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!ōǎǘǊŀŎǘ 

The distal tip of the cilium/flagellum, also known as the ciliary tip domain (CTD), is critical 

for the structure and function of the eukaryotic cilium. The limited knowledge of its protein 

constituents hinders a better understanding of the domain. In this thesis, we set out to 

verify the localization of a subset of known mammalian CTD constituents and to assess the 

localization of candidate CTD proteins, orthologs of which localize to the tip of the flagellum 

of evolutionary distant protozoan Trypanosoma brucei. 

Using our localization pipeline, we identified two proteins that robustly localize to the CTD 

of the primary cilium. One of these proteins (ZC2HC1C), in addition, also localizes to 

stationary foci along the axoneme, positions of which coincide with sites of intraflagellar 

train pausing and turning. We hypothesize that these may be ends of sub-distally 

terminating axonemal microtubules. 

We further show that the protein ULK4 localizes to the CTD of motile ependymal cilia but 

not to the CTD of primary cilia, consistent with previously published phenotypes in ULK4 

depleted mice and exemplifying differences in the composition of CTDs of the two types of 

cilia. 

Finally, we demonstrate that Expansion microscopy, a rapid and robust super-resolution 

technique, is well suited for ultrastructural and localization studies of CTDs of both 

mammalian cilia and T. brucei flagella. 
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!ōǎǘǊŀƪǘ 

Distální konec ǌŀǎƛƴƪyκōƛőƝƪǳΣ ǘŀƪŞ Ȋnámý jako doména ciliární ǑǇƛőƪȅ (CTD), je 

nepostradatelná pro strukturu a funkci eukaryotických ǌŀǎƛƴekΦ [ŜǇǑƝƳǳ ǇƻǊƻȊǳƳŠƴƝ ǘŞǘƻ 

domény brání ƴŜŘƻǎǘŀǘŜőƴŞ znalosti jejích proteinových ƪƻƳǇƻƴŜƴǘǻ. Cílem dizertaőƴƝ 

práce bylo ƻǾŠǌƛǘ ƭƻƪŀƭƛȊŀŎƛ vybraných známých ǇǊƻǘŜƛƴǻ /¢5 ǎŀǾőƝŎƘ ǌŀǎƛƴŜƪ, a testovat 

ƭƻƪŀƭƛȊŀŎƛ ƪŀƴŘƛŘłǘƴƝŎƘ /¢5 ǇǊƻǘŜƛƴǻΣ ƧŜƧƛŎƘȌ ƻǊǘƻƭƻƎy ǎŜ ƴŀŎƘłȊŜƧƝ ƴŀ ǑǇƛőŎŜ ōƛőƝƪǳ ŜǾƻƭǳőƴŜ 

vzdáleného prvoka Trypanosoma brucei. 

tƻƳƻŎƝ ƴŀǑŜƘƻ ƭƻƪŀƭƛȊŀőƴƝƘƻ postupu jsme identifikovali dva proteiny, které výraznŠ 

lokalizují do CTD primární ǌŀǎƛƴƪȅΦ WŜŘŜƴ Ȋ ǘŠŎƘǘƻ proteinǻΣ ZC2HC1C, navíc také lokalizuje 

do stacionárních bodǻ podél axoneƳȅΣ ƧŜƧƛŎƘȌ ǇƻȊƛŎŜ ǎŜ ǎƘƻŘǳƧƝ ǎ ƳƝǎǘȅ ȊŀǎǘŀǾŜƴƝ ŀ ƻǘłőŜƴƝ 

intraflagelárních vlakǻΦ tǌŜŘǇƻƪƭłŘłƳŜΣ ȌŜ ǎŜ ƳǻȌŜ ƧŜŘƴŀǘ ƻ ƪƻƴŎe sub-ŘƛǎǘłƭƴŠ ƪƻƴőƝŎƝŎƘ 

axonemaƭƴƝŎƘ ƳƛƪǊƻǘǳōǳƭǻΦ 

5łƭŜ ǇǊƻƪŀȊǳƧŜƳŜΣ ȌŜ ǇǊƻǘŜƛƴ ¦[Yп ƭƻƪŀƭƛȊǳƧŜ Řƻ /¢5 ǇƻƘȅōƭƛǾȇŎƘ ŜǇŜƴŘȅƳłƭƴƝŎƘ ǌŀǎƛƴŜƪΣ 

ale ne do CTD primárnich ǌŀǎƛƴŜƪΣ ŎƻȌ ƧŜ Ǿ ǎƻǳƭŀŘǳ ǎ ŘǌƝǾŜ ǇǳōƭƛƪƻǾŀƴȇƳƛ ŦŜƴƻǘȅǇȅ ǳ ULK4 

knock-outových ƳȅǑƝ ŀ ŘƻƪƭłŘł ǊƻȊŘƝƭȅ ǾŜ ǎƭƻȌŜƴƝ /¢5 tŠchto ŘǾƻǳ ǘȅǇǻ ǌŀǎƛƴŜƪΦ 

bŀƪƻƴŜŎ ƧǎƳŜ ǳƪłȊŀƭƛΣ ȌŜ Expanzní mikroskopie je rychlá a robustní super-ǊŜȊƻƭǳőƴƝ 

metoda, vhodná ǇǊƻ ǳƭǘǊŀǎǘǊǳƪǘǳǊłƭƴƝ ŀ ƭƻƪŀƭƛȊŀőƴƝ ǎǘǳŘƛŜ /¢5 ǎŀǾőƝŎƘ ǌŀǎƛƴŜƪ ŀ ōƛőƝƪǻ T. 

brucei. 
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LƴǘǊƻŘǳŎǘƛƻƴ 

The eukaryotic cilium/flagellum (interchangeable terms) represents an evolutionarily 

conserved organelle. The cilium, once considered a vestigial organelle, is now in the 

spotlight. Over the last two decades, the research field of ciliary biology boomed. Although 

a large body of knowledge of cilium biology was obtained using protists and later 

Caenorhabditis elegans as models, nowadays, mammalian experimental systems have 

been receiving more and more attention. This is mainly because of an ever-growing number 

of newly discovered cilium functions in human physiology and pathophysiology. Cilia, 

however, fulfill essential sensing, signaling, and motility functions from single-celled 

eukaryotes to complex metazoans. 

Although cilia of individual cell types are structurally adapted to fulfill their distinct 

functions, the overall cytoskeletal structure is evolutionary well conserved, consistent with 

the notion that cilium was already present in the last eukaryotic common ancestor 

(Carvalho-Santos et al., 2011). 

In the following chapters, I will summarize the current knowledge of the structure and 

function of the mammalian cilia, with a particular focus on the ciliary tip. 

 

Mammalian cilia 

Mammalian cilia can be divided based on their structure and function into two main 

groups: primary cilia ς usually a single, non-motile cilium per cell, and motile cilia ς tens to 

hundreds of beating cilia per cell. Ciliary length usually ranges between 1 - 10 µm and their 

diameter between 200 - 300 nm. However, cilia of specific cell types, such as human sperm 

or murine olfactory sensory neurons are much longer, reaching up to 50 and 110 µm, 

respectively (Mossman et al., 2013; Williams et al., 2014). 

Primary cilium function 

The term primary cilium (PC) was coined by Sergei Sorokin in 1968. He observed that fetal 

cells of developing rat airway epithelium generate the PC before the motile cilia (Sorokin, 

1968).  The PC can be formed by many cell types of the human body. The PC senses signals 
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from the extracellular milieu and transduces them into a cellular response. The PC is 

capable of chemosensation, mechanosensation, and light perception (for review, see 

Anvarian et al., 2019). 

i/ Chemosensation. The intraciliary space confined within the ciliary membrane 

concentrates intracellular domains of transmembrane receptors, secondary messengers 

(for example, cAMP, Ca2+), and other signaling components. The signaling pathway best 

known for its direct link to the cilia is the Sonic Hedgehog (Shh) pathway (Huangfu et al., 

2003). However, in recent years, an association of cilia with many other signaling pathways 

have emerged, such as canonical and noncanonical Wnt, Notch, mTOR, Hippo, G-protein 

coupled receptor (GPCR) signaling (for review, see Anvarian et al., 2019). The PC was 

recently also associated with the regulation of ƎƭǳŎƻǎŜ ƘƻƳŜƻǎǘŀǎƛǎ Ǿƛŀ ʲ-cell signaling 

(Hughes et al., 2020) or with lymphatic vessel development (Paulson et al., 2021). 

ii/ Mechanosensation. The PC can sense the extracellular fluid flow-induced shear stress in 

multiple organs.  Examples are the sensation of blood flow by cilia of the vascular 

endothelium, urine flow by cilia of the renal epithelium or sensation of fluid flow during 

embryonic development of left-right determination (for review, see Nauli et al., 2013). 

iii/ Light perception. Mammalian rod and cone cells possess a highly-modified sensory 

cilium. It is called the connecting cilium as it ǎŜǇŀǊŀǘŜǎ ǘƘŜ ǇƘƻǘƻǊŜŎŜǇǘƻǊΩǎ ƛƴƴŜǊ ŀƴŘ ƻǳǘŜǊ 

segments and fulfills the high demand for material trafficking between the two segments 

(for review, see Wensel et al., 2021). 

Primary cilium structure 

The cytoskeletal scaffold of the PC is the axoneme (Figure 1), the microtubule-based 

structure that stems from the membrane-anchored basal body (BB). The BB (modified 

mother centriole of the centrosome) is a barrel-like structure of nine radially arranged MT 

triplets and a large number of other proteins. It serves as a microtubule organizing center 

and a hub for concentrating ciliary constituents and regulators, forming the so-called 

pericentriolar material. 
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Figure 1. Schematic structure of the mammalian primary cilium. Individual structures and 

membrane regions are labeled. The axoneme of the PC with color-coded MTs tapers toward the 

ciliary tip. Corresponding cross-sections are shown on the right. Only a few singlets and/or 

doublets reach the tip of the axoneme. Longitudinally, the axoneme is divided into the proximal 

and distal segment (adapted from Sun et al., 2019). 
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The docking of the BB to the plasma membrane is facilitated by distal appendages (DAP), 

sometimes referred to as transition fibers, which form a pinwheel-like structure consisting 

of nine DAP blades and a DAP matrix (Yang et al., 2018). The transition region between MT 

triplets of the BB and MT doublets of the axoneme is called the transition zone (TZ).  The 

TZ serves as a selective gate controlling the protein composition of the ciliary compartment 

(Goncalves and Pelletier, 2017). In addition, this region contains so-called Y-links that tether 

the most proximal part of MT doublets to the ciliary membrane. TZ also functions as a 

docking site for assembling intraflagellar transport (IFT) particles (see chapter Intraflagellar 

transport; preprint van den Hoek et al., 2021). The most distal part of the cilium is called 

the tip domain (Figure 1). A separate chapter is dedicated to this small yet essential region 

(see chapter Ciliary tip domain). 

Although the ciliary membrane is continuous with the plasma membrane, it has a distinct 

protein and lipid composition (for review, see Mykytyn and Askwith, 2017). Therefore, 

cilium-specific membrane proteins are often used as cilia markers, for example, the widely 

used small GTPase ARL13B (Larkins et al., 2011). The specific phospholipid composition 

pattern within the ciliary membrane was shown for phosphatidylinositol 4,5-bisphosphate 

(PIP2), which is gradually reduced toward the ciliary tip (Stilling et al., 2022). 

Another membrane domain in the BB vicinity is the ciliary pocket (also known as the 

periciliary membrane), an invagination of the plasma membrane around the proximal part 

of the cilium (CƛƎǳǊŜ м). The ciliary pocket was observed both in PC and motile cilia. The 

depth of the ciliary pocket varies significantly among the different cell types. While the 

cultured MDCKII or IMCD3 cells have shallow ciliary pockets, the hTERT-RPE1 cells have a 

deep ciliary pocket (Molla-Herman et al., 2010). The ciliary pocket plays a critical role during 

ciliogenesis and ciliary membrane remodeling. It is associated with the actin cytoskeleton 

and is enriched in dynamic clathrin-coated pits (Molla-Herman et al., 2010). Recent data 

suggest that the ciliary pocket might also regulate exo/endocytosis events (Rivera-Molina 

et al., 2021; Volz et al., 2021). Hence, both morphology and function of this cilium-

associated membrane region in mammals resemble the flagellar pocket found in protists 

(Molla-Herman et al., 2010). 
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Structure of the primary cilium axoneme 

The axoneme of PC consists of nine microtubule (MT) doublets. The axonemal MT doublets 

are oriented in a parallel manner, with their minus ends at the BB and plus-ends oriented 

toward the ciliary tip. Each doublet comprises a complete A-tubule (13 protofilaments) and 

an attached incomplete B-tubule (10 protofilaments). Axonemal tubulin is post-

translationally modified mainly by acetylation, glutamylation, and glycylation. The post-

translational modifications, together with specific tubulin isotypes, have implications for 

ciliary stability and function (Jensen-Smith et al., 2003; for review, see Wloga et al., 2017; 

Janke and Magiera, 2020). In addition, a group of so-called microtubule inner proteins 

(MIPs) are bound to the inner surface of the axonemal MTs. Unlike MIPs in flagella of C. 

reinhardtii, which are abundant and bound to MT inner walls in precise positions, PC MIPs 

seem sparse and with no well-defined positions (Owa et al., 2019; Kiesel et al., 2020). 

Hence, it is unclear whether they can significantly contribute to regulating stability of PC 

axonemal microtubules, which is the role of  MIPs in the flagella of C. reinhardtii (Ichikawa 

et al., 2017; Owa et al., 2019). 

The presence of F-actin along the PC axoneme was recently observed in cultured canine 

kidney epithelial cells. How does the presence of the F-actin affect the mechanical 

properties of the PC and what is its function remain unclear (Kiesel et al., 2020). 

The classical textbook view of a symmetrical 9+0 MT doublet arrangement of the 

mammalian PC axoneme has not been fully supported by the evidence provided by electron 

microscopy since the mid-1970s (Beertsen et al., 1975; Meier-Vismara et al., 1979). 

Nevertheless, only the recently published 3D reconstruction of PC axonemal structure 

obtained by electron microscopy/tomography made this discrepancy more prominent (Sun 

et al., 2019; Kiesel et al., 2020). It was shown that individual MT doublets are at various 

points along the cilium length reduced to singlets by termination of B-tubules. Moreover, 

a majority of A-tubules also terminate prior to reaching the tip of the cilium, with only 

several MT doublets and/or singlets extending to the very tip (Kiesel et al., 2020; Rogowski 

et al., 2013; Sun et al., 2019). In addition, in a short distance from the BB, the radial 

symmetry of 9 doublets collapses by positioning one or two doublets in the central 

axonemal cavity (Figure 1). This specific arrangement is denoted as 9v (Gluenz et al., 2010). 
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It has been previously established that axonemes of sensory cilia in C. elegans also deviate 

from the simple 9+0 arrangement, as they are longitudinally divided into the middle and 

distal segment. While the middle segment consists of MT doublets and is enriched in post-

translational modifications, the distal segment comprises MT singlets (Inglis et al., 2007).A 

recent study also describes similar segments in mammalian PC, where the middle segment 

is referred to as the proximal segment and is defined by being enriched in polyglutamylated 

tubulin (Figure 1). Depletion of certain cytoskeletal regulators has differential effects on 

the length of each segment (Kanamaru et al., 2021). 

A unique type of motile PC with a 9+0 MT arrangement can be found in the embryonic 

node. This transient embryonic cavity that forms at the end of the developing notochord is 

responsible for left-right asymmetry determination. Nodal cilia employ dynein arms to beat 

in a clockwise rotary pattern and generate a leftward flow of extraembryonic fluid (Nonaka 

et al., 1998) to direct activation of the Nodal signaling pathway (for review, see Dasgupta 

and Amack, 2016). Interestingly, a very recent study suggests glucose-dependent motility 

of the primary cilia of pancreatic beta cells. The axonemal architecture of this solitary cilium 

is 9+2 (preprint Cho et al., 2021). 

Motile cilia 

The motile cilia are organelles capable of an active periodic whip-like motion called beating 

and are found on the surface of specialized epithelial cells called multiciliated cells. The cilia 

of multiciliated cells beat in a coordinated and polarized manner in order to generate the 

propulsive force required for fundamental physiological functions, such as i/ the 

cerebrospinal fluid flow in the brain ventricles and spinal cord, ii/ the mucociliary clearance 

in the respiratory system, iii/ directional movement of the ovum in the oviduct/fallopian 

tubes (for review, see (Brooks and Wallingford, 2014). Moreover, the sperm flagellum is a 

special solitary motile cilium essential for directional swimming. 

The essential process of multiciliogenesis is BB amplification. There are two described 

pathways, a classical centriole-dependent and de novo centriole independent. The first 

pathway involves centrosomal centrioles for templating procentriole biogenesis. The latter 

pathway employs spherical, electron-dense structures called deuterosomes, which serve 

as a platform for procentriole assembly. Multiciliated cells utilize both centriole-dependent 
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and deuterosome-dependent BB assembly (Al Jord et al., 2014; for review, see Meunier 

and Azimzadeh, 2016). 

The axoneme of the motile cilium consists of 9 radially arranged MT doublets and the 

central pair of MT singlets (9+2 arrangement). These additional singlets originate at the 

distal end of the TZ and extend with their plus ends pointing toward the ciliary tip.  Similar 

to PC, tubulin of the motile cilium axoneme is heavily post-translationally modified. It was 

recently shown that tubulin glycylation of the sperm axonemal MTs controls axonemal 

dynein activity and flagellar beat (Gadadhar et al., 2021). Compared to PC, the axoneme of 

the motile cilia contains additional protein complexes required for generation of power for 

beating. These include inner and outer dynein arms, radial spokes, nexin-dynein regulatory 

complex, and the central pair complex (Figure 2). The bending of the cilium and thereby its 

motility is accomplished by the regulated action of outer and inner axonemal dynein arms, 

which slide adjacent doublets relative to one another (Gibbons, 1963). The sliding is 

constrained by nexin links between adjacent MT doublets, by anchoring of doublets in the 

BB (for review, see Satir et al., 2014) and by their connection at the tip (Dentler and 

Lecluyse, 1982). 

 

 

Figure 2. Schematics of the cross-section of the mammalian motile cilium with a typical 

9+2 MT arrangement (adapted from Croft et al., 2018). 

 

Intraflagellar transport 

IFT trains are megadalton-size hetero-multimeric complexes that drive the bi-directional 

transport of material between the BB and the ciliary tip. IFT provides a sufficient quantity 
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of new material for axonemal construction and also facilitates turnover ƻŦ ƻƭŘ ƳŀǘŜǊƛŀƭΦ Lƴ 

ŀŘŘƛǘƛƻƴΣ ƛǘ ǘǊŀƴǎǇƻǊǘǎ non-structural proteins, such as receptors and effectors of ǎƛƎƴŀƭƛƴƎ 

ǇŀǘƘǿŀȅǎ (Kozminski et al., 1993). 

The IFT trains are positioned between the ciliary membrane and the axoneme, with 

axonemal MTs serving as tracks. Two major types of IFTs were described, i/ anterograde 

IFT, i. e. moving toward the tip, with its motility driven by hetero-trimeric kinesin-II motors 

(KIF3A, KIF3B, KAP), that are connected to the cargo by protein adaptor IFT-B particles, ii/ 

retrograde IFT, i. e. moving toward the BB, which is powered by the dynein-2 motors, linked 

to the cargo by protein adaptor IFT-A particles (Kozminski et al., 1993, 1995). The 

movement of these molecular motors is fueled by hydrolysis of ATP. The velocity of the IFT 

trains differs among model organisms and cell lines. In mammals, anterograde trains move 

at approximately 0.25 ς 1.2 µm/s and retrograde trains are typically slower by 0.2 ς 1 µm/s 

(Broekhuis et al., 2014; He et al., 2014; Ishikawa and Marshall, 2015). 

Most of the current knowledge on how complex IFT traffic is orchestrated originates from 

non-mammalian model organisms. Much insight was recently provided by advanced cryo-

electron microscopy and cryo-electron tomography on Chlamydomonas reinhardtii and 

single-molecule fluorescent microscopy on C. elegans. Both IFT-A and IFT-B particles are 

complexes of specific sets of proteins that function as scaffold and adaptor proteins of the 

IFT trains. The assembly of the IFT trains occurs at TZ, where dynein-2, IFT-A particles, and 

cargo proteins are loaded onto an array of tens of IFT-B particles bound to kinesins-II 

motors (preprint van den Hoek et al., 2021). To avoid the tug-of-war situation between 

kinesin and dynein motors, dynein-II molecules bind to the IFT-B particles in an auto-

inhibited conformation, and their MT-binding domains are not in close proximity to MTs 

during anterograde motility (Jordan et al., 2018). 

Notably, the anterograde IFT in sensory cilia of C. elegans is operated by two different 

kinesin motor proteins. The hetero-trimeric kinesin-II operates in the middle segment 

where MT doublets are present, while the transport in the distal segment made of MT 

singlets is driven by homo-dimeric OSM-3 kinesin, an orthologue of mammalian protein 

KIF17 (Snow et al., 2004; Prevo et al., 2015). 

As an IFT train reaches the ciliary tip in C. elegans, it disassembles into IFT-A, IFT-B, dynein-

2, and OSM-3 kinesin. The turnaround time of these components at the tip varies. While 
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some of them turn around immediately, OSM-6, a component of the IFT-B particles, dwells 

at the tip for several seconds (Mijalkovic et al., 2018). Subsequently, the IFT-A proteins with 

active dynein-2 motors bind the cargo proteins to form the retrograde train. The kinesin-II 

is actively carried to the BB by IFT, which also applies to mammalian cells (Williams et al., 

2014; Mijalkovic et al., 2017). 

Similarly, once the anterograde train reaches the flagellum tip in C. reinhardtii, one of the 

subunits of kinesin-II motors is phosphorylated by calcium-dependent protein kinase 1, 

which likely causes its dissociation from the IFT-B train (Liang et al., 2014). The individual 

IFT constituents then dwell at the tip for 1 to 3.5 seconds. Next, individual proteins of IFT-

A, IFT-B complexes, and dynein-2 remain partially associated and fragment into several 

retrograde trains (Wingfield et al., 2021).In contrast to the situation in C. elegans described 

above, in C. reinhardtii, free kinesin-II motors are passively transported by diffusion from 

the tip back to the TZ, where they are recycled (Chien et al., 2017). 

One intriguing problem stemming from the bi-directional IFT transport is how are collisions 

between anterograde and retrograde IFTs prevented. It was demonstrated that in C. 

reinhardtii flagellum the axonemal MT doublets serve as a bidirectional railway. The 

anterograde trains are exclusively associated with B-tubules and the retrograde trains with 

A-tubules (Stepanek and Pigino, 2016). However, this elegant solution cannot be directly 

applied to mammalian PC and other types of cilia, where a significant part of the cilium 

consists of A-tubules only (Sun et al., 2019; Kiesel et al., 2020). How IFT machinery operates 

in the distal segment of PC remains an open question. 

Relatively little is known about how cargo associates with the IFT particles, but it has been 

generally assumed that these interactions are mediated via adaptor proteins. The best-

studied example is the hetero-octameric adaptor complex called BBSome (named after the 

ciliopathy Bardet-Biedl syndrome, BBS; see below). It operates within the cilium, linking 

particular transmembrane cargoes to the IFT particle complexes and facilitates their 

trafficking into and out of the PC (Nachury et al., 2007). In addition, several cargo adaptors 

specific for certain cargoes were identified (for review, see Pigino, 2021). So far, no 

universal ciliary localization signal has been discovered. Therefore, it has been 

hypothesized that ciliary proteins may also use adaptor complexes to pass through the TZ 

gate. However, it appears that an equally important transport mechanism to and out of the 
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cilium is diffusion (for reviews on ciliary transport processes, see Nachury and Mick, 2019; 

Jordan and Pigino, 2021)Φ {ŜǾŜǊŀƭ ǇǊƻǘŜƛƴǎΣ ƛƴŎƭǳŘƛƴƎ ʰ-tubulin and kinesin KIF17, were 

described in mammalian PC to partially utilize diffusion, especially for the retrograde 

movement (Luo et al., 2017). 

Due to being an integral part of the ciliary machinery, mutations in IFT proteins cause a 

spectrum of related disorders (for a review, see Pigino, 2021). As expected, mutations in 

mammalian IFT-B constituents often result in the absence of cilia. On the other hand, 

mutations in retrograde IFT-A constituents usually manifest in shorter cilia with swollen 

tips due to material accumulation (for review, see Wang et al., 2021). Cilia-related diseases 

are discussed in more detail in the following chapter. 

 

Ciliopathies 

Ciliopathies are human genetic disorders caused by dysfunction of primary cilia, motile cilia, 

or both. Due to the omnipresence of cilia in the human body, most of the pathological 

mutations of the ciliary genes manifest in a pleiotropic manner (Figure 3). Moreover, 

proteins with similar symptoms usually operate within the same protein complex or ciliary 

structure. By 2019, 35 ciliopathies and more than 190 established ciliopathy-associated 

genes had been reported (Wheway et al., 2019). 

Well-known ciliopathy syndromes include BBS, Joubert syndrome (JBTS), Meckel 

syndrome, Nephronophthisis (NPHP), Polycystic Kidney Disease (PKD), Retinitis 

Pigmentosa, and Primary Ciliary Dyskinesia (PCD; for review, see Braun and Hildebrandt, 

2017). The most frequent ciliopathy is Autosomal Dominant PKD, with a prevalence of 

approximately 1:2 500, based on a study done in the European Union countries (Willey et 

al., 2016). Other ciliopathies are rarer. For instance, the occurrence of BBS in the northern 

European populations is 1:160 000 (Forsythe and Beales, 2013). Collectively, prevalence of 

ciliopathies could be as high as 1:2 000 (Quinlan et al., 2008). 

Common syndromic manifestations include renal cysts, hepatobiliary disease, laterality 

defects, and polydactyly (Quinlan et al., 2008). In addition, PCD symptoms include 

hydrocephalus, recurrent respiratory infections, laterality defects, and 

subfertility/infertility. 
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Figure 3. Overview of the ciliopathy dysfunctions within the human organ systems. 

Principal phenotypic manifestations of the disease in individual organ/tissue. Ciliopathies caused 

by defects in motile cilia are shown in red, ciliopathies caused by defects in primary cilia are in 

blue, and defects associated with both types of cilia are shown in green (adapted from Reiter and 

Leroux, 2017). 

 

Mutations in several ciliary tip-localizing proteins (Figure 5; see chapter Ciliary tip 

interaction module and Ciliary tip kinesins) have been shown to cause JBTS, a recessive 

neurodevelopmental disorder with an estimated prevalence of 1:80 000 to 1:100 000. 

Pathogenic variants of more than 35 causative genes have been associated with JBTS. Some 

JBTS causative proteins form an interaction module in the ciliary tip domain, and 

approximately half of JBTS proteins assemble into complexes at the TZ. The primary 

characteristics are hypotonia, developmental delays, and mid-hindbrain malformations. 

The typical feature of JBTS is a molar tooth sign, specific hindbrain malformation visible in 

the axial magnetic resonance imaging (absent cerebellar vermis and thick, horizontally 

oriented superior cerebellar peduncles). Other common symptoms include retinal 

dystrophy, polydactyly, liver disease, and cystic kidney disease. However, the overall range 

of the possible symptoms is broader (Doherty, 2009; Latour et al., 2020). 
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Finally, causes of many ciliopathies are still not known. For example, in the case of NPHP, 

known NPHP causative genes account for only 30% of cases (Waters and Beales, 2011). 

Hence, many genes, mutations in which cause ciliopathies, remain to be identified. This 

further underlines the urgent need for research on cilia biology. 

 

Ciliary tip domain 

The ciliary tip domain (CTD) is the most distal part of the cilium. It comprises the ends of 

the MTs reaching the ciliary tip, their associate capping structures, the surrounding space 

between MTs and the membrane, and the membrane at the ciliary tip (Figure 1). This small 

region is essential for axonemal formation, maintenance, restriction of MT doublet sliding, 

and critical ciliary functions, such as signaling. However, it is the least understood of the 

ciliary regions. In the following chapters, we focus on the different aspects of CTD in 

mammals and other model organisms (for review, see Croft et al., 2018; Soares et al., 2019). 

Structure 

Unlike the axoneme structure, there is a significant degree of variability in the CTD 

structures across eukaryotes. Moreover, significant variability is also present between the 

different ciliary types in individual organisms, such as primary cilia, motile cilia, and specific 

features of a sperm flagellum in mammals (Figure 4). 

Chlamydomonas reinhardtii 

First images of CTD emerged with the advent of electron microscopy in the 1960s, 

performed on the unicellular algae C. reinhardtii (Figure 4B; Ringo, 1967). The study by 

Ringo (1967) and the subsequent studies by Dentler and Rosenbaum (1977) showed that 

the CTD of C. reinhardtii comprises A-tubules only. Moreover, the imaging revealed 

presence of plug-like structures inserted into the lumen of A-tubules, connecting them to 

the membrane via short distal filaments. Finally, the so-called central MT cap, composed 

of two plates perpendicular to the axis of the axoneme, and the bead, connects the central 

pair of MT singlets to the ciliary membrane (Dentler and Rosenbaum, 1977; Dentler, 1980). 

Similar bead-like structures and MT plugs were also described in T. thermophila (Dentler, 

1980). 
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Figure 4. Representative images of selected ciliary tip domains. (A) The 20 nm tomographic 

slices of the distal part of T. brucei flagellum (adapted from Höög et al., 2014). (B) Longitudinal 

section through the tip of a flagellum of C. reinhardtii (adapted from Ringo, 1967). (C) Electron 

micrograph of the longitudinal section through the tip of rabbit oviduct motile cilium (adapted 

from Anderson and Hein, 1977). (D) Longitudinal central slice of 13.4 nm serial dual-axis 

tomograms of IMCD3 cell CTD (adapted from Sun et al., 2019). (E) A slice through defocus cryo-

tomogram of the sperm endpiece in a pig. The rectangle shows the presence of a plug inside a 

lumen of a MT singlet (adapted from Leung et al., 2021). 

 

Trypanosoma brucei 

The CTD looks different in Trypanosoma brucei, another important protist model organism 

and a causative agent of the African sleeping sickness. The distal end of the axoneme is 

essentially blunt, as both MT doublets and the central pair MTs terminate in approximately 

the same region. Unlike in previously mentioned organisms, there are no elaborated 

structures capping the doublets and CP (Figure 4A). However, there is some electron-dense 

material associated with the tips of MTs, and several constituents were identified (Höög et 

al., 2016; Varga et al., 2017). Moreover, cryo-electron tomograms by Höög et al. show that 

plug-like densities are inserted into the lumen of A-tubules and central pair (Höög et al., 

2014). 

Interestingly, during the cell cycle, procyclic (i.e., tsetse midgut stage) T. brucei cells 

assemble a new flagellum physically connected at its tip to the old flagellum. This tip 

attachment is facilitated by the trypanosome-specific mobile membrane junction called the 

flagella connector (Höög et al., 2016; Moreira-Leite et al., 2001). Constituents of this 
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structure were identified and include trypanosome-specific as well as evolutionarily 

conserved proteins, most notably kinesins and kinases of the Unc-51-like kinase family 

(ULK4 and Fused; Varga et al., 2017). 

Mammalian motile cilia 

CTDs of a majority of studied mammalian motile cilia have a similar structure. Electron 

micrographs of rat, hamster, guinea pig, rabbit, and bovine tracheal cilia show that their 

axoneme at some point tapers, as axonemal doublets are reduced to singlets (Dirksen and 

Satir, 1972; W. Dentler and Lecluyse, 1982). The singlet A-tubules then reach the CTD 

together with the central pair. Here, the plug-like structures are present in the lumen of A-

tubules, connecting them to the amorphous, electron-dense structure called the ciliary cap 

that caps the central pair (Figure 4C). At the tips of hamster and rabbit tracheal cilia, 

multiple layers of plate-like structures can be distinguished (Kuhn and Engleman, 1978). 

The structure of the ciliary cap of multiciliated ependymal cells was not well described, 

although low magnification electron microscopy revealed some electron-dense structures 

in the CTD. In addition, a reduction of MT doublets into singlets at the tip was observed 

(Brightman and Palay, 1963). 

Protein constituents of the mammalian ciliary cap are largely unknown. Its functions are 

similar as in the abovementioned protists and include i/ stabilization and maintenance of 

the structural integrity of CTD while beating, ii/ regulation of MT dynamics, iii/ linking of 

MTs to the ciliary membrane (Kuhn and Engleman, 1978; Dentler and Lecluyse, 1982; 

Dalen, 1983). Intriguingly, in vitro experiments with demembranated tracheal cilia 

incubated with free tubulin showed that only MTs detached from the ciliary cap are able 

to polymerize at their plus end, while the MTs bound to the ciliary cap via plugs are not, 

supporting the MT dynamics regulation role of the cap (Dentler and Lecluyse, 1982). 

In some types of motile cilia, the ciliary cap is linked through the membrane to a structure 

called the ciliary crown (Figure 4C). The ciliary crown consists of fewer than ten, 

approximately 20 nm long, hair-like structures of a glycoprotein nature (glycocalyx), as they 

are susceptible to protease and neuraminidase treatment (Anderson and Hein, 1977). The 

ciliary crown physically interacts with the mucus and mediates its movement in the airways. 

The above-mentioned features also apply to the mouse and rabbit oviduct motile cilia 
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(Dirksen and Satir, 1972; Anderson and Hein, 1977; Dalen, 1983). Here, the ciliary crown is 

necessary for the proper transport of the ovum (Norwood and Anderson, 1980). 

Mammalian sperm 

The mammalian sperm has a highly modified flagellum. The distal part of the flagellum end-

piece is where the MT doublets transform into singlets. While the A-tubules continue 

toward the tip, there are 3 scenarios for the B-tubules, i/ a B-tubule terminates, ii/ a B-

tubule separates from A-tubule and becomes a complete singlet, iii/ a B-tubule separates 

and continues as an incomplete singlet MT (Woolley and Nickels, 1985; Zabeo et al., 2019). 

All MTs reaching the flagellar tip contain plug-like structures inserted into their lumen for 

approximately 30 nm (Figure 4E; Leung et al., 2021). Apart from the plugs, no specific 

capping structures were reported. However, a specific MIP complex called Tail Axoneme 

Intra-Lumenal Spiral (TAILS) was identified in the distal part of the MT singlets in sperms of 

several mammalian species (Zabeo et al., 2018; Leung et al., 2021). In humans, it spans the 

distal ~15% of the axonemal length. 

Mammalian primary cilia 

Compared to motile cilia CTDs, the CTD of primary cilia is far less studied. As mentioned 

above, the axoneme of the PC narrows toward the tip, and only several MT singlets and/or 

MT doublets reach the CTD. There is a lack of evidence of any particular capping structure 

(Figure 4D). Nevertheless, electron microscopy data showed electron densities in the CTD, 

specifically around the MT ends and the adjacent ciliary membrane (Wilsman et al., 1980; 

Rogowski et al., 2013). Unlike the tapered axoneme, the membrane of the PC is often 

enlarged in the CTD (Martin et al., 1988; Roth et al., 1988). The membrane enlargement at 

the tip is likely related to the recently discovered process ς the ectocytosis of extracellular 

vesicles (see chapter Extracellular vesicles; Nager et al., 2017). 

Axonemal dynamics at the tip 

The cilia are dynamic organelles that are able to respond to both internal and external 

stimuli. The CTD is the sole place of axonemal construction in a growing cilium, as shown 

in studies on C. reinhardtii and T. brucei όWƻƘƴǎƻƴ ŀƴŘ wƻǎŜƴōŀǳƳΣ мффнΤ tǊǳȌƛƴŎƻǾłΣ нлмфύ. 

Moreover, even in the full-length axoneme of some species/cells, some degree of material 

turnover takes place in the CTD. For example, a pioneering study by Rosenbaum showed 

tubulin incorporation in the CTD of a mature axoneme of C. reinhardtii (Marshall and 
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Rosenbaum, 2001). Similarly, protein turnover occurring exclusively in a short region at the 

tip of a mature T. brucei axoneme was observed όtǊǳȌƛƴŎƻǾłΣ нлмфύ. 

Finally, the presence of functional IFT in full-length cilia of almost all ciliated cells indicates 

that some level of turnover is necessary to maintain their proper function. One known 

exception is a mature murine sperm, where no protein turnover or IFT occurs (San Agustin 

et al., 2015). However, further investigation is needed to assess whether this is a universal 

feature of a mature mammalian sperm. 

The ciliary disassembly is a process that allows redeploying of the centrioles for the events 

of cell division. A recent study showed that mammalian PC disassembly occurs by gradual 

resorption, cilium shedding, or a combination of both (Mirvis et al., 2019). The gradual 

resorption is, among others, mediated by the events at the ciliary tip ς MT 

depolymerization and the release of the extracellular vesicles (for review, see Patel and 

Tsiokas, 2021). 

Extracellular vesicles 

¢ƘŜ Ŏƛƭƛŀ ŀǊŜ ƻŦǘŜƴ ŘŜǎŎǊƛōŜŘ ŀǎ ŎŜƭƭǳƭŀǊ ŀƴǘŜƴƴŀŜΣ ǘƘŀƴƪǎ ǘƻ ǘƘŜƛǊ ŀōƛƭƛǘȅ ǘƻ ǊŜŎŜƛǾŜ ǎƛƎƴŀƭǎΦ 

IƻǿŜǾŜǊΣ ƛƴ ǘƘŜ ƭŀǎǘ ŎƻǳǇƭŜ ƻŦ ȅŜŀǊǎΣ ǎǘǳŘƛŜǎ ŀƭǎƻ ŘŜƳƻƴǎǘǊŀǘŜŘ ǘƘŜƛǊ ŀōƛƭƛǘȅ ǘƻ ǘǊŀƴǎƳƛǘ 

ƛƴŦƻǊƳŀǘƛƻƴ Ǿƛŀ ǘƘŜ ǊŜƭŜŀǎŜ ƻŦ extracellular vesicles ό9±ǎΤ ŦƻǊ ǊŜǾƛŜǿΣ ǎŜŜ Wang and Barr, 

2018)Φ hǊƛƎƛƴŀƭƭȅ ŘƛǎŎƻǾŜǊŜŘ ƛƴ /Φ ǊŜƛƴƘŀǊŘǘƛƛ (Wood et al., 2013)Σ ŎƛƭƛŀǊȅ ŜŎǘƻŎȅǘƻǎƛǎ Ƙŀǎ ƴƻǿ 

ōŜŜƴ ŘŜǎŎǊƛōŜŘ ƛƴ ƳǳƭǘƛǇƭŜ ƻǊƎŀƴƛǎƳǎΣ ǎǳƎƎŜǎǘƛƴƎ ǘƘŀǘ ǘƘƛǎ ǇǊƻŎŜǎǎ ƻǊƛƎƛƴŀǘŜŘ ŜŀǊƭȅ ƛƴ 

ŜǾƻƭǳǘƛƻƴΦ 9±ǎ ŀǊŜ ƳŜƳōǊŀƴƻǳǎ ǎǘǊǳŎǘǳǊŜǎ ŎƻƴǘŀƛƴƛƴƎ ŘƛǎǘƛƴŎǘ ōƛƻŀŎǘƛǾŜ ƳƻƭŜŎǳƭŜǎΣ ŦƻǊ 

ƛƴǎǘŀƴŎŜΣ ǇǊƻǘŜƛƴǎΣ ƭƛǇƛŘǎΣ ŀƴŘ ƴǳŎƭŜƛŎ ŀŎƛŘǎΦ /ƻƳǇŀǊŀǘƛǾŜ ǇǊƻǘŜƻƳƛŎ ŀƴŀƭȅǎƛǎ ƻŦ ƳǳǊƛƴŜ 

ŜƴŘƻǘƘŜƭƛŀƭπŘŜǊƛǾŜŘ ŎŜƭƭǎ ƛŘŜƴǘƛŦƛŜŘ ǎƛƎƴƛŦƛŎŀƴǘ ŘƛŦŦŜǊŜƴŎŜǎ ōŜǘǿŜŜƴ ŎƛƭƛŀǊȅ ŀƴŘ ŎȅǘƻǇƭŀǎƳƛŎ 

9±ǎ (Mohieldin et al., 2021). 

.ŀǎŜŘ ƻƴ ǘƘŜƛǊ ǎƛȊŜ ŀƴŘ ƳƻŘŜ ƻŦ ōƛƻƎŜƴŜǎƛǎΣ ǘǿƻ ŎŀǘŜƎƻǊƛŜǎ ƻŦ 9±ǎ ŀǊŜ ŘƛǎǘƛƴƎǳƛǎƘŜŘΦ {Ƴŀƭƭ 

9±ǎ όғнлл ƴƳΤ ŀƪŀ ŜȄƻǎƻƳŜǎύ ŀǊŜ ǇǊƻŘǳŎŜŘ ŀǎ ǾŜǎƛŎƭŜǎ ƛƴǎƛŘŜ ǘƘŜ ƭǳƳŜƴ ƻŦ ƳǳƭǘƛǾŜǎƛŎǳƭŀǊ 

ōƻŘƛŜǎ ŀƴŘ ŀǊŜ ǘƘƻǳƎƘǘ ǘƻ ōŜ ǊŜƭŜŀǎŜŘ ƛƴ ǘƘŜ ŎƛƭƛŀǊȅ ǇƻŎƪŜǘ ǊŜƎƛƻƴ (Volz et al., 2021)Φ hƴ ǘƘŜ 

ƻǘƘŜǊ ƘŀƴŘΣ ǘƘŜ ƭŀǊƎŜ 9±ǎ όҔнлл ƴƳΤ ŀƪŀ ŜŎǘƻǎƻƳŜǎύ ŀǊŜ ǊŜƭŜŀǎŜŘ ŘƛǊŜŎǘƭȅ ŦǊƻƳ ǘƘŜ /¢5 

(Nager et al., 2017)Φ  Among the key players in the process of ectocytosis are actin, actin 

modulators, and tightly regulated ƭŜǾŜƭ ƻŦ ǇƘƻǎǇƘŀǘƛŘȅƭƛƴƻǎƛǘƻƭ пΣрπōƛǎǇƘƻǎǇƘŀǘŜ (Nager et 

al., 2017; Phua et al., 2017; Stilling et al., 2022). 
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The EVs play a role in photoreceptor morphogenesis (Salinas et al., 2017), ciliary 

disassembly (Phua et al., 2017), and signaling (Nager et al., 2017). For instance, a recent 

study shows that small EVs modulate the Wnt signaling of recipient cells (Volz et al., 2021). 

In addition, perturbations of BBSome constituents BBS4 and BBS6 result in an altered 

composition of ciliary EVs (Volz et al., 2021). Finally, the ciliary membrane-associated 

polycystic kidney disease proteins PKD1 and PKD2 have been previously found in urine-

derived small EVs (Hogan et al., 2009). 

This emerging field of ciliary EVs shifts our understanding of cilia in intercellular 

communication, yet appreciating its significance for pathophysiology and diagnostics 

requires further investigation. 

Protein constituents 

No studies comprehensively describing protein constituents of the CTD have been 

published, pointing to the low tractability of this ciliary domain. Instead, the known 

constituents were identified in separated studies. 

{ƻƳŜ ǇǊƻǘŜƛƴǎ ǘƘŀǘ ǘǊŀƴǎƛŜƴǘƭȅ ƭƻŎŀƭƛȊŜ ǘƻ ǘƘŜ /¢5 ǿŜǊŜ ŀƭǊŜŀŘȅ ƳŜƴǘƛƻƴŜŘ ƛƴ ǇǊŜǾƛƻǳǎ 

ŎƘŀǇǘŜǊǎΦ ¢ƘŜǎŜ ƛƴŎƭǳŘŜ ƛκ LC¢ ƳŀŎƘƛƴŜǊȅ ŎƻƴǎǘƛǘǳŜƴǘǎ ς ƳƻǘƻǊ ŀƴŘ ŀŘŀǇǘƻǊ ǇǊƻǘŜƛƴǎΤ ƛƛκ 

ǇǊƻǘŜƛƴǎ ƛƴǾƻƭǾŜŘ ƛƴ ƎŜƴŜǊŀǘƛƻƴ ŀƴŘ ǊŜƭŜŀǎŜ ƻŦ ǘƘŜ ƭŀǊƎŜ 9±ǎΣ ƛƴŎƭǳŘƛƴƎ ŀŎǘƛƴΣ a¸hсΣ ŀƴŘ 

5ǊŜōǊƛƴ (Nager et al., 2017; Phua et al., 2017)Τ ƛƛƛκ ǎƛƎƴŀƭƛƴƎ ǊŜŎŜǇǘƻǊǎ ŀƴŘ ŜŦŦŜŎǘƻǊǎΣ ŦƻǊ 

ŜȄŀƳǇƭŜΣ D[L ǇǊƻǘŜƛƴǎ ŀƴŘ {¦C¦ (Tukachinsky et al., 2010), and will not be further discussed 

here. ¢ƘŜ ŦƻƭƭƻǿƛƴƎ ŎƘŀǇǘŜǊǎ ǎǳƳƳŀǊƛȊŜ ǘƘŜ ƪƴƻǿƭŜŘƎŜ ƻƴ ƻǘƘŜǊ ƪƴƻǿƴ ŎƛƭƛŀǊȅ ǘƛǇ ƭƻŎŀƭƛȊƛƴƎ 

ǇǊƻǘŜƛƴǎΦ 

End-binding proteins 

The End-binding protein 1 (EB1) belongs to a group of microtubule plus-end-tracking 

proteins (aka +TIPs), regulating MT dynamics. It is well known for forming a comet tail 

pattern at plus ends of cytoplasmic microtubules, as it preferentially binds to the GTP-

tubulin cap (Maurer et al., 2012). Moreover, EB proteins are involved in numerous MT-

related cellular processes as many proteins are localized to the MT plus ends in an EB1-

dependent manner, via interacting with EB1 through a specific SxIP motif (Grigoriev et al., 

2009). The EB1 was originally identified as a ciliary tip and basal body residing protein in C. 

reinhardtii (Pedersen et al., 2003). In mammals, EB1 and its paralogue protein EB3 were 
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shown to localize along the PC axoneme of multiple cultured cell lines (Boehlke et al., 2010; 

Schrøder et al., 2011). EB3 moves dynamically within the PC and accumulates at its tip in 

hTERT-RPE1 cells (Larsen et al., 2013) and localizes to the tip of the motile cilia of human 

bronchial epithelial cells (Schrøder et al., 2011). 

While in C. reinhardtii, EB1 interacts with IFT172, a protein involved in IFT turnaround 

(Pedersen et al., 2005), in mammals, both EB1 and EB3 play a role in PC assembly, but the 

mechanism of their function is not yet understood (Schroder et al., 2011). The function of 

EB proteins was not yet determined for the mammalian motile cilia. 

Ciliary tip interaction module 

The only highly conserved ciliary tip-associated protein found in CTDs of C. reinhardtii, T. 

brucei, T. thermophila, C. elegans, Leishmania mexicana, and both mammalian PC and 

motile cilia is Centrosomal protein 104 (CEP104; Satish Tammana et al., 2013; Varga et al., 

2017; Louka et al., 2018; Dean et al., 2019; Frikstad et al., 2019). Structure-wise it is a 

multidomain protein consisting of jelly-roll, coiled-coil, TOG domain (tumor-overexpressed 

gene), zinc finger domain, and SxIP motif, indicating its ability to interact with many 

proteins, such as tubulin (via the TOG domain) and EB1 (via the above mentioned SxIP 

motif; Rezabkova et al., 2016). 

In dividing hTERT-RPE1 cells, CEP104 is present at the distal end of both mother and 

daughter centrioles, bound to the centriole capping proteins CP110 and CEP97, two 

proteins that prevent uncontrolled ciliogenesis (Spektor et al., 2007). However, data on its 

function in the un-capping process (i.e., removal of CP110) at the mother centriole are 

ambiguous (Jiang et al., 2012; Satish Tammana et al., 2013; Yamazoe et al., 2020). Upon 

initiation of cilium assembly, CEP104 translocates from the mother centriole to the tip of 

the nascent PC (Satish Tammana et al., 2013). At the tip of the growing cilium, CEP104 

directly interacts with the MTs via its TOG domain, promoting axoneme elongation 

(Yamazoe et al., 2020). Consistently, studies showed shorter cilia upon siRNA-mediated 

knockdown of the protein (Satish Tammana et al., 2013; Yamazoe et al., 2020). 

Mutations in CEP104 are linked to the Joubert syndrome (Srour et al., 2015). Additionally, 

the siRNA-mediated knockdown of CEP104 in hTERT-RPE1 cells causes mislocalization of 

the Shh signaling pathway receptors (SMO, GPR161), which is also associated with JBTS 

(Yamazoe et al., 2020). The function of CEP104 in mammalian motile cilia has not yet been 
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determined. However, in flagella of C. reinhardtii and T. thermophila, CEP104 localizes to 

the plus ends of the axonemal A-tubules and plus ends of the central pair MTs. Both, 

CEP104 depleted C. reinhardtii and T. thermophila cells, exhibit defects in the flagellum tip 

architecture, sharing a significantly shortened central pair region and frequent loss of the 

central pair cap (Satish Tammana et al., 2013; Louka et al., 2018). 

One of physical interactors of CEP104 in the CTD is another JBTS-associated protein - 

Centrosome and spindle pole-associated protein 1 (CSPP1; Figure 5; Frikstad et al., 2019; 

Shaheen et al., 2014; Tuz et al., 2014). Immuno-electron microscopy and 

immunofluorescence experiments showed its localization to the tip of both PC and motile 

cilia of tracheal epithelial cells. In addition, the signal of CSPP1 is often detectable also 

around the BB, TZ, and axoneme. Similar to CEP104, CSPP1-depleted hTERT-RPE1 cells form 

PC with a lower frequency, have decreased length of axonemal MTs, and display 

mislocalization of Shh signaling receptors (Frikstad et al., 2019). 

 

 

Figure 5. A scheme showing mapped interactions of a ciliary module associated with 

ciliary tip and Joubert syndrome. Individual interactions based on the experimental method 

are indicated. Abbreviations: yeast 2-hybrid screen (Y2H), tandem-affinity purification (TAP), co-

immunoprecipitation (Co-IP) (adapted from Latour et al., 2020). 

 

The proteins CEP104 and CSPP1 were recently recognized as a part of the ciliary tip 

interaction module operating within the cilium, involving in addition ARMC9, TOGARAM, 

and CCDC66. Interactions within the module were mapped by yeast 2-hybrid screen, 
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tandem-affinity purification, and co-immunoprecipitation (Figure 5; Latour et al., 2020). 

Common characteristics of these proteins are that they promote growth of axonemal MTs, 

contribute to CTD organization, and share similar pathophysiological phenotypes resulting 

in JBTS (CƻƴƪŀǊ ŀƴŘ CƛǊŀǘπYŀǊŀƭŀǊΣ нлнлΤ [ŀǘƻǳǊ Ŝǘ ŀƭΦΣ нлнлύ. 

 

Armadillo repeat-containing protein 9 (ARMC9) is also known as LisH domain-containing 

protein 9 (Figure 5). Both names stem from identified protein domains. ARMC9 localizes to 

the BB in hTERT-RPE1, 3T3, and IMCD3 cells and in the last cell line it was shown that upon 

Shh stimulation it transiently localizes to the CTD (Van De Weghe et al., 2017; Breslow et 

al., 2018). Furthermore, ARMC9 was identified in a functional genomic screen for Shh 

signaling, showing that its disruption causes shorter cilia and decreased ciliary 

accumulation of Shh pathway proteins Gli2 and Gli3 upon pathway stimulation (Breslow et 

al., 2018). While there is no data on its function in mammalian motile cilia, in motile cilia of 

T. thermophila, ARMC9 localizes to the tips of B-tubules and negatively regulates their 

length (Louka et al., 2018). 

In the same study on T. thermophila regulators of axonemal MT lengths, an antagonistic 

regulatory effect on B-tubules was identified for the protein TOG array regulator of 

axonemal microtubules 1, (TOGARAM1; aka Crescerin1; Louka et al., 2018). TOGARAM1 

localizes along the axoneme and in the CTD of the PC (Das et al., 2015). Patient-derived 

fibroblasts with mutated ARMC9 or TOGARAM1 exhibited decreased axonemal acetylation, 

polyglutamylation, and shorter cilia, but the cilia frequency in the culture was not altered. 

In line with the abovementioned reports, mutations in TOGARAM1 also affect the proper 

translocation of Smoothened receptor upon Shh pathway activation (Das et al., 2015; 

Latour et al., 2020). 

The last so far identified protein of the ciliary tip interaction module is Coiled-coil domain-

containing protein 66 (CCDC66; Figure 5). It was previously linked to retinal dystrophies and 

neurodegeneration in the olfactory bulb in mice (Schreiber et al., 2018). CCDC66 was 

localized along the PC axoneme and to the centriolar satellites ς electron-dense 

membrane-less granules in the centriolar proximity (Conkar et al., 2019, 2017). The 

knockdown of CCDC66 results in a lower frequency of cilia in a population of hTERT-RPE1 
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cells (Conkar et al., 2017). However, although suggested as a member of the module by 

biochemistry, its function in the context of the ciliary tip remains unclear. 

Ciliary tip kinesins 

Kinesins are MT-associated motor proteins involved in many cellular processes, including 

those occurring within the cilia. Two of them were described to play a vital role in 

mammalian CTD. Kinesin-like protein 7 (KIF7; a kinesin-4 family member) is a conserved 

regulator of the Shh pathway and is associated with multiple ciliopathy syndromes, 

including JBTS (Dafinger et al., 2011; Putoux et al., 2011). It localizes exclusively to the PC 

tip and further accumulates there upon Shh pathway induction (Endoh-Yamagami et al., 

2009; Liem et al., 2009). KIF7 is not capable of processive motility but interacts statically 

with the MTs (He et al., 2014). It preferentially binds GTP-tubulin at the end of axonemal 

MTs and stabilizes a GTP-form of tubulin (Jiang et al., 2019). The mechanism of the KIF7 

translocation to the tip is unknown. However, depletion of small GTPase ARL3 and its 

GTPase activating protein RP2 cause KIF7 mislocalization, suggesting their function in this 

process (Schwarz et al., 2017; Jiang et al., 2019). Additionally, dephosphorylation of KIF7 

mediated by the PPFIA1-PP2A complex was shown to positively regulate the translocation 

process (Liu et al., 2014). 

The pathogenic mutations or absence of KIF7 result in ~30% longer PC and mislocalization 

of the Shh constituents, transcription factors GLI2, GLI3, and their regulatory protein Sufu. 

Under these conditions, Shh constituents form puncta along the axoneme rather than 

exclusively at the tip and are abnormally activated (He et al., 2014). Therefore, together 

with its ability to stabilize the GTP-form of tubulin, KIF7 is considered a spatial organizer of 

the CTD. The mechanism of Shh constituents translocation is unknown; however, 

immunoprecipitation confirmed the direct interaction of KIF7 with GLI3 (Liu et al., 2014). 

Moreover, KIF7 mutant cells have decreased acetylation and glutamylation in the distal 

part of the axonemal MTs, causing their instability (He et al., 2014). 

Another ciliary tip-localizing kinesin is the protein KIF19 (aka KIF19A). It is a kinesin-8 family 

member with a dual function, motility toward the MT plus-end, and MT-depolymerization 

activity (Niwa et al., 2012). KIF19 localizes at the tip of cilia in all murine multiciliated 

epithelia. In vitro studies show that the KIF19-dependent depolymerization occurs 

exclusively at the plus-end of the MTs (Niwa et al., 2012). KIF19 knockout mice suffer from 
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hydrocephalus and fallopian tube obstruction due to the inability of abnormally long cilia 

to generate proper fluid flow (Niwa et al., 2012; Arora et al., 2020). The mechanism of its 

precise ciliary localization is unknown. 

Homo-dimeric KIF17 is a kinesin-2 family member and a plus end-directed motor. Its 

orthologue in C. elegans is the IFT motor OSM-3 responsible for anterograde ciliary 

trafficking in the distal segment. KIF17 exhibits robust accumulation in the CTD of PC in 

multiple mammalian cell lines (Dishinger et al., 2010; Jiang et al., 2015). 

The reports on a siRNA-mediated knockdown of KIF17 in hTERT-RPE1 cells are 

contradictory, displaying both elongation and reduction of the PC length and alteration of 

polyglutamylation of proximal segment (Schwarz et al., 2017; Kanamaru et al., 2021). In 

addition, no association between KIF17 and ciliopathies was reported. Therefore, its 

function in the mammalian CTD remains elusive. 

The protein KIF17 fulfills multiple extraciliary functions; for example, it is involved in 

vesicular transport necessary for synaptic transmission in neurons, as it transports several 

receptor subunits and a potassium channel from the cell body to dendrites (Setou et al., 

2000; for review on KIF17, see Wong-Riley and Besharse, 2012). 

Other tip associated proteins 

To date, only a single structural protein of the mammalian CTD has been discovered. The 

protein Sentan όƳŜŀƴǎ άǘƛǇέ ƛƴ WŀǇŀƴŜǎŜύ ƭƻŎŀƭƛȊŜǎ ŜȄŎƭǳǎƛǾŜƭȅ ǘƻ ǘƘŜ ōǊƛŘƎƛƴƎ ǎǘǊǳŎǘǳǊŜ 

between axonemal A-tubules and the ciliary membrane of the motile cilia of mammalian 

tracheal and oviductal tissues. In the fetal trachea, Sentan begins to localize to the tip only 

when the nascent cilia reach approximately 3 µm (Kubo et al., 2008), corresponding to the 

period of A-tubule singlet formation. Furthermore, gene SNTN, coding for Sentan, is 

upregulated during ciliogenesis, is not expressed in testis, and Sentan was not detectable 

in the PC of hTERT-RPE1 and mouse kidney cells, confirming its specificity for the motile 

cilia found in multiciliated epithelia (Kubo et al., 2008). 

Katanin-interacting protein KATNIP (aka KIAA0556) is a novel conserved ciliary protein. 

When overexpressed in hTERT-RPE1 cells, it localizes along the axoneme and is enriched in 

the BB and the CTD (Sanders et al., 2015). KATNIP is associated with Joubert syndrome; 

patients suffer from a recurrent upper respiratory tract infection, hypotonia, and 
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developmental delay. Patient-derived fibroblasts have reduced cilia formation and longer 

cilia (Sanders et al., 2015). Although KATNIP mutant mice develop hydrocephalus, no 

alteration of ependymal cilia structure of beating pattern was observed. KATNIP binding 

partners include IFT proteins, tubulin (preferentially acetylated), and katanins (Sanders et 

al., 2015). Its function is unknown. 

Proteins localizing to the end piece of the mammalial flagellum are poorly studied. By 

analyzing published omics data, Jumeau et al. identified Doublecortin domain-containing 

protein 2C (DCDC2C), localizing to this region (Jumeau et al., 2017). No further details are 

available for DCDC2C. However, its paralogous protein DCDC2 localizes to the PC of 

hippocampal neurons, and its overexpression alters Shh and Wnt signaling (Massinen et al., 

2011). 
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!ƛƳǎ ƻŦ ǘƘŜ ǎǘǳŘȅ 

Although cilia are built from hundreds of protein species, only a fraction of these proteins 

has been described to participate in processes occurring at the ciliary tip ς the region critical 

for incorporation of new material to the axoneme, IFT-mediated material turnover, 

disassembly, and signaling processes. Therefore, identification and characterization of the 

ciliary tip proteome represent fundamental steps toward understanding these processes. 

The main objective of the parallel project in our laboratory is to define the first complete 

eukaryotic flagellar tip proteome of the model organism T. brucei. This dissertation project 

stems from the findings of the T. brucei project and their evolutionary analysis to 

investigate the protein constituents of ciliary tip in mammalian PC. In addition, we set out 

to assess and utilize the rapid super-resolution method Expansion microscopy (ExM) to 

study mammalian ciliary tip proteins and flagellar tip proteins as well as the cytoskeleton 

of T. brucei. 

 

The main aims of the presented theses are: 

1. To verify published and identify novel mammalian ciliary tip proteins. 

 

2. To characterize novel ciliary tip proteins. 

 

3. To test and utilize Expansion microscopy for studies of the tip of the eukaryotic 

axoneme. 
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aŀǘŜǊƛŀƭǎ ŀƴŘ ƳŜǘƘƻŘǎ 

Preparation of expression plasmids 

Coding DNA sequences (CDS) were acquired from the following sources: obtained by 

polymerase chain reaction (PCR) on complementary DNA (cDNA), commercially available 

clones, or as gifts from collaborators (Table 1). All primers were purchased from Merck 

(former Sigma-Aldrich). All constructs were validated by sequencing (EUROFINS CZ s.r.o., 

SEQme s.r.o.). 

CDS cloning 

Cell lines were incubated until they reached confluence and then starved for 24 h to 

promote ciliogenesis and transcription of genes coding for ciliary proteins. Next, cells were 

lysed, and their RNA was isolated by the NucleoSpin RNA Plus kit (Macherey-Nagel, 

740984.10). The cDNA was synthesized by RevertAid First Strand cDNA Synthesis Kit 

(Thermo Scientific, K1621) using oligo(dT)18 primer. Both RNA and cDNA were aliquoted 

and stored at -80°C. Desired CDS were amplified by gradient PCR using Q5 High-Fidelity 

5b! tƻƭȅƳŜǊŀǎŜ όb9.Σ aлпфмύ ŀŎŎƻǊŘƛƴƎ ǘƻ ǘƘŜ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƛƴǎǘǊǳŎǘƛƻƴǎ (the Gateway 

compatible primers were used for cloning, Supplementary data 1). The PCR products were 

separated using agarose gel electrophoresis, cut out of the gel, and purified using Gel DNA 

Recovery Kit (Zymo, D4007). Purified PCR products were cloned in the Gateway entry 

plasmid pDONR221 (Invitrogen, 12536017) by the Gateway cloning system (Invitrogen, 

Figure 6). 

The low yield PCR products (< 100 ng) from the cDNA were phosphorylated and ligated into 

the dephosphorylated linearized plasmid pBluescript. Classical blue-white selection was 

used to identify the positive colonies. Subsequent colony PCR was performed using Q5 

High-Fidelity DNA Polymerase to achieve the required DNA concentration (> 150 ng) for 

Gateway cloning into the pDONR221. 
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Table 1. List of proteins expressed in the stable cell lines. Protein IDs without organismal indication are human proteins, IDs with Mm correspond to 

Mus musculus proteins, and Cl to Canis lupus proteins. T. brucei IDs are shown only for proteins included in orthologue screening. 

protein ID protein name uniprot ID 
source of 

coding DNA 
sequence 

T. brucei ID 
vector used for the stable 

cell line production 

MmArmc2 Armadillo repeat-containing protein 2 Q3URY6 cDNA - IMCD3 Tb927.11.2970 
MSCV-N-Flag-HA-mNG-

IRES-PURO 

ARMC9 
Armadillo repeat-containing protein 9 

Q7Z3E5 cDNA - RPE1  
MSCV-N-Flag-HA-mNG-

IRES-PURO 

CEP104 Centrosomal protein of 104 kDa O60308 cDNA - RPE1 Tb927.10.14880 
MSCV-N-Flag-HA-mNG-

IRES-PURO 

MmClasp1 CLIP-associating protein 1 Q80TV8 Origene 
Tb927.6.3900 

MSCV-N-mNG-IRES-PURO 

MmClasp2 CLIP-associating protein 2 Q8BRT1 Origene MSCV-N-mNG-IRES-PURO 

MmCspp1 Centrosome and spindle pole associated protein 1 B2RX88-4 Origene  MSCV-N-mNG-IRES-PURO 

DYNLT1 Dynein light chain Tctex-type 1 P63172 cDNA - RPE1 
Tb927.10.10320 

pgLAP1NEO 

DYNLT3 Dynein light chain Tctex-type 3 P51808 cDNA - RPE1 pgLAP1NEO 

MmGsk3b Glycogen synthase kinase-3 beta, GSK-3 beta Q9WV60 Origene Tb927.10.13780 MSCV-N-mNG-IRES-PURO 

MmIft20 Intraflagellar transport protein 20 homolog Q61025 Greg Pazour  MSCV-N-mNG-IRES-PURO 

IFT43 Intraflagellar transport protein 43 homolog Q96FT9 Greg Pazour  MSCV-N-mNG-IRES-PURO 

IFT74 Intraflagellar transport protein 74 homolog Q96LB3 Lukas Cajanek  pGFT1.1 IFT74 

MmKif7 Kinesin-like protein KIF7 B7ZNG0 Origene  MSCV-N-mNG-IRES-PURO 

KIF17 Kinesin-like protein KIF17 Q9P2E2 cDNA - RPE1  MSCV-N-mNG-IRES-PURO 

MmKif19 Kinesin-like protein KIF19 Q99PT9 Origene  MSCV-N-mNG-IRES-PURO 

MmEB1 End-binding protein 1 Q61166 Pavel Draber  MSCV-N-mNG-IRES-PURO 

ClEB End-binding protein 1 F6Y5Z5 
cDNA - 
MDCKII 

 
MSCV-N-Flag-HA-mNG-

IRES-PURO 

MmEB3 End-binding protein 3 Q6PER3 Origene  MSCV-N-mNG-IRES-PURO 
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MmSsna1 Sjoegren syndrome nuclear autoantigen 1 Q9JJ94 cDNA - IMCD3 Tb927.10.14110 
MSCV-N-Flag-HA-mNG-

IRES-PURO 

TPPP Tubulin polymerization-promoting protein O94811 Genewiz 

Tb927.4.2740 

pgLAP1NEO TPPP 

TPPP2 Tubulin polymerization-promoting protein 2 P59282 Genewiz pgLAP1NEO TPPP2 

TPPP3 Tubulin polymerization-promoting protein 3 Q9BW30 Genewiz pgLAP1NEO TPPP3 

MmUbxn10 UBX domain-containing protein 10 Q8BG34 Origene  pGFT1 

MmUlk4 Unc-51-like kinase 4 Q3V129 Origene Tb927.11.8150 MSCV-N-mNG-IRES-PURO 

MmWdr27 WD repeat-containing protein 27 Q8C5V5 Origene Tb927.6.3450 MSCV-N-mNG-IRES-PURO 

ZC2HC1A Zinc finger C2HC domain-containing protein 1A Q96GY0 GenScript 

Tb927.7.7030 

MSCV-N-mNG-IRES-PURO 

ZC2HC1B Zinc finger C2HC domain-containing protein 1B Q5TFG8 GenScript MSCV-N-mNG-IRES-PURO 

ZC2HC1C Zinc finger C2HC domain-containing protein 1C Q53FD0 cDNA - RPE1 MSCV-N-mNG-IRES-PURO 

MmZc2hc1c Zinc finger C2HC domain-containing protein 1C Q8CCG1 cDNA - IMCD3 MSCV-N-mNG-IRES-PURO 

ZNF474 Zinc finger protein 474 Q6S9Z5 cDNA - RPE1 MSCV-N-mNG-IRES-PURO 
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Figure 6. Schematic map of the plasmid pMSCV-N-Flag-HA-mNG-IRES-PURO. Gateway 

expression plasmid with labeled elements. The blue part of the backbone recombines during the 

DŀǘŜǿŀȅ [w ǊŜŀŎǘƛƻƴΦ !ōōǊŜǾƛŀǘƛƻƴǎΥ рΩκоΩ [¢w ς ƭƻƴƎ ǘŜǊƳƛƴŀƭ ǊŜǇŜŀǘǎΣ a9{± ʌ - packaging signal, 

gag ς precursor structural protein, attR1/2 ς Gateway recombinase recognition sites, CmR ς 

chloramphenicol acetyltransferase, IRES ς internal ribosome entry site, PuroR ς puromycin N-

acetyltransferase, ORI ς origin of replication, AmpR+promoter ς ̡ -lactamase (ampicillin resistance 

gene). Map generated using Snapgene 6.02. 

 

Modification of expression plasmids 

Plasmids for expression of proteins of interest in mammalian cells were generated by 

plasmids using restriction endonucleases and standard molecular biology techniques. The 

N-terminal EGFP-tag in plasmid pgLAP1_NEO (EGFP-TEV-site-Stag; a gift from L. Cajanek, 

Brno, Czech Republic) was exchanged for mNeonGreen (mNG; Allele Biotechnology and 

Pharmaceuticals) to create the plasmid pGFT1-mNG (mNG-TEV site-Stag). Subsequently, 

the TEV site and S-tag were removed to create the plasmid pGFT1.1-mNG (mNG). For 

transient transfections and expansion microscopy, Flag and HA tags were introduced in 

front of the mNG to create pGFT1.2-FHmNG (Flag, HA, mNG). Similarly, plasmid pMSCV-N-
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Flag-HA-IRES-PURO (a gift from W. Harper; Addgene plasmid #41033) was modified, and 

several versions were generated (Table 2, Figure 6). 

 

Table 2. List of the mammalian expression plasmids used in this study. 

Plasmid name N-terminal tags source 

pgLAP1_NEO 
EGFP, TEV-site, S-
tag 

Lukas Cajanek 

pGFT1-mNG 
mNG, TEV-site, S-
tag 

generated in 
this study 

pGFT1.1-mNG mNG 
generated in 
this study 

pGFT1.2-FHmNG Flag, HA, mNG 
generated in 
this study 

pMSCV-N-Flag-HA-IRES-PURO Flag, HA 
Addgene 
#41033 

pMSCV-N-mNG-IRES-PURO mNG 
generated in 
this study 

pMSCV-N-Flag-HA-mNG-IRES-
PURO 

Flag, HA, mNG 
generated in 
this study 

pMSCV-N-Flag-HA-Halo-PURO Flag, HA, HaloTag 
generated in 
this study 

pMSCV-N-mCherry-IRES-PURO  mCherry 
generated in 
this study 

pMSCV-N-mKate2-IRES-PURO  mKate2 
generated in 
this study 

 

Cell lines and cultivation 

All mammalian cell lines were cultivated in a humidified incubator at 37°C and 5% CO2. If 

ƴƻǘ ǎǘŀǘŜŘ ƻǘƘŜǊǿƛǎŜΣ ŎŜƭƭǎ ǿŜǊŜ ƎǊƻǿƴ ƛƴ 5ǳƭōŜŎŎƻΩǎ aƻŘƛŦƛŜŘ 9ŀƎƭŜ Medium (DMEM; 

Sigma-Aldrich, D6429) supplemented with 10% Fetal Bovine Serum (FBS; Gibco, 10270106) 

and antibiotics (pen/strep; 100 U/ml of penicillin (BB Pharma) and 100 µg/ml of 

streptomycin (Sigma-Aldrich, S9137)). All cell lines were tested for mycoplasma 

contamination by PCR assay based on the published protocol (Uphoff and Drexler, 2011). 

The list of used cell lines is summarized in Table 3. The authenticity of hTERT-RPE1 cells 

(sometimes referred to as WT ς wild type) used in most of our experiments was verified by 

commercial STR profiling (Baria). 

https://www.addgene.org/41033/
https://www.addgene.org/41033/
https://www.addgene.org/41033/
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Generation of stable cell lines 

The detailed protocols for generating the stable cell lines were published (Binó et al., 2022). 

Briefly, the stable cell lines were generated using two approaches. The first approach 

employed the Flp-In T-REx system (Invitrogen). The hTERT-RPE1 Flp-In T-REx cells were 

cultivated in Ø6 cm tissue culture dishes until they reached 60% confluence. Then, cells 

were co-transfected with an expression plasmid and recombinase expression plasmid using 

Lipofectamine LTX reagent (Invitrogen, 15338100). Two days post-transfection, cells were 

selected with 25 µg/ml of blasticidin (InvivoGen, ant-bl-1) and 500 µg/ml G418 (InvivoGen, 

ant-gn-5) for 10-14 days until distinct colonies of transfectants appeared. 

 

Table 3. List of the used cell lines. 

 

The second approach employed the amphotropic murine stem cell virus (MSCV) based 

retroviral transductions (Swift et al., 1999). First, the pMSCV was transfected to the 

Phoenix-Ampho packaging cells using polyethyleneimine (Polysciences, 23966-2). 72 h 

post-transfection, the supernatant containing viral particles was collected, filtered and 

used immediately or stored at -80°C. Target cells grown in a 6-well plate (50% confluence 

at the time of transfection) were transduced using viral supernatant by centrifugation (45 

min, 1 200 x g) in the presence of 8 µg/ml of polybrene (Sigma-Aldrich, TR-1003). On the 

cell line name specification source 

hTERT-RPE1 
Human telomerase reverse 
transcriptase immortalized ς human 
retinal pigment epithelial 1 cells 

David Stanek, Institute of 
Molecular Genetics, Prague, 
Czech Republic 

hTERT-RPE1 
Flp-In T-REx 

hTERT-RPE1 with genome integrated 
Flipase Recognition Target site, 
expressing tetracycline repressor 

Lukas Cajanek, Masaryk 
University, Brno, Czech 
Republic 

IMCD3 
Mouse inner medullary collecting 
duct cells 

Gert Jansen, Erasmus 
University Medical Center, 
Rotterdam, Netherlands 

MDCKII Madin-Darby canine kidney cells II 
Gaia Pigino, Human 
Technopole, Milan, Italy 

Phoenix 
Ampho 

HEK293-derived 2nd gen of 
amphotropic packaging cells 

Tomas Brdicka, Institute of 
Molecular Genetics, Prague, 
Czech Republic 
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following day, transduced target cells were selected with puromycin (InvivoGen, ant-pr-1). 

hTERT-RPE1 cells were selected with 5 µg/ml for 72 h, MDCKII cells with 2 µg/ml for 36 h. 

In cases of a low number of positive cells or generation of double-tagged (two different 

fluorescently tagged proteins, for instance hTERT-RPE1 mNG-IFT74 and mKate2-ZNF1C) cell 

lines, cells we sorted for the presence of a fluorescent signal at the in-house Flow 

Cytometry Core Facility. Briefly, a cell culture was trypsinized and centrifuged (5 min, 220 

x g). Next, the supernatant was discarded, and the cell pellet was resuspended in DMEM 

supplemented with 2% FBS and pen/strep. Finally, desired cell population was bulk sorted 

to a 6-well plate with DMEM with 10% FBS and pen/strep using BD Influx Cell Sorter (BD 

Biosciences). 

Ependymal cell culture 

The primary culture of mouse ependymal cells was established as described previously 

(Delgehyr et al., 2015). Briefly, the brain of a P1 mouse (C57BI/6J) was dissected. Isolated 

lateral ventricles were cut into pieces, small enough to pass through a 1 ml pipette tip, and 

incubated in papain-based (20 U/brain; Sigma-Aldrich, P3125) enzymatic digestion solution 

for 45 min at 37°C. Digested tissue was mechanically dissociated by pipetting up-and-down 

several times. Next, cells were inoculated into poly-L-lysine (PLL, 40 µg/ml; Sigma-Aldrich, 

P1524) coated flasks (1 brain per 25 cm2 flask). Flasks of the confluent cell culture were 

tightly sealed by parafilm and shook overnight at 250 rpm at room temperature. 

Finally, cells were trypsinized and seeded at high densities into a PLL coated 8-well 

microscopy chamber (Ibidi, 80807) for immunofluorescence experiment, onto a PLL coated 

Ø12 mm microscopy coverslip (Marienfeld, 117520) placed in a 24-well plate for expansion 

microscopy, or into a PLL coated 6-well plate for peel off experiments. 

The plasmid pGFT1.2-FHmNG containing a CDS of a protein of interest resulting in 

production of its N terminal Flag-HA-mNG-tagged variant was transfected to the seeded 

ŎŜƭƭǎ ǳǎƛƴƎ [ƛǇƻŦŜŎǘŀƳƛƴŜ оллл όLƴǾƛǘǊƻƎŜƴΣ [олллллмύ ŦƻƭƭƻǿƛƴƎ ǘƘŜ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ 

instructions. The following day, the cells were washed twice with DMEM (Gibco, 31966021) 

supplemented with 10% FBS and pen/strep and incubated overnight. The cells were then 

washed with PBS and incubated in the serum-free DMEM with pen/strep for 8 - 14 days to 

induce differentiation and ciliogenesis. The medium was changed every 3 days. 
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Imaging of the mammalian cell cultures 

Immunofluorescence staining 

All immunofluorescence staining experiments were performed according to the following 

protocol, with minor changes specified where applicable. Stable cell lines were seeded onto 

a round Ø12 mm coverslip in a 24-well plate and grown until they were confluent (the 

MDCKII cells were grown for 12 days to reach high density). Thereafter, the cells were 

ǿŀǎƘŜŘ ǿƛǘƘ 5a9a ŀƴŘ ΨǎǘŀǊǾŜŘΩ- incubated in DMEM without supplements for 24 - 48 h 

to induce ciliogenesis. Additionally, the transgene expression in hTERT-RPE1 Flp-In T-REx 

cells was induced with doxycycline (Sigma-Aldrich, D9891), final conc. of 10 ng/ml at the 

beginning of the starvation. 

The following steps were carried out at room temperature. First, cells were washed twice 

with phosphate-buffered saline (PBS). Next, the cells were fixed with 4% formaldehyde 

(Sigma-Aldrich, F8775) in PBS for 10 min, followed by a PBS wash. The cells were 

permeabilized with 0.5% Triton X-100 (Roth, R30512) in PBS for 5 min. Next, the cells were 

washed with PBS and transferred to a dark, humidified chamber (rest of the protocol was 

performed in the chamber). The cells were blocked with a blocking buffer consisting of 2% 

bovine serum albumin (BSA; Roth, 8076) and 0.1% Triton X-100 in PBS for at least 15 min. 

The cells were washed with PBS and incubated in primary antibodies diluted in blocking 

buffer (Table 4) for 60 min. After incubation, the cells were thoroughly washed with PBS 

and incubated with secondary antibodies diluted in blocking buffer for 30 min (Table 4). 

The cŜƭƭǎ ǿŜǊŜ ǿŀǎƘŜŘ ǿƛǘƘ t.{ ŀƴŘ ǘƘŜƴ ƛƴŎǳōŀǘŜŘ ŦƻǊ р Ƴƛƴ ǿƛǘƘ п Σс-diamidino-2-

ǇƘŜƴȅƭƛƴŘƻƭŜ м ˃Ǝκml (DAPI; Sigma-Aldrich, D9542) for 5 min. Finally, the cells were 

thoroughly washed with PBS, excessive water was aspirated, and the coverslip with the 

cells was mounted on a glass slide using ProLong Glass Antifade Mountant (Invitrogen, 

P36982). Mounted samples were incubated overnight at room temperature and then 

stored at 4°C in the dark until imaging. In the case of specimens in an 8-well chamber, cells 

were mounted in 90% glycerol with antifading agent 1, 4-diazobicyclo-(2,2,2)-octane 

(DABCO; provided by Light Microscopy core facility at the Institute of Molecular Genetics). 
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Specimens were imaged using Leica TCS SP8 confocal laser scanning microscope equipped 

with an HC PL apochromatic ×63/1.40 oil objective. Sequential scanning and a combination 

of hybrid and photomultiplier detectors were used. 

 

Table 4. List of primary and secondary antibodies. 

 

Live-cell imaging 

Live cells were imaged in 8-well chambers or glass-bottom dishes (Cellvis, D35-20-1.5-N). 

Cells were washed with FluoroBrite DMEM (Gibco, A1896701), preheated to 37°C, and 

incubated in this medium throughout the whole imaging process. For the short-term 

imaging, Leica TCS SP8 was used without environmental control module as described above 

(see chapter Immunofluorescence staining; Kiesel et al., 2020). 

IF screening ς Primary antibodies source catalog No. manufacturer dilution 

anti-CEP164 (E-9) mouse sc-515403 
Santa Cruz 
Biotechnology 

1:200 

anti-ARL13b rabbit 17711-1-AP Proteintech 1:1000 

IF screening ς Secondary antibodies 

Alexa Fluor 555 anti-Mouse IgG goat A21422 Invitrogen 1:1000 

Cyanine5 anti-Rabbit IgG goat A10523 Invitrogen 1:1000 

IF siRNA samples ς Primary antibodies 

anti-ŀŎŜǘȅƭŀǘŜŘ ʰ-tubulin (C3B9) mouse hybridoma 
(Woods et al., 
1989) 

1:50 

anti-ARL13b rabbit 17711-1-AP Proteintech 1:1000 

IF siRNA samples ς Secondary antibodies 

Alexa Fluor 647 anti-Mouse IgG goat A21235 Invitrogen 1:1000 

Alexa Fluor 488 anti-Rabbit IgG goat A11008 Invitrogen 1:1000 

Alexa Fluor 555 anti-Rabbit IgG goat A21428 Invitrogen 1:1000 

ExM ς Mammalian cells and T. brucei cells ς Primary antibodies 

anti-acetylated h -tubulin (C3B9) mouse hybridoma 
(Woods et al., 
1989) 

1:10 

anti HA-Tag (C29F4) rabbit 3724S 
Cell Signaling 
Technology 

1:500 

ExM ς Mammalian cells and T. brucei cells ς Secondary antibodies 

Alexa Fluor 488 anti-Mouse IgG goat A11001 Invitrogen 1:500 

Alexa Fluor 555 anti-Rabbit IgG goat A21428 Invitrogen 1:500 
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To visualize the movement of IFT trains, variable-angle epifluorescence microscopy (VAEM) 

was used. Cells were imaged using an inverted widefield microscope Nikon Eclipse Ti-E 

equipped with a motorized XY stage, H-TIRF module, Perfect Focus System, Nikon CFI Apo 

TIRF x60/1.40 oil objective, and an EM CCD Andor iXon Ultra DU888 camera (Andor 

Technologies). Humidity, 37°C, and 5% CO2 were maintained by the module for 

environmental control (Okolab). 

Measurement of the velocity of IFT trains was calculated as described previously (Binó et 

al., 2022). 

Expansion microscopy 

Expansion microscopy of mammalian cells 

The specimen preparation was based on the U-ExM protocol (Gambarotto et al., 2019) with 

a few modifications. Briefly, cells grown on a round Ø12 mm coverslip were fixed overnight 

in 4% formaldehyde and 4% acrylamide (Sigma-Aldrich, A8887) in PBS at room 

temperature. 

For gelation, the cells were incubated for 30 min at 37°C in a humidified incubator in 50 µl 

of monomer solution containing 19% sodium acrylate (Sigma-Aldrich, 408220), 10% 

acrylamide, 0.1% N, bΩ-methylenebisacrylamide (Sigma-!ƭŘǊƛŎƘΣ aтнрсύΣ лΦр҈ bΣ bΣ bΩΣ bΩ-

tetramethylethylenediamine (Sigma-Aldrich, T9281) and 0.5% ammonium persulfate 

(Thermo Scientific, 17874). After 60 min denaturation at 95°C in denaturation buffer 

composed of 50 mM Tris (Sigma-Aldrich, T1503), 200 mM NaCl (Lachner 30093-AP0), and 

200 mM sodium dodecyl sulfate (Roth, 8029.3) in ddH2O (pH 9.0). Expansion of the gel was 

done by incubation in ultrapure water, 1x1 cm piece of the gel was cut and incubated 

overnight with primary antibodies (Table 4) diluted in blocking buffer (2% BSA and 0.02% 

sodium azide in PBS). After 3 x 20 min washes with ultrapure water, the gel was stained 

overnight with secondary antibodies (Table 4) diluted in blocking buffer. 

Finally, the piece of gel was washed 3 x 20 min and stored in ultrapure water until imaging. 

The expanded gel was placed on a PLL-coated glass-bottom dish. Specimens were imaged 

using a Leica TCS SP8 confocal microscope using an HC PL apochromatic ×63/1.40 oil 

objective. A fluorescence signal was detected using a combination of photomultiplier and 

hybrid detectors. Z-stacks were deconvolved with Huygens Professional v. 21.04 using 
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deconvolution express mode (Scientific Volume Imaging, The Netherlands, http://svi.nl). 

Final 3D visualisation was rendered in Imaris viewer 9.7.2 (Bitplane). Selected confocal 

planes were processed using Fiji (Schindelin et al., 2012). 

Expansion microscopy of kinetoplastid parasites 

The detailed protocol was published in (Gorilak et al., 2021). Briefly, kinetoplastid cells 

(procyclic Trypanosoma brucei brucei of SmOXP927 background and Leishmania major) 

were fixed either in solution or on a coverslip by overnight incubation in a solution 

containing 4% formaldehyde and 4% acrylamide. The gelation was performed in the same 

way as for mammalian cells. Samples were denatured at 95°C for 1.5 h in a denaturation 

solution consisting of 50 mM Tris pH 9.0, 200 mM NaCl, and 200 mM sodium dodecyl 

sulfate in ddH2O. Gels were expanded by 3 x 20 min incubation in an ultrapure H2O. The 1 

x 1 cm gel was cut out and stained with primary and secondary antibodies (Table 4; Gorilak 

et al., 2021). To stain for DNA, selected samples were also incubated with мл ˃Ǝ/ml Hoechst 

33342 (Thermo Scientific, 62249) in PBS while rocking. Finally, the gels were washed 5 × 15 

min with 4 ml of ultrapure water. Imaging was performed in the same way as for expanded 

mammalian cells. 

 

siRNA-mediated knockdowns 

Each knockdown experiment included two rounds of siRNA-mediated transfection (reverse 

and forward). Controls for each experimental sample included: untreated cells, blank-

transfected cells and cells transfected with non-targeting siRNA oligonucleotides 

(Dharmacon).  

Round Ø12 mm coverslips were placed in the 24-well plate. The siRNAs ON-TARGETplus 

Human ZC2HC1C (79696) siRNA - SMARTpool (Dharmacon, L-031970-02-0005) diluted to 

the final concentration of 10 nM in the Opti-MEM medium (Gibco, 31985062). Next, the 

Lipofectamine RNAiMAX transfection reagent (Invitrogen, 13778100) was added to the 

mixture, transferred onto a coverslip, and incubated for 20 min at room temperature. The 

suspension of hTERT-RPE1 cells (DMEM + 10% FBS) was transferred to the well and 

incubated overnight. The next day, the cells were washed and transfected with the same 

siRNA/Lipofectamine reagent mixture. Following overnight incubation, the cells were 

http://svi.nl/
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incubated in a serum-free DMEM medium to induce ciliogenesis. On the following day, the 

cells were fixed and immunostained (see chapter Immunofluorescence staining and Table 

4) and imaged. The images were analyzed using Fiji (Schindelin et al., 2012). Cilia length 

was measured based on the signal of anti-ARL13B antibody. 

 

Peel off procedure 

Round Ø12 mm coverslips were first washed in 2M NaOH. Next, they were glow-discharged 

for 60 s, at 15 mA (Leica ACE 600) and immediately transferred to a 24-well plate with 500 

µl of PLL solution (40 µg/ml) and incubated there for 1 h. Afterward, the PLL solution was 

aspirated, and the coverslips were air-dried. Treated coverslips were used immediately or 

stored at 4°C for up to 10 days. 

Differentiated primary cultures of ependymal cells grown in 6-well or 12-well plates were 

washed 3x with PBS. Following the last wash, most of the PBS was aspirated with only a 

thin layer left. Next, the coated coverslip was carefully laid onto the apical surface of the 

cell culture, and a weight of 17 g was placed on the top of the coverslip for 60 s. 

Subsequently, the weight was removed, and while supporting the coverslip from one side, 

it was lifted from the other side with tweezers. Finally, the coverslip was transferred to the 

proper fixation solution depending on the following staining method (see chapters 

Immunofluorescence staining and Expansion microscopy). 

 

HaloTag pull-down 

The hTERT-RPE1 cell lines expressing transgenic HaloTag-fusion proteins were grown on 

three Ø15 cm tissue culture dishes until they reached at least 80% confluence and were 

subsequently starved for 24 h. The starved cells were washed with 4°C PBS and collected 

using a cell scraper into 50 ml conical tubes. The cells were centrifuged at 2 000 x g for 8 

min in a pre-cooled centrifuge (4°). The cell pellets were frozen at -80°C for a minimum of 

30 min. 

The HaloLink ǊŜǎƛƴ όtǊƻƳŜƎŀΣ Dснтлύ ǿŀǎ ǳǎŜŘ ŦƻƭƭƻǿƛƴƎ ǘƘŜ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƛƴǎǘǊǳŎǘƛƻƴǎΦ 

Briefly, the 200 µl of resin per cell line were equilibrated in a wash buffer consisting of 150 
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mM NaCl, 100 mM Tris HCl pH 7.5, and Igepal CA-630 (Sigma-Aldrich, T1503) in ddH2O. 

Next, a thawed cell pellet was resuspended in 900 µl of lysis buffer consisting of 150 mM 

NaCl, 50 mM Tris HCl pH 7.5, 1% Triton X-100, and 0.1% sodium deoxycholate (Sigma-

Aldrich, D6750). The lysis buffer was supplemented with a 1x protease inhibitor cocktail 

(Promega, G6521) and 10 µg/ml Dnase I (Roche, 10104159001). After a 10 incubation, the 

cell lysate was homogenized in a 2 ml glass douncer (30 strokes on ice). The lysate was 

cleared by a 5 min centrifugation at 14 000 x g and 4°C. Next, the clarified lysate was diluted 

with a TBS buffer (150 mM NaCl and 100 mM Tris HCl pH 7.5) and incubated with a pre-

equilibrated resin on a tube rotator for 1 h at 4°C. Following the incubation, the resin 

underwent a series of centrifugation wash steps (4x with wash buffer, 4x with TBS buffer). 

Following the last wash, the supernatant was discarded, and the pelleted resin with bound 

proteins was stored at -80°C. 

Finally, the liquid chromatography/mass spectrometry analysis of the samples was 

performed in the Laboratory of Mass Spectrometry at Biocev research center (Faculty of 

Science, Charles University). Briefly, samples were cleaved on beads with 1 µg of trypsin at 

37°C overnight. Samples were analyzed using Thermo Orbitrap Fusion (Thermo, Q-OT-qIT). 

All data were analyzed and quantified with the MaxQuant software (version 1.6.10.43; Cox 

et al., 2014). 
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wŜǎǳƭǘǎ 

Identification of novel ciliary tip proteins 

Identification of candidate proteins 

The first aim of this thesis was to identify novel proteins localizing to the tip of the primary 

cilium of mammalian cells. Candidate cilium tip proteins were identified as orthologs of 

flagellum tip-localizing proteins of the protozoan Trypanosoma brucei, the first flagellated 

organism with a completed whole genome localization project - TrypTag (Dean et al., 2017). 

The trypanosome flagellum tip-localizing proteins were identified by TrypTag and their 

localization subsequently validated in the Laboratory of Cell Motility by Mgr. Hana Vachova 

as part of her doctoral thesis project. The mammalian orthologs of the validated T. brucei 

flagellum tip proteins were identified via an evolutionary analysis performed by our 

collaborators in the laboratory of Dr. Bill Wickstead (University of Nottingham, UK), based 

on the combination of reciprocal best blast hits and searching for orthogroups. 

Setting up a screening pipeline 

The hTERT-immortalized human retinal pigment epithelial cell line (hTERT-RPE1) was 

selected as the model system for several reasons. First, it is a non-cancerous immortalized 

cell line that readily forms the PC upon 24-hour serum starvation (Tucker et al., 1979). 

Second, it offers an advantage for imaging, unlike most cell lines commonly used to study 

cilia biology, hTERT-RPE1 cells form cilia close to the substrate and approximately parallel 

to the imaging plane. Hence, almost the entire cilium is in a single focal plane, which 

facilitates imaging of rapid events, such as IFT. Finally, like in many other cell types, the 

cilium of RPE1 cells is not essential for cell viability, which facilitates functional studies. 

Initially, multiple commercial antibodies to native proteins were tested. However, they 

were often not functional, in particular against previously not well characterized proteins. 

Hence, to enable an effective screening of proteins for their subcellular localization with a 

particular focus on cilia, a screening pipeline based on expressing tagged candidate 

proteins was established. 
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The pipeline consisted of the following steps: 

1/ Cloning of the coding DNA sequence (CDS). CDSs of genes of interest were acquired from 

various sources (Table 1). Due to the high degree of evolutionary conservation, either 

murine or human CDSs were chosen based on practical reasons such as the availability of 

plasmids, primers, and cDNA. In some cases, both human and murine CDSs were cloned 

and expressed, resulting in identical/highly-similar localization patterns. 

In the case of using cDNA as a substrate, the cloning of the low abundant transcripts was 

optimized by subcloning the PCR products in the pBluescript plasmid and subsequent blue-

white selection (see chapter CDS cloning). To make the whole cloning process time- and 

cost-effective, all plasmids were adapted to the highly efficient Gateway cloning system 

(Hartley et al., 2000). All CDSs were initially cloned in the Gateway entry plasmid 

pDONR221, from which CDSs can be readily inserted in any Gateway expression plasmid. 

2/ Generation of stable cell lines. Due to a relatively low transfection efficiency of hTERT-

RPE1 cells and the necessity to starve them in order to form cilia, generation of cell lines 

capable of stable expression of candidate proteins with reporter tags rather than their 

transient expression was selected. Two systems for generating stable cell lines were tested: 

Flp-In T-REx system and retroviral transductions (Swift et al., 1999). Individual properties, 

including detailed protocols for using both systems, were described in (Binó et al., 2022). 

 i/ Flp-In T-REx system allows generation of stable mammalian cell lines capable of a 

tetracycline-inducible expression from a specific genomic locus. This system requires a 

specially modified hTERT-RPE1 cell line containing genome-integrated flippase recognition 

target site (FRT) and expressing tetracycline repressor. The pgLAP1_NEO plasmid with the 

N-terminal EGFP fusion tag was initially used (Pejskova et al., 2020). To enhance the 

fluorescent signal intensity, the EGFP tag was exchanged for a superior mNeonGreen tag 

(Shaner et al., 2013), resulting in the plasmid pGFT1.1-mNG. In general, it was possible to 

generate transgenic cell lines using the Flp-In T-REx system; however, the procedure was 

not very reliable, as cell lines without a detectable expression of a fluorescent protein were 

frequently selected. Moreover, the procedure was lengthy, lasting 3-4 weeks. Therefore, 

the murine stem cell virus (MSCV)-based retroviral transductions were established, which 

reduced stable cell line generation time to approximately 10 days. Additionally, MSCV-
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based retroviral transductions are much more versatile as they do not require a specifically 

modified cell line. 

 ii/  MSCV-based retroviral transductions. The pMSCV-N-Flag-HA-IRES-PURO plasmid 

(Sowa et al., 2009) was used to establish the retroviral transductions. In addition, a set of 

modified plasmids was generated, enabling tagging with various tags for specific 

experiments: Flag-HA-mNG for immunofluorescence staining, live-cell imaging, and 

expansion microscopy; red fluorescent fusion proteins mCherry and mKate2 for generation 

of reporter cell lines for live-cell imaging; and Flag-HA-Halo including small epitope tags and 

the self-labeling HaloTag for live-cell imaging and pull-downs, respectively. 

Generated stable cell lines were subsequently selected with the respective antibiotics to 

enrich for successfully transfected/transduced cells. In some cases, cells were also sorted 

based on the fluorescent signal to enrich for the desired population. Particularly in the case 

of the retroviral transductions, a heterogeneous fluorescent signal intensity within 

individual cell lines was frequently observed. Therefore, bulk cell sorting was preferred over 

single-cell sorting to avoid clonality-based artifacts. 

3/ Immunofluorescence staining. All cell lines were seeded onto microscopy coverslips, 

serum-starved for 24 h, and stained. Two antibodies targeting proteins in distinct ciliary 

structures were used as markers. An antibody targeting small GTPase ARL13B localizing 

exclusively to the ciliary membrane was used to visualize the membrane (Cevik et al., 2010). 

An antibody targeting protein CEP164 was used as a marker of the distal appendages (DAP), 

which form a donut-shaped structure located around the transition zone (Graser et al., 

2007). Additionally, nuclear DNA was stained with the DAPI stain, serving as a control for 

cell culture context (cell density, frequency of ciliated cells, possible damage to the sample). 

Note that in the presented data, the DAPI channel was intentionally omitted not to obscure 

the signal of the ciliary tip candidate protein. 

4/ Imaging. The last step of the pipeline was fluorescent microscopy imaging. The scanning 

confocal microscopy was selected over the classical widefield microscopy as it efficiently 

reduces the background signal from other focal planes. Moreover, sequential scanning 

eliminates the so-called spectral bleed-through emission of individual fluorophores. 
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Subcellular localization ς validation of published data 

Initially, we focused on proteins that had been previously described to localize at the 

mammalian ciliary tip. This served as a control of the experimental setup and for some of 

the less-studied proteins, served as validation of published results. It was also for the first 

time done in a uniform manner, allowing for a direct comparison between the proteins. 

Finally, it led to generation of reagents for downstream experiments. 

Validation of the ciliary tip interaction module 

First, we validated several tip-localizing proteins of an interaction module associated with 

JBTS. 

The protein CEP104 localized at the ciliary tip and in the vicinity of the basal body, possibly 

at the daughter centriole, as described previously (Satish Tammana et al., 2013). In 

addition, a weak, unevenly distributed signal along the axoneme was observed (Figure 7A, 

7B). Moreover, multiple foci of strong CEP104 signal were distributed through the 

cytoplasm. This was not described previously and could be an artifact of overexpression. 

The protein MmCspp1 localized along the axoneme, with signal slightly increasing toward 

the ciliary tip (Figure 7C, 7D). In addition, MmCspp1 also localized to the BB and daughter 

centriole. In some cells with a comparatively higher expression, MmCspp1 also localized 

along the cytoplasmic MTs (Figure 7E), as previously reported (Patzke et al., 2006, 2010). 

ARMC9 had a very weak BB localization and exhibited a dispersed localization in the 

cytoplasm in addition to several cytoplasmic foci (Figure 7F, 7G). 

Validation of the ciliary tip kinesins 

Next, we focused on validating localization of ciliary tip kinesins KIF7, KIF17, and KIF19. 

MmKif7 localized in the cilium exclusively to the CTD (Figure 8A, 8B), in agreement with 

previously published observations (Endoh-Yamagami et al., 2009). In addition, foci of a 

relatively strong signal were observed in the cytoplasm. In rare cases, a dotted-line pattern 

was observed in the cytosol, presumably decorating the cytoplasmic MTs (Figure 8C). A 

similar behavior was recently reported for overexpression of a different MT-binding  

protein CLIP170 (Jijumon et al., 2022). 

KIF17 showed a high degree of accumulation in the CTD in respect to the signal along the 

cilium or in the cytosol. These accumulations appear to coincide with membrane bulges 
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Figure 7. Localization of proteins of the ciliary tip interaction module. (AςG) Maximum 

intensity projections of z-stacks of the immunofluorescently stained hTERT-RPE1 cells. 

Fluorescently tagged proteins are in green/fire, ciliary membrane marker ARL13B in red, and the 

distal appendages protein CEP164 in blue. Scale bars: 5 µm (A, C, F, E) and 1 µm (B, D, G). (E) 

MmCspp1 decorates the cytoplasmic MTs of the cells with its higher expression. 

 

apparent in the ARL13B signal in 90% of the cilia with the mNG-KIF17 signal (Figure 8D, 8E). 

This observation is in agreement with the published localization of overexpressed KIF17 in 

various cell lines, showing accumulations at the PC tip (Dishinger et al., 2010). 
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Figure 8. Localization of the ciliary tip kinesins. (AςH) Maximum intensity projections of z-

stacks of the immunofluorescently stained hTERT-RPE1 cells. Fluorescently tagged proteins are in 

green/fire, ciliary membrane marker ARL13B in red, and the distal appendages protein CEP164 in 

blue. Scale bars: 5 µm (A, C, D, F, G) and 1 µm (B, E, H). (C) MmKif7 displays a thread-like signal in 

the cytoplasm. (D) Dotted rectangles indicate overlapping KIF17 (left, fire) and ARL13B (right, fire) 

signals that do not associate with a cilium. Arrowheads indicate the bulges observed at the tip. (F) 

Representative cell with nuclear localization of KIF17. (G) Note the cilium of a normal length 

(approx. 4 µm) of the cell without MmKif19 expression (arrowhead). 
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Such ciliary membrane bulges were previously associated with the formation of EVs (Nager 

et al., 2017). In this respect, it is interesting to note that dot-like foci with the KIF17 signal 

intensity comparable to the KIF17 intensity in the CTD and also containing the ARL13B but 

not CEP164 signal were observed in our experiment (Figure 8D, 8E). Therefore, these data 

indicate that these may be EVs, the release of which was triggered by KIF17 overexpression; 

such EV release was previously suggested to be a control mechanism of the CTD material 

abundance (Stilling et al., 2022). 

In a fraction of cells, KIF17 also localized to the cell nucleus (Figure 8F). Previously, it was 

demonstrated that the short C-terminal domain of KIF17, which resembles the nuclear 

localization signal, was necessary for ciliary localization (Dishinger et al., 2010). Moreover, 

the same domain mediates interaction with the nuclear import protein importin- 2̡ 

(Dishinger et al., 2010); therefore, the overexpression may cause the KIF17 translocation 

to nucleus. 

The last of the assessed ciliary tip kinesins was MmKif19. This protein was previously shown 

to localize to tips of motile cilia (Niwa et al., 2012) but was not studied in primary cilia. We 

observed, that MmKif19 robustly localized to the CTD of PCs. Moreover, the cilia of cells 

expressing MmKif19 were short, on average 0.93 ± 0.54 µm (mean ± St. Dev., n=20). This 

represents a dramatic shortening when compared to cilia length of the parental cells 4.48 

± 0.98 µm (mean ± St. Dev., n=20). The gradient toward the CTD was discernible in slightly 

longer cilia (Figure 8G, 8H), which is in agreement with the published behavior of kinesin-8 

motor proteins (Varga et al., 2009). Lastly, the MmKif19 signal was present in the cell 

nucleus with a higher signal intensity in nucleoli. 

The immunofluorescence experiments of the overexpressed CTD residing kinesins 

confirmed their published localizations. In addition, our data indicate that overexpression 

of KIF17 might trigger the EV shedding, and MmKif19 overexpression significantly shortens 

PC. 
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Figure 9. Immunofluorescence and live-cell imaging of the End binding proteins 1 and 3. 

(AςD) Maximum intensity projections of z-stacks of the immunofluorescently stained hTERT-RPE1 

cells. Fluorescently tagged proteins MmEB1 and MmEB3 are in green/fire, ciliary membrane 

marker ARL13B in red, and the distal appendages protein CEP164 in blue. Scale bars: 5 µm (A, C) 

and 1 µm (B, D). (E) A single frame of the live-cell imaging of mNG-MmEB1 expressing hTERT-RPE1 

cells and a cumulative projection spanning 120 seconds. Scale bars: 5 µm. (F) 3D reconstruction of 

live-cell imaging of MDCKII cells expressing mNG-MmEB1. (G) 3D reconstruction of live-cell 

imaging of MDCKII cells expressing mNG-ClEB1. 
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Validation of the end-binding proteins 

As we were aware of the high dynamicity of microtubule plus-end-tracking proteins, we 

performed live-cell imaging of MmEB1 and its paralogue MmEB3 (Figure 9E). Both proteins 

formed the well-known comets (Figure 9E) following tubulin polymerization at plus-ends 

of the growing cytosolic MTs (Mimori-Kiyosue et al., 2000), indicating they are functional. 

The ciliary localization patterns of MmEB1 and MmEB3 were highly similar. The signal was 

strongest at the BB and daughter centriole. There was also a weak, uneven signal along the 

axoneme. The signal in the CTD was comparable in its intensity to the signal along the 

axoneme (Figure 9A ς 9D). Hence it appears that there is no preference of EBs for CTD in 

RPE1 cells, but rather they bind to axonemal MTs of PC along its length. 

Such binding preference was consistent with the observation of periodic densities matching 

EB1 structure along the outer surface of axonemal MTs in cryo-tomography 

reconstructions of PC of MDCKII cells performed by our collaborators from the laboratory 

of Dr. G. Pigino (MPI-CBG, Dresden). This prompted us to assess whether EB1 is indeed 

present also in cilia of this cell type. We therefore stably expressed the mouse EB1 protein 

in canine renal MDCKII cells. Subsequent live-cell imaging proved the presence of MmEB1 

along the PC of MDCKII cells (Figure 9F; Kiesel et al., 2020). The axonemal MmEB1 signal 

gradually decreased toward the ciliary tip, likely because of the reduced number of MTs 

(Kiesel et al., 2020). Identical results were subsequently obtained for the fluorescently 

tagged canine EB1 in the MDCKII cells (Figure 9G). 

Validation of the IFT proteins 

The last set of proteins included in the verification analysis were the IFT proteins. We chose 

two IFT-B constituents ς MmIft20, IFT74, and one IFT-A protein, IFT43. The selection of 

these IFT proteins was based on the availability of the cloned CDS. We observed that all of 

them share a similar ciliary localization pattern. They indeed localized mainly to the tip and 

the TZ and also in dots along the axoneme (Figure 10A ς 10F). However, there are also 

differences between the proteins: MmIft20 clearly localized to the Golgi apparatus as 

described previously (Figure 10A; Follit et al., 2006), and  IFT74 frequently accumulated in 

the proximal region (about 1 µm long) of the axoneme (Figure 10F). 
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Figure 10. Figure legend on the next page. 
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Figure 10. Intraflagellar transport constituents share a similar yet discernible 

localization pattern in mammals. (AςH) Maximum intensity projections of z-stacks of the 

immunofluorescently stained hTERT-RPE1 cells. Fluorescently tagged proteins are in green/fire, 

ciliary membrane marker ARL13B in red, and the distal appendages protein CEP164 in blue. Scale 

bars: 5 µm (A, C, E, G) and 1 µm (B, D, F, H). 

 

Finally, we decided to verify a reported CTD localization of a UBX domain-containing 

protein 10 (MmUbxn10), described as an adaptor of anterograde IFT-B particles, with a 

function in ciliogenesis (Raman et al., 2015). UBXN10 indeed localized in the CTD and TZ 

with puncta along the axoneme (Figure 10G, 10H), which is in accordance with the 

published association with IFT particles. Interestingly, UBXN10 was also more prominent in 

the distal part of the axoneme (approximately 1 µm), resembling the localization of the 

IFT74 (Figure 10F, 10H). 

 

Table 5: Summary of the verification of published tip proteins. The presence of a distinct 

signal of the protein in the particular ciliary region is maǊƪŜŘ ŀǎ άмέ ƻƴ ŀ ƎǊŜŜƴ ōŀŎƪƎǊƻǳƴŘ ŀƴŘ ǘƘŜ 

ŀōǎŜƴŎŜ ŀǎ έлέ ƻƴ ŀ ǿƘƛǘŜ ōŀŎƪƎǊƻǳƴŘΦ !ƴ ƻǊŀƴƎŜ ōŀŎƪƎǊƻǳƴŘ ƛƴŘƛŎŀǘŜǎ ǊŀǊŜ ŎŀǎŜǎΦ 

protein BB TZ axoneme CTD EVs nucleus 

ARMC9 0 0 0 0 0 0 

CEP104 0 0 weak foci 1 0 0 

CSPP1 1 0 slight increase toward tip 1 0 0 

KIF7 0 0 0 1 0 0 

KIF17 0 0 0 1 1 rare 

KIF19 0 0 gradient toward tip 1 0 1 

EB1 1 0 weak 1 0 0 

EB3 1 0 weak 1 0 0 

IFT20 0 1 weak foci 1 0 0 

IFT43 weak 1 weak foci 1 0 0 

IFT74 weak 1 weak foci 1 0 0 

UBXN10 weak 1 weak foci 1 0 0 

 

To summarize this part of the project, our results from validation experiments showed that 

although the overexpression causes localization artifacts in some cell lines (for example, 
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CSPP1 and KIF7), the experiments confirmed the tip localization of all selected proteins 

except ARMC9 (Table 5). Hence, we proceeded to the actual candidate protein screening. 

 

Subcellular localization ς screening of the candidate proteins 

In total, 16 CTD candidate proteins were selected, including several cases of paralogous 

proteins (Table 6). 

The Armadillo repeat-containing protein 2 (MmArmc2) is a 95.3 kDa protein containing 12 

tandem Armadillo repeat domains. Mutations in MmArmc2 were associated with human 

and murine sperm malformations (Coutton et al., 2019). Our data showed that MmArmc2 

localized to CTD of all cells. In addition, it localized to the BB and TZ (Figure 11A). There was 

no signal along the axoneme in some cells, while in others, there were several puncta 

(Figure 11B, 11C). Hence the localization pattern of the protein resembles the pattern of 

IFT constituents and adaptor protein UBXN10 (Figure 10H). This is further consistent with 

the fact that its Chlamydomonas reinhardtii ortholog was recently identified as an IFT cargo 

adapter for radial spokes (Lechtreck et al., 2022). Indeed, live-cell imaging data revealed 

the bidirectional movement of MmArmc2 along the axoneme of PC (Figure 11D). 

Paralogous proteins Cytoplasmic linker-associated protein 1 and 2 (MmClasp1, 

MmClasp2), aka CLIP-associating protein 1 and 2 are 169.2 kDa and 140.7 kDa TOG domain-

containing +TIP proteins. It was shown that both proteins interact with EB1 and EB3 

(Mimori-Kiyosue et al., 2005). We observed that none of these proteins localized to the 

cilium. Instead, both proteins had a dispersed cytoplasmic localization and were enriched 

around the BB and in an amorphous structure proximal to the BB (Figure 11E ς 11I). This is 

likely the Golgi apparatus, where both proteins have been reported to localize (Efimov et 

al., 2007). Additionally, CLASP1 was abundant at the edges of the cell, and in cells with a 

higher level of expression, its signal overlapped with cytoplasmic MTs (Figure 11G). 
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Figure 11. Localization of proteins MmArmc2, MmClasp1, MmClasp2. Maximum intensity 

projections of z-stacks of hTERT-RPE1 cells. Signal of fluorescently tagged protein is in green/fire, 

ciliary membrane marker ARL13B detected by a specific antibody in red, the distal appendages 

protein CEP164 detected by a specific antibody in blue. Scale bars: 5 µm (A, E, G, H) and 1 µm (B, 

C, F, I). (D) Kymograph showing behavior of mNG-tagged MmArmc2 in the PC of a hTERT-RPE1 

cell. Horizontal scale bar: 1 µm, vertical scale bar: 5 s. Base of the PC at the time point 0 s is in the 

upper-left corner. 
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Figure 12. Localization of proteins DYNLT1, DYNLT2, MmGsk3b. (A-G) Maximum intensity 

projections of z-stacks of the immunofluorescently stained hTERT-RPE1 cells. Fluorescently tagged 

proteins are in green/fire, ciliary membrane marker ARL13B in red, and the distal appendages 

protein CEP164 in blue. Scale bars: 5 µm (A, C, E) and 1 µm (B, D, F, G). (E) Arrow shows CTD 

without detectable MmGsk3b signal, while arrowheads indicate a weak signal in CTD. 

 

Another CTD localizing candidates were paralogous proteins Dynein light chain Tctex-type 

1 and 3 (DYNLT1, DYNLT3). These 12.4 kDa and 14 kDa proteins are associated with 
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cytoplasmic dynein complexes 1 and 2 (Asante et al., 2014). siRNA-mediated knockdown of 

DYNLT1 causes elongation of PC in hTERT-RPE1 cells (Palmer et al., 2011). Our data show 

that both orthologs localized to the TZ and BB, and some signal can also be seen next to BB 

(possibly daughter centriole; Figure 12A ς 12D). However, no signal was detected either in 

CTD or along the axoneme. 

Glycogen synthase kinase-3 beta (MmGsk3b) is a 46.7 kDa protein. It regulates ciliogenesis 

after mitosis in cultured murine cells (Zhang et al., 2015). Previously, it had been 

demonstrated to localize at the BB and daughter centriole (Zhang et al., 2015). Our 

observations were in agreement with these results (Figure 12E, 12F). Moreover, a faint 

signal was detected in the CTD and along the axoneme in approximately 20% of the cells, 

usually with the higher MmGsk3b expression (Figure 12G). 

Sjoegren syndrome nuclear autoantigen 1 (MmSsna1 aka NA14) is a 13.5 kDa MT-

associated protein. It was previously shown that SSNA1 localizes to BB and a daughter 

centriole in cultured human and murine cells (Pfannenschmid et al., 2003; Lai et al., 2011). 

In addition, SSNA1 was also detected in axonemes of C. reinhardtii and human spermatozoa 

(Pfannenschmid et al., 2003).  We observed several localization patterns of MmSsna1: 

dispersed in cytoplasm, as aggregations in the cytoplasm, and rarely in the cell nucleus 

(Figure 13A, 13C; Lai et al., 2011). However, the MmSsna1 exhibited only a weak BB 

localized signal. No signal was detected within the axoneme or CTD (Figure 13B). 

The Unc-51-like kinase 4 (MmUlk4) is a 145.3 kDa serine/threonine-protein kinase 

localizing to the tip of the new flagellum in T. brucei (Varga et al., 2017). A recent study by 

Mecklenburg and colleagues shows transiently overexpressed MmUlk4 in the axoneme of 

murine 3T3 cells (Mecklenburg et al., 2021). Moreover, using the BioID proximity labeling 

technique in non-ciliated HEK293 cells, ULK4 was shown to interact with CSPP1 and KATNIP 

ς two of the described ciliary tip proteins in mammals (Preuss et al., 2020). We observed 

that in hTERT-RPE1 cells, there was a weak signal in the BBs and a dispersed localization in 

the cytoplasm (Figure 13D), but we never observed a signal in the PC CTD or the axoneme 

(Figure 13E; for further analysis of MmUlk4 localization in motile cilia, see ULK4 localizes 

preferentially to the nascent motile cilia). 
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Figure 13. Localization of proteins MmSsna1, MmUlk4, MmWdr27. (A-G) Maximum 

intensity projections of z-stacks of the immunofluorescently stained hTERT-RPE1 cells. 

Fluorescently tagged proteins are in green/fire, ciliary membrane marker ARL13B in red, and the 

distal appendages protein CEP164 in blue. Scale bars: 5 µm (A, C, D, F) and 1 µm (B, E, G). 

 

WD repeat-containing protein 27 (MmWdr27) had been previously identified as a cilium-

associated protein based on phylogenetic profiling, and its localization to the cilium of 
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cultured human kidney cells was shown using an antibody (Nevers et al., 2017). However, 

we observed only a weak dispersed cytoplasmic signal of MmWdr27 (Figure 13F, 13G). 

 

 

Figure 14. Localization of TPPP protein family members. (A-G) Maximum intensity 

projections of z-stacks of the immunofluorescently stained hTERT-RPE1 cells. Fluorescently tagged 

proteins are in green/fire, ciliary membrane marker ARL13B in red, and the distal appendages 

protein CEP164 in blue. Scale bars: 5 µm (A, C, E) and 1 µm (B, D, F, G). 
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Another set of candidate proteins in our analysis included three Tubulin polymerization-

promoting protein (TPPP) family members ς TPPP (23.6 kDa), TPPP2 (18.5 kDa), and TPPP3 

(18.9 kDa). This family had already been associated with cilia based on the presence of 

genes coding for these proteins exclusively in ciliated organisms (Orosz and Ovádi, 2008). 

We observed that all three members of the family have cytoplasmic localization (Figure 14). 

Localization within the PC varied, TPPP localized to the BB, TZ, unevenly along the axoneme, 

and in the CTD (Figure 14A, 14B). TPPP2 in 80% of the cells localized to the BB and daughter 

centriole, while in the remaining cells, it lacked any cilia-associated localization. As the only 

family member, TPPP2 also exhibited a weak nuclear localization (Figure 14C, 14D). TPPP3 

faintly localized to the BB area. Seldomly, it was also detected along the axoneme and in 

the CTD (Figure 14E ς 14G). 

Mammalian orthologs of Tb927.7.7030, a T. brucei flagellum tip protein with a zinc finger 

domain, are three hitherto uncharacterized Zinc finger C2HC domain-containing proteins 

(ZC2HC1A, ZC2HC1B, ZC2HC1C). Moreover, another putative closely related protein in 

mammals is Zinc finger protein 474 (ZNF474; Zfp474 in mice). We observed that ZC2HC1A 

(35 kDa) localized to BB, daughter centriole, and prominently the axoneme (Figure 15A, 

15B). Protein ZC2HC1B (24.6 kDa) did not have a ciliary localization. Instead, its signal was 

dispersed in the cytoplasm and was slightly concentrated around the BB (Figure 15C, 15D). 

ZC2HC1C (51.6 kDa) exhibited a specific localization pattern in the CTD and a dotted signal 

along the axoneme, a pattern that we have not observed in any other protein in our screen. 

It was not exclusively at the CTD as other CTD localizing proteins (Figure 8). At the same 

time, it also lacked a discernable TZ or BB localization as the IFT proteins (Figure 10). The 

signal around the BB was diffused (Figure 15F). Similarly to KIF17 (Figure 8D), the ARL13B-

coated EV-like structures containing ZC2HC1C were detected (Figure 15E). 

 

Figure 15. Localization of Zinc finger C2HC domain-containing protein family members. 

(A-I) Maximum intensity projections of z-stacks of the immunofluorescently stained hTERT-RPE1 

cells. Fluorescently tagged proteins are in green/fire, ciliary membrane marker ARL13B in red, and 

the distal appendages protein CEP164 in blue. Scale bars: 5 µm (A, C, E, G) and 1 µm (B, D, F, H, I). 

(E) Asterisks indicate overlaping ARL13B and ZC2HC1C signals in yellow, which are not part of a 

cilium. 
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Figure 15. Figure legend on the previous page. 
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The last protein of this set, ZNF474 (40.3 kDa), localized to the cell nucleus with a more 

pronounced signal in the nucleoli (Figure 15G). Two categories of ciliary localization were 

observed, cilia with a distinct BB signal and a weak axonemal signal, and cilia with a weak 

diffused BB signal (Figure 15H, 15I). This differential localization most probably depended 

on the level of ZNF474 expression. 

To summarize, two of the sixteen candidate proteins had a clear CTD localization in all cells 

expressing the transgenes, with additional three proteins observed in the CTD only in rare 

cases. Moreover, another two proteins had TZ localization and one protein localized along 

the whole axoneme (Table 6). 

 

Table 6. Summary of the candidate protein screening. The presence of a distinct signal of the 

ǇǊƻǘŜƛƴ ƛƴ ǘƘŜ ǇŀǊǘƛŎǳƭŀǊ ŎƛƭƛŀǊȅ ǊŜƎƛƻƴ ƛǎ ƳŀǊƪŜŘ ŀǎ άмέ ƻƴ ŀ ƎǊŜŜƴ ōŀŎƪƎǊƻǳƴŘ ŀƴŘ ǘƘŜ ŀōǎŜƴŎŜ ŀǎ 

έлέ ƻƴ ŀ ǿƘƛǘŜ ōŀŎƪƎǊƻǳƴŘΦ !ƴ ƻǊŀƴƎŜ ōŀŎƪƎǊƻǳƴŘ ƛƴŘƛŎŀǘŜǎ ǊŀǊŜ ŎŀǎŜǎΦ 

protein BB TZ axoneme CTD EVs nucleus 

ARMC2 1 1 0 or foci 1 0 0 

CLASP1 1 0 0 0 0 0 

CLASP2 1 0 0 0 0 0 

DYNLT1 1 1 0 0 0 0 

DYNLT3 1 1 0 0 0 0 

GSK3B 1 0 rare, weak rare, weak 0 0 

SSNA1 1 0 0 0 0 rare 

TPPP 1 0 uneven rare 0 0 

TPPP2 1 0 0 0 0 1 

TPPP3 1 0 rare rare 0 0 

ULK4 1 0 0 0 0  

WDR27 0 0 0 0 0 0 

ZC2HC1A 1 0 1 0 0 0 

ZC2HC1B 0 0 0 0 0 0 

ZC2HC1C diffused 0 foci 1 1 0 

ZNF474 1 0 weak 0 0 1 
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Protein ZNF1C as a novel ciliary tip protein 

The ciliary localization screen led to identification of one completely uncharacterized 

protein, ZC2HC1C (from now on, we refer to this protein as ZNF1C), which consistently 

localizes to CTD. Human gene coding for ZNF1C is located on chromosome 14q24.3 and 

consists of 3 exons. Protein ZNF1C contains a single zinc finger C2HC domain (pfam13913) 

in its C-terminal part. Remarkably, its murine orthologue MmZnf1c (59.6 kDa) is longer and 

has an additional zinc finger C2HC domain (Figure 16), which is also the case of T. brucei 

family member (Supplementary data 2). Using locus-specific primers and subsequent 

sequencing, we confirmed that shortening of the human ZNF1C is caused by a nonsense 

mutation, generating a premature stop codon. 

The CDS of ZNF1C was cloned from the cDNA prepared from hTERT-RPE1 RNA, confirming 

the presence of the respective transcript in hTERT-RPE1 cells. Higher expression of ZNF1C 

in tissues with motile cilia supports its functional association with cilia (Supplementary data 

3). 

 

Figure 16. A schematic comparison of the human and murine ZNF1C proteins. Zinc finger 

domain C2HC is indicated in yellow (aa ς amino acids). 

 

ZNF1C is transported by IFT trains 

In addition to the CTD, ZNF1C also localized to foci along the axoneme (Figure 15F). Their 

distribution did not appear to be random. Manual quantitation of positions of the foci along 

the axoneme indeed revealed that they were essentially absent in the proximal third of the 

axoneme and distributed along the remaining two-thirds, with the signal always present in 

the CTD (Figure 17). The average number of foci between TZ and the tip (including) per 

cilium was 4.6 ± 0.89 (mean ± St. Dev., n=33). Distribution analysis only reflects the position 
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of the signal and not its intensity. However, the signal at the tip was typically the strongest 

(85% of the analyzed cilia). 

 

 

Figure 17. Distribution of the ZNF1C signal foci along the axoneme. (A) Representative plot 

profile of the mNG-ZNF1C signal intensity, measured from TZ (0) to the tip of the axoneme (1), 

based on the ARL13B staining in fixed hTERT-RPE1 cells. (B) A histogram of mNG-ZNF1C foci 

distribution along PC of 33 hTERT-RPE1 cells. Asterisks represent bins that foci of signal from the 

plot in (A) belong. 

 

To assess whether the foci of ZNF1C signal were stationary or motile, live-cell imaging using 

confocal microscopy was performed. While most foci along the axoneme were stationary, 

some movement was detected. To enhance the time resolution of imaging, we employed 

variable-angle epifluorescence microscopy (VAEM; Binó et al., 2022). This revealed that the 
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foci of ZNF1C along the axoneme were generally stationary. However, a processive 

movement was observed in both directions, which typically occurred between the 

stationary foci (Figure 18A, 18B). The velocity of this movement was 0.59 ± 0.17 µm/s 

(mean ± St. Dev., n=20 trains) for anterograde transport and 0.54 ± 0.20 µm/s (mean ± St. 

Dev., n=20 trains) for retrograde transport. This is similar to velocities of IFT74, 0.93 ± 0.22 

µm/s (mean ± St. Dev., n=20 trains) for anterograde transport and 0.75 ± 0.20 µm/s (mean 

± St. Dev., n=20 trains) for retrograde transport, suggestive of ZNF1C being transported by 

IFT. 

 

 

Figure 18. Analysis of the ZNF1C behavior along the axoneme. (AςF) Representative 

kymographs from VAEM of cilia of hTERT-RPE1 cells expressing indicated fluorescently-tagged 

proteins (all proteins were mNG-tagged, except the mKate2-ZNF1C in the double-tagged cell line). 

Horizontal scale bar: 1 µm; vertical scale bar: 2 s. (A) Arrowheads indicate stationary signal. (C, D) 

Kymographs of merged and individual channels of mKate-ZNF1C and mNG-IFT74 in the double-

tagged cell line. The arrowhead in (D) indicates a case of a ZNF1C pausing site not identical to an 

IFT pausing site. (E, F) Kymographs of single tagged IFT constituents IFT74 and MmIft20. 

Arrowheads indicate examples of IFT trains pausing before changing direction of movement. 

 

To further validate whether ZNF1C is transported by IFT trains, we generated a double-

tagged hTERT-RPE1 cell line co-expressing mNG-IFT74 and mKate2-ZNF1C. VAEM imaging 
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confirmed co-transport of ZNF1C with IFT trains in both directions along the axoneme 

(Figure 18C, 18D). Intriguingly, while the frequency of moving IFT trains was generally 

higher than of ZNF1C, it was noticeable that a fraction of IFT74 was also stationary in 

positions identical to ZNF1C foci (Figure 18C). While the pausing sites of ZNF1C and IFT74 

were mostly overlapping, sporadic examples of a ZNF1C signal offset were observed (Figure 

18D). 

Moreover, when only videos of single tagged mNG-IFT74 cell line were recorded to increase 

the temporal resolution, it became apparent that IFT74 moving in either direction 

occasionally paused when reaching defined sites along the axoneme. Following such a 

pausing event IFTs typically resumed motility in the opposite direction (Figure 18E). The 

dwell time at the pausing site ranged from approximately 0.5 s (almost immediate turn) to 

2.5 s. Subsequently, we analyzed another IFT constituent, protein MmIft20, and its 

behavior was similar (Figure 18F). 

ZNF1C possibly marks the plus ends of axonemal MTs 

Because it was recently well established that individual axonemal MT singlets and doublets 

terminate at various positions along the axoneme of PC in several cell types (Sun et al., 

2019; Kiesel et al., 2020), and we observed that IFT trains pause at well-defined sites along 

the axoneme, we hypothesized that the pausing sites of IFT trains and the stationary sites 

of protein ZNF1C may correspond to ends of these sub-distally terminating axonemal MTs. 

To discern individual axonemal MTs and determine whether ZNF1C localizes to these sites, 

we attempted to use the super-resolution microscopy technique ς known as Ultra-

Expansion Microscopy (ExM; Gambarotto et al., 2019). The ExM was selected over other 

super-resolution methods as it does not require any highly specialized equipment or 

expensive reagents and enables rapid acquisition of the ciliary volume without extensive 

photobleaching. In addition, we were not aware of any work employing more conventional 

super-resolution approaches, such as SIM or STED, to reliable image individual MTs of the 

PC axoneme. For ExM ciliated hTERT-RPE1 cells expressing HA-tagged ZNF1C were 

cultivated on coverslips, fixed with formaldehyde, and embedded into the acrylamide-

based hydrogel (for details, see Expansion microscopy). Cells were physically expanded 

approximately 4.6x in all dimensions. Unlike in a classical immunofluorescence staining 

with formaldehyde fixation, where the anti-acetylated tubulin antibody (C3B9) stains only 
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axonemal and some cytosolic MTs, in the case of the ExM it in addition visualized BB and 

daughter centriole (Figure 19A), likely due to the expansion facilitating accessibility of the 

epitopes for antibodies, as previously described (Tillberg et al., 2016). Tapering of the 

axoneme toward the tip was clearly visible (Figure 19), which suggests that the axoneme 

of PC in RPE1 cells has a similar structure to those described for IMCD3 and MDCKII cells 

(Sun et al., 2019; Kiesel et al., 2020). 

 

 

Figure 19. ExM of tagged ZNF1C or MmZnf1c expressed in hTERT-RPE1 cells. (A) A 

representative image of the maximum intensity projection of an expanded cilium. The cell 

expressed HA-tagged ZNF1C and was immunostained against acetylated tubulin and HA tag. (B) A 

single focal plane of hTERT-RPE1 PC. The BB and daughter centriole were out of focus. Arrowhead 

indicates the tip of the cilium. (A, B) Scale bars: 5 µm corresponds to the physical size after ExM 

(expansion factor was ~4.6x). 

 

Unfortunately, due to the collapsed circular arrangement of the densely packed axonemal 

MTs of the PC, the ~4.6x isotropic expansion was insufficient to resolve individual MT 

singlets/doublets. The ZNF1C signal was detected mostly in the distal segment of the 



 

79 
 

axoneme, consistent with observations of unexpanded cells. The strongest signal was 

present in the CTD, where we frequently also observed a bulge of acetylated tubulin signal, 

possibly due to EV formation (Figure 19A). Highly similar results were also obtained from 

ExM of hTERT-RPE1 cells expressing MmZnf1c (Figure 19B). 

Although there is an indication that ZNF1C decorates the plus ends of the axonemal MTs, 

ExM did not enable us to discern individual MTs or their ends. In addition, we tried to apply 

a combination of ExM with two-color 3D STED (Stimulated emission depletion) microscopy 

called ExSTED (Gao et al., 2018). However, the provided resolution was not sufficient either 

(data not shown). The solution might be to use correlative light-electron microscopy 

(CLEM) approach. 

ZNF1C associates with known ciliary proteins 

To further characterize ZNF1C, we aimed to identify its interacting proteins. First, ZNF1C 

was fused to the self-labeling HaloTag and stably expressed in hTERT-RPE1 cells using the 

MSCV transduction system. Then, two independent HaloTag-HaloLink resin pull-down 

experiments were performed. Apart from the tested cell line, a sample of the unmodified 

wild-type hTERT-RPE1 cell line was included as a negative control. In addition, hTERT-RPE1 

cells expressing Halo-tagged EB1 were included as a control to filter out generic ciliary 

proteins. To pull-down the protein complexes, cell lysates were incubated with HaloLink 

resin. Material bound to the resin was analyzed by liquid chromatography/mass 

spectrometry (for details, see HaloTag pull-down). The parameters for considering 

identified proteins as ZNF1C interaction candidates were: i/ presence exclusively in ZNF1C 

sample with the intensity above 24 (intensity of protein in sample was normalized by Label-

Free Quantification Algorithm; presented as binary logarithm), ii/  presence in ZNF1C 

sample with the intensity above 24 and more than 10-fold enriched in the ZNF1C sample 

compared to any of the two remaining samples (Table 7). 

Intriguingly, among the top hits was the protein ARMC9, which was previously shown to be 

a constituent of the interaction module associated with the ciliary tip (Latour et al., 2020). 

Another top hit was Cilia and flagella-associated protein 58 (CFAP58) that was shown to 

localize to the BB of mice astrocytes and sperm flagellum. Its knockdowns resulted in 

shorter cilia (Li et al., 2020). In addition, bi-allelic loss-of-function mutations were reported 

to cause asthenoteratozoospermia in humans and mice (He et al., 2020). 
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Intriguingly, several candidate proteins were also identified in the recent large-scale 

analysis of the human protein interactome, including proteins Cullin-7 (CUL7), F-box/WD 

repeat-containing protein 8 (FBXW8), and Stress-70 protein mitochondrial (HSPA9; Huttlin 

et al., 2021). The last-mentioned protein was below the cut-off in our data set ς being 

enriched in ZNF1C/EB1 only 3.94x. 

In addition, in the interactome study ZNF1C was shown to interact with multiple IFT-B 

proteins, namely IFT 22, 46, 52, 57, 74, 81, 88 (Huttlin et al., 2021), in agreement with our 

VAEM observations. However, IFT proteins were not detected in our proteomics data. This 

was presumably caused by the likely transient nature of these interactions and differences 

between the pull-down approaches. 

Interestingly, a large group of mitochondrial ribosome proteins was also detected as 

candidate proteins in our data set. The association of ZNF1C with mitochondrial ribosome 

proteins in the cell is unlikely, as we did not observe localization of ZNF1C to mitochondria. 

Although it cannot be at this point completely excluded, we assume the interaction was 

formed after releasing content of various organelles during cell lysis. 

Here we described in detail the results of one mass-spec experiment; however, discussed 

candidate interactors also appeared in our second experiment, including ARMC9, CFAP58, 

CUL7, and mitochondrial ribosomal proteins. 

As a follow-up project in the Laboratory of Cell Motility, localization of selected candidate 

proteins will be assessed. 

Impact of the ZNF1C knockdown on the cilia length 

We initially obtained coding sequence for ZNF1C from the cDNA originating from hTERT-

RPE1 cells indicating expression of the native ZNF1C in these cells. Therefore, we set out to 

explore the effect of ZNF1C depletion on the cilia of hTERT-RPE1 cells using siRNA-mediated 

knockdowns. The specificity of the siRNA oligos was tested on the cells expressing mNG-

ZNF1C, which resulted in the ablation of the mNG fluorescent signal. We compared the 

cilium length of wild-type hTERT-RPE1 cells and of a negative transfection control to the 

cells with the knockdown of ZNF1C (for details, see siRNA-mediated knockdowns). We 

observed that depletion of ZNF1C resulted in a very mild cilia elongation (Figure 20). 

Although the difference was not statistically significant at the level of p<0.05, a mild 
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increase in the cilia length was observed in each of the three independent replicates of the 

knockdown experiment (Figure 20). The length was measured based on the signal of the 

ciliary membrane marker ARL13B (antibody). This slight elongation might be partly due to 

the increased release of EVs, as the process of the EV budding reshapes the ciliary 

membrane. 

 

 

Figure 20. Effect of ZNF1C depletion on cilia length of hTERT-RPE1 cells. The lengths of 

cilia were measured based on the signal of the anti-ARL13B antibody. The experiment was 

performed in three biological replicates, n = 100 cilia per sample and repetition. Colors represent 

individual experiments. Corresponding color-coded squares show the mean values of the 

individual experiments. Means of pooled data of each replicate are indicated by black bars. P 

values were calculated by a two-tailed unpaired student t-test based on pooled means of the 

individual replicates. 
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Table 7. Mass spectrometry dataset. Intensity of protein in a sample was normalized by Label-Free Quantification Algorithm; presented as binary 

logarithm. As ZNF1C interaction candidates were considered the following proteins: i/ present exclusively in ZNF1C sample and with the intensity above 

24, ii/ present in ZNF1C sample and with the intensity above 24 and being more than 10-fold enriched in the ZNF1C sample compared to any of the two 

remaining samples. Fold change (>10) of the ZNF1C sample to the specified sample. Peptides ς the total number of peptide sequences associated with the 

protein. Unique peptides ς the total number of unique peptides associated with the protein. Coverage ς a percentage of the sequence that is covered by 

the identified peptides of the protein sequence. Molecular weight of a particular protein. 

Uniprot 
ID 

Protein name 
Intensity 

WT 
Intensity 
ZNF1C 

Intensity 
EB1 

Fold 
change 

>10 
Peptides 

Unique 
peptides 

Coverage 
[%] 

Mol. 
weight 
[kDa] 

Proteins unique for the ZNF1C sample 

Q5T655 Cilia- and flagella-associated protein 58 - 30.19 - - 1 1 0.8 103.42 

Q7Z3E5 LisH domain-containing protein ARMC9 - 28.6324 - - 29 29 42.8 91.818 

P02792 Ferritin light chain - 28.3292 - - 9 9 58.3 20.019 

Q96EY7 
Pentatricopeptide repeat domain-containing 
protein 3, mitochondrial 

- 27.0897 - - 21 21 39.3 78.549 

Q93008; 
O00507 

Probable ubiquitin carboxyl-terminal 
hydrolase FAF-X; Probable ubiquitin carboxyl-
terminal hydrolase FAF-Y 

- 26.5995 - - 38 38 18.7 292.28 

Q14999 Cullin-7 - 26.4927 - - 31 28 27.1 191.16 

Q9UJP4 Kelch-like protein 21 - 26.2793 - - 17 17 39.9 66.617 

P82664 28S ribosomal protein S10, mitochondrial - 25.9067 - - 5 5 33.3 22.999 

Q9Y2R9 28S ribosomal protein S7, mitochondrial - 25.877 - - 10 10 47.9 28.134 

Q9UL42 Paraneoplastic antigen Ma2 - 25.5186 - - 12 12 52.5 41.509 

Q9Y3D3 28S ribosomal protein S16, mitochondrial - 25.189 - - 3 3 33.6 15.345 

Q9Y676 28S ribosomal protein S18b, mitochondrial - 25.0874 - - 6 6 41.1 29.395 

Q92665 28S ribosomal protein S31, mitochondrial - 25.0203 - - 11 11 37.5 45.318 
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Q8N3Y1 F-box/WD repeat-containing protein 8 - 24.7541 - - 12 12 28.6 67.393 

P82932 28S ribosomal protein S6, mitochondrial - 24.6906 - - 6 6 45.6 14.226 

Q53H96 Pyrroline-5-carboxylate reductase 3 - 24.6234 - - 9 9 45.3 28.663 

Q9BYN8 28S ribosomal protein S26, mitochondrial - 24.2796 - - 6 6 28.8 24.211 

P63151 
Serine/threonine-protein phosphatase 2A 55 
kDa regulatory subunit B alpha isoform 

- 24.2202 - - 8 8 27.1 51.691 

P82914 28S ribosomal protein S15, mitochondrial - 24.2036 - - 3 3 11.7 29.842 

Q9Y291 28S ribosomal protein S33, mitochondrial - 24.0604 - - 4 4 39.6 12.629 

P82912 28S ribosomal protein S11, mitochondrial - 24.0015 - - 4 4 31.4 20.616 

Proteins in both the ZNF1C and EB1 samples but not in WT sample 
ZNF1C/ 

EB1 
 

Q8CCG1 
Zinc finger C2HC domain-containing protein 
1C 

- 35.289 25.6472 798.8772 32 32 62.4 59.641 

P51398 28S ribosomal protein S29, mitochondrial - 26.7764 19.8292 123.4001 12 12 34.9 45.566 

Q9Y3D9 28S ribosomal protein S23, mitochondrial - 26.5676 19.9549 97.86493 7 7 41.1 21.77 

Q92552 28S ribosomal protein S27, mitochondrial - 26.3868 20.6214 54.39454 17 17 51.4 47.611 

Q9Y2R5 28S ribosomal protein S17, mitochondrial - 25.1903 19.7624 43.04936 5 5 60 14.502 

P82663 28S ribosomal protein S25, mitochondrial - 24.8092 20.5661 18.93719 9 9 56.6 20.116 

Q9BZE1 39S ribosomal protein L37, mitochondrial - 24.0655 19.9286 17.59361 7 7 28.1 48.117 

Proteins in both the ZNF1C and WT samples but not in EB1 sample 
ZNF1C/ 

WT 
 

P82675 28S ribosomal protein S5, mitochondrial 18.2137 26.1015 - 236.8484 11 11 26.7 48.006 

Q99873 Protein arginine N-methyltransferase 1 20.9533 25.5851 - 24.7923 12 12 42.9 42.461 

O60783 28S ribosomal protein S14, mitochondrial 19.7068 24.1231 - 21.35157 3 3 30.5 15.139 

P82933 28S ribosomal protein S9, mitochondrial 21.8737 26.125 - 19.04499 14 14 48.7 45.834 

Q9Y399 28S ribosomal protein S2, mitochondrial 21.1411 25.1902 - 16.55379 5 5 14.5 33.249 

P82650 28S ribosomal protein S22, mitochondrial 23.4958 26.897 - 10.5647 15 15 48.9 41.28 
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Proteins in all samples 
ZNF1C/ 

EB1 
 

P02794 
Ferritin heavy chain;Ferritin heavy chain, N-
terminally processed 

23.5851 29.5874 19.6055 1011.219 10 10 61.7 21.225 

Q92900 Regulator of nonsense transcripts 1 20.7287 25.4713 17.4181 265.62 8 8 10.4 124.34 

P82673 28S ribosomal protein S35, mitochondrial 20.2708 25.4807 18.2164 153.7348 10 10 41.2 36.844 

P82930 28S ribosomal protein S34, mitochondrial 23.021 25.7136 19.7858 60.8772 11 11 63.3 25.65 

Q13162 Peroxiredoxin-4 23.1763 25.6904 21.1714 22.92675 8 7 44.6 30.54 

Q9Y2Q9 28S ribosomal protein S28, mitochondrial 19.811 25.3865 20.9366 21.85498 7 7 46.5 20.843 

P05121 Plasminogen activator inhibitor 1 21.0078 24.1003 19.8463 19.07961 6 6 22.4 45.059 
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Ependymal primary cell culture as a model system to 

study CTDs of mammalian multiciliated cells 

One of the proteins that did not localize to the PC of hTERT-RPE1 cells was ULK4 (Figure 

13D). However, ULK4 knockout in mouse cause among others hydrocephalus, a typical 

ciliopathy phenotype linked to malfunctioning of motile cilia of ependymal cells on the 

surface of brain ventricles (Vogel et al., 2012). This is also consistent with the finding that 

MmUlk4 hypomorph mutant mice have abnormal ependymal cilia lacking the central pair, 

resulting in the compromised cerebrospinal fluid flow, and the high expression of the ULK4 

in the ependymal cells, when compared to other brain tissues (Liu et al., 2016). Therefore, 

a possible reason for ULK4 absence in the PC of hTERT-RPE1 may be its exclusive association 

with motile cilia. The motile cilia are significantly more complex than primary cilia, with 

structures like the central pair not present in the latter (see Mammalian cilia). 

To address this possibility, we aimed to examine the behavior of ULK4 directly in 

multiciliated ependymal cells. For this purpose, we established isolation of radial glial cells 

from the brains of newborn mice pups as previously described by Delgehyr et al. (Delgehyr 

et al., 2015). Isolated cells were propagated and differentiated into the multiciliated 

ependymal culture by serum starvation (from now on, we refer to mouse ependymal cells 

as mEC). Approximately 50% of cells in the cell culture differentiated into mEC. 

Control immunofluorescence experiment performed on a microscopy coverslip resulted in 

distorted cilia due to the mounting procedure when the coverslip is turned onto a glass 

slide. Therefore, to preserve the native upright orientation of the motile cilia, cells were 

seeded in glass-bottom 8-well chambers. The immunofluorescence staining was performed 

directly in the chambers. Finally, cells were covered with a layer of a glycerol-based 

mounting medium (Figure 21A). 

We opted for lipofectamine-based transient transfections as prolonged cultivation, 

antibiotic resistance-based selection, or sorting are limited while working with primary cell 

cultures, especially those that have to be subsequently differentiated at high densities. 

To validate the experimental setup, we transiently expressed Flag-HA-mNG-tagged 

MmCep104 in mEC. Immunofluorescence data demonstrated the expected MmCep104 

localization at the tip of the motile mEC cilia and the signal around the BB, presumably 
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corresponding to the BBs without formed axonemes (Figure 21B). These results 

demonstrate that we successfully established the model system to study localization of 

proteins in mammalian motile cilia in our laboratory. 

 

Figure 21. Multiciliated ependymal cells. (A, B) 3D reconstructions of z-stacks of the 

immunofluorescently stained cultured multiciliated mECs. Ciliary markers ς acetylated tubulin and 

ARL13B, respectively, are in red, DNA is in cyan. (B) mEC transiently expressing mNG-MmCep104 

(green). 

 

ULK4 localizes preferentially to the nascent motile cilia 

To study the localization of MmUlk4 in mEC, we transiently transfected these cells with a 

plasmid coding for Flag-HA-mNG-tagged MmUlk4 fusion protein. Immunostaining revealed 

a strong signal of MmUlk4 in the CTD of short motile cilia. Cilia of a medium length had a 

weak but discernible signal in their CTD, while long cilia did not have any MmUlk4 

enrichment in CTD in comparison to the rest of the cilium, where a very faint signal was 

detected (Figure 22A; preprint McCoy et al., 2022). In addition, MmUlk4 foci localized to 
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the apical region of the cell, and a weak cytosolic signal was observed (Figure 22A; preprint 

McCoy et al., 2022). 

 

 

Figure 22. Localization of MmUlk4 in mECs. (A, B, C) Confocal imaging of the cultured 

multiciliated mECs transiently expressing Flag-HA-mNG-MmUlk4 (mNG signal in green). 

Immunostained acetylated tubulin is in red and DNA in cyan.  (A) 3D reconstruction of an 

immunostained cell. Arrowheads indicate examples of ciliary tips with associated MmUlk4 signals. 

(B) 3D reconstruction of an expanded cell. The arrowheads indicate selected ciliary tips with 

associated MmUlk4 signals. To highlight the signals at the tip, only distal parts of the cilia are 

shown. The scale represents the physical size. (C) Selected confocal planes of the apical region of 

an expanded multiciliated mEC with immunostained acetylated tubulin in red and anti-HA tag in 

green. Individual planes are separated by 700 nm in the axial direction, while individual centrioles 

are denoted with numbers. Scale bar: 1 µm corresponds to the physical size after ExM (expansion 

factor ~4.6x). 

 

In further analysis, we focused on foci of the signal accumulated in the apical region of the 

cells. To achieve a higher resolution of this region and assess whether these signal foci 

associated with the BBs or centrioles, we employed ExM. Indeed, anti-acetylated tubulin 

and anti-HA staining revealed that the Flag-HA-mNG-MmUlk4 signal is capping MTs on one 
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side of the centrioles (Figure 22C). Additionally, Flag-HA-mNG-MmUlk4 signal was present 

at tips of short and a subset of longer axonemes (Figure 22B; preprint McCoy et al., 2022). 

Tips of growing and mature motile cilia differ in their shape 

While there is a difference in the ULK4 presence in the CTD of the short versus long cilia of 

mECs, there is a lack of information on the structure of the CTD, which could reflect this. 

Therefore, to assess the structural organization of the CTD of ependymal cilia we decided 

to employ the established ExM super-resolution technique. Importantly, imaging of 

expanded cells has been performed using an inverted microscope with tips of motile cilia 

protruding from cell's apical surface being relatively far from the microscope objective. This 

ultimately leads to a lower signal intensity and resolution resulting in inability to discern 

details of axonemal structure at the ciliary tips. 

To bring the tips of the cilia close to the gel surface and hence to the objective we decided 

to use the so-called peel off procedure previously used by our collaborators to study the 

ultrastructure of primary cilia (Kiesel et al., 2020). As we had initially observed that the use 

of the deciliation buffer (including calcium and detergent) included in the published 

protocol led to immediate detachment of the whole mECs rather than peeling off cilia, we 

omitted the buffer and only washed the culture of ciliated mECs with PBS. Next, the PLL-

coated coverslip was laid on the top of the cells together with approximately 17 g weight 

and shortly incubated (for details, see Peel off procedure). 

This peel off procedure resulted in mechanically detached cilia and frequently also apical 

parts of the cells, attached to the treated surface of the coverslip. This followed by an 

immediate fixation, gel expansion, and immunostaining led to a substantial resolution 

improvement (Figure 23A), such that in parts of cilia oriented perpendicularly to the focal 

plane, the 9+2 MT arrangement was clearly resolved (Figure 23B). In these ExM images, we 

noticed variability in the angle of MT ends at the axonemal tip, ranging from nearly blunt 

to sharp ends. Our data suggest that while blunt ends are typical for the short cilia, more 

pointed tips are seen in the long cilia (Figure 23C). Together with the presence/absence of 

the protein ULK4, this is another feature distinguishing short and long cilia. Nevertheless, 

the relation between the two phenomena is currently unclear. 
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Figure 23. Peel off procedure facilitates studies of the axoneme of mECs by ExM. (A) The 

maximum intensity projection of an expanded peeled-off apical part of an mEC immunostained 

with antibodies to acetylated tubulin. Arrowheads point to the sharp-ended tips; arrows point to 

nearly blunt-ended tips. Scale bar: 10 µm. (B) Single focal plane showing an axonemal optical 

cross-section with clearly discernable axonemal doublets and the central pair. Scale bar: 1 µm. (C) 

Enlarged images of the selected ciliary tips from (A). Scale bar: 1 µm. (A, B, C) All scale bars 

correspond to the physical size after ExM (expansion factor ~4.6x). 

  






















































































































































































































