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Summary 

 

 Sensing signals from the extracellular environment is one of the most important and 

fundamental biological processes. Primary cilia are highly conserved antenna-like organelles, 

which are perceiving chemical and biological molecules for signal transduction. Primary cilia 

are required for several signalling pathways such as Sonic hedgehog (Shh), Wnt, and mTOR. 

Thus, defective mutations of cilia component affect signal transduction, causing severe body 

developmental errors that are categorized as genetic diseases called ciliopathies. Previous 

studies have shown that abnormally extended primary cilia in ciliopathy patient cells result in 

lower signalling response. That is why, controlling the cilia length is essential for maintaining 

their signalling function, but this mechanism is still not completely understood yet. 

           In my PhD study, I would like to propose one of the reasons why over-elongated cilia in 

mammalian cells drop the ability of signal transduction. I observed that the middle/distal cilia 

segmentation is conserved in mammalian cells as the same as the lower eukaryotes. It is known 

that the middle segment stabilizes cilia structure and the distal segment contributes as the ciliary 

signalling scaffold. After the small-scale loss of function screening, I have identified Septin as 

a negative regulator of the distal segment growth. Septin is a fibre-like protein localizing at cilia 

to regulate the formation of the transition zone, which is a protein complex at the base of cilia 

passing the cilia-building blocks to cilia selectively like a gatekeeper. A functional transition 

zone allows transferring a ciliary capping kinesin KIF7 at the cilia tip to suppress the distal 

segment growth. Moreover, over-elongated distal segment lost the ability of constant cilia 

length maintenance that leads to a high incidence of cilia excision. The cilia excision event 

reduces the amount of intermediate Shh pathway factors such as Sufu and Glis at the distal cilia 

tip. Therefore, cells with over-elongated distal segments fail to upregulate Shh signal 

transduction. 

 Finally, I strongly believe that this study opens up the cilia field by elucidating the link 

between primary cilia segmentation and signalling function in mammalian models. 

 

 

 

 

 

 

 



 
 

 

Zusammenfassung 

 

Die Wahrnehmung von Signalen aus der extrazellulären Umgebung ist einer der 

wichtigsten und grundlegendsten biologischen Prozesse. Primärzilien sind hochkonservierte 

antennenartige Organellen, die chemische und biologische Moleküle zur Signaltransduktion 

wahrnehmen. Primäre Zilien sind für verschiedene Signalwege wie Sonic hedgehog (Shh), Wnt 

und mTOR erforderlich. Daher beeinträchtigen defekte Mutationen der Zilienkomponente die 

Signaltransduktion und verursachen schwere Fehler in der Körperentwicklung, die als 

genetische Krankheiten, die sogenannten Ziliopathien, kategorisiert werden. Frühere Studien 

haben gezeigt, dass abnorm verlängerte primäre Zilien in Zellen von Ziliopathie-Patienten zu 

einer geringeren Signalantwort führen. Deshalb ist die Kontrolle der Zilienlänge essentiell für 

die Aufrechterhaltung ihrer Signalfunktion, aber dieser Mechanismus ist noch nicht vollständig 

verstanden. 

           In meiner PhD-Studie möchte ich einen der Gründe vorschlagen, warum überlange 

Zilien in Säugetierzellen die Fähigkeit zur Signaltransduktion verringern. Ich habe beobachtet, 

dass die mittlere/distale Ziliensegmentierung in Säugetierzellen genauso konserviert ist wie bei 

den niederen Eukaryonten. Es ist bekannt, dass das mittlere Segment die Zilienstruktur 

stabilisiert und das distale Segment als Signalgerüst für die Zilien dient. Nach dem Screening 

auf Funktionsverlust im kleinen Maßstab habe ich Septin als negativen Regulator des 

Wachstums des distalen Segments identifiziert. Septin ist ein faserartiges Protein, das an Zilien 

lokalisiert ist, um die Bildung der Übergangszone zu regulieren. Die Übergangszone ist ein 

Proteinkomplex an der Basis der Zilien, der wie ein Pförtner die Zilienbausteine selektiv an die 

Zilien weitergibt. Eine funktionelle Übergangszone ermöglicht die Übertragung eines ciliären 

Capping-Kinesins KIF7 an der Cilienspitze, um das Wachstum des distalen Segments zu 

unterdrücken. Darüber hinaus verliert das distale Segment, wenn es überdehnt ist, die Fähigkeit 

die Zilienlänge konstant zu halten, was zu einer hohen Inzidenz von Zilienexzision führt. Das 

Ereignis der Zilienexzision reduziert die Menge der intermediären Shh-Weg-Faktoren wie Sufu 

und Glis an der distalen Zilienspitze. Daher können Zellen mit überdehnten distalen Segmenten 

die Shh-Signaltransduktion nicht hochregulieren. 

 Abschließend bin ich der festen Überzeugung, dass diese Studie das Zilienfeld öffnet, 

indem sie die Verbindung zwischen Ziliensegmentierung und Signalfunktion in 

Säugetiermodellen aufklärt. 
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1. Introduction 

 

1.1 Cilia 

“Ta Panta Rhei” words from Heraclitus, who is a philosopher in ancient Greece, mean 

that everything is changing in nature. The extracellular environment is also always changing 

thus cells have to sense and react to tons of different kinds of signals for survival such as 

temperature, pressure, brightness, wavelength, fluid, humidity, chemicals, biological molecules, 

etc. Cilia are one of the specialized organelles that perceive fluid movement and 

chemical/biological molecules.  

Cilia are antenna-like organelles that are generated at the mother centriole of the 

centrosome, a microtubule-organizing center, and are mainly composed of microtubules, lipids 

and ciliary proteins (Ishikawa and Marshall 2011; Peter Satir and Christensen 2007). 

Interestingly, this bio-antenna organelle is observed in a wide range of eukaryotes from 

Chlamydomonas to human and both structure and function are highly conserved. It is known 

that cilia are divided into two types: motile cilia and primary cilia (Figure. 1).  

 

Figure. 1: Primary and 

motile cilia. 

A. The model image of 

primary cilia. The structure is 

very similar to motile cilia, but 

primary cilia lose the central 

microtubule domain (9 + 0) 

thus they are unable to move 

by themselves. B. The model 

of motile cilia. Their 

microtubule structure highly 

resembles flagella and sperm 

tail (9 + 2), therefore they can 

move and produce locomotion. 

This figure is adapted from 

(Saudou 2012). 
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1.1.1 Motile cilia 

Motile cilia are able to move by themselves, producing locomotion, and cells can 

generate both single to multiple motile cilia (Peter Satir 2017). Motile cilia possess the same 

axonemal microtubule structure (9+2) thus they have an ability to move by themselves (Figure. 

2B). They are mostly observed on epithelial cells in mammals, where they function to sweep 

small particles from the surface and control the extracellular fluid flowing via their movement 

ability (Peter Satir 2017; Saudou 2012). The other role of motile cilia, they can sense sodium 

ions using an epithelial sodium channel (Nachury 2014; Peter Satir and Christensen 2007). 

 

1.1.2 Primary cilia 

On the other hand, Primary cilia are generated singularly within cells and extend from 

the cell surface, exposed to the extracellular environment. The structure is similar to a flagellar 

in Chlamydomonas and to a sperm tail. However, primary cilia lack the central pair of 

microtubules as indicated by their so-called 9 + 0 structure, thus they cannot produce moving 

forces (Gluenz et al. 2010; Sánchez and Dynlacht 2016) (Figure. 1A). Of course, their role does 

not consist of only drifting through the extracellular environment like a willow; primary cilia 

can perceive chemical and biological molecules as ligands and transduce these signals into cells. 

It is widely acknowledged that almost all multi-cellular organisms are capable of 

generating primary cilia and also that both the structure and function of primary cilia is highly 

conserved from worm to human (Blacque et al. 2006; Lee, Chung, and Doo Chung 2015; 

Mukhopadhyay et al. 2008; Overgaard et al. 2009; Rupik 2013) (Figure. 2). Mammalian 

primary cilia are observed in many different parts of the body such as eyes, kidneys, neurons, 

osteoblasts, chondrocytes, and fibroblasts. Moreover, whilst the length of primary cilia is 

strictly regulated, the average length of cilia differs between tissues (Besschetnova et al. 2010; 

Kurtulmus et al. 2018; Miyoshi et al. 2014; Qiu et al. 2012; Wann and Knight 2012) (Table. 1). 
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Figure. 2: The structurally similarities of primary cilia between a wide range of animals. 

Model images represent the overview structure of A. mammalian primary cilium, B. worm 

chemosensory cilium and C. fly chordotonal cilium. The picture is adapted from (Lee, Chung, and Doo 

Chung 2015). 

 

Table. 1: Average length of 

cilia in different mammalian 

tissues. Data is adapted from 

(Besschetnova et al. 2010; 

Kurtulmus et al. 2018; Miyoshi 

et al. 2014; Qiu et al. 2012; 

Wann and Knight 2012). 

   

1.2 The structure of primary cilia 

 Primary cilia are multi-organized organelles, constructed from more than 100 different 

proteins and can be briefly categorized into five parts: Basal body, Transition zone, Axoneme, 

Intraflagellar transport (IFT) and Ciliary tip (S. Kim and Dynlacht 2013; Pedersen and 

Akhmanova 2014; P. Satir, Pedersen, and Christensen 2010; Peter Satir and Christensen 2007; 

Xiaoyu Shi et al. 2017). Here, I introduce the structure of primary cilia in each domain. 
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1.2.1 Basal body 

The basal body is the proximal domain of primary cilia. Structurally speaking, there is 

no difference between the basal body and the matured mother centriole, but people in the cilia 

field call this the basal body instead of the mother centriole. The basal body is composed of 9-

triplet microtubules that are named A-, B- and C-tubules, from the center to the distal 

respectively (S. Kim and Dynlacht 2013) (Figure. 5B iii). C-tubules extend to the end of basal 

body only, whilst the other A- and B-tubules elongate further to become axonemal microtubules. 

The basal body has two important domains: distal appendages (DA) and subdistal appendages 

(SDA) that contribute respectively to the initiation and growth of the ciliary axoneme and to 

the binding of microtubule fibers to aid the delivery of ciliary cargos (Sánchez and Dynlacht 

2016; Tateishi et al. 2013). 

The DA is a protein complex that is generated at the distal end of the mother centriole 

and plays an important role in the initiation of primary ciliogenesis (Ishikawa and Marshall 

2011; Sánchez and Dynlacht 2016) (Figure. 3). Five proteins are identified as main DA 

components: CEP83, SCLT1, CEP123 (CEP89), CEP164 and FBF1(Bowler et al. 2019; 

Kurtulmus et al. 2018; Sánchez and Dynlacht 2016; Tanos et al. 2013). Those proteins are 

strictly organized, hence losing the innermost DA protein CEP83 leads to the loss of all other 

four factors from the DA. However, losing CEP164 or CEP123 shows no effect to the 

localization of CEP83 and SCLT1 from the DA (Tanos et al. 2013). A recent study identifies 

LRRC45 as another DA protein, positioned between SCLT1 and FBF1 (Kurtulmus et al. 2018). 

Intact DAs are required for docking of the ciliary cargo at the distal end of the basal body in 

primary cilia generation. Therefore, impaired DA show a severe phenotype of ciliogenesis 

failure (Kurtulmus et al. 2018; Tanos et al. 2013). Interestingly, the strength of this phenotype 

does not always reflect the hierarchy of DA. For instance, upon disruption of CEP83 or FBF1 

there is an almost 100% loss of primary cilia (Tanos et al. 2013). This implies that the DA is 

constructed in a stepwise manner following the hierarchy, but all proteins are necessary for its 

function (Sánchez and Dynlacht 2016; Tanos et al. 2013). 

The SDA is another protein complex, located at the side of basal body under the DA 

(Figure. 3). Different from the role of the DA, the SDA is needed as a microtubule linker. The 

SDA is also hierarchically built as the DA and the core unit of the SDA is ODF2 (Figure. 3) 

(Tateishi et al. 2013). ODF2 is localized at the surface of the basal body to coordinate CCDC68, 

CCDC120, and TCHP recruitment. CCDC120 and TCHP then recruit Ninein (Figure. 3) 

(Huang et al. 2017). Finally, CCDC68, 120, and Ninein aid assembly of the outermost 

component, CEP170 (Figure. 3). Different from the DA, SDA disruption does not show a 
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serious problem in ciliogenesis. However, study of mouse testis epithelial cells shows that 

ODF2 mutants affect primary ciliogenesis and DA formation due to the requirement of its N/C-

terminus structure for recruitment of DA proteins (Tateishi et al. 2013).  

Figure. 3: The hierarchy of distal and subdistal appendages at the mother centriole. 

The image shows the organization of the distal and subdistal appendages by hierarchy. This figure is 

referenced from PhD dissertation, B. Kurtulmus, 2019. 

 

1.2.2 Transition zone 

The composition of the ciliary membrane and inner ciliary environment is different from 

the plasma membrane and cytosol because the commuting of cytosolic components into cilia is 

restricted by the transition zone (TZ). The TZ complex is constructed from the top of transition 

fibers (DA) to the proximal part of cilia (Figure. 4). It strictly controls the passing of lipids, 

tubulin, and proteins, functioning similarly to the nuclear pole complex, which acts as a gate 

keeper in nuclei (Garcia-Gonzalo et al. 2011; Gonçalves and Pelletier 2017; Reiter, Blacque, 

and Leroux 2012). A feature of TZ ultra-structure known as the Y-link was identified by 

electron microscopy. The Y-links works to anchor each ciliary doublet microtubule to the 

membrane (Gilula and Satir 1972; Hartwell et al. 1974). TZ Y-link structure is divided into 

three modules: NPHP which binds the microtubule doublet, MKS which interacts with the 

ciliary membrane, and CEP290 which cross-connects the NPHP and MKS modules (Chih et al. 

2012; Mollet et al. 2005; Sang et al. 2011) (Figure. 4). These three modules not only interact 

each other, but also associate with other ciliary components such as the BBSome and 

intraflagellar transport (IFT) which delivers ciliary cargos into cilia (Garcia-Gonzalo et al. 

2011; Garcia-Gonzalo and Reiter 2012, 2017) (Figure. 4). 
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There are many studies showing that single or multi-mutation of TZ proteins cause 

ciliogenesis disorders and abnormal cilia elongation (Baala et al. 2007; Garcia-Gonzalo and 

Reiter 2017; Ramsbottom et al. 2018; Tammachote et al. 2009). Defective mutation of the 

CEP290 module in human kidney cells and MKS modules in mouse kidney cells show 

extremely elongated cilia (Ramsbottom et al. 2018; Smith et al. 2006). On the other hand, 

mutation of NPHP modules leads to a defect in photoreceptor cilia (Garcia-Gonzalo and Reiter 

2017). Interestingly, it is known that a single gene mutation in the TZ can cause varying cilia 

phenotypes in different types of cells, even from the same organism. One example is that 

CEP290 deficiency shows over-axonemal elongation without any cilia loss in fibroblast and 

kidney cells (Ramsbottom et al. 2018; Shimada et al. 2017), but fails to generate connecting 

cilia and outer segments in photoreceptor cells (Rachel et al. 2012). Another example is that 

depletion of MKS1 and TMEM67 in mouse kidney cells lead to the formation of more than two 

cilia per single cell, whereas in the testis the sperm tail becomes extremely shortened and outer 

photoreceptor morphogenesis is disrupted in the retina (Tammachote et al. 2009). This indicates 

that the structure of the TZ can be cell type specific and that its hierarchy is changeable. 

Figure. 4: The overview of the transition zone. 

This model of primary cilia represents the structure of the transition zone (TZ). The TZ is briefly sub-

grouped into three: CEP290 module, NPHP1 module, and MKS module. Two-tailed dot arrows show 
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the reported genetic interactions between each component. Transition fibers and basal foot are called 

distal appendages and subdistal appendages, respectively. The figure is adapted from (Gonçalves and 

Pelletier 2017). 

 

1.2.3 Axoneme 

The axoneme is the microtubule-based structure of cilia (Figure. 5A). It is known that 

the basal body’s microtubules have a triplet 9+0 structure, formed from A-, B-, and C-tubules 

from inner to outer respectively within the mother centriole (Figure. 5B-iii) (Ishikawa and 

Marshall 2011; Wheway, Nazlamova, and Hancock 2018). A- and B-doublet microtubules both 

elongate from the basal body as axonemal microtubules (Figure. 5A and B), however the 

innermost A-tubules normally grow up to nearly reach the tip of ciliary axoneme. In contrast, 

B-tubules halt their extension in the middle of axoneme (Figure. 5B-i and ii) (Gluenz et al. 

2010; Johnson 1998; Kramer, Moerman, and Inglis 2007). It was widely believed that the model 

of 9+0 axonemal microtubules remains stable from the basal body to the tip of axoneme, but 

recent ultra-structure studies reveal that this 9+0 microtubule structure is only maintained until 

the lower bottom of axoneme and just a limited number of microtubules (6+0 or 4+0) are able 

to reach the tip of axoneme (Kiesel et al. 2020; Sun et al. 2019). 

 

Figure. 5: Axonemal microtubule structure in primary cilia. 

A. The simple model image of primary cilia. Doublet A- and B-tubules (the axoneme) are generated 

from the basal body as axonemal microtubules. B-tubules stop growing before the fibers reach the tip 

 

Axoneme 

Cilia membrane 
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of axoneme, but A-tubules can elongate to the tip as a singlet. B. Cross section images of ciliary 

microtubules from each dot bar (i-iii) from A.  

 

The structure of axonemal microtubules differ from cytosolic microtubules by their 

tubulin post-translational modifications (Gadadhar et al. 2017; K. He, Ling, and Hu 2020; 

Wloga et al. 2017). Tubulin acetylation occurs on both A- and B-tubules at a similar level and 

enhance tubulin flexibility (K. He, Ling, and Hu 2020; Orbach and Howard 2019). An acetyl 

group is added to the specific locus on lysine 40 (K40) of α-tubulin, catalyzed by tubulin acetyl 

transferase (αTAT1) (Figure. 6) (K. He, Ling, and Hu 2020; Shida et al. 2010). Removal of 

acetylation from this residue is conducted by two deacetylases: Histone deacetylase 6 (HDAC6) 

and Sirtuin 2 (SIRT2) (Figure. 6) (K. He, Ling, and Hu 2020). It is thought that tubulin 

acetylation stabilizes cilia structure due to evidence from several studies. For example, 

reduction of acetylation due to αTAT1 depletion has been shown to cause a cilia assembly delay 

(Shida et al. 2010) and hyper-acetylation by knockdown of HDAC6 or SIRT2 led to 

observations of over-elongated axonemes and blocked cilia disassembly (Pugacheva et al. 

2007; Zhou et al. 2014).  

However,  almost all other tubulin modifications are added only to B-tubule residues,  

such as polyglutamylation, glycylation, and detyrosination (Gadadhar et al. 2017; K. He, Ling, 

and Hu 2020; Lechtreck and Geimer 2000; Wloga et al. 2017). Tubulin polyglutamylation is 

generated as monoglutamylation and polyglutamylation at glutamate residues in both α- and ß-

tubulin C-terminal tails (K. He, Ling, and Hu 2020). The initiation of glutamylation is organized 

by the tubulin tyrosine ligase-like (TTLL) 4, 5, and 7, and polyglutamylation is catalyzed by 

TTLL1, 6, 11, and 13, whereas deglutamylation is regulated by the cytosolic carboxypeptidase 

(CCP) family 1-6 (Figure. 6) (K. He, Ling, and Hu 2020). The process of tubulin glycylation is 

similar to glutamylation and is catalyzed by the same TTLL family proteins: TTLL3 and 8 for 

initiation and TTLL10 for elongation (Figure. 6) (K. He, Ling, and Hu 2020; Wloga et al. 2017). 

Different from tubulin glutamylation, no clear enzyme has been identified as a deglycylase. 

Both glutamylation and glycylation are vital for the proper structure and function of cilia. 



 9 

 

Figure. 6: Tubulin 

post-translational 

modifications in the 

ciliary axoneme. 

This model figure 

shows the location of 

each tubulin’s post-

modifications and 

which enzymes 

control them. The 

figure is adapted from 

(K. He, Ling, and Hu 

2020). 

 

The connection of axonemal microtubules to the structure of cilia is well-understood in 

lower eukaryotes for both motile and immotile cilia, such as the flagellar of Chlamydomonas 

and sensory cilia of C. elegans respectively (Kramer, Moerman, and Inglis 2007; Snow, Ou, 

Gunnarson, Regina, et al. 2004; Wloga et al. 2017). These cilia are segmented into two parts: 

the middle segment and the distal segment (Kramer, Moerman, and Inglis 2007; Snow, Ou, 

Gunnarson, Walker, et al. 2004). It is known that the middle segment contains doublet 

axonemal microtubules domain enriched in several tubulin modifications, such as 

glutamylation, glycylation, acetylation, and detyrosination, whereas the distal segment is the 

singlet axonemal microtubule domain (Figure. 5A) (van der Burght et al. 2020; Cornelia I. 

Bargmann 2006; Kramer, Moerman, and Inglis 2007; Prevo, Scholey, and Peterman 2017). 

There are two ways to determine the middle/distal segment: (1) using electron-microscope to 

detect the doublet-singlet microtubule transition in the axoneme and (2) using doublet 

microtubule specific markers such as glutamylated and glycylated tubulin (Figure. 6) together 

with whole cilia markers such as ARL13B, SSTR3, IFT88, and acetylated tubulin, then 

calculating the distal segment part by the total axoneme minus the doublet microtubule segment. 

Structurally speaking, the middle segment is physically stable and strong thanks to the 

enrichment of tubulin modifications, especially glutamylation, glycylation, and acetylation 

(Gadadhar et al. 2017; K. He, Ling, and Hu 2020). On the contrary, the distal segment is 

generated from singlet microtubules with only tubulin acetylation and with a lower number of 
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axonemal microtubule (3+0, 4+0 or 6+0) than the proximal axoneme (9+0), therefore, the 

structure is fragile and unstable (Flood and Totland 1977; Sun et al. 2019). 

In mammalian models, there are a few studies indicating this segmentation is 

structurally conserved. Mouse olfactory cilia can be separated into the middle and distal 

segment by fluorescence microscopy using ARL13B (axoneme) and EFHC1 (the middle 

segment) (Williams et al. 2014). Mouse kidney epithelial primary cilia also show the axonemal 

doublet/singlet transition by electron microscopy (Flood and Totland 1977) and electron 

tomography (Sun et al. 2019). On the other hand, in the structural study, the functional 

importance of this segmentation in mammalian primary cilia is still poorly understood. 

However, it is strongly indicated that the middle/distal segment in primary cilia plays a vital 

role in their signaling function because there are several signaling related proteins that only 

accumulate at the distal tip of cilia (Cherry et al. 2013; Haycraft et al. 2005; Wheway, 

Nazlamova, and Hancock 2018). 

 

1.2.4 Intraflagellar transport (IFT) 

The IFT complex plays an essential function in constructing cilia. It rolls like a 

biological freight train, running on rails made by microtubule. The IFT complex possesses a 

bipolar function that is not only able to carry ciliary products from the basal body to the ciliary 

tip to help cilia growth, but also able to retrieve ciliary components at the tip to support cilia 

disassembly (Bhogaraju, Engel, and Lorentzen 2013; Fu et al. 2016; Prevo, Scholey, and 

Peterman 2017; Wingfield et al. 2017). 

 This train complex is classified simply into three parts: a core IFT-A/B sub-complex, 

BBSome, and flagellar-specific kinesin and dynein motors (Bhogaraju, Engel, and Lorentzen 

2013; Fu et al. 2016; Funabashi et al. 2018; Prevo, Scholey, and Peterman 2017; Snow, Ou, 

Gunnarson, Walker, et al. 2004). The IFT-A/B sub-complex is a core domain of the IFT 

complex and is composed of more than ten different proteins (Taschner and Lorentzen 2016) 

(Figure. 9). It is believed that the IFT-B complex mainly works as an antegrade transporter, 

which receives ciliary cargos from the base of cilia to carry to the tip. On the contrary, the IFT-

A complex has a capacity to be responsible for retrograde transportation (Marshall and 

Rosenbaum 2001; Taschner and Lorentzen 2016). However, this antegrade/retrograde model 

remains controversial as results suggest that  it is not easy to easy to separate the roles of the 

IFT-A/B complex clearly (Blacque et al. 2006; Huet et al. 2014; Mukhopadhyay et al. 2010). 

The BBSome is known as a ciliary membrane recruiter associated with the IFT-A/B complex 

that stabilizes its function (Lee, Chung, and Doo Chung 2015). BBSome components are 
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generated by eight core units + one sub-core unit (Figure.  9) and a single deletion of BBSome 

core-units (BBS1, 2, 4, 7, 8, 9 or 18) in human retinal epithelial cells dramatically decreases 

the length of cilia (Prasai et al. 2020). 

When the IFT-A/B complex and BBSome are the main body, IFT specific motor 

proteins are the engine and wheels of this biological train. IFT-kinesins are able to move 

anterogradely from the base to the tip and IFT-dynein run in the opposite direction (Prevo, 

Scholey, and Peterman 2017; Taschner and Lorentzen 2016) (Figure. 8). It is known that 

sensory and primary cilia have two different types of kinesin motors such as Heterotrimeric 

kinesin-2 and Homodimeric kinesin-2 (Prevo, Scholey, and Peterman 2017) (Figure. 8 and 9). 

Sensory cilia studies in worms show that Heterotrimeric kinesin-2 is formed by two motor legs 

and one head protein that can only move along the doublet microtubule, but Homodimeric 

kinesin-2 is allowed to pass along both doublet and singlet microtubule in cilia (Prevo et al. 

2015; Prevo, Scholey, and Peterman 2017) (Figure. 8 and 9). In addition, Homodimeric kinesin-

2 can walk on microtubules nearly two times faster than Heterotrimeric kinesin-2 (Pan et al. 

2006; Snow, Ou, Gunnarson, Walker, et al. 2004), but its microtubule binding ability is weak 

(Imanishi et al. 2006). In contrast to IFT kinesins, a single IFT dynein-2 DYNC2 works for 

cilia growth (Prevo, Scholey, and Peterman 2017; Taschner and Lorentzen 2016) (Figure. 9). 

DYNC2 contributes this retrograde movement from the tip to the bottom of the axoneme, which 

is vital for cilia disassembly (Vuolo et al. 2020). The structure of DYNC2 is built by two 

symmetrical interacting hetero-hexameric units (Pfister et al. 2006; Toropova et al. 2019) 

(Figure. 9). 

 

 

Figure. 8: Model images of the IFT complex in primary cilia. 

This figure shows the movement of the IFT complex on the ciliary 

microtubules. The figure is adapted from (Prevo, Scholey, and Peterman 

2017). 
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Figure. 9: The proteins of the IFT complex sub domains. 

A. Description of IFT-A, IFT-B, and BBSome components. B. Information of IFT specific motor 

proteins from different species. The figure is adapted from (Prevo, Scholey, and Peterman 2017). 

 

1.2.5 Ciliary tip 

Quite a few results from electron microscopy show that the ciliary distal tip is exposed 

to the extracellular environment (Flood and Totland 1977; Gilula and Satir 1972; Rupik 2013; 

P. Satir, Pedersen, and Christensen 2010). One of the important roles of the ciliary distal tip is 

as a signaling scaffold, for instance,  for calcium ion receptors in worm and sonic hedgehog-

related proteins in mammalians only accumulate at the ciliary tip (Haycraft et al. 2005; Kramer, 

Moerman, and Inglis 2007; Pedersen and Akhmanova 2014).  

Another role of the tip is cilia length control. When the antegrade IFT complex releases 

ciliary cargos containing tubulin, lipids, and membrane proteins at the tip, they fuse to the distal 

cilia tip as newer cilia (Prevo, Scholey, and Peterman 2017; Peter Satir 2017). At the same time, 

the retrograde IFT complex collects those components from the tip to carry out of the axoneme. 

Therefore, antegrade and retrograde transportation machinery balance well to maintain the 



 13 

length of cilia (Kurtulmus et al. 2018; Marshall and Rosenbaum 2001; Prevo, Scholey, and 

Peterman 2017). 

In contrast to the IFT complex, type-4 kinesin proteins are able to negatively control the 

cilia growth as a distal cap (M. He et al. 2014; Lewis et al. 2017). In vivo and vitro data have 

elucidated that human and mouse kinesin-4 KIF7 is clearly accumulated at the tip of axoneme 

and has a capacity to bind plus-ended microtubules to inhibit further microtubule elongation, 

thereby restricting cilia elongation (M. He et al. 2014; Schwarz et al. 2017). Surprisingly, it is 

also reported that KIF7 is lacking an active motor domain and is unable to move on microtubule 

(M. He et al. 2014). Currently, there is no convincing answer to explain how kinesin-4 localizes 

on the tip. 

Recent studies determined that a small vesicle (ectosome) is released from the ciliary 

tip in human and mouse cells, in a process called ectocytosis (Nager et al. 2017; Phua et al. 

2017; Wang et al. 2019). Ectocytosis mostly occurs after signaling activation and ectosomes 

are enriched in activated signaling-related membrane proteins (Nager et al. 2017). Though it is 

strongly indicated that there is a link between ectocytosis and signaling pathways, there is no 

clear consensus of the fate of the ectosome after secretion as to whether it just removes active 

receptors at the tip to down-regulate the signal transduction or transfers the active signaling 

molecules to another cell for cell-to-cell communication. Similar to ectocytosis, small vesicle 

release at the distal tip is also observed in mammalian photoreceptors (Young 1967). In this 

case, photoreceptor cells release elder discs from the tip to RPE cells to be recycled by 

phagocytosis (Young 1967).  

 

1.3 Cilia assembly 

      Cilia assembly is organized by multi-scheme (Figure. 10). Cell cycle arrest in G1/G0 

phase, cell confluency, and signaling activation are triggers for cilia formation (Ishikawa and 

Marshall 2011; Sánchez and Dynlacht 2016). The initial process of cilia assembly begins with 

recruitment of a guanine nucleotide exchange factor, Rabin8, to the pericentriolar recycling 

endosome, where it is activated by Rab11 (Westlake et al. 2011).  The active Rabin8/Rab11 

complex upregulates Rab8a to accumulate endosomal ciliary vesicles (CVs) at the distal 

appendages (DA) of the mother centriole. Expansion of CVs is controlled by EHD1, which 

drives cilia membrane assembly and axoneme elongation in collaboration with other regulators 

(TTBK2, INPP5E and PIPKl) (Čajánek and Nigg 2014; Goetz, Liem, and Anderson 2012; Lu 

et al. 2015). The kinase TTBK2 also removes the ciliogenesis suppressor CP110 from the DA 

to promote cilia formation. During cilia elongation, the transition zone is generated at the base 
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of cilia to transport the cilia building blocks selectively. Finally, CVs containing lipids, 

microtubules, and ciliary proteins are carried by the IFT complex from the basal body to the 

cilia, to build up the cilia antenna (Ishikawa and Marshall 2011; Sánchez and Dynlacht 2016). 

Figure. 10: Hierarchy of the initiation process in primary cilia. 

There is a sequential process of cilia formation. (I). Generation of the distal appendages (DA) as a 

scaffold of ciliary vesicles (CV). (II). Formation of pre-mature CV at the DA that are recruited by the 

Rab11-Rabin8 complex. (III). EHD1-regulated expansion of CV at the DA and removal of cilia 

formation repressor CP110 from the basal body. (IV). The construction of the transition zone (TZ) and 

extension of the ciliary axoneme and membranes, which is regulated by intraflagellar transport (IFT) 

machinery and BBSome. The figure is adapted from (Sánchez and Dynlacht 2016). 

 

1.4 Cilia disassembly 

 Compared to cilia assembly, understanding of the cilia disassembly processes is still 

unclear and fragmented (Sánchez and Dynlacht 2016). Upon triggering of serum re-stimulation 

and cell cycle re-entry, primary cilia start to disassemble from the proximal end of cilia by 

several mechanisms (Figure. 11). The Aurora A kinase-HEF1-dependent pathway is one of the 

major cilia disassembly factors. These proteins phosphorylate and accumulate Histone 

deacetylase HDAC6 to reduce microtubule stabilization, which induces cilia disassembly 

(Plotnikova et al. 2012). Moreover, it is reported that Nde1-Trichoplein and Pitchfork play a 

role in upregulating Aurora A pathway activity (Inaba et al. 2016). Another pathway is de-

polymerization kinesins KIF24- and KIF2a-dependent axonemal microtubule disassembly.  

The S/G2 phase kinase NEK2 and the G2/M phase kinase PLK1 activate KIF24 and KIF2a 

respectively at the basal body to decrease microtubule fibers from the ciliary base (S. Kim et 

al. 2015; Miyamoto et al. 2015). Furthermore, recent studies mention that ectocytosis at the tip 

of cilia is a supporting cilia disassembly pathway when those cilia retrieval pathways are 

disrupted (Nager et al. 2017; Wang et al. 2019). 
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Figure.11: An overview of 

cilia disassembly pathways. 

(I). PLK1-dependent KIF2a 

axonemal microtubule 

depolymerization is triggered 

by cell cycle re-entry into G2/M 

phase. (II). The Aurora A and 

HEF1 pathway is regulated by 

serum re-stimulation and Nde1-

Trichoplein and Pitchfork 

(Pifo). (III). Aurora A pathway-

based HDAC6 cilia 

disassembly. (IV). The KIF24-

NEK2 pathway promotes 

microtubule de-polymerization 

and blocks cilia re-formation. 

The figure is adapted from 

(Sánchez and Dynlacht 2016). 

 

1.5 Primary cilia and signal transduction 

 One of the main functions of primary cilia is as a signaling scaffold. In the past few 

decades it was reported that an intact cilia structure is required for several signaling pathways 

such as Hedgehog (Hh), Wingless (Wnt), TGF, mTOR, Notch, and Hippo pathways (Ishikawa 

and Marshall 2011; Schou et al. 2015; Wheway, Nazlamova, and Hancock 2018). The Hh 

pathway is the most well studied pathway connected with the function of primary cilia (van der 

Burght et al. 2020; Goetz and Anderson 2010; Haycraft et al. 2005; Pedersen, Mogensen, and 

Christensen 2016). Regarding other signaling pathways, it is still not clear whether their activity 

is directly linked to the function of primary cilia or not, but more and more evidence is reported 

day by day (M. Kim et al. 2014; Mönnich et al. 2018; Simons et al. 2005; Tö et al. 2015; Wann 

and Knight 2012; Wheway, Nazlamova, and Hancock 2018; Xu et al. 2019). At the same time, 

the connection between primary cilia and signaling pathways have contradicting results, for 

example the canonical Wnt pathway (Simons et al. 2005; N. Sugiyama et al. 2011). 

Nevertheless, dysfunctional mutation of primary cilia causes signal transductions disorders 

indicating ciliary signaling function is not isolated from the signaling pathways.  

It has been well-characterized that the Hh pathway requires functional primary cilia for 

its activation in mammalian cells (Nachury 2014; Pathi et al. 2001; Peter Satir and Christensen 
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2007). Hh was first identified in the 1970s in the fruit fly as being essential for body 

segmentation (Wood et al. 1980) and later this pathway was also shown to be conserved in 

vertebrates (Echelard et al. 1993; Krauss, Concordet, and Ingham 1993). It was identified that 

mammalian cells have three different types of Hh pathways: Sonic (major), Indian (minor), and 

Desert (minor) and the activation mechanisms of all three Hh pathways are similar and partly 

overlap (Pathi et al. 2001). Activity of those three Hh signaling pathways are changed between 

each cell type, hence enabling them to control more complicated gene regulations. Therefore, 

dysfunction of Hh signal transduction causes variable problems in organ formation (Goetz and 

Anderson 2010). 

Here I show the simple model of Sonic hedgehog (Shh) signal transduction (Figure. 12 

left). In the signal OFF state, a negative Shh regulator Patched-1 (PTCH1) is localized at ciliary 

membrane to inhibit the entry of activator Smoothened (Smo) into cilia (Briscoe and Thérond 

2013; Corbit et al. 2005; Rohatgi, Milenkovic, and Scott 2007) (Figure. 12 left). Another 

negative regulator, Sufu, at the distal cilia tip directly binds Shh-related transcriptional factors 

Gli1, 2 and 3 (Glis) to hold them at the ciliary tip (Haycraft et al. 2005) (Figure. 12 left). 

Therefore, no transcriptional factor can bind promotor regions to upregulate Shh-related gene 

expression. On the other hand, in the signal ON state, the Shh ligand protein binds PTCH1 to 

change the conformation, meaning it is unable to block Smo entry into cilia (Corbit et al. 

2005)(Figure. 12 right). Smo at the cilia inhibits Sufu’s holding ability, allowing Glis to transfer 

to the nuclei through primary cilia (Bai, Stephen, and Joyner 2004; Nachury 2014). Finally, 

Glis bind promotor regions to upregulate Shh-related gene expression (Figure. 12 right).  
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Figure 12: Overview of Sonic 

hedgehog pathway signal 

transduction. Signal OFF state: a 

negative regulator Patched-1 (Ptch) 

suppresses the entry of the positive 

regulator Smoothened (Smo) into 

the cilia. Another repressor Sufu 

binds the Shh-transcription factors 

Glis (Gli1, 2, 3) to keep them at the 

distal tip of the axoneme. Therefore, 

no Shh-related gene upregulation is 

processed. Signal ON state: Shh 

ligand interacts with Ptch and 

inactivates it, which promotes Smo 

entry into cilia. Smo inactivates 

Sufu, which allows transfer of Glis into nuclei. Glis bind the promotor region to enhance Shh-related 

gene expression.  

 

1.6 Ciliopathy 

 When primary cilia are impaired by mutations, how are our bodies affected? In the past 

few decades, scientists and medical doctors have reported that there are strong connections 

between defective cilia components and body development problems that are categorized 

nowadays as ciliopathies (Ishikawa and Marshall 2011; Tammachote et al. 2009; Wheway, 

Nazlamova, and Hancock 2018). A ciliopathy is a kind of genetic disease which causes several 

body developmental problems, such as birth, kidney, brain, and eyes. Scientists believe signal 

transducers such as the Wnt and Shh pathways are negatively affected by abnormal cilia 

formation, which leads to these development problems (Baala et al. 2007; Kilander et al. 2018; 

Y. Kim et al. 2018; May-Simera et al. 2018; Oh and Katsanis 2013). Genetically speaking, 

defective mutation in cilia formation reduces the activities of signaling pathways, such as for 

WDR11 or DYNC2H1 mutants (Y. Kim et al. 2018; Oh and Katsanis 2013). Interestingly, 

though gene mutations of transition zone components CEP290 and MKS3 cause cilia super-

elongation, these mutant cells show a reduction of Shh pathway activity (Aguilar et al. 2012a; 

Baala et al. 2007; Ramsbottom et al. 2018). Therefore, it is strongly indicated that proper length 

of cilia is required for signal transduction. 
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2. Aim of this study 

 

 Primary cilia are antenna-like organelles that play an important role in several 

signaling pathways such as sonic hedgehog and Wnt. Therefore, dysfunction of primary cilia 

by gene mutations causes multi-organ development problems that are categorized as 

ciliopathies. Pathological mutations of cilia components often result in no cilia formation and 

a low signaling response in patient cells. It shows that the existence of primary cilia is key for 

signal transduction in our body. Moreover, several mutations show shorter and longer lengths 

of cilia, which also lead to low signaling activity. It is strongly indicated that the proper length 

of primary cilia is also required for signal transduction.  

 Here, my PhD study aimed to elucidate the link between cilia length control and their 

signaling function. For this, I referenced lower eukaryote primary cilia studies. C elegans 

sensory cilia are segmented into two domains: the middle segment that gives structural 

stability and the distal segment that is a signaling scaffold. Compared with lower eukaryotes, 

the function of middle/distal segments are not well understood in mammalian models. 

Therefore, first I characterized this segmentation in human and mouse primary cilia using 

specific cilia markers. Second, I elucidated the function of Septin, which has been identified 

as a novel distal segment growth repressor by siRNA-based loss-of-function screening. Third, 

I generated over-elongated distal segment cilia cells to understand the effect on signal 

transduction ability in these cells. Finally, I would like to propose an insight into ciliary 

signaling function and axonemal segmentation. 
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3. Results 

3.1 Characterization of the middle/distal cilia segmentation in human and mouse cells. 

To understand the mechanisms of primary cilia length control, I selected two model 

cell lines: wildtype (WT) retinal pigment epithelial cells (RPE1) and mouse immortalized 

fibroblast (NIH3T3) cells. RPE1 and NIH3T3 cells are major model cell lines to study 

ciliogenesis (S. Kim and Dynlacht 2013; Pedersen, Mogensen, and Christensen 2016; 

Sánchez and Dynlacht 2016; Wu, Chen, and Tang 2018), and I kept both cell lines in a serum-

starved (SS) condition to induce cilia formation. I used ARL13B as a cilia membrane marker, 

PCNT as a centrosome marker, and CEP164 as a distal appendage marker to visualize 

primary cilia (Figure. 13A, D). Both RPE1 and NIH3T3 cells increased percentage of ciliated 

cells after SS in a time-dependent manner and the length of cilia was also elongated later in 

the SS condition (Figure. 13B, C, E, F). The average cilia length maximized around 3 µm 

after 24-48 h SS (Figure. 13C, F). Ciliogenesis is heterogeneous thus axonemal length had 

huge variances at all time-points (RPE1: 0.5 to 6.5 µm and NIH3T3: 0.5 to 6 µm).  

 

Figure. 13: Primary ciliogenesis and the length of cilia change at different time points after 

serum starvation (SS) in human retinal pigment and mouse fibroblast cells. A. Primary 

ciliogenesis after 0, 8, 12, 24, and 48 h SS in RPE1 cells. Scale bar is 1 µm. B. The percentage of 

ciliated RPE1 cells after SS, from A. n = 3 biological replicates, > 150 cilia each. C. Dot plot shows 
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the length of cilia in RPE1 cells after SS, from A. n = 3 biological replicates, >150 cilia each. D. 

Primary ciliogenesis after 0, 8, 12, 24, and 48 h SS in NIH3T3 cells. Scale bar is 1 µm. E. The 

percentage of ciliated NIH3T3 cells after SS, from D. n = 3 biological replicates, >150 cilia each. F. 

Dot plot shows the length of cilia in NIH3T3 after SS, from D. n = 3 biological replicates, > 150 cilia 

each. B and E data include mean St.dev. 

 

To understand a deeper structure of mammalian primary cilia, I next analyzed whether 

primary cilia have the middle/distal segmentation as in lower eukaryotes cilia such as C. 

elegans. The structure of a worm’s sensory cilia is characterized two parts: the middle 

segment that has a doublet axonemal microtubule domain to stabilize cilia structure, and the 

distal segment that has a singlet ciliary microtubule domain contributing to a scaffold for 

signaling proteins (Kramer, Moerman, and Inglis 2007; Snow, Ou, Gunnarson, Walker, et al. 

2004) (for more detail see the introduction part: 1.2.3 Axoneme). On the other hand, whilst 

axonemal segmentation is not clearly defined in mammalian primary cilia, some ultrastructure 

studies suggest mouse kidney cells possess a doublet/singlet microtubule transition at cilia 

(Flood and Totland 1977; Sun et al. 2019). To test whether this cilia segmentation is 

conserved in mammalian cells, I decided to use GT335 antibody that identifies 

polyglutamylated microtubule, which is enriched at the doublet ciliary microtubule, as the 

middle segment marker together with whole cilia markers such as ARL13B or acetylated 

tubulin (K. He, Ling, and Hu 2020; Lechtreck and Geimer 2000; Wloga et al. 2017). If this 

axonemal segmentation is preserved in mammalian primary cilia, I would be able to visualize 

separately the middle segment (GT335 positive length on axoneme) from the distal segment 

(Whole cilia length – GT335 length) (Figure. 14A). 

Tthe middle and distal segments were distinguished in RPE1 cells using the 

polyglutamylated tubulin and whole cilia markers (Figure. 14B). As previously reported (K. 

He, Ling, and Hu 2020), tubulin acetylation accessed nearly the tip of the axoneme in 

different cilia length groups (Figure. 14C). On the other hand, tubulin polyglutamylation 

occupied almost the full range of axoneme in shorter cilia group (< 2 µm), but this occupation 

was reduced in proportion to their length (Figure. 14D). This indicates that the ratio of distal 

segment out of whole cilia increases in longer cilia (Figure. 14D). Moreover, the population 

with a longer distal segment was dramatically raised in later SS condition cells compared with 

earlier (Figure. 14E). This cilia segmentation was also observed in NIH3T3 cells (Figure. 

15A-C). 
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These results suggested that the middle/distal segmentation is conserved in higher 

organisms such as human and mouse and that the distal segment length is dependent on the 

size of primary cilia.  

 

 

Figure.14: Cilia segmentation in RPE1 cells. A. The model image of the middle and distal segment 

in primary cilia. The middle segment is a doublet microtubule domain that is identified by tubulin 

polyglutamylation. The distal segment is a singlet microtubule domain from the end of the middle 

segment to the tip of cilia. B. Staining of the different cilia components. Scale bar = 1.5 µm. White dot 

bars represent the gap between the end of each singlet/doublet microtubule and/or whole ciliary 

membrane. C. The average length of acetylated tubulin and whole cilia in the different cilia length 

group (< 2, 2-3, 3-4 and > 4 µm) with the models. n = 3 biological replicates, 400 cilia each. The 

numbers upon the model images mean the ratio of acetylated tubulin/whole cilia. D. Average length of 

the middle segment and whole cilia in the different cilia length group (< 2, 2-3, 3-4 and > 4 µm) with 

the models. n = 3 biological replicates, >700 cilia each. The numbers upon the model images mean the 

ratio of distal segment/whole cilia. E. The population analysis of the average length of the distal 

segment after 8h and 48h SS. n = 3 biological replicates, >150 cilia each. C and D data include mean 

St.dev. E data includes mean St.dev. and P values are calculated by two-tailed unpaired student t-test. 
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Figure. 15: Cilia segmentation in NIH3T3 cells. A. Average length of the middle segment and 

whole cilia in the different cilia length group (< 2, 2-3, 3-4 and > 4 µm) with the models. n = 3 

biological replicates, > 600 cilia each. The numbers upon the model images mean the ratio of distal 

segment/whole cilia. B. The population analysis of the average length of the distal segment after 8h 

and 48 h SS. n = 3 biological replicates, > 150 cilia each. A data includes mean St.dev. B data includes 

mean St.dev. and P values are calculated by two-tailed unpaired student t-test. 

 

3.2 Perturbation of actin and microtubule cytoskeletons elongate the middle/distal 

segment in different ways.  

When cilia grow longer, the ratio of distal segment from whole cilia also increases in 

mammalian cells (Figure. 14D, 15A). Next, I would like to observe how different treatments 

induce cilia elongation, to check the middle/distal segment pattern change. For this, I added 

some chemicals that are known to be cytoskeleton perturbators such as nocodazole and 

cytochalasin D (CytoD). Previous studies show that lower dosed microtubule polymerization 

inhibitor nocodazole and actin polymerization inhibitor CytoD  promote cilia over-extension 

(J. Kim et al. 2010; Sharma et al. 2011). Average cilia and acetylated tubulin length were 

dramatically elongated in RPE1 cells after 3 h of 200 nM CytoD and/or 100 nM nocodazole 

(Figure. 16A-C). Double treatment of actin and microtubule perturbators additionally affected 

the cilia growth, which indicates that each cytoskeleton controls cilia length via a different 

mechanism. Interestingly, CytoD-treated RPE1 cells showed extension of both segments but 

keeping the same proportions as the control, whilst nocodazole treatment increased only the 

length of distal segment (Figure. 16C). 
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Figure. 16: Actin and microtubule perturbators change cilia segmentations differently in RPE1 

cells. A. Primary cilia length changes after 3 h indicated chemical treatment in ciliated RPE1 cells. 

Scale bar is 3µm. B. Average length of acetylated tubulin elongation by indicated treatments, from A 

with the model. C. Average length of the middle segment and whole cilia change from A with the 

model. The number on the models show the ratio of the distal segment/whole cilia. B and C data are 

from three times independent experiments and 100 cilia are quantified each. B and C data include 

meaning St.dev. and P values are calculated by two-tailed unpaired student t-test. 

 

3.3 Screening to identify the regulator of distal segment growth affecting the 

microtubule cytoskeleton. 

Why does nocodazole treatment only affect the distal segment length? To understand 

this deeper, I decided to identify a factor regulating the distal segment growth via the 

microtubule cytoskeleton using a small-scale siRNA loss-of -function screening and 

nocodazole treatment in RPE1 cells. I selected genes which have been previously reported to 

interact with microtubules and also identified as cilia length regulators: IFT dynein 2 light 

chain DYNC2L1 (Taylor et al. 2015), IFT kinesin subunit KIF3A and KIF17 (Insinna et al. 

2008; Prevo, Scholey, and Peterman 2017; Qiu et al. 2012), MTs interacting proteins MAP4 

and SEPT2 (Ghossoub et al. 2013; Hu et al. 2010), tubulin glutaminase TTLL5 and de-

glutaminase CCP5 (K. He et al. 2018; Wloga et al. 2017). KIF17 and TTLL5 depleted RPE1 

cells decreased total cilia length (Figure.17A, B). CCP5 KD cells elongated both segments, 

keeping the proportion of each segment as in the control (Figure.17A, B). For the other genes, 

DYNC2L1, KIF3A, MAP4, and SEPT2, depletion extended only the distal segment like in 

nocodazole treatment (Figure. 17A, B). 

Next, I used DYNC2L1, KIF3A, MAP4, and SEPT2 depletion with nocodazole 

treatment whilst checking further cilia elongation, in order to detect the distal segment growth 

factor. If this factor and nocodazole treatment affect the same microtubule-dependent distal 

segment growth pathway, the gene depletion cells would show no or weak additional cilia 
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elongation with nocodazole. DYNC2L1, KIF3A, MAP4, and control depleted RPE1 cells 

additionally elongated cilia length with nocodazole treatment, but only SEPT2 KD cells did 

not show cilia extension (Figure.17C, D). 

Therefore, I decided to concentrate on the analysis of SEPT2 to elucidate the 

biological mechanism of distal segment growth in mammalian primary cilia. 

 

Figure.17: Identification of the distal segment growth factor affecting the microtubule 

dependent mechanism. A. Images of primary cilia with indicated siRNA in RPE1 cells. Scale bar is 2 

µm.  B. Average length of the middle segment and whole cilia change from A with the model. The 

number on the models show the ratio of the distal segment/whole cilia.  C. Primary cilia length 

changes with indicated siRNA after 3 h 100 nM nocodazole treatment in RPE1 cells. Scale bar is 2 

µm. D. Average length of cilia from C. B and D data are from three times independent experiments 

and 100 cilia are quantified each. B and D data include meaning St.dev. and P values are calculated by 

two-tailed unpaired student t-test. 
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3.4 Septin is a highly conserved protein complex localizing both in the cytosol and to 

cilia. 

SEPT2 is a one of the building blocks of the Septin family and is a highly conserved 

protein complex which supports cell division, cell migration, and membrane protein 

stabilization (Neubauer and Zieger 2017; Palander, El-Zeiry, and Trimble 2017; Valadares et 

al. 2017). Septin family protein structure has three GTP-binding domains, a phosphoinositide-

binding polybasic region, a Septin unique domain and null or several coiled-coil domains 

(Figure.18A) (Neubauer and Zieger 2017; Valadares et al. 2017). It is known that there are 13 

Septin family proteins in mammalian cells, categorized into 4 sub-groups: SEPT2 (SEPT1, 2, 

4, and 5), SEPT6 (SEPT8, 10, 11, and 14), SEPT7, and SEPT3 (SEPT9 and 12) (Figure.18B). 

Septin forms repeated hetero-polymer complexes like fiber, ring, and sheet within cells 

(Figure.18C and D). Each sub-group of Septin can be substituted by the other Septins in vitro 

and in vivo, for instance SEPT2 can be switched SEPT4 (Figure.18E) (Sandrock et al. 2011). 

Moreover, only single Septin sub-group mutation or depletion disrupts the whole structure of 

Septin (Sellin et al. 2011). Interestingly, there are quite a few homologs of Septin in 

mammalian cells but their expression is tightly regulated. Several human cancer cells are 

known to highly produce one of each sub-group of Septin: SEPT2, SEPT7, SEPT6, and 

SEPT9 (Sellin et al. 2011).  

 

Figure.18: Overview of mammalian Septin family proteins. A. Common structure of Septin 

proteins. All of Septins have a GTP-binding domain, Phosphoinositide-binding polybasic region 

(PBR) and Septin unique domain (SUD), and coiled-coil domains except for SEPT3 subgroup. B. The 

Septin family is divided into four sub-groups: SEPT3 (SEPT9), SEPT2, SEPT7, and SEPT6. C. 
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Structure of the Septin complex from repeated trimers (SEPT7-6-2-2-6-7). D. Structure of the Septin 

complex from repeated tetramers (SEPT9-7-6-2-2-6-7-9). E. The same sub-group Septin proteins can 

be substituted from others. The images are adapted from(Neubauer and Zieger 2017). 

 

It is reported that a Septin filament is observed in sperm tails, motile cilia, and primary 

cilia (Palander, El-Zeiry, and Trimble 2017). Therefore, I first observed endogenous SEPT2 

and SEPT7 localization in RPE1 cells. White-field fluorescence microscopy clearly showed 

that SEPT2 and SEPT7 are enriched at the cytosol as fiber structures and also on the ciliary 

axoneme in RPE1 cells (Figure. 19A). However, still I did not observe which part Septin 

localizes to on the axoneme due to the limited resolution. To improve this limitation, I used 

Stimulated emission depletion microscopy (STED). I generated stably SEPT2 and SEPT7 

expressing cell lines to amplify the signals and those Septin proteins behaved the same as 

endogenous Septins (Figure. 20E).  SEPT2 and SEPT7 were located inside of the axonemal 

membrane ARL13B but nearly overlapped ciliary acetylated tubulin in super-resolution 

images (Figure. 19B). In addition to, SEPT2 started to accumulate from the upper part of the 

transition zone to cilia (Figure. 19C, D).  

 

 



 29 

Figure. 19: Observation of mammalian Septin localization in primary cilia. A. Endogenous 

SEPT2 and SEPT7 are localized on the ciliary axoneme and in the whole cytosol. Scale bar is 4 µm 

(large) and 2 µm (small). B. Super resolution microscopy shows SEPT2 and SEPT7 neatly co-localize 

with ciliary microtubules. Scale bar = 0.5 µm. (i)-(iv), Relative indicated protein signals at white lines 

from images. C. Septin localizes at cilia but not the transition zone. Scale bar is 1 µm. White arrow 

points the specific signal of MKS3 and CEP290. White bar on the side of axoneme is used for D. D. 

Relative signal intensities of indicated proteins from C. 

 

3.5 Depletion of each sub-group of Septin elongated cilia length and increased total rate 

of ciliogenesis in RPE1 cells. 

 From siRNA-based screening (Figure.17), SEPT2 KD increased only the distal 

segment length, but it is not yet known whether this phenotype is limited to SEPT2 or not. I 

depleted one of each sub-group of Septin: SEPT2, SEPT6, SEPT7, or SEPT9 to check cilia 

phenotypes. All four Septin depleted RPE1 cells increased both total cilia length and the 

percentage of ciliated cells (Figure. 20A, B, C). Each siRNA efficiency was proven by 

immunoblot (Figure. 20D). In contrast to my data, previous studies show that SEPT2 and 7 

depletion reduced ciliated cells and SEPT2, 7, and 9 KD shortened cilia length in mammalian 

cells (Ghossoub et al. 2013; Hu et al. 2010). With siRNA gene depletions, we always have to 

be careful of off-target effects, because for many cases siRNA targets not only a specific 

region, but also similar sequenced regions (Jackson et al. 2003). To prove my siRNA results 

did not come from siRNA off-target effect, I generated stably expressing GFP-fused Septin 

proteins with siRNA resistance silent mutations in RPE1 cells. To control the expression level 

of these proteins, I used a doxycycline (DOX) induced protein expression system (Gossen and 

Bujard 1992). GFP-SEPT2, GFP-SEPT6, and SEPT7-GFP expressed fiber structures as 

endogenous Septins with 10 ng/ml DOX conditions and the proteins were stable with the 

indicated siRNA (Figure. 20E). Importantly, longer cilia phenotypes seen in SEPT2, 6, or 7 

depletion were returned back to normal by the expression of the GFP-fused siRNA resistant 

Septin (Figure. 20E-F). 
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Figure. 20: Other Septin sup-groups specifically control ciliogenesis and cilia growth as SEPT2 

in RPE1 cells. A. Cilia length changes with indicated siRNA. Scale bar is 1.5 µm. B. Dot plots 

represent cilia length from A. C. Percentage of ciliated cells is increased by Septin gene depletion. D. 

Indicated siRNA efficiency is proved by immunoblot. Actin is used as a loading control. E. Rescue 

experiment of Septin cilia phenotype by expression of GFP-fused Septin proteins with silent mutation 

around siRNA targeted sequences. Scale bar is 5 µm. F. Average length of cilia changes with 

indicated conditions from E. B, C and F data are from three times independent experiments and > 80 

cilia are quantified each. B, C and F data include meaning St.dev. and P values are calculated by 

unpaired Wilcoxon-Mann-Whitney Rank Sum Test (B) or two-tailed unpaired student t-test (C and F). 

 

3.6 SEPT2 gene knockout in RPE1 cells extended only the distal segment. 

 Next, I generated a SEPT2 gene knockout (KO) RPE1 cells using the CRISPR/Cas9 

system to analyze deeper the mechanism of distal segment growth control by Septin (Jinek et 

al. 2012). I designed two different guideRNA to target exon 4 and 6 of the human SEPT2 

gene and finally I achieved four isolated RPE1 SEPT2 KO cells without any endogenous 

SEPT2 signal (Figure. 21A, B). All the SEPT2 KO RPE1 cells formed longer cilia and 

showed higher ciliated cells compared to WT cells, as seen in the siRNA-based results 

(Figure. 21C-E). Moreover, over-elongated cilia were reverted by the expression of GFP-
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SEPT2 proteins in all SEPT2 KO clones (Figure. 21F). Moreover, electron microscope 

images also showed over-elongated cilia in SEPT2 KO cells (Figure. 21G, H). I analyzed the 

cilia segmentation in clones 10 and 16 of RPE1 SEPT2 KO cells. As in depletion of SEPT2, 

both SEPT2 KO clones only elongated the distal segment and SEPT2 did not change the 

localization of ciliary tubulin acetylation (Figure. 22A-C). 

 

 

Figure. 21: SEPT2 gene knockout in RPE1 

cells show the same cilia phenotypes as the 

siRNA-based Septin depletion results. A. 

Profiling of each SEPT2 gene knockout (KO) 

single isolated RPE1 cells. B. Endogenous 

SEPT2 protein is completely lost in SEPT2 KO 

RPE1 cells that is performed by immunoblot. 

Cofilin is a loading control. C. Each SEPT2 KO 

cell generates longer cilia. Scale bar is 2 µm. D. 

Dot plots show the cilia length of WT and 

SEPT2 KO RPE1 cells from C. E. Percentage of 

ciliated cells in RPE1 WT and SEPT2 KO cells. 

F. Cilia length phenotype of SEPT2 KO cells are 

rescued by the expression of GFP-SEPT2 proteins. G, Electron microscopy of WT and KO SEPT2 

cilia. Black arrows point axoneme and basal body (BB), scale bar: 400 nm. H, Dot plots show the 

individual cilia length, from G. n = 15 cilia from two independent experiments. D, E and F data are 

from three times independent experiments and > 80 cilia are quantified each. D, E, F and H 

data include mean St.dev. and P values are calculated by unpaired Wilcoxon-Mann-Whitney Rank 
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Sum Test (D and H) or two-tailed unpaired student t-test (E and F). G figure were obtained from our 

collaborator Dr Annett Neuner from ZMBH. 

 

Figure. 22: The middle/distal cilia segmentation changes in SEPT2 KO cells. A. SEPT2 KO RPE1 

cilia change only the length of the distal segment. Scale bar is 2 µm. B. Average length of the middle 

segment and whole cilia, from A with the model cilia image. Number on the model shows the ratio of 

the distal segment/whole cilia. C. Average length of the ciliary acetylated tubulin, from A. B and C 

data are from three times independent experiments and 100 cilia are quantified each. B and C 

data include meaning St.dev. and P values are calculated by two-tailed unpaired student t-test. 

 

3.7 Low-dosed nocodazole reduced endogenous Septin at cilia to elongate the distal 

segment. 

It is known that Septin is able to work together with actin and microtubules in cells 

(Kinoshita 2003; Valadares et al. 2017) and cilia length is affected by both cytoskeleton 

perturbations (J. Kim et al. 2010; Sharma et al. 2011). Does Septin control ciliary length using 

both cytoskeletons or not? To check this, I applied 3 h DMSO, CytoD, or nocodazole to 

already ciliated WT and SEPT2 KO RPE1 cells (Figure. 23A). Both the middle and distal 

segments were additionally increased with CytoD treatment but there was no significant 

change with nocodazole in SEPT2 KO cells (Figure. 23A, B). Importantly, nocodazole 

treatment dropped the protein level of SEPT2 and SEPT7 at cilia in RPE1 cells (Figure. 23C, 

D). This could be a reason why nocodazole treatment elongate the distal segment that reduces 

ciliary Septin level, mimicking the loss of function of Septin at cilia. 
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Figure. 23: Nocodazole treatment reduces endogenous SEPT2 and SEPT7 level at cilia in RPE1 

cells. A. Actin and microtubule polymerization inhibitors change the cilia segmentation in RPE1 WT 

and SEPT2 KO cells. Scale bar is 3 µm. B. Average length of the middle segment and whole cilia after 

3 h indicated chemicals, from A with the model. Number on the model shows the ratio of the distal 

segment/whole cilia. C. Endogenous SEPT2 and SEPT7 level at cilia are reduced by 3 h nocodazole 

treatment in RPE1 WT cells. Scale bar: 5 µm (large) or 2.5 µm (small). D. Average relative signal 

intensity of endogenous SEPT2 or SEPT7 from axoneme from C. SEPT2 or SEPT7 signal is 

quantified from whole cilia then averaged by cilia length. B and D data is from three times 

independent experiments quantified 100 cilia each. B and D data include meaning St.dev. and P values 

are calculated by two-tailed unpaired student t-test. 

 

3.8 Depletion of Sept2 and Sept7 increased the length of the distal segment in NIH3T3 

cells. 

To open up the story of Septin role in primary cilia, I also tested NIH3T3 cells in the 

condition of Sept2 or Sept7 gene depletion. Four sets of an siSept2 or siSept7 pool clearly 

dropped endogenous Sept2 or Sept7 protein levels, respectively (Figure. 24A). Different from 

RPE1 cells, the percentage of ciliogenesis did not change in NIH3T3 cells with Sept2 or 

Sept7 depletion, but single Sept2 or 7 depleted cells elongated only the distal segment as in 

A B 

C D 
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the results for loss of SEPT2 in human cells (Figure. 21, 22, 24B, 24D). Moreover, 

application of CytoD extended elongation of both segments in the control and Sept2 KD 

NIH3T3 cells but had no additional effect with nocodazole (Figure. 24E, F). 

Combining this with all Septin data from RPE1 and NIH3T3 cells, I can suggest that 

Septin is one of the negative regulators of distal segment growth. 

 

 

Figure. 24: Sept2 and Sept7 depletion in NIH3T3 cells increase the distal segment length as in 

RPE1 cells. A. The efficiency of Sept2 or Sept7 depletion is proven by immunoblot. Actin is used as a 

loading control. B. Loss of Sept2 or 7 elongates the length of only the distal segment in NIH3T3 cells. 

Scale bar is 1 µm.  C. Percentage of ciliated cells shows no effect from Septin gene depletion in 

NIH3T3 cells. D. Average length of the middle segment and whole cilia, from B with the 

model. Number on the model shows the ratio of the distal segment/whole cilia. E. Actin and 

microtubule polymerization inhibitors affect differently in control or Sept2 KD NIH3T3 cells. Scale 

bar is 1 µm. F. Average length of the middle segment and whole cilia, from E with the model. Number 

on the model shows the ratio of the distal segment/whole cilia. C, D and F data are from three times 

independent experiments and ≥ 100 cilia are quantified each. C, D and F data include meaning St.dev. 

and P values are calculated by two-tailed unpaired student t-test. 
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3.9 Impaired SEPT2 in RPE1 cells changed KIF7 localization at both the tip and base of 

cilia. 

Here, I would like to next identify the molecular mechanism of distal segment growth 

by Septin. It is previously noted that the Intraflagellar transport (IFT) complex and MT plus-

end binding cap protein are able to control the length of cilia (M. He et al. 2014; Prevo, 

Scholey, and Peterman 2017). The IFT complex is composed of more than ten different 

proteins and carries to and takes from the cilia building blocks such as membrane proteins, 

tubulins, and lipids to bipolarly regulate cilia growth (Bhogaraju, Engel, and Lorentzen 2013; 

Prevo, Scholey, and Peterman 2017). On the other hand, the ciliary cap protein KIF7 binds at 

distal cilia microtubules to suppress microtubule polymerization (M. He et al. 2014). I 

expected that Septin influences both or either of these two functions. 

         To elucidate this, I checked endogenous localization of IFT components: IFT88 and 

KIF17 or KIF7 in both RPE1 WT and SEPT2 KO cells (Figure. 25A). IFT88 and KIF17 

signals at cilia showed no clear difference in both WT and SEPT2 KO cells, but surprisingly, 

KIF7 signal at the tip of axoneme greatly dropped in SEPT2 KO cells compared with WT 

(Figure. 25A, B). In addition to, I observed an accumulated KIF7 level at the ciliary base in 

SEPT2 KO cells (Figure 25A, B). Importantly, KIF7 signal reduction at the tip of cilia and 

accumulation at the base were reverted when GFP-SEPT2 protein was expressed in SEPT2 

KO cells (Figure. 25C, D).  
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Figure. 25: A ciliary cap protein KIF7 decreases at the tip of cilia in RPE1 SEPT2 KO cells. A. 

Localizations of IFT complex proteins and a ciliary cap protein in RPE1 WT and SEPT2 KO cells. 

Scale bar is 3 µm. B. Average relative signal intensity of indicated proteins from A. Integrated total 

IFT88 and KIF17 signal are measured at the whole cilia then divided into cilia length. KIF7 signal 

intensity is quantified at the tip and base of cilia. C. KIF7 specific localization at cilia is rescued by the 

expression of GFP-SEPT2 in SEPT2 KO cells. Scale bar is 2 µm. D. Average relative signal intensity 

of KIF7 from C. KIF7 signal intensity is quantified at the tip and base of cilia. B and D data are from 

three times independent experiments and > 80 cilia are quantified each. B and D data include meaning 

St.dev. and P values are calculated by two-tailed unpaired student t-test. 

 

3.10 KIF7 loss induced distal segment over-growth in RPE1 WT cells but not SEPT2 

KO. 

It is indicated that Septin is a novel factor for KIF7 positioning at cilia and KIF7 is the 

factor in the regulation of cilia length. I next depleted the KIF7 protein in both RPE1 WT and 

SEPT2 KO cells to check cilia elongation. If KIF7 works with Septin to regulate the distal 

segment growth, KIF7 KD in WT cells would phenocopy SEPT2 KO but no additional effects 

would be seen in SEPT2 KO cells. Importantly, both the tip and base KIF7 signals were 

dropped by KIF7 siRNA treatment in WT cells and there was no clear difference in the total 

ciliated cells (Figure. 26A-C). KIF7 single depletion in RPE1 WT cells dramatically 

elongated only the distal segment as in SEPT2 KO cells, but there was no significant effect in 

SEPT2 KO cells with KIF7 depletion (Figure. 26D, E). 
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Figure. 26: Depletion of KIF7 elongates only the distal segment in RPE1 WT cells but has no 

additional cilia effects in SEPT2 KO. A. KIF7 signal intensity is obviously dropped at both the tip 

and base of cilia in KIF7 depleted RPE1 cells. Scale bar is 1.5 µm. B. Average relative signal intensity 

of KIF7 at cilia from A. C. KIF7 KD does not affect the average percentage of ciliated cells. D. Loss 

of KIF7 increases the length of the distal segment in WT RPE1 cells but not SEPT2 KO cells. Scale 

bar is 2 µm. E. Average the length of the middle segment and whole cilia from D with the 

model. Number on the model shows the ratio of the distal segment/whole cilia. B, C and E data are 

from three times independent experiments and > 60 cilia are quantified each. B, C and E data include 

meaning St.dev. and P values are calculated by two-tailed unpaired student t-test. 

 

3.11 Reduction of Kif7 at the distal cilia tip is a key to controlling the distal segment in 

NIH3T3 cells. 

KIF7 data in human ciliated cells strongly suggests that Septin is linked to KIF7 in the 

regulation of distal segment growth. I investigated Kif7 localization in NIH3T3 cells under 

the depletion of Sept2, Sept7, and Kif7. As previously described (M. He et al. 2014), Kif7 

was only observed at the tip of cilia in NIH3T3 cells (Figure. 27A). Kif7 KD strongly reduced 

the signal of Kif7 at the tip and Sept2 and Sept7 depletion also dropped Kif7 levels (Figure. 

27A, B). Kif7 depletion did not change the total ciliated cells but the distal segment length 

was stretched (Figure. 27C-E). Furthermore, double depletion of Kif7 and Sept2 or Sept7 
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presented no significant change in distal segment length compared with each single depletion 

(Figure. 27C-E).  

From all the KIF7 results, I concluded that KIF7 requires Septin for its localization at 

the distal tip to control the distal segment growth in both human and mouse cells. 

Figure. 27: NIH3T3 cells without Kif7 raise the distal segment elongation. A. Kif7 signal intensity 

is obviously dropped at the ciliary tip in the condition of Kif7-, Sept2- or Sept7-depletion. Scale bar is 

2 µm. B. Average relative signal intensity of Kif7 at the tip of axoneme from A. C. The percentage of 

ciliated cells shows no difference in either Kif7 depletion or control NIH3T3 cells. D. Kif7, Sept2, or 

Sept7 single KD elongates only the length of distal segment but no additional effect double depletion 

of Kif7 and Sept2 or Sept7 in NIH3T3 cells. Scale bar is 1.5 µm. E. Average length of middle segment 

and whole cilia from D with the model. Number on the model shows the ratio of the distal 

segment/whole cilia. B, C and E data are from three times independent experiments and ≥ 100 cilia 

are quantified each. B, C and E data include meaning St.dev. and P values are calculated by two-tailed 

unpaired student t-test. 

 

3.12 A functional transition zone is required for positioning KIF7 at the cilia tip to 

balance distal segment elongation. 

Looking carefully at ciliary KIF7 localization in SEPT2 KO RPE1 cells, KIF7 was highly 

condensed around the ciliary base (Figure. 25A). I hypothesized that KIF7 transportation is 
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disrupted by dysfunction of the basement structure, especially the transition zone (TZ). It has 

been well defined that the TZ is a multi-protein complex which localizes at the ciliary base 

and contributes to cilia growth (Garcia-Gonzalo and Reiter 2017; Takao and Verhey 2016). 

The TZ works as a gatekeeper in cilia, like the nuclear pole complex for the nucleus, and is 

able to select only cilia-related products for cilia growth for transport into cilia (More detail 

found in the introduction). I picked three major TZ components: MKS3, CEP290, and NPHP1 

(Gonçalves and Pelletier 2017) to check their localization pattern changes between WT and 

SEPT2 KO RPE1 cells. MKS3 was localized at the ciliary base nearly overlapping with the 

distal appendage protein CEP164 in WT cells, but dramatically elongated into the axoneme in 

SEPT2 KO cells (Figure. 28A, B). MKS3 mis-localization in SEPT2 KO cells was also 

observed by STED microscopy (Figure. 28C). The CEP290 signal at the base of cilia was 

expanded to outside of the TZ in SEPT2 KO cells (Figure. 28A, D). On the other hand, the 

NPHP1 signal at the TZ and the distal and subdistal appendages protein CEP164 and ODF2 

respectively did not show any clear difference between WT and SEPT2 KO cells (Figure. 

28A, D). It is worth noting that the irregular MKS3 and CEP290 localization patterning in 

SEPT2 KO cells were recovered by GFP-SEPT2 expression (Figure. 28E-G). Combined these 

results suggest that Septin has a crucial role to MKS3 and CEP290 positioning. 
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Figure.28: The localization of several 

transition zone (TZ) proteins is 

disrupted at the ciliary base in RPE1 

SEPT2 KO cells. A. Localization of 

the TZ, distal appendages (DA) and 

sub-distal appendages (SDA) proteins 

in RPE1 WT and SEPT2 KO cells. 

Scale bar is 1.5 µm. White arrows show 

specific MKS3 signals and white stars point unspecific signals. Each TZ protein represents both low 

and high brightness. B. Average length of MKS3 at cilia from A. C. Stimulated emission depletion 

(STED) microscopy shows MKS3 mis-localization in SEPT2 KO cells. Scale bar is 1 µm. D. Average 

signal intensity of indicated proteins at the base of cilia from A. E. MKS3 and CEP290 mis-

localization are rescued by the expression of GFP-SEPT2 in SEPT2 KO cells. Scale bar is 1 µm. F. 

Average length of MKS3 at cilia from E. G. Average signal intensity of CEP290 at the base of cilia 

from E. B, D, F and G data are from three times independent experiments and 100 cilia are quantified 

each. B, D, F and G data include meaning St.dev. and P values are calculated by two-tailed unpaired 

student t-test. 

 

           I hypothesized that the over-elongation of MKS3 and the expansion of CEP290 at the 

base of cilia in SEPT2 KO cells results in a weakened function of the TZ leading to KIF7 

reduction at the ciliary tip. To demonstrate this idea, I impaired the TZ structure by depletion 

of MKS3 or CEP290 in RPE1 WT and SEPT2 KO cells to check cilia segmentation 

patterning and KIF7 localization. MKS3 or CEP290 protein signal was faded more than 60 % 

at the TZ under the condition of MKS3 or CEP290 depletion in WT cells (Figure. 29A, B). 

The total number of ciliated cells had no significant change in WT and SEPT2 KO cells with 

MKS3 or CEP290 depletion (Figure. 29C). Loss of MKS3 or CEP290 elongated only the 

distal segment in WT cells, however there was no more elongation in SEPT2 KO cells 

(Figure. 29D, E). Furthermore, the KIF7 signal at the cilia tip was dramatically diminished 

but accumulated at the base in WT cells with MKS3 or CEP290 KD (Figure. 29F,-G). 

 Next, I checked whether TZ structure also influences cilia segmentation and Kif7 

localization in mouse cells. I induced impaired TZ condition by Mks3 depletion and siMks3 

clearly dropped the specific Mks3 signals at the TZ (co-localized with Cep164) (Figure. 30A, 

B). The rate of ciliogenesis in Mks3 depleted NIH3T3 cells was the same as control (Figure. 

30C). Importantly, Mks3 single depletion elongated only the distal segment but had no 

additional effects with Sept2 KD in NIH3T3 cells (Figure. 30D, E). Moreover, impaired TZ 
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structure via Mks3 depletion reduced Kif7 signal at the distal cilia tip compared with the 

control (Figure. 30F, G). 

These results strongly indicate that Septin supports the formation of a proper TZ 

structure that allows transport of KIF7 to the ciliary tip, where it regulates distal segment 

growth. 

 

 

Figure. 29: Depletion of MKS3 or CEP290 only elongates the distal segment and decreases KIF7 

transportation to the tip in RPE1 WT but not SEPT2 KO cells. A. siMKS3 or siCEP290 treatment 

clearly reduces the protein level at the TZ in RPE1 cells. Scale bar is 1.5 µm. White arrow shows 

specific MKS3 signal and white star points an unspecific signal. B. Average signal intensity of 

indicated proteins at TZ from A. C. Percentage of ciliated cells are unchanged in WT and SEPT2 KO 

cells with MKS3 or CEP290 depletion. D. MKS3 or CEP290 KD increases only the distal segment 

length in WT cells but not SEPT2 KO cells. Scale bar is 2 µm. E. Average length of the middle 

segment and whole cilia from D with the model. Number on the model shows the ratio of the distal 

segment/whole cilia. F. KIF7 signal intensity is obviously dropped at the tip but increased at the base 
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in RPE1 cells with loss of MKS3 or CEP290. Scale bar is 2 µm. G. Average relative signal intensity 

of KIF7 at the base and tip of axoneme change from F. B, C, E and G data are from three times 

independent experiments and > 60 cilia are quantified each. B, C, E and G data include meaning 

St.dev. and P values are calculated by two-tailed unpaired student t-test. 

 

Figure. 30: Impaired TZ by Mks3 depletion in NIH3T3 cells also shows similar cilia phenotypes 

to those in RPE1 cells. A. siMks3 treatment clearly reduces Mks3 signal at the base of cilia in 

NIH3T3 cells. Scale bar is 1 µm. White arrow shows specific Mks3 localization and white star points 

an unspecific signal. B. Average specific signal intensity of Mks3 at the TZ from A. C. Percentage of 

ciliated cells are unchanged in NIH3T3 cells with Mks3 depletion. D. MKS3 KD increases only the 

distal segment length in NIH3T3 cells. Scale bar is 2 µm. E. Average length of the middle segment 

and whole cilia from D with the model cilia figure. Number on the model shows the ratio of the distal 

segment/whole cilia. F. KIF7 signal intensity at the distal tip is obviously dropped in NIH3T3 cells 

with Mks3 depletion. Scale bar is 2 µm. G. Average relative signal intensity of KIF7 from F. B, C, E 

and G data are from three times independent experiments and > 70 cilia are quantified each. B, C, E 

and G data include meaning St.dev. and P values are calculated by two-tailed unpaired student t-test. 

 

3.13 Overgrown-axonemes dynamically change length and lose structural stability.  

Septin has an ability to control distal segment growth and organize MKS3, CEP290, 

and KIF7 localization at cilia in human cells. To gain another insight into the regulation of 

distal segment control, I generated stable RPE1 WT and SEPT2 KO cells expressing the 

ciliary axoneme marker ARL13B and the basal body marker gamma tubulin tagged with 

fluorescent proteins to check cilia dynamics by live-cell cilia imaging. These modulated WT 
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and SEPT2 KO RPE1 cells can form cilia properly and I first monitored intact cilia dynamics 

over live-cell imaging in time intervals of 30 mins (total 9.5 h) after 38 h SS (Figure. 31A). In 

WT cells, cilia constantly maintained their length around 3 µm throughout live-cell imaging 

and total axonemal growth speeds were nearly balanced, but on the other hand in SEPT2 KO 

cells, cilia drastically elongated and shortened (Figure. 31B, C). These live-cell imaging 

results implied that in the absence of Septin, primary cilia lose the ability of constant cilia 

length maintenance. 

 

Figure. 31: RPE1 SEPT2 KO cells lose the control of cilia length maintenance in live cells. A. 

Time-lapse images of intact cilia dynamics changes in RPE1 WT and SEPT2 KO cells after 38 h SS. 

(30 mins interval, up to 9.5 h). Scale bar: 5 µm. B. The length of intact cilia changes during time-lapse 

imaging from A. C. The average speed of intact cilia length changes, from A. Red, blue and purple 

dots show growth, shrink and sum (growth + shrink) speed in respectively. B and C data are n = 30 

cilia from 3 independent experiments. C data include mean St.dev. and P values are calculated by 

unpaired Wilcoxon-Mann-Whitney Rank Sum Test. 
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3.14 The balance of the middle/distal segment is essential for maintaining cilia structure 

to avoid cilia excision events in RPE1 cells. 

It is recently reported that live-cell primary cilia sometimes excise their axoneme (cilia 

excision) or release a small vesicle from the tip of axoneme (ectocytosis) (Nager et al. 2017; 

Phua et al. 2017; Wang et al. 2019). I next observed cilia excision and ectocytosis during live-

cell imaging (Figure. 32A). The rate of ectocytosis was no difference between WT and 

SEPT2 KO cells, but cilia excision events in SEPT2 KO cells significantly increased 

compared with WT (Figure. 32B).  

To analyze deeper the high incidence of cilia excision events in SEPT2 KO cells, I 

checked where cilia excision events happened at cilia. I measured the length of cilia at one 

time-point before the cilia excision event (t = -1) and the remaining cilia length at the time of 

cilia excision (t = 0) in SEPT2 KO cells (Figure. 32C). Interestingly, most cilia excision 

occurred at the distal part of cilia (Figure. 32D).  

Combining the result of the middle/distal cilia segmentation in SEPT2 KO cells, cilia 

excision events mainly happen at over-elongated distal segments. Supporting this, previous 

studies have shown that the distal segment is structurally unstable due to a lower number of 

axonemal microtubules and fewer tubulin modifications (Bosch Grau et al. 2017; Gadadhar et 

al. 2017; Sun et al. 2019). Does the risk of cilia excision event change depending on the distal 

segment length? I observed cilia excision events in RPE1 cells using several cilia 

segmentation patterns induced by different treatments. First, I depleted KIF7, MKS3, or 

MAP4, or applied nocodazole in RPE1 cells to induce distal segment over-growth as in 

SEPT2 KO (Figure. 16, 17, 26. 29). All conditions showed a higher cilia excision rate 

compared to the control (Figure. 32E, F). Second, I shortened the distal segment length using 

KIF17 depletion (Figure. 17) and it decreased the rate of cilia excision events (Figure. 32E). 

Third, I treated cells with siCCP5 or CytoD to elongate both segments but keeping the same 

segments proportion as the control (Figure. 16). Surprisingly, these conditioned cells showed 

no significant difference in the incidence of cilia excision compared to control (Figure. 32E, 

F).  

Together these results indicate that maintaining the proper ratio of middle/distal 

segment is essential for stabilizing the structure of the ciliary axoneme to avoid cilia excision 

events rather than just distal segment elongation in human cells. 
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Figure. 32: The incidence of cilia excision events relies on the proportion of the middle/distal 

segment in RPE1 cells. A. Ectocytosis and cilia excision events of SEPT2 KO RPE1 cells during 

live-cell imaging. B. Percentage of intact cilia, ectocytosis, and cilia excision events during live-cell 

imaging in WT and SEPT2 KO cells. C. Measurement of the place of cilia excision event. The 

excision point is calculated by b/a (0 < b/a < 1.0): one time-point before of cilia excision (t = -1, length 

= a) and remains axoneme after excision (t = 0, length = b). D. Measurement of the cilia excision point 

in SEPT2 KO cells from C. E. Percentage of cilia excision changes during live-cell imaging in 

indicated gene KD in RPE1 cells. F. Percentage of cilia excision during live-cell imaging in the 

condition of indicated chemical treatments in RPE1 cells. B, E and F data are from three times 

independent experiments and > 100 cilia are quantified each, and D data is from three times 

independent experiments and 50 cilia are quantified each. B, E and F data include mean St.dev. 

and P values are calculated by unpaired Wilcoxon-Mann-Whitney Rank Sum Test (D) or two-tailed 

unpaired student t-test (B, E and F). 
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3.15 Over-elongated distal segment disrupts Shh-related gene upregulation in NIH3T3 

cells.  

Throughout my PhD study, I have shown that controlling distal segment growth is 

vital for maintaining cilia structure in mammalian models. The distal segment or distal tip of 

cilia is known to accumulate signaling-related proteins in a wide range of organisms (Kramer, 

Moerman, and Inglis 2007; Wheway, Nazlamova, and Hancock 2018). Here, the final 

question in my project is: what is the importance of the distal segment for the function of 

primary cilia as a biological signaling receiver?  

To answer this, I investigated that Sonic hedgehog pathway (Shh) that requires 

functional primary cilia for its signal transduction (shown in more detail in the introduction). 

Functional Shh pathway activity plays an important role in body development and impairment 

of this pathway causes several ciliopathies (Aguilar et al. 2012b; Kilander et al. 2018; 

Srivastava et al. 2017). Smoothened (Smo) translocation is a good marker to check the 

initiation process of the Shh pathway (Nachury 2014; Pedersen, Mogensen, and Christensen 

2016). In the stationary state, Smo normally stays at the base of axoneme or cytosolic 

membrane, under the control of a negative Shh regulator, Pacthed-1 (Ptch) (Figure. 33A left) 

(Briscoe and Thérond 2013). After the Shh ligand binds Ptch to inhibit its ability, Smo moves 

to the ciliary membrane to transduce the Shh signal to downstream factors (Figure. 33A 

right). 

From now on, I selected NIH3T3 cells for Shh pathway experiments because this cell 

line is able to respond to Shh pathway activation nicely (Guo et al. 2018; X. Shi, Zhan, and 

Wu 2015). I depleted Sept2 or Sept7 to induce the distal segment over-growth, in order to 

analyze Smo translocation at cilia in NIH3T3 cells after Shh-pathway activation. Sept2 and 

Sept7 KD cells increased Smo positive cilia faster than the control at each time point (Figure. 

33B, C). Moreover, Mks3 depleted cells showed fast Smo accumulation at cilia, but Kif7 

depletion had no clear difference compared with the control (Figure. 33D, E). It is expected 

that the initial step of Shh pathway activation works in NIH3T3 cells generating longer distal 

segments. 

 Over-grown distal segment cells are functional whether the final step of the Shh 

pathway is activated or not. The Shh pathway positively controls Shh related gene expression 

such as the transcription factors Gli1, 2, 3 and the oncogene Hck, and it is known that Gli1 

amplifies its gene expression by a positive feedback loop after activation of the Shh pathway 

(Fuccillo, Joyner, and Fishell 2006; X. Shi, Zhan, and Wu 2015). Therefore, quantifying the 

mRNA level of Gli1 by Quantitative PCR (qPCR) is a reasonable way to analyze the level of 
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the final step of Shh upregulation. The amount of Gli1 mRNA was increased after 4 h and 6 h 

Shh ligand treatment in both Sept2 KD and control cells, but the cells lacking Sept2 dropped 

more than half the ability to amplify Gli1 level compared with the control (Figure. 33F). 

Furthermore, other depletions forming longer distal segments such as Sept7, Kif7, and Mks3 

also showed weaker Gli1 mRNA upregulation than the control after 6 h Shh pathway 

activation (Figure. 33G).  

 

Figure. 33: Longer distal segment cells accelerate Smo translocation but decelerate the gene 

expression of the Shh pathway in NIH3T3 cells. A. Summary of the ON or OFF state of Shh 

signaling pathway. See more details in introduction. B. Sept2 or Sept7 depleted cells show fast Smo 

accumulation at cilia after 1, 2, and 4 h Shh treatment. Scale bar is 1.5 µm. C. Percentage of Smo 

positive cilia after 0, 1, 2, and 4 h Shh treatment with indicated siRNA from B. D. Kif7 or Mks3 

depleted cell changes in Smo accumulation at cilia after 2 h Shh or water treatment. Scale bar is 1.5 

µm. E. Percentage of Smo positive cilia from D. F. qPCR results represent Gli1 mRNA level 

upregulation after 0, 4 and 6 h Shh treatment in NIH3T3cells with indicated siRNA treatment. Gapdh 

is an internal control. G. qPCR results represent Gli1 mRNA level upregulation after 6 h Shh 

treatment in NIH3T3 cells with indicated siRNA treatment. Gapdh is an internal control. C and E data 

are from three times independent experiments and > 100 cilia are quantified each. F and G RNA 

samples are taken from three independent experiments in the similar condition. C, E, F and G 

data include meaning St.dev. and P values are calculated by two-tailed unpaired student t-test. 
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3.16 Intermediate Shh components are reduced at the distal tip in abnormal distal 

segment cilia. 

           I hypothesized that a high incidence of cilia excision in unstable distal segment cells 

causes Shh-related gene upregulation failure. For this, I analyzed intermediate Shh-related 

proteins that are especially concentrated at the ciliary tip, such as Glis (Gli1, 2, 3) and the 

suppressor of fused (Sufu) in NIH3T3 cells (Figure. 33A) (Cherry et al. 2013; Haycraft et al. 

2005; Li et al. 2012). I observed the ciliary tip Gli3 and Sufu localization changes under the 

condition of over-grown distal segments in contrast to control cells (Figure. 34A). The 

amount of Gli3 and Sufu at the tip significantly decreased in cells lacking Sept2, Sept7, Kif7, 

and Mks3 in comparison to the control (Figure. 34B).  

 Combined signaling results, I concluded that the reduction of intermediate Shh-

components at the distal tip leads to impaired gene upregulation in elongated distal segment 

cells. 

 

 

Figure.34: Localization of Shh pathway-related protein Gli3 and Sufu are influenced by the 

distal segment length. A. The amount of Gli3 and Sufu at the ciliary tip change in NIH3T3 cells with 

indicated siRNA. Scale bar is 2 µm. White arrows point the specific signals of Gli3 and Sufu at the tip. 

B. Average relative signal intensity of indicated proteins from A. B data are from three times 

independent experiments and 100 cilia are quantified each. B data include meaning St.dev. 

and P values are calculated by two-tailed unpaired student t-test. 
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4. Discussion 

 

Here, I discuss how ciliary segmentation plays an important role in primary cilia 

structure and function in mammalian cells. The distal segment, which is the signaling domain, 

is controlled in its growth by Septin. Septin disrupted cells generate over-elongated distal 

segments and destabilize the ciliary structure leading to higher risk of a cilia excision event 

and impaired Shh signal transduction. 

 

4.1 The middle/distal cilia segmentation in human and mouse cells 

 The structure of both motile and immotile cilia in lower eukaryotes such as C. elegans, 

Chlamydomonas and Tetrahymena are deeper observed than mammalians. These ciliary 

axonemes are segmented into two domains: the middle segment that gives physical stability 

and the distal segment that accumulates chemosensory and biological receptors (Cornelia I. 

Bargmann 2006; Hao et al. 2011; Kramer, Moerman, and Inglis 2007; Snow, Ou, Gunnarson, 

Regina, et al. 2004; Wloga et al. 2017). Each segment can be distinguished by the different 

number of side microtubules (doublet: the middle segment, and singlet: the distal segment) 

and the different tubulin modifications (enriched glutamylation, glycylation, and 

detyrosination at the middle segment) (Snow, Ou, Gunnarson, Regina, et al. 2004; Wloga et 

al. 2017). Importantly, some studies using electron microscopy and tomography suggest that 

this cilia segmentation is also structurally conserved in mouse kidney primary cilia (Flood and 

Totland 1977; Sun et al. 2019). However, how each segment affects ciliary signaling function 

is still unclear in mammalian models. 

To observe this segmentation in human and mouse cells, I applied an 

immunofluorescence strategy using different cilia markers such as ARL13B (cilia membrane: 

whole cilia), acetylated tubulin (doublet/singlet: microtubule whole ciliary microtubule) and 

glutamylated tubulin (doublet microtubule: the middle segment) (K. He, Ling, and Hu 2020; 
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Wloga et al. 2017). Measuring the length of glutamylated tubulin and/or whole cilia, I 

succeeded in distinguishing the middle/distal segment in human RPE1 and mouse NIH3T3 

cells (Figure. 14 and 15). Interestingly, the ratio of the distal segment increased in the longer 

cilia group and later serum starved condition in both cell types (Figure. 14 and 15). My 

immunofluorescence data supports that cilia segmentation is also conserved in mammalian 

cells as previously observed by electron microscopy (Flood and Totland 1977; Sun et al. 

2019). 

 

4.2 Septin controls distal segment growth to support the transition zone components 

MKS3 and CEP290 and ciliary cap kinesin KIF7 localization 

As long as mammalian primary cilia have this axonemal segmentation, some 

biological processes must control each segment. To seek this, I next identified the factor 

regulating the length of distal segment. Through combination of nocodazole treatment with 

siRNA-based small loss-of-function screening, I found SEPT2 is a repressor for distal 

segment growth in RPE1 cells (Figure. 17).  

Contrary to my results, SEPT2 depletion in mouse or SEPT7 depletion in human cells 

showed a reduction of ciliogenesis and cilia length (Ghossoub et al. 2013; Hu et al. 2010). I 

supported my results by multi-Septin depletions and SEPT2 deletion with rescue experiments, 

electron microscopy, and live-cell imaging (Figure. 20, 21, 22, 31). Still, I would like to 

discuss the reason why these contradictory data were produced. I thought the cilia length 

changed easily depending on the experimental set up used to observe longer distal segment 

growing cells without SEPT2. This is because Septin impaired cells easily broke the cilia 

structure at the middle (Figure. 31). All previous studies only show indirect 

immunofluorescence data that are sometimes affected by handling such as washing of 

coverslips and mounting (Ghossoub et al. 2013; Hu et al. 2010). If cilia are ripped out easily 

by this physical damage, microscope images will show a reduction in cilia length and even a 
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lower number of ciliated cells. To support this, when I tried taking electron microscopy 

images with a collaborator, Dr Annett Neuner, she often got broken cilia images in SEPT2 

KO cells when using a high-pressure freezing substitution method. Then we switched to a 

glutaraldehyde fixation method to cause less stress to the cells and could image the full length 

of cilia in SEPT2 KO cells (Figure. 21G, H). Therefore, I can probably say that the unstable 

distal segment elongation in SEPT2 KO cells caused these contradicting results. Furthermore, 

it indicates that the immunofluorescence results could change easily depending on technically 

handling. 

Interestingly, SEPT2 KO cells lost KIF7 signals at the tip but raised signals at the base 

of cilia (Figure. 26). Additionally, localization analysis of transition zone (TZ) components 

showed that SEPT2 KO cells disrupted MKS3 and CEP290 at the base of cilia and led to an 

impaired TZ due to depletion of each protein (Figure. 28, 29). MKS3 and CEP290 depletion 

resulted in the distal segment elongation and reduction of KIF7 at the ciliary tip, the same as 

in SEPT2 KO (Figure. 27, 29). Previous study showed that KIF7 is key to negatively 

controlling the cilia growth via binding of plus-end ciliary microtubules to halt their 

elongation (M. He et al. 2014). Combined with my data and previous studies, I would like to 

propose the model as to how Septin controls distal segment growth (The model. 1). 

In WT cells, Septin localizes at cilia, except for the TZ, to support MKS3 and CEP290 

proper positioning at the base of cilia. A functional TZ allows KIF7 to pass from the base to 

the tip, where it binds plus-end ciliary microtubules, thus restricting further distal-end 

microtubule polymerization to negatively control distal segment growth. In SEPT2 disrupted 

cells, MKS3 and CEP290 become mis-localized leading to impaired TZ formation. The 

abnormal TZ cannot transfer KIF7 into the distal cilia tip. At the end, higher free ciliary 

microtubules can extend without KIF7 suppression, causing excessive distal segment growth. 

 Why is Septin able to regulate TZ protein localization at cilia? One explanation is that 

Septin can behave as a membrane diffusion barrier to block MKS3 and CEP290 entry into 
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cilia. Several studies show that Septin localizes at the plasma membrane to prevent membrane 

protein translocation to other places (Palander, El-Zeiry, and Trimble 2017; Sandrock et al. 

2011; S. Sugiyama and Tanaka 2019). Importantly, MKS3 and CEP290 have membrane 

binding domains (Drivas et al. 2013; Smith et al. 2006). Therefore, Septin would fill up from 

the upper TZ to the tip of cilia restricting the entry of the membrane binding TZ components 

MKS3 and CEP290 to cilia like oil (Septin) and water (MKS3 and CEP290) (The model. 1 

left). To support this idea, NPHP1 does not have membrane binding domain (Mollet et al. 

2005) neither a significant localization change at the TZ between WT and SEPT2 KO cells 

(Figure. 28A, B). 

 

Model 1: The molecular mechanism of distal segment growth is controlled by Septin. 

In WT cells, Septin is filled up in the whole cilia untill upper part of the transition zone (TZ) 

supporting MKS3 and CEP290 localization at the base of cilia. Functional TZ allows passing KIF7 to 

the distal cilia tip. KIF7 binds the plus-end axonemal microtubule to control the distal segment 

growth. In SEPT2 KO cells, MKS3 and CEP290 mis-localize at the base of cilia to be impaired the TZ 
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structure (1). KIF7 is blocked at the base of cilia leading to the reduction of KIF7 level at the distal 

cilia tip (2). The distal segment continuously elongates without the suppression of microtubule growth 

by KIF7.  

 

4.3 The proportion of the middle/distal segment involves the incidence of cilia excision 

events. 

Septin works as a negative regulator of distal segment growth. Live-cell imaging 

results showed that SEPT2 KO cells lost the ability to constantly maintain cilia length 

compared to WT cells (Figure. 31). High variation of cilia length changes also induced cilia 

excision events at the distal segment in SEPT2 KO cells (Figure. 32A-D). Moreover, the rate 

of cilia excision correlated with the ratio of the middle/distal segment, which is not only 

limited by SEPT2 KO. In WT cells, the ratio of distal segment from whole cilia are around 

30 % in RPE1 cells (Figure. 16, 17, 22). This ratio increased up to 40-50 % in the distal 

segment over-elongated conditions such as SEPT2 KO, MAP4, KIF7, and MKS3 KD, and 

nocodazole treatment, which caused a high incidence of cilia excision events (Figure. 32B, E, 

F).  On the other hand, the short distal segment condition induced by KIF17 KD reduced cilia 

excision and even longer cilia, but maintenance of the same proportions of each segment by 

CCP5 KD or CytoD treatment kept the same cilia excision rate as in the control (Figure. 32E, 

F). Moreover, previous studies indicate that the distal segment is structurally instable and 

fragile because it has a lower number of ciliary microtubules and fewer tubulin modifications 

which increase microtubule stability (Flood and Totland 1977; Gluenz et al. 2010; K. He, 

Ling, and Hu 2020; Sun et al. 2019). Therefore, I conclude that the risk of cilia excision event 

is dependent on the occupation of the distal segment from the whole cilia. When the distal 

segment is abnormally elongated to reach nearly the half size of the total cilia, cilia structure 

starts to excise due to its physical instability. 
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4.4 Balancing distal segment elongation plays an important role in keeping the signaling 

function of primary cilia. 

What I would like to discuss next about my project is how control of cilia 

segmentation affects the signaling function of primary cilia. There are several signaling 

pathways that require functional primary cilia such as sonic hedgehog (Shh) and Wnt (Oh and 

Katsanis 2013; Satir and Christensen 2007; Wheway, Nazlamova, and Hancock 2018 and see 

the detail in introduction). 

Interestingly, the over-grown distal segment cells induced by several gene depletions 

showed different results in the initial step of Shh signal transduction. Sept2, Sept7, or Mks3 

KD NIH3T3 cells accumulated Smo at cilia faster than the control but Kif7 KD cells had no 

significant change (Figure. 33B-E). This reason is probably whether these depletions affect 

TZ structure or not. Smo translocates from the plasma membrane to the cilia by passing 

through the TZ after Shh-pathway activation (Pal et al. 2016; Pedersen, Mogensen, and 

Christensen 2016; Wheway, Nazlamova, and Hancock 2018). My result strongly indicates 

that dysfunctional Septin lead to disruption of TZ formation, especially CEP290 and MKS3 in 

human cells (Figure. 28). A dysfunctional TZ led to an over-grown distal segment due to a 

KIF7 transportation defect in both human and mouse cells (Figure. 29, 30). Not only KIF7 

mis-transportation, but an uncompleted TZ lacking MKS3 or CEP290 by a gene depletion, or 

loss of Septin would cause Smo aberrant accumulation in Shh active state. 

Nevertheless, cells generating longer distal segment cilia commonly responded to the 

initial step of Shh signal transduction as control cells. On the other hand, the final step of Shh-

related gene upregulation was severely disrupted in these cells (Figure. 33F, G). Here, I would 

like to propose two possibilities for the Shh signal transduction defect in over-elongated distal 

segment cells using the model figure (The model. 2). The first idea is that a cilia excision 

event leads to loss of Shh-intermediate components at the distal tip, thereby interrupting 

signal transduction to downstream factors. Depletion of Sept2, Sept7, Kif7, and Mks3 in 
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NIH3T3 cells reduced Gli3 and Sufu at the distal cilia tip in NIH3T3 cells (Figure. 34). Once 

the distal segment is over-extended, these cells often break the cilia structure at the distal tip 

(Figure. 31, 32). Combining these two results, Glis and Sufu at the distal tip are ripped out by 

a cilia excision event and fail to transduce the signals, thus the final gene upregulation is 

reduced in longer distal segment cells (The model. 2 middle). The second idea is that 

reduction of KIF7 destabilizes the distal tip structure such as Glis and Sufu. It is known that 

vertebrate KIF7 binds Glis-Sufu complex to support its translocation (Briscoe and Thérond 

2013). In mouse fibroblasts, loss of KIF7 impaired the localization of Gli2 and Sufu at the 

distal tip in both stationary and Shh-active phase (M. He et al. 2014). Importantly, there is 

evidence that Kif7 both positively and negatively influences Shh signaling components such 

as Gli2, 3, and Sufu (Cheung et al. 2009; Li et al. 2012; Liem et al. 2009), but KIF7 deletion 

and defective mutation dramatically drop Shh-related gene upregulation (Asadollahi et al. 

2018; Ho et al. 2014; Li et al. 2012). Therefore, I can conclude that over-elongation of the 

distal segment due to loss of KIF7 at the tip negatively influences Shh-related proteins 

function to disrupt proper signal transduction (The model. 2 right). 
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Model 2: The mechanism of Shh signal transduction failure in cells forming longer distal 

segment primary cilia. 

In the active state of Shh pathway in WT cells, Smo translocates into cilia to inhibit Sufu activity. Glis 

are released at the distal cilia tip and then transfer into the nuclei. Gils finally bind the promotor region 

to upregulate Shh-related gene expressions. In longer distal segment cilia cells, Smo can be transferred 

to cilia as the same as WT cells. These cells increase the incidence of cilia excision and decrease the 

amount of KIF7 at the distal cilia tip. Both results in the reduction of the intermediate Shh-proteins 

such as Glis and Sufu at the cilia tip. Therefore, Smo often fails to transduce the signal to the 

downstream factors causing weaker Shh-related gene upregulation. 

 

4.5 Relationship between over-extended distal segment cilia and ciliopathy patient 

studies 

Finally, I would like to link the findings in my PhD project to clinical studies. It is 

known that several ciliopathy patient cells generate extremely long primary cilia such as in 

Meckel syndrome, Joubert syndrome, and STAR syndrome (Guen et al. 2016; Ramsbottom et 

al. 2018; Tammachote et al. 2009). Especially defective mutants of TZ components often 
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cause Meckel and Joubert syndromes (Ramsbottom et al. 2018; Sang et al. 2011; Sayer et al. 

2006; Shimada et al. 2017; Slaats et al. 2016; Tammachote et al. 2009). Interestingly, these 

patient cells with mutation of MKS3 or CEP290 show dramatically lower Shh-signaling 

activity and also form longer cilia (Aguilar et al. 2012b; Ramsbottom et al. 2018; 

Tammachote et al. 2009). However, we are still missing the biological mechanisms as to why 

longer cilia mutants lose the ability of Shh signal transduction. Appling the ideas of this link 

between cilia signaling function, cilia segmentation, and excision events to these patients 

would aid the understanding of the reasons behind these ciliopathy signaling failures. It could 

perhaps help to improve a clinical treatment to relieve and/or heal these severe genetic 

diseases at some point in the future. 

 

4.6 Conclusion and Future perspective 

 Balancing the middle/distal segment is an indispensable ability for keeping the 

function of primary cilia. With too long a distal segment, it is hard for cilia to maintain 

themselves leading to breakdown of their structure and loss of vital signaling components at 

the distal tip of cilia. I strongly believe that the primary cilia field can be slightly opened up 

by my finding. 

For the future approach, It would be interesting to check cilia segmentation in all 

reported abnormal cilia length phenotypes to see their variations. Moreover, an interesting 

question would be analyzing how global cilia segmentation patterning is conserved in 

different tissues such as Neuronal cilia (8-10 µm) and Chondrocyte cilia (2 µm) (Miyoshi et 

al. 2014; Wann and Knight 2012). Or it would be nice to observe cilia dynamics by live-cell 

imaging in several ciliopathy patient cells. 

Appling the analysis of cilia segmentation and cilia excision events, we will not only 

gain new insights, but also find attractive biological questions about the primary cilia field.  
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5. Materials and methods 

 

5.1 The list of siRNAs 

 

Name Origin Sequence (5’-3’) References 

sihCCP5 
Dharmacon AACAAGCAGAGCAAGCUGUAUUU 

(K. He et al. 

2018) 

Human 

siCEP290 smart 

pool 

Dharmacon 

GGAUUCGGAUGAAAUGAAA 

This study 
GGAAUUGACUUACCUGAUG 

GAAAGUUAAUGAGCAAUUG 

GAAGUAGAGUCCCUCAGAA 

Mouse siCep290 

smart pool 
Dharmacon 

GCCAAUAAUCAGAUGGAUA 

This study 
AGACUUACCCGAUGGGAUA 

CGUCCAAACUCCAGAAGAU 

ACUUAGAGCUGGUGAACGA 

Human 

siDYNC2LI1 

smart pool 

Dharmacon 

GGAAUAAUAUGCCGAAGGA 

This study 
CCAUGUAGACAAAGUGAUA 

CCUAAUGAUCUCUGGCCCA 

GGGAAUUAAUGGAAGUGAA 

Human siKIF7 

smart pool 
Dharmacon 

GGAUGAUUGAUGUCCGGAA 

(Schwarz et 

al. 2017) 

UGCAGGAGCUCGAGCGGAA 

GCCUGGAGAUCGACGGCAA 

GCAGAUUGCCUUCUCGGAA 

Mouse siKIF7 

smart pool 
Dharmacon 

GAGAUUUCCUGGCGGCUUU 

This study 
GGAACUAGGUCGACACAUG 

GAACUGCGGCUACGCCUAG 

CCAAGGAGCUGCUGCAUGG 

Human siKIF17 

smart pool 
Dharmacon 

GCAACUACUUCCGAUCUAA 

(Schwarz et 

al. 2017) 

CGAGAUGUCUGCCGUGGAU 

CCACAUCCCGUCAUCACAA 

CGACAUCCCUUUCACCAAG 

 

 

 

 

 

 

 

 



 60 

 

Mouse siKIF17 

smart pool 

 

 

Dharmacon 

GGUACGCAGAUGAGCGCAA  

 

This study 

GAGCAAGAGUCUCGGGUCC 

AGUAUGAGAUCGCGGUGAA 

CCGAGCAGAUCUACAACGA 

Human siKIF3A 

smart pool 
Dharmacon 

CAACUAAUAUGAACGAACA 

This study 
UAUCGUAACUCUAAACUGA 

GGACCUUUCUCACGUGUAU 

GGCCAGCAGAUUACAAUUA 

sihMAP4_1 Ambion AACTGGCCAGAAGATACCAAC 
(Ghossoub et 

al. 2013) 

sihMAP4_2 Ambion AAGATAGTCCCAGCCAAGGAT 
(Ghossoub et 

al. 2013) 

    

Human siMKS3 

smart pool 
Dharmacon 

CAUGAAUUCUUACGACUUU 

This study 
GCAGUAAGUGGACGAGAAA 

CCUUAAAAGAGAAGCGGAA 

UGACUUAACUGCCGAAGGA 

Mouse siMks3 

smart pool 
Dharmacon 

CAAGAGAUUUUCCGAUUUA 

This study 
GCAUAUGGAGAACGUAUUU 

GCAGUAAGUGGGCGAGAAA 

GGGCAGACGUUUCAGAUUG 

Non-Targeting 

Control siRNA Dharmacon UGUUUACAUGUCGACUAA 
This study 

sihSEPT2 

Dharmacon 

AAGGTGAATATTGTGCCTGTC,  

(Kremer, 

Haystead, and 

Macara 2005) 

ON-

TARGETplus 

Mouse siSEPT2 

smart pool 

Dharmacon 

CAAGAAGGUUAGAGGCCGU 

This study 
AGAUAGAGGCUUCGACUGU 

AGGCAGGGAUUUACGUUUA 

CAAGAAUGCAAGCGCAGAU 

sihSEPT6 Dharmacon CAGTTTACAGGAGACATATGAGG 

(Wei et al. 

2014) 
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sihSEPT7 Dharmacon  GTCGACATTAATCAACTCA 

(Ghossoub et 

al. 2013) 

ON-

TARGETplus 

Mouse siSEPT7 

smart pool 

 

 

Dharmacon 

GGGAAGCUCAACAGCGUAU 
 

 

This study 

GUACAGAAAAUCCGUGAAA 

AGAAGAUAAAGGACCGUUU 

CGACAUUAAUCAACUCAUU 

ON-

TARGETplus 

HUMAN 

siSEPT9 smart 

pool 

Dharmacon  

CAGAGCGGCUUGGGUAAAU 

This study 

CGCACGAUAUUGAGGAGAA 

GAGAUGAUCCCAUUUGCUG 

GCAUCCACUUCGAGGCGUA 

sihTTLL5 Dharmacon 
AAGUGGAGGAUUAUGGAAACAU

U 

(K. He et al. 

2018) 

 

5.2 The list of primary antibodies 

 

Name Host Dilution Company 

Actin Mouse WB 1:1000 Chemicon 

ARL13B Rabbit IF 1:500 Proteintech 17711-1-AP 

ARL13B Mouse IF 1:50 NeuroMabs 

C3B9 (acrtylated tubulin) Mouse IF 1:100 Self made 

CEP164 
Guinea 

pig 
IF 1:500 Self made 

CEP290 Rabbit IF 1:1000 Bethyl via Biomol 

Cofilin Rabbit WB 1:1000 Abcam ab42824 

Gamma tubulin Rabbit IF 1:500 Sigma T5192 

Gli3 Goat IF 1:200 P10071 R&D systems 

GT335 (polyglutamylated 

tubulin) Mouse IF 1:500 Adipogen 

IFT88 

Guinea 

pig IF 1:200 Self made 

KIF17 Rabbit 

WB 1:300, IF 

1:100 Abcam ab11261 
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KIF7 Rabbit IF 1:200 

Gift from Kathryn Anderson 

lab 

MKS3 Rabbit IF 1:1000 Proteintech 13975-1-AP 

NPHP1 Mouse IF 1:20 

Gift of Hanswalter Zentgraf 

lab 

ODF2 
Guinea 

pig 
IF 1:500 Self made 

PCNT 

Guinea 

pig IF 1:500 Gift from Elmar Sciebel lab 

Septin2 Rabbit 
WB 1:300, IF 

1:250 
Proteintech 11397-1-AP 

Septin6 Rabbit WB 1:300 Sigma 

Septin7 Rabbit 
WB 1:300, IF 

1:100 Proteintech 13818-1-AP 

Septin9 Rabbit WB 1:300 Proteintech 10769-1-AP 

Smo Mouse IF 1:200 Sant Cruz Sc-166685 

Sufu Rabbit IF 1:100 Proteintech 26759-1-AP 

 

5.3 The list of secondary antibodies 

 

Name Host Dilution Company  

Mouse Alexa 350 Goat IF 1:50 Thermo Fisher Scientific 

Mouse Alexa 488 Goat IF 1:500 Thermo Fisher Scientific 

Mouse Alexa 594 Goat IF 1:500 Thermo Fisher Scientific 

Mouse Alexa 647 Goat IF 1:500 Thermo Fisher Scientific 

Rabbit Alexa 488 Goat IF 1:500 Thermo Fisher Scientific 

Rabbit Alexa 594 Goat IF 1:500 Thermo Fisher Scientific 

Rabbit Alexa 647 Goat IF 1:500 Thermo Fisher Scientific 

Guinea pig Alexa 488 Goat IF 1:500 Thermo Fisher Scientific 

Guinea pig Alexa 594 Goat IF 1:500 Thermo Fisher Scientific 

Guinea pig Alexa 647 Goat IF 1:500 Thermo Fisher Scientific 

Goat Alexa 488 Donkey IF 1:500 Thermo Fisher Scientific 

Mouse Alexa 594 Donkey IF 1:500 Thermo Fisher Scientific 
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Rabbit Alexa 647 Donkey IF 1:500 Thermo Fisher Scientific 

Mouse Atto594 Goat STED 1:100 Sigma 

Rabbit Star635p Goat STED 1:100 Abberior 

Mouse HRP conjugated Goat WB 1:1000 Jackson ImmunoResearch 

Rabbit HRP conjugated Goat WB 1:1000 Jackson ImmunoResearch 

 

 

5.4 The list of Plasmids 

 

Name Description 

L13-

Arl13bGFP pFCGW-N1-Arl13b-GFP (Addgene: #40879) for live-cell imaging 

pCMV-

SPORT Sept7 

Full cDNA of hSEPT7 (BC093642.1) is inserted into pENTR221, from 

Dharmacon 

pENTR221 

Sept2 

Full cDNA of hSEPT2 (BC014455) is inserted into pENTR221, from 

DKFZ 

pENTR223 

Sept6 

Full cDNA of hSEPT6 (BC009291) is inserted into pENTR223, from 

DKFZ 

pMD2 vsv G VSV-G envelope expressing plasmid 

psPAX2 Lentivirus packaging plasmid 

pSH91 pQCXIZ-TUBG1-mRuby2 for live-cell imaging 

pTK58 

pX458-gSept2-1 (TTCGGTGAACTTGATTGGGG) for Crispr/Cas9 

genome knockout 

pTK60 

pX458-gSept2-22 (CTGACAGTGGTAGATACCCC) for Crispr/Cas9 

genome knockout 

pTK76 pRetroX Tre3G-PM-Sept7-GFP for siRNA rescue experiment 

pTK77 pRetroX Tre3G-PM-GFP-Sept6 for siRNA rescue experiment 

pTK82 

pRetroX Tre3G-PM-GFP-Sept2 for siRNA and knockout cell lines rescue 

experiment 

pTK99 pMSCV-Blast-mARL13B-N1-mRuby2 for live-cell imaging 

pX458 SpCas9-2A-GFP (Addgene accession no. 48138) 
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5.5 Primer information 

Using primers in this study is detailed in AG Pereira’s primer collection. 

 

5.6 Bacteria strains 

 

DH5α 
F- 80dlacZ M15 (lacZYA-argF) U169 recA1 

endA1hsdR17(rk-, mk+) phoAsupE44 -thi-1 gyrA96 relA1 

Clontech 

Palo Alto 

 

5.7 The list of cell lines 

 

RPE1 Human immortalized retinal pigment epithelial cells 

RPE1 Tet3G Tet-ON 3G inducible Expressin System integrated RPE1 cells 

NIH3T3 Mouse immortalized fibroblast 

HEK293T Human embryonic kidney cell 293 

GP2-293 

Manipulated HEK293 cells for retroviral packaging cells that expresses 

gag and pol genes 

 

5.8 Basic techniques of molecular biology for DNA cloning 

 

In this study, I used manufactured protocols of basic molecular biological techniques. 

 

Name Description Company Protocol 

Q5 DNA 

polymerase 

Amplification 

for DNA 

flagment 

NEB 

https://international.neb.com/protocols/201

3/12/13/pcr-using-q5-high-fidelity-dna-

polymerase-m0491  

T4 DNA 

ligase 

Ligating DNA 

fragments 
NEB 

https://international.neb.com/protocols/000

1/01/01/dna-ligation-with-t4-dna-ligase-

m0202 

Restriction 

enzymes 

Digests DNA 

fragment and 

plasmid 

NEB 

https://international.neb.com/tools-and-

resources/selection-charts/type-iis-

restriction-enzymes  

https://international.neb.com/protocols/2013/12/13/pcr-using-q5-high-fidelity-dna-polymerase-m0491
https://international.neb.com/protocols/2013/12/13/pcr-using-q5-high-fidelity-dna-polymerase-m0491
https://international.neb.com/protocols/2013/12/13/pcr-using-q5-high-fidelity-dna-polymerase-m0491
https://international.neb.com/protocols/0001/01/01/dna-ligation-with-t4-dna-ligase-m0202
https://international.neb.com/protocols/0001/01/01/dna-ligation-with-t4-dna-ligase-m0202
https://international.neb.com/protocols/0001/01/01/dna-ligation-with-t4-dna-ligase-m0202
https://international.neb.com/tools-and-resources/selection-charts/type-iis-restriction-enzymes
https://international.neb.com/tools-and-resources/selection-charts/type-iis-restriction-enzymes
https://international.neb.com/tools-and-resources/selection-charts/type-iis-restriction-enzymes
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Plasmid 

Mini Kit 

Isolation of 

plasmid DNA 

from bacteria 

Qiagen http://mpheijden.tripod.com/files/Miniprep

.pdf 

PCR 

Purification 

Kit 

Cleaning up 

DNA fragment 

after PCR and 

gel extraction 

Qiagen 
http://2012.igem.org/wiki/images/a/a3/QI

Aquick_PCR-purification.pdf  

 

5.9 Culturing mammalian cells 

 

RPE1 cells were grown in DMEM/F12 (Sigma) supplemented with 10 % fetal bovine 

serum (FBS, Biochrom), 2 mM L-glutamine (Thermo Fischer Scientific) and 0.348 % sodium 

bicarbonate (Sigma). NIH3T3 cells were cultured in DMEM high glucose (Sigma) 

supplemented with 10 % new-born calf serum (PAN-Biotech). HEK293T and GP2-293 were 

cultured in DMEM high glucose supplemented with 10 % FBS. All cell lines were kept in 37 °C 

and 5 % CO2.  

 

5.10 Cilogenesis experiment 

 

24000 cells/ml of RPE1 and NIH3T3 cells were maintained in 24-well plate with normal 

culture condition. After cells were attached on the plate, washed three times by serum-free 

condition culture medium then start cilia-induction for 8-48 h. For chemical treatment, 48 h 

serum-starved cells were added 3 h of 100 nM Nocodazole (Sigma), 200 nM Cytochalacin D 

(Sigma) and/or DMSO (Sigma) as a control. 

 

5.11 siRNA-based gene knockdown 

 

48000 cells/ml of RPE1 and NIH3T3 cells were seeded on 24-well plate with 

application for Lipofectamine RNAiMAX transfection reagent (Thermo Fischer Scientific) and 

20 nM the final concentration of siRNA. siRNA transfection is followed manufactured protocol. 

 

 

 

 

http://mpheijden.tripod.com/files/Miniprep.pdf
http://mpheijden.tripod.com/files/Miniprep.pdf
http://2012.igem.org/wiki/images/a/a3/QIAquick_PCR-purification.pdf
http://2012.igem.org/wiki/images/a/a3/QIAquick_PCR-purification.pdf
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5.12 Generating stable gene-expression cell line by retro and lentivirus integration 

 

RPE1 cells with stably expressing of Arl13b-GFP, Arl13b-mRuby2, Gamma tubulin-

mRuby2, doxycycline-inducible EGFP-SEPT2, EGFP-SEPT6, and/or SEPT7-EGFP were 

generated by using retrovirus- and lentivirus-mediated gene integration. For retrovirus 

production, GP2-293 cells were transfected packaging plasmid of pMD2.G and stably 

expressing gene contained plasmid by polyethyleneimine (PEI 25000, Polysciences) method. 

For lentivirus production, HEK293T cells was transfected packaging plasmid of pMD2.G and 

psPAX2, and stably expressing gene contained plasmid by PEI method. 2 days after transfection, 

4 ml virus contained medium is mixed with 2 ml FBS and 1 ml host cells culture medium. 2 ml 

of mixed virus medium is applied for 20,000 cells of RPE1 in 6-well plate for 24-48 h. Stable 

gene integrated cells were sorted by mild level of indicated fluorescent signal using FACS. 

Expressing doxycycline-induced construct was added 10 ng/ml doxycycline (Sigma) to the cells 

for 24 h. 

 

5.13 Generation of knockout cell lines by Crispr/Cas9 system 

 

Crispr/Cas9-mediated chromosomal deletion was used for generating knockout SEPT2 

cells in RPE1 Tet3G cells. guideRNA targeting human SEPT2 exon 4 (ggggttcgagttcactctgatgg) 

and 6 (ccggctacggggatgccatcaac) were sub-cloned into pX458. RPE1 Tet3G cells were 

transfected guideRNA integrated pX458 by Electroporation (Neon® Transfection System) 

according to the manufacture’s protocol. Green-fluorescent positive cells were sorted as a single 

cell to 96-well plate by using FACS after 24 h transfection. Single cells keep growing in 2 

weeks after sorting. First, single SEPT2 knockout candidate cells were selected by immunoblot 

to check the SEPT2 protein signal gone. Second, whole DNA of immunoblot selection passed 

cells were isolated and amplified the gene modified locus using PCR to prove the mutated 

sequences caused early translation-end (see the details of gene modification: Figure. 21A). 

 

5.14 Sonic hedgehog pathway experiment 

 

To activate Shh signalling pathway, 50 pM recombinant Human Shh Protein (in water, 

R&D systems: 8908-SH-005) was applied for NIH3T3 cells in 0-6 h. 
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5.15 Live-cell imaging 

 

40,000 cells/ml of RPE1cells stably expressing Arl13b-GFP, and/or Gamma tubulin 

and/or SEPT2 were cultured in HEPES-buffered DMEM/F12 without phenol red (Thermo 

Fischer Scientifics) supplemented with 10 % FBS, 1 % L-glutamine and 1 % penicillin–

streptomycin (Sigma) in 4-divided round dish. 24 h After cells seeded, culture medium was 

exchanged to serum-free condition for ciliogenesis induction. Doxycycline-inducible GFP-

SEPT2 expressed cells for rescue experiment, 5 ng/ml doxycycline was added cells after seeded 

till live-cell imaging end. For chemical treatment, 100 nM nocodazole, 200 nM CytoD or 

DMSO were applied for cells 30min before imaging. Images were acquired as Z-stacks by 

Nikon Ti-TuCam microscope with a Nikon Plan Apo VC 60x NA 1.4 oil immersion objective 

and Andor Neo sCMOS camera in every 15 mins for approximately 10 h. Z-stacked maximum 

intensity projections were created using Nikon NIS-Elements softwwere. The cilia length 

change and quantification of cilia break were manually analysed using Fiji. Figures were 

assembled in Adobe Photoshop and Illustrator CS3 (Adobe). 

 

5.16 Immunofluorescence (IF)  

 

Cultured cells on coverslips (No.1.5, Thermo Fischer Scientific) were washed once with 

PBS then added 3 % paraformaldehyde at room temperature 3 min and/or cold methanol at 

−20 °C, 5 min for fixation. Fixed cells on the coverslips were mounted 30 min with blocking 

solution: 3 % BSA (Jackson Immunoresearch), 0.1 % Triton X-100 (Sigma Aldrich) in wet-

chamber. Primary antibodies in blocking solution were applied for blocked samples in room 

temperature ,1 h, wet-chamber. Washing away primary antibodies solution from the samples 

by PBS, cells were added secondary antibodies in and/or DAPI in blocking solution 30 min at 

room temperature. Three times washing by PBS for removing exceeded secondary antibodies 

solution, then coverslips were mounted 4 µl Mowiol solution (EMD Millipore). 

 

5.17 Whitefield microscopy 

 

Whitefield microscope images were acquired as Z-stacks on Nikon NIS-Elements 

platform using Nikon Ti2 Microscope with Plan Apo λ 100x, 60x or 40x Oil Ph3 DM objectives 

and Iris 9 A18M631012 camera. Image processing quantification were processed in NIS-

Elements and Fiji. For the cilia length, the ciliation rate and Smo translocation into axoneme 
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were manually analyzed using Z-stacked max-signal intensity projected images. Fluorescence 

intensities of targeted proteins were manually measured or using Fiji macro program. 

 

5.18 Electron microscopy (collaborated with Dr Annett Neuner) 

 

RPE1 WT and SEPT2 KO cells were seeded on coverslips and cultured at 37 °C and 

5 % CO2 till they reached a density of approximately 80 - 90 %. Both cells were kept 48 h 

serum starved condition inducing ciliogenesis. Ciliated RPE1 cells were givin to Dr Annett 

Neuner and she did the following processes. Cells were rinsed with 100 mM PBS 3 times and 

then fixed with a mixture of 2.5 % GA/1.0 % PFA/ 2 % sucrose in 50 mM cacodylate buffer 

for 30 min at room temperature. The fixative was washed out with 50 mM cacodylate buffer. 

After post-fixation with 2 % OsO4 for approximal 1 h 4 °C and in darkness, cells were rinsed 4 

times with dH2O and incubated overnight at 4 °C in 0.5 % uranyl acetate (in H20). On the 

following day coverslips were washed again 4 times with dH2O and via a dehydration row (40, 

50, 70, 80, 90, 95, 100 % ethanol) water was removed by ethanol within the cells. Coverslips 

were immediately placed on capsules filled with Spurr-resin (Sigma-Aldrich) and polymerized 

at 60 °C for 24 to 48 h. Embedded cells were sectioned using a Reichert Ultracut S Microtome 

(Leica Instruments, Vienna, Austria) to a thickness of 80 nm. Post-staining with 3 % uranyl 

acetate and lead citrate was performed. Serial-sections were imaged at a Jeol JE-1400 (Jeol Ltd., 

Tokyo, Japan), operating at 80 kV, equipped with a 4k x 4k digital camera (F416, TVIPS, 

Gauting, Germany). Micrographs were adjusted in brightness and contrast using ImageJ. 

 

5.19 Stimulated emission depletion microscopy (STED) 

 

STED images were acquired as Z-stacks on Leica TCS SP8 STED 3X super-resolution 

microscope platform mounted on Leica DMi8, inverted microscope with HC PL APO 

100x/1.40 STED White Oil objective. The imaging software was controlled by Leica 

Application Suite 3 (LAS). Image processing and analysis were performed by Huygens 

deconvolution pro and Fiji.  

  

5.20 Immunoblotting 

 

For immunoblot analysis, cells were added 8 M Urea with benzonase (Sigma, 1:1000 

dilution) on room temperature for 1 h to extract the whole cell lysate. The cell lysate was 
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measured protein concentration by Bradford reagent (Sigma) and the same amount of lysate 

were loaded to SDS–PAGE. Separated proteins on the gel were transferred onto PVDF 

membranes, then blocked with 5 % milk in PBST 30 min. The membrane was incubated with 

primary antibodies in over-night 4 °C. HRP-conjugated secondary antibodies were applied for 

the membrane 1 h, then the membrane was activated by ECL and processed image. 

 

5.21 RT-PCR 

 

After 48h serum starved NIH3T3 cells with indicated siRNAs were applied for 

recombinant Shh (50 pM) in 0-6h for the activation of Shh pathway. mRNA was isolated using 

NucleoSpin® RNA Plus (Machery-Nagel) followed manufactured protocol. 1 µg of Total 

mRNA was reverse-transcribed into cDNA using SensiFASTTM cDNA Synthesis Kit (Bioline) 

according to the manufacture’s protocol. 100 ng cDNA was analyzed by quantitatively PCR 

using SensiFASTTM SYBR Lo-ROX Kit (Bioline) and 7500 Fast Real-Time PCR System 

(Applied Biosystems) followed manufactured protocol. 

 

5.22 Statistics and reproducibility 

 

Statistical analyses for the cilia length measurement, fluorescence-signal intensity 

measurements, the percentage of ciliated cells quantification, RT-PCR were tested by Wilcoxon 

test and/or two-tailed Student's t-tests as described in each figure reagent. Significance 

probability values were P < 0.05. Statistical tests were performed in Excel (Microsoft) and 

KaleidaGraph (Synergy Softwwere). Live-cell imaging experiments were repeated two or three 

times independently. Electron microscopy and immunoblot were two times biological 

replicated. STED microscopy results were performed twice at least. All the cilia length 

measurement, ciliation assay, RT-PCR and signal intensities experiments were performed three 

times biological replicates independently. Sample sizes were noted in the figure legends. 
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7. List of Abbreviations 

  

ARL13B 

 

ADP-ribosylation factor-like protein 13B  

BBS 

 

Bardel Biedl syndrome  

BBSome 

 

Bardet–Biedl syndrome complex  

Blast 

 

Blasticidin S 

CCDC120 

 

Coiled-coil domain-containing protein 120 

CCDC68 

 

Coiled-coil domain-containing protein 68 

cDNA 

 

complementary DNA 

CEP123 

 

Centrosomal protein of 123 kDa 

CEP164 

 

Centrosomal protein of 164 kDa 

CEP170 

 

Centrosomal protein of 170 kDa 

CEP290 

 

Centrosomal protein of 290 kDa 

CEP83 

 

Centrosomal protein of 83 kDa 

CEP89 

 

Centrosomal protein of 89 kDa 

CP110 

 

Centriolar coiled-coil protein of 110 kDa  

DAPI 

 

4',6-diamidino-2-phenylindole  

DMSO 

 

Dimethyl sulfoxide  

DNA 

 

Deoxyribonucleic acid  

DYNC2 

 

Cytoplasmic dynein 2 

EFHC1 

 

EF-hand domain-containing protein 1 

EGFP 

 

Enhanced Green Fluorescent Protein  

EHD1 

 

Eps15 homology domain 1 

FBF1 

 

Fas-binding factor 1  

G0 

 

Exit of G1  

G1 

 

First gap phase  
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G2 

 

Second gap phase  

GFP 

 

Green Fluorescent Protein  

Gli 

 

Zinc finger protein 

HEF1 

 

Enhancer of filamentation 1 

HEK293 

 

Human embryonic kidney cells 293  

INPP5E 

 

Phosphatidylinositol polyphosphate 5-phosphatase type IV 

KIF17 

 

Kinesin-like protein KIF17 

KIF24 

 

Kinesin-like protein KIF24 

KIF2a 

 

Kinesin-like protein KIF2a 

KIF3A 

 

Kinesin-like protein KIF3A 

KIF7 

 

Kinesin-like protein KIF7 

LRRC45 

 

Leucine rich repeat containing protein 45  

MAP4 

 

Microtubule-associated protein 4 

MKS 

 

Meckel syndrome 

MKS1 

 

Meckel syndrome 1 

MKS3 

 

Meckel syndrome 3 

mTOR 

 

Serine/threonine-protein kinase mTOR 

NEK2 

 

Never in mitosis A-related kinase 2  

ng 

 

Nanogram 

nM 

 

Nanomolar 

NPHP 

 

Nephronophthisis 

NPHP1 

 

Nephronophthisis-1 

ODF2 

 

Outer dense fibre protein 2  

PBS 

 

Phosphate-buffered saline 

PCNT 

 

Pericentrin 
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PIPKI 

 

Phosphatidylinositol 4-phosphate 5-kinase type-1 gamma 

PLK1 

 

Polo-like kinase 1  

pM 

 

Picomolar 

Rab11 

 

Ras-related protein Rab-11A 

Rabin8 

 

Rab-3A-interacting protein 

RNA 

 

Ribonucleic acid  

S 

 

Synthesis 

SCLT1 

 

Sodium channel and clathrin linker 1 

SDS-page 

 

sodium dodecyl sulphate–polyacrylamide gel electrophoresis 

siRNA 

 

Small interfering RNA 

SSTR3 

 

Somatostatin receptor type 3 

Sufu 

 

Suppressor of fused homolog 

TCHP 

 

Trichoplein keratin filament-binding protein 

TGF 

 

TGF-beta receptor 

TMEM67 

 

Transmembrane protein 67 

Tre3G 

 

Tetracycline repressor controlled promoter  

TTBK2 

 

Tau-tubulin kinase 2  

WDR11 

 

WD repeat-containing protein 11 

µg 

 

Microgram 

µM 

 

Micromolar 
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