

 

Renal disease is also associated with multi-symptomatic syndromes such as 

Bardet-Biedl Syndrome (BBS) and orofaciodigital syndrome (OFD) (Tobin and 

Beales 2009). Another recessive kidney disease that has renal cyst symptoms, 

similar to PKD, is Nephronophthisis (NPHP); however, the cysts in NPHP are 

restricted to the corticomedullary region. Meckel-Gruber syndrome (MKS), 

Senior-Loken syndrome and Joubert syndrome (JBTS) is often accompanied 

with NPHP, where cystic kidneys manifests along with retinal degeneration, 

mental retardation, ataxia and neural tube malformation (Table 1.3, 1.4) 

(Hildebrandt et al. 2011). The affiliated Alström syndrome (ALMS) do not show 

any cyst formation but the patients suffer from renal failure (Waters and Beales 

2011). 

1.7.2. Vision impairment 

Vision impairment or retinal degeneration is another commonly observed 

symptom in ciliopathies. The connecting cilium is essential for the maintenance 

and trafficking of light-sensitive opsins to the outer segment (Mockel et al. 2011). 

Retinitis pigmentosa (RP) is a degenerative disease of the photoreceptors.  X-

linked retinitis pigmentosa, the most common form of RP, is mainly caused by 

mutations in the gene Retinitis pigmentosa GTPase regulator/RPGR/RP3. RP 

sometimes also manifests with hearing mpairments, infertility and respiratory 

defects. RPGR also interacts with NPHP genes and leads to renal-retinal 

syndromes such as Senior-Loken syndrome (Table 1.3, 1.4) (Mockel et al. 
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2011). Usher Syndrome (USH) and BBS also exhibit retinal degeneration (Table 
1.3, 1.4). Retinal degeneration is also observed in some patients with JBTS 

(Table 1.3, 1.4) (Tobin and Beales 2009). 

1.7.3. Skeletal and cranofacial defects 

Cilia are essential for signal transduction during development. Specifically, 

Sonic Hedgehog signalling requires primary cilia and is essential for patterning, 

morphogenesis and differentiation (Briscoe and Thérond 2013). Mutations in IFT-

B protein, IFT80/CHE-2, have been implicated in Jeune asphyxiating thoracic 

dystrophy (JATD) which is characterized by severely constricted thoracic cage, 

retinal degeneration, cystic kidneys and polydactyly (Beales et al. 2007). 

Abnormal bone formation can be seen as short ribs, shortening of long bones 

and cranofacial defects which are manifested in severe ciliopathies, such as OFD 

(Table 1.3, 1.4) (Waters and Beales 2011). ALMS patients also have a short 

stature. Polydactyly is observed in OFD but also associated with JBTS, MKS and 

BBS syndromes (Table 1.3, 1.4) (Tobin and Beales 2009).  

1.7.4. Central nervous system defects 

A number of ciliated cell types are present in the central nervous system 

(CNS) such as neurons, neuronal progenitors and astrocytes (Louvi and Grove 

2011). The defects include encephalocoele in MKS, JBTS and OFD (Table 1.3, 
1.4). Hydrocephalus is associated with MKS and primary ciliary dyskinesia 
(PCD). Cerebellar abnormalities such as aging of the corpus collosum, cerebellar 

vermis hypoplasia are observed in JBTS and OFD (Table 1.3, 1.4) (Tobin and 

Beales 2009; Waters and Beales 2011). Sensory impairments associated with 

ciliopathies such as anosmia, autism, mental retardation, obesity, cognitive 

impairment etc. are observed in varying degrees in all ciliopathies. 
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1.7.5. Situs inversus totalis 

Cilia are essential for the establishment of left-right polarity, a 

developmental process that determines organ placement in the anterior-posterior 

axis. Situs inversus totalis is a congenital disorder that results in mirror image 

patterning of organs in the torso. Although the exact mechanism behind this 

symptom is debated, it involved the swirling movement of nodal cilia 

(Eggenschwiler and Anderson 2007). This movement results in an asymmetrical 

morphogen distribution and/or leftward nodal flow which activates another set of 

primary cilia in the periphery, resulting in differential patterning (Eggenschwiler 

and Anderson 2007). Therefore, situs inversus is associated with both motile 

(PCD or Kartgener’s syndrome) and non-motile (JBTS, MKS, NPHP, OFD) 

ciliopathies (Table 1.3, 1.4). 

1.7.6. Infertility and airway disease 

The sperm flagellum is a classic example of motile cilia that is required to 

propel spermatozoa. Infertility is caused by the ciliary failure to propel the sperm. 

Infertility is observed in male patients with PCD. The motile cilia of female oviduct 

epithelia are required to move the ovaries along the fallopian tubes. Infertility is 

also observed in female PCD patients (Leigh et al. 2009). Hypogonadism also 

causes infertility and is observed in ALMS and BBS patients (Hildebrandt et al. 

2011). Airway epithelia that line the respiratory tract also have motile cilia that are 

essential for mucous clearance. Immotile cilia have mucociliary clearance defects 

that render the respiratory tract vulnerable to bacterial infections. Patients with 

PCD also present with respiratory failure (Leigh et al. 2009). 
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Table 1.3 Genes associated in overlapping ciliopathies  

 
Table adapted from (Sang et al. 2011) 

 Table 1.4 Common overlapping phenotypes observed in some ciliopathies  

 
Table adapted from (Davis and Katsanis 2012) 

 

Genes

Nephronophthisis
(NPHP)

Joubert Syndrome
(JBTS)

Meckel-Gruber
Syndrome (MKS)

Bardet-Biedl
Syndrome (BBS)

NPHP2/INVS
NPHP4
NPHP5

NPHP9/NEK8

NPHP1

AHI1/JOUBERIN

MKS6/CC2D2A

MKS1

NPHP3/MKS7

NPHP3/MKS7
GLIS2
Nek8

ATXN10
SDCCAG8
TTC21B SDCCAG8

NPHP6/MKS4/CEP290

NPHP8/MKS5/RPGRIP1L

INPP5E

MKS3/TMEM67

TCTN1

MKS2/TMEM216

TMEM237
TMEM138

B9D2

TCTN2

ARL13B

B9D1

OFD1
KIF7

CEP41

BBS1

BBS2

BBS3

BBS4

BBS5

BBS6

BBS7
BBS8
BBS9

BBS10

BBS11
BBS12

IFT144

IFT88

Disease& Retinitis&
pigmentosa&

Renal&
cysts&

Situs&
inversus&

Polydactyly& Mental&
retardation&

Craniofacial&
defects&

encephalocoele& hypoplasia&

NPHP& & Yes& & & & & & &
SNLS& Yes& Yes& Yes& & & & & &
JBTS& Yes& Yes& Yes& Yes& Yes& & Yes& Yes&
BBS& Yes& Yes& Yes& Yes& Yes& Yes& & Yes&
MKS& & Yes& Yes& Yes& & Yes& Yes& Yes&
OFD& & Yes& & Yes& Yes& Yes& & Yes&

&
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1.8. Cilia and Signalling 

 Cilia protrude from cell surfaces and act as signalling centers. The ciliary 

membrane is preferentially enriched with receptors that sense the environment 

and are activated by mechanosensation (fluid flow), morphogenic, chemical 

(olfaction) and hormonal stimuli. Signal transduction then proceeds through 

activation of downstream signalling (Goetz and Anderson 2010). Cilia have been 

implicated in several signalling pathways such as mechanosesation, Hedgehog, 

Wnt and receptor tyrosine kinase signalling. In this section, I briefly describe 

research that has put cilia on center stage in many essential signalling pathways.  

1.8.1. Mechanosensation 

 Mechanical sensations are physical stimuli, such as fluid flow, touch and 

pressure. One of the most widely studied, and polycystic kidney disease related, 

sensation is sensing fluid flow in the renal ducts. Primary cilia are found on 

epithelial cells that line renal tubules and can sense the fluid flow of nascent 

urine through ciliary bending (Nauli et al. 2003). Polycystin-1/PC1/PKD-1 and 

polycystin-2/PC2/PKD-2 are transmembrane proteins that form heterodimers and 

localize to the cilium. Both PC1 and PC2 along with PKHD1/fibrocystin act as 

mechanical sensors that sense the fluid flow of in the renal tubules and send 

signals for normal epithelial cell differentiation, development and function (Nauli 

et al. 2003; Ward 2003).  

 

 Upon stimulation, the heterodimeric complex allows an influx of extracellular 

Ca2+. The increased concentration of intracellular calcium now acts as a 

secondary messenger and activates multiple downstream pathways. Fluid 

induced calcium influx also activates non-canonical Wnt signalling (see below). 

PC1 is also known to act as a transcriptional activator. On sensing fluid flow, PC1 

is transported into the cilium, and once flow ceases, PC1 is proteolytically 
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cleaved and along with STAT6 and p100, activates transcription (Low et al. 

2006). In other cell types such as olfactory sensory neurons, ciliary bending 

regulates cAMP signalling which results in the activation of MAP/ERK signalling 

cascades and proliferation (Pietrobon et al. 2011). 

1.8.2. Hedehog signalling 

Hedgehog (Hh) signalling plays an important role in cellular differentiation 

and patterning in several embryonic tissues. It is linked to a number of human 

diseases, including neurodegenerative diseases and a variety of cancers, 

including basal cell carcinoma and medulloblastoma. In vertebrates, and 

surprisingly not in invertebrates, primary cilia are indispensable for Hh signalling 

and several components of this pathway localize to the cilium and the basal body 

(Han et al. 2008; Nozawa et al. 2013; Goetz and Anderson 2010). In the absence 

of the morphogen, Sonic Hedgehog (Shh), the receptor Patched-1 (Ptch1) 

occupies the ciliary membrane and the Hh signaling pathway is inactive or 

repressed (Goetz and Anderson 2010). Upon activation by Shh, Ptch1 exits the 

cilium and triggers, either by lateral transport through the plasma membrane or 

vesicular transport, the entry of the receptor Smoothened (Smo) into the cilium. 

Simultaneously, Gli transcription factors, the downstream effectors of Smo, are 

recruited to the cilium and over time accumulate at the ciliary tip. These 

transcription factors are then transported to the nucleus, in an IFT dynein 

dependent manner, to regulate transcription of genes required for cellular 

differentiation (Nozawa et al. 2013; Rohatgi et al. 2007). Cilia therefore 

modulates Hh signalling, and depending on the underlying cause, may increase 

or decrease the signal (Goetz and Anderson 2010; Nozawa et al. 2013). 
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Disruption of IFT proteins (e.g. IFT88, IFT172, IFT57), abrogates 

ciliogenesis, and results in Hedgehog (Hh) signaling defects that cause neural 

tube defects and preaxial polydactyly, but the roles of these proteins in Hh 

signaling are elusive (Ko et al. 2009; Nozawa et al. 2013). The lack of cilia in 

these mutants precludes the ability to assign specific roles for these proteins in 

the signaling pathway. Interestingly, IFT25, a phosphoprotein and part of the IFT-

B complex, is the only known IFT protein not required for cilium biogenesis that is 

directly involved in Hh signaling (Wang et al. 2009; Keady et al. 2012). In the 

absence of IFT25, a cilium is built but the mutant mouse dies at birth with 

phenotypes reminiscent of Hh signalling defects. Closer observation revealed 

that IFT25 was required for the activation of the Hh pathway by exporting Smo 

and Ptch1 receptors from the cilium and for the accumulation of Gli2 transcription 

factor at the ciliary tip (Keady et al. 2012). The authors also speculate that 

because IFT25 interacts with and is required to recruit IFT27 to the cilium, this 

signalling defect might also be due to the absence of IFT27 from the cilium 

(Wang et al. 2009; Keady et al. 2012).  

1.8.3. Wnt signalling 

 Wnt signalling, both canonical and non-canonical pathways, regulates 

several biological processes such as cell proliferation, cell migration and polarity 

(Gao and Chen 2010). Although cilia, and its components, seem to play a role in 

Wnt signalling, the data is contradictory. Canonical Wnt signalling mainly 

regulates the transcription activator, β-catenin. In the absence of canonical Wnt 

signalling, β-catenin is targeted for proteosomal degradation by the destruction 

complex, made up of Axin, adenomatous polyposis coli (APC), glycogen 

synthase kinase 3β (GSK3β) and casein kinase 1 (CK1) (Gao and Chen 2010). 

Wnt signalling is activated when Wnt binds to the transmembrane receptor, 

Frizzled (Fz), and another transmembrane co-receptor, LRP5/6. Activated Wnt-
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Fz-LRP5/6 activates dishevelled (Dvl) which binds to Axin and destroys the 

destruction complex allowing β-catenin to activate transcription (Gao and Chen 

2010).  

  

 Several studies in cell culture and zebrafish embryos show that ciliary 

proteins restrict canonical Wnt signalling. Disruption or down-regulation of ciliary 

proteins such as BBS1, BBS4, KIF3A, OFD1 and IFT88 show increased nuclear 

localization of β-catenin and enhanced transcription of Wnt target genes (Corbit 

et al. 2008; Gerdes et al. 2007). Similar nuclear accumulation of β-catenin was 

also observed in NPHP2/INVS mutants. Inversin (INVS) normally recruits Dvl, 

thereby leaving β-catenin in the destruction complex (Lienkamp et al. 2012; 

Simons et al. 2005). Other proteins, such as AHI1/Jouberin, are also known to 

affect canonical Wnt signalling (Lancaster et al. 2011). Contradicting these 

results, mouse embryo ciliary mutants (IFT88, IFT172, KIF3A) do not display 

altered transcription levels of Wnt target genes. In fact, the authors conclude that 

the phenotypes observed were most likely due to a Hh signalling defect due to 

absence of cilia (Ocbina et al. 2009). Therefore, Wnt signalling can be regulated 

by various mechanisms, possibly in close proximity to the cilium and basal 

bodies, but the effect of cilia on Wnt signalling is subtle compared to Hh 

signalling.  

  

 Wnt signalling components can also act independent of β-catenin, in a 

pathway called planar cell polarity (PCP). Mutations in cilia genes such as INVS, 

BBS1, BBS4, OFD1 etc. lead to defects in convergent extension during 

gastrulation, which is mediated by PCP (Wallingford and Mitchell 2011). PCP 

signalling may also affect basal body docking/positioning during ciliogenesis 

(Park et al. 2008). An emerging view in the field is that cilia may not be directly 

regulating polarity through PCP, but that the polarity defects maybe due to 
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centrosomal positioning defects during cell division (Wallingford and Mitchell 

2011). 

1.8.4. Receptor tyrosine kinase signalling 

 Receptor tyrosine kinases (RTK) are a family of single transmembrane 

receptors that are activated by growth factors, cytokines and hormones during 

development and tissue homeostasis (Christensen et al. 2012; Blume-Jensen 

and Hunter 2001). Upon activation, RTK transduces signals through many 

cascades, such as the PI3K-Akt (phosphotidylinositol-3-kinase-protein kinase B), 

phospholipase C (PLC), and mitogen activated protein kinase (MAPK) pathways, 

to regulate entry into cell cycle, cell migration and differentiation (Blume-Jensen 

and Hunter 2001).  

 

 Platelet-derived growth factor-α (PDGFRα), was the first RTK identified to 

localize at the cilium (Schneider et al. 2005). In growth arrested fibroblasts, 

transcription of PDGFRα is up-regulated and the receptor is recruited to the 

cilium, awaiting activation and re-entry into cell cycle (Schneider et al. 2005). 

Additional RTKs have recently been implicated in primary cilia, such as 

epidermal growth factor receptor (EGFR), insulin growth factor 1 receptor 

(IGF1R) and angiopoietin receptor (Tie-2) (Ma et al. 2005; Zhu et al. 2009) 

(Christensen et al. 2012). Defects in cilia formation disrupts signalling through 

PDGFRαα signalling and affects endothelial cell functions (Schneider et al. 

2005). Fibroblast growth factor signalling (FGF) has also been shown to affect 

cilia length and left-right patterning (Neugebauer et al. 2009).   
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1.8.5. Other signalling pathways implicated in cilia function 

 Hippo signalling has recently been added to the expanding list of signaling 

pathways regulated by the cilium. Hippo signalling regulates organ size and cell 

proliferation. NPHP4 interacts with the Hippo regulator LATS and allows 

translocation of the transcription factors YAP and TAZ to the nucleus. Therefore 

in an NPHP4 mutant, hippo signalling is up-regulated and cell proliferation is 

limited (Habbig et al. 2011).  

Apart from these signalling pathways, recent studies have also shown 

primary cilia to be involved in TGFβ signalling. Differentiation of endothelial cells 

to mesenchymal cells require TGFβ signalling through the cilia (Dijke et al. 2012; 

Egorova et al. 2011). Cilia are also required for proper Notch signalling for 

progenitor cell differentiation in skin development (Ezratty et al. 2011). Research 

in the years to come will very likely add to this signalling list and shed light on 

their mechanism of action through the cilium. 

1.9. Striated rootlets 

 Researchers have largely focused on the microtubule-based ciliary 

axoneme and the modified centriole (basal body) that anchors cilia. However, 

surprisingly little is known about the function of the cytoskeleton-like striated 

rootlet present at the base of cilia from different cell types. The striated rootlet is 

an evolutionarily conserved structure found associated with many motile and 

non-motile cilia such as reproductive, respiratory and visual systems (Ward et al. 

1975; McClintock et al. 2008; Hagiwara et al. 2008). They emanate from the 

basal body and extend proximally towards the cell nucleus (Figure 1.12A). They 

can be up to 80-100nm in diameter, making them the largest known 

cytoskeleton-like structure (Hagiwara et al. 1997). Although rootlets are reported 

to be similar to intermediate filaments, they are dynamic during ciliogenesis. In 



 

 

58 

epithelial cells of the human oviduct, before or at the same time as ciliary 

budding/transition zone formation, primitive rootlets with a few striations are 

observed at the proximal end of the basal body. As the axoneme is built, the 

primitive rootlets elongate and are subsequently divided into two distinct parts, a 

proximal conical part, associated with the basal body, and a distal fibrillar part 

that extends towards the cell nucleus (Figure 1.12B). Once ciliogenesis is 

complete, striated rootlets in human oviduct epithelia are reported as a ‘pen-like’ 

structure that has lost its fibrillar part and is mostly conical in shape with 

filaments. Although not described in this detail, similar distinct forms of rootlets 

have also been reported in respiratory epithelial cells (Hagiwara et al. 1997). 
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Figure 1.12  Examples of striated rootlets in different cell types 
Examples of striated rootlets in different cell types. (A) An illustration and TEM of a mouse 
photoreceptor cell. The striated rootlet starts at the basal body and extends through the whole 
inner segment ending at the synapse. Organelles such as the ER, Golgi and mitochondria are 
positioned around the rootlet. (B) Striated rootlets in human oviduct epithelia. Shown here are the 
distinct proximal conical and distal fibrillar regions of the rootlets. (C) Striated rootlets are 
associated with centrioles, in a columnar cell of the striated ducts, without primary cilia. OS, outer 
segment, CC, connecting cilium, BB, basal body, ER, endoplasmic reticulum. Figure adapted 
from (Yang et al., 2002, Hagiwara et al., 2000 and Kano et al., 2001). 
 
 
 The composition of striated rootlets was first discovered in mouse 

photoreceptor cells to be made up of a large coiled-coil protein, rootletin/ciliary 

rootlet coiled-coil (CROCC) (Figure 1.12) (Yang et al. 2002). Rootletin 

polymerizes laterally through its coiled-coil domains to form striated rootlets. In 

rootletin knockout mouse, striated rootlets are completely absent and although 

photoreceptors are initially built and can function, as the animal develops, the 

connecting cilium becomes ‘brittle’ and the outer segments, that concentrate 

light-sensing opsins, degenerate. Consistent with its localization to respiratory 

airways, rootletin knockout mice also showed impaired mucociliary clearance 

(Yang et al. 2002; 2005). Tomographic EM analysis of the connecting cilium of 

rootletin knock out mouse showed that the microtubules of the connecting cilium 

appeared ‘squished’ and may destabilize the outer segment (Gilliam et al. 2012).  

 

 Striated rootlets are only present in 3 (IL1, OLQ and BAG) of 60 sensory 

neurons in the C.elegans hermaphrodite (Perkins et al. 1986; Ward et al. 1975). 

They start at the base of the cilium, associated with the TZ, and extends ~9µm 

towards the cell nucleus (Figure 1.13). In a daf-19 mutant, where ciliary 

compartments, such as axoneme and TZ are absent, surprisingly the striated 

rootlet is intact, and certain sensory neurons in the male tail have striated rootlets 

in the absence of cilia, indicating that it may not require a basal body to 

polymerize (Perkins et al. 1986).  
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 Although very little is known about the function of striated rootlets, they are 

thought to be required for the stability of cilia. Due to their cytoskeleton-like 

structure and association with actin filaments, rootlets are thought of as an 

anchor and support structure for cilia/basal body (Yang et al. 2005). In the 

cytoplasm of photoreceptors, rootlets were found associated with organelles 

such as mitochondria, smooth endoplasmic reticulum, and small vesicles. These 

associations may be required to anchor the basal body during ciliogenesis for 

proper orientation of the cilium. Although no active transport has been observed 

on the surface of rootlets, rootletin interacts with kinesin-light chain 3 (KLC3) and 

is hypothesized to be a docking site for vesicular transport (Yang and Li 2005). 

Rootletin also physically interacts with exocytosis components such as 

secratagogin, SNAP-25 and ARFGAP2, which are required for vesicle docking 

and fusion to the membrane (Bauer et al. 2011).  

 

 Rootletin is also found as puncta/accumulations associated with the basal 

body/centrioles in both ciliated and non-ciliated cells ( Andersen et al. 2003; 

Bahe et al. 2005; Yang et al. 2006; Yamamoto 1976; McClintock et al. 2008). In 

non-ciliated cells, rootletin localizes to the proximal end of centrioles and along 

with centriolar proteins, CEP250/C-Nap1, Nek2 and β-catenin, is required for 

centrosomal cohesion during interphase. Disruption of C-Nap1 or rootletin 

increased centriolar splitting and reduced levels of ciliogenesis (Bahe et al. 2005; 

Yang et al. 2006).  
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Figure 1.13  Striated rootlets in C. elegans 
(A) TEM of longitudinally sectioned IL1 cilium showing the cilium and striated rootlets 

extending through the dendrite towards the cell body. Also seen are surrounding support cells, 
Sh, sheath cell, So, socket cell (B) Cross-section of IL1 cilium showing striated rootlets at the 
transition zone (marked by Y-links), the transition fibers (black arrowheads), and through the 
dendrite. SR, striated rootlet. Figure adapted from Perkins et al., 1986 and Ward et al., 1975 
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 Apart from rootletin, four other proteins have been reported to be 

associated with striated rootlets of ciliated quail and human oviduct cells 

(Hagiwara et al. 2000a) (Hagiwara et al. 2000b; Kubota et al. 1997; Klotz et al. 

1986). (1) A 175kDa proteins was found associated with the striated rootlets of 

ciliated epithelia of mussel and frog tissues (Klotz et al. 1986), (2) a 55kDa acidic 

protein in human photoreceptor cells (Kubota et al. 1997), (3) a 195kDa protein in 

mouse and human ciliated cells and (4) a ~210kDa protein found in human 

oviduct epithelial cells. As the striated rootlets are characterized by longitudinal 

filaments and cross striations, these proteins may have functions related to their 

localization (Figure 1.12, 1.13). The 175kDa protein localizes to the filaments 

and the ~210kDa proteins localizes to the cross bands but the 195kDa protein 

localizes to the filaments and the cross-band indicating a functionally distinct role 

for each protein (Hagiwara et al. 2000a; 2000b; Lemullois and Marty 1990; Klotz 

et al. 1986). Thus, proteins other than rootletin are known to associate with, and 

possibly function at, the striated rootlets in divergent ciliated cell types, but their 

identities and functions remain unknown.  

 

 Immunohistological studies in ciliated cells, such as mammalian olfactory 

sensory neurons (OSNs) and odontoblasts, show the localization of rootletin as 

accumulations at the base of cilia with no evidence of striated rootlets in these 

cells (McClintock et al. 2008). The function of rootletin in its non-filamentous form 

in ciliated cells is unknown. This dissertation aims to answer this very question 

and delves into the possible mechanism of action of rootletin (Chapter 3).  
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2. Materials and methods 

2.1. Strains and culture conditions 

All strains were grown at 20ºC using standard culture techniques. Please refer to 

Appendix A for the list of strains used in this dissertation. 

2.2. Staging worms 

Worms were staged using standard bleaching protocol and grown at 20oC. 

Worms were staged at L1 larval stage by recovering them between 18-22 hours 

post bleach, L2 larval stage between 27-30 hours post bleach, L3 larval stage 

between 34-39 hours post bleach. For L4 and adults, worms were bleached and 

the embryos were growth arrested at L1 stage by incubating in buffer at 20ºC 

overnight.  

2.3. Behavioral assays 

2.3.1. Dyefill assay 

Dye-filling assays were performed on different days using the fluorescent 

dye DiI (Molecular Probes; DiIC18 Vybrant DiI cell-labeling solution, diluted 

1:1000 with M9 buffer). Worms of different developmental stages were stained, 

and Dil uptake into the amphid and phasmid neurons was visualized using 

spinning disc confocal microscope (WaveFX spinning disc confocal system from 
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Quorum Technologies) using a 25X oil (N.A 0.8) objective and Hammamatsu 

9100 EMCCD camera; Volocity software (PerkinElmer) was used for acquisition. 

The dye-fill defective osm-5(p813) mutant was used as a control. 

2.3.2. Osmoavoidance assay 

Osmotic avoidance assay was performed on different days by testing the 

ability of adult hermaphrodite worms to cross a ring of high osmotic strength (8M 

glycerol) within 10 minutes. The osmotic avoidance defective osm-5(p813) 

mutant was used as a control. 

2.3.3. Image acquisition for CO2 behavior 

Stimulus delivery and image acquisition was done using the Multi Worm 

Tracker (MWT, version 1.2.0.2) (Swierczek et al. 2011). A Dalsa Falcon 4M30 

camera (8 bits; 2352 x 1728 pixels, 31 Hz) and a Rodenstock 60 mm f-number 

4.0 Rodagon lens was used to visualize a 5cm Petri plate secured in the tapping 

apparatus. Images from the camera were captured using a National Instruments 

PCIe-1427 CameraLink capture card run along with the MWT tracking software 

on PC computers with Intel Core i3 3.30 GHz processors and 4 GB of RAM. The 

image of the plate was focused into the camera with a resolution of 0.03 

mm/pixel.  An elliptical region of interest was created ~5mm from the inner edge 

of the petri plate.  Minimum and maximum object size thresholds were 80 and 

500 pixels, respectively. The position, skeleton and outline of worms were 

acquired at a rate of 25 frames per second. 

2.3.4. Behavioral testing and CO2 stimulus 

Stimulus delivery and image acquisition was done using the Multi worm 

tracker (version 1.2.0.2) (Swierczek et al. 2011). Synchronous colonies were 



 

 

66 

made by placing 5 gravid adults on NGM plates seeded with OP50 (1-2 days 

earlier) to lay eggs for 3-4 hours. On day of testing, a custom-made petri dish lid 

(where the plastic had been replaced with a non-fogging cover glass and has an 

inlet to allow gas delivery over the worms) was placed on the petri dish of worms 

and then positioned on the MWT. Flow of gas at 4 psi from tanks of zero grade 

air and compressed 10% CO2 balanced with air (Praxair) was controlled by a 

solenoid switch valve (Modified Microinjector with 24V valve for low flow output, 

Tritech Research) that was electronically controlled by the MWT. After a 600s 

acclimatization period, a 4s puff of CO2 was given to worm colonies (1 day 

adults) (Figure 2.1). Two measures were analyzed to quantify the burst of turns 

in response to elevated CO2 concentrations: (1) turn burst duration and (2) turns 

per minute at the peak period of the turning burst. Wild-type C. elegans 

responded to a 4 second pulse of 10% CO2 concentration, but not air, by ceasing 

forward movement, performing a burst of turns and increasing locomotory speed 

as has been shown previously (Figure 11B) (Hallem and Sternberg 2008; 

Bretscher et al. 2011; Mcgrath et al. 2009). 

 

Figure 2.1  CO2 assay 

The synchronized worms were allowed to acclimatize for 600s. At 600s, a 4sec pulse of 10% 
CO2 at 4psi was given. The worms respond by a burst of turns. At 800s the worms come back to 
baseline. Figure made by Katherine Lee (undergraduate). 

2.3.5. Behavioral scoring and statistical analysis 

Offline data analysis was performed on an iMac computer with a Intel 

0s 600s 800s

CO2
4psi
4sec
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Core i7 2.80 GHz processor with 8 GB of RAM using Choreography analysis 

software (version 1.3.0_r1035, MWT software package) (Swierczek et al. 2011) 

to detect and measure the distance traveled during tap-evoked reversals. 

Choreography options “--shadowless”, “--minimum-time 20”, and “--minimum-

move-body 3” were applied as filters.  “--segment”, “—Respine” and “--plugin 

Reoutline::despike” were used to enhance detection of worm direction. High 

amplitude turns, where the worm is essentially folded in half, appear as wider 

and shorter objects to the MWT thus a ratio of the width about the middle of the 

worm and the length of the midline were used to flag these behavioral events. 

Two measures were analyzed to quantify the burst of turns in response to 

elevated CO2 concentrations: (1) turn burst duration and (2) turns per minute at 

the peak period of the turning burst. These measures were compared between 

mutants using a student’s t-test (alpha was 0.05). A Bonferroni correction was 

used when more than two groups were being compared. A minimum of 6 petri 

plates of ~ 50 worms were tested per experimental condition. Each plate was 

treated as a single sample. Matlab (version R2010b, Mathworks, Natick, MA, 

USA) was used for plotting graphs and performing statistical tests. 

2.4. Microscopy 

2.4.1. Immobilizing worms for imaging 

For visualization of GFP-tagged IFT proteins, worms were immobilized in 

0.5µl of 8-10mM levamisole and 0.5µl of 0.1µm diameter polystyrene 

microspheres (Polysciences 00876-15, 2.5% w/v suspension) on 8-10% agarose 

pads and visualized under a spinning disc confocal microscope (WaveFX 

spinning disc confocal system from Quorum Technologies) using a 100X oil (N.A 

1.4) objective and Hammamatsu 9100 EMCCD camera; Volocity software 

(PerkinElmer) was used for acquisition. All images were acquired as Z-stacks 
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and deconvolved using the appropriate point spread function in Volocity. 

Deconvolved images were then processed in ImageJ and/or Adobe Photoshop. 

Time-lapse movies were captured with the GFP laser as 1min long movies with 

200ms exposures and ~70% laser intensity. Images were then exported as Tiff 

files and quantitated in ImageJ. 

2.4.2. Velocity analysis of IFT using kymographs 

All kymographs and velocity analysis were done using ImageJ (free software).  

 

1. Time-lapse movies were exported as Tiff files from Volocity and opened in 

ImageJ. All movies were first checked to see if the animal moved during the time 

course of the movie. Movies where the animal moved were discarded.  

2. The movies were made into Z-stacks projections so as to choose the middle 

and distal segments separately.  

3. Using the segmented line tool, parts of the cilia were chosen on the Z-stack to 

make kymographs.  

4. This line was then restored onto the time-lapse movie and kymographs were 

made using the kymograph plug-in. This kymograph now has all the raw data 

linked to the movie.  

5. Choose the particle you want to follow by drawing a line on its path on the 

kymograph using the straight-line tool. 

6. Using the macro that is downloaded along with the ImageJ kymograph plug-in, 

retrieve the x and y values of the line.  

7. The y-axis (dy now) is frames per second. Using the total time of the movie 

and the number of frames captured, calculate the time taken for one frame and 

multiply the value to the y-axis value. This will give you time taken for the particle 

to travel the distance you chose on the cilium 

8. The x-axis (dx now) is distance in pixels. Convert these pixels to µm by 
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multiplying the pixel value (For the 100X objective - 1pixel = 0.102372µm) to the 

number of pixels. This will give you the distance travelled by the particle in µm.  

9. Distance/Time = Velocity (µm/sec). 

Note 1 - These measurements have to done on the kymograph as soon as they 

are made. Once you save the kymograph, it looses all the metadata and you will 

only have the picture. 

 

Note 2 - When choosing a section of the cilium to obtain a kymograph, choose 

parts which for middle segment analysis close to the base and distal segment 

analysis close to the tip, so as to be 100% sure of the region. I have noticed that 

the velocities around the transition point between middle and distal segment may 

vary, leading to confounding results.  

2.4.3. Quantitation of IFT particle flux in ADL cilia 

Kymographs were with full length of the cilium (middle and distal 

segments). IFT particles that have distinct lines from the beginning to the end of 

the distance travelled on the kymograph were counted throughout the length of 

the movie (1min). 

2.4.4. Quantitation of dye-fill intensity 

Dil uptake into the amphid and phasmid neurons was visualized using 

conventional fluorescence microscope (Zeiss Axioplan 2 or Axioskop 2+; Carl 

Zeiss AG, Göttingen, Germany) using a Texas Red filter. Fluorescence 

intensities of DiI were quantified using ImageJ. After background subtraction, the 

ROI was marked and intensity calculated as arbitrary pixel intensities using 

ImageJ software. 
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2.4.5. Quantitation of PCMC area 

A Z-stack was taken on the confocal to capture the entire cilium. The  stackw as 

then projected as the single image and the area was measured using ImageJ software. 

2.5. Western blot analysis 

A polyclonal anti-rabbit antibody, raised against the CHE-10 peptide 

NEQNDGDRAEWSNEC, was obtained from Genscript. 8% SDS-PAGE gel was 

cast and 25µg of protein was loaded for each sample. Samples were run at 170V 

for 1.5hours and wet transferred overnight. Blocked for 1 hour at room 

temperature with 5% milk in 1xTBS-T. Samples were incubated on a rotator 

overnight at 4ºC in primary Ab diluted to 1:500 in 1xTBS-T. Washed 3 times for 5 

minutes with 1xTBS-T. Incubated in secondary Ab anti-rabbit IgG diluted to 

1:50,000 in 1xTBS-T for 1 hour at room temperature. Gel picture obtained by 

exposing the gel for 5 mins.  

2.6. Molecular biology 

2.6.1. Preparation of transgenic lines 

Translational GFP fusion constructs were generated by fusing unc-54 3’ 

UTR (amplified from the GFP expression vector pPD95.77) to cDNA/genomic 

DNA of the gene of interest and 2Kb of srh-220 promoter region (ADL neurons 

specific). Gel purified PCR products were microinjected into germline of gravid 

animals along with co-injection markers. Constructs of ciliary proteins, IFT-20 

and XBX-1 were injected into wild-type animals along with 20ng/µl and 100ng/µl 

of CC::GFP and rol-6(su1006) as co-injection markers respectively.  
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For rescue of che-10(e1809), 2ng/µl of fosmid WRM0616cD07 containing 

F35D11.11 was injected into che-10 mutants along with 20ng/µl of CC:GFP as a 

co-injection marker. For CHE-10::GFP, full-length che-10 cDNA was fused to 

900bp of bbs-8 promoter at its N-terminus and GFP at the C-terminus (unc-54 3’ 

UTR) and 100ng/µl was then injected into wild-type worms along with 20ng/µl of 

XBX-1::tdTomato as basal body/cilium marker and 100ng/µl of rol-6(su1006) as 

the co-injection marker. 

To create a DYF-18::GFP translational fusion construct, the entire coding 

region, including 642 bp of promoter, was fused to a DNA fragment containing 

GFP and the unc-54 3′ UTR (amplified from the GFP expression vector 

pPD95.77). Transgenic lines carrying the DYF-18::GFP translational GFP 

construct were generated by microinjection into the strain MX41 dpy-5(e907); Ex 

[dpy-5(+)] and maintained as extrachromosomal arrays. For transgenic rescue of 

dyf-18, 50 ng/µl of the DYF-18::gfp translational GFP construct were injected into 

the strain ET100 dyf-18(ok200) along with Pdpy-30::dsRed as a co-injection 

marker. 

2.7. Transmission electron microscopy 

The methodology employed to investigate the ultrastructure of amphid 

channel cilia in N2 and che-10(e1809) worms (L2 and young adult stages) was 

essentially identical to that previously reported (Cevik et al. 2010). The only 

difference was that che-10(e1809) mutant worms were fixed overnight at 4°C in 

2.5% gluteraldehyde, 1% paraformaldehyde in Sørensen's buffer. For producing 

staged L2 and adult worms, eggs were released from gravid adults using a 

standard bleaching protocol and grown at 20oC for 24 hours (to produce L2 

worms) or 52 hours (to produce adult worms). 
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3. Striated rootlet and non-filmentous forms of 
rootletin maintain ciliary function 

The following chapter is adapted from a manuscript accepted for publication in 

Current Biology. The authors of the study are listed below. 

 

Swetha Mohan, Tiffany A. Timbers, Julie Kennedy, Oliver E. Blacque, Michel R. 

Leroux   

 

Tiffany Timbers set up the MWT, performed and analyzed the CO2 assays on 

wild-type, che-10, osm-5 and gcy-9 mutants.  

Julie kennedy and Oliver Blacque performed all TEM analyses for this paper.  

As first author I performed all other experiments and co-wrote the paper with 

Michel Leroux and Tiffany Timbers. 
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3.1. Abstract 

Primary cilia are microtubule-based sensory organelles whose structures 

and functions must be actively maintained throughout animal lifespan to support 

signal transduction pathways essential for development, and physiological 

processes such as vision and olfaction. Remarkably, few cellular components 

aside from the intraflagellar transport (IFT) machinery are implicated in ciliary 

maintenance. Rootletin, an evolutionarily conserved protein found as prominent 

striated rootlets, or associated with cilium-anchoring basal bodies, represents a 

likely candidate given its well-known role in preventing ciliary photoreceptor 

degeneration in a mouse model. Whether rootletin is universally required for 

maintaining ciliary integrity, and if so, by what mechanism, remains unresolved. 

Here, I demonstrate that the gene disrupted in the previously isolated C. elegans 

chemosensory mutant, che-10, encodes a rootletin ortholog that localizes 

proximally to basal bodies of cilia harboring or lacking conspicuous rootlets. In 

vivo analyses reveal that CHE‑10/rootletin maintains ciliary integrity partly by 

modulating the assembly, motility and flux of IFT particles, which are critical for 

axoneme length control. Surprisingly, CHE‑10/rootletin is also essential for 

stabilizing ciliary transition zones and basal bodies, roles not ascribed to IFT. 

Unifying these findings, I provide evidence that the underlying molecular defects 

in the che-10 mutant stem from disrupted organization/function of the periciliary 

membrane, affecting the efficient delivery of basal body-associated and ciliary 

components, and resulting in cilium degeneration. Together, my cloning and 

functional analyses of C. elegans che-10 provide the first mechanistic insights 

into how filamentous and non-filamentous forms of rootletin play essential roles 

in maintaining ciliary function in metazoans. 
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Figure 3.1 Graphical abstract 
In wild-type animals, rootletin is present at the base of all cilia, closely associated to the transition 
fibers (TFs) and the transition zone (TZ), and is required for assembly and/or late stages of ciliary 
protein delivery.  In the absence of rootletin, although ciliogenesis occurs, assembly and delivery 
of ciliary proteins is impaired, leading to deregulated IFT in the L2 larvae. In the L3 larval stage, 
entry of kinesin-II is abrogated, IFT is abrogated and the axoneme degenerates. In the L4 larvae, 
TZ degenerates leading to a complete absence of the axoneme. Beyond the L4 larvae, basal 
bodies also degenerates resulting in the absence of cilia.  
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3.2. History of che-10 mutant 

Our lab’s continued efforts to identify cellular components required for 

formation and maintenance of cilia led me to clone C. elegans che-10(e1809), a 

mutant strain isolated in a chemotaxis screen by Perkins and colleagues in 1986 

(Perkins et al. 1986). The authors observed a complete absence of all amphid 

cilia with no recognizable transition zones or axonemes, except for a few intact 

cilia, and the absence of striated rootlets in IL1, OLQ and BAG neurons of adult 

che-10 mutants. At the time, having no evidence for function or composition of 

striated rootlets, the authors hypothesized that che-10(e1809) allele may have 

two independent lesions, one causing the ciliary defect in the amphid cilia and 

the other causing the loss of striated rootlets from IL1, OLQ and BAG neurons 

(Perkins et al. 1986). Subsequently Starich and colleagues found another allele, 

che-10(m525), through Mos insertion mutagenesis and complementation 

analysis (Starich et al. 1995, also see Appendix C). Furthermore, studies to 

identify and classify several ciliary mutants in C. elegans showed that in che-10 

mutants, amphid channel cilia were mostly absent, with a few intact cilia (with no 

IFT) and large accumulations at the dendritic tip (Ou et al. 2007). The authors 

only observed older larvae and mistakenly classified che-10 as a ciliogenesis 

mutant (Ou et al. 2007), but later performed complementation analysis and, 

independently, cloned che-10 as dyf-14(ks69) (Hao et al. 2011b).  

Here, I show that the encoded CHE-10 protein, an ortholog of rootletin, is 

responsible for the presence of striated rootlets, and also localizes to basal 

bodies lacking rootlets; moreover, its function is essential for the 

structural/functional maintenance of all cilia. These findings are consistent with 

mammalian rootletin polymerizing to form striated rootlets or forming centriole-

associated puncta/accumulations, and with mouse knockout data showing that 

disruption of rootletin results in ciliary photoreceptor degeneration (Yang et al. 

2002; 2005; McClintock et al. 2008). Yet, the molecular functions of the two 
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distinct forms of rootletin, and their potential roles in ciliary maintenance, have 

remained unclear. Through genetic, cell biology, live imaging, and behavioral 

studies, I reveal for the first time that CHE‑10/rootletin is required for the proper 

assembly and function of the IFT machinery, and I correlate defects in this 

process with axonemal degeneration. I also show a surprising requirement for 

rootletin in maintaining the integrity of the transition zone, as well as the basal 

body itself, and ascribe these degenerative phenotypes to the incorrect 

organization/function of the periciliary membrane compartment in the rootletin 

mutant. Finally, we demonstrate that cilia with or without prominent striated 

rootlets are functionally impaired, providing molecular insights into the general 

cellular role of rootletin in metazoans. 

3.3. Results 

3.3.1. Molecular identification of che-10, gene encoding a rootletin 
protein ortholog 

To uncover novel proteins required for cilium formation and/or 

maintenance, I sought to identity the gene disrupted in the uncloned C. elegans 

chemosensory mutant strain che‑10(e1809) (Perkins et al. 1986). che-10 

represented a potentially excellent candidate ciliary gene, for two main reasons. 

First, transmission electron microscopy (TEM) analysis of the mutant strain 

revealed the absence of nearly all amphid cilia, with only 1-2 appearing 

potentially intact (Perkins et al. 1986). Second, mapping and complementation 

experiments suggested that che-10 was distinct from the numerous known genes 

encoding IFT- and BBS-associated ciliogenic proteins (Inglis et al. 2007; Starich 

et al. 1995). 
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 Sequencing candidate genes in the che-10(e1809) strain, I discovered a 

nonsense mutation in F35D11.11 (Figure 3.2A, also see Appendix B). This 

gene is predicted to generate several transcripts, the longest encoding a 

~230 kDa protein most closely related to rootletin (Figure 3.2B, 3.2C, 3.2D). 

Using an antibody we generated (Figure 3.2A) against the encoded protein, 

CHE-10, I confirmed by western blot that the protein is absent in the mutant—

indicating that the che-10 allele is very likely null (Figure 3.2C). Notably, this 

finding is consistent with the previously observed loss of striated rootlets, most 

likely made up of the protein rootletin, from this che-10 mutant (Perkins et al. 

1986). Moreover, F35D11.11 is also disrupted in the mutant strain dyf‑14(ks69), 

which  exhibits dye-filling defects (dyf) potentially indicative of structurally 

impaired cilia (Ou et al. 2007). Consistent with my findings, complementation 

studies done by Hao and colleagues showed that che-10 was allelic to dyf-14 

(Hao et al. 2011b). Although the ~230KDa protein is absent in the che-10 mutant, 

the identity of the non-specific band is unknown (could be post-translationally 

modified protein) and the existence of a partially functional D splice variant 

cannot be ruled out. 
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Ce_CHE-10       --------MKSAASSEDVVRVTEDLSECRNR----------------------------- 23
Hs_CROCC        MSLGLARAQEVELTLETVIQTLESSVLCQEKGLGARDLAQDAQITSLPALIREIVTRNLS 60
                         :   : * *::. *.   *:::                             

Ce_CHE-10       -----------LDAGIEENRRNRQVIQDINDQLQRFRQRANAESIESFNLTPSPDVTLSS 72
Hs_CROCC        QPESPVLLPATEMASLLSLQEENQLLQQELSRVEDLLAQSRAERDELAIKYNAVSERLEQ 120
                             *.: . :.:.*::*:  .::: :  ::.**  *      : .  *..

Ce_CHE-10       LAHPGLTHLHNQTNISMPSLTIDIPLNSNAMISSSRTPNYAINGLRNRHKSLVGHRYRST 132
Hs_CROCC        ALRLEPGELETQEPRGLVRQSVELRRQLQEEQASYRRKLQAYQEGQQRQAQLVQRLQGKI 180
                  :    .*..*   .:   ::::  : :   :* *    * :  ::*: .** :   . 

Ce_CHE-10       SPIGDYGRHRSSPRVLAHYNLDGADIGVGEE--NLDELFAKLKEELFKNNTLEEVNEMLR 190
Hs_CROCC        LQYKKRCSELEQQLLERSGELEQQRLRDTEHSQDLESALIRLEEEQQRSASLAQVNAMLR 240
                    .   . ..  :    :*:   :   *.  :*:. : :*:**  :. :* :** ***

Ce_CHE-10       EENDAALAANEHLRVDATNLSRQLQQLQQQQHTESMRFRSENTRYRNQTETQHRKLISLW 250
Hs_CROCC        EQLDQAGSANQALSEDIRKVTNDWTRCRKELEHREAAWRREEESFNAYFSNEHSRLLLLW 300
                *: * * :**: *  *  :::.:  : ::: . ..  :* *:  :.   ..:* :*: **

Ce_CHE-10       KEFTAVKRQLHELRTTTANDLDRQLTEFTRCATLMRKA-------IRHAE---QKNLDQK 300
Hs_CROCC        RQVVGFRRLVSEVKMFTERDLLQLGGELARTSRAVQEAGLGLSTGLRLAESRAEAALEKQ 360
                ::....:* : *::  * .** :   *::* :  :::*       :* **   :  *:::

Ce_CHE-10       EQMKREKDDVLDETLRQLNSVTENYMKS-------EEKANERQRDLKRKEDECRKLREQN 353
Hs_CROCC        ALLQAQLEEQLRDKVLREKDLAQQQMQSDLDKADLSARVTELGLAVKRLEKQNLEKDQVN 420
                  :: : :: * :.: : :.:::: *:*       . :..*    :** *.:  :  : *

Ce_CHE-10       DELSDILEQLS------KMAHEMAGGRGRNETPMDVARKMRKLLTTKNGEIDESREAAKQ 407
Hs_CROCC        KDLTEKLEALESLRLQEQAALETEDGEGLQQTLRDLAQAVLSDSESGVQLSGSERTADAS 480
                .:*:: ** *.      : * *  .*.* ::*  *:*: : .   :     ...* *  .

Ce_CHE-10       AEKERDRAKKDLEKEEKRRKDDR-EAERKRSSVYSQREHDLKKLDDELRKASEKIRNLEE 466
Hs_CROCC        NGSLRGLSGQRTPSPPRRSSPGRGRSPRRGPSPACSDSSTLALIHSALHKRQLQVQDMRG 540
                  . *. : :   .  :* . .* .: *: .*  .. .  *  :.. *:* . :::::. 

Ce_CHE-10       QRESQEKLTISVQNSLNEAHRQHKQFIEELMIRHREELKEREDSHEEALRSKD------- 519
Hs_CROCC        RYEASQDLLGTLRKQLSDSE-SERRALEEQLQRLRDKTDGAMQAHEDAQREVQRLRSANE 599
                : *:.:.*  ::::.*.::. ..:: :** : * *:: .   ::**:* *. :       

Ce_CHE-10       --------------------TEERSRFEKERSEREKIRRESDELRETQRSLKGDVAAMKT 559
Hs_CROCC        LLSREKSNLAHSLQVAQQQAEELRQEREKLQAAQEELRRQRDRLEEEQEDAVQDGARVRR 659
                                     * *.. ** :: :*::**: *.*.* *..   * * :: 

Ce_CHE-10       DLDDKTLRLDMLETERDELKKKLETEREQADQRDLEIAECRAKLDEMAEKEAELRKELAE 619
Hs_CROCC        ELERSHRQLEQLEGKRSVLAKELVEVREALSRATLQRDMLQAEKAEVAEALTKAEAGRVE 719
                :*: .  :*: ** :*. * *:*   **  .:  *:    :*:  *:**  :: .   .*

Ce_CHE-10       FQAIITAMEGEGKLNQE----------QFLESKNELNTLTDQIESLNSEVENKN------ 663
Hs_CROCC        LELSMTKLRAEEASLQDSLSKLSALNESLAQDKLDLNRLVAQLEEEKSALQGRQRQAEQE 779
                ::  :* :..*    *:          .: :.* :** *. *:*. :* ::.::      

Ce_CHE-10       -----EEIRNLMATLQEKEVHIQNVRTSSHQLTATYEEANGEIDILKAELTRLHEQVNER 718
Hs_CROCC        ATVAREEQERLEELRLEQEVARQGLEGSLRVAEQAQEALEQQLPTLRHERSQLQEQLAQL 839
                     ** ..*     *:**  *.:. * :    : *  : ::  *: * ::*:**: : 

Ce_CHE-10       TRQISEANEKYDDAARKNDALLEDVATWQEKYEQLKMELEEMNRRGQEKEREEADLRALL 778
Hs_CROCC        SRQLSGREQELEQARREAQRQVEALERAAREKEALAKEHAGLAVQLVAAEREGRTLSEEA 899
                :**:*  ::: ::* *: :  :* :    .: * *  *   :  :    ***   *    

Ce_CHE-10       DDLRGNFDKLTN---ELKQKGVTVDSLNEEISSLKEQLNKSEKERKEELLRM-EELEQKN 834
Hs_CROCC        TRLRLEKEALEGSLFEVQRQLAQLEARREQLEAEGQALLLAKETLTGELAGLRQQIIATQ 959
                  ** : : * .   *:::: . ::: .*::.:  : *  :::  . **  : :::  .:

D
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Ce_CHE-10       EAEMKEEYEVKLQLAEKDRQGVENFGKECEARMNELTKIHEMLMEEHDQLKVDHLHTEEE 894
Hs_CROCC        EKASLDKELMAQKLVQAEREAQASLREQRAAHEEDLQRLQREKEAAWRELEAERAQLQSQ 1019
                *    ::  :  :*.: :*:.  .: ::  *: ::* :::.       :*:.:: : :.:

Ce_CHE-10       VERLKEKMRKELEKLNEQNDGDRAEWSNERNR---------------LESSKNEAVTELQ 939
Hs_CROCC        LQREQEELLARLEAEKEELSEEIAALQQERDEGLLLAESEKQQALSLKESEKTALSEKLM 1079
                ::* :*::  .**  :*: . : *  .:**:.                **.*.    :* 

Ce_CHE-10       ERVQKLEDVVKEKEDKEIALRRDLEDSHEKSRDLDDKLRKMELTDEEKEEDRKKEQKTLN 999
Hs_CROCC        GTRHSLATISLEMERQKRDAQSRQEQDRSTVNALTSELRDLRAQREEAAAAHAQEVRRLQ 1139
                   :.*  :  * * ::   :   *:.:.. . * .:**.:.   **    : :* : *:

Ce_CHE-10       EERMKLMEQKEEAMLVATKHATTIDQQTRRISVLEGDVEKLTAGIAERESSINALESNTM 1059
Hs_CROCC        EQARDLGKQRDSCLREAEELRTQLRLLEDARDGLRRELLEAQRKLRESQEGREVQRQEAG 1199
                *:  .* :*::..:  * :  * :       . *. :: :    : * :.. :. ..:: 

Ce_CHE-10       ELISKLETTEAELEKLKDELAVMLKQNSELKNGKEGLSEKWNEERKKIQDLADQLREANK 1119
Hs_CROCC        ELRRSLGEGAKEREALRRSNEELRSAVKKAESERISLKLANEDKEQKLALLEEARTAVGK 1259
                **  .*     * * *: .   : .  .: :. : .*.   :::.:*:  * :    ..*

Ce_CHE-10       VVHNMRMKNVNLEEKKNELDQNVTDLTNKVRQLEIQLMDKAAKNEVSGDLLRKMEHDAQS 1179
Hs_CROCC        EAGELRTGLQEVERSRLEARRELQELRRQMKMLDSENTRLGRELAELQGRLALGERAEKE 1319
                 . ::*    ::*..: *  ::: :* .::: *: :    . :     . *   *:  :.

Ce_CHE-10       MLKQAQNEQFRLTDLEKVRKALQDENQRLVNDLATVKAAFEVKRETSKSAISDILDKYRS 1239
Hs_CROCC        SRRETLGLRQRLLKGEASLEVMRQELQVAQRKLQEQEGEFRTRERRLLGSLEEARGTEKQ 1379
                  ::: . : ** . *   :.:::* *   ..*   :. *..:..   .::.:  .. :.

Ce_CHE-10       AEEKANKGELDNQRLRSDLATVTLKLERQELKAKDSDNRLRDSQKRFEEVQSKLANLQKS 1299
Hs_CROCC        QLDHARGLELKLEAARAEAAELGLRLSAAEGRAQGLEAELARVEVQRRAAEAQLGGLRSA 1439
                  ::*.  **. :  *:: * : *:*.  * :*:. : .*   : : . .:::*..*:.:

Ce_CHE-10       AVESLQN---PMSSNSRQNRSIYVDIPRAASSIGLNENSDEVPLRSSPSVRFADSSQNMQ 1356
Hs_CROCC        LRRGLGLGRAPSPAPRPVPGSPARDAPAEGSGEGLNSPS---TLECSPGSQPPSPGPATS 1496
                  ..*     * .:      *   * *  .*. ***. *   .*..**. : ....   .

Ce_CHE-10       RAVDSMDVSSSVGVTLRFLKERIEQLEADNADLSDALEKAKDELRQRNEKLADRQMVIER 1416
Hs_CROCC        PASPDLDPEAVRGALREFLQE-LRSAQRERDELRTQTSALNRQLAEMEAERDSATSRARQ 1555
                 *  .:* .:  *.  .**:* :.. : :. :*    .  : :* : : :  .     .:

Ce_CHE-10       VERQLVHITEERNTIENRMTSQRQMYLTNEESSRSREHEIRSMKARISTLELHLREKESK 1476
Hs_CROCC        LQKAVAESEEARRSVDGRLSGVQAELALQEESVRRSERERRATLDQVATLERSLQATESE 1615
                ::: :..  * *.:::.*::. :     :*** *  *:* *:   :::***  *: .**:

Ce_CHE-10       LAHLRKEIEVLHGQLHDALESKEKATGLVGVQDSKHRDLEEQLDRANRERELAIGKQRRT 1536
Hs_CROCC        LRASQEKISKMKANETKLEGDKRRLKEVLDASESRTVKLELQRRSLEGELQRSRLGLSDR 1675
                *   :::*. ::.:  .   .*.: . ::...:*:  .** *    : * : :       

Ce_CHE-10       LAENENLFRKLEQLEKEREQLMREITDERRLNERNRTSLEELRVSERTWKSAMTTAKKPA 1596
Hs_CROCC        EAQAQALQDRVDSLQRQVADSEVKAGTLQLTVERLNGALAKVEESEGALRDKVRGLTEAL 1735
                 *: : *  :::.*:::  :   :    :   ** . :* ::. ** : :. :   .:. 

Ce_CHE-10       EEQERAVQEQR----RWEESNHEMTNRNTALTKECDRLRVEMRDQLNRMNGINLRSVDFE 1652
Hs_CROCC        AQSSASLNSTRDKNLHLQKALTACEHDRQVLQERLDAARQALSEARKQSSSLGEQVQTLR 1795
                 :.. :::. *    : :::     : . .* :. *  *  : :  :: ..:. :   :.

Ce_CHE-10       RKNEELSSKLIVMQNTVTAMKKFEEEWKRLEAEMRAELKILRKEKLMQTAEIEDLKRKSF 1712
Hs_CROCC        GEVADLELQRVEAEGQLQQLREVLRQRQEGEAAALNTVQKLQDERRLLQERLGSLQRALA 1855
                 :  :*. : :  :. :  :::. .: :. **     :: *:.*: :   .: .*:*   

Ce_CHE-10      RSDTEKKEIEGIRVRLEREISALKRHVDALEEEKGKTEKAVRETMNERRAIDKSLASMER 1772
Hs_CROCC QLEAEKREVERSALRLEKDRVALRRTLDKVEREKLRSHEDTVRLSAEKGRLDRTLTGAEL 1915

: ::**:*:*   :***::  **:* :* :*.** ::.: . .   *:  :*::*:. * 
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Figure 3.2  che-10 genomic structure, allele information and alignment 
(A) Genomic structure of che-10, domain structure of the protein, and position of the e1809 allele 
(nonsense mutation resulting in Gln371-to-stop). Peptide sequence for antibody. Scale bar, 1Kb. 
(B) Genomic structures of 4 potential che-10 transcripts. Scale bar, 1Kb.  
(C) Western blot showing the presence of CHE-10 protein (~230KDa) in wild-type but not 
che‑10(e1809) worm extracts (arrow), confirming the allele as a null. 
(D) Clustal alignment between C. elegans (Ce) CHE-10 and H. sapiens (Hs) CROCC with an 
Expect value of 6e-08 and percent identity of 26%. Due to the repetitive nature of coiled-coils in 
rootletin, the overall percent identity is limited. 
 

3.3.2. Phenotypic characterization of che-10(e1809) mutants 

Two available che-10 alleles—namely e1809 and m525, another allele 

uncovered from a transposon mutagenesis screen (Starich et al. 1995, appendix 

Figure C.1)—also display a dyf phenotype, that I show is progressive, and 

chemosensory anomalies (Figure 3.3A, 3.3B; Figure 3.3C). In contrast to wild-

type animals which take up the lipophillic fluorophore DiI in 12 amphid (ASI, ADL, 

ASK, ADF, ASH and ASJ) and 4 phasmid (PHA, PHB) neurons, che-10(e1809) 

mutants accumulate dye in only 2-4 amphid and no phasmid neurons 

(Figure 3.3A). As che-10(e1809) mutants develop through the four larval stages 

(L1-L4) into adults, significantly fewer sensory neurons dye-fill; whereas all L1 

larvae incorporate dye in 2-4 amphid neurons (ADL and ADF neurons), only 20% 

of L4 larvae, and no adults, incorporate dye (Figure 3.3C). che-10 mutants are 

chemosensation/osmoavoidance defective (Figure 3.3D). Less than 20% of wild-

type worms fail to avoid crossing a high osmolarity barrier, whereas >70% of che-

10 worms are osmoavoidance defective, similar to the defect observed in the 

             

Ce_CHE-10       ENQQLYRNCAQLQAQIQNLERDAG-NRSVTKLAKEHSLLEARIAALIEEKRQLQSMLDQK 1831
Hs_CROCC        ELAEAQRQIQQLEAQVVVLEQSHSPAQLEVDAQQQQLELQQEVERLRSAQAQTERTLEAR 1975
                *  :  *:  **:**:  **:. .  :  ..  :::  *: .:  * . : * :  *: :

Ce_CHE-10       DANYSHKRKLLESQIQLLREQLEAERRKRTKGVVATGPTVSRRGVQHTSAFRHTIERHRS 1891
Hs_CROCC        ERAHRQRVRGLEEQVSTLKGQLQQELRRSSAPFSPPSGPPEK------------------ 2017
                :  : :: : **.*:. *: **: * *: :  . ... . .:                  

Ce_CHE-10       LSQSSERTILQERYLEYVYTGDRTPAIQMINTPPISPLSHSGSFNSGTLIM 1942
Hs_CROCC        ---------------------------------------------------
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osm-5 IFT mutant strain, where cilia are not built (Figure 3.3D). Importantly, the 

dye-filling and chemosensory defects of the che‑10(e1809) mutant are rescued 

with a fosmid containing the entire coding region of wild‑type F35D11.11 

(Figure 3.3C; Figure 3.3D). Together, these findings confirm that the ciliary 

defects in the che-10 mutants result from disrupting the rootletin ortholog, 

F35D11.11, and I chose the che-10(e1809) allele for all further experiments. The 

progressively-penetrant dyf phenotype is consistent with cilia degenerating over 

time, a possibility I investigate in greater detail (below) and confirm using various 

ciliary markers and TEM analyses. 
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Figure 3.3  Phenotypic characterization of che-10 mutants 
(A) The che-10(e1809) mutant displays dye-filling defects indicative of abrogated cilia structures 
that is rescued by transgenic expression of the wild-type gene. CB, cell body. Scale bar, 10µm.  
(B) che-10(m525) mutant, which has a disruption in the gene F35D11.11, shows a dye-fill defect 
similar to che-10(e1809) strain. Scale bar, 10µm. 
(C) Fluorescent dye uptake is progressively lost from che-10 L1 larvae to adults. Fisher’s exact 
test for significance, p<0.01. Error bars represent 95% confidence intervals (Clopper-
Pearson method for binomial data). 
(D) che-10 mutants are osmoavoidance defective. Assays were done on young adults. Less than 
20% of wild-type worms fail to avoid crossing a high osmolarity barrier, whereas >70% of che-10 
worms are osmoavoidance defective, similar to the defect observed in the osm-5 IFT mutant 
strain, where cilia are not built. This defect is rescued by the fosmid containing wild-type che-10 
(F35D11.11). Student t-test for significance, p<0.01. 
 

3.3.3. CHE-10/rootletin localizes to the proximal and distal ends of 
basal bodies 

Given that striated rootlets in C. elegans exist in only three ciliated neuron 

types (Ward et al. 1975), I was surprised that abrogating CHE-10/rootletin affects 

amphid and phasmid cilia, none of which possess obvious filamentous rootlets 

(Perkins et al. 1986; Ward et al. 1975). Intriguingly, however, the presence of an 

“amorphous root” (electron dense accumulation with no defined structure) near 

the C. elegans basal body-associated transition fibers has been reported, but its 

significance unexplored (Perkins et al. 1986). I therefore queried whether 

C. elegans CHE-10 localizes (i.e., functions) at the base of all cilia, irrespective of 

their association with prominent rootlets. Indeed, transgenic lines bearing full-

length, GFP-tagged CHE-10 shows rootletin localizing at proximal ends of all 

basal bodies, which are marked (together with ciliary axonemes) by the IFT 

protein XBX-1 (Figure 3.4A). Interestingly, both amphid and phasmid cilia also 

exhibit CHE‑10::GFP localization at the proximal-most (transition zone) region of 

the axoneme, a novel observation that is potentially relevant to the ciliary 

degeneration phenotype (see below). 

Significantly, my findings are the first demonstration—in any organism—

that rootletin influences the integrity of cilia without prominent striated rootlets. 



 

 

85 

This may be relevant to mammalian cilia, as many cell types, including olfactory 

sensory neurons that structurally and functionally resemble C. elegans 

chemosensory neurons, lack discernible rootlets but harbor rootletin 

puncta/accumulations in proximity to their basal bodies (Yamamoto 1976; 

McClintock et al. 2008). Surprisingly, however, neurons whose striated rootlets 

are lost in the C. elegans che-10 mutant possess seemingly intact cilia through to 

adulthood (Perkins et al. 1986). Based on experimental results presented in a 

later section, I suspect that these cilia do degenerate, albeit more slowly, given 

that the cilium-dependent chemosensory function of such a neuron is indeed 

compromised in the che-10 mutant. 

 

Figure 3.4  Rootletin localizes proximal and distal to the basal bodies in amphid   
and phasmid cilia 

(A) CHE-10 localizes at the proximal end of basal body and within the transition zone (TZ) region. 
GFP-tagged CHE-10 (green) is shown together with tdTomato-tagged XBX-1 (red), which marks 
the basal bodies (BBs) and transition fibers (TFs). Schematics show the relative positions of the 
proteins with respect to the cilia, BBs/TFs, TZs and axonemes in head (amphid) and tail 
(phasmid) neurons. Scale bar, 5µm.  
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3.3.4. Ciliary structure maintenance during development requires 
CHE-10/rootletin 

 Dye-filling results suggest that the cilia of che-10 animals degenerate, as 

previously hinted but not demonstrated by Perkins and colleagues (Perkins et al. 

1986). To examine how disrupting CHE‑10/rootletin impacts ciliary structures, I 

introduced a GFP-tagged IFT marker, OSM‑3‑kinesin, into the che-10 mutant 

(Figure 3.5A). In che-10 adults, I observe no clearly discernible basal bodies, 

and little or no OSM‑3 within cilia (Figure 3.5A). To confirm that these observed 

defects result from impaired ciliary maintenance, rather than formation, I 

visualized the OSM-3 motor protein throughout development (Figure 3.5B). In 

~70% of che-10 L1 larvae, amphid cilia are present, OSM-3 accumulations at 

dendritic tips are rarely observed, and IFT is visible and grossly wild-type (Figure 
3.5C) Occasionally, intact phasmid cilia are also visible. This substantiates the 

notion that ciliogenesis does indeed occur in the che-10 mutant, although by the 

L1 stage, amphid cilia are not entirely wild-type (i.e., are somewhat shorter) and 

therefore are dye-fill defective. In comparison, only ~20% of the L2 and L3 

larvae, and no L4 larvae or adults, have amphid cilia (Figure 3.5C). 

These findings provide evidence that CHE‑10/rootletin is required for 

ciliary maintenance. When the protein is absent, ciliogenesis occurs but cilia 

degenerate over time. Our TEM analyses of amphid channel pore cilia are 

consistent with this notion. The che-10 mutant L2 larvae display 4-5 grossly intact 

axonemes, and within most or all of these, the major ciliary sub-compartments 

(transition zone, middle and distal segments) are present (Figure 3.5D; Table 
3.1). In contrast, che-10 young adults possess only 1-2 seemingly intact 

axonemes, potentially the ADF and/or ADL double-rod cilia, with some pores 

devoid of any ciliary structures (Figure 3.5D; Table 3.1 see also ref. (Perkins et 

al. 1986) for TEMs of adults). In both L2 larvae and adults, additional electron 
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dense ‘ghost’ structures, sometimes bearing what appears to be microtubules, 

are visible in the amphid pores; these almost certainly represent axonemes 

undergoing degeneration (Figure 3.5D; Table 3.1).  
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Figure 3.5  CHE-10/rootletin is required for ciliary maintenance during animal 
development 

(A) che-10 mutant displays a complete loss of amphid and phasmid ciliary structures. Adult wild-
type and che-10 mutant strains are marked by GFP-tagged OSM-3 kinesin motor. BB, basal 
bodies, Scale bar, 5µm. 
(B) Amphid cilia are marked by GFP-tagged OSM-3 kinesin. Cilia are present and display IFT in 
che-10 L1 larvae, but are absent in adults and show no discernible basal bodies or OSM-3 within 
cilia. Scale bar, 5µm.  
(C) Quantitation throughout development of OSM-3::GFP in cilia. ~70% of L1 larvae have cilia 
that show visible IFT, whereas only ~20% of L2/L3 and none of the L4 larvae exhibit IFT. Fisher’s 
exact test for significance, p<0.01. Error bars represent 95% confidence intervals (Clopper-
Pearson method for binomial data) 
(D) Ultrastructure of amphid pore in che-10(e1809) mutants. Shown are representative TEM 
images from serial cross sections taken from L2 larval and young adult stages. Boxed number 
denotes proximal position of section (in µm) relative to the first section in the series. Dashed 
outlines denote ‘ghost axonemes’, presumably representing degenerated ciliary structures. Scale 
bars, 200nm. 

To study the ciliary degeneration process, I examined the seemingly intact 

cilia to assess loss of structure over time. I first confirmed using the ADL neuron 

specific marker (Psrh‑220::GFP), that ADL neurons take up dye in che-10 L4 

larvae, presumably through intact cilia (Figure 3.6A). To analyze ADL cilia 

throughout development, I created transgenic strains harbouring three GFP-

tagged IFT markers (BBS-7, IFT-B protein IFT-20 and dynein subunit XBX-

1/DLIC) expressed in ADL neurons (Figure 3.6B; Figure 3.6C). I found that che-

10 mutants possess varying numbers and lengths of ADL cilia. Quantitating the 

number of ADL cilia (0-2 per animal) using the BBS-7 marker revealed that 

significantly more che-10 L2 larvae (~65%) have both doublet cilia compared to 

adults (none) (Figure 3.6B), consistent with the reduced ADL dye uptake during 

development. Importantly, this defect is not specific to the BBS-7 marker, as 

equivalent analyses with IFT-20 and XBX-1 revealed a similar degeneration 

phenotype (Figure 3.6C). I then assessed variation in ADL cilia length 

throughout development. Compared to wild-type animals, whose cilia range from 

6-9 µm in length (peak at 7-8 µm), che-10 mutant cilia show significantly 

increased variance in length; from close to wild-type length cilia to very short cilia 

(~2-9µm) (Figure 3.7A). Hence, cilia not associated to prominent striated rootlets 
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progressively degenerate during the development of animals lacking CHE-

10/rootletin.  
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Figure 3.6  ADL cilia degenerate in che-10 mutants 
(A) che-10 ADL neurons take up the fluorescent dye, DiI. ADL neurons are marked with an ADL-
specific (srh-220 promoter) GFP-transcriptional fusion construct in che-10 L4 larvae, and are dye-
filled using DiI; the merged image shows ADL neurons taking up dye, presumably through intact 
ADL double-rod cilia. CB, cell bodies. Scale bar, 10µm. 
(B) ADL doublet cilia degenerate during development. Wild-type and che-10 ADL doublet cilia, 
marked by BBS-7::GFP; representative images of che-10 animals with 0, 1 or 2 doublet cilia are 
shown. Wild-type animals always show 2 ADL double-rod cilia. Scale bar, 5µm. 
(C) Quantitation of ADL cilia number throughout development. In che-10 mutants, a significantly 
larger proportion of animals in early development have both doublet cilia (~60%) compared to L4 
larvae (~20%) and adults (none). Fisher’s exact test for significance, p<0.01.  
(D) GFP-tagged IFT-20 (IFT subcomplex B protein) and XBX-1 (IFT-dynein subunit) expressed in 
wild-type L4 ADL neurons show basal body (BB) and doublet cilia localization. Similar to BBS‑7, 
IFT‑20 and XBX‑1 show that che-10 L4 ADL cilia are short with accumulations (*) at the tip that 
do not undergo IFT, as represented by kymographs. Quantitation of ADL cilia number marked by 
IFT-20 and XBX-1 during development in che‑10 worms reveals that cilia degenerate; a 
significantly larger proportion (~80% and ~60% respectively) of animals in early L2 larvae have 
both doublet cilia (2 cilia) compared to L4 larvae. Fisher’s exact test for significance, p<0.01. 
Scale bar, 5µm. 
 

3.3.5. CHE-10 regulates intraflagellar transport 

Having established that similar to the slow ciliary photoreceptor 

degeneration phenotype observed for the mouse rootletin knockout (Yang et al. 

2005), loss of C. elegans CHE-10 causes progressive loss of ciliary axoneme 

structures, I sought to ascertain the molecular basis for this defect. Based on its 

presence at the base of cilia, and known interaction partners, I hypothesized that 

rootletin may assist with ‘late’ stages of ciliary protein delivery. Specifically, 

rootletin has been found to interact directly with kinesin-1, suggesting that it may 

act as a docking site for vesicular trafficking (Yang and Li 2005). Rootletin also 

directly interacts with exocytosis machinery components SNAP-25, secretagogin 

and ARFGAP2 (Bauer et al. 2011), potentially hinting that it assists the critical 

step of vesicle fusion/docking at the periciliary membrane. Finally, rootletin binds 

and may help organize the actin cytoskeletal network at the base of cilia (Yang et 

al. 2005). There is evidence that the actin cytoskeleton interacts with the exocyst 

complex and mediates vesicle fusion with the apical membrane (Lanzetti 2007), 
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and such a function may also be critical for the delivery of ciliary cargo at the 

periciliary membrane. 

To test our hypothesis that CHE-10/rootletin affects the delivery of ciliary 

proteins, I first focused on the IFT machinery, which must be trafficked to the 

base of cilia and is known to be a major contributor to cilium length control and 

maintenance (Marshall et al. 2005). The initial question I addressed is if the 

length distribution of ADL cilia I observed in che-10 mutants (Figure 3.7A) 

correlates with IFT dysfunction. Strikingly, in vivo time-lapse movies and 

kymograph analyses revealed that although 100% of wild-type ADL cilia undergo 

IFT, che‑10 cilia that are <5 µm in length do not exhibit IFT; however, those 

>5 µm in length clearly undergo IFT (Figure 3.7B, 3.7C). This suggested that 

CHE-10/rootletin maintains ciliary integrity at least in part by modulating IFT. 
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Figure 3.7  CHE-10 regulates IFT 
(A) ADL cilia length histograms for wild-type and che-10 mutant. Wild-type ADL cilia lengths 
range from 6-9µm (L2 and L4 larval stages) whereas che-10 ADL cilia show a significantly wider 
range of cilia length in all stages from 2-9µm (L2, L3 and L4 larvae). che-10 adults only have a 
few short cilia (2-3µm). Student t-test for significance, p<0.01. 
(B) che-10 animals possess short cilia that fail to exhibit IFT. BBS-7::GFP expressed in the ADL 
neurons localizes at basal bodies (BBs) and doublet ciliary axonemes. IFT in wild-type middle 
segment (MS) and distal segment (DS) are represented in kymographs. che-10 ADL cilia range 
from wild-type length (left panel) to short (right panel); the longer cilia display IFT, whereas 
shorter cilia do not, and have accumulations (*) at the tip. Scale bar, 5µm. 
(C) Quantitation of ciliary length and the presence or absence of IFT in che-10 mutants. che-10 
cilia that are <5µm in length do not show IFT whereas cilia >5µm and closer to wild-type length 
show visible IFT. Kymographs represent che-10 cilia with (IFT) or without IFT (NO IFT).  
 
 

To understand how CHE-10/rootletin might regulate IFT and support 

ciliary maintenance, I compared velocity profiles of BBS-7 in ADL cilia of wild-

type and che-10 animals throughout development (Figure 3.8A, 3.8B). 

Anterograde IFT particles in wild-type animals move at ~0.7 µm/sec in the middle 

segment (MS), consistent with kinesin-II and OSM-3 motors working in 

coordination, and ~1.2 µm/sec in the distal segment (DS), in agreement with 

OSM-3 operating alone (Figure 3.8A-i, 3.8B) (Snow et al. 2004; Ou et al. 2005). 

In contrast, IFT is de-regulated in che-10 animals. As the mutant develops, the 

MS exhibits progressively more faster-moving particles compared to wild-type, 

whereas the DS displays an increase in slower-moving particles; hence, the 

overlap between MS/DS velocities observed in che-10 mutants is similar to wild-

type (31% versus 40%) in L2 larvae, but becomes much higher (94%) in L4 

larvae (Figure 3.8A-ii-iv, 3.8B). Kymograph analyses of che-10 animals also 

revealed erratic IFT particle movements, including stalling and stopping (Figure 
3.9A), and decreased IFT particle flux; ADL doublet cilia from wild-type L2 larvae 

have ~35 measurable IFT particles/minute, whereas che-10 mutants show 

significantly fewer, ~20-25 particles/minute, in L2-L4 larvae (Figure 3.9B). 

Notably, flux differences between wild-type and che-10 animals are apparent in 

cilia of equal length, suggesting a reduced IFT particle delivery onto the axoneme 

that is independent of cilium length (Figure 3.9C). I also show for the first time in 
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C. elegans, similar to that reported in Chlamydomonas (Engel et al. 2009), a 

correlation between cilium length and IFT particle flux; this correlation was 

evident in both wild-type and che-10 animals (Figure 3.9C). Together, these data 

reveal that CHE-10/rootletin is required for correct IFT behavior/function, and 

suggest an influence on motor coordination/function, perhaps via IFT particle 

delivery and/or assembly at the ciliary base (periciliary membrane). 
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Figure 3.8  IFT is deregulated in che-10 mutants 

(A, B) IFT velocity profiles represented as (A) histogram and (B) scatter plot of BBS-7::GFP in 
wild-type and che-10 mutant ADL cilia throughout development. (A- ii,iii,iv) The histogram 
reveals a gradual homogenization of middle segment (MS) and distal segment (DS) velocities in 
(L1- L4 larvae) che-10 mutant compared to the (A-i) wild-type bimodal distribution in MS and DS 
with average velocities of ~0.7µm/sec and ~1.2µm/sec respectively. (B) The scatter plot 
represents the increase in overlap in the velocity profiles of MS and DS of che-10 mutants as they 
develop. Note: wild-type L2 larvae stage represents all wild-type stages. 

 

To provide mechanistic insights into the IFT anomalies resulting from 

disrupted CHE‑10/rootletin, I examined the transport kinetics of IFT motor 

proteins KLP-20 (kinesin‑II subunit) and XBX-1/DLIC IFT dynein subunit, in ADL 

neurons. Time-lapse microscopy revealed that similar to OSM-3-kinesin 

(Figure 3.4B), XBX-1 enters ADL cilia and undergoes IFT in early larval stages 

(Figure 3.6C). In striking contrast, KLP-20 localization and dynamic behavior is 

severely compromised in che-10 animals (Figure 3.9D). Although KLP-20 enters 

the MS of ADL cilia and undergoes IFT in essentially all (~90%) wild-type L2/L3 

larvae, significantly fewer (~20%) L2 and no L3 larvae showed KLP-20 in ADL 

cilia of che-10 mutants; the entry of the IFT motor is abrogated, and it remains 

near the ciliary base (Figure 3.9D). Because it is not incorporated into IFT trains, 

I suspect that KLP-20 is not correctly delivered to its site of assembly, at the 

periciliary membrane in proximity to IFT docking sites (transition fibers). The 

progressive loss of kinesin-II function in che-10 cilia explains at least in part the 

observed IFT anomalies; I suspect that other changes (assembly defects) in the 

IFT machinery are likely to collectively explain other phenotypes (e.g., stalling 

and stopping, changes in velocities). 
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Figure 3.9  Rootletin regulates IFT flux and the entry of kinesin-II into cilia 
(A) Representative kymographs of BBS-7::GFP undergoing IFT in ADL cilia throughout 
development. Wild-type L2 larvae exhibit smooth anterograde and retrograde transport. che-10 
mutant kymographs show unstable movements, including stalling (arrow head) and stopping 
(arrows).  
(B) Quantitation of IFT flux in che-10 mutants compared to wild-type. Graph reveals statistically 
significant reduction in anterograde IFT particle flux in ADL cilia of che-10 worms compared to 
wild-type. Student t-test for significance, p<0.01. 
(C) Similar to wild-type animals, che-10 mutants show a correlation between cilium length and 
IFT particle flux. Wild-type animals have cilia ranging from 7-9µm in length, with an average IFT 
particle flux of ~35 particles per doublet cilium per minute. In che-10 mutants, the flux is lower at 
the same cilium lengths (20-25 particles/minute), and cilium length correlates with IFT particle 
flux: cilia of comparable length to wild-type animals have lower particle flux in che-10 mutants.   
(D) The kinesin-II subunit KLP-20 does not enter che-10 cilia. Wild-type animals show KLP‑20 in 
the middle segment undergoing IFT, whereas in che-10 mutants KLP-20 does not enter cilia even 
in early larvae. Graph shows KLP-20 kinesin-II motor in cilia and undergoing IFT in ~90% of wild-
type L2 and L3 larvae, whereas only ~20% of che-10 L2 larvae and none of the L3 larvae 
incorporate kinesin-II in the cilia. Fisher’s exact test for significance, p<0.01. Error bars represent 
95% confidence intervals (Clopper-Pearson method for binomial data). BB, basal body. Scale 
bar, 3µm. 

3.3.6. The integrity of the transition zone and basal body depend 
on CHE-10/rootletin 

To further dissect what role CHE-10/rootletin has on cilium maintenance, I 

monitored during development the integrity of a prominent ciliary subdomain, the 

transition zone, as well as that of the basal body. To visualize the transition zone, 

I used two well-established markers, namely NPHP-1 and MKS-2, which in 

humans (Nphp1 and Mks2/Tmem216) are implicated in Joubert and Meckel 

syndromes, respectively (Hildebrandt et al. 2011). Observing the GFP-tagged 

markers in che-10 animals throughout development revealed that the transition 

zone appears intact in early larval stages (L2/L3), but has degenerated and is 

lost by the L4 stage (Figure 3.10A-i, ii; Figure 3.10B-i, ii). This finding may be 

relevant to the localization/function of CHE-10 at not only the basal body but also 

the transition zone (Figure 3.3A). I confirmed with TEM analyses that all 6 

amphid channel pores in che-10 L2 larvae showed 1-4 grossly intact transition 

zones; in contrast, there were no transition zones observed in 3 of 4 pores 

analysed in young adult che-10 worms (the 4th pore had 3 axonemes with 
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transition zone structure) (Figure 3.10C; Table 3.1). 

Although IFT and BBS proteins can be used to mark the basal body in 

C. elegans (Williams et al. 2011; Blacque et al. 2004), I sought to identify another 

basal body-associated protein that is not directly associated with the IFT 

machinery—to help distinguish loss of basal body integrity from the potential 

assembly/functional problems of IFT that I identified above in the che-10 mutant 

(Figure 3.10A-iii, Figure 3.10B-iii). To this end, we discovered that the ortholog 

of Growth Arrest-Specific 8 (Gas8; also called Gas11) localizes specifically to the 

basal body/transition fibers in C. elegans (Figure 3.10A-iii; Figure 3.10B-iii; 
Jensen et al., in preparation), essentially as reported in mammalian cells (Evron 

et al. 2011). In che-10 mutant animals, the GFP-tagged C. elegans protein 

(GASR-8), observed throughout development, was enriched at basal bodies-

transition fibers until a late larval stage (L4), but was lost from this region in 

adults, strongly suggesting that the basal body structure degenerates. Most 

significantly, the progressive disruption of transition zone and basal body 

structures in che-10 animals is not observed in IFT mutants (e.g., osm-5/IFT88) 

wherein the majority of the axoneme is not built (Williams et al. 2011; Perkins et 

al. 1986). Thus, over time, disruption of CHE-10/rootletin has a surprisingly 

greater impact on basal body-ciliary integrity than removing the IFT machinery—

implying that defective IFT is unlikely to be the primary (and only) molecular 

defect in the che-10 mutant. 
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Figure 3.10  Rootletin function is required for the integrity of TZ and BB/TFs 
(A) Localization of proteins at TZ and BB/TFs in amphid and phasmid cilia of wild-type worms. (i-
ii) TZs are marked by NPHP-1 (blue) and MKS-2 (green), BB and cilia are marked by CHE-13 
(yellow) and XBX-1 (red) respectively. (iii) BB/TFs are marked by GASR-8 (green) and BB/cilia 
are marked by XBX-1 (red). TZ, transition zone, BB, basal bodies, TFs, transition fibers. Scale 
bar, 5µm. 
(B) Structural integrity of the ciliary base throughout development. (i-ii) The transition zone (TZ) is 
marked by NPHP-1::CFP (blue) or MKS-2::GFP (green), and the IFT co-markers CHE-13::YFP 
(yellow) and XBX-1::tdTomato (red) mark the basal body (BB) and cilia. In che-10 mutants, both 
markers localize to the TZ until L3 larvae. In L4 larva, the TZ markers are absent, indicating TZ 
degeneration. (iii) basal body/transition fibers (BB/TFs) are marked by GASR-8::GFP (green) and 
XBX-1::tdTomato (red) marks BB/cilia. GASR-8 localized to the BB/TFs of che-10 mutants until 
L4 larvae and is absent in adults, indicating BB/TFs degenerate in adults. Scale bar, 5µm. 
(C) Ultrastructure of transition zone compartment in amphid channel cilia of che-10 mutants. 
Shown are representative TEM images from serial cross sections taken from L2 larval and young 
adult stages. Boxed number denotes proximal position of section (in µm) relative to the first 
section in the series. Arrow, apical ring; closed black arrowhead, Y-links; open arrowhead, inner 
microtubules; closed white arrows, microtubule doublets. Scale bars, 100nm. 
 

3.3.7. CHE-10 maintains the functional integrity of the periciliary 
membrane 

 

On the basis that transition zones and basal bodies degenerate in the che-

10 mutant, I hypothesized that the integrity of the periciliary membrane—which 

makes direct connections to the basal body via the transition fibers and is the site 

of IFT particle docking/assembly—is likely compromised. Such a defect at the 

base of cilia could help explain the inefficient delivery of not only ciliary 

components, including transition zone and IFT proteins, and why basal body 

integrity is also compromised. To test this hypothesis, I employed TRAM-1 

(translocation chain-associating membrane protein) as a marker, as it 

concentrates specifically at the periciliary membrane compartment (PCMC) 

(Williams et al. 2011; Bae et al. 2006). GFP‑tagged TRAM-1 can be visualized 

as a ring-shaped signal at the base of cilia in wild-type animals in all 

developmental stages. Remarkably, this localization pattern is almost completely 

lost in che-10 L2 larvae and the TRAM-1 protein is seemingly absent from distal 
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ends of dendrites (base of cilia) in later (L4/adult) stages in the absence of 

rootletin (Figure 3.11A, 3.11B). 

To provide additional evidence that the PCMC is disrupted in the che-10 

mutant strain, I examined the localization of two G-protein coupled receptors, 

ODR-10 and SRBC-66, which are enriched at the PCMC and the ciliary 

compartments of wild-type AWB and ASK neurons, respectively (Kaplan et al. 

2012). I found that similar to the ADL cilia I examined previously (Figure 3.6B), 

the AWB cilia are largely intact in che-10 L2 animals (Figure 3.11C). However, 

the PCMC area marked by the proteins is significantly smaller compared to the 

wild-type strain (Figure 3.11C, 3.11D-i). In addition, the ODR-10::GFP protein 

shows a prominent posterior accumulation along the dendrite that is not 

observed in wild-type animals (Figure 3.11C, marked with asterisks). Analysis of 

SRBC-66::GFP in the ASK neuron of che-10 L2 animals reveals that the cilia are 

present but degenerating (shorter), and shows phenotypes similar to that 

observed for the AWB neuron: the PCMC area occupied by SRBC-66 is 

significantly smaller (Figure 3.11C, 3.10D-ii), and an abnormal posterior 

accumulation of the protein is also present (Figure 3.11C, marked by asterisks). 

Finally, I compared the localization of the RAB-5 endocytic protein, which 

localizes to both PCMCs and cilia (Kaplan et al. 2012). Although the localization 

of RAB-5 looks similar to wild-type, there appears to be less RAB-5 in the cilia 

and a higher accumulation at the PCMC of che-10 mutants (Figure 3.11C).  

The altered distributions (and likely functions) of four proteins that localize 

to the PCMC strongly suggest that PCMCs of the che-10 mutant strain is 

significantly disrupted. To examine the defects at an ultrastructural level, we 

examined cross-sections of che-10 mutant L2 and young adult animals by TEM, 

focusing on the PCMC compartments of amphid channel neurons (Kaplan et al. 

2012). We observed that 14-28% of PCMCs exhibit high-level accumulations of 

membranous or electron dense material (Figure 3.11E; Table 3.1). Importantly, 
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these phenotypes are never observed in the PCMC regions of wild-type worms 

(Figure 3.11E; Table 3.1). 

Together, my molecular analysis of fluorescent markers, combined with 

our ultrastructure studies, reveal that a prominent defect in cells devoid of CHE-

10/rootletin is a marked change in the structure/organization of the periciliary 

membrane compartment. Based on these results, I hypothesize that the correct 

delivery, function and/or assembly of basal body-ciliary components is impaired, 

eventually leading to the progressive loss of IFT function, degeneration of the 

axoneme, transition zone, and basal body. 
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Figure 3.11  Rootletin regulates the localization/organization of the periciliary 
membrane compartment in early larvae 
(A) Localization of periciliary membrane compartment (PCMC) protein in amphid and phasmid 
cilia of wild-type worms. The PCMC protein, TRAM-1 (red) is shown together with the TZ protein, 
MKS-2 (green). TZ, transition zone, BB, basal bodies, TFs, transition fibers. Scale bar, 5µm. 
(B) The periciliary membrane compartment (PCMC) is marked by TRAM-1::tdTomato (red), and 
just distal to this MKS-2 marks the TZ (green). Unlike in wild-type animals, TRAM-1 does not 
localize to the PCMC in che-10 L2 larvae. Scale bar, 5µm. 
(C) ODR-10, SRBC-66 and RAB-5 show altered periciliary membrane compartment (PCMC) in 
L2 larvae of che-10 mutant animals compared to wild-type. ODR-10::GFP and SRBC-66::GFP 
localize to a smaller PCMC area and show accumulations proximal to it (denoted by **); RAB-
5::GFP shows more concentrated localization to the PCMC and reduced signal within cilia. TZ, 
transition zone. Scale bar, 5µm. 
(D) Quantification of area occupied by proteins within the PCMC area in both (i) AWB neuron 
(marked by ODR-10) and (ii) ASK neuron (marked by SRBC-66). che-10 mutants at the L2 larval 
stage shows a smaller area of protein localization at the PCMC In both AWB and ASK neurons 
compared to wild-type. Student t-test for significance. P<0.01. 
(E) Ultrastructure of PCMC in amphid channel cilia of wild-type (N2) and che-10 mutants. Shown 
are representative TEM images from serial cross sections taken from L2 larval and young adult 
stages. Boxed number denotes proximal position of section (in µm) relative to the first section in 
the series. Arrows, membrane accumulation. Scale bars, 200nm. 
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Table 3.1  Quantitative analysis of amphid pore ultrastructure in che-10(e1809) 
mutant and wild-type worms  

 

3.3.8. CHE-10 is reuiquired in neurons with striated rootlets for 
normal sensory-avoidance response to CO2 

Having determined that CHE-10/rootletin is critical for the structural (and 

functional) maintenance of cilia lacking prominent striated rootlets (those of 

amphid and phasmid neurons), I turned my attention to cilia that do possess 

striated rootlets, namely those of the IL1, OLQ and BAG neurons. Surprisingly, 

previous TEM analyses revealed that these latter cilia are seemingly intact in the 

adult che-10(e1809) mutant (Perkins et al. 1986). One possibility, which we 

investigated, is that even without obvious structural degeneration, their 

functionality might still be impaired; for example, the delivery of signaling proteins 

may be compromised in the absence of CHE-10/rootletin. We focused on the 

rootlet-containing ciliated BAG sensory neurons, as they have a well-established 

role in CO2 sensation and acute avoidance behavior (Hallem and Sternberg 

  
che-10  wild-type 

  
L21 adult2  L23 adult4 

average no. axonemes (distal segments) per pore 4 1  nd 96 
average no. ghost axonemes5 per pore  0 0  0 0 

Middle pore 
average no. axonemes (middle segments) per 
pore 4 1 

 
nd 106 

average no. ghost axonemes per pore 3 5  0 0 

Proximal 
pore  

average no. transition zones per pore 2 1  nd nd 
average no. middle segments per pore 5 1  nd nd 
average no. ghost axonemes per pore 4 5  nd 0 

PCMC average no. PCMCs per pore 7 7  6 7 
average no. abnormal PCMCs7 per pore 1 2  0 0 

 

Distal pore

1 data from 4-6 amphid pores
2 data from 2-4 amphid pores
3 data from 2 amphid pores
4 data from 4 amphid pores

7 abnormal membrane accumulation (including vesicles) or electron dense material

6 data from Williams et al., 2011 

5 dark axonemes with microtubules difficult to discern or missing altogether
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2008). Using the Multi-Worm Tracker (MWT), which can simultaneously track the 

behavior of individual worms in a population (Swierczek et al. 2011), we 

established an assay to test for CO2 responses (for details on the assay, please 

see Chapter 2). 

We first confirmed with our MWT behavioral assay that wild-type animals 

react to CO2 by ceasing forward movement and performing a burst of turns 

(Mcgrath et al. 2009; Bretscher et al. 2011) (Figure 3.12A. 3.12B, 3.12C-i). 
Another control strain we tested, the gcy-9 mutant, lacks the receptor-type 

guanylate cyclase essential for CO2 sensation (Hallem et al. 2011); as expected, 

it performs significantly fewer turns/minute during its peak response to CO2 

(Figure 3.12A, 3.12C-i). Next, we compared this response to that of the osm-5 

strain, which has a mutation in an IFT subunit (OSM‑5/IFT88) and completely 

lacks cilia. Interestingly, the osm-5 mutants respond as robustly to the CO2 

stimulus as wild-type animals (Figure 3.12A, 3.12C-i); however, their turn burst 

duration is significantly increased (Figure 3.12C-ii), suggesting that IFT/cilia may 

regulate the response period. We then examined the response of the che-10 

mutant to the CO2 stimulus. Similar to osm-5 mutants, che-10 mutants do avoid 

CO2 (Figure 3.12B, 3.12C-iii), albeit with a prolonged burst of turning 

(Figure 3.12C-iv). Thus, although rootlet-associated BAG cilia appear 

structurally intact in che-10 animals, the cilium-dependent functionality of the 

BAG neuron is compromised. The defect differs from that of the gcy-9 mutant, 

likely because the guanylate cyclase is still present in the neuron but its function 

is misregulated. 
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Figure 3.12  CO2 avoidance 
(A) Wild-type worms respond to a 4sec puff of 10% CO2 delivered at time 0 (represented by grey 
bar) by performing a burst of turns. osm-5 mutants also perform a burst of turns in the presence 
of 10% CO2, but their response is significantly prolonged. gcy-9 mutants have a much blunted 
CO2 avoidance behavior, performing significantly fewer turns/minute during the peak period of 
responding compared to wild-type. Error bars represent +/- s.e.  
(B) Neither wild-type nor che-10 mutants respond to a 4sec puff of air (represented by grey bar). 
Wild-type worms respond to a 4sec puff of 10% CO2 delivered at time 0 (grey bar) by performing 
a burst of turns. che-10 mutants also perform a burst of turns in the presence of 10% CO2 but 
their response is significantly prolonged. Error bars represent +/- s.e.  
(C) che-10 mutants display an abnormal CO2 response. che-10 and osm-5, but not gcy-9 mutants 
perform the same number of turns/minute during their peak response to 10% CO2 stimuli as wild-
type animals (i, iii), but they display an abnormally long response duration (ii, iv). Student t-test 
for significance p<0.05. Error bars represent ± s.e. 
 

3.4. Discussion 

The striated rootlet represents a prominent cellular feature at the base of 

motile and non-motile cilia in many metazoan cells, including those of 

reproductive, respiratory, olfactory and visual systems (Ward et al. 1975; Yang et 

al. 2002; McClintock et al. 2008; Hagiwara et al. 2008). Its central component, 

rootletin, is also present as puncta/accumulations near all basal bodies/centrioles 

in both ciliated and non-ciliated cells (McClintock et al. 2008; Singla et al. 2010; 

Bahe et al. 2005; Yang et al. 2006). The molecular analysis of C. elegans che-

10, which I cloned encodes a rootletin ortholog, addresses for the first time the 

cellular roles of both types of rootletin. 

I first discovered that non-filamentous CHE-10/rootletin is necessary for 

the structural maintenance of the ciliary axoneme during animal development. 

Loss of CHE-10 results in progressive ciliary degeneration, a phenotype that 

correlates with molecular defects in the intraflagellar transport (IFT) machinery. 

Specifically, my studies show that IFT particles exhibit deviations in velocities, 

erratic movement, and decreased flux in the che-10 mutant. The data suggest a 

potential defect in the assembly of IFT particles at the base, and consistent with 
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this possibility, I demonstrate that at least one critical component—the kinesin-II 

motor—fails to be incorporated into moving IFT particles. Given that IFT is critical 

for ciliary maintenance and controls cilium length (Marshall et al. 2005), I propose 

that degeneration of the ciliary axoneme results at least in part from anomalies in 

IFT function. Notably, my data are entirely consistent with the slow ciliary 

photoreceptor degeneration phenotype observed in the rootletin knockout mice 

(Yang et al. 2005). Progressive decrease in the delivery of different ciliary 

components are associated with retinitis pigmentosa, or retinal degeneration 

(Murga-Zamalloa et al. 2010), and such phenotypes have been observed with 

core IFT proteins, as well as the IFT-associated BBS proteins (Mockel et al. 

2011; Hildebrandt et al. 2011). 

I also show that not only the axoneme, but also the ciliary transition zone 

region and basal body itself degenerate in che-10 mutant animals. These results 

were surprising, as the basal bodies and transition zones of C. elegans and 

Chlamydomonas are intact in the absence of IFT function (Williams et al. 2011; 

Perkins et al. 1986; Brazelton et al. 2001), where the axoneme is otherwise 

completely missing. My findings therefore suggested that the mechanism of 

ciliary degeneration may not specifically or exclusively be explainable by 

impaired IFT function, and I hypothesized that the organization and function of 

the periciliary membrane, and hence the delivery of ciliary components, may 

represent the unifying molecular defect underlying all of the ciliary phenotypes 

observed in the che-10 mutant strain. 

A previous study revealed that rootletin binds kinesin light chain (kinesin-

1), and striated rootlets were hypothesized to be a docking site for cilia-targeted 

vesicles (Yang and Li 2005). Interestingly, rootletin also interacts with key 

exocytosis components such as secretagogin, SNAP-25 and ARFGAP2 (Bauer 

et al. 2011), which are associated with vesicle docking, fusion and secretion 

(Jahn and Südhof 1994; Randazzo and Hirsch 2004). SNAP-25 localizes along 
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with whirlin (another protein whose absence leads to retinal degeneration) and 

syntaxin at the periciliary membrane region of the photoreceptor cilium, and is 

implicated in the delivery of rhodopsin and ciliogenesis in frog photoreceptor cells 

(Mazelova et al. 2009b). Based on the tight association of rootletin to basal 

bodies/transition fibers and the known interacting partners, I hypothesized that 

rootletin may be involved with the final stages of ciliary protein delivery at the 

PCMC. In support of my hypothesis, four different proteins that normally localize 

to the periciliary membrane compartment (PCMC) showed abnormal 

organization/localization in the che-10 mutant. Specifically, the localization of a 

known PCMC-localized protein, TRAM-1, is visibly impaired in L2 larvae of che-

10 mutants, at a time when most axonemes are starting to degenerate, and IFT 

anomalies are visible (Figure 3.11B). In addition, the localization of RAB-5, and 

two ciliary GPCRs, suggested a loss of PCMC organization/function. This is 

supported by our ultrastructural analyses showing accumulation of membranous 

or electron dense material in 1 or 2 amphid neuronal PCMCs (Figure 3.11E), 

and previous published findings indicating enlarged PCMCs filled with ground 

material and irregular belt junctions (Perkins et al. 1986). Based on our results, I 

speculate that the delivery of ciliary components (e.g., axonemal tubulins, 

transition zone proteins, etc.) is at least partially impaired in the early 

development of the animal, and this defect becomes progressively (cumulatively) 

worse as the animal ages, causing the entire axoneme to degenerate. The loss 

of the basal body itself may arise from impaired trafficking to the periciliary 

membrane, such that its connection via transition fibers to the periciliary 

membrane may be affected, and results in destabilization. Indeed, progressive 

loss in basal body-periciliary membrane connections could largely be the basis of 

IFT assembly defects at the base of cilia: IFT proteins are known to dock at the 

transition fibers (Williams et al. 2011; Deane et al. 2001), and several molecular 

components (e.g., mammalian Ofd1, C. elegans HYLS-1) within these fibers are 

known to interact with IFT proteins or be required for their enrichment at the base 
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of cilia (Singla et al. 2010; Dammermann et al. 2009). Hence, changes in the 

organization, molecular makeup, and function of the PCMC—stemming from 

impaired trafficking—may provide a viable explanation for the observed IFT 

defects and progressive degeneration of the axoneme, transition zone, and basal 

body upon loss of CHE-10/rootletin. The findings are of particular interest, not 

only because rootletin is evolutionarily conserved, but also because they reveal a 

previously unknown function of non-filamentous forms of rootletin in ciliary 

maintenance and function. 

An intriguing finding in the che-10 mutant is that the structures of sensory 

cilia devoid of (normally present) striated rootlets appear largely unaffected 

(Perkins et al. 1986). I hypothesized that although these cilia may degenerate 

more slowly, their function may still be affected. Assessing the functionality of the 

rootlet-associated ciliated BAG neuron, which senses and initiates CO2 

avoidance, we found that che-10 animals are not wild-type in their response 

(Figure 3.12B, 3.12C-iii,iv). Specifically, their response is significantly 

prolonged, a phenotype that we also observe with the osm-5 IFT mutant, which is 

completely devoid of cilia. In contrast, the gcy-9 mutant, which lacks the CO2-

sensing guanylate cyclase required to initiate cGMP production and thus 

neuronal activation, fails to respond to the CO2 stimulus. Given our findings, we 

propose that the difference between the osm-5/che-10 and gcy-9 mutant 

phenotypes is related to whether functional GCY-9 is present or not, and, if it 

localizes together with associated signaling molecules (e.g., the cGMP-

dependent channels TAX-2/TAX-4) to cilia or not. Hence, the robust aversive 

response in both the osm-5 and che-10 mutants is likely due to the presence of 

functional GCY-9. However, in the case of the osm-5 mutant, GCY-9 and TAX-

2/TAX-4 can no longer localize to cilia, and the kinetics of the signaling response 

is altered. In the case of the che-10 mutant, defects in the trafficking of these 

signaling molecules to the base of cilia, or within cilia, may be abrogated, 
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resulting in a similar phenotype. Such alteration in behavior in the mutant animals 

may have significant ethological consequences, for example preventing proper 

taxing away from an area of high CO2 concentration. 

 

In summary, I show that CHE-10/rootletin is important for the structural 

and/or functional integrity of all cilia, whether in non-filamentous, or filamentous 

forms. My results will have important implications for understanding the roles of 

rootletin in different mammalian/human cell types, where both forms of rootletin 

are found. For example, some cells such as olfactory sensory neurons have 

primary cilia, but while they are devoid of a prominent rootlet, rootletin is indeed 

present near their basal bodies (Yamamoto 1976; McClintock et al. 2008). Also, 

the roles we have uncovered for rootletin in periciliary membrane/ciliary function 

could be separate from the reported function of rootletin in centriolar cohesion 

(Bahe et al. 2005; Yang et al. 2006). Future experiments should help clarify 

precisely how rootletin—for example by binding kinesin-1, exocyst components, 

and/or stabilizing the actin cytoskeletal network—can ensure proper ciliary 

trafficking and the integrity of the base of cilia, or periciliary membrane, and thus 

the basal body-ciliary organelle itself. 
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4. DYF-18, a novel Ser/Thr kinase, maintains 
ciliary function  

The following chapter is a modified version of a manuscript published in 

Developmental Biology. The authors of the study are listed below. 

Prasad Phirke; Evgeni Efimenko; Swetha Mohan; Jan Burghoorn; Filip Crona; 

Mathieu W Bakhoum; Maria Trieb; Kim Schuske; Erik M Jorgensen; Brian P 

Piasecki; Michel R Leroux; Peter Swoboda  

EE and SM contributed equally. MRL and PS are co-corresponding authors. 

As co-second author, I performed all of the DYF-18 functional characterizations 

and co-wrote the paper. This chapter focuses largely on these studies, and not 

on other aspects of the published paper.  

Mathieu Bakhoum, an undergraduate ISS student, made the transgenic lines in 

the dyf-18 mutant background. 
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4.1. Abstract 

Cilia are ubiquitously expressed cell surface projections that mediate 

various sensory- and motility-based processes and are implicated in a growing 

number of multi-organ genetic disorders termed ciliopathies. To identify new 

components required for cilium biogenesis and function, we sought to further 

define and validate the transcriptional targets of DAF-19, the ciliogenic C. 

elegans RFX transcription factor. Transcriptional profiling performed on embryos, 

staged to when ciliated cells differentiate, of daf-19 mutants (which do not form 

cilia) versus wild-type animals, showed a decrease in expression of an 

uncharacterized candidate gene, dyf-18, so-named because their corresponding 

mutants display dye-filling (dyf) defects. DYF-18 is an evolutionarily conserved 

CDK7/CCRK/LF2p-related serine/threonine kinase that is expressed in all ciliated 

cells. Disruption of DYF-18 causes ciliary length defects and abnormal 

accumulations of key IFT components. Therefore, DYF-18 is necessary for the 

maintenance of ciliary function by regulating intraflagellar transport, a process 

critical for cilium biogenesis. 
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4.2. Introduction 

Ciliogenesis in C. elegans is controlled by DAF-19, the sole RFX transcription 

factor in this organism (Swoboda et al. 2000). This transcription factor is 

conserved in many eukaryotes and is essential for regulating ciliary gene 

expression in D. melanogaster and mammals (Swoboda et al. 2000; Laurençon 

et al. 2007; Piasecki et al. 2010). The initial expression of DAF-19 coincides with 

the development of most ciliated sensory neurons (CSNs) during embryogenesis 

in C. elegans (Senti and Swoboda 2008). A null mutation in DAF-19 leads to a 

complete loss of cilia (Perkins et al. 1986; Swoboda et al. 2000). Importantly, daf-

19 mutant worms are viable but are unable to respond to various sensory stimuli 

and have developmental defects, such as constitutive entry into the dauer 

(stress-resistant) larval stage (Perkins et al. 1986; Swoboda et al. 2000). Thus, 

the C. elegans daf-19 mutant provides a powerful genetic system for identifying 

novel target ciliary genes, and is particularly advantageous compared to 

vertebrate or mammalian species for studying genes that may have essential 

functions. 

 

 Several genome-wide approaches have revealed numerous genes involved 

in ciliogenesis and ciliary maintenance in C. elegans.  Detailed analyses, which 

include studies conducted in other organisms, were previously presented (Arnaiz 

et al. 2009; Gherman et al. 2006; Inglis et al. 2006). Novel ciliary genes were 

identified by conducting genome-wide searches for X-box promoter motifs, the 

binding sites of DAF-19 (Blacque et al. 2005; Chen et al. 2006; Efimenko et al. 

2005). This approach has been complemented by microarray analyses of non-

synchronized daf-19 mutant and wild-type embryos to identify genes directly and 

indirectly regulated by the DAF-19 RFX transcription factor (Chen et al. 2006). 

Another approach used serial analysis of gene expression (SAGE) to uncover 

novel subsets of genes enriched in CSNs (Blacque et al. 2005). Similarly, CSN 



 

 

117 

mRNAs were isolated using a poly-A tail pull-down approach (Kunitomo et al. 

2005). Lastly, genes of specific sensory neuron types were selectively identified 

by microarray analysis of RNA from sorted AWB olfactory and AFD 

thermosensory neurons (Colosimo et al. 2004). Although these approaches have 

identified many genes associated with the development of cilia, several genes 

that function in this process very likely remain to be identified. 

To identify genes that might be specifically involved in the development of 

cilia, we focused on RNAs expressed during the narrow time period in which 

CSNs are born and differentiate. We compare microarray expression profiles of 

daf-19 mutant and wild-type worms using RNA from embryos staged to a time 

coinciding with the development of cilia and the differentiation of CSNs. To 

validate the data obtained from our microarray profiles, we conducted both 

quantitative RT-PCR and anatomical expression pattern analyses on select 

candidate genes from our microarray studies (Phirke et al. 2011).  From these 

studies, two candidate genes, dyf-17 and dyf-18, were selected for further 

functional characterization. DYF-17, highly conserved among Caenorhabditis 

species, was found to play a role at the base of cilia, where it influences the 

formation of the distal ciliary segment (Phirke et al. 2011). DYF-18, an 

evolutionarily conserved CDK7/CCRK/LF2p-type serine/threonine kinase, was 

demonstrated to maintain ciliary function by influencing the behavior of 

intraflagellar transport. Collectively, these findings identify a list of temporally 

defined DAF-19 transcription factor targets. In addition to uncovering two novel 

genes required for ciliogenesis (dyf-17 and dyf-18) this dataset would be useful 

for the discovery and characterization of novel genes implicated in ciliogenesis 

and ciliary functions.  

This dissertation only focuses on the functional characterization of the DYF-18 

protein. 
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4.3. Results  

4.3.1. DYF-18 is a conserved Ser/Thr kinase expressed during 
ciliogenesis 

One of the genes that were down regulated in a daf-19 mutant 

background is H01G02.2. This gene encodes an evolutionarily conserved 

serine/threonine kinase of the cyclin-dependent kinase (CDK) family, with 

potential sequence similarities to a CDK-activating kinase (CAK) whose closest 

human homolog is cell cycle related kinase, CCRK (Liu and Kipreos 2000) 

(Figure 4.1A). A role for CCRK in ciliogenesis has been described, although the 

molecular mechanisms by which it acts in this process remain unclear (Ko et al. 

2010). H01G02.2 contains an X-box promoter motif 160bp upstream of the 

translational start site of the gene and it is expressed exclusively in CSNs 

(Figure 4.1B) (Blacque et al. 2005; Efimenko et al. 2005). An available 

H01G02.2 mutant allele, ok200, represents a 1.25 kb deletion which removes the 

promoter region containing the X-box, the first exon and part of the second exon 

(Figure 4.1B).  
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Hs_CDK7         MALDVKSRAKRYEKLDFLGEGQFATVYKARDKNTNQIVAIKKIKLGHRSEAKDGINRTAL 60
Hs_CAK          MALDVKSRAKRYEKLDFLGEGQFATVYKARDKNTNQIVAIKKIKLGHRSEAKDGINRTAL 60
Ce_DYF-18       ----MPSSIYRYETIQVAGRGAFGLVVIARDTLTSKRVAIKRIMVPNVSKVS------LA 50
Cr_LF2p         MPSTLQGTFHTYRIIRRLGQGAFGEVSLAGVLETGEVVALKRIHIR-NTGGIP---DVVV 56
Hs_CCRK         --------MDQYCILGRIGEGAHGIVFKAKHVETGEIIALKKVALRRLEDGFP---NQAL 49
                           *  :   *.* .. *  *    *.: :*:*:: :               

Hs_CDK7         REIKLLQELS-HPNIIGLLDAFGHKSNISLVFDFMETDLEVIIKDNSLVLTPSHIKAYML 119
Hs_CAK          REIKLLQELS-HPNIIGLLDAFGHKSNISLVFDFMETDLEVIIKDNSLVLTPSHIKAYML 119
Ce_DYF-18       REISCLRNLH-HRNILKLLDCFPSADLMSIVTEEVPYTLGDIIKDKTRPKTEQFNRWYYT 109
Cr_LF2p         REIKALQSVS-HPNVVALLDVFPKGQAIYLVQEYCTTDLAALLRRLPAPPPERIAKGLML 115
Hs_CCRK         REIKALQEMEDNQYVVQLKAVFPHGGGFVLAFEFMLSDLAEVVRHAQRPLAQAQVKSYLQ 109
                ***. *:.:  :  :: *   *     : :. :     *  :::      .    :    

Hs_CDK7         MTLQGLEYLHQHWILHRDLKPNN-LLLDENGVLKLADFGLAKSFGS--PNRAYTHQVVTR 176
Hs_CAK          MTLQGLEYLHQHWILHRDLKPNN-LLLDENGVLKLADFGLAKSFGS--PNRAYTHQVVTR 176
Ce_DYF-18       QILSGIAYLHSKEIMHRDIKPEN-ILVTSRNVVKIADFGQACFYMPKDPNQEYDVNVATR 168
Cr_LF2p         QLCRGLEALHAEGIMHRDVKPSNTLLSAASGTAKLADCGLARPLDG-GERPAYTHAVATR 174
Hs_CCRK         MLLKGVAFCHANNIVHRDLKPAN-LLISASGQLKIADFGLARVFSP-DGSRLYTHQVATR 167
                    *:   * . *:***:** * :*    .  *:** * *           *   *.**

Hs_CDK7         WYRAPELLFGARMYGVGVDMWAVGCILAELLLRVPFLPGDSDLDQLTRIFETLGTPTEEQ 236
Hs_CAK          WYRAPELLFGARMYGVGVDMWAVGCILAELLLRVPFLPGDSDLDQLTRIFETLGTPTEEQ 236
Ce_DYF-18       WYRAPELLFGSKKYKPDVDIWAIGCILAELVRGKPIFPGRSELEQISIIFGVLGTPNEDN 228
Cr_LF2p         WYRAPELLYGARAYGPAVDVWALGLVFAELLGLSPLVPGDNDIDQLGRVIATFGSMEP-V 233
Hs_CCRK         ---------------------SVGCIMGELLNGSPLFPGKNDIEQLCYVLRILGTPNPQV 206
                                     ::* ::.**:   *:.** .:::*:  ::  :*:     

Hs_CDK7         WPDMCSLPDYVTFKSFPGI--PLHHIFSAAGDDLLDLIQGLFLFNPCARITATQALKMKY 294
Hs_CAK          WPDMCSLPDYVTFKSFPGI--PLHHIFSAAGDDLLDLIQGLFLFNPCARITATQALKMKY 294
Ce_DYF-18       WPNWRTMPDANKLLFEPKE--PRNNWTEIL---LCKEISNNFTEFLGSHLQFFKRLKASE 283
Cr_LF2p         WLGVRALPDWGKIAFPHCEPLPLGDLLPGAPAAALEFLAAFLRYDPAKRITAACAVR-ST 292
Hs_CCRK         WPELTELPDYNKISFKEQVPMPLEEVLPDVSPQALDLLGQFLLYPPHQRIAASKALLHQY 266
                *     :**  .:        *  .          . :   :      ::     :  . 

Hs_CDK7         FSNRPGPTPGCQLPRPNCPVETLKEQSNPALAIKRKRTEALEQGGLPKKLIF-------- 346
Hs_CAK          FSNRPGPTPGCQLPRPNCPVETLKEQSNPALAIKRKRTEALEQGGLPKKLIF-------- 346
Ce_DYF-18       LLKEPWIKQGLPLVEPNY-------------RISKKSTRRNQRDALPPLHVFL------- 323
Cr_LF2p         YLTATQPLPADEAEVAAWLTATLAANEAAVAALK----QQSAAGSAAQLHVGSALRQPRA 348
Hs_CCRK         FFTAPLPAHPSELPIPQRLGGPAPKAHPGPPHIHDFHVDRPLEGVAVEPRADSALHPGGV 326
                  . .          .                :          .                

Hs_CDK7         ------------------------------------------------------------
Hs_CAK          ------------------------------------------------------------
Ce_DYF-18       ------------------------------------------------------------
Cr_LF2p         ASLPLV------------------------------------------------------ 354
Hs_CCRK         RSWPWSRLPAPQDHSVHLFLCHLPGFTLQGLPMATVGPHHTLPLSPCEGWSRGRGHVPSQ 386
                                                                            

Hs_CDK7         ------------------------------------------------------------
Hs_CAK          ------------------------------------------------------------
Ce_DYF-18       ------------------------------------------------------------
Cr_LF2p         ------------------------------------------------------------
Hs_CCRK         EYENIQSSRGDSWPVLGEPYLLCATDVPIRTVSSAASQGLHMQNDDACLGAASPECCLLV 446
                                                                            

Hs_CDK7         ------
Hs_CAK          ------
Ce_DYF-18       ------
Cr_LF2p         ------
Hs_CCRK         KEKCRE 452

A
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Figure 4.1  dyf-18 alignment, genomic structure and allele information 
(A) Clustal Alignment of H. sapian (Hs) CCRK, CDK7 and CAK with C. reinhardtii (Cr) LF2p and 
C. elegans (Ce) DYF-18.  
(B) Genomic structure of dyf-18. ok200 allele has a 1251bp deletion that removes the x-box 
domain, the first exon and part of the second. It has kinase domain is annotated in amino acids 
and marked in red. Scale bar, 100bp. 

4.3.2. Phenotypic characterization of dyf-18 mutants 

I subjected the ok200 mutant strain to cilia-related phenotypic analyses. 

To identify possible structural abnormalities of cilia, I tested the ability of the 

strain to take up the fluorescent dye, DiI. Compared to wild-type animals, ok200 

mutant animals display only a weak ability to uptake the dye in amphid (head) 

and phasmid (tail) neurons (Figure 4.2A – only amphids are shown). The dyf 

phenotype was quantified for the amphid neurons and found to be statistically 

significant (Figure 4.2C). Next, I determined that the ok200 mutant strain 

displays a chemosensory defect. Specifically, the strain was impaired in its ability 

to avoid substances of high osmolarity (osm phenotype), similar to control (osm-

5) mutant strain (Figure 4.2D). Importantly, the Osm phenotype displayed by 

ok200 mutants could be fully rescued by expression of a wild-type copy of the 

gene fused to GFP (Figure 4.2D), demonstrating that the translational GFP 

fusion protein is functional. Based on these data, we assigned the name dyf-18 

to the H01G02.2 gene. 

dyf-18 - H01G02.2

ok200

x-box
100bp

kinase domain

GTCTCCATGACAAC

ATG TAA8 290

B
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Figure 4.2  Phenotypic characterization of dyf-18(ok200) mutants 
(A) Fluorescence images of the head region of wild-type and dyf-18 (ok200) mutant worms 
respectively taken at the same exposure time after a dye-filling assay. dyf-18 mutant animals 
show weak dye-filling defects in amphid neurons (not shown for phasmid neurons) 
(B) Quantification of the fluorescent dye-filling defects, showing a statistically significant decrease 
in the dye uptake in dyf-18 mutant strain as compared to wild type.  
(C) dyf-18 mutants display an osmotic avoidance defective (Osm) phenotype that is rescued by 
introduction of a DYF-18::GFP translational fusion construct. Wild type serves as a positive 
control; osm-5 mutants serve as a negative control.  (*) Student t-test was performed for 
statistical significance (p values are shown) 
 

A

0

0.5E+09

1E+09

1.5E+09

2E+09

2.5E+09 *

0

20

40

60

80

100
*

*

wild-type

B C

wild-type dyf-18(ok200)

wild-type dyf-18
n=25 n=20

p= 4.2E-10

Di
I f

lu
or

es
ce

nc
e 

in
te

ns
ity

%
 o

f o
sm

 (-
) w

or
m

s

osm-5 dyf-18 rescue

p<0.001
n=50

cell
bodies

cell bodies



 

 

122 

4.3.3. DYF-18 is expressed in all ciliated cells 

To determine the subcellular localization of DYF-18 protein, we expressed 

a DYF-18::GFP translation fusion, that rescued the osmoavoidance phenotype, 

in wild-type animals. The protein was exclusively expressed in most CSNs 

(including amphid, phasmid and labial neurons), as expected from its regulation 

by DAF-19 (Figure 4.3A). The encoded fusion protein was largely cytoplasmic, 

with diffused fluorescence in the cell bodies, dendrites and within ciliary 

compartments (Figure 4.3A). No specific enrichment of the protein within cilia 

was observed, similar to the expression reported for DYF-5, a C. elegans MAP 

kinase known to affect cilia function (Burghoorn et al. 2007). 

 

 

Figure 4.3  Localization of DYF-18 
(A) Expression pattern and localization of the DYF-18 protein in head and tail neurons 
respectively. A DYF-18::GFP translational fusion construct is expressed in amphid, phasmid and 
labial neurons in wild-type animals. The encoded protein localizes diffusely within the cell bodies, 
dendrites, and ciliary compartments. Cell bodies, dendrites and ciliary regions are indicated. 
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4.3.4. DYF-18 regulates intraflagellar transport 

To visualize potential abnormalities in cilia and the localization of IFT proteins, 

we generated several transgenic strains that express in a dyf-18 (ok200) mutant 

background various GFP-tagged IFT protein markers, namely the anterograde 

IFT motor components KAP-1 and OSM-3, the IFT subcomplex A protein        

CHE-11, and the IFT subcomplex B proteins CHE-2 and OSM-5 (Figure 4.4). I 

noted abnormalities in the distribution of some IFT proteins. Specifically, the dyf-

18 (ok200) mutant showed prominent accumulations of the homodimeric kinesin-

II motor, OSM-3, between the middle and the distal segment both in the amphid 

and phasmid neuron cilia (Figure 4.4D). The IFT protein OSM-5, on the other 

hand, was frequently observed to accumulate at the base of cilia in amphid and 

phasmid neurons, with much reduced localization along the ciliary axoneme 

(Figure 4.4B). Interestingly, not all IFT proteins tested were significantly affected. 

Both CHE-11 and CHE-2 displayed essentially wild-type localization to both the 

middle and distal segments (Figure 4.4A, 4.4E), kinesin-II motor localized to the 

middle segments with occasional accumulations and could be observed to 

undergo seemingly normal IFT (Figure 4.4C).  
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Figure 4.4  DYF-18 regulates the localization of IFT machinery components 
Both amphid and phasmid cilia are shown. (A, B) Localization of IFT subcomplex B proteins. 
CHE-2 shows wild-type localization whereas OSM-5 is largely excluded from cilia and 
accumulates at the base of cilia. (C, D) Localization of IFT motors. KAP-1 shows essentially wild-
type localization with occasional accumulations at the tip of the middle segment (marked by *) 
whereas the OSM-3 motor is largely unable to enter the distal segment and shows large 
accumulations (marked by *) between the middle and the distal segment. (E) Shows the 
essentially normal localization of the IFT subcomplex A protein CHE-11 to the middle and distal 
ciliary segments. In all panels the dotted line divides the middle and the distal segments. BB, 
basal bodies; *, marks protein accumulation. Presence or absence of IFT in the mutant has been 
denoted. 

4.3.5. DYF-18 maintains ciliary length 

Importantly, although I found that the structure of most cilia appeared 

superficially similar to wild type animals (Figure 4.4A, E), disruption of DYF-18 

resulted in an significant increase in ciliary length, reminiscent of the long flagella 

phenotype observed in LF2p mutants C. reinhardtii (Figure 4.5) (Tam et al. 

2007). Therefore DYF-18 regulates or maintains ciliary length by modulating IFT. 

 

 

Figure 4.5  DYF-18 regulates ciliary length 
(A) Phasmid cilia on wild-type animals are 6.11µm in length on average, dyf-18 mutants have 

significantly longer phasmid cilia with an average of 7.55µm in length.  
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Together, my findings suggests that DYF-18, a CDK7/CCRK/LF2p-related 

serine/threonine kinase found exclusively in CSNs, modulates the behavior and 

function of at least some IFT proteins, explaining its importance in the formation 

and function of cilia. Importantly, the regulation of IFT is required for maintaining 

ciliary length control. Additional studies will be required to understand the precise 

role of DYF-18 in IFT, including a possible functional redundancy with the DYF-5 

kinase that is known to regulate IFT activity (Burghoorn et al. 2007).  

4.4. Discussion 

DYF-18 is an evolutionarily well-conserved serine/threonine protein kinase 

expressed in CSNs, which is required for ciliogenesis, likely because it 

modulates the IFT process. Specifically, abrogating DYF-18 appears to 

selectively affect the function of some (but not all) IFT components, including the 

anterograde kinesin motor OSM-3. Similar to DYF-5, the only other known C. 

elegans kinase that affects IFT (Burghoorn et al. 2007), DYF-18 appears largely 

cytosolic, with no specific enrichment in cilia. DYF-18 is related to the human cell 

cycle related kinase (CCRK), a likely homolog of LF2p (flagella length mutant) in 

Chlamydomonas (Ko et al. 2010; Liu and Kipreos 2000; Tam et al. 2007). CCRK 

has been shown to physically interact with Broad-minded or Bromi (a TBC-

domain containing protein), and is required for proper cilia assembly and ciliary 

length (Ko et al. 2010). Although LF2p and CCRK have to date not been directly 

associated with IFT, my results suggest that this class of kinases may be 

generally involved in controlling ciliogenesis/cilium length in a manner dependent 

on IFT, which is required for building and maintaining cilia (Silverman and Leroux 

2009). A recent study showed that CCRK negatively regulates ciliogenesis and 

promotes cell proliferations in glioblastoma in an IFT dependent matter (Yang et 

al. 2013). Intriguingly, disruption of DYF-18 causes the anterograde IFT motor 

OSM-3 to accumulate between the middle and distal segments, a phenotype also 
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observed in the dyf-5 kinase mutant (Burghoorn et al. 2007). dyf-5 encodes a 

homologue of LF4p, which like dyf-18/LF2p, is required for cilium length control 

(Asleson and Lefebvre 1998; Berman et al. 2003; Burghoorn et al. 2007; Omori 

et al. 2010). Whether DYF-18, similar to DYF-5, is involved in modulating the 

correct association between different IFT components and the motors, and the 

proper behavior of the motors themselves, will require further investigation.  
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5. Conclusions and Perspectives 

 My dissertation goal, to uncover novel players involved in cilium formation 

and maintenance, led me to identify and characterize two proteins. In this chapter 

I discuss the conclusions from my experiments and draw perspectives on their 

significance.  

5.1. Rootletin is required for ciliary maintenance 

 The striated rootlet is a large cytoskeleton-like structure which is known to 

be associated to the cilium and basal bodies since the advent of electron 

microscopy (Ward et al. 1975; Hagiwara et al. 1997; Stephens 1975; Perkins et 

al. 1986; Klotz et al. 1986). Although the existence of this structure was known, 

its function and components are still largely unknown. Rootletin is a large coiled-

coil protein and a core component of the striated rootlets (Yang et al. 2002). 

Rootletin has also been implicated, in non-ciliated cells, in centriolar cohesion 

during interphase. It localizes to the proximal ends of centrioles, closely 

associated with C-Nap1/CEP250 (another centrosomal protein) and connects the 

two centrioles through striations (Bahe et al. 2005; Yang et al. 2006). This 

cohesion has to be broken before entry into the cell cycle.  
 

5.1.1. Localization of rootletin 

 Rootletin was first identified in Tiansen Li’s lab as a 220kDa protein 

localizing to the striated rootlets in mouse photoreceptor cells (Yang et al. 2002). 

Subsequently, studies in mammalian cells by Bahe and colleagues showed that 
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rootletin also localized to the proximal end of centrioles (in the absence of cilia) 

and forms centriole-associated fibers during interphase (Bahe et al. 2005). Thus, 

rootletin can associate to the centrioles/basal bodies in both ciliated and non-

ciliated cells. Intriguingly, studies in olfactory sensory neurons (OSNs) that do not 

possess prominent striated rootlets also showed the presence of rootletin at the 

base of the cilium (McClintock et al. 2008; Yamamoto 1976). Therefore, rootletin 

can be found as polymerized striations or as non-filamentous forms at the base 

of the cilium. Although the non-filamentous forms of rootletin localize to the 

cilium, its function was unknown. My experiments in C. elegans demonstrate 

that, similar to mammalian OSNs, rootletin is found at the base of cilia not 

associated with striated rootlets (Figure 3.4A). This dissertation is the first 

instance where the function of the non-filamentous form of rootletin has been 

studied and reported.   

Although I have shown CHE-10::GFP localization at the distal and 

proximal ends of BBs in ciliated sensory neurons (amphid and phasmid), this 

translation fusion was expressed using a heterologous promoter (bbs-8). In 

attempt to visualize expression using its endogenous promoter, I made 

transcriptions fusions of GFP attached to 2.6Kb of the promoter region upstream 

of the che-10 start codon. Unfortunately, I did not see expression of GFP in any 

ciliated neurons in more than one transgenic line (data not shown). As the 

intergenic region is ~10Kb, I acquired a full-length recombineering GFP fosmid 

for CHE-10 from the recombineering library (the TransgeneOme project, 

Germany). Although the transgenic line partially rescued the dye fill defect, I was 

unable to visualize GFP within ciliated neurons (data not shown). I next tried to 

immunostain for endogenous CHE-10 in wild-type adults using the antibodies 

and was unsuccessful at visualizing a distinct signal in these cells. Finally, I 

propose to make a mini-gene fusion, with 2.6Kb of promoter region and the first 2 
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exons attached to GFP. If there are regulatory sequences present within introns, 

this construct may give us localization of endogenous CHE-10.  

 Non-ciliated cells were found to have rootletin localized, along with another 

centriolar associated protein C-Nap1, at the proximal end of centrioles and 

required for centrosomal cohesion (Bahe et al. 2005; Yang et al. 2006). Whether 

rootletin localizes to the centrioles during early embryogenesis in C. elegans is 

unknown. Considering the che-10 mutant worms grow to adulthood, embryonic 

development is not affected and rootletin, similar to HYLS-1, is not essential for 

cell division (Dammermann et al. 2009). Note, however, that it is not impossible 

that more subtle effects on the efficiency, or accuracy of chromosome 

segregation might be affected in the che-10 mutant. This led me to hypothesize 

that LFI-1, the paralog of CHE-10, may play functionally redundant roles.  

5.1.2. Paralog of rootletin, LFI-1 

In C. elegans there exists a paralog of CHE-10, LFI-1 or lin-5 interacting 

protein (Fisk Green et al. 2004). LFI-1 was found in a screen for proteins that 

interacts with LIN-5, a coiled-coil protein that is associated to the spindle and is 

required for spindle positioning and chromosomal segregation (Lorson et al. 

2000). To test the possibility that LFI-1 might work redundantly with CHE-10, I 

obtained 2 alleles of lfi-1, ok1992 (not curated) and tm4331 (277bp deletion that 

leads to an early stop) (Figure 5.1). Unlike che-10 mutants, neither allele of lfi-1 

showed dye-fill defects in amphid or in phasmid neurons or show any visible 

developmental defects (Figure 5.1 only shows tm4331). I then made a che-

10(e1809);lfi-1(tm4331) double mutant and performed a dye-fill assay. The 

double mutant looked like a che-10 single mutant with no conclusive evidence for 

a synthetic interaction (data not shown). I obtained a transcription fusion from the 

SAGE library (serial analysis of gene expression) for lfi-1 and found no 

expression in ciliated cells (data not shown). I concluded that LFI-1 in C. elegans 
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has diverged, from its paralog CHE-10, to perform other functions. One 

possibility is that LFI-1 may function during early embryonic cell division, similar 

to rootletin in mammalian cells, in C. elegans. To test this hypothesis, specific 

experiments during embryogenesis will be required to illuminate the role of LFI-1 

in this process. 

 

 

 

Figure 5.1 lfi-1, paralog of rootletin is not dye-fill defective 
(A) Genomic structure of lfi-1. lfi-1(tm4331) has a 277bp deletion removing the 3rd exon and part 
of the 4th. (B) The lfi-1(tm4331) mutant, unlike che-10(e1809) is not dyefill defective in amphid 
and phasmid (not shown) neurons. It is indistinguishable from wild-type animals in the number of 
neurons that dye-fills and the amount of dye uptake. Images are taken at L4 larval stage. CB, cell 
bodies 
 

5.1.3. Degeneration of ciliary axoneme during development 

 All amphid cilia are disrupted in the absence of rootletin. In ciliated cells not 

associated with prominent striated rootlets, the disruption of rootletin leads to 

ciliary degeneration. The exact time point when degeneration begins is 
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undetermined. In wild-type animals, ciliogenesis occurs between the 2-fold and 

the 3-fold stage of embryogenesis (Figure 1.5) and when L1 larvae hatch from 

the embryo, cilia are full-length (Swoboda et al. 2000). In the absence of 

rootletin, although ~70% of L1 larvae have visibly full-length cilia with grossly 

wild-type IFT, dye uptake is still defective. Only the ADL and ADF cilia are able to 

take up dye in the L1 larvae (Figure 3.5B, 3.5C, 3.3C). This could be due to two 

possible scenarios.  

 

 Firstly, ciliogenesis occurs to form full-length cilia in all cells and 

degeneration begins prior to hatching (except for ADL and ADF cilia). At the L1 

larval stage, degeneration has no severe effect on IFT (unlike che-10 L4 larvae), 

but the cilia are too short for dye uptake. Alternatively, during ciliogenesis only 

ADL and ADF cilia are able to grow to full length and are exposed to the 

environment to take up dye, whereas other cilia are unable to grow to wild-type 

length and degenerate more quickly. Live imaging during ciliogenesis in the 

embryo and/or releasing the L1 larvae prior to hatching and performing dye-fill 

experiments on these larvae may help determine which is the likely scenario. 

These experiments have important limitations, such as permeabilizing the 

eggshell and inducing premature hatching. Although a more tedious approach, 

performing TEM analysis and reconstructions in embryo during ciliogenesis and 

measuring ciliary length may answer these questions. From my findings, I 

concluded that, in the absence of rootletin, full-length cilia can form but they 

degenerate over time. Specifically, ADL and ADF cilia are intact in the L1 larvae 

and are able to take up dye but degenerate over time, albeit more slowly. Our 

collaborators also confirm this with TEM in L2 and young adult worms of che-10 

mutants, where L2 have intact TZ, proximal doublets and distal singlets that are 

lost in the adults.  
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 An interesting result from this degeneration phenotype is that the double 

rod, ADL and ADF cilia, which can be visually analogous to the Chlamydomonas 

flagella (two equal length cilia originating from two basal bodies from the same 

cell), are the only two cilia that remain intact until late larval stages (some L4 

larvae have full length ADL cilia). Does the double rod specification confer 

stability that other single rod cilia lack? Is there a specific protein/factor that is 

only expressed in ADL and ADF cilia, which confers the double rod specification 

and may play a role in stability? Intriguingly, similar to resorption of 

Chlamydomonas flagella, both rods of one ADL cilia, whether full length or in the 

process of degeneration, are always of the same length in all developmental 

stages of the che-10 mutants (Figure 3.6B - short cilia). This might suggest that 

the pool of IFT particles, required for cilium formation and maintenance, is evenly 

distributed amongst both cilia. Understanding how the separate rods of each 

doublet cilia sense their length could be analogous to Chlamydomonas ciliary 

length detection during resorption (Ludington et al. 2012; Rosenbaum et al. 

1969). Experiments on the stability of ADL and ADF cilia may also help us 

understand how they are different from other ciliated cell.  

5.1.4. Variation in ciliary length 

Wild-type animals throughout development have cilia that range from 6-

9µm in length. However, in the che-10 mutants, all developmental stages show 

ADL cilia of varied length ranging from 1-9µm (Figure 3.7A). Interestingly, when I 

tested the correlation between IFT and ciliary length, the data resulted in a 

bimodal distribution of cilia length. All mutant cilia that are <5µm in length do not 

undergo IFT and all mutant cilia >5µm in length (closer to wild-type length) can 

undergo IFT (Figure 3.7C). This correlation suggests that rootletin maintains 

cilia, at least in part, by modulating IFT. This also indicates the existence of a 

switch that could recognize ciliary length and stops IFT when cilia are too short or 
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vice versa. Specifically, in these cells, an ~1µm TZ is followed by ~4-4.5µm 

doublets microtubules and then a ~2.5-3µm singlet microtubules (Inglis et al. 

2007; Perkins et al. 1986). This indicates that IFT may be abrogated once the 

distal singlet microtubules degenerate. Studies on IFT behaviour in mutants that 

only affect distal segment formation and function (OSM-3 and 

effectors/modulators of OSM-3) and their interactions with rootletin for stability, 

may help us understand this striking bimodal distribution of ciliary length with 

respect to IFT. 

5.1.5. Intraflagellar transport  

 IFT in the channel cilia in C. elegans employs two anterograde motors that 

work in coordination to build the cilium. In the proximal segment, the slower 

motor kinesin-II (~0.5µm/sec) enforces a drag on the faster motor OSM-3 

(~1.3µm/sec) and IFT particles move at an intermediate velocity (~0.7µm/sec). In 

the distal segment, only OSM-3 motor is functional and so IFT particles move at 

~1.3µm/sec (Snow et al. 2004; Evans et al. 2006; Ou et al. 2007; Inglis et al. 

2009). Therefore, in wild-type animals, this tight coordination of the anterograde 

motors yields a bimodal distribution of velocities in the cilia throughout 

development (Figure 3.8A, 3.8B) (Snow et al. 2004; Ou et al. 2005). However, 

this regulation of IFT velocities in the ADL middle and distal segment is lost in the 

che-10 mutants during development. As this loss may be due to defects in motor 

proteins in the cilium, I looked at the localization and behaviour of all three motor 

proteins - OSM-3, XBX-1 and kinesin-II in the ADL cilia. Although I found OSM-3 

and XBX-1 to localize to the cilium and undergo IFT, the localization of kinesin-II 

in the mutant ADL cilia was abrogated (Figure 3.5B, 3.6C, 3.9D). However, the 

loss of kinesin-II does not account for all of the observed defects in IFT velocities. 

In ciliary mutants, where the kinesin-II motor is lost, a full length cilium is built by 

the OSM-3 motor and all IFT particles are carried at the OSM-3 motor velocity 
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(Evans et al. 2006; Inglis et al. 2009; Ou et al. 2007). However, in che-10 

mutants, the IFT velocity profile of L3 and L4 larvae indicates that particles now 

move in a kinesin-II independent (OSM-3 velocities), OSM-3-independent 

(kinesin-II velocities) and at the coordinated rate, i.e. the bimodal distribution of 

velocities merged to form a bell curve that encompasses both middle and distal 

segment velocities throughout the cilia (Figure 3.8A-iv, 3.8B). 

 

 This data emphasizes that the disruption of rootletin has a greater effect on 

IFT behaviour than just the presence or absence of kinesin-II. My data shows 

that not only is the entry of kinesin-II abrogated, but that there is an overall 

decrease in the number IFT particles assembled and loaded onto the 

microtubules of a full-length mutant cilium (IFT flux). Interestingly, a significant 

decrease in particle flux compared to wild-type is seen in all developmental 

stages (L2, L3 and L4) in the che-10 mutants (Figure 3.9B), indicating that in 

early L2 larvae with cilium length and IFT velocity distribution close to wild-type 

(presumably with both OSM-3 and kinesin-II in the cilium), IFT flux is significantly 

reduced. Therefore, the IFT velocity anomalies that I observe in che-10 L3 and 

L4 larvae may be secondary to defects in IFT assembly and loading at the ciliary 

base. However, small amounts of kinesin-II maybe entering the cilium that was 

not detected by the microscope and could also account for the discrepancies in 

the IFT velocity in the absence of rootletin.  

  

 These findings also bring to light another important question. What is the 

minimum number of IFT particles/IFT trains required to build a full-length cilium? 

Presumably, this reduced flux of IFT particles is sufficient to build a full-length 

cilium in C. elegans, but together with other IFT anomalies ultimately contributes 

to the degeneration of the axoneme. IFT flux analysis in different ciliary mutant 

backgrounds may help understand this basic question.  
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 Further, the movement of the IFT particles on the axoneme is also affected 

in the absence of rootletin. Unlike axonal or dendritic transport, in which cargoes 

have periods of anterograde, retrograde, stationary and “wobble’ movements, 

IFT is very polarized and once loaded onto the microtubules, IFT particles 

continuously move in their intended direction (Welte 2004; 2010). In the absence 

of che-10/rootletin, this smooth movement of IFT particles is lost and they now 

stop, stall or prematurely change directions (Figure 3.9A). This indicates that the 

assembly and/or loading of the IFT trains may be disrupted leading to instability 

in the overall structure of the moving IFT train. This also raises an intriguing 

question about what regulates the stability in the movement of the IFT trains and 

maybe, in the absence of rootletin, an important regulator of stability is not 

loaded or assembled onto the trains leading to IFT anomalies. 

 

 I conclude that rootletin, consistent with its localization at the base of the 

cilium, may be involved in the docking and/or assembly of ciliary precursors at 

the base and loading of these assembled trains onto the microtubules. 

5.1.6. Degeneration of the transition zone and basal bodies 

 Ciliated cells, not associated to prominent striated rootlets, have rootletin at 

the base of the cilium, closely associated with the TFs. In these cell types, data 

from fluorescence imaging suggests, and TEM analysis confirms, that che-10 L2 

larvae have an intact TZ that degenerates in the adults (Figure 3.10B-i,ii, 
3.10C). GASR-8 localizes to the base of the cilium in L4 larvae, indicating 

BBs/TFs are intact, but are lost in the adults, consistent with BB/TFs 

degeneration (Figure 3.10B-iii). Importantly, this dissertation is the first 

observation where the disruption of one/any protein leads to the sequential loss 

of the axoneme, TZ and BB/TFs. In C. elegans, CCPP-1, a tubulin 

deglutamylase, is also required for the ciliary maintenance. ccpp-1 mutants show 
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a similar age-dependent dye-fill defect as che-10 mutants, but the degeneration 

is only associated with the ciliary axoneme (O'hagan et al. 2011). In IFT mutants 

where the axoneme is not built (e.g., osm-5), the TZ and BB/TFs, as seen by 

TEM or fluorescent markers, are intact (Williams et al. 2011; Perkins et al. 1986). 

This indicates that rootletin may play a central role in the stability of the ciliary 

subdomains, which is in some ways more important that IFT itself. Studying 

ciliogenesis and the structure of the maturing basal bodies and early stages of 

TZ formation may shed light into these roles.  

 Thus, cilia that are not associated with rootlets show sequential 

degeneration of the axoneme, TZ and BB; a phenotype, which is more severe 

than the defects observed in the rootletin knock out (KO) mouse. To explain this 

severity in C. elegans, I draw to your attention once again that C.elegans are 

unique in the fact that their BBs degenerate post-ciliogenesis. In the absence of a 

typical BB (only TFs are present), the remnants of the basal body-associated 

proteins, such as rootletin and HYLS-1, maybe have diverged to have a more 

central function in ciliary stability, compared to the other species that have an 

intact ‘typical’ triplet microtubule BB with distal and sub-distal appendages. If this 

is true, the rootletin KO mouse should mimic the ciliary degeneration observed in 

the C. elegans rootletin mutant if its BB structure was destabilized along with the 

loss of rootletin. Conversely, ectopic expression of basal body associated 

proteins, such as SAS-4/SAS-6, in C. elegans ciliated cells could provide the 

stability and slow down the degeneration process of these cilia (although there 

maybe other caveats to ectopic expression of these proteins). Another reason for 

the mouse mutant to be less severe is the possibility that it may not be a true KO. 

Yang and colleagues report that in the rootletin mutant mouse, although the 

striated rootlets are absent, they still found small amounts of rootletin to localize 

at the proximal end of the basal bodies of both photoreceptors and tracheal cilia 

(Yang et al. 2002). This may be similar to the non-filamentous rootletin and may 

also be partially functional which could explain the much slower degeneration. 
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This indicates that the C. elegans mutant may be a true KO of rootletin compared 

to the mouse mutant. While the disruption of rootletin is more severe in C. 

elegans than in the mouse mutant, using C. elegans I have significantly 

advanced the knowledge of mechanism of action of rootletin and its function at 

the base of the cilium.  

5.1.7. Disruption of the periciliary membrane compartment 

 Disruption of rootletin causes the degeneration of the axoneme, TZ and 

BB/TFs in C. elegans. I next decided to look at the PCMC where endocytosis and 

exocytosis of ciliary vesicles occurs and is the compartment where ciliary 

proteins dock and are assembled (Kaplan et al. 2012). Surprisingly, the 

disruption of rootletin lead to defects in the PCMC in early L2 larvae that have 

normal IFT, intact TZ, BB/TFs and axonemes (Figure 3.11B, 3.11C, 3.11D and 
3.11E). I found 4 proteins that normally localize either to the PCMC or the PCMC 

and cilium, delocalized from the PCMC in the che-10 L2 larvae. Specifically, 

TRAM-1, ODR-10 and SRBC-66 showed a smaller localization pattern at the 

base of both AWB (intact) and ASK (degenerating) cilia (Figure 3.11C, 3.11D). 

This was consistent with our hypothesis of rootletin’s function, at the ciliary base, 

for assembly/docking of ciliary precursors (including TZ proteins) being the root-

cause of degeneration. Although the organization of the PCMC in these cilia is 

altered, we cannot exclude the possibility that different cells are affected in 

different ways in the absence of rootletin.  

 

 In a biochemical study for the binding-proteins of Secretagogin, an EF-

hand Ca2+ binding protein that interacts with SNAP25 and is required for Ca2+ 

induced exocytosis, along with several other exocytosis related proteins 

(SNAP23, SNAP25, ArfGAP2, KIF5B), rootletin was also found to physically bind 

secretagogin and its other interacting partners (Bauer et al. 2011; Rogstam et al. 
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2007). SNAP25 has also been implicated in the fusion of rhodopsin transport 

carries (RTCs) to the base of the connecting cilium in frog photoreceptor cells 

(Mazelova et al. 2009b). Considering the functions of these binding proteins and 

the localization of rootletin, I hypothesized that rootletin is required for late stages 

of ciliary protein delivery and their assembly at the base of the cilium. Consistent 

with my hypothesis, TEM analysis revealed that ~30% of che-10 L2 larvae have 

large membranous accumulations at the PCMC, which is never observed in wild-

type animals, and the PCMC may also degenerate in che-10 adults (Figure 
3.11E, Table 3.1). Further studies on the interaction between rootletin and the 

exocytosis machinery may help us understand the mechanism of ciliary protein 

delivery to its location of assembly.  

5.1.8. Defects in ciliated cell that lack prominent striated rootlets in 
the absence of rootletin 

 In C. elegans, only 3 (IL1, OLQ and BAG) out of 60 sensory neurons 

possess prominent striated rootlets (Ward et al. 1975; Perkins et al. 1986). 

Surprisingly, in the absence of rootletin, unlike the other cilia, the cilia of these 3 

cells remain intact in the adults (Perkins et al. 1986). This led us to perform 

functional experiments, to test these cilia, in the che-10 mutant. BAG neurons are 

required for sensing and avoiding CO2 (Hallem and Sternberg 2008). A receptor-

like guanylate cyclase, GCY-9, is expressed only in the BAG neurons and is 

essential for sensing CO2 (Hallem et al. 2011). In the absence of gcy-9, worms 

do not respond to the noxious stimuli {Hallem:2011it, and shown in (Figure 
3.12A, Figure 3.12C-i). We found that wild-type animals respond to a puff of 

10% CO2 by performing a burst of turns (Figure 3.12B, Figure 2.1). In the 

absence of both OSM-5, where is cilium is not built, and CHE-10, the mutant 

worms were still able to sense CO2 (Figure 3.12A, 3.12C-iii), likely due to the 

presence of GCY-9, and robustly respond by performing a burst of turns, but the 

duration of this response was significantly prolonged compared to wild-type 
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animals (Figure 3.12C-ii,iv). This indicated that the BAG cilia might not be 

required for the sensation, but essential for modulation of the behaviour. We 

hypothesized that these differences in response with or without the cilium is 

related to the presence or absence of GCY-9 and its associations with signaling 

molecules, such as TAX-2/TAX-4, in the cilium (Hallem and Sternberg 2008). 

Therefore, both osm-5 and che-10 mutants respond to CO2 due to the presence 

of a functional GCY-9. However, we propose that in the che-10 mutants, 

although the cilium is intact, the localization/delivery of these signaling 

components (GCY-9, TAX-2 and TAX-4) may be compromised, similar to 

receptors in AWB and ASK cilia (Figure 3.11C, 3.11D), leading to behavioral 

defects similar to the absence of a cilium, as in osm-5 mutants. To test this 

hypothesis, I would test the localization of GCY-9 in the BAG cilia of wild-type 

and che-10 mutants. Therefore, although cilia associated to prominent striated 

rootlets seem intact in adults of che-10 mutants, they are in fact functionally 

abnormal and may be degenerating much more slowly than other amphid cilia.  

 

 These studies now bring to light another intriguing question. Why do only 

these three cells have prominent striated rootlets in C.elegans? IL1 and OLQ cilia 

are required for mechanical sensation and BAG cilia are required for CO2 

avoidance (Hart et al. 1995; Hallem and Sternberg 2008). Striated rootlets are 

thought to be required for stability and support for the basal bodies and the cilium 

(Yang et al. 2005). Although the reason for BAG cilia to have prominent striated 

rootlets is unclear, I speculate that in IL1 and OLQ cilia, that are constantly 

stimulated by mechanical stress at the tip of the nose, have a higher need for 

stability to compensate for the wear and tear experienced during mechanical 

stimulations. Therefore, a prominent striated rootlet is necessary for the stability 

and functionality of these cilia. If this hypothesis is true, these cilia must also 

degenerate in the absence of rootletin, but we find that they may degenerate at a 

much slower rate than the other cilia. This slow degeneration can be explained 
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by the uniqueness of these cilia. For example OLQ cilia, although shaped like a 

rod similar to the channel cilia, have cross-striations that link 4 out of 9 doublet 

microtubules, and these cross-striations are intact in the che-10 mutant worms 

(Perkins et al. 1986). There is evidence from unpublished work in our lab that 

accessory proteins found in motile cilia, such as tektins and components of the 

outer dynein arm, are found in the OLQ cilia. Although the exact function of these 

proteins are currently being investigated, one can speculate that they may confer 

additional physical support to these cilia which can considerably delay their 

degeneration. To test this hypothesis, I propose to make mutants that do not 

have these accessory proteins and test if, in combination with the loss the 

rootletin, now degenerate at a rate similar to other cilia. Results of this 

experiment, in addition to indicating the function of these accessory proteins, will 

also confirm that rootletin is in fact essential for the maintenance of ciliary 

structure in all ciliated cells.  

5.1.9. Conclusion 

I conclude that rootletin is at the base of the cilium and is required for late 

stages of ciliary protein delivery. In the absence of rootletin, delivery and 

assembly of ciliary proteins to the PCMC/TFs is disrupted leading to reduced IFT 

flux in the cilium. Although this decreased flux is sufficient to build a cilium, 

potentially together with other IFT defects, it is not sufficient for its maintenance. 

Over time, disruption of rootletin abrogates the entry of kinesin-II, deregulates 

IFT, disrupts the delivery of TZ and BB proteins and finally leads to the 

degeneration of the axoneme, TZ, BB and the PCMC. 
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5.2. DYF-18 is required for intraflagellar transport 

 DYF-18 is a novel, evolutionarily conserved serine-threonine kinase that is 

expressed in all ciliated sensory neurons during ciliogenesis (Phirke et al. 2011). 

It is closely related to human cell cycle related kinase (CCRK) and is a likely 

homolog of LF2p, both of which are required for ciliary assembly and ciliary 

length control (Ko et al. 2010; Liu and Kipreos 2000). Although CCRK and LF2p 

were not previously implicated in IFT, studies done in this dissertation provide the 

first evidence that these kinases may regulate ciliary assembly and length by 

modulating IFT. 

5.2.1. DYF-18 regulates IFT 

 In the absence of DYF-18, similar to an LF2 mutant in Chlamydomonas, I 

observed long cilia and measured an overall increase in ciliary length (Figure 
4.5). I also found that key components of the IFT machinery were delocalized in 

dyf-18 mutants: OSM-5, a core IFT-B protein, was predominantly found 

accumulated at the ciliary base with very little in cilia; and OSM-3 kinesin, which 

is required for building the distal singlets, accumulates between the middle and 

distal segments both in amphid and phasmid cilia (Figure 4.4).  

 

 One of the most puzzling results is the presence of a full-length cilium in 

dyf-18 mutants. In mammalian cells, one anterograde kinesin motor, kinesin-II, 

carriers IFT proteins from the ciliary base to the tip and one retrograde motor, 

cytoplasmic dynein 1b/2, bring the IFT components back to the base. This is 

complicated in C. elegans by the presence of two anterograde motors to build the 

cilium/carry IFT components from the base to the tip (Evans et al. 2006; Snow et 

al. 2004). This complexity may have evolved to confer the diverse ciliary 

structures in C. elegans (Evans et al. 2006; Mukhopadhyay et al. 2007; 

Silverman and Leroux 2009). In the channel cilia of wild-type animals, kinesin-II 
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and OSM-3 motors work redundantly to build the middle doublet microtubules 

and OSM-3 alone builds the distal singlet microtubules (Evans et al. 2006). In the 

absence of both these two motors (kap-1;osm-3 double mutants), the cilium is 

not built and no axonemal structures are visible through EM, although intact TZ 

and TFs are present (Evans et al. 2006). In other ciliated cell types, such as 

AWC in C. elegans this behaviour of the two anterograde motors is not observed 

and both OSM-3 and kinesin-II motors can build AWC cilia with middle and distal 

segments (Evans et al. 2006). From these findings, the authors inferred that 

kinesin-II is the ‘canonical’ kinesin and OSM-3 is the ‘accessory’ IFT motor. In the 

absence of DYF-5, a MAP kinase and the homolog of LF4 in C. reinhardtii, OSM-

3 kinesin is inactive but a full cilium is built through the kinesin-II motor 

(Burghoorn et al. 2007).  

 

 In the absence of dyf-18, although OSM-3 is not seen in the distal 

segments, and is found accumulated at the junction between the middle and 

distal segments, IFT proteins such as CHE-2 and CHE-11 localize to the entire 

ciliary length and look indistinguishable from wild-type in their localization and 

behavior (Figure 4.4). This indicates, similar to dyf-5 mutant worms, a full-length 

cilium is built in the absence of DYF-18. Two possible scenarios can explain this. 

 

 Firstly, small amounts of OSM-3 may be present and functional in the distal 

segments that can carry IFT proteins and build the full-length cilia in dyf-18 

mutants. This small amount may be undetectable by microscopy due to the large 

accumulation of OSM-3 at the junction between middle and distal segments 

saturating all the images (Figure 4.4D). Generation of new transgenic lines by 

injecting a lower concentration of the OSM-3::GFP construct or single copy 

insertions of the OSM-3::GFP marker may overcome this problem of over-

expression.  
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 Secondly, in the absence of dyf-18, a third unidentified anterograde motor, 

motor ‘X’, can now build the distal segments of the channel cilia. In the absence 

of DYF-5, kinesin-II can enter and build the distal segments (Burghoorn et al. 

2007). However, my findings show that kinesin-II is, similar to wild-type, only 

found in the middle segments of dyf-18 mutants, therefore the full length cilium 

cannot be built by kinesin-II. Other kinesin motors, such as KLP-6, are known to 

function and regulate IFT in the cilium of male specific neurons in C .elegans 

(Morsci and Barr 2011). Studies in AWB cilia of forkhead transcription factor, fkh-

2, mutant worms indicate the presence of another motor (other than kinesin-II 

and OSM-3) involved in building AWB cilia (Mukhopadhyay et al. 2007). 

Therefore, it is very likely that additional motors may be able to function in 

channel cilia.  

 

 I propose that DYF-18 in wild-type animals has two roles that may or may 

not overlap. First, DYF-18 restricts the entry of motor ‘X’, into the cilium and 

second, it grants entry to OSM-3 motor to the distal segments. Whether DYF-18 

may work along with DYF-5, to grant entry for OSM-3 to the distal segments is 

unknown and experiments to observe the cilium in dyf-18;dyf-5  double mutants 

and biochemical experiments to check the DYF-5 kinase activity in the presence 

or absence of DYF-18 may answer these questions. To identify motor X, IFT 

velocity analysis in the middle and distal segments in dyf-18 could be performed. 

Speeds for majority of the molecular motors are known in vitro and the velocity of 

IFT particles such as CHE-2 and CHE-11, which localize to both middle and 

distal segments and visually look wild-type in dyf-18 mutants, may indicate the 

motor protein involved. One could also GFP-tag different kinesin motors and 

determine if they localize to the cilium in the absence of DYF-18. Alternatively, an 

enhancer screen in the dyf-18 mutant background which now have cilia similar to 

an osm-3 mutant (no distal segments) may help identify the motor protein 

involved in building the full length cilium. 
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5.2.2. Conclusion 

 I conclude that DYF-18, a conserved Ser/Thr kinase, is expressed during 

early stages of ciliogenesis in all ciliated sensory neurons and, similar to other 

cilia-associated genes, its expression is regulated by the RFX transcription 

factor, DAF-19. DYF-18 is essential for maintaining ciliary length and function by 

modulating IFT. It is required for the entry of OSM-3 kinesin into the distal 

segments and the entry of core IFT-B component, OSM-5, in the cilium 
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6. Concluding Remarks 

 The structure and function of primary cilia have to be maintained throughout 

animal lifespan. Although several components that are required for ciliary formation and 

function have been identified, their functions largely remains unclear. In this dissertation, 

I characterize two new proteins, rootletin/CHE-10 and DYF-18/LF2p/CDK7/CCRK, 

essential for ciliary function. Both proteins are well conserved throughout ciliated 

organisms and maintain ciliary function at least in part by modulating IFT. Although 

studies in mouse models have shown that rootletin is required for ciliary maintenance, 

my findings presented in Chapter 3 is the first evidence of the mechanism of action of 

rootletin (Yang et al. 2002; 2005). I have shown that rootletin is at the base of cilia and is 

required for late stages of ciliary protein delivery. In the absence of rootletin, although 

the cilium can be built, the requirement of proteins to maintain the ciliary structures 

cannot be fulfilled, leading to degeneration. In Chapter 4, I characterize a novel Ser/Thr 

kinase, DYF-18, that regulates ciliary length by modulating IFT. Remarkably, dyf-18 

mutants, similar to dyf-5 mutants, are able to form a full-length cilium in spite of the loss 

of OSM-3 from the distal segments. Studies presented in Chapter 4, therefore, hint at 

the possibility of another anterograde motor that may play a role in the cilium.  

 

 Future experiments on the identification of interaction partners of rootletin and the 

identity of the third motor active in dyf-18 mutants will greatly enhance the knowledge on 

the functional aspects of ciliary maintenance regulated by both CHE-10/rootletin and 

DYF-18.  In addition, understanding the function and mechanism of these proteins will 

assist in gradually paving the way for possible prevention or treatment of ciliopathies.  
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Appendix A.  
 
Strains used in this dissertation 
 

CB3329 - che-10(e1809)  

MX1000 - che-10(e1809) 4X 

MX999 - che-10(m525) 3X 

PR813 - osm-5(p813) 

EAH2 - gcy-9(tm2816) 

ET100 - dyf-18(ok200) 

YH2 – N2; yhEx2 [OSM-5::GFP + rol-6(su1006)]  

YH237 - N2; nxEx [NPHP-1::CFP + CHE-13::YFP + rol-6(su1006)] 

PY4640 - N2; Ex [SRBC-66::GFP + CC::mCherry] 

CX3877 - lin-5(n765); kyIs [Pstr-1::ODR-10::GFP + lin-5(+)] 

OEB373 - N2; Ex [Pstr-1::GFP::RAB-5 + rol-6(su1006)] 

MX025 – N2; nxEx [KAP-1::GFP + rol-6(su1006)] 

MX041 - dpy-5(e907); nxEx [DYF-18::GFP + dpy-5(+)] 

MX060; N2; myEx10 [CHE-11::GFP  + rol-6(su1006)] 

MX063 - N2; nxEx [Pbbs-8::MKS-2::GFP + XBX-1::tdTomato + rol-6(su1006)] 

MX255 – N2; ejEx1 [OSM-3::GFP + rol-6(su1006)] 

MX316 – N2; nxEx [CHE-2::GFP + rol-6(su1006)] 

MX467 – dyf-18(ok200); nxEx [OSM-5::GFP + rol-6(su1006)] 

MX468 - dyf-18(ok200); nxEx [CHE-2::GFP + rol-6(su1006)] 

MX469 - dyf-18(ok200); nxEx [CHE-11::GFP + rol-6(su1006)] 

MX471 - dyf-18(ok200); nxEx [KAP-1::GFP + rol-6(su1006)] 
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MX497 - dyf-18(ok200); nxEx [OSM-3::GFP + rol-6(su1006)] 

MX823 - dpy-5(e907); pkIs [(Psrh-220::bbs-7::GFP) + dpy-5(+)] 

MX916 - N2; kyIs170 [Psrh-220::GFP+ lin-15(+)]  

MX952 – che-10(e1809); nxEx [OSM-3::GFP + rol-6(su1006)] 

MX1001 – che-10(e1809); nxEx [F35D11.11fosmid(WRM0616cD07) + CC:GFP] 

MX1017 - che-10(e1809); kyIs170 [Psrh-220::GFP + lin-15(+)] 

MX1020 - che-10(e1809); nxIs [Psrh-220:BBS-7::GFP + dpy-5(+)] 

MX1083 - N2; nxEx [Psrh-220:IFT-20::GFP +CC::GFP] 

MX1261 - che-10(e1809); nxEx [Psrh-220:IFT-20::GFP + CC::GFP] 

MX1262 - che-10(e1809); nxEx [Psrh-220p:KLP-20::GFP + rol-6(su1006)] 

MX1265 - N2; nxEx [Psrh-220p:KLP-20::GFP + rol-6(su1006)] 

MX1306 - N2; nxEx [Pbbs-8::GASR-8::GFP + Posm-5::XBX-1::tdTomato + rol-
6(su1006)] 

MX1364 - che-10(e1809); nxEx [Psrh-220p:XBX-1::GFP + rol-6(su1006)] 

MX1393 - N2; nxEx [Psrh-220p:XBX-1::GFP + rol-6(su1006)] 

MX1420 - N2; nxEx [TRAM-1::tdTomato + Pbbs-8::MKS-2::GFP + rol-6(su1006)] 

MX1469 - N2; nxEx [Pbbs-8::CHE-10::GFP + XBX-1::tdTomato + rol-6(su1006)] 

MX1514 - che-10(e1809); nxEx [Pbbs-8::MKS-2::GFP + XBX-1::tdTomato + rol-
6(su1006)] 

MX1515 - che-10(e1809); nxEx [Pbbs-8::GASR-8::GFP + Posm-5::XBX-
1::tdTomato + rol-6(su1006)] 

MX1516 - che-10(e1809); nxEx [NPHP-1::CFP + CHE-13::YFP + rol-6(su1006)] 

MX1585 - che-10(e1809); nxEx [TRAM-1::tdTomato + Pbbs-8::MKS-2::GFP + 
rol-6(su1006)] 

MX1698 - che-10(e1809);lin-5(n765); nxIs [Pstr-1::ODR-10::GFP + lin-5(+)] 

MX1720 - che-10(e1809); nxEx [SRBC-66::GFP + CC:mCherry] 

MX1730 - che-10(e1809); nxEx [Pstr-1::GFP::RAB-5 + rol-6(su1006)] 
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Appendix B.  
 
Molecular identification of che-10(e1809) 
 

In Chapter 3, I identified the lesion in the che-10 mutant. che-10(e1809) 

mutant was previously mapped to chromosome II between unc-85 and  dpy-10,  

which are 3 map units apart. che-10(e1809) was mapped closer to unc-85 than 

dpy-10 (Starich et al. 1995).  

 Unfortunately this mapping data for e1809 was wrong. I confirmed, 

by sequencing candidate genes, that the gene disrupted in che-10 is F35D11.11 

or dyf-14, which lies on the same chromosome but outside the previously 

mapped region. The mutation in e1809 allele is a C to T transition at 352nd amino 

acid, which changes glutamine to an early stop codon (Figure 3.2A). I was able 

to rescue the dye-fill and osmoavoidance defects of che-10 mutants with 2ng of 

fosmid containing the whole F35D11.11 genomic DNA and partially rescue the 

dye-fill defect with 2ng of F35D11.11 recombineering GFP fosmid (Figure 3.3A, 
3.3D). 

 

 

 

 

 

 

 

 



 

 

172 

Appendix C.  
 
Complementation test between e1809 and m525 alleles 
 

To test if mutant strains e1809 and m525 were allelic, a pharyngeal GFP 

balancer mIn1[mIs14 dpy-10(e128)] on chromosome II was used. mIs14[myo-

2::GFP] expresses GFP in the pharynx allowing cross progeny to be 

distinguished as worms containing the balancer.  Also, mIn1 has a recessive 

dpy-10(e128) allele that allows homozygous mIn1 worms to be distinguished 

from heterozygous worms.   

balancer/+ males were mated with homozygous e1809 and m525 

hermaphrodites. e1809/balancer males were picked and crossed with 

m525/balancer hermaphrodites. All non-balancer hermaphrodites will be 

e1809/m525. These worms were dye-filled to check if they complemented each 

other. The e1809/m525 worms did not dye-fill confirming that they are alleles of 

the same gene. Please see scheme below (Figure C.1). 
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Figure C.1 Complementation test 

Genetic scheme for the confirmation that e1809 and m525 are allelic. Dye-fill assay on 
e1809/m525 adult hermaphrodites did not rescue the dye-fill defect observed in the single 
mutants.  
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