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Thesis commentary  
Let’s imagine a tiny (~several micrometers long), hair-like structure on the surface of nearly 

every vertebrate cell, carefully orchestrating vital biological processes. These are cilia, evolutionarily 

conserved organelles with crucial roles in development and tissue homeostasis. Although once 

overlooked, cilia have gradually captured attention owing to their critical involvement in a wide range 

of disorders. Given this, a thorough understanding of how cilia are regulated is not merely a scientific 

pursuit, but it is key to unlocking new therapies for cilia-related diseases and uncovering the hidden 

mechanisms that drive cilia biology and its associated pathologies. This thesis discusses the regulatory 

mechanisms and functional consequences of primary cilia biology, along with my contributions to 

advancing this understanding, with a particular focus on events governed by proteins localized to the 

distal end of the centriole or its immediate vicinity. 

In the first part, I focus on the role of CEP164, a component of the distal appendages of the 

mother centriole, and its effector, Tau Tubulin Kinase 2 (TTBK2). Together, they form one of the key 

modules regulating ciliogenesis in vertebrates. The primary contribution of my work to this theme lies 

in the identification of CEP164-mediated recruitment of TTBK2 to the mother centriole as a trigger for 

ciliogenesis in human cells. Subsequent follow-up work provided a structural basis for the CEP164–

TTBK2 interaction, thereby identifying the underlying mechanism by which CEP164 mutations cause 

ciliopathies. Significant attention has been devoted to resolving the mechanisms underlying TTBK2 

activity in cilia. This led to the identification of several novel substrates of the kinase and numerous 

phosphorylation sites. Importantly, in selected cases, we were also able to provide functional annotation 

of the identified phosphosites. Notably, our work linked the inhibitory phosphorylation of a tubulin-

depolymerizing kinesin to the regulation of primary cilia length, thus providing a mechanistic foundation 

for the role of the CEP164–TTBK2 module beyond the initiation of ciliogenesis. In addition, our work 

capitalizing on the use of human pluripotent stem cells (hPSCs) as a model system established that cilia 

are not required for self-renewal, in contrast to intact centrosomes. However, primary cilia become 

critical for fine-tuning the proliferation of hPSC-derived neural progenitors, where ciliogenesis is also 

controlled by Tau Tubulin Kinase 1 (TTBK1), unlike in most other model systems.  

The second part of this thesis is devoted to the regulation of intraflagellar transport (IFT) in cilia 

and the role of cilia in cell signaling. Regarding the former, the key contribution of my work lies in the 

identification of the module responsible for the binding and transport of tubulin within the cilium. In 

additional work, we identified novel ciliary kinesin required for proper cilium assembly and 

functionality, including the ability of the cilium to act as a signaling organelle. Continuing along the line 

of ciliary signaling, our work demonstrated that, while the WNT signaling pathway does not appear to 

play a major role in the regulation of ciliogenesis, TTBK2, a key regulator of ciliogenesis, is able to 

modulate the activity of Dishevelled (DVL), a key component of the WNT pathway. 
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corresponding author. The manuscripts are attached as correspondingly numbered appendices and are 
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Introduction 
The cilium is among the first cellular organelles ever observed, first described in the 17th 

century by Antonie van Leeuwenhoek, a Dutch pioneer of microbiology and microscopy. Cilia exist in 

two main forms: motile and non-motile. The non-motile type, which will be the main focus of this thesis, 

is known as the primary cilium. It derives its name from its early appearance during cellular 

development, notably observed to emerge before motile cilia in the epithelial cells of mammalian lungs 

(Sorokin, 1968). Initially dismissed as vestigial due to their inherent lack of motility, primary cilia have 

since been recognized, particularly over the past three decades, as essential sensory organelles (Čajánek 

et al., 2025 #Appendix 1; Huangfu et al., 2003; Mill et al., 2023; Satir, 2017). Acting in a way as cellular 

antennas, they play key roles in processes such as embryogenesis and the maintenance of tissue 

homeostasis (Bangs and Anderson, 2017; Gopalakrishnan et al., 2023; Ingham, 2022; Pazour et al., 

2000). While the complete ablation of cilia is considered incompatible with life (Wallingford, 2019), 

even subtle defects in their assembly or function can trigger devastating conditions known as ciliopathies 

and influence the progression of certain cancers (Collinson and Tanos, 2025; Hildebrandt et al., 2011; 

Reiter and Leroux, 2017). 

 

Primary cilia structure 
The cilium comprises the basal body, the transition zone, and the microtubule-based axoneme 

covered by a ciliary membrane (Satir et al., 2010), Fig.1. The basal body is derived from one of the two 

centrioles that make up the centrosome — specifically, the older (or “mother”) centriole. A centriole is 

a barrel-shaped structure built with a characteristic nine-fold radial symmetry. Its walls are primarily 

composed of nine sets of microtubule triplets arranged in a circular fashion, providing the necessary 

structural stability and integrity (Gönczy and Hatzopoulos, 2019). Toward the distal end, the centriole 

shifts to a configuration similar to that of an axoneme, featuring microtubule doublets instead of triplets 

and a reduced diameter compared to its proximal region (Breslow and Holland, 2019; Nigg and Stearns, 

2011). Mother centriole differs from the daughter centriole by the presence of two types of appendages, 

named according to their position at the distal end of the centriole: distal and subdistal appendages, 

respectively (Bornens, 2012; Nigg and Holland, 2018). Both distal and subdistal appendages rely on the 

structural integrity and topology of the centriole distal end for their correct assembly (Balestra et al., 

2013; Bertiaux et al., 2025; Karasu et al., 2022).  
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Fig.1: Primary cilium structure. The ciliary axoneme (in pink) is templated by the mother centriole, which, unlike 

the daughter centriole, possesses distal and subdistal appendages. The transition zone (TZ) acts as a diffusion 

barrier between the basal body and the ciliary axoneme. Active protein transport is mediated by intraflagellar 

transport (IFT) machinery, which operates in cooperation with the BBSome (Nachury, 2018; Prasai et al., 2024). 

Adopted from (Čajánek et al., 2025 #Appendix 1). 

 

Structure and function of distal appendages 

It is particularly the distal appendages that are critical for ciliogenesis, as will be discussed in 

detail in the upcoming chapters. Distal appendages resemble blades attached to two adjacent microtubule 

triplets on the wall of the mother centriole (Bowler et al., 2019; Chang et al., 2023). Following the 

transformation of the mother centriole into the basal body, distal appendages are subsequently referred 

to as transition fibres, mediating the attachment of the basal body to the plasma membrane (Sorokin, 

1962, 1968; Tanos et al., 2013). For the sake of simplicity, I will use the term distal appendages when 

referring to these structures, regardless of the cilia status. The core distal appendage proteins include 
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CEP83/CCDC41, CEP89/CCDC123, SCLT1, FBF1, and CEP164, all of which have been implicated in 

the regulation of cilia assembly in numerous studies (Cajanek and Nigg, 2014 #Appendix 14; Graser et 

al., 2007; Joo et al., 2013; Kanie et al., 2025a; Schmidt et al., 2012; Sillibourne et al., 2013; Tanos et al., 

2013; Wei et al., 2013). In turn, mutations in genes encoding the core distal appendages components 

typically give rise to nephronophthisis, a ciliopathy that predominantly affects the kidneys (Chaki et al., 

2012; Failler et al., 2014; Gillesse et al., 2024). Additional components identified more recently include 

NCS1, KIZ, LRRC45, and ANKRD26 (Bowler et al., 2019; Kanie et al., 2025a, 2025b; Kurtulmus et 

al., 2018), whose roles in cilia biology remain notably less explored. While NCS1 seems to partially 

mediate the interactions between distal appendages and the membrane (Kanie et al., 2025b), LRRC45 

has been implicated in the regulation of centriolar satellites (Kurtulmus et al., 2018); membrane-less 

assemblies known to contribute to the biogenesis of both centrosomes and cilia (Odabasi et al., 2020; 

Prosser and Pelletier, 2020).  

Distal appendages are assembled in a hierarchical manner. The pioneering work by Barbara 

Tanos, Bryan Tsou, and colleagues defined CEP83 as the most upstream component, responsible for the 

recruitment of CEP89 and SCLT1, with the latter subsequently mediating the recruitment of CEP164 

and FBF1 (Tanos et al., 2013). Recent work by Tomoharu Kanie, Peter Jackson, and colleagues has 

proposed an updated model with notably more complex relationships between individual distal 

appendage components, such as a mutual regulation of CEP83–SCLT1 or the role of SCTL1 upstream 

of CEP89 recruitment (Kanie et al., 2025a). 

The distal appendages mediate recruitment of additional effector proteins to ensure proper cilia 

formation and function. Tau tubulin kinase 2 (TTBK2) (Goetz et al., 2012), recruited to distal 

appendages via its interaction with CEP164 (Cajanek and Nigg, 2014 #Appendix 14; Oda et al., 2014; 

Rosa E Silva et al., 2022 #Appendix 5), is arguably the most prominent example of such an effector, as 

I will discuss in the upcoming chapters in more detail. 

 

Subdistal appendages, their structure and function 

In contrast to the very well-defined and conserved nine-fold symmetry of distal appendages, the 

structural organization of subdistal appendages exhibits prominent variability (Hall and Hehnly, 2021; 

Uzbekov and Alieva, 2018). Additionally, subdistal appendages do not appear to directly contribute to 

the regulation of primary cilium assembly or maintenance. Instead, they primarily function as anchoring 

sites for centrosomal microtubules, thereby linking the basal body to the cell cytoskeleton (Bornens, 

2012; Chong et al., 2020). As a result, subdistal appendages have been associated with the proper 

positioning of primary cilia (Mazo et al., 2016), although the functional implication of this role remains 

elusive. Some of the best characterized components of subdistal appendages include ODF2, Ninein, 

CEP170, and CEP128 (Hall and Hehnly, 2021; Mazo et al., 2016). Notably, super-resolution microscopy 
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data suggest a structural coupling between several components of distal and subdistal appendages, 

specifically involving ODF2 and CEP89, which appear to exist in distinct pools associated with both 

distal and subdistal appendages (Chong et al., 2020).  

 

Axoneme 

The microtubule-based axoneme is perhaps the most prominent part of the cilium, typically 

extending 2–10 micrometers in length, at least in the case of primary cilia in vertebrates (Satir et al., 

2010). The axonemal microtubules are arranged in a circumferential array of nine doublets that extend 

from the basal body, which, as mentioned earlier, also contains nine sets of microtubules, but organized 

into triplets. While the transition from triplets to doublets likely reflects a shift from the need for high 

structural stability in the basal body to a combination of stability and flexibility in the axoneme (Mercey 

et al., 2024; Satir et al., 2008), the precise mechanism that governs this transformation remains unclear. 

Motile cilia typically contain an additional central pair of singlet microtubules (9+2 arrangement), which 

in turn enables their motility and characteristic beating dynamics. Conversely, primary cilia are thought 

to lack these two central microtubules (Mill et al., 2023; Satir et al., 2010). However, the existence of 

motile cilia — as defined by their axonemal structure (9+2) — with sensory functions, cilia with 9+0 

arrangement capable of beating, and immotile cilia with 9+2 configuration has challenged this 

traditional classification (Cho et al., 2022; Jenkins et al., 2009; Nonaka et al., 1998; Wang and Zhou, 

2021). Moreover, primary cilia of several epithelial cell types, including the commonly used hTERT-

RPE-1 cell line, follow the 9+0 pattern only in their proximal regions, while the more distal segments 

of the axoneme display a surprising level of heterogeneity, with microtubules often terminating 

individually along the ciliary axoneme, well before reaching the ciliary tip (Kiesel et al., 2020; Sun et 

al., 2019). 

 

Transition zone 

The boundary between the basal body and the ciliary axoneme, starting approximately 100 nm 

above the distal appendages, is termed the transition zone (TZ) (Garcia-Gonzalo and Reiter, 2017; 

Mercey et al., 2024). The TZ partially overlaps with the so-called ciliary necklace, a structure observed 

by pioneers of cilia research when examining them using electron microscopy (EM) (Gilula and Satir, 

1972). Functionally, the TZ acts as a diffusion barrier/gate at the ciliary base, regulating the entry of 

both membrane-bound and soluble proteins to maintain the specific micro-environment, distinct from 

the rest of the cell, within the cilium (Garcia-Gonzalo and Reiter, 2017; Nachury and Mick, 2019; Park 

and Leroux, 2022). Although the size and organization of the TZ can differ between cell types, a common 

structural hallmark is the presence of Y-shaped linkers, which connect the axonemal microtubule 

doublets to the ciliary membrane (Mercey et al., 2024). The identified TZ components are organized in 



5 
 

large complexes with distinct structural, biochemical, and functional characteristics (Garcia-Gonzalo 

and Reiter, 2017; Park and Leroux, 2022). An example of one such complex is the NPHP complex, 

which is positioned near the axonemal microtubules and comprises proteins like NPHP1, NPHP4, and 

RPGRIP1L (Garcia-Gonzalo et al., 2011; Sang et al., 2011). Mutations in the corresponding genes are 

typically associated with nephronophthisis (Mill et al., 2023; Reiter and Leroux, 2017). Another key TZ 

component is the MKS complex, composed of proteins either associated with the ciliary membrane or 

located in its vicinity, such as TCTN1-3, TMEM proteins, AHI1, and B9D1/2 (Garcia-Gonzalo et al., 

2011; Sang et al., 2011). Mutations in MKS complex components are often linked to Meckel and Joubert 

syndromes. These two complexes not only interact with each other but also with other TZ components, 

namely, a scaffolding protein CEP290. Besides the core TZ complexes just outlined, several additional 

proteins are associated with the TZ, expected to contribute to ciliary gating regulation via modulation 

of TZ assembly or function (Park and Leroux, 2022). An example of such a component is the protein 

DZIP1 (Lapart et al., 2020). Within the complex TZ interactome, CEP290 and RPGRIP1L appear to 

function as the most upstream regulators in the hierarchical assembly of the TZ (Park and Leroux, 2022; 

Wiegering et al., 2018). 

 

Ciliary membrane and intraciliary space 
The ciliary membrane surrounding the axoneme is continuous with the plasma membrane (Zhao 

et al., 2023). At the junction where these two membranes meet, an intermediate zone typically forms an 

inward invagination known as the ciliary pocket, encasing the proximal region of the axoneme. This 

pocket is notably rich in clathrin-coated pits, indicating a potential role in membrane remodeling and 

selective cargo recycling specific to the ciliary membrane (Molla-Herman et al., 2010). The composition 

of the ciliary membrane differs significantly from that of the plasma membrane, particularly in terms of 

specific lipids and proteins (Conduit and Vanhaesebroeck, 2020). Phosphoinositides (PIPs) serve as a 

prime example of lipids that exhibit distinct spatial distribution within specialized subdomains of the 

ciliary membrane. The ciliary membrane is particularly enriched in PIP, while levels of PIP2 and PIP3 

are low. In contrast, the plasma membrane contains high levels of both PIP2 and PIP3. Notably, PIP2 

accumulates at the intermediate zone near the base of the cilium, whereas PIP3 is specifically enriched 

in the membrane surrounding the transition zone (Chávez et al., 2015; Conduit et al., 2021; Garcia-

Gonzalo et al., 2015; Park et al., 2015). It should be noted that several TZ proteins contain putative PIP 

binding regions, likely mediating the physical connection between the axoneme and the ciliary 

membrane via the TZ protein network (Park and Leroux, 2022). The distinct PIP distribution within the 

cilium is maintained by cilia-residing enzymes such as INPP5E, which converts the PIP2 into PIP within 

the cilium, thereby preserving the unique lipid boundary at the ciliary base (Chávez et al., 2015; Garcia-

Gonzalo et al., 2015; Park et al., 2015). 
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Analogous to the relationship between the ciliary membrane and the plasma membrane, the 

soluble content of the cilium, typically termed the cilioplasm, is continuous with the cytoplasm, yet 

exhibits a distinct composition. Ions and other small molecules, too small to be affected by the gating 

mechanisms at the ciliary base, can freely diffuse between the cytosol and the cilioplasm (Breslow et 

al., 2013). However, their concentrations can still vary significantly between these two compartments. 

A notable example is calcium, which typically reaches much higher steady-state levels within the 

cilioplasm than in the surrounding cytoplasm (Delling et al., 2013). This discrepancy can be explained 

by the difference in size: the ciliary volume is several orders of magnitude smaller than the volume of 

the whole cell. As a result, even minor fluctuations — amounting to just a few molecules — can lead to 

substantial shifts in ion concentration within the confined space of the cilium. For instance, it has been 

estimated that a single molecule of cAMP can increase its concentration inside the cilium by 

approximately 10 nM (Paolocci and Zaccolo, 2023). This extreme sensitivity and compartmentalization 

underpin the role of primary cilia as highly efficient and responsive signaling organelles (Hilgendorf et 

al., 2024). 

 

Theme 1: Mechanisms and functions of the CEP164-TTBK2 
module 

Growing evidence, including my own work (Benk Vysloužil et al., 2025 #Appendix 3; Bernatik 

et al., 2020 #Appendix 9; Binó and Čajánek, 2023 #Appendix 4; Cajanek and Nigg, 2014 #Appendix 

14; Hanakova et al., 2019 #Appendix 10; Rosa E Silva et al., 2022 #Appendix 5), points to a prominent 

role for the CEP164–TTBK2 module in regulating key steps of ciliogenesis, reviewed in (Čajánek et al., 

2025 #Appendix 1; Lacigová and Čajánek, 2025 #Appendix 2). Given that, I will start with a brief 

introduction of both proteins. CEP164 is a structural component of distal appendages, featuring an N-

terminal WW domain followed by long intrinsically disordered or coiled-coil regions (Cajanek and 

Nigg, 2014 #Appendix 14; Graser et al., 2007; Schmidt et al., 2012). Notably, mutations in CEP164 lead 

to nephronopthisis-type of ciliopathy (Chaki et al., 2012). TTBK2 is a S/T kinase and a distant member 

of the casein kinase 1 (CK1) superfamily, with about 40% identity in the kinase domain with CK1δ/ε 

and almost 90% kinase domain identity with its sibling kinase, TTBK1 (Flax et al., 2024; Ikezu and 

Ikezu, 2014; Lacigová and Čajánek, 2025 #Appendix 2). Mutations in TTBK2 found in patients generate 

a premature stop codon around position 450 and lead to spinocerebellar ataxia type 11 (Houlden et al., 

2007). Importantly, the loss of either CEP164 or TTBK2 prevents primary cilia assembly, making both 

proteins crucial regulators of ciliogenesis (Goetz et al., 2012; Graser et al., 2007). The possibility of 

CEP164–TTBK2 interaction was first suggested by Chaki, Hildebrandt, and colleagues, who identified 

TTBK2 as a binding partner of CEP164 fragments through a yeast two-hybrid screen (Chaki et al., 

2012). The mechanism and functional consequence of this interaction were subsequently explored 
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during my postdoctoral work, prompted by the observation that ciliogenesis defects in cells depleted of 

CEP164 resembled those seen following mutation or siRNA-mediated depletion of TTBK2 (Cajanek 

and Nigg, 2014 #Appendix 14; Goetz et al., 2012). These findings defined a model of ciliogenesis in 

which cilia formation is triggered by the recruitment of TTBK2 to the distal appendages of the mother 

centriole through its interaction with CEP164. CEP164 (and, in turn, TTBK2) is typically lost from the 

mother centriole during the rearrangement of distal appendages at G2/M, and brought back with the 

onset of the G1 phase of the next cell cycle (Cajanek and Nigg, 2014 #Appendix 14; Schmidt et al., 

2012; Viol et al., 2020). The CEP164–TTBK2 interaction interface comprises the C-terminal part of 

TTBK2 (Cajanek and Nigg, 2014 #Appendix 14), specifically the region 1074-1083 (Oda et al., 2014; 

Rosa E Silva et al., 2022 #Appendix 5), and the N-terminal WW domain of CEP164 (amino acids 62-

84) (Cajanek and Nigg, 2014 #Appendix 14; Oda et al., 2014; Rosa E Silva et al., 2022 #Appendix 5). 

We revealed the binding affinity between CEP164 and TTBK2 moieties in vitro to be approximately 60 

µM (Rosa E Silva et al., 2022 #Appendix 5), in line with reports on other WW-domain-mediated 

interactions (McDonald et al., 2011).  

The identification of the instrumental role of the CEP164–TTBK2 module in ciliogenesis has 

raised a number of outstanding questions regarding the regulation of their interaction, the extent of the 

module’s functions in cilia, and the underlying mechanisms. I will start with the question of how the 

interaction between CEP164 and TTBK2 is regulated. As already mentioned, our study, done in 

collaboration with the lab of Mark van Breugel, resolved the structure of the CEP164 interface binding 

to TTBK2 using crystallography and NMR. The data suggest that the N-terminal part of CEP164 (1-

109) comprises an α-helical bundle whose three helices pack together to form a highly conserved 

hydrophobic core. The WW domain has a canonical three-stranded topology and packs against the α-

helical bundle (Rosa E Silva et al., 2022 #Appendix 5). In addition, we identified an intramolecular 

interaction in CEP164 between Q11 and Y73 that is critical for the stability of the WW domain, and 

consequently for the ability of CEP164 to bind TTBK2 to promote ciliogenesis. Moreover, we found 

that R93 was important for the stability of an α-helical bundle located adjacent to the CEP164–TTBK2 

binding interface, and its mutation moderately affected the binding in vitro and ciliogenesis in cells 

(Rosa E Silva et al., 2022 #Appendix 5). These findings are particularly intriguing, as they provide an 

underlying mechanism for the Q11P and R93W mutations described in nephronophthisis patients (Chaki 

et al., 2012).  

CEP164 is not only a binding partner of TTBK2 responsible for its recruitment, but it is also a 

substrate of the kinase. In fact, we have identified several dozen S/T sites in CEP164 that are regulated 

by TTBK2 kinase activity, with several of such S/T sites located in the unstructured regions of CEP164, 

close to the CEP164–TTBK2 binding interface (Bernatik et al., 2020 #Appendix 9; Cajanek and Nigg, 

2014 #Appendix 14). Intriguingly, mutation of S166, S168, S172, and S201 to alanine showed a 

moderate effect on TTBK2 levels recruited to the mother centriole, supporting a hypothesis that TTBK2 
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phosphorylates CEP164 to facilitate its own recruitment (Bernatik et al., 2020 #Appendix 9). 

Furthermore, both TTBK2 and CEP164 have been found to bind PI4P in proximity to the CEP164–

TTBK2 interaction interface. In turn, the PI4P binding has been suggested to compromise the TTBK2–

CEP164 complex formation, hence putting the regulation of the interaction under the control of INPP5E 

and PIPKIγ (Xu et al., 2016). In addition, a recent study has proposed that CEP164 forms dynamic 

condensates with TTBK2 through a phase separation to facilitate TTBK2 recruitment to the mother 

centriole (Chou et al., 2025). Nonetheless, while the authors argue for a model in which the phase 

separation mode cooperates with the WW domain-mediated mode of TTBK2 recruitment, the structural 

basis for such cooperation and its potential impact on TTBK2 levels at the mother centriole are not 

entirely clear. 

The functions of the CEP164–TTBK2 complex at the mother centriole/ciliary base, and the 

mechanisms underlying them, arguably represent one of the most fundamental yet not fully resolved 

questions in the cilium assembly pathway regulation. Work from several labs suggests that TTBK2 

recruitment to the distal appendages, initially seen mainly as a 'trigger' to initiate ciliogenesis, serves a 

more complex role by acting at multiple levels to ensure not only proper cilium assembly, but also its 

maintenance and function. Given that the kinase activity of TTBK2 is essential for cilia formation (Goetz 

et al., 2012), identification of its substrates and, in turn, elucidating the structure-function relationship 

for individual phosphorylations represents a significant milestone in understanding the cilium assembly 

pathway. Known substrates of TTBK2 include CEP164, CEP83, CEP89, CEP97, CCDC92, MPP9, 

DVL2/3, KIF2A, RABIN8, and TTBK2 itself through autophosphorylation (Benk Vysloužil et al., 2025 

#Appendix 3; Bernatik et al., 2020 #Appendix 9; Cajanek and Nigg, 2014 #Appendix 14; Hanakova et 

al., 2019 #Appendix 10; Huang et al., 2018; Lo et al., 2019; Oda et al., 2014; Watanabe et al., 2015), 

Fig.2. A shared characteristic among these proteins is the presence of extensive intrinsically disordered 

regions (IDRs), which lack stable tertiary structures and instead exist as dynamic ensembles of rapidly 

shifting conformations (Bah and Forman-Kay, 2016; Dyson and Wright, 2005). Phosphorylation of these 

IDRs can significantly influence their biological roles by reshaping the conformational energy landscape 

and regulating interactions with other protein domains (Bah et al., 2015; Bah and Forman-Kay, 2016; 

Cohen, 2000). This suggests that TTBK2-mediated phosphorylation may enable these proteins to adopt 

specific three-dimensional structures that facilitate their timely interaction and assembly — critical steps 

in the primary cilia formation.  

CEP164–TTBK2 module serves multiple functions during the primary cilium assembly (Fig.3). 

Before discussing these individual functions in detail, I need to outline key steps in the primary cilium 

assembly pathway. The earliest visible event in ciliogenesis is the appearance of a vesicle at the distal 

appendages (Sorokin, 1962, 1968; Sotelo and Trujillo-Cenóz, 1958) (Fig.4). First, small vesicles, termed 

distal appendage vesicles (DAVs), attach to the distal appendages. The assembly and transport of the 

DAVs seems to be under the control of Myosin Va, recruited to the distal appendages at the onset of 
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ciliogenesis (Wu et al., 2018). Fusion of DAVs, coordinated by the action of two members of EPS15 

homology domain (EHD) protein family, EHD1 and EHD3, together with the membrane fusion 

regulator SNAP29, subsequently gives rise to a large ciliary vesicle (CV) (Lu et al., 2015). 

 

Fig.2: Phosphorylations induced by TTBK2. Each substrate structure is schematized; rectangles represent 

domains or motifs, and numbers indicate protein length in amino acids. Lines and numbers below each schematic 

mark TTBK2-induced phosphorylation sites. Red sites were detected both in vitro and in vivo, blue only in vitro, 

and black only in vivo. An asterisk denotes phosphorylation sites listed in PhosphoSitePlus. Adopted from 

(Bernatik et al., 2020 #Appendix 9). 

In turn, the recruitment of EHD1/EHD3 requires the activity of small GTPase RAB34 (Ganga 

et al., 2021; Stuck et al., 2021). The CV membrane subsequently elongates to form the ciliary sheath, 

which develops alongside the growing axoneme and is regulated by the RAB11–RABIN8–RAB8 

cascade (Hehnly et al., 2012; Knodler et al., 2010; Nachury et al., 2007; Saha et al., 2024; Walia et al., 

2019; Westlake et al., 2011; Yoshimura et al., 2007). Fusion of the sheath with the plasma membrane 
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establishes the ciliary membrane, marking the final stage of ciliogenesis by exposing the cilium to the 

extracellular environment (Zhao et al., 2023). The essential role of CEP164–TTBK2 in distal 

appendages-mediated vesicle docking and hence the initiation of ciliogenesis is well established 

(Lacigová and Čajánek, 2025 #Appendix 2). The recruitment of key regulators such as Myosin Va or 

RAB34 is abrogated, and CV fails to form in cells depleted from CEP164 or TTBK2 (Benk Vysloužil 

et al., 2025 #Appendix 2; Kanie et al., 2025a; Schmidt et al., 2012; Siller et al., 2017). In agreement, 

depletion of upstream regulators of distal appendage assembly leads to analogous phenotypes (Joo et 

al., 2013; Kanie et al., 2025a; Lo et al., 2019). 

The mechanism by which DAVs or CV are captured by distal appendages, and the potential role 

of the CEP164–TTBK2 module in this process, remains poorly understood. Notably, CEP164 and most 

other distal appendage components lack domains capable of directly interacting with membranes. 

Interestingly, recent work identified a myristoylation motif in NCS1 and implicated it in CEP89-

dependent interactions with DAVs/CV (Kanie et al., 2025b). Yet, as ablation of CEP89 or NCS1 leads 

to only subtle defects in cilia formation (Kanie et al., 2025a), additional mechanisms mediating 

interactions with DAVs/DA remain to be identified. On the other hand, available evidence offers initial 

mechanistic insight into the role of TTBK2-mediated phosphorylation. Specifically, phosphorylation of 

CEP83 at S29, T292, T527, and S698 by TTBK2 facilitates CV formation (Lo et al., 2019). In addition, 

our work identified several S/T phosphorylated by TTBK2 in RABIN8, including those within its RAB-

binding domain (Bernatik et al., 2020 #Appendix 9). It is tempting to speculate that TTBK2 might in 

this manner influence the extension of the ciliary membrane; however, direct evidence for this is 

currently lacking. Moreover, TTBK2 also appears to influence distal appendage assembly, including 

regulating CEP164 levels at the mother centriole, which are critical for its own recruitment (Cajanek 

and Nigg, 2014 #Appendix 14; Kanie et al., 2025a). As a result, dissecting the precise roles of TTBK2 

and individual distal appendage components in CV formation presents a significant challenge. 

 

To address this, we employed a strategy to separate the function of CEP164 in recruiting TTBK2 

from any additional roles it may have. This involved expressing partially active TTBK2 truncation 

variants that are unable to bind CEP164. Remarkably, partial ciliogenesis still occurred when truncated 

TTBK2 was expressed in TTBK2 knockout cells, despite the absence of TTBK2 at distal appendages. 

When CEP164 was subsequently removed in this context — where its TTBK2-recruiting function had 

already been bypassed — we observed persistent defects in the recruitment of MyosinVa and RAB34 



11 
 

to distal appendages. These findings indicate that CEP164 contributes to CV docking independently of 

its role in TTBK2 recruitment (Benk Vysloužil et al., 2025 #Appendix 3). 

 

Fig.3: Functions of the CEP164–TTBK2 module in primary cilium assembly. The module plays an instrumental 

role in regulating CV formation, CP110–CEP97 removal, and IFT recruitment. Furthermore, it is implicated in 

the modulation of the assembly of distal appendages. Modified from (Lacigová and Čajánek, 2025 #Appendix 2). 

Along the same lines, CEP164 has also been implicated in membrane extension by promoting 

RAB8–RABIN8 interactions through its C-terminal region (Schmidt et al., 2012; Siller et al., 2017). Of 

note, while the RABIN8–RAB8 module is essential for ciliary membrane outgrowth, it does not appear 

to be involved in the actual docking of DAVs or CV (Wu et al., 2018). Therefore, the interaction between 

CEP164 and the RABIN8–RAB8 module does not account for the role CEP164 has in CV formation, 

and the molecular basis of this function remains to be elucidated. 
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Fig.4: Vesicle docking and membrane extension during primary cilium assembly. Distal appendages are 

depicted as dark grey tringles, subdistal appendages are shown as light grey triangles. The transition zone (TZ) 

is indicated by Y linkers. DAVs – distal appendage vesicles, CV – ciliary vesicle. 

 

Cilia growth occurs in parallel with axoneme extension (Čajánek et al., 2025 #Appendix 1). A 

well-established hallmark of ciliogenesis initiation in vertebrate cells is the removal of the distal end 

proteins CEP97 and CP110 from the mother centriole (Čajánek et al., 2025 #Appendix 1; Spektor et al., 

2007). These proteins form a complex that depends on mutual localization and acts as a steric cap 

blocking axoneme outgrowth (Iyer et al., 2025; Kobayashi et al., 2011; Spektor et al., 2007). Removal 

of this cap requires TTBK2 kinase activity, as shown by our work and others (Benk Vysloužil et al., 

2025 #Appendix 3; Cajanek and Nigg, 2014 #Appendix 14; Goetz et al., 2012; Tanos et al., 2013). 

However, how TTBK2 regulates this process is still not fully understood, as discussed in detail in our 

review (Lacigová and Čajánek, 2025 #Appendix 2). One possibility is that TTBK2 acts directly on the 

CP110–CEP97 complex, promoting its relocalization or degradation at the mother centriole. Indeed, 

TTBK2 has been shown to phosphorylate CEP97 (Oda et al., 2014), though the functional impact of this 

modification is unknown. Alternatively, TTBK2 may act indirectly, a model supported by findings that 

its phosphorylation of MPP9 facilitates CP110–CEP97 removal (Huang et al., 2018). Moreover, 

leveraging our previously mentioned model system with truncated TTBK2 points to a TTBK2 

recruitment-independent role for CEP164 in regulating CP110 removal from the mother centriole (Benk 

Vysloužil et al., 2025 #Appendix 3), which warrants further investigation of the underlying mechanism. 

A plausible explanation may lie in the partial dependence of CP110–CEP97 loss on CV formation in 

some systems, as was recently discussed (Čajánek et al., 2025 #Appendix 1; Lacigová and Čajánek, 

2025 #Appendix 2). 

Intriguingly, work from the Goetz lab, together with recent findings from my lab, indicates that 

the CEP164–TTBK2 module also plays a crucial role in supporting the stability of the axoneme and, in 
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turn, in regulating cilia maintenance. Expression of truncated TTBK2 in either mice or human cells 

yields cilia that are notably shorter in length (Benk Vysloužil et al., 2025 #Appendix 3; Bowie et al., 

2018; Loukil et al., 2020; Nguyen and Goetz, 2023). Our data suggest that the underlying mechanism 

lies in aberrant phosphorylation of KIF2A (Benk Vysloužil et al., 2025 #Appendix 3). KIF2A is a 

kinesin capable of depolymerizing microtubules, which in turn contributes to cilia resorption before 

mitosis (Miyamoto et al., 2015; Watanabe et al., 2015). KIF2A activity and affinity to microtubules are 

negatively regulated by TTBK2 phosphorylation, leading to low steady-state KIF2A levels at the 

cytosolic or axonemal microtubules/mother centriole distal end (Benk Vysloužil et al., 2025 #Appendix 

3; Watanabe et al., 2015). Truncated TTBK2 fails to efficiently phosphorylate KIF2A, which 

consequently exhibits increased microtubule binding affinity and depolymerization activity in vitro, 

leading to aberrant cilia shortening in cells (Benk Vysloužil et al., 2025 #Appendix 3), Fig.5. 

 

 

Fig.5: TTBK2 promotes axoneme elongation by phosphorylating KIF2A. TTBK2 activity inhibits KIF2A, 

reducing its basal body pool and allowing axoneme elongation. In contrast, truncated TTBK2 fails to inhibit 

KIF2A, resulting in its accumulation at the basal body and shorter cilia. Adopted from (Benk Vysloužil et al., 2025 

#Appendix 3). 

 

Another key function of the CEP164–TTBK2 module is regulating the recruitment of IFT 

protein complexes to the distal end of the mother centriole (Benk Vysloužil et al., 2025 - Appendix 3; 

Cajanek and Nigg, 2014 - Appendix 14; Goetz et al., 2012; Tanos et al., 2013). Intraflagellar transport 

(IFT) supports ciliary axoneme growth and maintenance by shuttling cargo between the cilia tip and 

base, a process driven by IFT complexes in coordination with kinesin and dynein motors (Lacey and 

Pigino, 2024; Lechtreck et al., 2017; Prevo et al., 2017). While it is well established that loss of CEP164, 

TTBK2, or CEP83 disrupts IFT protein association with the mother centriole and thereby prevents IFT 

particle assembly into multiunit trains, the underlying mechanism remains unclear, particularly with 

respect to relevant substrates of TTBK2. 
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As shown in my work (Cajanek and Nigg, 2014 #Appendix 14), IFT protein signals largely 

overlap with the CEP164–TTBK2 module at distal appendages, suggesting a direct association between 

IFT proteins and distal appendage components, under the regulation of the CEP164–TTBK2 module. 

This aligns with the established role of the module in IFT recruitment. Moreover, super-resolution 

microscopy supports this view, indicating that distal appendages might facilitate IFT train assembly 

and/or entry into the cilium (van den Hoek et al., 2022; Yang et al., 2019, 2018). 

In this context, CEP164 emerges as a plausible candidate for directly mediating IFT docking 

during primary cilium formation, acting as a platform for IFT interaction while also concentrating 

TTBK2 at the correct site. Rescue experiments with TTBK2–CEP164 chimeras indicate that much of 

the CEP164 sequence is dispensable for ciliogenesis, as long as TTBK2 is retained at distal appendages 

via fusion to the C-terminal region of CEP164 (Cajanek and Nigg, 2014 #Appendix 14; Mori et al., 

2025), which also binds the RAB8–RABIN8 module (Schmidt et al., 2012). This suggests two possible 

models: (1) the C-terminal region of CEP164 serves as a shared platform for membrane extension and 

IFT assembly, or (2) additional proteins mediate these functions. The first model is supported by our 

observations that IFT recruitment to basal bodies depends on CEP164 even when TTBK2 recruitment 

is artificially bypassed (Benk Vysloužil et al., 2025 #Appendix 3). The second is backed by studies in 

multiciliated airway epithelial cells, where CEP164 appears dispensable for IFT recruitment (Siller et 

al., 2017). Notably, IFT particles can assemble at the distal end of the mother centriole prior to 

ciliogenesis, likely due to basal TTBK2 activity already present at the site (Cajanek and Nigg, 2014 

#Appendix 14; Tasaki et al., 2025). 

Regarding the regulation of cilia entry, a study in C. elegans suggests that the entry of IFT 

particles depends on the distal appendage protein FBF1 (Wei et al., 2013). Additionally, TTBK2 has 

been proposed to regulate the localization of CPLANE proteins RSG1 and INTU (Agbu et al., 2018), 

which in turn facilitate the entry of a subset of IFT proteins (specifically, the IFT-A subcomplex) into 

cilia (Toriyama et al., 2016). INPP5E, a phosphoinositide phosphatase involved in regulating ciliary 

membrane composition, may also be recruited into cilia via transient interaction with CEP164 (Humbert 

et al., 2012). Moreover, SMO, a key receptor in the Hedgehog signaling pathway, exhibits abnormal 

ciliary levels in the presence of hypomorphic TTBK2 alleles in mice (Bowie et al., 2018), suggesting a 

potential role for the CEP164–TTBK2 module in ciliary gating (Čajánek et al., 2025 #Appendix 1; 

Lacigová and Čajánek, 2025 #Appendix 2). 

As I mentioned earlier, the transition zone (TZ) serves as the primary gating mechanism 

controlling ciliary entry. Since the loss of CEP164–TTBK2 module components prevents the onset of 

ciliogenesis, TZ formation is also blocked in such cases (Schmidt et al., 2012; Tanos et al., 2013; Xu et 

al., 2016). Thus, the current view is that CEP164–TTBK2 may influence TZ indirectly as part of its role 
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in the ciliogenesis pathway. Any direct involvement of the CEP164–TTBK2 module in regulating gating 

at the level of TZ remains to be investigated. 

Last but not least, the aspect of CEP164–TTBK2 module biology I want to discuss is its function 

in relation to a specific cell type and cilia type. The role of the CEP164–TTBK2 module as an 

indispensable element in the cilium assembly pathway is supported by numerous studies using mouse 

models or human cell lines, although notable exceptions that prove the rule do exist. As shown in our 

work, human pluripotent stem cells (hPSCs)-derived neural rosette cells are able to assemble primary 

cilia even in the absence of TTBK2 (albeit with reduced efficiency) (Binó and Čajánek, 2023 #Appendix 

4). The mechanism for this rescue seems to lie in the prominent upregulation of expression of TTBK1, 

a sibling kinase of TTBK2, upon the onset of hPSCs differentiation into neural rosettes. It is important 

to mention that undifferentiated hPSCs lacking TTBK2 fail to form any primary cilia (Binó and Čajánek, 

2023 #Appendix 4). In turn, high levels of TTBK1 appear to partially compensate for the lack of TTBK2 

activity in neural rosettes, despite the fact that TTBK1 lacks CEP164 binding motifs and therefore is not 

recruited to distal appendages (Binó and Čajánek, 2023 #Appendix 4; Lacigová and Čajánek, 2025 

#Appendix 2). Similarly, high levels of TTBK2 activity outside of the mother centriole likely mediate 

the formation of primary cilia by truncated forms of TTBK2 (Benk Vysloužil et al., 2025 #Appendix 3). 

Intriguingly, while conditional ablation of CEP164 in mice prevents recruitment of IFT complexes to 

mother centrioles in specialized cilia of photoreceptor cells in retina (Reed et al., 2022), it leaves IFT 

protein recruitment intact in airway motile cilia (Siller et al., 2017), indicating a possible customization 

of CEP164–TTBK2 module functions in different cilia types. 

To conclude this chapter, I want to emphasize that while the individual functions of the 

CEP164–TTBK2 module in the cilium assembly pathway are becoming clearer through work from my 

lab and others, the main bottleneck remains a lack of mechanistic insight, particularly in establishing 

clear kinase–substrate relationships. Although we have made solid progress in identifying novel 

substrates and mapping individual phosphosites, linking specific phosphorylation events to distinct 

functions to fully resolve the molecular mechanisms still somewhat falls short of expectations. Beyond 

the common challenges in kinase research, which we have discussed in detail in a recent review, along 

with potential strategies to address them (Lacigová and Čajánek, 2025 #Appendix 2), most identified 

TTBK2 phosphosites lack functional validation simply because the roles of the corresponding substrates 

remain poorly understood. For example, CCDC92, identified as a TTBK2 substrate (Bernatik et al., 

2020 #Appendix 9), has been found to interact with CEP164 in several studies (Chaki et al., 2012; 

Pejskova et al., 2020 #Appendix 8), yet its exact function in ciliogenesis remains unknown. Similarly, 

the WNT pathway components DVL2/3 (Hanakova et al., 2019 #Appendix 10) are also CEP164 

interactors (Chaki et al., 2012), but their role in primary cilia formation is still unclear (Bryja et al., 2017 

#Appendix 13; Wallingford and Mitchell, 2011).  
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Cilia and centrosomes in stem cells 
I will use our sortie into hPSC-derived neural rosettes (Binó and Čajánek, 2023 #Appendix 4) 

as a proxy to briefly discuss the role of centrioles and cilia in stem cell biology. In mice, primary cilia 

begin to form in the epiblast, following blastocyst implantation (Bangs et al., 2015). Blastocyst-derived 

hPSCs, encompassing embryonic stem cells (ESCs) and induced pluripotent stem cells (iPSCs), possess 

two trademark features — they can self-renew and differentiate into all cell types “in a dish” (Bárta et 

al., 2021). Interestingly, hPSCs are capable of assembling primary cilia (Banda et al., 2015; Kiprilov et 

al., 2008), raising questions about the role of these structures in regulating self-renewal and 

differentiation potential of hPSCs. To address this, we first developed a customized protocol to 

efficiently generate null alleles using CRISPR/Cas9 gene editing in hPSC cultures (Bohaciakova et al., 

2017 #Appendix 12). Subsequently, we demonstrated that ablation of primary cilia by removal of 

TTBK2 does not affect the self-renewal properties of hPSCs (Binó and Čajánek, 2023 #Appendix 4). 

This is in line with a study reporting the generation of KIF3A/B double knockout hPSCs that lack cilia 

yet self-renew normally (Cruz et al., 2022). Thus, the study by my postdoc Lucia Binó established that 

primary cilia do not play a major role in the regulation of undifferentiated hPSCs. In support of this 

conclusion, overactivation of the cilia-resident HH signaling pathway (Ingham, 2022) fails to prevent 

hPSCs differentiation induced by FGF2 withdrawal (Wu et al., 2010). Furthermore, our results challenge 

the proposed model where the acquisition of PAX6 positive neural progenitor fate during hPSC 

differentiation relies on primary cilia (Jang et al., 2016). Instead, ablation of primary cilia leads to 

elevated levels of HH signaling, which appears to drive the higher proliferation of neural progenitors at 

the neural rosette stage, reflected by the larger overall size of neural rosettes (Binó and Čajánek, 2023 

#Appendix 4). 

While primary cilia and TTBK2 are dispensable in undifferentiated hPSCs, depletion of 

centrioles has profoundly more detrimental consequences for stem cell properties, as demonstrated in 

our work. Specifically, loss of centrioles due to inhibition of PLK4 or depletion of STIL (for more 

information on the regulation of centriole biogenesis and centrosome formation, please see (Breslow 

and Holland, 2019; Bryja et al., 2017 #Appendix 13; Nigg and Holland, 2018)) leads to loss of self-

renewal potential and induction of differentiation (Renzova et al., 2018 #Appendix 11). This outcome 

is likely due to two contributing mechanisms. First, loss of centrioles triggers a p53-dependent 

surveillance pathway, previously described in somatic cells (Wong et al., 2015), which leads to cell cycle 

arrest and, concomitantly, induces differentiation in hPSCs (Bárta et al., 2021; Renzova et al., 2018 

#Appendix 11). Second, centriole depletion also activates a p53-independent response that results in 

proteasome-mediated downregulation of key regulators of the undifferentiated state in hPSCs: OCT4 

and Nanog (Renzova et al., 2018 #Appendix 11). Deciphering the exact mechanism of this protein 

turnover regulation requires future investigation. 
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Theme 2: Kinesins, IFT, and cell signaling in the regulation of 
primary cilia 

As I already outlined, IFT represents the key mechanism that ensures the elongation, 

maintenance, and function of primary cilia by transporting cargo between the ciliary base and tip. The 

anterograde transport is mediated by kinesin motors, while dynein motors are responsible for the 

retrograde IFT (Lacey and Pigino, 2024; Rosenbaum and Witman, 2002). Biochemically, IFT proteins 

can be subdivided into two subcomplexes, IFT-A (comprising IFT144, IFT140, IFT139, IFT122, IFT121 

and IFT43) and IFT-B (consisting of IFT172, IFT88, IFT81, IFT80, IFT74, IFT70, IFT57, IFT56, IFT54, 

IFT52, IFT46, IFT38, IFT27, IFT25, IFT22 and IFT20) (Lacey and Pigino, 2024; Prevo et al., 2017; 

Taschner and Lorentzen, 2016). The overall structure of the IFT particle (comprising both IFT-A and 

IFT-B proteins), along with the numerous interactions between individual IFT proteins that support its 

assembly, has been resolved in recent Cryo-EM studies (Hesketh et al., 2022; Lacey et al., 2023; 

Meleppattu et al., 2022; van den Hoek et al., 2022). Individual IFT particles/subcomplexes are 

assembled stepwise into larger polymers termed IFT trains (Lacey and Pigino, 2024; van den Hoek et 

al., 2022). Both diffusion and vesicle-mediated transport have been implicated in delivering IFT train 

components to their assembly sites at the mother centriole (Hibbard et al., 2021; Mitra et al., 2025). 

Regardless of the means of delivery, the recruitment of IFT proteins relies on the CEP164–TTBK2 

module, as I discussed earlier in detail. Interestingly, structural studies of Chlamydomonas flagella have 

shown that each microtubule doublet functions as a bidirectional, double-track railway: anterograde IFT 

trains travel along the B-tubule, while retrograde trains move along the A-tubule (Chhatre et al., 2025; 

Stepanek and Pigino, 2016).  

Additional interactions pertinent to the function of IFT trains include binding to motor proteins, 

cargo adaptors, and the cargo itself. However, in contrast to the fairly well-characterized interactions 

between IFT proteins, much less is known about the binding of IFT particles to motor or cargo proteins 

— partly due to the flexibility of the presumed binding domains, which hinders their analysis by Cryo-

EM or Cryo-ET. Notable exception here is the interaction between dynein motor and IFT trains, which 

is mediated by dynein binding to IFT54 and IFT80 (Lacey et al., 2023). Given that microtubules are the 

main components of the ciliary axoneme, tubulin represents perhaps the most prominent cargo, 

transported by IFT (Hao et al., 2011; Rosenbaum and Witman, 2002). To identify potential cargo binding 

sites in IFT trains, we, in collaboration with the lab of Esben Lorentzen, screened for putative domains 

in IFT proteins. We identified regions in the N-terminal portions of IFT81 and IFT74 that resemble a 

tubulin-binding motif. Using structural biology and biochemical approaches, we demonstrated that the 

N-terminal region of IFT81 binds tubulin, a process facilitated by the N-terminal region of IFT74, 

resulting in Kd of approximately 0.9 µM (Bhogaraju et al., 2013 #Appendix 15). Specifically, binding 

of the positively charged surface patch on the N-terminal domain of IFT81 to the globular domain of 

tubulin confers specificity, while IFT74 appears to recognize the tubulin tail to increase the affinity of 
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the interaction (Bhogaraju et al., 2013 #Appendix 15). In agreement with the role of the N-terminal part 

of IFT81, tubulin-binding-defective mutants of IFT81 failed to rescue ciliogenesis in IFT81-depleted 

cells (Bhogaraju et al., 2013 #Appendix 15). Moreover, mutation of the tubulin-binding region leads to 

the formation of very short flagella and reduced tubulin transport by IFT in Chlamydomonas (Kubo et 

al., 2016). Together, these findings establish that tubulin binding to IFT74-IFT81 represents a 

mechanism of tubulin delivery inside cilia to support their growth and maintenance.  

Heterotrimeric kinesin-2 (composed of KIF3A, KIF3B, and the kinesin-associated protein 

(KAP)) is considered the key motor driving anterograde IFT (Cole et al., 1998; Engelke et al., 2019; 

Morris and Scholey, 1997; Nonaka et al., 1998; Rosenbaum and Witman, 2002). Indeed, heterorimeric 

kinesin-2 appears to be the sole kinesin driving anterograde IFT in Chlamydomas. However, 

homodimeric kinesin-2 (OSM-3) takes over IFT just behind the TZ to deliver IFT trains to the cilia tip 

in C.elegans instead of the heterotrimeric kinesin-2 (Ou and Scholey, 2022; Pan et al., 2006; Prevo et 

al., 2017). Homodimeric kinesin-2 (KIF17) is present in cilia also in vertebrate cells, but current 

evidence argues against a direct role in IFT. In addition to kinesin-2, cilia contain several other kinesins, 

some of which play roles in cilium biogenesis (Ou and Scholey, 2022; Reilly and Benmerah, 2019). 

Specifically, these non-canonical ciliary kinesin motors are thought to function as accessory motors that 

cooperate with canonical kinesin-2 to regulate axoneme assembly, dynamics, and length (Ou and 

Scholey, 2022; Scholey, 2008). Since the primary cilia of different cell types exhibit structural and 

functional specializations (Ott et al., 2024), the activity of non-canonical ciliary kinesin motors may 

contribute to this diversification. However, experimental evidence supporting this hypothesis is sparse. 

 Our work identified KIF14 as a novel non-canonical kinesin in primary cilia (Pejskova et al., 

2020 #Appendix 8). KIF14 is a member of the kinesin-3 family, with an atypical disordered region found 

N-terminally to its motor domain. The disordered region and protein dimerization via C-terminal regions 

are implicated in the regulation of KIF14 processive movement in vitro (Zhernov et al., 2020). Before 

its identification as a ciliary kinesin, KIF14 has been linked to the regulation of chromosome segregation 

and cytokinesis (Carleton et al., 2006; Gruneberg et al., 2006; Reilly et al., 2018). Our data demonstrate 

that KIF14 is required for proper primary cilium biogenesis in several vertebrate cell lines. Its depletion 

reduces the percentage of ciliated cells, and the cilia that do form are significantly shorter. In addition, 

the cilia fail to respond to HH pathway activation (Pejskova et al., 2020 #Appendix 8). The underlying 

mechanism appears to involve accumulation of Aurora A, a kinase responsible for cilium disassembly 

before cell division (Čajánek et al., 2025 #Appendix 1; Pan et al., 2004; Pugacheva et al., 2007). 

Specifically, cells depleted of KIF14 show increased levels of Aurora A at the cilia base/mother centriole 

and in their vicinity. In turn, inhibition of Aurora A rescues the cilia formation defect in KIF14-depleted 

cells, yet does not restore the responsiveness to HH ligand treatment (Pejskova et al., 2020 #Appendix 

8). This indicates that while Aurora A acts downstream of KIF14 in primary cilia, an additional Aurora 

A-independent mechanism underlies its role in ciliary signaling (Fig.6). Our preprinted work suggests 
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that regulation of ciliary dynamics, and possibly IFT, may represent such a mechanism (Mikulenkova 

et al., 2025). To address this, we optimized workflows for fluorescent tagging of individual ciliary 

compartments, giving us an important competitive edge to study cilia dynamics and IFT at high 

spatiotemporal resolution using live-cell imaging in vertebrate cells (Binó et al., 2022 #Appendix 6). 

Besides KIF14, an additional member of the kinesin-3 family, KIF13B, has been implicated in 

the regulation of cilia assembly and function. In C. elegans, its ortholog KLP-6 regulates cilia trafficking 

in a subset of male-specific neurons (Morsci and Barr, 2011). In fact, the authors demonstrated that 

KLP-6 directly participates in IFT by modulating the velocity of kinesin-2 motors (Morsci and Barr, 

2011). This makes KIF13B/KLP-6 the first non-canonical kinesin regulating IFT. Interestingly, 

vertebrate KIF13B is capable of bidirectional movement in cilia of hTERT-RPE-1 cells, similar to that 

seen for kinesin-2 (Juhl et al., 2023). However, its possible participation in the modulation of IFT is 

unclear. Instead, KIF13B has been implicated in regulating the composition of the membrane subdomain 

surrounding the TZ and, in turn, the HH signaling pathway (Schou et al., 2017). In addition, a recent 

study has linked KIF13B to the regulation of extracellular vesicle release from cilia (Rezi et al., 2025). 

 

Fig.6: Phenotypes of KIF14 depletion and Aurora A inhibition in primary cilia. DAP–distal appendage proteins, 

sDA–subdistal appendages, KD–siRNA-mediated knockdown. Adopted from (Pejskova et al., 2020 #Appendix 8). 

 

Primary cilia are highly dynamic organelles, meaning they rely strictly on the continuous 

transport of cargo in and out (Čajánek et al., 2025 #Appendix 1; Mill et al., 2023). In fact, just a few 

minutes of pharmacological inhibition of IFT can already lead to visible alterations in ciliary 

composition (Engelke et al., 2019). A key factor deciding whether a cilium will be assembled, 

maintained, or disassembled is the cell cycle, thoroughly discussed in several review articles that I co-

authored (Bryja et al., 2017 #Appendix 13; Čajánek et al., 2025 #Appendix 1). The most widely used 

method to induce ciliogenesis in mammalian cell culture involves serum starvation to enrich the G1/G0 
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population, as exit from the cell cycle/entry into quiescence is considered the most permissive condition 

for primary cilium assembly (Binó et al., 2022 #Appendix 6; Čajánek et al., 2025 #Appendix 1; Seeley 

and Nachury, 2010). Conversely, the primary cilium is typically disassembled before the cell enters 

mitosis (Ford et al., 2018). As a result, primary cilia were initially considered hallmark structures of the 

quiescent state, potentially even serving a checkpoint function for cell cycle entry (Čajánek et al., 2025 

#Appendix 1; Izawa et al., 2015; Seeley and Nachury, 2010). However, it is now recognized that primary 

cilia are present not only in non-cycling cells but also in proliferating (yet non-mitotic) cells, as 

demonstrated by live-cell imaging and in vivo studies (Bangs et al., 2015; Ford et al., 2018; Ho et al., 

2020).  

Although direct evidence for a checkpoint role of primary cilia is lacking, their close relationship 

with the cell cycle is well established (Bryja et al., 2017 #Appendix 13; Čajánek et al., 2025 #Appendix 

1; Seeley and Nachury, 2010). One key aspect is the influence of cell cycle regulators on cilia dynamics, 

particularly proteins known for their mitotic roles. These proteins, such as Aurora A or NEK kinases, 

and the anaphase-promoting complex (APC), are typically localized at the centrosome or ciliary base, 

with expression or activity levels low in G1 and peaking in G2/M. In turn, both Aurora A and NEK 

kinases promote cilia disassembly, and their depletion leads to axoneme elongation (Čajánek et al., 2025 

#Appendix 1; Fry et al., 2012; Pan et al., 2004; Pugacheva et al., 2007; Wang et al., 2014). Another 

well-characterized link between cilia and the cell cycle is the excessive cell proliferation that drives 

kidney cyst formation — a hallmark of several ciliopathies (Braun and Hildebrandt, 2017; Reiter and 

Leroux, 2017). Mutations in ciliary proteins such as polycystin-1/2 (PKD1/2) or distal appendage 

protein CEP164 can cause the formation of cysts, which can be partially suppressed by cyclin-dependent 

kinase inhibition (Airik et al., 2019; Bukanov et al., 2006). Last but not least, the link between primary 

cilia and the cell cycle that I want to highlight is the dual role of several proteins in regulating both 

cilium biogenesis and mitosis (Fig.7). Since both processes rely on microtubules, it is unsurprising that 

ciliary kinesins and other microtubule-associated proteins also contribute to cell division regulation 

(Čajánek et al., 2025 #Appendix 1; Ou and Scholey, 2022). For example, heterotrimeric kinesin-2 not 

only drives anterograde IFT but also plays broader roles in intracellular transport (Hirokawa et al., 2009). 

It associates with the mitotic spindle, and its mutation causes mitotic defects and aneuploidy (Haraguchi 

et al., 2006). Similarly, KIF14, originally identified as a cytokinesis-regulating kinesin at the midbody, 

localizes to the ciliary axoneme during interphase, where it regulates cilia growth, IFT, and Hedgehog 

signaling (Mikulenkova et al., 2025; Pejskova et al., 2020 #Appendix 8). This overlap between mitotic 

machinery and ciliary regulators also involves IFT (Čajánek et al., 2025 #Appendix 1). Thus, the 

available evidence suggests that cells repurpose key regulatory proteins, creating a shared toolkit for 

both cilia and cell cycle control. Classic mitotic regulators like Aurora A, NEKs, and APC drive cilia 

disassembly to prevent interference with spindle function. Conversely, cilia-residing proteins (e.g., IFT 

and motor proteins) often take on roles in mitosis or cytokinesis when the cilium is absent (Čajánek et 
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al., 2025 #Appendix 1). This raises the intriguing possibility that some ciliopathy-related pathologies 

may in fact arise from non-ciliary functions of these regulators (Lovera and Lüders, 2021; Reiter and 

Leroux, 2017).  

As echoed several times throughout this text, primary cilia serve as crucial signaling organelles. 

This signaling function is supported by: (1) the compartmentalization of the cilium from the rest of the 

cell, and (2) the highly dynamic nature of the primary cilium, which allows for rapid changes in its 

composition to accommodate the specific requirements of a given signaling pathway. The Hedgehog 

(HH) signaling represents the prototypical pathway decisive for growth and patterning of several organs, 

critically depending on primary cilia (Bangs and Anderson, 2017; Huangfu et al., 2003; Ingham, 2022). 

For instance, hyperactive HH signaling due to a defect in IFT-A subcomplex promotes cystogenesis in 

the kidneys (Tran et al., 2014). 

 

 

Fig.7: Dual role of cilia regulators. The upper panel illustrates that many regulators of mitosis act as regulators 

of ciliary function during interphase. The lower panel highlights the contribution of ciliary regulators to the global 

regulation of intracellular organization and trafficking. Adopted from (Čajánek et al., 2025 #Appendix 1). 
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In the absence of the HH ligand, receptor SMO is present in the ciliary membrane at very low 

levels, owing to its repression by another receptor, PTCH, which restricts SMO access to its activating 

sterol ligands. As a result, SMO is ubiquitinated and removed from the cilium. In this situation, PKA 

phosphorylates transcriptional regulators GLI2/3, promoting their proteolysis into repressor forms that 

prevent the transcription of HH target genes. In the presence of HH ligands, the ligand binds to PTCH, 

which in turn induces the removal of PTCH from cilia. This allows SMO to accumulate in the ciliary 

membrane and gain access to its activating sterols. Activated SMO promotes the export of receptor 

GPR161 from the cilium. The removal of GPR161 decreases cAMP levels and leads to reduced PKA 

activity. In addition, activated SMO also inhibits PKA by directly binding to it. Consequently, the 

processing of GLI2/3 into the repressor forms is blocked, allowing GLI2/3 to promote the transcription 

of HH-responsive genes in the nucleus (Hilgendorf et al., 2024; Ingham, 2022; Rohatgi et al., 2007; 

Shinde et al., 2020). Our finding that KIF14 is required for SMO accumulation in the ciliary membrane 

following HH ligand stimulation (Pejskova et al., 2020 #Appendix 8) suggests either insufficient import 

of SMO into cilia or excessive export in the absence of KIF14, warranting further investigation. Primary 

cilia are not only required for proper HH signaling in vertebrate cells but are also subject to remodeling 

in response to HH pathway activation. Specifically, acute stimulation with HH ligands leads to 

shortening of the primary cilium axoneme, likely due to a feedback response (Nager et al., 2017; Phua 

et al., 2017; Prasai et al., 2024).  

WNT signaling is another prominent developmental pathway with ties to primary cilia, yet the 

relationship between WNT signaling and cilia remains somewhat controversial. The WNT/β-catenin 

signaling pathway, like the HH pathway, is a key regulator of cell proliferation with broad roles in 

development and cancer. Central to this pathway is β-catenin, which translocates from the cytosol to the 

nucleus upon WNT ligand stimulation, where it partners with TCF/LEF proteins to activate gene 

expression. WNT ligands bind the Frizzled (FZD) receptor and LRP5/6 co-receptor, triggering a cascade 

via the scaffolding protein DVL that disrupts the β-catenin degradation complex (APC–AXIN–β-

catenin) and inhibits GSK3β/CK1-mediated phosphorylation. This prevents β-catenin degradation, 

allowing its stabilization and nuclear import (Maurice and Angers, 2025; Rim et al., 2022). In contrast, 

the non-canonical WNT pathway operates independently of β-catenin and includes branches such as 

WNT/PCP and WNT/Ca²⁺(Bryja et al., 2017 #Appendix 13; Koca et al., 2022; Wallingford and Mitchell, 

2011). 

The controversy in WNT–cilium relationship lies in the fact that, while some studies argue that 

the WNT signaling pathway requires functional primary cilia, other reports show no change in WNT 

signaling following cilia ablation (Bernatik et al., 2021 #Appendix 7; Corbit et al., 2008; Gerdes et al., 

2007; Huang and Schier, 2009; Lancaster et al., 2011; Ocbina et al., 2009; Simons et al., 2005; Sugiyama 

et al., 2011), discussed here (Bryja et al., 2017 #Appendix 13; Čajánek et al., 2025 #Appendix 1; Niehrs 

et al., 2025). Some of these observed discrepancies can be explained by context-specific activity of the 
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involved ciliary components (Patnaik et al., 2019) or their possible dual role (Bryja et al., 2017 

#Appendix 13; Čajánek et al., 2025 #Appendix 1). As for the latter, compelling evidence indeed suggests 

that a key step of the WNT/β-catenin cascade, namely the translocation of β-catenin into the nucleus, is 

controlled by IFT-A and heterotrimeric kinesin-2, independently of their role in ciliary trafficking 

(Balmer et al., 2015; Vuong et al., 2018).  

Our research has pinpointed DVL as a plausible avenue for WNT signaling–cilium regulators 

crosstalk by identifying it as a substrate of TTBK2 (Bernatik et al., 2020 #Appendix 9; Hanakova et al., 

2019 #Appendix 10). Furthermore, in contrast to CK1ε, an established DVL kinase which promotes 

WNT/β-catenin activation, TTBK2 appears to act as a negative regulator of WNT/β-catenin pathway 

activation in a kinase activity-dependent manner (Hanakova et al., 2019 #Appendix 10). DVL is able to 

bind to CEP164 and localize to the centrosome and its vicinity (Bryja et al., 2017 #Appendix 13; 

Cervenka et al., 2016; Chaki et al., 2012), raising the still unanswered question of whether its 

phosphorylation by TTBK2 has any functional implications for cilium biology. 

Another aspect of the WNT-cilium relationship we chose to explore was the potential impact of 

WNT signaling on ciliogenesis. It is well established that the transcription factor FOXJ acts upstream 

of motile cilia formation, and its expression is regulated by the WNT/β-catenin signaling pathway 

(Walentek et al., 2012; Yu et al., 2008). However, the potential effects of WNT signaling on the assembly 

of primary cilia are notably less clear. The WNT/β-catenin pathway has been shown to act as a negative 

regulator of ciliogenesis in neural progenitors in the cerebral cortex (Nakagawa et al., 2017). Conversely, 

treatment with WNT3a, a ligand that typically activates WNT/β-catenin signaling, has been proposed to 

promote primary cilia assembly in hTERT-RPE1 (Kyun et al., 2020), while ablation of the LRP5/6 co-

receptors has been found to impair ciliogenesis and cilia length maintenance in HEK293T cells (Zhang 

et al., 2023). On top of that, recent work has proposed that both ablation of WNT signaling and acute 

treatment with WNT3a ligand lead to impaired ciliogenesis in hTERT-RPE1 (Yuan et al., 2025). Our 

work — supported by findings from several cell lines, including NIH-3T3 and hTERT-RPE1, and 

leveraging CRISPR-edited null alleles of key WNT pathway components, treatment with recombinant 

WNT3a, and pharmacological inhibition of WNT ligand secretion — argues that, while WNT 

stimulation may have modest negative effects on cilia formation in certain contexts, WNT signaling is 

not generally required for the assembly of primary cilia (Bernatik et al., 2021 #Appendix 7). In my 

opinion, the discrepancies reported in the literature may be due to off-target effects of the experimental 

strategies used or differences in the timing of the applied WNT pathway stimulation/ablation, together 

indicating possible cell-type-/culture conditions-specific requirements for WNT signaling during 

ciliogenesis, as discussed previously (Bryja et al., 2017 #Appendix 13; Čajánek et al., 2025 #Appendix 

1).  
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Future directions 
While cilia have been known for centuries, the importance of primary cilia for human health 

was discovered relatively recently — approximately 25 years ago. This discovery has naturally sparked 

the interest of many cell and developmental biologists, leading to numerous seminal discoveries about 

the mechanisms and functions of primary cilia. That being said, many fundamental questions concerning 

primary cilia biology still remain unanswered. I have briefly outlined some of these questions and 

themes in the previous chapters. Pertinent to the focus of this thesis and the future research of my lab, 

respectively, I would like to take the opportunity to specifically discuss gaps and unanswered questions 

related to the CEP164–TTBK2 module and KIF14 in cilia. 

Identification of the relevant substrates/phosphosites of TTBK2 and their functional validation 

to establish a kinase-substrate relationship represents perhaps the most obvious and important direction 

for moving the mechanistic understanding of cilia assembly regulation forward. However, this often 

tends to be easier said than done due to several bottlenecks (recently discussed in (Lacigová and Čajánek, 

2025 #Appendix 2)). Importantly, thanks to tremendous progress in in silico structure biology, one can 

now model the impact of phosphorylation on protein structure and its subsequent effects on protein-

protein interactions. Experiments that were considered science fiction not long ago (e.g., whole 

proteome in silico pulldown) have now become feasible with the latest release of Alphafold, an AI 

system that predicts protein 3D structures from amino acid sequences (Abramson et al., 2024) and 

sufficient computing power (Lange et al., 2025). I am convinced that the right implementation of 

Alphafold modeling into cell biology pipelines has the potential to significantly streamline the overall 

procedure of kinase-substrate relationship validation. Moreover, the possibility to specifically target 

TTBK2 pharmacologically (Bashore et al., 2023; Halkina et al., 2021) will allow us to study its 

mechanism in temporal resolution. Furthermore, a pipeline to efficiently isolate centrosomes (Carden et 

al., 2023) and primary cilia from various models for subsequent downstream applications, including 

proteomics, should be a significant benefit too. 

Additionally, equally important questions relate to the mechanisms by which CEP164 regulates 

key steps of cilia formation independently of TTBK2 recruitment, as well as how the functions of the 

CEP164–TTBK2 module may be customized in different cell types and organisms. 

It should also be rewarding to pursue the mechanistic basis of the role of KIF14 or any other 

cilia-residing non-canonical (other than the heterotrimeric kinesin-2) kinesin motors. Notably, recent 

data indicate that primary cilia of individual cell types display prominent structural and functional 

customizations. As it is difficult to explain how such diversity arises solely through the use of the 

“universal” IFT system, it seems plausible that non-canonical or accessory ciliary motors are responsible 

for tailoring primary cilia in different cell types. It is important to emphasize that understanding the 

mechanisms by which different ciliary modules regulate cilia dynamics may open avenues for 
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developing new strategies to restore ciliary function in ciliopathies. For instance, one could consider 

reducing the accumulation of GPCRs in the cilia of BBSome-defective cells (Prasai et al., 2024) by 

targeting cargo import regulation. In this context, it is worth noting that our unpublished data suggest a 

possible interaction between KIF14 and components of the BBSome — an intriguing possibility that 

warrants further investigation in future studies. 
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Current model of primary cilia assembly and 
disassembly
Cilia are hair-like organelles composed of microtubules 
that extend from the cell surface of most eukaryotic cells. 
Cilia are probably the first ever observed cellular organ-
elles, already described in the 17th century by a Dutch 
pioneer of microbiology and microscopy, Antonie van 
Leeuwenhoek [1]. Cilia can be motile or non-motile, 
with non-motile cilia referred to as primary cilia. The 
“primary” aspect of primary cilia relates to the time of 
their appearance, as primary cilium was noted to appear 
before the motile cilia in cells of rat lung epithelium [2]. 
Initially, primary cilia were thought to be vestigial, owing 
to their lack of motility. However, research over the 
past two decades has significantly twisted this perspec-
tive, revealing that primary cilia serve as crucial cellular 
antennas with essential roles in embryogenesis and tissue 
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Abstract
Cilia are versatile, microtubule-based organelles that facilitate cellular signaling, motility, and environmental sensing 
in eukaryotic cells. These dynamic structures act as hubs for key developmental signaling pathways, while their 
assembly and disassembly are intricately regulated along cell cycle transitions. Recent findings show that factors 
regulating ciliogenesis and cilia dynamics often integrate their roles across other cellular processes, including cell 
cycle regulation, cytoskeletal organization, and intracellular trafficking, ensuring multilevel crosstalk of mechanisms 
controlling organogenesis. Disruptions in these shared regulators lead to broad defects associated with both 
ciliopathies and cancer. This review explores the crosstalk of regulatory mechanisms governing cilia assembly, 
disassembly, and maintenance during ciliary signaling and the cell cycle, along with the broader implications for 
development, tissue homeostasis, and disease.
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homeostasis [3, 4], [5]. Cilia significance has become 
even more evident with the discovery that a variety of 
human diseases, collectively termed ciliopathies, are 
linked to defects in ciliary structure and/or function [6, 
7, 8]. In our review, we discuss primary cilia as dynamic 
organelles responding to various regulatory clues dur-
ing their assembly, disassembly, and maintenance and, in 
turn, how the dynamic nature of primary cilia influences 
fundamental biological processes, including cell fate 
determination, tissue patterning, signal transduction, and 
cellular homeostasis.

Primary cilia and their structure
The primary cilium consists of the basal body, the tran-
sition zone (TZ), and the membrane-enclosed microtu-
bule-based ciliary axoneme (Fig. 1A) [9]. The basal body 
originates from the older of the two centrioles of the 
centrosome, termed the mother centriole. Centrioles are 
barrel-like structures typically assembled according to 
radial nine-fold symmetry. A major part of their walls is 
made of nine microtubule triplets arranged in a circu-
lar pattern, which contributes to the structural integrity 
and overall stability of centrioles. The centriole’s most 
distal part transitions to a geometry reminiscent of an 
axoneme by containing microtubule doublets instead of 

triplets and being of smaller diameter than the proximal 
centriole part [10]. Only a fully matured mother centri-
ole can serve as a basal body, having acquired two sets of 
appendages [11]. The structural integrity of the centriole 
distal part is critical for both distal (DAs) and subdistal 
(SDAs) appendages formation [12, 13].

DAs are present as blades that attach to two adjacent 
microtubule triplets of the mother centriole wall, form-
ing a structure resembling a nine-fold pinwheel [14]. 
The DAs blades consist of CEP83/CCDC41, CEP89/
CCDC123, SCLT1, and CEP164, which are crucially 
involved with primary cilia assembly initiation [15, 16] 
and protein FBF1, involved in regulating ciliary gating 
[17, 18]. DAs are assembled in a hierarchical manner, 
with CEP83 being responsible for the recruitment of 
SCTL1 and CEP89. SCTL1 successively mediates FBF1 
and CEP164 recruitment [15]. Mutations in DAs genes 
(demonstrated for CEP164, CEP83, and SCLT1) typically 
lead to nephronophthisis, a ciliopathy manifesting in kid-
neys [5, 6, 19]. Unlike DAs nine-fold symmetry arrange-
ment, SDAs structure does not seem well conserved. 
Moreover, SDAs are not directly decisive in the regula-
tion of cilium assembly or maintenance; instead, they act 
as anchorage points for centrosomal microtubules, hence 
connecting the basal body to the rest of the cell [20]. In 

Fig. 1  Primary cilium structure and mechanism of intracellular ciliogenesis. A Primary cilium originates from the basal body (grey), modified centriole, 
which possesses two sets of appendages – distal (DAs) and subdistal (SDAs). The central structure is the membrane-enclosed microtubule-based cili-
ary axoneme (pink). The transition zone (TZ) acts as a diffusion barrier between the basal body and the ciliary axoneme. The ciliary membrane is rich 
in phosphoinositides (PIP), while phosphatidylinositol 4,5-bisphosphate (PIP2) levels are increased in the periciliary membrane at the cilium base; the 
phosphatidylinositol (3,4,5)-trisphosphate (PIP3) seems specifically enriched in the membrane surrounding the TZ. Active protein transport is facilitated 
by intraflagellar transport (IFT) machinery, which works in cooperation with the BBSome – cargo adapter complex. IFT is a bidirectional movement of 
complexes along the microtubules from the base of the cilium to its tip (anterograde transport) by kinesin motors and from the tip back to the ciliary 
base (retrograde transport) by dynein motors. B Intracellular ciliogenesis begins with the formation of the ciliary vesicle at the distal appendages, a pro-
cess facilitated by EHD1/EHD3 and RAB34. TTBK2 phosphorylates CEP83 and other DAs components, enabling the ciliary vesicle to dock to the mother 
centriole. Ciliary vesicle membrane expansion is regulated by the RAB11/RABIN8/RAB8 cascade, driving the development and elongation of the ciliary 
membrane. Simultaneously, IFT mediates the growth of the axoneme, coordinating its assembly with the extension of the ciliary membrane. This image 
was created with BioRender.com
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turn, they have been implicated in the correct positioning 
of primary cilia [21], yet functional consequences are not 
clear. SDAs components include ODF2, Ninein, CEP170, 
CEP128, and others [20, 22]. Vertebrate cells typically 
contain only one fully matured mother centriole at a 
time, allowing for the formation of a single cilium [11]. 
However, multiciliated cells, including those found in the 
lung airway epithelium or kidneys, are an exception. Dur-
ing their differentiation, these cells generate up to hun-
dreds of centrioles, which then serve as basal bodies [23].

The transition zone (TZ) delineates the transition 
between the basal body and the ciliary axoneme [24, 
25]. Super-resolution studies have positioned the TZ 
approximately 100  nm above the DAs [26, 27, 28]. The 
TZ serves as a diffusion barrier for both membrane and 
soluble proteins to ensure the unique composition of the 
intra-ciliary milieu and, consequently, is essential for pri-
mary cilia function [25, 29]. Its arrangement and size may 
vary between different cell types, the common structural 
feature being the presence of Y-shaped linkers (termed 
Y-links) that crosslink axonemal microtubule doublets 
with the ciliary membrane [24, 26]. Many TZ proteins 
have already been identified [30, 31], most of which are 
linked to ciliopathies [8], which has then raised even 
more interest in studying the TZ. Nevertheless, the exact 
composition of Y-links remains elusive. TZ components 
cluster into several structurally and functionally distinct 
protein complexes [32]. One of them is the NPHP com-
plex, which resides in the proximity of axonemal micro-
tubules and consists of proteins such as NPHP1, NPHP4, 
and RPGRIP1L [25], [32]. Their mutations typically lead 
to nephronophthisis [8]. A second complex, termed 
MKS, comprises proteins located in or near the cili-
ary membrane (e.g., TCTN1-3, several TMEM proteins, 
AHI1, B9D1/2, etc.) [25], [32]. Corresponding mutations 
in MKS members are typically involved with Meckel and 
Joubert syndromes [5], [8]. Both complexes are engaged 
in several interactions, including mutual ones, interac-
tions with CEP290 (a large protein commonly annotated 
as another MKS member), and proteins of the so-called 
Inversin compartment [25]. CEP290 and RPGRIP1L 
seem to act as the most upstream components in the 
hierarchy of individual TZ components recruitment [33].

The most common view of axonemal microtubule 
arrangement in primary cilia is the “9 + 0” configura-
tion, where the central microtubule doublet, typical for 
the motile cilia with their “9 + 2” arrangement, is miss-
ing. While this simplistic model still holds credibility, it 
is apparent that the spectrum of different configurations 
is broader than originally anticipated, since the list of 
reported “exceptions from the rule” is rapidly enlarg-
ing. For instance, cilia found in olfactory neurons are 
immotile, albeit with “9 + 0” configuration [34]. Con-
versely, beta-cell “primary” cilia, with the typical “9 + 0” 

configuration, show movement in response to glucose 
stimulation, likely to facilitate insulin secretion [35]. 
Moreover, epithelial cell primary cilia seem to follow the 
“9 + 0” rule only in their proximal parts, while more distal 
regions of the axoneme exhibit a surprising level of het-
erogeneity and “disorganization”, with several individual 
microtubules often ending well before reaching the tip of 
the cilium [36], [37].

The ciliary membrane is continuous with the plasma 
membrane, the intermediate zone between them termed 
the periciliary membrane, which sometimes invaginates 
to form a ciliary pocket surrounding the proximal part 
of the axoneme [38], [39]. The ciliary membrane has a 
unique content of lipids and proteins, critical for correct 
ciliary functions [29], [40]. Phosphoinositides (PIPs) are 
perhaps the best example of lipids displaying a precise 
spatial organization within the cilium membrane. Spe-
cifically, the ciliary membrane is rich in PIP, while low in 
PIP2 and PIP3. Conversely, the plasma membrane has a 
high content of PIP2 and PIP3. PIP2 levels are increased 
in the periciliary membrane at the cilium base, while the 
PIP3 seems specifically enriched in the membrane sur-
rounding the TZ [41]. This particular configuration is 
maintained by cilia-residing enzymes such as INPP5E, 
which converts the PIP2 into PIP inside the cilium to 
maintain the boundary [42], [43].

The soluble content of cilia (recently referred to as cil-
ioplasm [44]) also evinces substantial differences from 
the composition of cytoplasm. Whereas soluble small 
molecules easily diffuse between the cilioplasm and cyto-
sol, their concentrations can significantly differ between 
these two compartments. One such example is calcium, 
whose steady-state levels can be much higher in the cilio-
plasm than in the cytoplasm of the same cell [45]. Given 
that cilium volume is smaller than cell volume by several 
orders of magnitude, the effects of ciliary ions on cytosol 
can be safely considered negligible. Conversely, relatively 
subtle changes (by as little as “a few molecules”) can in 
fact mean dramatic differences in ion concentration in 
the context of cilia [46, 47]. For instance, it is estimated 
that a single molecule of cAMP translates into a 10 nM 
concentration increase of cAMP inside cilia [44]. This 
compartmentalization provides a conceptual base for pri-
mary cilia as sensitive and efficient signaling organelles 
[44, 47].

Primary cilia assembly regulation
Ciliogenesis activation is typical for postmitotic cells, as 
the cilium is accordingly disassembled prior to the entry 
of another round of mitosis [9]. Exit from the cell cycle 
and entry into quiescence is considered the most permis-
sive condition for the assembly of a primary cilium [9]. 
Commensurate with that, perhaps the most commonly 
used protocol to facilitate ciliogenesis in mammalian 
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cell culture is based on enriching the G1/G0 cell popu-
lation via serum starvation [48]. Consequently, primary 
cilia were considered specific hallmarks of quiescent 
state [49]. Moreover, certain evidence suggests that pri-
mary cilia may even have a checkpoint function - guard-
ing against cell cycle re-entry [50]. Nevertheless, based 
on data from live cell imaging and in vivo models, pri-
mary cilia apparently can be readily found not only in 
non-cycling but also in proliferating (yet non-mitotic) 
cells [51], [52]. Actually, vertebrate cells seem capable 
of assembling primary cilium throughout the cell cycle 
(except mitosis) [51]. Therefore, the timing of the onset 
of cilium assembly can be heterogeneous, and factors 
responsible for such asynchrony within a cell popula-
tion are currently unknown. The earliest observed event 
in ciliogenesis, as documented in transmission elec-
tron microscopy (TEM) experiments, is the docking of 
the basal body DAs to the ciliary vesicle (CV) [2, 38] or 
directly to the apical cell membrane[53]. The former is 
a feature of the intracellular pathway of cilia assembly, 
where ciliogenesis already initiates in the cytoplasm, 
before the mother centriole attachment to the plasma 
membrane [54], [55]. The latter is common for the extra-
cellular cilia assembly pathway of polarized cells, where 
ciliogenesis commences following mother centriole dock-
ing to the plasma membrane surface. This paper focuses 
on mechanisms of intracellular ciliogenesis, which is a 
more broadly used mechanism (Fig. 1B). Specific aspects 
of the extracellular cilium assembly pathway have previ-
ously been thoroughly addressed [56].

The large CV forms from the fusion of smaller vesicles, 
termed distal appendage vesicles (DAVs), attached to the 
DAs. Myosin-Va, implicated in the assembly and trans-
port of DAVs, appears to be the earliest vesicle traffick-
ing regulator recruited to the basal body [57]. Large CV 
formation depends on the coordinated action of two 
members of the EHD protein family, EHD1 and EHD3 
[58]. Recruitment of EHD1/EDH3 to cilia base relies on 
the activity of small GTPase RAB34, localizing to ciliary 
sheath transiently forming during the assembly of pri-
mary cilia [59, 60]. When these proteins are depleted, 
DAVs can still dock, but the smaller vesicles fail to fuse, 
hence halting ciliogenesis [57], [58]. The CV mem-
brane’s subsequent expansion, controlled by the RAB11/
RABIN8/RAB8 cascade, leads to the formation and 
extension of the ciliary membrane, assembled in paral-
lel with the growing axoneme. The small GTPase RAB11 
is crucial for delivering vesicles containing RABIN8, a 
RAB8 guanine nucleotide exchange factor (GEF), to the 
mother centriole and for regulating RABIN8 activity. 
Locally enriched RABIN8 ensures the timely activation of 
small GTPase RAB8, promoting the extension of the cili-
ary membrane [61], [62], [63, 64]. Noteworthy, very few 
reports have documented an uncoupling of the growth of 

the primary cilium membrane and axoneme, suggesting 
tight cooperation of both processes by yet unclear mech-
anism [65].

The mother centriole-membrane interaction criti-
cally relies on intact DAs [15]. Meticulous TEM analyses 
showed that DAVs/CV docking is severely compromised 
when CEP164 [66, 67], CEP83/CCDC41 [68], CEP89/
CEP123 [69], and to a lesser extent LRRC45 [70], are 
depleted. While the roles of SCLT1 and ANKRD26 in 
DAVs/CV docking have not been directly examined by 
TEM, SCLT1 is required for the recruitment of RAB34 
[60, 71]. One open question concerns the mechanism 
regulating the DAs-CV interactions. It is plausible that 
individual DAs components and their domains directly 
mediate the interactions with CV regulators EHD1/3, 
Myosin-Va, or RAB34 to support efficient CV formation 
[71]. Certain aspects of such regulation are under the 
control of effector protein Tau Tubulin Kinase 2 (TTBK2) 
[72], recruited to DAs by interaction with CEP164 [73, 
74]. The absence of TTBK2 prevents CV-mother centri-
ole interactions, which seems to be partly mediated by 
its phosphorylation of CEP83 [75]. TTBK2 phosphory-
lates additional proteins involved in CV- mother centri-
ole interactions (i.e. CEP164, CEP89, RABIN8) [73, 76], 
however, the functional relevance of this remains unclear.

Cilium growth occurs concurrently with the exten-
sion of the microtubule-based axoneme. However, the 
mechanism that triggers the outgrowth of microtubules 
from the mother centriole distal end is not entirely clear. 
A widely accepted hallmark of the onset of ciliogenesis in 
vertebrate cells is the removal of the centriole distal end 
proteins CEP97 and CP110 specifically from the mother 
centriole [77]. CEP97 and CP110 depend on each other 
for proper localization to the centriole distal end and 
form a complex that is commonly viewed as a “cap,” pos-
sibly sterically hindering the outgrowth of microtubules 
to form the axoneme [77, 78]. The removal of this “cap” 
depends on TTBK2 kinase activity [15, 72, 73], [79]. 
While it is not fully resolved how TTBK2 controls this 
process, one possibility is that TTBK2 directly acts on 
the CP110-CEP97 complex to induce its relocalization 
or destruction. Accordingly, TTBK2 has been shown to 
phosphorylate CEP97 [80]. Alternatively, TTBK2 might 
indirectly facilitate the removal of CP110-CEP97 by 
phosphorylating MPP9 [81].

Although CP110-CEP97 loss from the mother centri-
ole serves as a reliable sign of ciliogenesis initiation in 
numerous studies, the function of these proteins appears 
more complex. For instance, depletion of CP110 or 
CEP97 was reported to cause artificially elongated cen-
trioles [52, 78, 82] or facilitate primary cilia formation in 
certain cell types [81, 83]. Conversely, some evidence sug-
gests these proteins play a positive role in cilia formation 
[84, 85, 86]. Therefore, the “cap to prevent microtubule 
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growth” model seems overly simplistic for the emerging 
context-dependent role of CP110-CEP97.

Axoneme outgrowth is mediated by Intraflagellar 
Transport (IFT) proteins. IFT is a bidirectional move-
ment of complexes along the axonemal doublet micro-
tubules from the cilium base to its tip (anterograde 
transport) by kinesin motors (typically kinesin-II) and 
then from the tip back to the ciliary base (retrograde 
transport) by dynein 2 motors [87, 88]. The main IFT 
function is to deliver various cargo (e.g., ciliary compo-
nents such as tubulin, receptors, etc.) into the cilia and 
back to promote cilium growth and maintenance. Cargo 
proteins can interact with IFT complexes directly (e.g. 
tubulin [89]) or via adaptor proteins [90]. Fully assembled 
IFT complexes comprise individual IFT proteins forming 
IFT-A and IFT-B subcomplexes, coupled with respective 
motor proteins [91]. Cryo-EM work in flagella of Chlam-
ydomonas revealed that each microtubule doublet is used 
as a bidirectional double-track railway - anterograde 
IFT trains move along B-microtubules, and retrograde 
trains use A-microtubules for transport [92]. IFT com-
plexes localize to two distinct pools at the ciliary base 
– one that overlaps with the DAs and the other within 
the TZ [93]. Their recruitment requires kinase activity 
of TTBK2 and intact DAs [71, 72], [73], however, exactly 
which DAs component(s) serve a physical docking plat-
form for the interaction with IFTs is not clear. While IFTs 
are recruited to DAs even in nonciliated cells [73], their 
assembly into fully functional “trains“ seems to be com-
pleted within TZ, to be subsequently loaded inside the 
cilium [94, 95].

The transport of molecules inside and outside of cilium 
is critical for cilium growth, maintenance, and function. 
The current model posits that TZ together with DAs 
transformed into so-called transition fibers form a selec-
tive barrier between the cilium and the rest of a cell to 
control the ciliary entrance and exit [5, 20], [25]. Numer-
ous studies have documented the existence of such a gat-
ing barrier at the ciliary base, yet the actual mechanism 
of sorting and transporting selected molecules across the 
barrier is not fully resolved. According to some evidence, 
the ciliary entry of various cargo is mediated by IFT 
activity. In this case, the cargo is simply dragged through 
the sorting barrier by the activity of IFT motors [5, 29]. 
In agreement with this model, anterograde IFT trains 
(likely cargo-loaded) are assembled at TZ, and inactiva-
tion of their motors impairs TZ localization of IFT trains 
and, successively, cilium elongation [5], [90], [95]. This 
mechanism likely ensures the ciliary entry of tubulin sub-
units, in cooperation with their free diffusion across the 
TZ [89, 96]. In addition, membrane-associated proteins 
and transmembrane receptors seem to enter the cilium 
independently of IFT motor activity. They rely instead on 
interactions with IFT-A subcomplex and adaptor protein 

TULP3 [97, 98]. TULP3 is a PIP2-binding protein, and its 
ciliary localization is restricted by the PIP2/PIP3 bound-
ary, maintained by INPP5E (which itself is recruited to 
cilia in a TULP3-dependent manner) [97, 99].

The ciliary exit of many receptors is accordingly facili-
tated by the BBSome, an octameric cargo adaptor pro-
tein complex comprised of BBS1, BBS2, BBS4, BBS5, 
BBS7, BBS8, BBS9, and BBS18 subunits [64]. Mutations 
in any of the BBSome subunits lead to ciliopathy termed 
Barder-Biedl syndrome [100], albeit with various severity 
across tissues [101]. BBSome formation occurs in a step-
wise fashion and is spatially governed by the BBS4 and 
BBS1 subunits [102, 103]. BBS4 localizes to pericentriolar 
satellites and recruits here the other subunits to form the 
pre-BBSome. BBS1 resides at the centrosome and facili-
tates pre-BBSome translocation and BBSome completion 
at the ciliary base. Moreover, BBS1 binds RABIN8 and 
thus serves as a bridge between RAB8/RAB11 dependent 
vesicular trafficking and the ciliary transport machinery 
[63, 64].

BBSome seems to be associated with IFT trains in 
many organisms. As Max Nachury stated, the BBSome 
may have been easily called IFT-C if not for histori-
cal reasons [98]. In fact, BBSome directly regulates IFT 
machinery movement in C.elegans [104]. Whether the 
analogous function is conserved in vertebrates is cur-
rently unclear. Nevertheless, the key function of BBSome, 
well documented across various model organisms, prob-
ably resides in regulating the ciliary exit of membrane 
receptors (e.g., SSTR3, GPR161, etc.) [98]. According to 
the current model, BBSome travels together with IFT 
particles in both anterograde and retrograde directions 
to retrieve ciliary receptors. Their ciliary exit, namely the 
passing through the TZ barrier, is subsequently facili-
tated by interactions with adaptor protein ARL6 (BBS3) 
[105].

DAs transformed into transition fibers are considered 
as another module regulating ciliary gating [40]. Such 
gating function is well expected, considering the inti-
mate association of DAs and the membrane, implied by 
TEM or super-resolution microscopy studies [2, 17], [28, 
38]. However, direct evidence of such function is lacking 
(and long-awaited), including the details on the interac-
tions between individual DAs proteins and the mem-
brane. One of the limitations is the critical role of several 
DAs proteins (namely CEP83, CEP164, and SCLT1) and 
TTBK2 in the initiation of the cilium assembly pathway 
(see earlier), hence the absence of any of these proteins 
halts ciliogenesis before any gating mechanism has a 
chance to step in. There is one exception though - FBF1. 
Deletion of FBF1 leads to moderate ciliogenesis defect 
[18, 71], allowing a careful analysis of primary cilia form-
ing independently of FBF1. Indeed, lack of FBF1 in C. 
elegans or human cells causes defective cilia entry of IFT 
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particles [18], together with reduced ciliary localization 
of SMO, PKD2, and SSTR3 receptors [17, 106]. The exact 
mechanism(s) that compromise the IFT/receptor recruit-
ment here awaits to be identified.

Primary cilia disassembly regulation
It is well documented that primary cilium needs to be 
disassembled prior to the onset of mitosis, most likely 
to free the mother centriole for centrosome-mediated 
spindle organization and positioning [9], [107]. Serum-
starved NIH3T3, hTERT-RPE1, or IMCD3 cells gradu-
ally lose cilia following serum addition [48, 49], [108], and 
asynchronous NIH3T3 (with ARL13B/Fucci sensor) were 
shown to disassemble primary cilia at G2/M [51]. An 
intriguing exception to this otherwise strictly followed 
rule is the Ptk1 cell line, in which primary cilium is able to 
persist even during early mitosis [109]. There are at least 
two modes for disassembling primary cilium. Consistent 
with the gradual shortening of flagella in Chlamydomo-
nas before cell division [110], primary cilia of vertebrate 
cells can be slowly resorbed by axoneme depolymeriza-
tion [108]. Moreover, the flagella of many protists can 
be lost in a process of rapid deciliation, which involves 

cutting off the ciliary axoneme by the microtubule-sever-
ing enzyme Katanin [111]. A similar mode of action also 
mediates primary cilia disassembly in vertebrate cells. 
Furthermore, both these modes of primary cilia removal 
can act separately as well as in combination [108]. While 
the identification of “switch factors”, controlling which 
mode of cilia assembly will be used requires additional 
work, it is becoming clear that the precise timing of cilia 
disassembly has significant physiological consequences. 
For instance, primary cilia of neuronal progenitors in 
developing chick neural tubes undergo timely remodel-
ing of ciliary axoneme, which permits switching between 
specific branches of the Hedgehog (HH) signaling path-
way crucial in neuronal patterning and differentiation 
[112] (see more on that in the HH signaling pathway 
chapter).

Gradual cilium disassembly requires destabilization 
and depolymerization of axonemal microtubules (Fig. 2). 
The upstream controlling mechanism involves mitotic 
kinase Aurora A (AURA), whose activity increases during 
the cell cycle, together with the size of the AURA pool 
at the base of primary cilia [113]. While the function of 
AURA upstream of cilia disassembly is well documented 

Fig. 2  Primary cilium dynamics during cell cycle. Primary cilia are disassembled before mitosis and reassembled after cell division during the early G1 
phase. Cilium disassembly occurs through several potentially overlapping mechanisms, including gradual resorption mediated by AURA kinase and 
HDAC6, CDC42 and actin-dependent ectocytosis, and Katanin-dependent ciliary decapitation. Axoneme (light pink), basal body (grey) with distal ap-
pendages (DAs; pink). This image was created with BioRender.com
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and conserved from Chlamydomonas to vertebrates [113, 
114], the underlying mechanism is less clear. Available 
evidence from cell culture-based experiments suggests 
that a subset of histone deacetylates including HDAC6 or 
HDAC2, able to deacetylate tubulin, acts downstream of 
AURA to mediate the destabilization of axonemal micro-
tubules [113, 115]. However, genetic ablation of HDAC6 
or other HDACs does not lead to major ciliary pheno-
types in vivo, indicating the involvement of compensa-
tory actions and/or cell type specificity of the outlined 
mechanism [116, 117]. Still, considering both AURA and 
HDAC6 are enriched at the cilia base (with currently no 
evidence of their localization in the ciliary axoneme), 
one of the outstanding questions is how the signal from 
AURA/HDAC6 passes to the axonemal microtubules. 
A possible (though highly speculative) explanation may 
relate to the fact that HDAC6 prefers tubulin dimers 
over polymerized microtubules [118]. In such a scenario, 
HDAC6 would primarily act on tubulin subunits trans-
ported through the barrier at the cilia base.

Disassembly of the primary cilium before mitosis 
is further controlled by several members of the kine-
sin 13 family (e.g., KIF2A, and KIF24). Unlike conven-
tional kinesin motor proteins, kinesin 13 proteins do not 
“walk” along microtubules but possess the unique activ-
ity of ATP-dependent microtubule depolymerization to 
promote resorption of ciliary axoneme [119]. KIF2A is 
enriched at the base of primary cilia in the close vicinity 
of DAs/SDAs, and can also be found in the axoneme [79], 
[120]. The ability of kinesin 13 proteins to depolymerize 
microtubules is tightly controlled by upstream kinases. 
Phosphorylation by mitotic kinases such as PLK1 pro-
motes its activity [120], while phosphorylation by TTBK2 
counteracts KIF2A recruitment to the ciliary base and 
hampers its microtubule-depolymerizing activity [79, 
121]. Similarly, the activity of axoneme-depolymerizing 
kinesin KIF24 is promoted by phosphorylation by NEK2 
[122].

Another phenomenon, termed ectocytosis or cilia 
decapitation, has been recently linked to the regulation of 
primary cilia dynamics, eventually leading to their disas-
sembly [123], [124] (Fig. 2). Here, events like the defective 
exit of ciliary receptors owing to impaired BBSome func-
tion [124], [125], or mitogen-induced INPP5E removal 
from primary cilia [123], trigger remodeling of ciliary 
actin and, accordingly, myosin-mediated abscission of 
the ciliary membrane and its release from the tip of cilia 
in a form of a small vesicle. Consequently, this may cause 
gradual resorption of the whole ciliary axoneme. Intrigu-
ingly, INPP5E removal from cilia and, successively, the 
shortening of ciliary axoneme requires AURA activity 
[123, 126], providing another means of how AURA acti-
vation contributes to primary cilia disassembly. Here, the 
shortening of primary cilia caused by BBSome deficiency 

can be reversed through both AURA and the intraciliary 
RHO GTPase CDC42 [125, 127], suggesting a close inter-
play between axoneme resorption and ciliary membrane 
turnover.

Crosstalk of cilia assembly and disassembly 
pathways with other regulatory mechanisms
The previous paragraphs have illustrated that primary 
cilia are highly dynamic organelles. In fact, as little as 
5 min of halted IFT is enough to detect changes in pri-
mary cilia composition. Therefore, perhaps unexpected 
heterogeneity and asynchrony related to the initiation 
of their assembly and disassembly, respectively [51, 
108], possibly reinforce a notion that having/not hav-
ing a cilium is a result of counteracting interactions 
of pro-assembly and pro-resorption pathways. In this 
section, we plan to discuss some of these interactions 
thoroughly, including the relationship between cilia for-
mation/resorption and cell cycle, the crosstalk between 
individual regulatory modules in cilium biology, along 
with the possible dual (non-ciliary) role of primary cilia 
regulators.

Cell cycle and primary cilia
As previously noted, primary cilia were originally viewed 
as hallmarks of quiescence, perhaps even having a check-
point function. According to this model, primary cilium 
had to be resorbed before cell cycle re-entry and, con-
versely, a block of primary cilia disassembly led to cell 
cycle arrest [50]. While this model has gained some 
attention, especially when considering the possibility of 
halting tumor growth by inducing ciliogenesis in can-
cer cells, it remains controversial, with conflicting data 
in the literature. Actually, this raises a conundrum: How 
can organelle, resorbed prior to cell cycle re-entry, still 
convey proliferative signals (e.g. by HH ligands) impor-
tant for G1-S transition? [9] Specifically, scaffolding pro-
tein trichoplein (TCHP) has been proposed to promote 
G1-S transition in ciliated cells by activating AURA and 
then dissembling cilia [128]. This model, however, has 
been challenged in a report indicating that TCHP regu-
lates cell cycle progression independently of cilia sta-
tus [129]. With the wide adaptation of live cell imaging 
microscopy, many reports have subsequently demon-
strated the presence of primary cilia in cycling cells [9], 
[51, 130]. Still, considering the heterogeneity in the tim-
ing of primary cilia assembly/disassembly, the possibil-
ity of some feedback mechanism between primary cilia 
and cell cycle, eventually leading to cell cycle alterations 
between ciliated and non-ciliated cells cannot be com-
pletely dismissed.

While direct evidence for the checkpoint role of pri-
mary cilia is currently lacking, the intimate relation-
ship between primary cilia and the cell cycle is well 



Page 8 of 25Čajánek et al. Cell & Bioscience           (2025) 15:81 

documented (Fig.  3A). One aspect of this interconnec-
tion is the effect of cell cycle regulators on primary cilia 
dynamics. The key players here are proteins well known 
for their prominent roles in mitosis. They are typically 
associated with the centrosome/ciliary base throughout 
the cell cycle, starting with very low abundance at G1 and 
peaking their levels/activity in the G2 or M phase. These 
include, for instance, AURA (see above) and NEK kinases 
[131], as well as an anaphase-promoting factor (APC) 
[132]. Similarly to AURA, the activities of NEK kinases 
have been shown to promote cilia shortening/disassem-
bly, while their depletion leads to ciliary axoneme elon-
gation. These effects were observed in several models, 

including Chlamydomonas and Tetrahymena, as well as 
in mammalian cells, suggesting the role of NEKs is well 
conserved [131]. Mechanisms underlying the effects of 
NEK kinase activity include destabilization of microtu-
bules [131] or, in the case of NEK2, disassembly of DAs 
[133]. The ciliary role of APC seems to be mediated by 
targeting NEK1 for degradation [132]. Interestingly, some 
mitotic regulators can act as ciliogenesis-promoting fac-
tors, e.g., by facilitating centriole maturation. One such 
example is PLK1, whose ectopic activation in interphase 
erases differences between mother and daughter cen-
trioles (the daughter prematurely assembles DAs), and 
then, allows the formation of two primary cilia per cell 

Fig. 3  Dual roles of cilia regulators in cell cycle and intracellular organization. A Established mitotic regulators such as AURA, NEKs, APC, CDC42, and PLK1 
also play critical roles in regulating cilium disassembly. Common ciliary factors such as IFTs (e.g. IFT52 and IFT88), KIF3A/B, KIF14, CEP162, BBS4, and BBS6 
also facilitate the formation of the mitotic spindle, chromosome alignment, and the progression of cytokinesis. B The factors involved in ciliogenesis and 
cilia function are vital to intracellular organization. TTBK2 binds to EB1/3 and promotes microtubule growth by suppressing depolymerizing activity of 
the KIF2A kinesin. ARL13B regulates the non-canonical Hedgehog (HH) pathway and is key in controlling actin organization. The RAB11/RABIN8/RAB8 
cascade controls polarized vesicular trafficking to the plasma and ciliary membrane, where the latter is mediated by the BBS1-RABIN8 module. BBS1 is also 
involved in the endomembrane vesicular trafficking between the early and late endosomes. This image was created with BioRender.com
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[134]. Considering the orderly nature of the cell cycle, 
heterogeneity in the timing of primary cilia assembly/dis-
assembly seen in several time-lapse experiments is some-
what unexpected. It implies that rather than providing an 
instructive signal coupled to a specific checkpoint, the 
cell cycle creates a permissive window for cilia assembly, 
fine-tuned by (potentially stochastic) fluctuations in the 
activities of key regulators.

 Perhaps the best-described functional connection 
between cilia and cell cycle is the extensive proliferation 
leading to cyst formation in kidneys – a hallmark feature 
of several ciliopathies[6]. In fact, kidney cyst formation, 
caused by mutation of cilia residing receptor polycystin 
1/2 (PKD1/2) or DAs protein CEP164, can be mitigated 
by inhibition of cyclin-dependent kinases[19], [135]. 
Aberrant proliferation related to PKD1/2 mutations 
seems to be caused by deregulated Ca2+ signaling and 
cAMP production[136]. Another prominent driver of cell 
proliferation in kidneys is the Hedgehog (HH) signaling 
pathway. The causative relationship between cilia defects, 
deregulated HH signaling, and kidney cyst formation has 
been indicated for mutation of the IFT-A component, 
IFT139, that leads to bulbous cilia and an overactivated 
HH pathway[137], [138].

 Another aspect of primary cilia–cell cycle connection 
is the role of several cilia components in cell cycle regu-
lation, particularly during mitosis and cytokinesis. These 
effects appear to represent additional functions of these 
proteins, independent of primary cilia. Both mitosis and 
cytokinesis rely on the action of microtubules and asso-
ciated proteins associated. Kinesins and other microtu-
bule-binding proteins therefore represent a group where 
such cilia-unrelated function is anticipated[139]. KIF3A 
and KIF3B constitute the kinesin-II heterodimer, which, 
besides participating in the anterograde IFT in cilia, 
represents one of the most ubiquitously expressed kine-
sins, implicated in many forms of intracellular transport 
[140]. Furthermore, KIF3A/3B is associated with mitotic 
spindle in both Chlamydomonas and vertebrate cells, and 
expression of a mutated form of KIF3B leads to mitotic 
abnormalities and aneuploidy [141]. A different example 
is another microtubule-plus end motor, KIF14, originally 
identified as cytokinesis-regulating kinesin associated 
with the midbody [142, 143]. However, during inter-
phase, KIF14 localizes to the axoneme of primary cilia to 
regulate cilia growth, IFT, and competence to convey HH 
pathway activation [144, 145]. The association between 
mitotic apparatus and cilia regulators extends to IFT and 
BBS proteins (see Table  1 for a detailed overview). This 
is perhaps the best documented for IFT88 (member of 
IFT-B complex). In dividing cells, IFT88 localizes to the 
mitotic spindle, where it takes part in a dynein1-driven 
complex to ensure the correct formation of astral micro-
tubule arrays and spindle orientation. Consequently, 

IFT88 depletion leads to mitotic defects in cell culture 
cell lines, mice, and zebrafish [146]. Moreover, IFT88 has 
been implicated in the re-localization of AURB during 
cytokinesis [147], and, together with another IFT-B com-
ponent, IFT52, in the clustering of supernumerary cen-
trosomes in cancer cells [148]. Also, IFT proteins from 
both IFT-B and IFT-A subcomplex re-localize from basal 
bodies/cilia to cleavage furrow in dividing Chlamydomo-
nas [149]. Interestingly, IFT-A and KIF3A have another 
way to affect the cell cycle independently of cilia – via 
regulation of the WNT/β-catenin pathway [150], [151]. 
Our WNT signaling chapter has further details. Other 
important primary cilia biology regulators with ties to 
proliferation control are BBS proteins. One of the ini-
tial BBS studies, which linked BBS4 to primary cilia and 
centriolar satellites, actually reported that BBS4 deple-
tion leads to cell cycle arrest and prominent cytokinesis 
defects [152]. This proposed mechanism involves BBS4-
PCM1 interaction in centriolar satellites and, accordingly, 
defective anchoring of microtubules in BBS4-depleted 
cells. Similarly, chaperonin BBS6 exhibits prominent 
localization to centrosome and centriolar satellites, and 
its depletion induces cytokinesis defects and the appear-
ance of multinucleated cells [153]. One more example of 
a ciliary component with a cilia-unrelated role during cell 
division is CEP162, a protein with microtubule-binding 
ability residing at the centriole distal end to promote and 
restrict the TZ formation [154]. Additionally, CEP162 
localizes to spindle microtubules and centrosomes in 
dividing cells, and its loss leads to abnormal mitosis and 
chromosome segregation defects [154], [155].

Summarily, available evidence suggests that cells are 
efficiently re-purposing their regulatory elements, lead-
ing to a shared toolkit of regulators of cilia and cell cycle. 
Proteins commonly viewed as mitotic regulators (AURA, 
NEKs, APC) mediate the cilia disassembly to ensure cilia 
do not intervene with spindle function during cell divi-
sion. Conversely, proteins involved in cilia biogenesis 
(IFT, BBS, KIF3A/3B, KIF14, etc.) often take over new 
tasks during mitosis or cytokinesis, as there is no cilium 
to care about at the moment. This opens an interest-
ing possibility that some of the many pathologies found 
across different “ciliopathies” may in fact stem from non-
ciliary functions of cilia regulators [156].

Extraciliary roles of ciliary factors
TTBK2 represents an example of a critical regulator of 
primary cilia assembly, with an additional role outside of 
cilia, not directly linked to cell division (Fig. 3B; Table 1). 
Outside of the basal body, TTBK2 interacts with micro-
tubule plus-end tracking proteins (+ TIPs) such as EB1/3 
to localize to cytoskeletal microtubules and regulate their 
dynamics and successive cell migration [121]. Interest-
ingly, at least some activities of TTBK2, both inside and 
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outside of primary cilia, rely on a common mechanism - 
phosphorylation and subsequent inactivation of microtu-
bule-depolymerizing kinesin KIF2A [79], [121].

RAB11/RABIN8/RAB8 pathway activity is not 
restricted to primary cilia and is also involved in several 
aspects of vesicular trafficking in the cytosol, including 
endosomes recycling or transport of Golgi-derived ves-
icles to the cell membrane [63], [159], [160]. The BBS1 
subunit of the BBSome interacts with RABIN8, linking 
the BBSome to the vesicular trafficking of ciliary proteins 
to the primary cilium base [64], [161]. BBS1 has also been 
detected on early and late endosomes in HEK293 cells 
[162], suggesting that BBSome is more broadly involved 
in the endomembrane system beyond its function in cili-
ary transport [163].

A surprising non-ciliary function has also been identi-
fied for ARL13B, which is perhaps the most commonly 
used marker to visualize primary cilia in microscopy-
based experiments, and its mutations cause Joubert syn-
drome [48], [164]. ARL13B is a membrane-associated 
small GTPase of the ARF/ARL family, important for 
correct ciliary targeting and localization of INPP5E and 

several HH pathway components [165], [166], [167]. 
Recent work from the Caspary lab described ARL-
13BV358A mutant, which is unable to localize to primary 
cilia, and the cilia are shorter and show diminished 
INPP5E levels. Notably, ARL13BV358A still seems fully 
capable of rescuing major HH phenotypes related to 
ARL13b loss in mice [168], [169]. While ARL13BV358A is 
missing in primary cilia, it could be identified in axons 
and growth cones of commissural neurons, where it 
probably mediates non-canonical HH signaling relevant 
for axon guidance [169]. Considering the prominent 
role of ARL13B in disease and the well-supported model 
of HH pathway dependence on primary cilia in verte-
brates, it would be very interesting to test the ability of 
ARL13BV358A to mediate HH signaling in a model with 
ablated ciliogenesis.

Interactions between individual modules of primary cilia
In the following section, we will discuss how individ-
ual cilia compartments affect each other to control the 
dynamics of the fully assembled organelle. We begin with 
the basal body, which is typically viewed as an inseparable 

Table 1  Cilia regulators with dual roles
Protein(s) Centrosome/cilia -related function Extraciliary functions - cell cycle Extraciliary functions- other
AURA cilia disassembly [113, 114] mitotic entry, spindle assembly, chromo-

some alignment [157]
HDAC6 cilia disassembly [113, 115] microtubule deacetylation [116, 117]
CDC42 cilia shortening, actin-dependent ectocytosis 

[125]
chromosome alignment [157] regulator of cell polarity and actin-

based morphogenesis [158]
NEK 
kinases

cilia shortening/disassembly [131] destabilization of MTs [131]
disassembly of DAs [133]

APC stability of axonemal microtubules through 
targeting NEK1 [132]

anaphase promoting complex [157]

PLK1 centriole maturation [134] mitosis progression [157]
KIF3A
KIF3B

anterograde IFT [140] intracellular transport [140]
mutations in KIF3B - mitotic abnormalities 
and aneuploidy [141]

intracellular transport [140]

KIF14 cilia growth and trafficking,
HH activation [144]

localization to midbody, cytokinesis progres-
sion [142, 143]

IFT88 ciliogenesis, IFT transport [87] spindle orientation,
AURB positioning during cytokinesis [147]

clustering of centrosomes in cancer 
cells [148]

BBS4 BBSome-dependent trafficking [152] cell cycle progression and cytokinesis [152] pre-BBSome assembly [102]
exosome release [235]

BBS1 BBSome-dependent trafficking,
ciliary gating by supporting TZ structure [102]

endomembrane trafficking [162, 163]

BBS6 BBSome assembly [153] progression of cytokinesis [153] CCT/TRiC-chaperonin complex [153]
exosome release [235]

CEP162 TZ formation [154] chromosome segregation during mitosis 
[155]

TTBK2 primary cilia assembly [73–77, 80, 173, 174] MTs dynamics and cell migration [121]
RAB11
RAB8
RABIN8

polarized trafficking of ciliary vesicles, outgrowth 
of ciliary membrane and ciliogenesis [61, 62, 64]

endosomal recycling, polarized 
transport of Golgi-derived vesicles [63, 
159, 160]

ARL13B ciliary membrane composition; ciliary target-
ing of INPP5E and HH pathway components 
[165–167]

non-canonical HH signaling essential 
for the axon guidance [168, 169]
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part of cilium, and, via the DAs-associated activities 
previously noted, is critically involved in primary cilia 
assembly initiation (Figs. 1A and 4A). In the primary cilia 
of sensory neurons of the nematode C.elegans, the basal 
body is degraded following cilium assembly[170]. In fact, 
centrioles are lost in most cells in C. elegans, coinciding 
with the cessation of proliferation. Even though the basal 
body is lost, transition fiber-like structures still connect 
the proximal axoneme end with the membrane [170], 
indicating a function of this compartment exceeding 
ciliogenesis initiation. Indeed, emerging evidence from 
mice and cell culture cell lines has established DAs kinase 
TTBK2 capacity in primary cilia maintenance. TTBK2 
activity ablation after cilia assembly effectuates their 
shortening, perturbed localization of IFT proteins and 
HH pathways components, and axonemal microtubules 
glutamylation reduction [171, 172]. Proposed mecha-
nisms downstream from TTBK2 involve KIF2A inhibi-
tory effects [79] and centriolar satellite remodeling [172].

Dynamic interactions are also typical for the IFT. As 
noted earlier, disruption of IFT-dynein or IFT‐A com-
plexes results in short, bulged primary cilia due to the 
accumulation of IFT proteins and their cargo. Conversely, 
mutations in IFT‐B components typically result in com-
plete axoneme assembly failure [87]. Interestingly, while 

the general phenotypes of anterograde and retrograde 
defects, respectively, are well distinguishable, emerging 
evidence also suggests “crosstalk” between anterograde 
and retrograde transport (Fig. 4B). The putative sites for 
such interactions are the ciliary base and tip, respec-
tively, where IFT trains rearrange to switch motors [87]. 
Acute inhibition of heteromeric KIF3A/3B kinesin II, for 
instance, completely halts both anterograde and retro-
grade transport in primary cilia in NIH3T3 cells within 
minutes [173]. However, dynein motor inhibition by cil-
iobrevin D halts anterograde IFT trains within 30 min of 
stalled retrograde transport [174]. Furthermore, CHE‐3, 
the C. elegans orthologue of the retrograde IFT‐dynein‐2 
motor DYNC2H1 demonstrably affects both retrograde 
and anterograde transport [175]. Similar observations 
were reported in WDR60 and WDR34 dynein-2 mutants 
using mammalian cell lines [176]. One possible explana-
tion for these phenotypes is the roadblock/traffic jam 
model, where stalled IFT trains impair “opposing” IFT 
train movement indirectly, by sterically limiting the “free 
road” available. Considering IFT-A and IFT-B trains 
show direction-specific usage of the two microtubules in 
a doublet to avoid collisions, at least in Chlamydomonas 
[92], reported reciprocal interactions between antero-
grade and retrograde transport machinery may indicate 

Fig. 4  Interactions between individual modules of primary cilia. A The basal body and pericentriolar satellites are crucial for the growth and maintenance 
of the ciliary axoneme. TTBK2 at the basal body promotes cilium growth by suppressing the depolymerizing kinesin KIF2A. In C. elegans, the basal body 
is degraded once the cilium is assembled. B Anterograde and retrograde IFT display functional crosstalk in cilium length control. Inhibition of the hetero-
meric KIF3A/3B kinesin II disrupts anterograde IFT and indirectly halts retrograde IFT, causing IFT particles to accumulate at the ciliary base. Inhibition of 
the dynein motor by ciliobrevin D or mutation in IFT-A complexes indirectly abrogates anterograde IFT. C Retrograde IFT is crucial for correct TZ establish-
ment. Mutations in components of retrograde IFT lead to the mislocalization of TZ components inside the cilium, and the shortening of cilia. D Posttrans-
lational modifications (PTMs) of axonemal tubulin are crucial for cilia function. Axoneme acetylation, glutamylation, and glycylation are involved in cilia 
beating and sperm motility, likely modulating the velocity of the anterograde IFT. PTMs can also compensate for each other; axoneme hyper-glycylation 
can compensate for axoneme deacetylation in zebrafish cilia, while axoneme hyper-glutamylation can compensate for axoneme deglycylation in murine 
photoreceptors. This image was created with BioRender.com
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a more complex relationship. The modeling of IFT motor 
capacity to walk through crowded environments or pass 
obstacles warrants future investigation.

We have previously discussed the IFT trains being 
assembled at TZ and noted that IFT-A proteins par-
ticipate in the import of membrane receptors through 
the TZ gate. Interestingly, IFT-TZ interactions seem to 
be even more complex with available evidence further 
implying IFT involvement in TZ assembly/maintenance 
regulation (Fig. 4C). The initial evidence of IFT involve-
ment in TZ formation comes from Trypanosoma, where 
IFT mutations precipitate TZ shortening [177]. The 
requirement of functional IFT for correct TZ function is 
conserved in metazoan. Ablation of WDR60 or WDR34 
in hTERT-RPE1 cells affects the expansion of RPGRIPL1 
from the TZ inside the cilium and reduces the TMEM67 
pool in the TZ [176]. Similarly, ectopic localization 
(expansion from the TZ into the proximal axoneme) of 
several TZ components is connected to the ablation of 
dynein motor CHE-3 in C. elegans [175]. Furthermore, 
such ectopic localization of several TZ components has 
also been established for several IFT-A mutants in C. 
elegans [170]. The functional consequence of IFT-TZ 
interactions is the prominent worsening of gating func-
tion in worms with ablated IFT and MKS over the single 
mutants [178]. One possible explanation of IFT effects on 
TZ is that TZ proteins begin their assembly in the most 
proximal region of the axoneme following ciliogenesis 
onset, yet a portion of these proteins can become mis-
localized to distal ciliary regions and potentially create 
ectopic axoneme–membrane connections. The IFT ret-
rograde machinery purpose may therefore be to assist 
in the retrieval of mis-localized TZ proteins [175], [178]. 
Interestingly, the antithesis of IFT-TZ interaction is that 
disrupting the TZ NPHP module restores the ciliary exit 
of “underpowered” retrograde trains in WDR-60 mutant, 
which otherwise accumulate inside the cilium [179]. The 
model of mutual regulation of IFT-TZ has support in 
association (though rare) of eye and kidney phenotypes, 
typical for TZ defects, with IFT mutations [8], [180].

New paradigms are emerging on possible mutual 
interactions of the ciliary axoneme and IFT motor pro-
teins. Modulation of microtubule tracks in the ciliary 
axoneme, which fine-tunes the motor proteins walk-
ing on them, could be explained by the so-called “tubu-
lin code”. The overall concept behind this term is that 
molecular patterns generated by combinations of tubu-
lin isotypes and their posttranslational modifications 
(PTMs) such as acetylation, (poly)glutamylation, (poly)
glycylation, detyrosination, etc., control the functions 
of microtubules [181], [182]. Almost all of the amino 
acid and length variation between different tubulin iso-
types is confined to their unstructured C-terminal tails 
(CCTs). Consequently, the presence and absence of 

the CCT, respectively, and the type of its modification 
have substantial effects on the motility of several kine-
sin motors (including kinesin II) on purified microtu-
bules in vitro [181]. Ciliary axonemes of both primary 
and motile cilia are rich in several tubulin PTMs [181], 
[184], which has been commonly associated (although 
not yet completely proved) with their considerably higher 
stability over the cytosolic microtubules. Thus, “guilt by 
association” evidence suggests that tubulin PTMs play 
a role in cilia biology (Fig.  4D). Indeed, several of these 
PTMs show non-uniform, pattern-like distribution in 
the axoneme [184]. The function of tubulin PTMs is rea-
sonably well-documented for the motile cilia, where the 
glycylation and glutamylation are particularly enriched 
in the B microtubule of the doublet [184]. However, 
the role of tubulin modifications in primary cilia biol-
ogy is less clear [181]. Polyglycylation of tubulin CCT is 
almost exclusively found in ciliary axonemes over cyto-
solic microtubules [181], and is essential for ciliogenesis, 
at least in protists. Tetrahymena strains with defective 
polyglycylation (where tubulin encoding genes were 
replaced with variants lacking corresponding glycylation 
sites) have profound defects in axoneme structure and 
exhibit impaired movement of flagella [182]. The situ-
ation seems to be different in mammals. Elimination of 
enzymes responsible for tubulin glycylation (TTLL3 and 
TTLL8) results in the absence of glycylated tubulin in 
cilia, albeit without a penetrant cilia-related phenotype 
(mice are viable and of normal morphology). Glycylation, 
therefore, does not seem to be critically involved in the 
assembly or maintenance of primary cilia. Instead, the 
defects in TTLL3/TTLL8 double knockout are restricted 
to the sperm flagella, inducing altered beating dynam-
ics and then reduced fertility [185]. Similarly, aberrant 
(poly)glutamylation is linked to defective cilia beating in 
both Tetrahymena and mammals (where it often mani-
fests in fertility and respiratory defects) [181], [186]. Sig-
nificantly, axoneme glutamylation has been implicated 
in the regulation of the velocity of several ciliary motors 
and the release of cilia-derived extracellular vesicles in 
C.elegans [187]. Moreover, chemically-induced cilia de-
glutamylation led to a slower anterograde movement 
of IFT88 containing trains in primary cilia of NIH3T3 
cells [188]. If confirmed in other model systems, the glu-
tamylation-IFT link could provide long-anticipated, yet 
currently lacking evidence of the functional impact of 
glutamylation/tubulin code on primary cilia biology. The 
purpose of acetylation in cilia is currently unclear, despite 
the fact that tubulin acetylation was the first described 
tubulin PTM [181]. Enzyme αTAT1 has been identified 
as the major regulator of tubulin acetylation, its ablation 
causing a loss of this PTM in mice, however excepting 
moderate fertility defects related to sperm motility, the 
mice are viable and develop normally [189]. Surprisingly, 
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the cytosolic microtubules exhibited higher stability in 
the absence of αTAT1 [189]. We use this observation as 
a proxy to present another emerging phenomenon in 
tubulin PTMs regulation – compensatory mechanisms at 
the level of “writers”, “erasers”, or even between individual 
types of tubulin PTMs, which likely contribute to the lack 
of gross cilia phenotypes in various models. Loss of tubu-
lin glycylation in mouse photoreceptors is accompanied 
by an increased glutamylation, perhaps due to competi-
tion of the corresponding enzymes for the same modifi-
cation sites in the CTT [181]. Mutation of three enzymes 
responsible for tubulin deacetylation (SIRT2, HDAC6, 
and HDAC10) brings about the anticipated reduction of 
tubulin acetylation in cytosolic microtubules, yet concur-
rently decreased acetylation and increased glycylation of 
ciliary axonemes in zebrafish, and, furthermore, with-
out a notable impact on ciliary function [117]. Clearly, 
resolving the nature of compensatory mechanisms is a 
crucial step in assessing the functional impact of tubulin 
PTMs on primary cilia biology. Since we have now dis-
cussed means in which the axoneme may affect walking 
motor proteins, it is worthwhile noting a rather hypo-
thetical, yet very intriguing possibility that motor protein 
may communicate back to the cilium MT tracks. This 
new concept, currently demonstrated on prototypical 
cytosolic kinesins, kinesin 1 and 4, suggests that motors 
can not only induce conformational changes in tubulin 
owing to their walk, but the stepping may actually induce 
damage in the microtubule, which can be subsequently 
repaired by incorporation of free tubulins in the damage 
sites [190].

Substantively, three areas await further consideration: 
Whether this phenomenon additionally applies to ciliary 
kinesins, its potential impact for IFT, and whether the cil-
ium developed efficient countermeasures to compensate/
eliminate kinesin-induced changes in microtubule tracks.

Adaptive changes in primary cilium structure and 
composition to cell signaling pathways
Cilia are typically categorized into primary cilia (which 
are immotile and serve to sense and transduce signals), 
and motile cilia (which move extracellular fluids). How-
ever, increasing research reveals that both primary and 
motile cilia can modulate key developmental signaling 
pathways, such as HH, and WNT [191], [192]. Likewise, 
certain primary cilia can exhibit limited or specialized 
motility under specific conditions. As previously noted, 
pancreatic beta cells possess so-called hybrid cilia, which 
move to sense glucose levels and promote insulin pro-
duction in the pancreas [35]. A temporally regulated 
change in primary cilia motility has been observed dur-
ing the perinatal period of the choroid plexus develop-
ment [193]. This transient motility shift was accompanied 
by changes in gene expression, suggesting a unique role 

in choroid plexus formation at this stage [193]. Dur-
ing tissue and organ development, cilia can change their 
identity and also undergo retraction and reassembly 
[127], [194], [195]. Moreover, emerging evidence sug-
gests that cilia physically interact with neuronal axons via 
synapse-like connections [196]. These and other findings 
emphasize the need to view cilia as dynamic organelles 
with complex, context-specific adaptations in homeo-
stasis, development, and regeneration. Recently, cilium’s 
involvement in developmental signaling pathway trans-
duction was reviewed in great detail [3], [5]. At this junc-
ture, we will explore how specific signals shape cilium 
composition and structure and accordingly, how cilia are 
associated with key signaling pathway regulations, cru-
cial for cell differentiation and tissue morphogenesis.

Hedgehog signaling
Hedgehog (HH) signaling is a prototype of a cilia-depen-
dent pathway decisive for growth and patterning of dif-
ferent tissues and organs during embryogenesis. Key 
molecular players comprise the transmembrane recep-
tors PTCH, SMO, and GPR161, along with soluble factors 
including PKA, GLI proteins and the second messenger 
cAMP [197]. The pathway is induced via HH ligand bind-
ing to PTCH and its removal from cilia allowing SMO to 
enter. Recent studies indicate HH is transported in the 
neural tube to recipient cells with the help of cytonemes 
- specialized cellular actin-based extensions that facili-
tate targeted delivery [198]. SMO accumulation in cilia 
induces inhibitory receptor GPR161 export by β-arrestin-
BBSome-IFT retrograde trains [105]. GPR161 removal 
decreases cAMP levels and leads to reduced PKA activ-
ity [199]. Consequently, GLI3FL (full-length) processing 
into its repressor form, GLI3R, is inhibited, permitting 
the transcription of HH-responsive genes. The cilium 
compartment provides spatial and temporal control over 
HH signaling, thereby differentiating the effects of cili-
ary versus non-ciliary cAMP and GPR161 activity [200], 
[201]. Changes in primary cilia composition induced by 
HH signaling are rapid and detectable within minutes 
upon HH pathway activation [202]. Several mechanisms 
have been proposed to mediate dynamic rearrangements 
of primary cilia in response to HH pathway activation. 
HH-mediated SMO activation promotes interactions 
of GPR161 and PTCH with β-arrestin, which results in 
the retrieval of both receptors from cilia by endocytosis 
[203], [204]. Acute HH pathway activation supports pri-
mary cilia shortening [125], [205], likely via activation 
of the ectocytosis/cilia decapitation feedback response 
[123], [124], [125](Fig.  5A). Certainly, the “heterogene-
ity/ plasticity” in the timing of the assembly/disassembly 
of primary cilia noted earlier likely mediates the robust-
ness of HH pathway effects on cell proliferation. In this 
case, HH pathway activity in either G1-S of the previous 
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cell cycle or the G1 phase of the cell cycle, when the deci-
sion is made, is sufficient to drive cell cycle entry [206]. 
This model is consistent with the remarkable finding that 
a decision “to divide” could have been made in virtually 
any phase of the previous cell cycle [207]. HH-induced 
signaling is thus propagated in a robust manner into 
the progeny to promote fate decisions within complex 
tissues.

In muscles, HH signaling promotes the myogenic dif-
ferentiation of the muscle stem cells [208], at the expense 
of fibrosis and inflammation [209]. Cilia of these stem 
cells maintain them in a quiescent state, preserving their 
ability to generate new myoblasts both during develop-
ment and in response to stimuli, such as injury [195], 
[208], [210] (Fig.  5A). During aging, muscle stem cells 
lose their cilia, causing a decline in regenerative capac-
ity [210]. The primary cilium of muscle stem cells trans-
duces the HH pathway to ensure the proper timing of 
myoblast differentiation and proliferation [208]. Inter-
estingly, defective cilia formation seems to drive these 
stem cells into premature proliferation, which can ulti-
mately result in rhabdomyosarcoma [208]. Differenti-
ated myoblasts lose their capacity to assemble primary 
cilia (hence to respond to HH pathway activation) dur-
ing myofibrillar transition as they migrate and form myo-
fibers [195]. Regenerative capacity of skeletal muscles is 
also dependent on fibro/adipogenic progenitors (FAPs) 
that dynamically modulate their ciliation during muscle 
regeneration. Preventing FAPs to ciliate blocks adipogen-
esis and promotes myogenesis following muscle injury 
[211]. Intriguingly, the mechanism involves the activa-
tion of HH target genes, due to the inability of FAPs with 
ablated primary cilia to generate GLI3R, which otherwise 
represses the HH target genes [211].

Furthermore, regulation of primary cilia length to 
fine-tune the responsiveness to HH pathway activation 
has been proposed to play a key role during the estab-
lishment of the dorsolateral axis in the forming neural 
tube (Fig.  5A). Here, primary cilia of the neural plate 
HH-responding cells (before the neural tube closure) are 
relatively short. Intriguingly, following the neural tube 
closure, HH-producing cells located in the floorplate 
elongate their cilia and concomitantly attenuate their 
responsiveness to HH pathway activation [212]. While 
the attenuation of the HH pathway in the floor plate 
depends on these elongating cilia, mechanisms driv-
ing their elongation and the HH pathway shutdown are 
still awaiting full determination [212]. One possibility 
is that the elongation is a consequence of the structural 
transformation of these cilia to become motile [213]. 
Cilia remodeling is also occurring during neurogenic 
divisions of progenitors in the neural tube, in a process 
termed apical abscission, which physically separates the 
axoneme and the basal body, hence rendering the cilium 

temporarily dysfunctional [214]. Remarkably, disrupting 
the cilium formation during or after its remodeling dur-
ing the apical abscission impairs axonogenesis in newly 
born neurons, possibly via a non-canonical HH signal-
ing pathway (not involving regulation of gene expression) 
[112].

In ciliopathy conditions, such as BBS, cells lack the 
retrograde adaptor BBSome for retrieval of GPR161 
and additional receptors. Activation of the HH pathway 
in BBSome deficient cells also leads to cilia shorten-
ing [125], although the mechanism differs from that in 
wild-type conditions (Fig.  5A). HH induces hyperacti-
vation here of intraciliary GTPase CDC42, which pro-
motes actin-dependent ectocytosis of the ciliary content, 
including GPR161, and successively, shortens the ciliary 
axoneme [125]. Despite these alterations, HH signal-
ing is not entirely suppressed in the BBS context [124], 
[215]. The GPR161 might likely be removed in ectosomes 
together with SMO in a bipartite complex [203] or addi-
tional HH modifiers, such as PKA [216]. In such cases, 
the ectocytosis-dependent decrease in cAMP and PKA 
activity might alleviate GLI3 phosphorylation and sustain 
low levels of HH signaling.

In Joubert syndrome, upon loss of INPP5E, cilia 
become shorter and HH signaling increases [123], [217]. 
INPP5E controls cilium dynamics via regulating ciliary 
PIP levels and TULP3-dependent import of receptors 
(e.g. GPR161) to cilia [42], [126]. AURA, as one of the key 
regulators of primary cilia disassembly, has been depicted 
to drive cilia shortening via depleting cilia of INPP5E 
[123]. It remains to be seen if AURA activity also medi-
ates some of the reported effects of the HH pathway on 
primary cilia length. Overactive HH signaling and short 
cilia have been also identified in PINK1-deficient human 
and mouse models of familial Parkinson’s disease [218].

WNT signaling
Canonical (WNT/β-catenin) and non-canonical WNT 
(WNT/β-catenin-independent) signaling belong to the 
major developmental pathways with a somewhat contro-
versial relationship to primary cilium. WNT/β-catenin 
signaling pathway, similar to the HH signaling pathway, 
is a potent driver of cell proliferation, with numerous 
implications for development and cancer [130], [219]. 
As the name suggests, its key element is the protein 
β-catenin, which is in response to WNT ligand stimu-
lation translocated from the cytosol into the nucleus, 
where it, in cooperation with TCF/LEF proteins, drives 
gene expression [219]. Upon a WNT ligand binding to 
receptor Frizzled (FZD) and co-receptor LRP5/6, the 
signal is via activities of scaffolding protein DVL trans-
duced to a complex of APC-AXIN-β-catenin, and kinases 
such as GSK3β and CK1. This causes the disassembly of 
this so-called degradation complex, β-catenin escapes 
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Fig. 5 (See legend on next page.)
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GSK3β/CK1-mediated phosphorylation marking it for 
degradation, which then leads to the stabilization of 
β-catenin levels and import into the nucleus [219]. The 
non-canonical pathway is characterized by its β-catenin-
independent status and typically involves branches such 
as WNT/PCP and WNT/Ca2+ [130, 220]. Discussion 
here is focused on the links between WNT/β-catenin sig-
naling and primary cilia, as the connections between cilia 
and WNT/β-catenin- independent pathways (in particu-
lar the WNT/PCP) have been previously identified and 
thoroughly covered in several reviews [220], [221]. Sev-
eral components of WNT signaling have been identified 
associated with basal body/centrosome (e.g. β-catenin, 
DVL, AXIN, APC) [130] and/or ciliary axoneme (e.g. 
LRP5/6, FZD) [222]. This evidence alone clearly argues 
for a link between primary cilia/centrosomes and the 
components of the WNT/β-catenin signaling pathway. 
However, functional consequences of such a link for cilia 
or WNT/β-catenin signaling are considerably less clear. 
Deregulation of cilia formation/function by acute deple-
tion of some of its regulators (e.g. INVS, BBS1, BBS4, 
BBS6/MKS, etc.) [223], [224] or mutation of KIF3A 
in mouse fibroblast[225] leads to concomitant defects 
in WNT/β-catenin signaling. Conversely, mutation of 
ciliary regulators in vivo (e.g. IFT88, IFT172, INVS, 
DYNC2H1, and KIF3A) does not seem to cause major 
defects in WNT/β-catenin signaling, even though cilio-
genesis and/or HH pathway are severely dysregulated 
[226], [227], [228]. One plausible explanation for these 
contradicting reports is the activation of compensatory 
mechanisms that lower the penetrance of the WNT-
related phenotypes (in contrast to acute depletion/inhibi-
tion by siRNA or morpholino) in models with permanent 
gene deletion/mutation (e.g. owing to transcriptional 
adaptation following CRISPR/Cas9 gene editing [229]). 
Alternatively, some of these effects could be explained by 
the dual role of some of the cilia components previously 
discussed (Table  1). Interestingly, compelling evidence 
suggests that a key step of the WNT/β-catenin cascade, 
namely the translocation of β-catenin into the nucleus 

is controlled by IFT-A and kinesin II (KIF3A) proteins. 
Specifically, lack of IFT140 or KIF3A, though not IFT88, 
prevents nuclear accumulation of β-catenin following 
WNT ligand stimulation, independently of their role in 
primary cilia [150], [151]. Furthermore, reported effects 
(or their lack of ) may reflect the high complexity of the 
cilia – WNT/ β-catenin signaling relationship (e.g., con-
text-dependent effects, non-cell autonomous functions). 
The WNT/β-catenin signaling pathway is well estab-
lished in the specification of motile cilia, via regulation of 
expression of transcription factor FOXJ, acting upstream 
of the induction of motile cilia formation [230], [231]. 
WNT signaling effects on primary cilia dynamics seem 
to be context-dependent (Fig.  5B). Analysis of cell lines 
such as hTERT-RPE1, HEK293, and NIH3T3 established 
that stimulation with WNT3a ligand, pharmacological 
inhibition of WNT ligands secretion, or genetic ablation 
of LRP5/6 receptors did not alter the number nor length 
of primary cilia [232], while ablation or knockdown of 
LRP5/6 impaired primary cilia formation in HEK293T 
cells [222]. The explanation may be the cell type-specific 
activation of a cilia-residing WNT signaling branch, 
independent of β-catenin and regulation of transcription, 
yet utilizing LRP5/6 and GSK3β, capable of modulat-
ing primary cilia dynamics [222]. The exact mechanism 
of how the ciliary WNT/GSK3β pathway contributes to 
cilia dynamics as well as the overall outcome of WNT 
signaling in ciliopathy conditions remains to be eluci-
dated. In BBS, loss of BBSome stimulates premature 
cilia disassembly via ectocytosis/cilia decapitation [123], 
[124], [125]. Simultaneously, it disrupts WNT signaling 
and leads to altered differentiation of multiple tissues, 
including the retinal pigment epithelium (RPE) layer in 
the retina [127], [223], [233], [234]. It is not yet known 
whether the BBSome regulates the ciliary WNT/GSK 
pathway. Nevertheless, loss of the BBSome results in dys-
regulation of the cellular endomembrane system, caus-
ing increased exocytosis of the small secretory vesicles 
containing WNT regulators [235]. An intriguing possi-
bility is that the BBSome may act to balance intraciliary 

(See figure on previous page.)
Fig. 5  Adaptive changes to cilia dynamics during cell signaling. A Activation of HH signaling triggers cilia shortening and promotes cell cycle entry, 
passing on this effect to the subsequent progeny (1). In fibro/adipogenic progenitors (FAPs), the length of cilia modulates muscle regeneration. Short or 
absent cilia on FAPs block adipogenesis and promote myogenesis, while long cilia favor adipogenesis (2). Similarly, HH signaling induces myoblast dif-
ferentiation from muscle stem cells, where myoblasts lose cilia to form myofibrils (3). In BBSome deficiency, HH signaling triggers CDC42/actin-dependent 
ectocytosis of ciliary GPR161, leading to subsequent cilia shortening (4). After neural tube closure, HH-producing cells elongate cilia to attenuate their 
responsiveness to the HH pathway (5). During differentiation of neural progenitors, apical abscission of the ciliary axoneme from the basal body leads to 
a temporary cilia dysfunction. B The effects of WNT signaling on primary cilia dynamics are context-dependent. During tissue differentiation, WNT func-
tions together with HH to either stimulate cilia disassembly in myoblasts or sustain cilia dependent signaling in bone marrow mesenchymal stem cells 
(BM MSCs) during osteogenesis (1). In MSCs, WNT and HH act inhibitory on adipo-commitment, leading to the emergence of adipocytes through IGF1R/
FFAR4 cilia-dependent signaling and eventual cilia disassembly (1). In cell culture systems, activation of WNT with WNT3a ligand or pharmacological 
inhibition of WNT ligands secretion, does not alter number or length of cilia (2). C The effects of TGFβ signaling on cilia dynamics exhibit a context- and 
cell type-specific dependency. Activation of the TGFβ signaling pathway leads to the shortening of primary cilia in cultured chondrocytes (1), whereas 
it maintains cilia length in cilia of Xenopus left-right organizer (LRO) (2). D NOTCH signaling is primarily triggered by the fluid flow-induced alterations in 
cilia dynamics, which in turn promotes cilia function in diverse cellular systems, such as respiratory epithelium (1), zebrafish left-right organizer (LRO) (2) 
and endothelial cells in the myocardium (3). This image was created with BioRender.com
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and extraciliary WNT signaling, though this hypothesis 
needs to be thoroughly tested. It will now be crucial to 
explore how this WNT/GSK3β signaling route contrib-
utes to the overall WNT signaling outcome in ciliopathy 
models and examine its potential crosstalk with the HH 
pathway in relevant cases such as cancer and embryo-
genesis. In fact, considering that dysregulation of either 
the HH signaling pathway or signaling downstream of 
LRP5/6 induces neural tube closure defects [220], [236], a 
developing neural tube could represent a suitable model 
system to probe for HH pathway alternations in condi-
tions with hampered WNT/(LRP5/6)/GSK3β signaling.

Another system offering room for HH-WNT interac-
tions is mesenchymal cells (Fig. 5B). In mesenchymal cells 
of the soft palate, WNT/β-catenin signaling has been 
proposed to facilitate cilium disassembly and prolifera-
tion during myogenesis [237]. The WNT signaling is here 
likely accompanied by the HH pathway activation, which 
is essential for the proper myogenic differentiation as 
well [208, 210]. WNT and HH pathways are vital for driv-
ing the osteo-lineage commitment of mesenchymal stem 
cells (MSCs) during bone growth and upon mechanical 
loading [238, 239], [240]. Loss of IFT20 skews the osteo-/
adipo-commitment of MSCs toward the adipogenic lin-
eage [239], emphasizing the critical role of functional 
cilia in this process while still leaving open the possibil-
ity for IFT20 extraciliary functions. In contrast, the com-
mitment of MSCs to adipogenic lineage is suppressed by 
WNT and HH pathways and driven by the IGF-1R and 
FFAR4 signaling [241], [242]. The primary cilium here is 
present only on committed pre-adipocytes to secure the 
onset of the adipogenic program and then disappears in 
mature adipocytes [242, 243], [244]. WNT signaling in 
MSCs also regulates the production of chemokines, such 
as CXCL12, being essential to maintaining hematopoiesis 
in bone marrow [245]. BBS patients and mouse models 
exhibit altered blood parameters, with a notable decrease 
in CXCL12 production observed in the bone marrow of 
BBS mouse models [246]. This indicates that ciliary fac-
tors, IFT20, BBS4, and BBS18 in MSCs regulate both the 
intrinsic and extrinsic functions of MSCs in bone tis-
sue. However, it remains unclear whether BBSome defi-
ciency influences the production of extracellular vesicles 
in MSCs, as seen in cell lines [235], and how this, conse-
quently, impacts bone marrow homeostasis.

TGFβ signaling
The TGFβ signaling pathway regulates a wide range of 
cellular processes, including cell proliferation and dif-
ferentiation. Upon stimulation with the TGFβ ligand, the 
cilia localized receptors TGFβIR and TGFβIIR become 
internalized via the clathrin-mediated endocytosis 
[247], [248]. Ciliary pocket (CiPo) is considered promi-
nently decisive in TGFβ receptor retrieval, hence acting 

upstream of the phosphorylation of key effector proteins, 
SMAD2/3, to promote their transport into the nucleus 
to drive gene expression (reviewed in greater detail in 
[249]). Noteworthy, the involvement of CiPo in clathrin-
mediated endocytosis of TGFβ receptors in vertebrates 
is pursuant to the function of the analogous region, the 
flagellar pocket, which serves as the sole site of endocy-
tosis in protists [39]. A defect in TGFβ signaling has been 
reported following the ablation of IFT88 and CEP128 
(a component of SDAs), causing defects in dorsoventral 
patterning in early embryogenesis [247], [248]. Surpris-
ingly, depletion of CEP128 impairs ciliary TGFβ signal-
ing while leaving primary cilia largely intact (in fact, its 
depletion facilitates cilia formation and promotes their 
length), leaving the contributing mechanism expected to 
hamper receptor trafficking at CiPo to be found.

Similar to the WNT signaling pathway, the effects of 
TGFβ signaling on cilia dynamics are context- and cell 
type-dependent (Fig. 5C). While activation of the TGFβ 
signaling pathway triggers shortening of primary cilia in 
cultured chondrocytes [250], cilia of Xenopus left-right 
organizer and other tissues reveal reduced length follow-
ing the blocking of TGFβ pathway [251], and cilia remain 
largely intact in human mesenchymal stem cells in 
response to deregulated TGFβ signaling [252]. Underly-
ing mechanisms involve the regulation of gene expression 
of key regulators of cilia assembly. Specifically, TGFβ sig-
naling suppresses IFT88 expression in chondrocytic cells, 
resulting in a reduction in both the number and length 
of cilia [250]. Conversely, TGFβ signaling in Xenopus is 
required to sustain the expression of TZ components, 
and hence cilia maintenance [251].

Aberrant TGFβ signaling is linked to congenital heart 
diseases and skeletal anomalies, which are common fea-
tures of ciliopathies and has been recently associated 
with Alstrom syndrome [223], [224], [225]. In mesen-
chymal stem cells, TGFβ signaling drives the differentia-
tion of myogenic, chondrogenic, and adipogenic lineages 
[239], [253], [254]. Loss of IFT20 decreases TGFβ driven 
SMAD2/3 phosphorylation, impairs glucose metabolic 
homeostasis, and promotes adipolineage commitment of 
the bone marrow MSCs [239]. TGFβ signaling is critical 
for bone regeneration during fracture healing by regulat-
ing the expression of angiogenic and chondrogenic genes 
in chondrocytes and recruitment of the bone marrow 
MSCs to the site of injury [252], [253].

Decrease in primary cilia frequency or length upon loss 
of IFTs or by upregulation of cilia disassembly factors can 
be also linked to altered TGFβ-mediated extracellular 
matrix protein expression, which is a common prerequi-
site of fibrosis and cancer in many tissues, such as atrial 
fibrosis [254], lung pulmonary fibrosis [255], polycystic 
liver disease [256], liver fibrosis [257], cholangiocarci-
noma [258], or colon cancer [259].
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NOTCH signaling
NOTCH signaling is a developmental pathway control-
ling intercellular communication during tissue morpho-
genesis [260], its correct regulation relying on functional 
basal body/cilium, for instance, in developing skin [261] 
or in liver [262]. NOTCH signaling is transduced by the 
interaction of two cells, where one cell provides one of 
the DELTA-like (DLL1, DLL3, and DLL4) or JAGGED 
ligands (JAGGED1, JAGGED2) and the second one the 
receptors (NOTCH 1–4). Ligand–receptor interaction 
triggers γ-secretase-dependent cleavage of the NOTCH 
intracellular domain (NICD), which then translocates 
from the cytoplasm to the nucleus, where it promotes 
expression of key transcription factors Hes and Hey 
regulating the expression of downstream genes [263]. 
NOTCH pathway components, including the NOTCH 
receptor, were detected at the basal body and/or ciliary 
axoneme [163, 264]. The spatial organization of NOTCH 
signaling is regulated by the polarized trafficking mod-
ule involving ARF4-RAB11 GTPases [264], [265]. Once 
at the membrane, the NOTCH receptor is continuously 
recycled through the endomembrane system back to 
the surface to maintain signaling capacity. Loss of BBS1, 
BBS4, or ALMS results in overactivation of the NOTCH 
pathway, likely owing to NOTCH retention in sorting 
endosomes [163].

Cilia-deficient keratinocytes in vitro and in mice 
embryonic epidermis have defects in NOTCH signaling 
[261]. Similarly, cKO of IFT88 leads to an increased pro-
liferation yet decreased NOTCH signaling in corneal epi-
thelial cells [266]. Furthermore, ablation of cilia-localized 
PKD2 in the liver induces increased NOTCH signaling 
and formation of cysts [262]. The primary cilium is also 
needed for hematogenic endothelial cell (HE) differen-
tiation through the regulation of NOTCH signaling. HE 
cells give rise to hematopoietic stem and progenitor cells 
(HSPC). Reduced expression of HSPC markers, RUNX1 
and CYMB, was observed in cilia-impaired zebrafish 
embryos due to reduced protein levels of NICD [267].

Studies examining the relationship between cilia 
dynamics and NOTCH signaling primarily focus on 
fluid flow-induced changes in cilia length and signal 
transduction, revealing an apparent interdependence 
between these two processes (Fig. 5D). Hyper-activation 
of the NOTCH pathway by overexpressing the NCID 
or DELTA-like ligand results in prolongation of cilia 
in the left-right organizer in zebrafish embryo. Here, 
the fluid flow-induced change in the cilium length trig-
gered NOTCH signaling for transcriptional activation 
of laterality genes [268]. Similarly, in the endocardium, 
the mechanical shear stress signals via cilia activate the 
NOTCH pathway and regulate regeneration in zebraf-
ish hearts [269]. During airway differentiation, NOTCH 
activity regulates levels of PROM1, a stem cell marker, 

to establish multiciliated cell diversity in the respiratory 
tract and modulate mucociliary clearance [270]. High 
NOTCH and PROM1 levels produce multiciliated cells 
with fast-beating cilia, whereas low levels result in cells 
with longer, low-beating cilia. It will be interesting to 
investigate whether increased mucociliary shear stress, 
induced e.g. by infections, increases cilia beating and fur-
ther NOTCH activation similar to the shear stress in the 
endocardium or the fluid flow in the LRO [268], [269].

While not covered in this review, additional regula-
tory signaling circuits are involved in ciliogenesis con-
trol, including the tyrosine kinase signaling receptor, and 
HIPPO -YAP/TAZ pathway. Several excellent reviews 
concerning ciliogenesis control circuits may be refer-
enced here [249], [271].

Managing cilia length and function: therapeutic 
strategies for converging mechanisms
Disruptions in ciliary dynamics are implicated in both cil-
iopathies and cancer progression, underscoring the ther-
apeutic potential of targeting cilium-related processes. 
On one hand, strategies aimed at restoring cilium length 
and function show considerable promise in reducing can-
cer cell division and tumor growth [255], [258]. On the 
other hand, stabilization of the primary cilium helps can-
cer cells adopt a quiescent, stem-like state, which shields 
them from treatments based on kinase inhibitors [272]. 
In this part, we highlight small-molecule compounds that 
effectively modulate specific pathological mechanisms, 
including the regulation (both upregulation and down-
regulation) of the Hedgehog signaling pathway and the 
assembly and disassembly of primary cilia - processes 
closely associated with cancer development. Some of 
these inhibitors are already approved for specific condi-
tions, and their use, either alone or in combination, holds 
the potential for addressing a broader range of cilia-asso-
ciated disorders.

Targeting the HH signaling pathway
A key characteristic of cilium dysfunction is the disrup-
tion of signaling pathways, such as HH, which is com-
monly observed in conditions like Joubert syndrome, 
polycystic kidney disease, and Bardet-Biedl syndrome 
[5]. SMO inhibitors, such as cyclopamine or purmor-
phamine, have demonstrated potential in regulat-
ing excessive HH signaling caused by shortened or 
malformed cilia. This has been observed in conditions 
like Parkinson`s disease [218], in nephronophthisis 
associated with CEP290 mutations in Joubert syndrome 
[273], [274], and abnormal brain ventralization linked to 
dysfunctional INPP5E [217].

Increased HH signaling is also linked to the devel-
opment of basal cell carcinoma and medulloblastoma 
[275], [276]. Here, the tumor growth can be driven by 
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hyperactivated SMO in the presence of primary cilium 
and also by active GLI2, independent of the primary 
cilium. This indicates that the role of primary cilium 
is determined by the specific oncogene driving HH-
triggered cancers, emphasizing the need for accurate 
diagnostics to select the most effective compounds or 
HH inhibitors to target pathogenic HH signaling [275], 
[276], [277]. In the case of brain tumors dependent on 
cilia, employment of TTBK1/2 inhibitors could repre-
sent a promising strategy to mitigate cilia-dependent HH 
upregulation [278], [279].

Activation of HH signaling plays a critical role in osteo-
arthritis [280] and can be suppressed by LiCl-mediated 
cilia prolongation in chondrocytes [281]. Similarly, LiCl 
treatment inhibits HH signaling in pancreatic ductal car-
cinoma cells leading to suppression of their tumorigenic 
phenotype [282]. Since LiCl is widely used for the treat-
ment of people with bipolar disorders, it remains to be 
elucidated whether LiCl modulates the neuronal ciliary 
signaling pathway involving GPCRs, such as the dopa-
mine receptor. Disrupted ciliary signaling, especially the 
HH pathway, could therefore serve as an ideal therapeu-
tic target for ciliopathies, neurodegenerative disorders, 
and cancers driven by its dysfunction or exploitation.

Targeting the cilia disassembly factors HDAC6 and AURA
As previously noted, the mechanisms of the AURA/
HDAC6 module in regulation cilia dynamics leave sev-
eral questions unanswered. Importantly, however, strate-
gies based on small molecules targeting those regulators 
seem to restore cilia homeostasis in several cilia dys-
function-related pathologies. In conditions like BBS and 
renal anomalies, including polycystic kidney disease and 
nephronophthisis, defects in cilia dynamics were miti-
gated using HDAC6 inhibitors [283], [284], such as tuba-
cin [127], ACY-1215 [285] or tubastatin [286]. Similarly, 
in Rett syndrome, mutations in the MECP2 gene lead to 
microtubule instability, and tubacin treatment restored 
impaired HH signaling [287].

Another phenotype associated with ciliopathies like 
Bardet-Biedl, Alstrom, and MORM syndromes, is obesity 
[8]. Obese adipose-derived MSCs possess dysfunctional 
cilia with compromised HH signaling [288]. Notably, 
treatment with HDAC6 or AURA inhibitors, such as 
MLN8054, restored cilium length and expression of 
genes associated with osteogenic and adipogenic lineage 
commitment in these cells [244], [288]. This is in agree-
ment with the view that primary cilia maintain stem cells 
in a quiescent state while preserving their capacity to dif-
ferentiate, as noted earlier [208], [210], [239], [244].

HDAC6 inhibitors are also effective in cancer thera-
pies, as many cancer cells rely on deregulated cilia 
dynamics for rapid cell division. In cholangiocytes, over-
expression of HDAC6 drives increased cell proliferation, 

contributing to cystogenesis and tumor progression 
[258]. Thus, by stabilizing cilia and disrupting the tim-
ing of ciliary disassembly needed for mitotic entry, these 
inhibitors impair cancer cell proliferation. Furthermore, 
combining HDAC6 or AURA inhibitors with inhibi-
tors of other pathways overactive in cancer cells, such as 
WNT or GFR (growth factor receptor) signaling [255], 
can more effectively halt cancer progression and poten-
tially overcome resistance to single-pathway inhibitors.

Altogether, numerous studies underscore the impor-
tance of stabilizing cilia not only to address ciliopathies 
and cancer but also to preserve the regenerative poten-
tial of tissues. This highlights the therapeutic promise 
of HDAC6 and AURA inhibitors, which modulate cili-
ary dynamics and help restore normal cellular signaling 
in these conditions. An advantage of HDAC6 inhibitors 
is they are non-toxic to healthy tissues, and HDAC6-
deficient mice do not exhibit any pathological phenotype 
under normal conditions [116]. However, mutations in 
HDAC6 lead to an increase in axoneme glycylation [117], 
suggesting that HDAC6 inhibitors may similarly activate 
compensatory mechanisms to preserve axoneme stabil-
ity. HDAC6 is part of a large family, and certain HDAC6-
selective inhibitors lack specificity, potentially causing 
off-target effects. Furthermore, HDACs are involved in 
various cellular processes, and off-target effects could 
lead to unexpected adverse phenotypes. Further research 
is therefore necessary to design more selective and effec-
tive HDAC6 inhibitors.

Therapeutical potential in compensatory mechanisms of 
ciliary modules
Understanding the mechanisms by which ciliary modules 
regulate cilia dynamics opens new avenues for develop-
ing new strategies to restore cilia function in ciliopathies. 
In BBS, cilia shortening is promoted by increased F-actin 
polymerization [125], [289] and elevated PIP2 within 
cilia [289]. Accumulation of PIP2 and F-actin in cilia 
phenocopies the loss of function INPP5E phenotype in 
Joubert syndrome [123]. Here, overexpressing INPP5E 
in olfactory neurons lacking BBSome restored cilia 
length and rescued odor detection and perception in 
BBS mice [289]. Another strategy to restore cilia length 
in BBS could involve suppressing the overactivated cili-
ary CDC42, thereby reducing excessive intraciliary actin 
polymerization and preventing ectocytosis to stabilize 
and elongate cilia [125]. One might potentially aim to 
target cargo import regulation [97], [144] to reduce the 
accumulation of GPCRs (SMO, GPR161, etc.) in cilia of 
BBSome-deficient cells, mitigating ectocytosis and over-
all cilia destabilization.
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Challenges and future directions
Addressing shared mechanisms offers considerable 
potential for developing therapies applicable across mul-
tiple disorders, creating a framework for targeted and 
tailored treatment strategies. Combining inhibitors of 
ciliary disassembly, such as HDAC6 or AURA inhibi-
tors, with approaches to modulate the activity of INPP5E, 
CDC42, or cargo import, could synergistically enhance 
cilia stabilization. Reducing actin polymerization might, 
for example, improve the effectiveness of disassem-
bly inhibitors by mitigating another destabilizing force 
within cilia. By focusing on both structural (axonemal 
and F-actin dynamics) and functional (cargo traffick-
ing and signaling) aspects of ciliary maintenance, these 
approaches offer a dual mechanism to restore cilia length 
and function, particularly in diseases where multiple 
pathways are disrupted.
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ABSTRACT
The primary cilium serves as an antenna of most vertebrate cells and is important for conveying cues from several signaling 
pathways into appropriate cellular responses during development and homeostasis. Cilia assembly and disassembly processes 
are thought to be strictly controlled; however, the precise nature of molecular events underlying this control still awaits full reso-
lution. Through their enzymatic activity, kinases function as flexible yet highly controllable regulators of a vast variety of cellular 
processes. Their activity ranges from cell cycle control to regulation of cell motility, signal transduction, and metabolism. This 
review focuses on the emerging role of kinases in primary cilia biology. We underscore their functions in primary cilia formation, 
maintenance, and resorption while examining available models and the respective mechanisms of their actions.

1   |   Introduction

1.1   |   Structure

Cilia are rod-like organelles that extend from the surface of most 
eukaryotic cells. They can be either motile (also called flagella) 
or non-motile, with the latter variety referred to as primary cilia. 
It was their lack of movement that led to the initial erroneous 
view of primary cilia as vestigial structures without a clear phys-
iological function. Significantly, this notion has shifted during 
the past two decades, as evidence demonstrating the vital roles 
of primary cilia in embryogenesis and tissue homeostasis has 
emerged (Anvarian et  al.  2019; Gopalakrishnan et  al.  2023). 
Nowadays, primary cilia can be depicted in simple terms as a 
cellular antenna, integrating the ability to sense and respond 
to both biochemical and physical stimuli coming from the ex-
tracellular milieu. In fact, the primary cilium accommodates 

receptors and effectors of several signaling pathways and serves 
as a prominent signaling hub. Its role in cell-to-cell communi-
cation is perhaps best portrayed within the Hedgehog signal-
ing pathway (Anvarian et al. 2019; Bangs and Anderson 2017; 
Bryja et  al.  2017). Primary cilia's crucial role in cell signaling 
is highlighted by numerous reports linking defects in primary 
cilia biogenesis and function to a wide range of human diseases, 
collectively known as ciliopathies. Correctly assembled and 
functional primary cilia's significance is substantiated by the 
diversity of organ systems affected by ciliopathies, ranging from 
kidneys or liver to the central nervous system, and the frequently 
lethal developmental abnormalities caused by disrupted cilio-
genesis (Amack 2022; Mill et al. 2023; Reiter and Leroux 2017). 
The specific aspects of cilia-related signaling and their impact 
on cilia dynamics were thoroughly covered in several recent re-
views (Gopalakrishnan et al. 2023; Hilgendorf et al. 2024; Mill 
et al. 2023) and will not be discussed in detail here.
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The distinct structural aspects of primary cilia attracted the 
attention of researchers even before their functional relevance 
was recognized. Among the cells capable of forming primary 
cilia, each contains only a single cilium consisting of the basal 
body (BB) and the axoneme that is covered by the ciliary mem-
brane (Figure 1A). The BB is derived from the mature centri-
ole (also called mother centriole, MC) of the centriolar pair of 

the centrosome and is decorated with two sets of appendages at 
its distal (surface-oriented) end (Sorokin  1962). Centrioles are 
barrel-like structures made of nine microtubule triplets arranged 
in a circular pattern (nine-fold symmetry) (Nigg et al. 2014). The 
BB function is to template the ciliary axoneme. The distal part 
of the BB adopts an arrangement reminiscent of an axoneme, by 
containing microtubule doublets instead of triplets. Successively, 

FIGURE 1    |    Structure of primary cilia, ciliogenesis, and cilia disassembly (A) Primary cilium consists of a basal body (BB) and axoneme covered 
by the ciliary membrane. At its distal end, the BB is decorated with distal and subdistal appendages (DAs and SDAs, respectively). The proximal part 
of the axoneme creates the transition zone. (B) Primary cilia formation starts by docking distal appendage vesicles (DAVs) to the DAs. DAVs later 
fuse to form the ciliary vesicle (CV). Removal of the CP110-CEP97 complex is thought to be a prerequisite for the subsequent elongation of axonemal 
microtubules. To ensure directed transport of cargo within the cilium, IFT needs to be recruited to the BB. Synchronized elongation of axonemal 
microtubules and the ciliary membrane results in the growth of the cilium. (C) Upon receiving respective signals, the cells are believed to dispatch 
cilia by one of the following mechanisms—either through degradation of axonemal microtubules and gradual resorption of the cilium, through cilia 
decapitation, through rapid deciliation resulting in shedding of the axoneme, or through cilia deconstruction.
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the axoneme represents the extension of those nine microtubule 
doublets at the distal end of the BB, acting as a skeleton of the 
cilium. Axonemal microtubules exhibit several post-translation 
modifications (PTMs), including acetylation, glutamylation, 
glycylation, and detyrosination, which are thought to help regu-
late their stability (Deretic et al. 2023). Axonemal microtubules 
serve as tracks for the movement of ciliary motor proteins such 
as kinesins and dyneins (Lacey and Pigino 2024). Intriguingly, 
tyrosination/detyrosination of axonemal tubulin has recently 
been envisioned as crucial for collision-free transport inside the 
cilium (Chhatre et al. 2025). The compartment between the BB 
and the axoneme, termed the transition zone, contains so-called 
Y-links connecting the membrane with the microtubules. This 
arrangement permits the transition zone to serve as a semiper-
meable sorting barrier regulating trafficking to/from the cilium 
to ensure distinct ciliary composition and, hence, the signaling 
function (Garcia-Gonzalo and Reiter 2017; Mill et al. 2023). The 
transition zone comprises two main functional complexes—the 
NPHP module and the MKS module, which contribute to the 
transition zone functionality via a network of mutual interac-
tions (Park and Leroux 2022).

The two sets of appendages are termed according to their posi-
tion as distal (DAs) and subdistal (SDAs) appendages, respec-
tively. They are both assembled during centriole maturation in 
the G2/M phase of the cell cycle. The DAs are arranged as blade-
like structures attached to the microtubules of the MC wall, 
with respect to the nine-fold symmetry of the centriole (Chang 
et al. 2023; Nigg et al. 2014). The DAs are indispensable for cil-
iogenesis (Ma et  al.  2023; Tanos et  al.  2013). They are assem-
bled in a hierarchical manner with the protein CEP83/CCDC41 
recruiting proteins CEP89/CCDC123 and SCLT1. SCLT1, in 
turn, mediates the correct localization of FBF1 and CEP164 to 
the centriole distal end (Tanos et al. 2013). Unlike the nine-fold 
symmetrical arrangement of DAs, the structure of SDAs is no-
tably less conserved. SDAs serve as anchoring points for micro-
tubules nucleated by the centrosome, hence connecting the BB 
to the cytoskeleton, and they do not seem to have a major role in 
primary cilium assembly (Ma et al. 2023).

Classical perception defines the primary cilia axoneme to have 
a “9 + 0” arrangement of microtubule doublets, with the central 
pair, typically defining the motile cilia (“9 + 2” arrangement), 
missing in primary cilia. However, deviations from this canoni-
cal ciliary architecture exist across various cell types. This also 
applies to the length of individual microtubules in primary cilia, 
exhibiting unexpected heterogeneity (Kiesel et  al.  2020; Sun 
et al. 2019).

1.2   |   Ciliogenesis

Ciliogenesis typically occurs in postmitotic cells. Originally, pri-
mary cilia were regarded as indicators of quiescence and consid-
ered, in fact, to have a checkpoint function regulating cell cycle 
re-entry (Seeley and Nachury  2010). However, data from live 
cell imaging and in vivo studies show that primary cilia can be 
found in both non-cycling and proliferating (non-mitotic) cells 
and that the timing of cilium assembly initiation may vary (Ford 
et al. 2018; Seeley and Nachury 2010). This variability in timing 
reflects differences in cellular states or specific requirements for 

cilium function across cell types. The earliest visible step in the 
intracellular assembly pathway of ciliogenesis involves the dock-
ing of the MC to a ciliary vesicle (CV) (Figure 1B). Trafficking of 
vesicles to the pericentriolar area is regulated on several levels, 
with the actin network a vital factor (J. Kim et  al.  2010). The 
alternative extracellular assembly pathway, active in polarized 
cells, involves the MC's direct docking to the plasma membrane.

The CV forms from the fusion of smaller distal appendage vesi-
cles (DAVs). Myosin-Va, involved in the assembly and transport 
of DAVs, is considered the first vesicle regulator recruited to the 
MC with the onset of ciliogenesis (Wu et al. 2018). The subse-
quent formation of the large CV relies on the coordinated actions 
of EHD1, EHD3, and small GTPase Rab34 (Ganga et al. 2021; 
Lu et al. 2015; Stuck et al. 2021). CV membrane expansion, reg-
ulated by the Rab11/Rabin8/Rab8 cascade, facilitates the for-
mation and elongation of the ciliary membrane alongside the 
growing axoneme (Shakya and Westlake  2021). Specifically, 
small GTPase Rab11 regulates the trafficking of CVs containing 
Rabin8, a Rab8 guanine nucleotide exchange factor (GEF), to 
the MC in order to activate Rab8 to stimulate ciliary membrane 
growth (Shakya and Westlake 2021). Both CV docking and ex-
pansion require intact DAs.

The cilium grows by simultaneously extending its membrane 
and the microtubule-based axoneme. However, the mecha-
nism that initiates microtubule outgrowth from the MC distal 
end remains unclear. A well-established step of ciliogenesis 
onset is the removal of distal end proteins CP110, also involved 
in the regulation of centrosomal duplication and separation, 
and CEP97 from the MC. These proteins rely on each other for 
proper localization and form a complex that is thought to act 
as a “cap” hindering axoneme microtubule outgrowth (Chen 
et al. 2002; Spektor et al. 2007). In line with that, CP110 activ-
ity at the microtubule ends also restricts the length of centri-
oles (Iyer et al. 2025; Schmidt et al. 2009). Although the loss of 
CP110-CEP97 from the MC is a reliable marker for the initia-
tion of ciliogenesis, their roles appear to be more complex and, 
perhaps, context-dependent, as the loss of CP110 has also been 
linked to defects in cilia assembly (Walentek et al. 2016; Yadav 
et al. 2016).

The later stage of ciliogenesis is regulated by Intraflagellar 
Transport (IFT) proteins. IFT represents a bidirectional move-
ment of multiprotein particles along ciliary microtubules, with 
anterograde transport to the cilium tip driven by kinesin mo-
tors (typically kinesin 2) and retrograde transport back to the 
base supported by dynein 2 motors. The primary role of IFT is 
to transport cargo (ciliary components such as tubulin and re-
ceptors) to support cilium growth and maintenance (Lacey and 
Pigino 2024; Pedersen and Rosenbaum 2008; Scholey 2008).

1.3   |   Cilia Resorption

Primary cilium must be disassembled before mitosis to permit 
the MC to facilitate centrosome-mediated spindle organization 
and positioning. Serum starvation is commonly used to pro-
mote the formation of cilia in cultured cells and, consequently, 
the serum-starved cells gradually lose their cilia upon serum 
re-addition. Data from live-cell imaging experiments indicate 
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the loss of primary cilia at the G/M transition (Ford et al. 2018; 
Seeley and Nachury 2010).

One way to remove cilium is gradual resorption through axo-
neme depolymerization (Figure  1C). Considering the role of 
tubulin PTMs such as glycylation, (poly)glutamylation, and 
acetylation in the regulation of microtubule lattice stability 
(Janke and Magiera 2020), dynamic changes in ciliary tubulin 
PTMs are thought to represent one of the driving mechanisms 
mediating axoneme disassembly (Seeley and Nachury  2010). 
This disassembly is also regulated by kinesin 13 family mem-
bers, including KIF2A and KIF24. Unlike conventional kinesin 
motors, these kinesin proteins promote ATP-dependent micro-
tubule depolymerization, facilitating the resorption of the cili-
ary axoneme (Reilly and Benmerah 2019).

Ectocytosis or cilia decapitation has recently been associated 
with the regulation of primary cilia dynamics, ultimately lead-
ing to their disassembly (Nager et  al.  2017; Phua et  al.  2017). 
When triggered by events such as the defective exit of ciliary re-
ceptors, subsequent remodeling of ciliary actin leads to myosin-
mediated abscission of the ciliary membrane, which is then 
released from the ciliary tip as a vesicle. This mechanism may 
lead to the gradual resorption of the entire ciliary axoneme.

Another means for cells to dispose of their cilia is via rapid 
deciliation, which involves severing the ciliary axoneme with 
the microtubule-severing enzyme katanin (Mirvis et  al.  2019; 
Quarmby 2004).

Notably, cilia deconstruction has recently been identified as a 
unique and rapid cilia resorption mechanism in vivo, described 
in cerebellar granule cells during the process of their differen-
tiation (Constable et al. 2024; Ott et al. 2024). The underlying 
mechanism seems to reside in the downregulation of key regu-
lators of cilia assembly and maintenance at the level of mRNA 
transcript (Constable et al. 2024) or protein (Lin et al. 2024).

2   |   Kinases Regulating Primary Cilia

2.1   |   Role of Kinases in Cilia Assembly 
and Maintenance

As outlined above, ciliogenesis is a multistep and time-regulated 
process. The employment of kinases is emerging as a key mech-
anism allowing robust and stepwise control of the cilium assem-
bly pathway. The role of individual kinases ranges from specific 
control of one aspect of primary cilia assembly to a position of 
central regulator orchestrating multiple events (Figure 2). Tau 
Tubulin Kinase 2 (TTBK2), a member of the CK1 superfamily, 
is an example of a kinase with arguably the most critical and 
complex role in ciliogenesis. TTBK2, through its kinase activity, 
is indispensable for primary cilia formation in mice and human 
cells, and its ablation leads to complete failure of ciliogenesis 
(Bernatik et al. 2020; Goetz et al. 2012). Interestingly, TTBK2 ac-
tivity can be partially compensated by its sibling kinase, TTBK1, 
in hPCS-derived neural progenitors (Binó and Čajánek 2023).

To successfully carry out its functions in primary cilia, cor-
rect localization is essential. To initiate the cilium assembly 

pathway, TTBK2 is recruited to DAs via the interaction of its 
C-terminus with the N-terminal region of CEP164 (Čajánek and 
Nigg  2014). Despite being tethered at the C-terminus, recent 
data suggest CEP164-bound TTBK2 may be able to extend its 
N-terminal kinase domain over 100 nm, thanks to disordered 
regions spanning both TTBK2 and CEP164 (Silva et al. 2022). 
This would give TTBK2 a reasonable reach to target substrates 
beyond the DAs.

The formation of CV and its interaction with DAs require TTBK2 
activity, which seems to be partially mediated by TTBK2 phos-
phorylation of CEP83 (Lo et al. 2019). TTBK2 also phosphory-
lates additional proteins implicated in CV/membrane regulation 
(e.g., CEP164, CEP89, Rabin8), yet the role of these phosphoryla-
tions is not known (Bernatik et al. 2020). Pursuant to the notion 
that TTBK2 can phosphorylate several DA components (namely 
CEP83, CEP89, and CEP164) (Bernatik et  al.  2020), TTBK2 
also promotes their MC localization (Čajánek and Nigg  2014). 
Moreover, a recent preprint (Kanie et  al.  2025) linked the ab-
lation of TTBK2 to alterations in the recruitment of several DA 
components. Thus, TTBK2 could fine-tune the assembly of DAs, 
possibly via a positive feedback loop. The critical role of TTBK2 
in the initiation of ciliogenesis is further highlighted by its re-
quirement for the removal of the CEP97-CP110 complex from 
the MC and the recruitment of IFT proteins to the newly form-
ing BB (Goetz et al. 2012).

Recently, several other kinases have emerged as regulators of cil-
iogenesis at the level of TTBK2. The CEP164–TTBK2 interaction 
has been slated for regulation by PtdIns(4)P, binding to specific 
motives in CEP164 and TTBK2, thus hampering their interaction 
(Xu et al. 2016). According to this model, Phosphatidylinositol 
Phosphate Kinase 1γ (PIPK1γ) and phosphatase INPP5E mod-
ulate the CEP164–TTBK2 interaction by controlling the levels 
of PtdIns(4)P at the BB (Xu et al. 2016). PIPK1γ phosphorylates 
PtdIns(4)P, changing it to PtdIns(4,5)P2, an action counteracted 
by INPP5E activity.

Conditional primary cilia ablation (e.g., by removing TTBK2 in 
adult mice) induces progressive degeneration of the cerebellum 
(Bowie and Goetz 2020). Conversely, primary cilia disassembly 
mediated by TTBK2 degradation triggers the differentiation of 
granule neuron progenitors (Lin et  al.  2024), further indicat-
ing that TTBK2 acts as a crucial regulator during neurodevel-
opment. TTBK2 was originally studied for its involvement in 
Tau-related proteinopathies, hinting at its possible multifaceted 
involvement in neurodegeneration (Taylor et al. 2019). Notably, a 
correlation between primary cilia/TTBK2 defects and neurode-
generation has further support in the work of Steger et al. 2017, 
which confirmed that Parkinson's disease (PD) related mutation 
of Leucine Rich Repeat Kinase 2 (LRRK2) results in a hyperac-
tive product that attenuates primary cilia formation. The defect 
in ciliogenesis caused by the LRRK2 mutation is accompanied 
by reduced MC levels of TTBK2, signifying the role of LRRK2 
upstream of TTBK2 (Sobu et  al.  2021). Furthermore, LRRK2 
has been reported to phosphorylate several Rab GTPases and 
in turn affect Myosin-Va, which might point to additional 
mechanisms of how LRRK2 affects cilia (Dhekne et  al.  2021; 
Steger et al. 2017). Whether LRRK2-related cilia defects could 
be rescued by increased TTBK2 activity has not been tested. 
Remarkably, ciliogenesis defects linked to PD-related LRRK2 
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mutations could be rescued by a LRRK2-interacting kinase, 
P21 Activated Kinase 6 (PAK6) (Civiero et  al.  2015; Iannotta 
et al. 2024), known for its role as an effector protein for small 
GTPases RAC and CDC42 in the regulation of the cytoskeleton 
(Wells and Jones 2010). Nevertheless, PAK6 is unable to rescue 
defects caused by LRRK2 mutations that interfere with LRRK2-
PAK6 affinity (Iannotta et al. 2024). While it is unclear whether 
PAK6 kinase activity is required to observe ciliogenesis rescue 
effects, further investigation of LRRK2 and PAK6 involvement 
in cilia formation, either through regulation of TTBK2 or by 
some other mechanism (e.g., involving Rab GTPases), might 
uncover novel pathways relevant for the biogenesis of these 
organelles.

Apart from being controlled by TTBK2, ciliogenesis initiation 
and CEP97-CP110 removal from the MC distal end also rely 
on the activity of Microtubule Affinity Regulating Kinase 4 
(MARK4). MARK4 promotes MC localization of the SDA pro-
tein ODF2, which is subsequently required for CEP97-CP110 
loss and effective axoneme extension (Kuhns et  al.  2013). 

Given that IFT88 recruitment was not disrupted by MARK4 
or ODF2 depletion (Kuhns et  al.  2013), MARK4 presumably 
does not act upstream of TTBK2 (an absence of which impairs 
both CEP97-CP110 and IFT), but more likely functions in a 
parallel pathway. Significantly, MARK4 is positively regulated 
by Serine/Threonine Kinase 11 (STK11) (Lizcano et al. 2004), 
which has been previously reported to promote ciliogenesis 
(Jacob et al. 2011).

IFT and its ability to transport cargo within the axoneme are 
crucial for both cilia assembly and maintenance (Ishikawa and 
Marshall 2011; Pedersen and Rosenbaum 2008). Several kinases 
regulate IFT by controlling protein recruitment to cilia, as well 
as through modulating IFT-motor or IFT-cargo interactions. 
Here again, TTBK2 is prominently involved in recruiting IFT 
proteins. In its absence, IFT proteins fail to localize to the MC 
distal end (Goetz et al. 2012), yet the underlying mechanism is not 
known. Other kinases have been attributed to more specific roles. 
For example, Phosphoinositide-3-kinase Regulatory Subunit 4 
(PIK3R4), which in its mutated forms induces ciliopathy defects, 

FIGURE 2    |    Kinases involved in the regulation of primary cilia assembly several ciliogenesis steps are controlled by kinases. TTBK2 plays a cen-
tral role by promoting CV docking, CP110 removal, and IFT recruitment. Furthermore, TTBK2 is suggested to promote the correct assembly of distal 
appendages (DAs). PIPK1γ, LRRK2, and PAK6 act upstream of TTBK2, regulating its localization at the basal body. STK11 and MARK4 have been 
shown to enable the release of a negative regulator, CP110, from the distal end of the mother centriole through the recruitment of ODF2 to the sub-
distal appendages (SDAs). PIK3R4 enables IFT20 recruitment to the basal body by triggering its release from the Golgi apparatus. CILK1 and MAK 
regulate IFT within the ciliary axoneme and thus affect cilia maintenance.
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triggers the release of IFT20 from the Golgi, hence promoting its 
ciliary base recruitment (Stoetzel et  al.  2016). Moreover, Male 
Germ Cell Associated Kinase (MAK) represents an example of 
a kinase regulating IFT inside the cilium. The interaction with 
IFT74–81 subunits helps to load tubulin onto the IFT complexes 
to allow its ciliary import (Bhogaraju et al. 2013). MAK is partic-
ularly enriched in the cilia tip, and its phosphorylation of IFT74 
has been linked to a reduction of tubulin affinity toward IFT74–
81. Thus, MAK activity in the tip of primary cilia is believed to 
promote the release of IFT cargo (tubulin) in the cilia tip (Jiang 
et al. 2022). Besides effecting IFT-cargo interactions, MAK is also 
thought to be involved in the regulation of the stability of axo-
nemal microtubules (Maurya et al. 2019), the motility of ciliary 
kinesins (Yi et al. 2018), and the docking and undocking of ki-
nesin motors and IFT particles (Burghoorn et  al.  2007). While 
these diverse functions help to explain cilia length control dereg-
ulation observed after MAK ablation (Berman et al. 2003; Hilton 
et al. 2013), the underlying mechanisms (relevant substrates) are 
unclear. Deregulated cilia length, often accompanied by the accu-
mulation of IFT proteins and other ciliary components in the tip 
of the cilium, is also characteristic of the ablation of Ciliogenesis 
Associated Kinase 1 (CILK1/ICK) (Chaya et al. 2014). Similarly to 
MAK, CILK1 resides in ciliary axonemes, is able to interact with 
IFT and act as its cargo (Nakamura et al. 2020). Loss of CILK1 
seems to accelerate anterograde IFT (Broekhuis et  al.  2014; 
Kunova Bosakova et al. 2018). One of the proposed mechanisms 
downstream of CILK1 involves phosphorylation of KIF3A, a sub-
unit of the ciliary kinesin II complex (Chaya et al. 2014). However, 
homozygous knockin mice carrying Ala instead of the corre-
sponding phosphosite of CILK1 in KIF3A (T674) lack any visible 
cilia defects, likely owing to a compensatory mechanism and/or 
the contribution of additional substrates to CILK1 phenotypes 
(Gailey et al. 2021).

Essentially, kinases involved in the modulation of IFT properties 
are expected to impact both the initial phase of cilia formation 
and cilia maintenance. Related defects are thought to shift the 
balance between the promotion of ciliogenesis/cilium growth and 
the induction of gradual cilia resorption, subsequently causing 
abnormalities in cilia length. Indeed, a function in the regulation 
of primary cilia length and axoneme stability has recently been 
identified for TTBK2 (Bowie et al. 2018; Nguyen and Goetz 2023). 
One proposed mechanism involves the counteraction of the MT-
depolymerizing activity of kinesin 13 proteins. In this case, TTBK2 
phosphorylates the N-terminal region of KIF2A at the MC, which 
impairs its ability to bind and depolymerize axonemal microtu-
bules (Vysloužil et al. 2025; Watanabe et al. 2015).

2.2   |   Role of Kinases in Cilia Disassembly

One of the central functions in the network of kinases involved 
in the regulation of cilia disassembly is effected by Aurora kinase 
A (AURKA) (Figure 3), where a BB pool of AURKA promotes 
primary cilia resorption (Pugacheva et al. 2007; Yin et al. 2022). 
Based on evidence from various cell lines, AURKA is believed 
to carry out this function by enhancing histone deacetylase 
HDAC6 activity, ultimately resulting in the destabilization of 
axonemal microtubules (Pugacheva et  al.  2007). While the 
prominent role of AURKA in primary cilia disassembly is well 
established and conserved from Chlamydomonas to vertebrates 
(Pan et al. 2004; Pugacheva et al. 2007), we recognize that the 
proposed model is not without limitations.

Firstly, genetic ablation of HDAC6 (or any other HDAC) does not 
produce significant ciliary phenotypes in vivo, suggesting that com-
pensatory mechanisms take place and/or cell type specificity plays 

FIGURE 3    |    Kinases involved in the regulation of primary cilia disassembly cilia resorption is thought to be driven by several simultaneous pro-
cesses. NEK2 has been associated with the destabilization of axonemal microtubules, with their depolymerization through KIF24 activity and with 
the displacement of several DA components. AURKA is believed to promote cilia resorption through the destabilization of axonemal microtubules. 
EGFR, PLK1, and CDK1 were identified as factors promoting cilia resorption-related activity of AURKA, while MST1/2 and TAO1/3 evince a nega-
tive effect on this AURKA activity. Increased levels of F-actin result in upregulated AURKA and PLK1 expression and are enhanced by the activity 
of TESK1, LIMK2, PKN2, CDK10, and MAST4, while MAST4 appears to simultaneously promote periciliary membrane endocytosis.
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a role (Łysyganicz et al. 2021; Y. Zhang et al. 2008). Additionally, 
since both AURKA and HDAC6 are concentrated at the base of 
the cilia (with no current evidence of their presence in the ciliary 
axoneme), an important question remains: How does the signal 
from AURKA/HDAC6 reach the axonemal microtubules?

AURKA, besides its prominent impact on primary cilia dynam-
ics, plays a key role in mitosis regulation. Several mechanisms 
responsible for the tight control of its activity have been identi-
fied (Figure 4). Interaction with Ca2+-regulated multifunctional 
protein calmodulin stimulates AURKA activity at the ciliary 
base (Plotnikova et al. 2012). Furthermore, trichoplein (TCHP), 
a keratin filament-binding protein with a scaffolding function, 
has been shown to bind and activate AURKA to promote cilia 
resorption (Inoko et  al.  2012). TCHP levels are regulated by 
Epidermal Growth Factor Receptor (EGFR), a kinase shown to 
phosphorylate and activate USP8 deubiquitinase, inducing an 
increase in TCHP steady-state levels and, in turn, AURKA acti-
vation (Kasahara et al. 2018).

Another suggested mechanism for regulating AURKA activity 
is through interaction with a scaffolding protein HEF1/NEDD9, 
which subsequently promotes activating auto-phosphorylation. 
Another regulatory pathway acting on AURKA is based on sup-
pression of HEF1/NEDD9 via negative feedback to limit its own 
activity (Pugacheva and Golemis  2005). HEF1/NEDD9 is sub-
jected to regulation by additional upstream kinases, including its 
stabilization through the activity of the well-established mitotic 
kinase, Polo-like kinase 1 (PLK1) (Doornbos and Roepman 2021; 
Lee et al. 2012). Notably, the PLK1–AURKA relationship is rather 
complex, as AURKA is responsible for the activation of PLK1 
before mitotic entry (Seki et  al.  2008). In order to carry out its 

function, PLK1 is recruited to the pericentriolar matrix (PCM) by 
interaction with PCM1. This interaction is facilitated by Cyclin-
Dependent Kinase 1 (CDK1)-mediated phosphorylation of PCM1 
(Wang et al. 2013). Along with its effects on AURKA activity, PLK1 
has been proposed to counteract ciliogenesis by preventing correct 
localization of TZ component DZIP1 (B. Zhang et al. 2017) and 
by phosphorylating and activating microtubule-depolymerizing 
kinesins from the kinesin 13 family (Miyamoto et  al.  2015). To 
illustrate the complexity and context-dependent role of PLK1 in 
cilia, it should be noted that PLK1 may also act as a ciliogenesis-
promoting factor. PLK1 activity is required for MC maturation, 
including the assembly of DAs. In fact, ectopic PLK1 activation 
precipitates the premature assembly of DAs and, consequently, the 
formation of two primary cilia per cell (Kong et al. 2014).

Another mechanism proposed to regulate cilia resorption at the 
level of AURKA-HDAC6 involves two kinases, Macrophage 
Stimulating 1 and 2 (MST1 and 2), together with the SAV1 scaf-
folding protein. This complex, upon its activation during ciliogen-
esis, promotes the dissociation of the AURKA-HDAC6 complex 
(M. Kim et al. 2014). Another kinase, TAO Kinase 1 (TAO1), has 
been shown to activate this complex (Boggiano et al. 2011; Poon 
et al. 2011) and its depletion impairs ciliogenesis in RPE1 cells, as 
does the depletion of TAO3 (M. Kim et al. 2014). Another suggested 
mechanism for MST1/2 to foster cilia formation is through the pro-
motion of Rab8a recruitment to the cilium (M. Kim et al. 2014). 
The biological relevance of MST2 for cilia biology is supported by 
its localization at the BB, as well as its identification as a candidate 
ciliopathy gene (Reiter and Leroux 2017).

Another mitotic kinase with a prominent function in primary 
cilia disassembly is NIMA-related Kinase 2 (NEK2). Similar to 
AURKA and PLK1, NEK2 promotes cilia disassembly before 
mitosis (Spalluto et al. 2012). Contrary to the effects of HEF1 on 
AURKA, HEF1 seems to act as a negative regulator of NEK2 ac-
tivity (Pugacheva and Golemis 2005). Several distinct mechanisms 
have been proposed to mediate the NEK2 effects on primary 
cilia dynamics, including through HDAC6 activity regulation 
(Endicott et al. 2015). Another suggested mechanism is via acti-
vation of kinesin 13 member KIF24, which depolymerizes micro-
tubules, resulting in destabilization of the axoneme and cilium 
resorption (Kim, Lee, et al. 2015). Furthermore, NEK2 promotes 
the displacement of a subset of DA components (namely CEP123/
CEP89, CEP164, and LRRC45) from the MC, hence hampering 
ciliogenesis (Viol et al. 2020). Several other members of the NIMA-
related kinase family, namely NEK1 in the context of short-rib 
polydactyly syndrome type Majewski (Thiel et al. 2011), NEK8 in 
nephronophthisis (Otto et al. 2008), and NEK9 in relation to lethal 
skeletal dysplasia (Casey et al. 2016), are linked to cilia regulation 
via their described ciliopathy mutations. While the phenotypes of 
the corresponding mouse models include deregulated cilia num-
bers and kidney cyst formation, the exact roles of these NEKs in 
primary cilia dynamics remain elusive (Otto et al. 2008; Quarmby 
and Mahjoub 2005; Upadhya et al. 2000).

Several kinases have been indicated to indirectly promote cilia 
resorption via their effects on actin polymerization and, thus, 
the levels of F-actin within the cell. While there is currently no 
report of direct modulation of ciliary actin by kinases, compel-
ling evidence links kinase-mediated regulation of the actin cyto-
skeleton to the regulation of primary cilia (Guen et al. 2016; Kim, 

FIGURE 4    |    Proposed pathways of AURKA-mediated cilia disas-
sembly regulation several kinases have been linked to the regulation 
of AURKA activity in the context of cilia resorption. EGFR and PLK1 
aid AURKA activity through the stabilization of its activating effectors 
(TCHP in the case of EGFR and HEF1 in the case of PLK1) and PLK1 
activity is enhanced by CDK1-facilitated recruitment to the pericentri-
olar region. Both AURKA and PLK1 expression levels are upregulated 
in response to higher F-actin levels, which are enhanced by LIMK2, 
TESK1, PKN2, CDK10, and MAST4 activity.
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Jo, et al. 2015; Sakaji et al. 2023). There are two main mecha-
nisms by which the actin cytoskeleton is thought to affect pri-
mary cilia formation. First, a high level of actin polymerization 
seems to interfere with vesicular trafficking, possibly prevent-
ing DAVs and CVs formation/docking and membrane delivery 
to the growing cilium (Cao et  al.  2012; J. Kim et  al.  2010). In 
addition to this negative effect on ciliogenesis, actin polymeriza-
tion promotes cilia resorption through regulating the expression 
of at least two kinases driving cilia disassembly—AURKA and 
PLK1. This second mechanism is mediated by the Hippo signal-
ing pathway, which drives the relocalization of transcription co-
activators YAP/TAZ from the cytoplasm into the nucleus (and 
subsequently the expression of target genes encoding AURKA 
and PLK1) in cells with increased levels of F-actin (J. Kim, Jo, 
et al. 2015).

There are several mechanisms for kinases to regulate actin 
polymerization and, consequently, cilia stability. Kinases 
LIM Domain Kinase 2 (LIMK2) and Testis Associated Actin 
Remodeling Kinase 1 (TESK1) positively regulate actin polym-
erization by inhibiting an actin-cleaving protein, CFL1, which 
then effectively blocks primary cilia formation in unciliated cells 
or facilitates cilia resorption in ciliated cells. Conversely, the de-
pletion of LIMK2 or TESK1 promotes ciliogenesis (J. Kim, Jo, 
et al. 2015). Similarly, Cyclin-Dependent Kinase 10 (CDK10) in 
a heterodimer with cyclin M phosphorylates Protein Kinase N2 
(PKN2), which in turn stabilizes small GTPase RhoA, one of the 
key regulators of actin polymerization (Guen et al. 2016). Ablation 
of CDK10-cyclin M activity produces developmental defects 
in vivo and elongated cilia axonemes in mouse fibroblasts (Guen 
et  al.  2016). Moreover, the activity of Microtubule Associated 
Serine/Threonine Kinase Family Member 4 (MAST4) facilitates 
cilia disassembly through the activation of another key regula-
tor of actin polymerization, small GTPase CDC42, and its down-
stream effector Arp2/3. Intriguingly, CDC42 has recently been 
identified as the main regulator of ciliary actin and a trigger of 
ciliary ectocytosis (Prasai et al. 2024), which might suggest an 
additional mechanism for MAST4 to promote cilia disassembly. 
In addition to regulating actin branching, MAST4 also activates 
Rab5-modulated periciliary membrane endocytosis to further 
promote cilia resorption (Sakaji et al. 2023). It is worth noting 
that all of these kinases were recognized as residing at the cen-
trosome or in cilia (Guen et al. 2016; J. Kim, Jo, et al. 2015; Patel 
et al. 2020; Sakaji et al. 2023), suggesting that their involvement 
in regulating cilia resorption might not be restricted to actin net-
work remodeling, and other regulatory mechanisms, potentially 
more prominent, await identification.

2.3   |   Conclusions and Future Outlook

Our noted examples of kinase involvement in primary cilia as-
sembly and disassembly only represent a partial picture. A dozen 
or more kinases found to be mutated in ciliopathies are expected 
to impact primary cilia status (Reiter and Leroux 2017). While 
genetic evidence linking particular genes and cilia-associated 
pathologies is well manifested, the underlying mechanism is 
often, unfortunately, completely lacking. Expository, as pre-
viously stated, several NEK kinases family members (namely 
NEK1 (Thiel et al. 2011), NEK2 (Fakhro et al. 2011), NEK8 (Otto 
et al. 2008) and NEK9 (Casey et al. 2016)) have been identified 

as ciliopathy genes. However, in contrast to the established role 
of NEK2, mechanisms mediating the roles of the other NEKs 
remain largely unclear. Other kinases involved in ciliopathies, 
such as Protein Kinase A (PKA) or STK36/Fused, have well-
defined roles in ciliary signaling (particularly in the Hedgehog 
pathway) rather than in primary cilium biogenesis, hence were 
not addressed here. We guide our readers instead to recent 
reviews devoted to the ciliary function of these kinases (Flax 
et  al.  2024; Hilgendorf et  al.  2024). Moreover, several screens 
hinted at possible cilia roles of a number of kinases (Breslow 
et al. 2018; Kuhns et al. 2013; Loukil et al. 2021), however func-
tional validation and identification of corresponding mecha-
nisms await resolving for most of these putative cilia-regulating 
kinases. Thus, we envision that our current understanding of 
ciliary kinases represents the infamous “tip of the iceberg” and 
that more kinases and kinase-related mechanisms highly rele-
vant to primary cilia biology still await discovery.

As exemplified here by examining the roles of TTBK2 and 
AURKA, kinases represent prominent regulators of primary 
cilia assembly, maintenance, and resorption. Yet, the field of 
ciliary kinases remains relatively understudied. Many open 
questions persist concerning the exact cascade of events down-
stream of a particular kinase. When considering sub-cellular/
sub-ciliary localization of cilia-regulating kinases, there is 
clearly some degree of compartmentalization. In certain cases, 
the link between localization and function seems straightfor-
ward (e.g., CILK1/ICK and MAK localize inside primary cilia 
to regulate IFT), while in others the connection is less obvious 
(e.g., TTBK2 or AURKA are enriched at the cilia base, yet miss-
ing from intraciliary milieu, where events affecting axoneme 
stabilization/destabilization presumably take place). The main 
bottleneck with any kinase study has always been establishing 
a kinase-substrate relationship and the target-specific function 
of a given kinase, including elucidation of functional conse-
quences of the phosphorylation of a given substrate specifically 
for cilia biology. Current biochemical and bioinformatic ap-
proaches are estimated to have only identified upstream kinases 
for less than 5% of the whole phosphoproteome, and functional 
assignments of identified phosphosites are almost negligible 
(Needham et  al.  2019). Furthermore, progress has been ham-
pered by challenges with specifically perturbing target-specific 
functions of kinases or, in general, cilia-specific functions of 
examined proteins. The identification of substrates and individ-
ual phosphosites of ciliary kinases will no doubt benefit from 
recent advances in kinome profiling (Johnson et al. 2023) and 
high-sensitivity (phospho)proteomics approaches (Needham 
et al. 2019). Wet lab-based experimental validation of substrates/
phosphosites should be facilitated by rapidly developing gene ed-
iting techniques, along with the recent surge in AI-based protein 
structure prediction algorithms, soon likely capable of modeling 
the impact of PTMs such as phosphorylation.
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Abstract
Background  Primary cilia facilitate cellular signalling and play critical roles in development, homeostasis, and 
disease. Their assembly is under the control of Tau-Tubulin Kinase 2 (TTBK2), a key enzyme mutated in patients with 
spinocerebellar ataxia. Recent work has implicated TTBK2 in the regulation of cilia maintenance and function, but the 
underlying molecular mechanisms are not understood.

Methods  To dissect the role of TTBK2 during cilia growth and maintenance in human cells, we examined disease-
related TTBK2 truncations. We used biochemical approaches, proteomics, genetic engineering, and advanced 
microscopy techniques to unveil molecular events triggered by TTBK2.

Results  We demonstrate that truncated TTBK2 protein moieties, unable to localize to the mother centriole, 
create unique semi-permissive conditions for cilia assembly, under which cilia begin to form but fail to elongate. 
Subsequently, we link the defects in cilia growth to aberrant turnover of a microtubule-depolymerizing kinesin KIF2A, 
which we find restrained by TTBK2 phosphorylation.

Conclusions  Together, our data imply that the regulation of KIF2A by TTBK2 represents an important mechanism 
governing cilia elongation and maintenance. Further, the requirement for concentrating TTBK2 activity to the mother 
centriole to initiate ciliogenesis can be under specific conditions bypassed, revealing TTBK2 recruitment-independent 
functions of its key partner, CEP164.
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Background
Primary cilia are evolutionarily conserved signalling 
organelles found on the surface of a broad spectrum of 
vertebrate cells [1, 2]. They play a major role in intercept-
ing extracellular stimuli, which helps to govern complex 
processes in multicellular organisms, including humans 
[3, 4]. Even though these organelles have not attracted 
much attention in the past, their biomedical importance 
became apparent following the discovery of ciliopathies, 
an expanding group of human diseases caused by ciliary 
dysfunction [5, 6].

The primary cilium typically appears as a hair-like pro-
trusion of the cell membrane. It consists of the mother 
centriole (MC)-derived basal body, the transition zone 
allowing sorting of ciliary components, and the micro-
tubule-based axoneme enclosed within an ARL13B-rich 
ciliary membrane [7, 8]. The MC distal end is deco-
rated by two sets of appendage proteins. The distal set 
of appendages is especially important for the initiation 
of cilia formation – it helps to dock the MC to precili-
ary vesicles and/or cell membrane and recruits pro-cilio-
genesis factors to the base of the growing cilium [9, 10]. 
To initiate the outgrowth of ciliary axoneme, capping 
complexes consisting of CP110 and CEP97 proteins are 
removed from MC distal end [11]. Subsequently, the axo-
neme extends with the assistance of intraflagellar trans-
port (IFT) machinery [12].

Perhaps the most prominent regulator of the cilium 
assembly pathway outlined above is Tau-Tubulin Kinase 
2 (TTBK2) [13], a serine/threonine kinase from the CK1 
superfamily [14, 15]. To initiate ciliogenesis, TTBK2 is 
recruited to MC distal appendages via interaction with 
CEP164 [16]. Thus, TTBK2 gets in a prime position to 
govern key events at the base of the future cilium by its 
kinase activity [13]. The processes regulated by TTBK2 
include the recruitment of Golgi-derived preciliary vesi-
cles [17] and IFT proteins [13], or the removal of CP110/
CEP97 [13]. However, the full scope of TTBK2-regulated 
mechanisms and their relation to ciliogenesis remains to 
be discovered.

TTBK2 has been shown to phosphorylate a number 
of MC-related (e.g. CEP164, CEP83, CEP89 [17, 18]) or 
cell signalling-related proteins (e.g. Dishevelled, a com-
ponent of the WNT signaling pathway [18, 19]), but the 
functional relevance of these interactions is often not 
clear. Furthermore, recent work highlights the possibil-
ity of TTBK2 maintaining the length and integrity of pri-
mary cilia [20, 21], but molecular mechanisms that would 
link TTBK2 to axoneme length control remain elusive. 
Finally, truncating mutations in TTBK2 have been shown 
to trigger the onset of spinocerebellar ataxia 11 (SCA11), 
a rare progressive neurodegenerative disease [21–23]. 
While the genetic link between TTBK2 and SCA11 has 

been well described, the molecular pathology of SCA11 
is unclear.

In this study, we aimed to elucidate the role TTBK2 
plays beyond initiating cilia formation in human cells. 
As targeting TTBK2 through conventional loss-of-func-
tion approaches completely blocks cilia formation [13, 
18], we examined TTBK2 variants similar in length and 
sequence to SCA11 mutants [22]. We show that express-
ing truncated TTBK2 in hTERT RPE-1 TTBK2 KO cells 
creates unique semi-permissive conditions for ciliogen-
esis, bypassing TTBK2 recruitment to the MC. In turn, 
we utilize this model system to reveal a TTBK2-mediated 
regulatory mechanism involving kinesin KIF2A, a mem-
ber of kinesin-13 family with microtubule-depolymeriz-
ing activity [24, 25]. KIF2A has been previously shown to 
aid the resorption of primary cilia following cell cycle re-
entry [26], but its role during cilia assembly was not clear. 
Here, we demonstrate that the interplay between KIF2A 
and TTBK2 represents an important regulatory mecha-
nism governing primary cilia formation in human cells.

Materials and methods
RPE-1 cell culture and stable line derivation
All hTERT RPE-1 cell lines were cultivated in DMEM/
F12 cultivation media (Thermo Fisher Scientific, 
Cat.N.31331028), supplemented by 10% fetal bovine 
serum (Biosera), 1% penicillin/streptomycin and 1% 
L-glutamine. When perfoming 12/24-well format experi-
ments, culture media was changed daily. To induce 
primary cilia formation, the cells were cultivated in 
serum-free complete media for the last 24  h of the 
experiment. Plasmid transfection (200ng plasmid DNA/
well in a 24-well format) was carried out using the Lipo-
fectamine 3000 Transfection Reagent (Thermo Fisher 
Scientific, Cat.N. L3000001, 0.2 µl P3000 / 100ng DNA, 
0.3  µl Lipofectamine / 100ng DNA) and following the 
manufacturer’s manual. Paclitaxel treatment was carried 
out by adding paclitaxel (Merck, Cat.N. T7402, final con-
centration 5µM) to culture media 4 h prior to fixation.

To generate DOX-inducible transgenic cell lines, 
hTERT RPE-1 Flp-In T-Rex cells (a gift from Erich A. 
Nigg) or hTERT RPE-1 Flp-In T-REX TTBK2 KO cells 
[18] were seeded on 5 cm dishes, grown to 90% conflu-
ency, and co-transfected with pOG44 (5µg total DNA) 
and a donor vector (pgLap1/2, 500ng total DNA) contain-
ing the gene of interest (GOI) coupled to a G418-resis-
tance gene. Transfectants with stably integrated GOI 
were then selected based on their resistance to G418 
(0.5 mg/ml, 1–2 weeks, Merck, Cat.N. G8168). To induce 
the expression of the GOI the cells were treated with 
doxycycline (2 µg/ml, Merck, Cat.N. 3072) for the dura-
tion of the experiment. For a list of plasmids used in this 
work see Supplementary Table 1.



Page 3 of 20Benk Vysloužil et al. Cell Communication and Signaling           (2025) 23:73 

For lentiviral transduction of hTERT RPE-1 cells with 
TTBK2 constructs we used plasmids listed in Supple-
mentary Tables 1 and followed a previously published 
protocol [27].

For KIF2A knockdown, the cells were seeded on glass 
coverslips in a 24-well format and cultivated in complete 
media. After 24 h, the cells were transfected with KIF2A 
siRNA (50nM final concentration, for siRNA details, see 
Supplementary Table 1) using Lipofectamine RNAiMAX 
(Thermo Fisher Scientific, Cat.N.13778100). Culture 
media was changed on the next day, the cells were culti-
vated for 48 h in complete media, serum-starved for 24 h, 
fixed, and analyzed.

HEK293T cell culture and transfection
HEK293T cells were cultivated in DMEM cultivation 
media (Thermo Fisher Scientific, Cat.N.31966047), sup-
plemented by 10% fetal bovine serum (Biosera) and 1% 
penicillin/streptomycin. When performing 12/24-well 
format experiments, culture media was changed daily. To 
induce primary cilia formation, the cells were cultivated 
in serum-free complete media for the last 24  h of the 
experiment.

Transfection of HEK293T cells was carried out using 
polyethyleneimine (PEI, 2  mg/ml stock solution) in the 
following way: PEI was incubated in serum-free DMEM 
media for 10  min, plasmids (Supplementary Table 1) 
were equilibrated in serum-free DMEM media and then 
mixed with PEI in a 3µl of PEI to 1µg of plasmid ratio. 
The resulting mixes of plasmid and PEI in DMEM were 
then added to cells and left in the culture overnight, the 
media was changed for a fresh complete media on the 
next day. 48 h after transfection, the cells were processed 
(fixed with MetOH or lysed) and analyzed.

Western blot
Cells were lysed in 1x Laemli lysis buffer (62.5 mM Tris-
HCl pH 6.8, 2% 2-mercaptoethanol, 10% glycerol, 0.01% 
bromphenol blue, 2% sodium dodecyl sulfate (SDS). SDS-
PAGE and membrane transfer were performed using 
instrumentation by BioRad (Mini-PROTEAN tetra ver-
tical electrophoresis cell, Mini Trans-blot module). Cell 
lysates were loaded to a 5% stacking gel combined with 
an 8% running gel and ran at 150  V in a running buf-
fer (0.1% SDS, 0.192 M glycine, 0.025 M Tris-base). The 
proteins were transferred to an Immobilon-PVDF mem-
brane (Merck, Cat.N. IEVH00005) at 100  V for 75  min 
in a transfer buffer (20% methanol, 0.192  M glycine, 
0.025  M Tris-base). The membranes were then blocked 
in 5% solution of skimmed milk in wash buffer (20 mM 
Tris-base, 0.1% Tween 20, 150 mM NaCl) and incubated 
with primary antibodies (see Supplementary Table 1) 
diluted in the same solution overnight at 4  °C. The next 
day the membranes were washed 3 times for 10  min in 

wash buffer, incubated with secondary antibodies (Sup-
plementary Table 2) diluted in 5% milk/wash buffer for 
2 h at room temperature, and then washed in wash buf-
fer 3 times for 10 min. The membranes were then devel-
oped using ECL Prime (Merck, Cat.N. GERPN2236) and 
Chemidoc Imaging System (BioRad, Cat.N. 12003154). 
For an easier analysis of membranes, a labelled protein 
ladder (Thermo Fisher Scientific, Cat.N. 26625) was used 
in every SDS-PAGE performed.

Immunoprecipitation and MS/MS analysis
To isolate KIF2A for MS/MS analysis, HEK293T cells 
grown on 15  cm plates were transfected with 2  µg of 
Flag-KIF2A plasmid + 8  µg of the corresponding GFP-
TTBK2 construct. 48  h post-transfection the cells were 
scraped into lysis buffer (0.5% Triton X-100, 0.5% NP40, 
150mM NaCl, 20mM Tric-HCl pH 7.4) containing Phos-
STOP (Roche, Cat.N. 4906837001, 1 tablet/10  ml buf-
fer), Complete Mini Protease Inhibitor Cocktail (Roche, 
Cat.N. 11836153001, 1 tablet/10  ml buffer) and lysed 
for 15  min on ice. The cell lysates were centrifuged at 
16,000x g for 10 min at 4  °C and the supernatants were 
then incubated overnight at 4 °C with anti-Flag M2 affin-
ity gel beads (Merck, Cat.N. A2220). M2 beads were then 
pelleted and washed three times with lysis buffer con-
taining protease inhibitors, resuspended in 1x Laemli 
lysis buffer, and boiled at 95  °C for 10  min. The result-
ing samples were separated in an 8% acrylamide gel and 
stained with Coomassie stain. Prominent bands of the 
correct size were cut out and subjected to protein extrac-
tion followed by MS/MS analysis [16]. The final plotted 
values represent mean relative phosphointensities from 
3 independent experiments, only phosphosites detected 
with an absolute intensity above 106 units were taken into 
consideration.

Software and data analysis
All statistical analyses were performed in GraphPad 
Prism software (version 8.0.1), standard deviations (SDs) 
are shown in all graphs, unless otherwise stated in the 
figure legend. The ACDC [28] Matlab script (version 0.9) 
or the CiliaQ [29] Fiji plugin (version 0.1.4) were used 
for measuring cilia number and length. 3D reconstruc-
tions of expansion microscopy images were generated 
using Imaris software (version 9.8.2). Alphafold struc-
ture predictions were generated using the Alphafold 
multimer model (Alphafold version 2.3.1, DB preset: full 
DBS, model preset: multimer, 5 predictions per seed with 
model relaxation), protein structures were visualized 
using ChimeraX (version 1.8).

Immunofluorescence microscopy
hTERT RPE-1 cells were grown on glass coverslips in a 
24-well format, washed with PBS, and fixed using ice-cold 
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methanol at -20 °C for 20 min. The coverslips were then 
briefly washed 2 times with PBS, incubated with primary 
antibodies overnight at 4  °C, washed 3 × 10  min with 
PBS before being incubated with secondary antibodies 
for 2 h in a dark chamber at room temperature, washed 
3 × 10  min with PBS again and mounted using glycer-
gel (Dako, Cat.N.C0563) or the ProLong Glass Antifade 
Mountant (ThermoFisher, Cat.N. P36980). The imaging 
was performed with the use of ZEISS microscopes, either 
with AxImager A2 (Plan-Apochromat 100x/1.40 Oil 
DIC, Hamatsu camera) or LSM-800 (Plan-Apochromat 
63x/1.40 Oil DIC M27, Hamatsu camera). Raw images 
(.czi files) were acquired as z-stacks, processed with the 
maximum intensity projection feature in Fiji, saved as 
16-bit.tif files, and analysed further (e.g. signal measure-
ments). For a list of antibodies used during imaging see 
Supplementary Table 2.

Image analysis and signal intensity measurements were 
done in Fiji (version 2.0). Centriolar signal intensity of 
the protein of interest (POI) and the corresponding cent-
riolar marker (CAP350, CETN1, gTUB) was measured by 
drawing an ellipsoidal region of interest (ROI) around the 
centrioles and measuring mean signal intensities inside 
the ROI (= centriolar signal), then slightly moving the 
ROI next to the centrioles and measuring mean signal 
intensities again (= background signal). The final plotted 
values are equal to: 

	
(centriolar POI signal − background POI)

(centriolar marker signal − background marker signal)

Expansion microscopy
Following cultivation on glass slides in a 24-well format, 
the cells were briefly washed with PBS and fixed with 
fixation buffer (PBS, 4% parafolmaldehyde, 4% acryl-
amide) for 48 hours at room temperature, then briefly 
washed 2 times with PBS. For each sample, a droplet of 
polymerizing acrylamide gel (PBS, 19% sodium acrylate, 
10% acrylamide, 0.1% N, N’-Methylenebisacrylamide, 
0.5% ammonium persulfate, 0.5% temed) was prepared, 
the coverslips were quickly put on top of the gel droplet, 
with the cells facing the droplet. The samples were then 
incubated at 4  °C for 10  min, then at 37  °C for 30  min. 
The resulting coverslips covered in polymerized gel were 
transferred to a denaturation buffer (50mM Tris-base, 
200mM NaCl, 200mM SDS) and the glass coverslips 
were gently removed from the gels using flat forceps. The 
gels were then incubated in denaturation buffer at 95 °C 
for 2 h and let to expand for 1 h in ddH2O at room tem-
perature. The gels were then cut into smaller pieces and 
incubated overnight at room temperature in primary 
antibodies (Supplementary Table 2) diluted 1:50 in block-
ing buffer (PBS, 2% BSA, 0.02% sodium azide). The next 

day the samples were washed 2 × 30 min with ddH2O and 
then incubated at room temperature overnight in sec-
ondary antibodies (Supplementary Table 2) diluted 1:500 
in blocking buffer. The following day the samples were 
washed 2 × 30 min with ddH2O, placed in a glass-bottom 
microscopy dish (Ibidi), and imaged using the LSM-880 
Airy2 microscope (alpha Plan-Apochromat 100x/1.46 
Oil DIC M27 Elyra, AiryScan detector) by ZEISS. Raw 
images (.czi files) were processed with the AiryScan and 
Orthogonal Projection (maximum intensity) post-pro-
cessing features in ZenBlack.

Centriole/axoneme lengths (3C) were measured by 
first reconstructing the AcTUB signal in 3D using the 
Surfaces function in Imaris, then using the Elipsoid 
Axis Length function in Imaris to calculate the length of 
3D-reconstructed centrioles/axonemes.

Transmission electron microscopy
hTERT RPE-1 cells were grown on 5 cm dishes for 48 h, 
then fixed with 3% glutaraldehyde solution (G5882-
100mL, Sigma Aldrich) in 0.1  M cacodylate buffer 
(C0250-100G, Sigma Aldrich) at 4  °C. After rinsing in 
0.1  M cacodylate buffer, the samples were postfixed 
by 1% OsO4 (05500-1G Sigma Aldrich), dehydrated 
using ascending ethanol grade (50, 70, 96, and 100% 
71250 − 11002 Penta), embedded in LR White resin 
(AGR1281 Agar Scientific), polymerized 3 days at 65 °C, 
and processed by the standard protocol for electron 
microscopy. Ultrathin sections were imaged using trans-
mission electron microscope (Morgagni 268D, Thermo-
Fisher Scientific, Netherlands).

CEP164 phosphoantibody generation
Antibody against pS201 in CEP164 was custom-derived 
by Moravian Biotechnology Ltd (​h​t​t​p​​s​:​/​​/​w​w​w​​.​m​​o​r​a​​v​i​a​​
n​-​b​i​​o​t​​e​c​h​.​c​o​m). In brief, rabbits were immunized using 
a 13mer peptide TKGLLGpSIYEDKT during 3 rounds 
of immunization, the IgG was then purified using a gel 
matrix.

Live-cell imaging
Reporter hTERT-RPE-1 Flp-In T-Rex TTBK2 KO cell 
lines with DOX-inducible expression of Flag-TTBK2 
constructs and constitutive mNeonGreen-ARL13B 
reporter expression were prepared as described before 
[27]. For the time-lapse live imaging experiment cells 
were seeded in DMEM/F12 medium, 10%FBS, 1%L-glu-
tamine, and Penicilin/streptomycin, supplemented with 
1  µg/mL DOX on a 10-well glass-bottom CELLVIEW 
CELL CULTURE SLIDE, PS, 75/25 MM (Greiner Bio-
One) at a high density (∼30.000 cells per well). 72  h 
after seeding the medium was replaced with FluoroBrite 
DMEM with 1%L-glutamine and Penicilin/Streptomycin 
supplemented with 1 µg/mL DOX to start the starvation 

https://www.moravian-biotech.com
https://www.moravian-biotech.com
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of cells and induce cilia growth. Slides with cells were 
equilibrated in the microscope environmental cham-
ber for at least 30 min before imaging started. We used 
Elyra7 inverted microscope equipped with super-resolu-
tion structured illumination microscopy (SIM) module 
with Plan-Apochromat 40x/1.4 Oil DIC M27. Z-stack 
images were taken every 15  min, the resulting multi-
scene.czi file was processed in Zen Black Software by the 
SIM2 Method. The processed z-stacks were projected 
in one layer by Maximal Orthogonal Projection in Zen 
Blue Software and individual scenes were saved as.tif files 
using Bio-Formats Importer plugin in Fiji. Cilia length 
was measured with the Segmented line tool in Fiji.

FRAP
hTERT RPE-1 TTBK2 KO cells DOX-inducibly express-
ing Flag-tagged TTBK2 constructs were seeded in µSlide 
8 Well High (Ibidi) chambers. The next day the cells were 
transfected with GFP-KIF2Awt, cultivated for another 
24 h, and then subjected to FRAP analysis using the LSM-
880 microscope system by Zeiss – centriolar GFP signal 
was bleached with a strong laser pulse (100% laser inten-
sity, 500ms) and the region of interest was imaged over 
the following 60s before measuring GFP signal intensity 
using the ZenBlack software. Thalf was calculated from 
individual FRAP recovery curves (single-fit algorithm) 
using the EasyFRAP web tool [30].

RT-qPCR
hTERT RPE-1 cell lines were seeded in a 12-well format, 
cultivated for 48 h (with 2 µg/ml DOX where indicated), 
washed with PBS and immediately stored at -80  °C 
overnight. The samples were then processed with the 
RNAeasy kit (QIAgen, Cat.N. 74104) in compliance with 
the manufacturer’s protocol to isolate mRNA. cDNA syn-
thesis was performed using the Transcriptor First Strand 
cDNA Synthesis Kit (Roche, Cat.N. 04379012001). To 
compare gene expression (cDNA level), real-time PCR 
was performed with the use of primers listed in Supple-
mentary Tables 1 and LightCycler SYBR Green I Master 
(Roche, Cat.N. 04887352001). Relative gene expression 
was then calculated using the delta-delta Ct method [31].

Site-directed mutagenesis
Site-directed mutagenesis of TTBK2 and KIF2A con-
structs was performed using the Agilent QUIKChange 
II XL kit (Agilent Technologies, cat.n. 200522) accord-
ing to manufacturer’s instructions, except 25ng (instead 
of 10ng) of parental template/plasmid was used in each 
PCR reaction. PCR reaction products were used to trans-
form XL10 Gold chemo-competent bacteria (Agilent 
Technologies, cat.n. 200315) and successful mutagenesis 
of target sequences was confirmed by DNA sequencing.

GFP-KIF2A lysates preparation
HEK293T cells were seeded on 15 cm dishes, transfected 
with 15ug of plasmid DNA / dish, 30 h post transfection 
they were scraped down into PBS and cenrifuged at 200g 
/ 5 min. Cell pellets were resuspended in 0.5 pellet vol-
umes of lysis buffer (BRB20 (20mM PIPES pH 6.9, 1mM 
EGTA,1mM MgCl2) supplemented with 1x phosphatase 
inhibitors (4906845001, Sigma Aldrich), 1x protease 
inhibitors (04693159001, Sigma Aldrich) and 0.05% Tri-
ton X-100 (# X100, Sigma). The mixture was sonicated 
on ice with three short pulses using the MS1 sonotrode 
(Hielscher Ultrasonics), setting “cycle” 1, “amplitude” 
100% (30  kHz). The solution was then transferred to 
270µl Beckman ultracentrifuge tubes and ultra-centri-
fuged in the Beckman 42.2 Ti rotor at 35000 x g, 4 °C for 
30  min in the Beckman Coulter Optima XPN-90 ultra-
centrifuge. The supernatant was used directly for experi-
ments or snap frozen in liquid nitrogen and stored at 
-80 °C.

Microtubule Assembly
Tubulin, Biotin-labelled tubulin as well as HiLyte647-
labelled tubulin were purchased from Cytoskeleton Inc. 
(T240, T333P and TL670M, respectively). Biotinylated 
Hilyte647-labelled microtubules were polymerized from 
4  mg/ml tubulin in the BRB80 (80mM PIPES, 1mM 
EGTA, 1mM MgCl2, pH 6.9) supplemented with 1 mM 
MgCl2 and 1 mM GTP (Jena Bioscience, Jena, Germany) 
for 30 min at 37 ºC. The polymerized microtubules were 
diluted in BRB80T (BRB80 with 10µM taxol) and centri-
fuged for 30  min at 21380g and room temperature in a 
Hettich® Universal 320R centrifuge, rotor 1420-A. After 
centrifugation, the pellet was resuspended and kept in 
BRB80T at room temperature.

TIRF Microscopy
Total internal reflection fluorescent (TIRF) microscopy 
experiments were performed on Zeiss Elyra PS.1 micro-
scope using 100x/1.46 oil immersion objective and EM 
CCD Andor PALM camera. Fluorescence-labelled micro-
tubules and KIF2A proteins were visualized using 647 nm 
and 488 nm lasers, respectively. The microscope was con-
trolled by ZEN software (black edition). All experiments 
were performed at room temperature. For the TIRF 
experiments, the chambers were prepared by attaching 
two cleaned and silanized (0.05% dichlorodimethylsilane 
- DDS, Sigma Aldrich, 440272) glass coverslips (22 × 22 
mm2 and 18 × 18 mm2; Corning, Inc.) with melted thin 
strips of parafilm. Chambers were incubated with 20 µg/
mL anti-biotin antibody (Sigma Aldrich, B3640) in PBS 
for 5 min followed by incubation with 1% Pluronic (F127, 
Sigma Aldrich, P2443) for at least 30 min. The chambers 
were then washed with BRB80T, 5uL of in vitro prepared 
microtubules were added to the chamber and allowed to 
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adhere to the antibodies for 30 s. Unbound microtubules 
were washed away with BRB80T and chambers were pre-
incubated with TIRF assay buffer (BRB20 supplemented 
with 1 mM EGTA, 2mM MgCl2, 75mM KCl, 10mM 
dithiothreitol, 0.02 mg/ml casein, 10µM taxol, 1mM Mg-
ATP, 20mM D-glucose, 1% Tween, 0.22  mg/ml glucose 
oxidase and 20  µg/ml catalase) before the experiments. 
All experiments were performed in TIRF assay buffer 
(AB). All experiments were quantified by pooling data 
from three different days.

KIF2A lysate imaging
Chambers were prepared as described above. For inten-
sity and depolymerisation rate analysis, KIF2A lysates 
were diluted in AB buffer as follows: the WT lysate was 
diluted 1000x and the other lysates were all diluted to 
match the intensity of WT GFP signal in the epifluo-
rescence (indicating similar concentration of GFP). For 
experiments shown in supplementary data, 10x higher 
concentrations were used to confirm the observed 
effects. Diluted lysates were added to surface-immo-
bilized microtubules and imaged for 3  min with 5  s 
intervals. Microscopy data were analyzed using ImageJ 
2.3.0/1.53q (FIJI). KIF2A density on the microtubules was 
measured by drawing a line through the entire micro-
tubule and measuring the Mean Grey Value. For back-
ground subtraction, the line was then moved to an area 
close to the microtubule where no microtubule is pres-
ent, and the Mean Grey Value was measured again and 
subtracted from the Mean Grey Value on the microtu-
bule. To measure the depolymerisation rate, the length of 
the microtubule was measured at the beginning and then 
at the end of the video. The depolymerisation rate was 
calculated and normalized to wild-type KIF2A.

Results
Truncated TTBK2 proteins display reduced biochemical 
activity (Fig. 1)
As outlined above, a complete lack of TTBK2 activity 
blocks the cilium assembly cascade at the very begin-
ning. This poses a considerable challenge when study-
ing molecular events that only occur later, after cilium 
assembly has been triggered by TTBK2 (1A). To tackle 
this issue, we aimed to establish a system with reduced 
TTBK2 activity, rather than completely blocking this 
key kinase. To this end, we focused on TTBK2 trun-
cating mutations which lead to SCA11 pathology in 
human [22], while the corresponding truncated pro-
tein moieties showed significantly reduced or no activ-
ity in mice [13, 21]. We prepared two truncated TTBK2 
constructs (1B, see also Supplementary Table 1): TTB-
K2trunc1 (1-450 AA protein truncated shortly after the 
kinase domain) and TTBK2trunc2 (adenosine insertion 
at nucleotide 1329 shifts the reading frame in the last 

6 AAs and creates a premature STOP codon [22]) and 
examined their biochemical activity. CEP164, a bona 
fide substrate of TTBK2, undergoes a mobility shift in 
response to TTBK2-induced phosphorylation [16, 18]. 
Indeed, we observed that Flag-tagged wild-type TTBK2 
(Flag-TTBK2wt) induced a mobility shift of Myc-tagged 
N-terminal part of CEP164 (1-467 AA, CEP164NT) when 
co-expressed in HEK293T cells. In contrast, the expres-
sion of Flag-TTBK2trunc1 (1C) or Flag-TTBK2trunc2 (1D) 
showed no effect on Myc-CEP164NT mobility, indicating 
that phosphorylation of Myc-CEP164NT was hampered 
upon TTBK2 truncation. To corroborate our findings, we 
generated an antibody against the TKGLLGpSIYEDKT 
peptide of CEP164 corresponding to the phosphorylated 
S201 residue targeted by TTBK2 [18] (we termed the 
antibody „pCEP164“, see S1A-B for antibody validation). 
Having confirmed the specificity of the pCEP164 anti-
body to CEP164 protein, we in turn examined pCEP164 
levels at MCs in hTERT RPE-1 TTBK2 KO cells DOX-
inducibly expressing individual Flag-tagged variants of 
TTBK2 (see S1C for cell lines validation). Using this sys-
tem, we found pCEP164 MC signal markedly increased 
in cells expressing Flag-TTBK2wt, compared to Flag-
tagged kinase-dead TTBK2 (Flag-TTBK2kd), Flag-TTBK-
2trunc1, or Flag-TTBK2trunc2 (1E-F), in agreement with our 
WB data. We note that while the results clearly show the 
induction of the pCEP164 antibody epitope by TTBK2wt, 
the ability of this antibody to recognize specifically the 
phosphorylated S201 needs to be confirmed in the future.

Next, we examined the phosphorylation status of 
Dishevelled-3 (DVL3), another TTBK2 substrate [18]. 
As expected, DVL3 was phosphorylated and up-shifted 
when co-expressed with Flag-TTBK2wt, but not Flag-
TTBK2kd. However, we observed a mobility shift of DVL3 
when co-expressed with Flag-TTBK2trunc1 (1G) or GFP-
TTBK2trunc2 (1H). We titrated TTBK2 plasmids and con-
firmed that both TTBK2wt and TTBK2trunc1 also induced 
DVL3 mobility shift when expressed at comparable lev-
els (1I). This intriguing result suggested that truncated 
TTBK2 proteins indeed possessed a residual biochemical 
activity towards a subset of TTBK2 substrates rather than 
being completely inactive.

Truncated TTBK2 triggers cilia assembly (Fig. 2)
If the diminished activity of TTBK2trunc1 (we elected 
it over TTBK2trunc2 due to slightly more pronounced 
defects in phosphorylating CEP164) was to be consid-
ered to model the role of TTBK2 in later stages of cilio-
genesis/cilia maintenance, it had to support at least some 
degree of cilia formation. To test this, we again turned to 
hTERT RPE-1 TTBK2 KO cells DOX-inducibly express-
ing TTBK2 constructs. First, we found that TTBK2 KO 
RPE-1 cells were devoid of ARL13B-positive primary 
cilia altogether and expressing Flag-TTBK2wt rescued the 
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frequency of ciliated cells to ~ 34% (2A-B), as expected. 
Remarkably, expressing Flag-TTBK2trunc1 rescued cilia 
formation in ~ 11% of cells, in contrast to Flag-TTBK2kd 
which completely failed to rescue (2A-B). At the same 
time, we noticed a marked reduction of cilia length in 
cells expressing Flag-TTBK2trunc1 compared to Flag-TTB-
K2wt, hinting at a possible defect in cilia assembly and/
or maintenance (2C). The C-terminal part of wild-type 
TTBK2 interacts with CEP164, which targets TTBK2 to 

the MC [16]. As expected, Flag-TTBK2trunc1, which lacks 
the CEP164-binding region (1B), failed to be recruited 
to the MC and instead localized dispersely through-
out the cytoplasm (2A, S2A). Interestingly, re-targeting 
TTBK2trunc1 to the MC by fusing it to the C-terminal 
part of CEP164 (468–1460 AA, we termed the construct 
„CEP164 chimera”) rescued both cilia number and cilia 
length to the level of TTBK2wt (2A-C), suggesting that 
the observed defects in cilia assembly were caused by 

Fig. 1  Truncated TTBK2 proteins display reduced biochemical activity (1A) study outline; (1B) TTBK2 constructs used in this study; (1C-D) Western 
blot analysis of lysates from HEK293T cells transfected with Myc-CEP164NT and Flag-TTBK2 constructs; (1E-F) hTERT RPE-1 TTBK2 KO cells DOX-inducibly 
expressing Flag-TTBK2 constructs were fixed and stained for pCEP164 (scale bars: 0.5μm); (1F) The intensity of pCEP164 centriolar signal was quantified 
from the images (4 independent experiments, n≥79 cells per condition, normalized to gTUB, one-way ANOVA, ****P<0.0001); (1G-I) Western blot analysis 
of lysates from HEK293T cells transfected with DVL3 and Flag-TTBK2 constructs
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Fig. 2 (See legend on next page.)
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TTBK2trunc1 mislocalization. Noteworthy, we confirmed 
that different cilia length in cells expressing Flag-TTB-
K2wt vs Flag-TTBK2trunc1 stemmed from qualitative dif-
ferences between these constructs, rather than different 
expression levels (S2B-F).

Further, the partial rescue of cilia formation by Flag-
TTBK2trunc1 (2B) suggested that TTBK2 enrichment 
at the MC was not strictly necessary for triggering cilia 
assembly. To test this, we examined hTERT RPE-1 
CEP164 KO cells (a kind gift from Ciaran Morrison), 
which displayed prominent ciliogenesis defects, yet 
occasionally formed primary cilia [32]. First, we con-
firmed that CEP164 and TTBK2 signals were absent 
from the MCs of CEP164 KO cells (S2G-J), in line with 
the reported role of CEP164 in TTBK2 recruitment [16]. 
Remarkably, the rare primary cilia we found forming in 
the absence of CEP164 lacked the CEP164-recruited 
TTBK2 pools at their MCs (S2K). This data supports the 
notion that TTBK2 might trigger cilia formation even 
when localizing outside the MC, albeit with very low 
efficiency.

Considering the established role of CEP164 in cilio-
genesis and TTBK2 recruitment, it was interesting to see 
that Flag-TTBK2trunc1 could trigger cilia assembly despite 
lacking the CEP164-interacting motif, prompting us to 
ask whether CEP164 was required for cilia formation 
in these cells. We found that depleting MC-associated 
CEP164 through siRNA (see S2L-M for siRNA valida-
tion) disrupted cilia assembly in Flag-TTBK2trunc1 cells 
(2D-E), suggesting that CEP164 mediated additional pro-
cesses besides recruiting TTBK2 to the MC.

TTBK2trunc1 cilia are short, but display normal architecture 
(Fig. 3)
Having established that truncated TTBK2 could not res-
cue ciliogenesis as effectively as wild-type TTBK2 (2B-
C), we wanted to distinguish early and late defects in 
cilia formation. Cilia assembly in RPE-1 cells starts with 
the formation of a preciliary vesicle at the distal end of 
the MC, which later elongates into a ciliary sheath once 
ciliary microtubules extend towards it [33]. Using trans-
mission electron microscopy (TEM), we detected vari-
ous, consecutive stages of preciliary vesicle formation in 
Flag-TTBK2trunc1 cells, including cells with an elongated 
ciliary sheath (3A). In contrast to Flag-TTBK2wt, we 
struggled to detect fully assembled cilia in Flag-TTBK-
2trunc1, in agreement with their lower occurrence in our 
IF microscopy experiment (2B).

To corroborate our findings, we took advantage of 
expansion microscopy, which offered vastly improved 
cilia detection over TEM. Primary cilia formed in the 
Flag-TTBK2wt condition showed a typical arrangement 
of acetylated tubulin (AcTUB)-positive axonemal micro-
tubules, enclosed within a ciliary membrane labelled by 
ARL13B (3B, left panel). Many cilia found in the Flag-
TTBK2trunc1 condition were similar to that but with a 
shorter axoneme (3B, middle panel). Further, in Flag-
TTBK2trunc1 we often noticed structures consisting of 
ARL13B-positive vesicles docked to the MC but with no 
apparent sign of axonemal microtubules extending (3B, 
right panel).

To quantify this phenotype, we measured the length 
of AcTUB signal of both centrioles in a pair. Using these 
measurements, we determined the ratio of combined 
MC + axoneme length relative to the length of the daugh-
ter centriole (3C, see left panel). ARL13B was used sim-
ply to determine whether a given cell initiated cilium 
assembly. For centriole pairs with no ARL13B signal the 
MC/DC length ratio was around 1 (3C, red datapoints), 
indicating that no ciliary axoneme was extending. In 
ARL13B-positive centriole pairs (3C, green datapoints), 
the MC/DC length ratio shifted towards higher values, 
as the corresponding mother centrioles templated cilia. 
However, the average MC/DC length ratio was smaller 
in Flag-TTBK2trunc1 compared to Flag-TTBK2wt (3C), 
in agreement with the observed cilia length defect (2C). 
What is more, ARL13B-positive Flag-TTBK2trunc1 cen-
triole pairs frequently displayed a length ratio between 
1 and 1.5 (3C, grey area in the graph), indicating that 
their axonemal microtubules did not extend (14/45 
cells in Flag-TTBK2trunc1 compared to 3/19 cells in 
Flag-TTBK2wt).

In sum, our data show that cilia forming in Flag-
TTBK2trunc1 cells displayed no obvious ultrastructural 
defects, but were simply shorter than their Flag-TTBK2wt 
counterparts.

Early ciliogenesis progression in TTBK2trunc1 (Fig. 4)
To examine how efficiently the truncated TTBK2 trig-
gered individual early steps of ciliogenesis, we first 
stained for CP110, a protein removed from the MC in 
response to TTBK2 activity [13]. We found both Flag-
TTBK2wt and Flag-TTBK2trunc1, but not Flag-TTBK2kd, 
to efficiently induce the MC removal of CP110 in TTBK2 
KO background (4A-B).

(See figure on previous page.)
Fig. 2  Truncated TTBK2 triggers cilia assembly (2A-C) hTERT RPE-1 TTBK2 KO cells DOX-inducibly expressing Flag-TTBK2 constructs were fixed and 
stained for ARL13B and the indicated antibodies (scale bars: 2μm); (2B) shows percentage of ciliated cells in the corresponding cell line (n=4 indepen-
dent experiments, one-way ANOVA, ***P<0.001); (2C) shows cilia length quantification (4 independent experiments, n≥153 cilia per condition, one-way 
ANOVA, ***P<0.001); (2D-E) hTERT RPE-1 TTBK2 KO cells DOX-inducibly expressing Flag-TTBK2trunc1 were transfected with siRNA targetting CEP164 (2E) 
shows cilia number upon siCEP164 treatment (n=3 independent experiments, unpaired T-test, ****P<0.0001)
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Next, we examined the MC recruitment of IFT88, a 
protein involved in shuttling of molecules inside cilia 
[12]. We found that while Flag-TTBK2kd failed to pro-
mote IFT88 recruitment to the MC, Flag-TTBK2wt and 
to a lesser extent also Flag-TTBK2trunc1 showed a rescue 
effect on IFT88 MC levels (4C-D).

Finally, we tested if MyosinVa and RAB34, two mark-
ers of early membrane structures [34–36], localized to 
the MC in TTBK2trunc1. Flag-TTBK2wt and Flag-TTBK-
2trunc1 showed comparable frequencies of MyosinVa- and 
RAB34-positive MCs, whereas Flag-TTBK2kd did not 
rescue the MC recruitment of these two markers (4E-H).

Fig. 3  TTBK2trunc1cilia are short, but display normal architecture (3A) hTERT RPE-1 TTBK2 KO cells DOX-inducibly expressing Flag-TTBK2 constructs 
were analyzed using TEM, upper panel shows a mature cilium in Flag-TTBK2wt, bottom panels show consecutive stages of early ciliogenesis in Flag-
TTBK2trunc1 (MC=mother centriole, PV=preciliary vesicle, CS=ciliary sheath, AX=axoneme); (3B) expansion microscopy reveals ARL13B-positive ciliary 
membrane (green chanel) and AcTUB-positive ciliary microtubules (red chanel), 6 small panels on the right show an ARL13B-positive vesicle docked to 
the MC with the bottom panels showing 3D-reconstruction of the same image viewed from different perspectives (3C) MC+axoneme and DC lengths 
were measured using the AcTUB signal from expansion microscopy images, the ratio of each MC+axoneme to DC was quantified (4 independent experi-
ments, n=19 for TTBK2wt, n=45 for TTBK2trunc1, unpaired T-test, *P<0.05), grey area in the graph indicates values between 1 and 1.5
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To capitalize on the ability of TTBK2trunc1 to trigger 
cilia formation in a CEP164-dependent manner (2D), 
but independently of CEP164-mediated TTBK2 recruit-
ment to the MC (2A), we examined the effects of CEP164 
depletion on the above-tested markers. Intriguingly, 
our data revealed a clear dependency of all markers on 
CEP164 presence (S3A-D). To our knowledge, our model 
system is the first to decouple the role of CEP164 in 
recruiting TTBK2 from its other roles during cilia assem-
bly, which warrants further investigation.

To conclude, our results showed that truncated TTBK2 
could indeed reasonably well trigger canonical early steps 
of the cilium assembly cascade.

Short cilia in TTBK2trunc1 are linked to KIF2A accumulation 
(Fig. 5)
Given that Flag-TTBK2trunc1 cells could initiate cilio-
genesis (Figs. 3 and 4), we speculated that the observed 
defects in cilia formation (2A-C) might arise later, dur-
ing axoneme extension. To test our hypothesis, we exam-
ined cilia growth dynamics using live-cell imaging of cells 
expressing mNeonGreen-ARL13B. Of note, the expres-
sion of exogenous ARL13B led to an overall increase in 
cilia length (if compared to experiments without exog-
enous ARL13B), in agreement with previous observa-
tions [27, 37]. We found that RPE-1 cells expressing 
Flag-TTBK2wt formed steadily growing cilia during the 
5 h period of the experiment (5A-B). In contrast, cilia in 

Flag-TTBK2trunc1-expressing cells elongated very slowly, 
sometimes even shortened towards the end of the experi-
ment. Moreover, we noted an increase in cilia breakage 
events (5C) in the Flag-TTBK2trunc1 condition (0.355 
breaks per cilium) compared to Flag-TTBK2wt (0.222 
breaks per cilium). Taken together with the rather mod-
est defect in IFT88 MC levels in TTBK2trunc1-expressing 
cells (4C-D), we hypothesized that TTBK2 might regu-
late axoneme length by an additional, unknown mecha-
nism and sought to identify it.

We focused on KIF2A, a microtubule(MT)-depoly-
merizing kinesin implicated in cilia resorption upon cell 
cycle re-entry [26], which interacts with TTBK2 [24]. We 
found that KIF2A MC levels were elevated in RPE-1 cells 
expressing Flag-TTBK2trunc1 compared to Flag-TTBK2wt 
(5D-E), confirming and extending previous observations 
from mutant mouse embryonic fibroblasts [13]. In addi-
tion, we found a modest negative correlation between 
KIF2A basal body presence and cilia length (S4A). Given 
that KIF2A acts as a negative regulator of cilia length [26], 
we next tested the possible causality between KIF2A MC 
accumulation and axoneme extension defects in Flag-
TTBK2trunc1 cells by depleting KIF2A through siRNA 
(see S4B-C for depletion efficiency validation). Remark-
ably, even though KIF2A depletion did not significantly 
change the percentage of ciliated cells (S4D), it fully res-
cued the cilia length defect in Flag-TTBK2trunc1-express-
ing cells (5F-G). Importantly, KIF2A depletion showed no 

Fig. 4  Early ciliogenesis progression in TTBK2trunc1(4A, 4C, 4E, 4G) hTERT RPE-1 TTBK2 KO cells DOX-inducibly expressing Flag-TTBK2 constructs 
were stained with the indicated antibodies (scale bars: 0.5μm) (4B) shows percentage of cells with CP110 removed from the MC (n=3 independent 
experiments, one-way ANOVA, ****P<0.0001); (4D) shows IFT88 signal intensity at the MC (normalized to CETN1, 6 independent experiments, n≥59 
for each condition, one-way ANOVA, ***P<0.001, **P<0.01); (4F) shows percentage of cells with MyosinVa signal present at the MC (n=4 independent 
experiments, one-way ANOVA, ****P<0.0001); and (4H) shows percentage of cells with RAB34 signal present at the MC (n=4 independent experiments, 
one-way ANOVA, ****P<0.0001)
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additive effect on cilia length in Flag-TTBK2wt, suggest-
ing that KIF2A-mediated inhibition of axoneme growth 
was specific to Flag-TTBK2trunc1 cells.

KIF2A overactivation phenocopies TTBK2 truncation 
(Fig. 6)
Having established the functional link between truncated 
TTBK2 and KIF2A, we examined in detail the effects of 
KIF2A on cilia length. First, we generated hTERT RPE-1 
cell lines DOX-inducibly expressing GFP-KIF2Awt or 
GFP-KIF2AKVD, a mutant defective in MT depolymer-
ization [26, 38]. We found both constructs to preferen-
tially localize to centrioles and/or their proximity (6A-B). 
Intriguingly, we could detect GFP-KIF2AKVD decorating 
the ciliary axoneme, suggesting that KIF2A could local-
ize directly inside cilia (6A). In addition, we resolved the 
signal of GFP-KIF2Awt using expansion microscopy and 
found it to form ring-like structures near the MC distal 
end, closely resembling the localization pattern of distal 
or subdistal appendage proteins (6B). Furthermore, our 

expansion microscopy protocol revealed a faint signal of 
GFP-KIF2Awt decorating the ciliary axoneme. We also 
detected endogenous KIF2A localizing to centrioles and 
their proximity and its centriolar localization was abol-
ished by paclitaxel treatment (5µM, 4  h), suggesting a 
dependency on intact microtubules (S5A-B).

Upon investigating KIF2A localization pattern, we 
examined its effects on primary cilia formation. Follow-
ing DOX-induced expression of GFP-KIF2Awt, but not 
GFP-KIF2AKVD, we could readily observe a reduction 
of cilia length (6C-D), in line with previous work [26]. 
In addition, we found that GFP-KIF2Awt, but not GFP-
KIF2AKVD, reduced the percentage of ciliated cells (6E).

To conclude, our data established that the activity of 
KIF2A in primary cilia interferes with cilia assembly and 
phenocopies the defects seen in Flag-TTBK2trunc1 cells.

Fig. 5  Short cilia in TTBK2trunc1are linked to KIF2A accumulation (5A-C) hTERTRPE-1 TTBK2 KO cells expressing mNeonGreen-ARL13B and Flag-TTBK2 
constructs were subjected to live-cell imaging (images show the NeonGreen signal, scale bars: 5μm); (5B) shows the mean length of cilia measured over 
the course of 5 hours (+/- standard error of mean, 4 independent experiments, n≥90 cilia per condition); (5C) Flag-TTBK2trunc1 cells exhibited frequent cilia 
breakage events; (5D-E) hTERT RPE-1 TTBK2 KO cells DOX-inducibly expressing Flag-TTBK2 constructs were fixed and stained for KIF2A and the indicated 
antibodies (scale bars: 0.5μm); (5E) shows KIF2A signal intensity at the MC (4 independent experiments, n≥54 cells per condition, normalized to CETN1, 
one-way ANOVA, ****P<0.0001). (5F-G) hTERT RPE-1 TTBK2 KO cells DOX-inducibly expressing Flag-TTBK2 constructs were transfected with mock or 
KIF2A siRNA (scale bars: 2μm); (5G) shows cilia length quantification(4 independent experiments, n≥189 cilia per condition, one-way ANOVA, **P<0.01, 
***P<0.001)
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Fig. 6 (See legend on next page.)
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TTBK2-induced phosphorylations inhibit KIF2A MT binding 
and depolymerization in vitro (Fig. 7)
To reveal how TTBK2 regulates KIF2A, we first exam-
ined KIF2A phosphorylation induced by TTBK2. Fol-
lowing co-expression of Flag-KIF2Awt with GFP-tagged 
TTBK2 variants in TTBK2 KO HEK293T, we immuno-
purified Flag-KIF2Awt, subjected the isolates to MS/
MS analysis and identified several TTBK2-induced S/T 
phospho-sites (S6A). We further focused on S137 and 
S140 (7A) as phospho-sites that were specifically induced 
by GFP-TTBK2wt, but not by GFP-TTBK2trunc2 (we 
selected it over TTBK2trunc1 in this experiment due 
to its slightly higher activity towards CEP164) or GFP-
TTBK2kd. Together with the closely neighbouring S135 
which was identified, but not functionally characterized, 
in a study by Watanabe et al. [24], these 3 serine residues 
are located in an unstructured loop near the N-terminus 
of KIF2A, according to predicted KIF2A structure found 
in the AlphaFold DB [39] (7A, marked in yellow).

To test if phosphorylation of the S135-140 cluster reg-
ulated KIF2A function, we mutated the entire cluster 
to alanine (A) or glutamate (E) to block or mimic phos-
phorylation, respectively. Then, we incubated lysates 
from HEK293T cells transfected with GFP-tagged KIF2A 
phosphomutants with in vitro reconstituted and stabi-
lized MTs and used total internal reflection fluorescence 
(TIRF) microscopy to examine KIF2A-MT interaction 
dynamics (7B). We found that mimicking phosphory-
lation of the S135-140 cluster (in GFP-KIF2AS135–140E) 
reduced the amount of KIF2A bound to MTs (7C, S6B).

Given that, we used a similar TIRF assay to exam-
ine whether S135-140 phosphorylation regulated MT 
depolymerization (7D). Intriguingly, mimicking phos-
phorylation of the S135-140 cluster inhibited MT depo-
lymerization by GFP-KIF2AS135–140E (7E, S6C). Taken 
together, our data established that TTBK2-mediated 
phosphorylation of S135-140 regulates the ability of 
KIF2A to bind and depolymerize MTs in vitro.

In addition to the S135-140 cluster, we tested if phos-
phorylation of KIF2A residues S586/S604 (identified 
by MS/MS in S6A) regulated KIF2A function. Surpris-
ingly, we found that both mimicking and blocking S586/
S604 phosphorylation (in GFP-KIF2AS586/604E and GFP-
KIF2AS586/604A respectively) enhanced KIF2A MT affin-
ity (S6D) and depolymerization (S6E). Our modeling 
using Alphafold [40] showed that both mutants display 
stabilized alpha-helical structures in regions involved in 

KIF2A dimerization [38] (S6F). We note that while our 
in silico modelling results might explain the phenotype 
of S586/S604 mutants, we could not conclusively address 
the possible role of TTBK2-mediated phosphorylation of 
S586 and S604. Further work will be required to deter-
mine if these C-terminal phosphorylations truly regulate 
KIF2A under physiological conditions.

TTBK2 regulates KIF2A in cells to support cilia formation 
(Fig. 8)
Next, we examined the consequences of TTBK2-medi-
ated KIF2A phosphorylation for its localization and 
effects on cilia. Since we observed changes in KIF2A MC 
levels between our RPE-1 cell lines (5D-E), but no dif-
ference in total levels of KIF2A (S4A), we reasoned that 
TTBK2 might specifically regulate KIF2A recruitment 
to MC rather than whole-cell KIF2A protein levels. To 
probe for changes in MC-associated KIF2A, we carried 
out a fluoresence recovery after photobleaching (FRAP) 
analysis of GFP-KIF2Awt MC pools in Flag-TTBK2wt and 
Flag-TTBK2trunc1 RPE-1 cells. We observed a small, but 
consistent reduction in recovery halftime (Thalf) of GFP-
KIF2Awt MC signal in Flag-TTBK2wt compared to Flag-
TTBK2trunc1 cells (8A-B), suggesting a faster KIF2A MC 
turnover in Flag-TTBK2wt.

Next, to examine if KIF2A MC recruitment was regu-
lated by phosphorylation of the S135-140 cluster, we 
expressed GFP-KIF2Awt, GFP-KIF2AS135–140E or GFP-
KIF2AS135–140A in RPE-1 cells. Remarkably, we found that 
mimicking S135-140 phosphorylation strongly dimin-
ished KIF2A MC localization in GFP-KIF2AS135–140E, 
whereas GFP-KIF2Awt and GFP-KIF2AS135–140A local-
ized normally (8C-D). This result suggested that TTBK2 
phosphorylation of S135-140 likely facilitates ciliogenesis 
by preventing the accumulation of KIF2A at MCs. How-
ever, our results also hinted at possible limitations of our 
experimental setup, as we were not able to resolve a dif-
ference in MC levels between GFP-KIF2Awt and GFP-
KIF2AS135–140A (see also Discussion).

Finally, to test if phosphorylation of KIF2A at S135-
140 regulated cilia formation, we compared ciliogen-
esis in hTERT RPE-1 cells DOX-inducibly expressing 
GFP-tagged KIF2A phosphomutants. We observed that 
cells overexpressing GFP-KIF2AS135–140E formed cilia 
that were longer compared to cells expressing GFP-
KIF2AS135–140A (8E-F), indicating that phosphorylation of 
KIF2A at S135-140 supported axoneme elongation.

(See figure on previous page.)
Fig. 6  KIF2A overactivation phenocopies TTBK2 truncation (6A) hTERT RPE-1 cells expressing GFP-KIF2AKVD were fixed and stained for ARL13B and 
CETN1 (scale bars: 1μm), the images show two representative cells with GFP-KIF2AKVD signal decorating the cilium (6B) hTERT RPE-1 cells expressing 
GFP-KIF2Awt were fixed, subjected to expansion microscopy, and stained for AcTUB and GFP, GFP-KIF2Awt (green channel) localized to the basal body and 
also showed a faint axonemal signal, bottom panels show Imaris 3D reconstructions of a centriole viewed from different perspectives (6C-E) hTERT RPE-1 
cells expressing GFP-KIF2A constructs were treated with DMSO or DOX, fixed, and stained for ARL13B and the indicated antibodies (scale bars: 2μm); (6D) 
shows cilia length quantification (2 independent experiments, n≥32 cilia per condition, unpaired T-test, *P<0.05); (6E) shows percentage of ciliated cells 
(n=2 independent experiments, unpaired T-test, **P<0.01)
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Fig. 7  TTBK2-induced phosphorylations inhibit KIF2A MT binding and depolymerization in vitro (7A) HEK293T cells were transfected with Flag-
KIF2A and GFP-TTBK2 constructs, lysed, incubated with anti-Flag affinity beads, and the isolates were subjected to MS/MS analysis. Phosphorylation in-
tensities between TTBK2 WT, KD, and trunc2 were quantified as means of 3 independent experiments and normalized to TTBK2 KD (see S6A for complete 
phosphomap), TTBK2wt induced phosphorylation of KIF2A serines S137 and S140; (7B-E) lysates of HEK293T cells transfected with GFP-KIF2A constructs 
were incubated with in vitro stabilized microtubules; (7B) shows a representative picture of MT-bound GFP-KIF2A molecules; (7C) shows KIF2A signal 
intensity at MTs (n=3 independent experiments, normalised to GFP-KIF2Awt, Kruskal-Wallis test, ***P<0.001); (7D) representative kymograms showing MT 
shortening by different KIF2A constructs, gray signal shows biotinylated tubulin; (7E) shows the rate of MT depolymerization by KIF2A as a measure of MT 
shortening over time (n=3 independent experiments, normalised to GFP-KIF2Awt, Welch ANOVA test, *P<0.05)
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Fig. 8 (See legend on next page.)
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Taken together, our results suggest that TTBK2 phos-
phorylation destabilizes KIF2A basal body pools and pre-
vents its accumulation at the base of the cilium, which 
supports efficient axoneme growth. In contrast, trun-
cated TTBK2 inefficiently phosphorylates KIF2A, which 
seems to alter its turnover, leading to increased KIF2A 
levels at the ciliary base, and in turn to reduced ciliary 
length (Fig. 9).

Discussion
We and others have demonstrated that the C-term region 
of TTBK2 is essential for its interaction with CEP164 [16, 
41, 42]. Still, we were initially surprised to see the differ-
ence in TTBK2trunc1/2-induced phosphorylation between 
CEP164 and DVL3. We speculate that such selectivity in 
targeting individual TTBK2 substrates may be explained 
by hampered interaction capabilities of truncated 
TTBK2. Interestingly, our rescue experiment using the 
TTBK2-CEP164 chimera demonstrates that the dimin-
ished ciliogenesis-promoting activity of TTBK2trunc1 
resides in its spatial properties (misslocalization), rather 
than a defective kinase activity per se. Importantly, the 
expression of TTBK2trunc1 in hTERT RPE-1 TTBK2 KO 
allowed for semi-permissive conditions for cilia assembly. 
Intriguingly, we found that initial events of primary cilia 
formation (CP110 removal, IFT recruitment, formation 
of a membrane vesicle), were rather moderately affected. 
In contrast, TTBK2trunc1 was not able to effectively medi-
ate KIF2A turnover and support axoneme elongation. 
Based on these observations, we hypothesize that indi-
vidual steps of ciliogenesis likely differ in their require-
ments for TTBK2 activity.

Earlier work established that the MC-associated pool of 
KIF2A is phosphorylated by mitotic kinase PLK1 to trig-
ger primary cilia resorption [26]. Our data demonstrate 
that in addition to its MC-associated pool, KIF2A can 
also be detected along axonemal microtubules inside the 
cilium. This observation raises several intriguing possi-
bilities. First, our expansion microscopy data suggest that 
the MC-associated pool of KIF2A is well within the reach 
of TTBK2 kinase activity at the MC [43, 44], given the 
flexibility of TTBK2’s long, highly unstructured C-termi-
nal part [42]. Thus, KIF2A seems to be in a suitable posi-
tion for direct regulation by TTBK2 phosphorylation, 
analogous to their interactions at microtubule plus ends 
[24]. Further, the presence of KIF2A inside the cilium 
helps to explain how KIF2A microtubule-depolymerizing 

activity mediates the resorption of primary cilia observed 
earlier [26]. However, we cannot exclude a contribution 
of additional mechanisms, e.g. KIF2A action towards 
microtubules anchored to the subdistal appendages of 
the MC [45, 46]. We also noted that the axoneme-asso-
ciated pool of KIF2A was somewhat easier to detect in 
the case of KIF2AKVD, perhaps due to altered dynamics of 
tubulin-KIF2AKVD interaction [47, 48]. Furthermore, our 
data suggest that altered KIF2A turnover contributes to 
primary cilia defects related to the activities of truncated 
TTBK2 moieties. We showed that KIF2A accumulated 
at the MC of TTBK2 KO hTERT RPE-1 cells express-
ing Flag-TTBK2trunc1, and that primary cilia length can 
be rescued by KIF2A depletion. Noteworthy, a similar 
accumulation of KIF2A has also been observed in Ttbk2 
hypomorphic mutant mice [21]. Nonetheless, differential 
phosphorylation of additional substrates by TTBK2wt vs. 
truncated TTBK2 may also play a role here – this notion 
is further supported by our observation that KIF2A 
depletion fully restored primary cilia length, but only 
showed a partial rescue on the number of cilia in TTBK2 
KO hTERT RPE-1 Flag-TTBK2trunc1 cells (5G, S4B).

Our data demonstrate that TTBK2-induced phos-
phorylation of the S135-140 cluster in KIF2A represents 
a key regulatory mechanism, which inhibits KIF2A bind-
ing to microtubules and reduces KIF2A MC pools. Inter-
estingly, the interaction between microtubules, which 
are negatively charged, and the positively charged neck 
region in KIF2C (MCAK), another member of the kine-
sin-13 family, has been shown to aid KIF2C microtubule 
binding [49]. It is therefore tempting to speculate that 
phosphorylation of the S135-140 cluster in KIF2A cre-
ates a local negative charge that inhibits KIF2A binding 
to microtubules by increasing the initial energy barrier 
between free-in-solution and MT-bound KIF2A states. 
Lastly, our in vitro and cell-based assays could not resolve 
a difference between KIF2Awt and KIF2AS135–140A, likely 
due to altered substrate-to-kinase stochiometry caused 
by KIF2A overexpression used in those experiments.

Our earlier work demonstrated that a CEP164 mutant 
defective in binding TTBK2 fails to rescue ciliogenesis 
following CEP164 depletion [16]. Indeed, in several sys-
tems TTBK2 is essential for the onset of ciliogenesis, 
with no alternative pathway available to compensate for 
TTBK2 MC recruitment defect [21, 23]. However, in 
light of our current data we speculate that concentrat-
ing TTBK2 activity at the MC is not strictly necessary 

(See figure on previous page.)
Fig. 8  TTBK2 regulates KIF2A in cells to support cilia formation (8A-B) hTERT RPE-1 TTBK2 KO cells DOX-inducibly expressing Flag-TTBK2 constructs 
were transfected with GFP-KIF2Awt and subjected to FRAP analysis; (8A) shows individual Thalf values calculated using the EasyFRAP web algorithm (3 
independent experiments, n≥38 cells per condition, unpaired T-test, *P<0.05); (8C-D) hTERT RPE-1 cells were transfected with GFP-KIF2A constructs, fixed, 
and stained for CETN1 (scale bars: 0.5μm); (8D) shows GFP-KIF2A signal intensity at the mother centriole (3 independent experiments, n≥25 cellsper 
condition, normalized to CETN1, one-way ANOVA, **P<0.01, ***P<0.001);(8E-F) hTERT RPE-1 cells DOX-inducibly expressing GFP-KIF2A constructs were 
fixed and stained with the indicated antibodies; (8F) shows cilia length quantification (3 independent experiments, n≥61 cilia per condition, one-way 
ANOVA, **P<0.01)
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for the phosphorylation of at least some of its basal body 
substrates, provided the levels and activity of the kinase 
outside of the MC are sufficiently high (e.g. in TTBK-
2trunc1-expressing TTBK2 KO hTERT RPE-1 cells). Under 
such conditions, there seems to be a way to bypass the 
requirement for MC-concentrated TTBK2 activity when 
triggering ciliogenesis. This hypothesis is further sup-
ported by our observations in CEP164 KO cells, which 
can form cilia (though rarely) even in the absence of 
detectable TTBK2 MC pools. The obvious question is if 
such regulation has any physiological relevance or merely 
represents a peculiarity of one particular cell culture sys-
tem. We think the former is indeed a plausible scenario. 
In fact, our recent work has demonstrated that TTBK1, a 
kinase highly similar to TTBK2 but lacking the CEP164-
binding motif, does not localize to the MC. Remarkably, 
we found TTBK1 expression upregulated during human 
pluripotent stem cell neuronal differentiation, in turn 
allowing it to exert a rescue effect on cilia formation in 
differentiated, but not undifferentiated TTBK2 KO cells 
[50], which is in line with the activities of truncated 
TTBK2 reported here.

Further, previous work by Schmidt et al. [51] demon-
strated that CEP164 depletion severely disrupted docking 
of vesicles to the MC. However, it remained to be discov-
ered if vesicles failed to dock due to TTBK2 misslocaliza-
tion or because CEP164 played a more direct role during 
the docking process. Our data support the latter possibil-
ity, as cells expressing TTBK2trunc1 showed no defects in 
preciliary vesicle formation (3A-C). Moreover, depleting 
CEP164 from TTBK2trunc1 cells inhibited MC recruit-
ment of membrane markers MyosinVa and RAB34 (S3C-
D), and of IFT88 (S3B), favoring the notion that CEP164 
might act as a common docking platform at the MC, 
independently of its TTBK2-recruitment function.

The last (but not least) observation we find pertinent 
to discuss relates to the TTBK2-mediated removal of 

CP110. As TTBK2trunc1 does not interact with CEP164, 
in principle it has no means of “distinguishing” between 
MC- and DC-associated CP110. However, while elevated 
levels of TTBK2trunc1 may compensate for its absence 
from the MC, our data clearly show that TTBK2trunc1 
can specifically remove the MC-pool of CP110, but not 
the DC-pool of CP110. This decoupling of TTBK2 activ-
ity from the recruiting role of CEP164 challenges some 
of the recently proposed models of TTBK2-induced 
removal of CP110 [52] and suggests the existence of an 
additional mechanism ensuring MC-specific CP110 loss. 
We speculate that distal appendages may be plausible 
candidates for that function. In fact, depleting CEP164 
from TTBK2trunc1 cells inhibited CP110 removal from the 
MC (S3A). Intriguingly, docking of vesicles to the distal 
appendages has been proposed to act upstream of CP110 
removal [10, 17, 53, 54]. However, other studies report-
ing defective vesicle docking have found no concomitant 
defect in the removal of CP110 [34, 36]. Thus, the coop-
eration of distal appendages and TTBK2 to regulate pri-
mary cilia assembly warrants further investigation.

Conclusions
TTBK2 has emerged as a crucial regulator of primary 
cilia formation, but the full scope of its activities and 
the underlying mechanisms are only starting to become 
apparent. Herein, we present evidence that (i) TTBK2 
supports axoneme growth by restraining KIF2A levels 
at the mother centriole – to the best our knowledge, our 
work provides the first functional validation of a TTBK2-
mediated phosphorylation of a ciliary kinesin in the 
context of primary cilia assembly; and (ii) TTBK2 enrich-
ment at the mother centriole, important to trigger cilio-
genesis, might be under specific conditions bypassed.

Fig. 9  TTBK2 supports axoneme elongation by phosphorylation-mediated inhibition of KIF2A In our model, TTBK2 kinase activity is needed to 
prime the basal body for cilia outgrowth by removing CP110 and mediating the docking of ciliary vesicles to the mother centriole. Both wild-type and 
truncated TTBK2 are sufficient to support these initial processes. TTBK2 activity is then required to inhibit KIF2A and diminish its basal body pool, enabling 
full elongation of the ciliary axoneme in wild-type TTBK2. In contrast, truncated TTBK2 fails to inhibit KIF2A, leading to KIF2A accumulation at the basal 
body and shorter cilia
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Tau tubulin kinase 1 and 2 regulate 
ciliogenesis and human pluripotent 
stem cells–derived neural rosettes
Lucia Binó 1 & Lukáš Čajánek  1,2*

Primary cilia are key regulators of embryo development and tissue homeostasis. However, their 
mechanisms and functions, particularly in the context of human cells, are still unclear. Here, we 
analyzed the consequences of primary cilia modulation for human pluripotent stem cells (hPSCs) 
proliferation and differentiation. We report that neither activation of the cilia-associated Hedgehog 
signaling pathway nor ablation of primary cilia by CRISPR gene editing to knockout Tau Tubulin 
Kinase 2 (TTBK2), a crucial ciliogenesis regulator, affects the self-renewal of hPSCs. Further, we 
show that TTBK1, a related kinase without previous links to ciliogenesis, is upregulated during 
hPSCs-derived neural rosette differentiation. Importantly, we demonstrate that while TTBK1 fails 
to localize to the mother centriole, it regulates primary cilia formation in the differentiated, but not 
the undifferentiated hPSCs. Finally, we show that TTBK1/2 and primary cilia are implicated in the 
regulation of the size of hPSCs-derived neural rosettes.

Cilia are hair-like organelles protruding from the surface of most cells. While the motile cilia are perhaps the 
oldest organelles ever known1, the function of the single non-motile primary cilium has for a long time been 
enigmatic. It is now appreciated that primary cilium contains receptors and effectors of several signaling path-
ways, such as the Hedgehog (HH) pathway2,3. Conversely, primary cilia govern important aspects of embryonic 
development and tissue homeostasis3,4. Defects in the assembly and function of primary cilia cause diseases 
such as Bardet-Biedel syndrome, Joubert syndrome, or nephronophthisis, collectively termed ciliopathies5. Cilia 
status also affects certain types of cancer, such as medulloblastoma or basal cell carcinoma6. Therefore, targeting 
cilium-related pathways may represent a propitious therapeutic strategy.

The fully grown primary cilium is composed of the mother centriole-derived basal body, the transition zone, 
and the microtubule-based axoneme enclosed within a ciliary membrane7. The cilium assembly is initiated at the 
distal end of the mother centriole, by the coordinated action of distal appendage components (such as CEP83 
and CEP164) and Tau Tubulin kinase 2 (TTBK2)8–11. TTBK2 kinase activity is essential for ciliogenesis—no 
cilia are formed in cells devoid of the active kinase. Following the delivery and docking of vesicles to the distal 
appendages, components of Intraflagellar transport (IFT) are recruited in a TTBK2-dependent manner8,10 to 
facilitate the growth of the ciliary axoneme by transporting various cargoes between the cilia base and tip12. 
Noteworthy, no evidence for a role in cilia formation has yet been provided for TTBK1, with its kinase domain 
highly similar to that of TTBK213.

The Hedgehog pathway is perhaps the best-characterized signaling pathway relying on primary cilia. In the 
absence of HH ligand, the Patched (PTCH) receptor localizes inside the primary cilium and prevents ciliary 
accumulation of the receptor Smoothened (SMO). The binding of the HH ligand to PTCH initiates the removal 
of PTCH from the cilium, in turn leading to the accumulation of SMO inside cilia. SMO then interacts with cho-
lesterol inside the cilium to switch the processing of GLI from its repressive form (GLI-R) to the active (GLI-A) 
form. Both GLI-R and GLI-A are translocated from primary cilia to the cell nucleus to repress and induce HH 
target genes, respectively2,4,14. The transcripts regulated by HH include components of the pathway (i.e. PTCH1, 
GLI1), as well as transcription factors regulating proliferation and cell fate decisions3.

The HH signaling pathway plays a prominent role in neural development. Its activity is critical for the estab-
lishment of the floor plate (the source of HH ligand in the ventral part of the neural tube) and the specification of 
individual neuronal types15,16. This activity is opposed by WNT/beta-catenin and BMP pathways. Thus, the neural 
tube pattern formation results from counteracting activities of HH, WNT, and BMP, regulated both spatially and 
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temporally17,18. In addition, HH signaling drives cell proliferation during neurodevelopment in mice19 and can 
promote cell division in both neural and non-neural cell types20,21.

A major obstacle to the understanding of the role of the primary cilium and cilium-associated pathways has 
been the absence of a suitable cellular system to model human phenotypes and mechanisms. Human pluripotent 
stem cells (hPSCs), encompassing embryonic stem cells (ESCs) and induced pluripotent stem cells (iPSCs), can 
self-renew and differentiate into all cell types of the human body22,23. Consequently, they hold great promise for 
modeling both physiological and pathophysiological aspects of human embryogenesis “in a dish”24,25. Interest-
ingly, undifferentiated hPSCs can assemble primary cilia and express HH pathway components26–28. In mice, 
primary cilia start to appear in the epiblast, following embryo implantation29. However, the relevance of primary 
cilia for hPSCs self-renewal or differentiation capabilities is incompletely understood, with contradictions in the 
literature. While primary cilia have been proposed as instrumental for neural differentiation of hPSCs30, their 
ablation, either in mouse embryos or in hPSCs, leads to surprisingly subtle neural differentiation defects31,32.

Events of neural differentiation and neural tube development can be modeled using hPSCs-derived neural 
rosettes, assemblies of radially organized neuroepithelial cells with a central lumen33,34. The neural rosettes, 
typically expressing early neuronal markers such as SOX2 and PAX6, can be readily specified into individual 
region-specific neuronal subtypes as well as serve as a progenitor niche35–37. HH pathway, together with Notch 
signaling, has been implicated in the maintenance of neural rosettes33.

Here, we combine the pharmacological activation of the HH signaling pathway with the CRISPR/Cas9-
mediated ablation of TTBK2, to investigate the role of primary cilia in the proliferation and neural differentiation 
of hPSCs. We demonstrate that while TTBK2 and primary cilia are not required for the self-renewal of hPSCs, 
primary cilia and HH signaling regulate the size of hPSCs-derived neural rosettes. In addition, our data identify 
an unexpected role for TTBK1 in the cilium assembly pathway.

Results
HH signaling increases the size of neural rosettes.  To examine the role of primary cilia-related HH 
signaling in hPSCs (human pluripotent stem cells), we treated CCTL14 hPSC line with Smoothened Agonist 
(SAG) (5 nM, day (D)1–9) during neural rosettes differentiation (Fig. 1A). First, we observed ARL13B positive 
primary cilia pointing out of the apical cell surface (lumen) of the neural rosette (Fig. 1B), in agreement with 
a previous report27. Next, we found that SAG treatment led to an induction of mRNA expression of HH target 
genes GLI1 and PTCH1 (Fig. 1C). In contrast, while SAG or mock treated rosettes showed expected changes in 
mRNA levels of pluripotency (NANOG, OCT4) and differentiation (PAX6, and ISL1) markers over undifferenti-
ated control, SAG did not have a notable effect on the expression of any of those makers (Suppl. Fig. 1A).

Next, we examined the effects of HH pathway activation in a later stage of neural rosette differentiation. To 
this end, we dissected patches of CCTL14-derived neural rosettes on D9 and cultured them in the presence of 
SAG/vehicle until D15 or D20 (Fig. 1D). On D15, cells forming the rosettes expressed neuronal maker PAX6 and 
showed tight junction protein ZO-1 highly enriched at the apical membrane (Fig. 1E), as expected38. Consistent 
with the role of the HH pathway in neural tube patterning18 we also observed increased expression of SHH mRNA 
and reduced expression of WNT1 mRNA following the SAG treatment (Suppl. Fig. 1B). Interestingly, we found 
the SAG-treated rosettes were notably larger than their mock-treated controls (Fig. 1E,F). Importantly, we con-
firmed the effect of SAG treatment on the neural rosette size using iPSC line Neo1 (Fig. 1G,H). In sum, our data 
confirm and extend the previous observation of a positive effect of HH pathway activation on neural rosette size33.

TTBK2 is crucial for ciliogenesis but dispensable for self‑renewal in hPSCs.  Having validated our 
model system, we used CRISPR gene editing to establish TTBK2 knockout (KO) in CCTL14 hPSCs. We hypoth-
esized that TTBK2 null hPSCs should be devoid of primary cilia. In line with that, we observed that WT (mock 
transfected) hPSCs formed ARL13B + primary cilia in about 50% of cells, while hPSCs transfected with TTBK2 
gRNA (we termed this mixed cell population “TTBK2 low”) showed notable reduction in ciliation (Fig. 2A). 
In turn, we isolated individual clonal lines. First, we verified that CRISPR-Cas9 successfully disrupted ORF of 
the TTBK2 locus in exon 4, which encodes a part of the kinase domain (Fig. 2B and Suppl. Fig. 2A). In total, 
we obtained 4 TTBK2 KO and 3 WT counterparts (WT1 and WT2 clones were derived from mock transfected 
population, while WT3 represents “unedited” clone isolated from the “TTBK2 low” mixed population), which 

Figure 1.   HH signaling increases the size of neural rosettes. (A) Experimental design of neural rosettes 
early phase differentiation experiments. Cells were seeded on D0, SAG treatment started on D1 and cultures 
were analyzed on D9. (B) Representative image of cilia IF staining in early phase differentiation of CCTL14 
rosettes on D9, ARL13B staining was used to detect primary cilia, γ-TUBULIN staining indicates centrioles; 
scalebar = 20 µm. (C) SHH target gene GLI1 and PTCH1 mRNA expression (qRT-PCR) in mock- and SAG-
treated early phase of differentiation CCTL14 rosettes (D9); n = 5, t-test. (D) Experimental design of neural 
rosettes later phase differentiation experiments. D0-start of the experiment, D9—patches of neural rosettes were 
transferred in a fresh culture plate, D10—start of daily SAG treatment, D15/20—analysis. (E) Representative 
images of mock- or SAG-treated later stage differentiation CCTL14 rosettes on D15 in phase contrast (top) and 
IF (bottom), PAX6 staining was used to show ongoing neural differentiation, ZO1 staining indicates polarization 
in the lumen of neural rosettes; scalebar = 100 µm. (F) Measurement of the rosette area in mock- or SAG-
treated later stage differentiation CCTL14 rosettes on D15; n = 3, t-test. (G) Representative images of mock- or 
SAG-stimulated later stage differentiation Neo1 rosettes on D15 in phase contrast; scalebar = 100 µm. (H) 
Measurement of the rosette area in mock- or SAG-treated later stage differentiation Neo1 rosettes on D15; n = 4, 
t-test.
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we used as controls in our following experiments. Of note, we also obtained one heterozygote line, with one 
allele disrupted and the other containing in-frame deletion within the kinase domain (Suppl. Fig. 2A), which 
we termed TTBK2 “mutant” (TTBK2 MUT). Next, we confirmed the lack of detectable levels of TTBK2 protein 
in total cell lysate (Suppl. Fig. 2B.) and at the mother centriole in TTBK2 KO/MUT lines (Fig. 2C and Suppl. 
Fig. 2C). Importantly, the lines lacking TTBK2 expression failed to form ARL13B + primary cilia (Fig. 2C,E, and 
Suppl. Fig. 2C).

Both TTBK2 WT and TTBK2 KO/MUT hPSCs grew in flat smooth-edged colonies with proto-typical hPSCs 
morphology (Fig. 2D, Suppl. Fig. 2D), which remained stable and self-renewing with no apparent signs of 
spontaneous differentiation in over 20 + passages. In line with that, we found that while depletion of centrioles 
by centrinone (150 nM) treatment39,40 significantly impaired the proliferation capacity of hPSCs, the ablation of 
TTBK2/primary cilia showed no such effect (Fig. 2F and Supp. Fig. 2E). Moreover, TTBK2 WT and KO expressed 
comparable levels of pluripotency markers OCT4 and NANOG (Fig. 2G, and Suppl. Fig. 2B and F). Similarly, 
we found no effect of SAG treatment on the proliferation of CCTL14 and Neo1 hPSCs (Suppl. Fig. 2G,H), the 
expression of pluripotency markers OCT4 and NANOG (Suppl. Fig. 2I,J), and protein level of OCT4 (Suppl. 
Fig. 2K). These results confirm and extend recent observations on the primary cilia—self-renewal relationship32,41 
and suggest that TTBK2 and primary cilia are dispensable for self-renewal of hPSCs.

Lack of TTBK2 increases the size of neural rosettes.  Primary cilia are required for the correct activ-
ity of both the positive and negative HH pathway regulators3. As a result, primary cilia mutants show a loss of 
function HH phenotypes in some cell types and a gain of function HH phenotypes in others4. Given that, we 
asked what specific function TTBK2/primary cilia serve in the regulation of the size of hPSC-derived neural 
rosettes. To this end, we adopted the protocol used earlier (Fig. 1D). First, we confirmed that TTBK2 was absent 
from mother centrioles (Suppl. Fig.  3) and the primary cilia formation was impaired in TTBK2 KO neural 
rosettes (Fig. 3A,B). Next, we found both WT and KO TTBK2 lines were able to efficiently form neural rosettes 
expressing PAX6, with ZO-1 recruited to the apical membrane (Fig. 3C,D). Remarkably, we noticed that neural 
rosettes were notably larger in mock-treated TTBK2 KOs than in the corresponding WT controls. In addition, 
while SAG treatment promoted the rosette size increase in WT, it failed to show an additive effect in TTBK2 KO 
(Fig. 3D,E). Next, we asked if altered cell proliferation may explain the observed effects on neural rosette size. To 
this end, we examined the number of phospho histone 3 (pH3) positive cells in neural rosettes on D15. Indeed, 
we found the relative number of pH3 + cells was elevated in TTBK2 KO and MUT cells, respectively (Fig. 3F,G).

In sum, these results demonstrate that while TTBK2 and primary cilia are required for the response to HH 
pathway stimulation in neural rosettes, their ablation mimics the HH pathway activation phenotype. However, 
as we have not been able to unambiguously determine the status of HH pathway activation in differentiating WT 
and TTBK2 KO neural rosettes, contribution of other pathways to the rosette size phenotype is formally possible.

Tau tubulin kinase 1 (TTBK1) regulates cilia formation.  Our data indicated that TTBK2 is indispen-
sable for ciliogenesis in undifferentiated hPSCs (Fig. 2B, Suppl. Fig. 2C), in agreement with its role in primary 
cilia formation in other biological systems8,42. Surprisingly, our data also revealed that even when TTBK2 was 
absent (Suppl. Fig. 3), some primary cilia still formed with the ongoing differentiation of TTBK2 KO-derived 
neural rosettes (Fig. 3A), albeit at a much-reduced rate over WT (Fig. 3B). We hypothesized that the absence of 
TTBK2 may be partially rescued specifically during neural differentiation. In turn, we considered Tau tubulin 
kinase 1 (TTBK1) as a plausible mediator of such rescue effect. As we already mentioned, TTBK1 had no previ-
ous links to the regulation of ciliogenesis, but shared a high degree of sequence homology in its kinase domain 
with TTBK2 (Suppl. Fig. 4C), and showed high expression levels in the CNS13.

First, we examined the expression of TTBK1 and found its mRNA levels significantly upregulated in differ-
entiating CCTL14 hPSC—derived neural rosettes (Fig. 4A), and in neuro-differentiated cultures and organoids 
of i3N iPSCs (Suppl. Fig. 4A). Next, we used TTBK1/2 inhibitor41 (1 µM) during neural rosette differentiation 
(D12-15) of TTBK2 WT and KO hPSCs, respectively. We found that the treatment not only reduced ciliogenesis 
in TTBK2 WT but almost fully eliminated cilia formation in TTBK2 KO (Fig. 4C). Importantly, the inhibition of 
TTBK1/2 led to an additional increase of the rosette size in TTBK2 KO (Fig. 4D). To corroborate this observation, 
we transiently expressed TTBK1-Halo in TTBK2 KO hPSCs and hTERT-RPE-1 TTBK2 KO cells. Remarkably, 
we found that while transiently expressed GFP-TTBK2 localized to basal bodies, TTBK1-Halo failed to do so, 
nevertheless its expression partially supported the formation of ARL13b + primary cilia in TTBK2 KO cells. 

Figure 2.   TTBK2 is crucial for ciliogenesis but dispensable for self-renewal in hPSCs. (A) Percentage of cells 
with ARL13B + primary cilium in WT (mock transfected) and “TTBK2 low” populations of CCTL14 hPSCs. 40 
cells per image from 6 images analyzed for each condition. (B) Schematic of the TTBK2 exon 4 sequence detail 
in representative WT and TTBK2 CRISPR cell lines, purple = insertion/deletion. (C) Representative images of 
IF detection of TTBK2 (top) and cilia presence (bottom; visualized by ARL13B staining) in undifferentiated 
WT and TTBK2 KO, γ-TUBULIN staining was used to detect centrioles; scalebar = 5 µm. (D) Representative 
images of colony morphology of undifferentiated cells in WT1 and TTBK2 KO1. (E) Percentage of cells with 
ARL13B + primary cilium in individual clonal cell lines. 20 cells in 1–3 ROIs per image from 2–3 images for each 
condition were analyzed. (F) Relative growth comparison of indicated undifferentiated WT and TTBK2 KO 
lines assessed by crystal violet absorption measurement, centrinone treatment previously shown to impair the 
proliferation capacity was used as a control; n = 3. (G) mRNA expression (qRT-PCR) of pluripotency markers 
NANOG and OCT4 in undifferentiated WT1 and TTBK2 KO1. Parental CCTL14 differentiated into neural 
rosettes was included for reference; n = 4, one way ANOVA with Holm-Sidak’s multiple comparisons test.
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Figure 3.   Lack of TTBK2 increases the size of neural rosettes. (A) Representative images of IF detection of primary cilia (visualized 
by ARL13B staining) in WT1- and TTBK2 KO1-derived neural rosettes at D9 (top) and D15 (bottom), γ-TUBULIN was used to 
indicate centrioles; scalebar = 20 µm. (B) Relative ciliation (measured as ARL13B positive rosette area fraction) in WT1- or TTBK2 
KO1-derived neural rosettes at D9 and D15; n = 2, one-way ANOVA with Holm-Sidak’s multiple comparisons test. (C) Mock- or 
SAG-treated WT1-derived neural rosettes visualized in phase contrast (top) or IF (bottom). PAX6 staining was used to monitor 
ongoing neural differentiation, ZO1 staining visualizes polarization of the lumen; scalebar = 50 µm. (D) Mock- or SAG-treated 
TTBK2 KO1-derived neural rosettes visualized in phase contrast (top) and IF (bottom), PAX6 staining was used to monitor ongoing 
neural differentiation, ZO1 staining visualizes polarization of the lumen; scalebar = 50 µm. (E) Measurement of the rosette area in 
mock- or SAG-treated WT- and TTBK2 KO-derived neural rosettes, respectively, on D15; n = 3, one-way ANOVA with Holm-Sidak’s 
multiple comparisons test. (F) Representative images of Phospho-histon3 (pH3) IF detection in the indicated conditions on D15; 
scalebar = 20 µm. (G) Relative proliferation as a ratio of pH3 positive cells number per rosette area on D15; n = 3, one-way ANOVA 
with Holm-Sidak’s multiple comparisons test.
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Specifically, while transfection and in turn rescue effect of TTBK1/2 on cilia formation (Fig. 4E, Suppl. Fig. 4B) 
were rather inefficient in TTBK2 KO hPSCs, the rescue was more pronounced in TTBK2 KO hTERT-RPE-1 
cells. Here, TTBK1-Halo transient expression rescued ciliogenesis in ~ 10% of cells, while GFP-TTBK2 supported 
primary cilia formation in ~ 15% of transfected cells (Fig. 4G). In sum, these data suggest that TTBK1 participates 
in the regulation of primary cilia assembly and that ciliogenesis in hPSC-derived neural rosettes is under the 
control of both TTBK1 and TTBK2, with TTBK2 likely playing more prominent role.

Discussion
Both primary cilia and stem cells have emerged as key regulators of embryo development and tissue homeosta-
sis. Here we have explored the functions of primary cilia using a panel of WT and CRISPR/Cas9-edited hPSCs 
devoid of TTBK2 and, in turn, primary cilia. While we found no major function for TTBK2/primary cilia in 
hPSCs self-renewal, we identified a role for primary cilia and HH pathway in the regulation of hPSCs –derived 
neural rosettes. In addition, our data implicated TTBK1 in the regulation of ciliogenesis in human cells (Fig. 5).

Primary cilia, capable to transduce HH signal, were reported in hPSCs previously, but with unclear biological 
significance26,27. Our data indicate that TTBK2 and primary cilia do not play a major role in the regulation of 
undifferentiated hPSCs. In support of our observation, activation of the HH pathway failed to prevent hPSCs 
spontaneous differentiation following FGF2-withdrawal28. While we cannot completely rule out the impact of 
specific culture conditions, we conclude that hPSCs lacking primary cilia can be efficiently propagated without 
notable changes in the morphology of individual colonies or pluripotency markers expression. When finalizing 
this manuscript, similar results have been reported using KIF3A/KIF3B knockout hPSCs32 or TTBK2 knockout 
iPSCs41.

So why would hPSCs invest their resources to assemble the primary cilium, if this organelle is not crucial 
at this particular cell stage? We speculate the presence of primary cilia in the undifferentiated cell state may 
facilitate the later execution of a specific differentiation program43. In a way, this may be conceptually similar 
to the poised state of many gene promoters in hPSCs, thus subsequently allowing an efficient response upon 
appropriate stimuli44.

Our data indicate that ablation of primary cilia in hPSCs leads to a similar phenotype as the activation of the 
HH pathway—increased size of neural rosette. This observation is in agreement with a different dependency of 
individual HH activators and inhibitors on the presence of primary cilia. Interestingly, while various HH “gain 
of function” phenotypes have been reported following the disruption of primary cilia4, loss of primary cilia 
due to TTBK2 ablation in the neural tube in mice has been associated with HH “loss of function” defects8. In 
addition, disruption of ciliogenesis in OFD1 KO mouse embryonic stem cells led to reduced activation of the 
HH pathway in the course of neural differentiation45. It remains to be determined what factors underlay such 
differences between mouse and human cells. Interestingly, recent work has postulated that hPSCs-derived neural 
rosettes are formed by a mechanism of secondary neurulation, which is in mice restricted to the most caudal 
parts of the developing neural tube34.

Primary cilia were proposed as essential for hPSCs conversion into PAX6 + neural progenitors, hence for the 
neural fate acquisition30. Our data challenge such a model and suggest that TTBK2 and primary cilia are not 
critical for the acquisition of PAX6 + neural progenitor fate during hPSC differentiation. Instead, primary cilia 
seem to regulate the proliferation of neural progenitors at the neural rosette stage. This observation is in agree-
ment with a reported accumulation of SOX2 + neural progenitors in KIF3A and KIF3B KO hPSCs32 and with 
the absence of early neurodifferentiation phenotypes in mice with primary cilia defects8,31,46. Moreover, given 
the recent progress in the development of inhibitors of TTBK1/241,47, temporal ablation of primary cilia could 
be exploited to tweak the yield of neurodifferentiation protocols.

TTBK1 and TTBK2 share almost 60% identity and 70% similarity in their kinase domains, making them 
the closest relatives within the CK1 kinase family13. Previous data, including our own, established that TTBK2 
is essential for primary cilia formation in several systems—no other kinase seemed able to compensate for a 
complete loss of TTBK28,42. Similarly, our current data show that the ablation of TTBK2 in undifferentiated 
hPSCs leads to a complete loss of primary cilia. Intriguingly, however, our results further suggest that TTBK1 
can partially compensate for the absence of TTBK2 in hPSCs-derived neural rosettes. This is quite surprising, 
as the Proline-rich motif implicated in TTBK2-CEP164 interaction9,48,49 and, in turn, the recruitment of the 
kinase to the mother centriole, is poorly conserved in TTBK1 (Suppl. Fig. 4D). One plausible explanation is that 
concentrating the kinase activity at mother centriole is not strictly necessary for the efficient phosphorylation 
of its key substrates, provided the levels and activity of the kinase outside of the mother centriole are sufficiently 
high. Indeed, undifferentiated hPSCs have low levels of TTBK1, not sufficient for any noticeable contribution to 
primary cilia assembly. In contrast, TTBK1 expression is significantly upregulated during neural rosette forma-
tion, and, consequently, TTBK1 becomes competent to affect ciliogenesis. Importantly, our rescue experiment 
with transient TTBK1 transfection represents proof of concept that TTBK1 is able to regulate primary cilia. Our 
model is attractive also from the point of TTBK2 frame-shift mutations, associated with spinocerebellar ataxia 
1150. Here, the resulting truncated protein moieties lack the C-terminal CEP164 binding motif and hence are 
considered unable to support ciliogenesis8,51. In addition, primary cilia are emerging as critical regulators of 
CNS functionality52–54. Given that TTBK1 has been considered a plausible therapeutic target for the treatment of 
Alzheimer’s disease (AD)47,55–57, its direct involvement in primary cilia regulation may significantly hamper these 
efforts in AD targeting. Therefore, future studies should address in which cell types is TTBK1 able to regulate 
ciliogenesis and the exact mechanism of its action.
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Material and methods
Cell culture and transfection.  CCTL14 cells (https://​hpscr​eg.​eu/​cell-​line/​MUNIe​007-A) were cultured 
in the undifferentiated state as a feeder-free monolayer on Matrigel (Corning)-coated plastic in daily changed 
MEF-conditioned hESC medium ((DMEM/F12, 15% Knockout serum replacement (both from Gibco), 2 mM 
L-glutamine, 1 × nonessential amino acids (NEAA) (both from Biosera), ½x Zell Shield (Minerva Biolabs), 
100  µmol/L β-mercaptoethanol (Sigma-Aldrich) and 10  ng/ml hFGF2 (Invitrogen)). Conditioned medium 
was enriched with 2 mM L-glutamine, 1/2x Zell Shield, and 10 ng/ml hFGF2 before use. iPSC Neo1 w1 cells40 
were cultured in the undifferentiated state as a feeder-free monolayer on Matrigel (Corning)-coated plastic in 
daily changed complete mTeSR medium (StemCell Technologies) with ½x Zell Shield. Cells were regularly pas-
saged using Tryple Express (Thermo Fisher Scientific). Where indicated, undifferentiated cells were treated with 
500 nM SAG (Sigma) on D1 and D2 after seeding and analyzed on D3. i3N cells were maintained and dif-
ferentiated as described in detail in58. hTERT RPE-1 KOs were cultured in DMEM/F12, 10% FBS, and 2 mM 
L-glutamine as described before42.

For transient transfection experiments, TTBK2 KO cell lines were seeded on glass coverslips (Matrigel-coated 
for hPSCs) and the next day transfected with 0.5 µg TTBK1-HaloTag® human ORF in pFN21A (FHC12512, Pro-
mega) or pglap1-TTBK2 (“GFP-TTBK2”42) using Lipofectamine 3000 (Invitrogen). The medium was changed 4 h 
after transfection for fresh culture medium. To promote ciliogenesis, hTERT RPE-1 were starved in serum-free 
DMEM/F12 with 2 mM L-glutamine 24 h after transfection for 24 h. For quantification, at least 40 transfected 
cells were analyzed per condition and experiment.

Neural rosette differentiation.  Cells were seeded in density 4000–6000 cells/cm2 in a complete growth 
medium with 20 μM ROCK1 inhibitor Y-27632 (Selleckchem). On the next day (D1) medium was changed for 
Rosette differentiation medium (DMEM/F12:Neurobasal 1:1 (both from Gibco), N2, B27 with vitamin A (both 
from ThermoFisher), 2 mM L-Glutamine, 1 × NEAA, ½x Zell Shield) with 20 μM Y-27632, and 20 μM TGF-β 
inhibitor SB 431542 (Sigma). Where indicated, 5 nM SAG (Sigma) treatment started on D1. On D4 the medium 
was changed for Rosette differentiation medium (without inhibitors), the medium was changed daily until D9. 
Around D6 rosettes started to appear. For the early stage of the differentiation experiment (Fig. 1A), the cells 
were fixed/harvested on D9. For later stages of neural rosette differentiation (Fig. 1D), clusters of rosettes were 
cut out on D9 and transferred on a Matrigel-coated plate (for immunostaining glass coverslips were inserted 
in the wells and coated with Matrigel) with fresh Rosette differentiation medium. On D10, the medium was 
changed, and 5  nM SAG was added, where indicated. Half of the medium (with vehicle/SAG) volume was 
replaced daily until D15. Where indicated, rosette cultures were treated with TTBK1/2 inhibitor (1 µM) (gift 
from Alison Axtman41) daily on D12-D15.

Phase contrast imaging and rosette area measurement.  Phase contrast images of differentiated 
rosettes were acquired on D15 using inverted microscope LEICA DM IL LED equipped with Leica DFC295 
camera (Leica Microsystems), Leica Application Suite (LAS) Version 3.8.0, and HI PLAN I 10x/0.22 objective. 
Freehand selection tool in Fiji (version 2.1.059) was employed to outline the rosette outer border, and the area 
inside the selected outline was measured as the Rosette area.

Immunofluorescence (IF) imaging.  For cilia staining, the cultures were fixed by −  20  °C methanol, 
washed in PBS, blocked in blocking buffer (1% BSA in PBS), and stained 1 h/RT or overnight/4 °C with the 
following primary antibodies in blocking buffer: ARL-13B (rabbit, 17711-1-AP, Proteintech, 1:1000), ARL13B 
(mouse, sc-515784, Santa-Cruz, 1:200), γ-tubulin (mouse, T6557, Sigma, 1:1000), TTBK1 (mouse, HPA031736, 
Sigma, 1:500), TTBK2 (rabbit, HPA018113, Sigma, 1:500), Halo-tag (mouse, 28a8 ChromoTek, 1:200), Alexa 
Fluor 647-direct labeled CETN1 (rabbit, 12794-1-AP, Proteintech/ A20186, Invitrogen, 1:50). For neural rosette 
markers and phosphoH3 staining, the cultures were fixed in 4% PFA 20  min/4  °C, washed 2 × in PBS, per-
meabilized in 0,2% Triton-X100 in PBS 5 min/RT, and stained 1 h/RT or overnight/4 °C with following pri-
mary antibodies in 0,2% Triton-X100 in PBS: PAX6 (rabbit, #60433, Cell Signaling, 1:300), ZO-1-1A12 (mouse, 
33–9100, Invitrogen, 1:800), Phospho-Histone H3 Thr11 (rabbit, #9764 Cell Signaling, 1:300). Coverslips were 
then washed 3 × 5 min in PBS and stained with donkey-raised secondary antibodies in either blocking buffer or 

Figure 4.   Tau tubulin kinase 1 (TTBK1) regulates cilia formation. (A) mRNA expression (qRT-PCR) of 
TTBK1 in undifferentiated parental cell line CCTL14, and WT1- or TTBK2 KO1-derived neural rosettes on 
D15; n = 2–3, one-way ANOVA with Holm-Sidak’s multiple comparisons test. (B) IF detection of primary cilia 
(visualized by ARL13B staining) in mock- or TTBK1/2 inhibitor-treated WT1 and TTBK2 KO1, respectively, on 
D15, γ-TUBULIN was used to detect centrioles; scalebar = 50 µm. (C) Relative ciliation (measured as ARL13B 
positive rosette area fraction) in WT1- or TTBK2 KO1-derived neural rosettes, treated as indicated, on D15; 
n = 2, one-way ANOVA with Holm-Sidak’s multiple comparisons test. (D) Rosette area measurement in WT1- 
or TTBK2 KO1-derived neural rosettes, treated as indicated, on D15; n = 2, one-way ANOVA with Holm-Sidak’s 
multiple comparisons test. (E) IF detection of primary cilia (visualized by ARL13B staining) in TTBK2 KO1 
transfected with TTBK1-Halo (left) or not transfected (right). CETN1 staining was used to detect centrioles; 
scalebar = 5 µm. (F) IF detection of primary cilia (visualized by ARL13B staining) in hTERT RPE-1 TTBK2 
KO cells transfected with TTBK1-Halo (left) or not transfected (right), CETN1 was used to indicate centrioles; 
scalebar = 5 µm. (G) Summary of the rescue effect of TTBK1 or TTBK2 expression in hTERT RPE-1 TTBK2 KO 
on ciliogenesis; n = 3, one-way ANOVA with Holm-Sidak’s multiple comparisons test.

▸

https://hpscreg.eu/cell-line/MUNIe007-A
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0,2% Triton-X100 in PBS, 1 h/RT: anti-mouse or anti-rabbit Alexa Fluor 488, 568 or 647 (all Invitrogen, 1:1000). 
Nuclei were stained with DAPI or Hoechst 5 min/RT. After washing, coverslips were mounted using Glycergel 
(Agilent) or ProLong™ Glass Antifade Mountant (Invitrogen).

Z-stack images were acquired on Zeiss AxioImager.Z2, with Hamamatsu ORCA Flash 4.0 camera, using 
40x/1.3 Plan Apochromat OIL or 63x/1.4 Plan-Apochromat OIL objective controlled by Zen Blue Software.

Image analysis.  Z-slices were projected in one layer by Maximal Intensity Z-projection, a Color composite 
image was created in Fiji. To approximate the amount of the cilia (high density of the cilia in rosette lumen 
hampers counting their exact numbers), we measured the ARL13B positive rosette area fraction (defined as 
% of rosette area with ARL13b signal, termed “relative ciliation” in the figures). Freehand selection tool in Fiji 
employed to outline the rosettes outer borders, which were then added to the ROI manager. The image was split 
into separate color channels and in the channel where the ARL13B signal was acquired a threshold mask was 
applied and adjusted manually to represent the area with the ARL13B-stained cilia. For each rosette analyzed, 
the fraction of the rosette (%) covered by the mask was then determined. To quantify the proliferation of the cells 
in rosettes, we counted phospho-histon3 (pH3)-positive cells per rosette. The freehand selection tool in Fiji was 
again used to outline the rosette outer borders. The pH3-positive cells within the selected outline were manually 
counted and a ratio of the pH3 cell number to the rosette area was obtained.

qRT‑PCR.  Total RNA was isolated using RNA blue reagent according to the manufacturer’s recommenda-
tions. 0.3-1ug RNA was used for cDNA synthesis using Transcriptor First Strand cDNA Synthesis Kit (Roche). 
2ul of 8 × diluted cDNA was used in 10ul qPCR reactions with LightCycler® 480 SYBR Green I Master with prim-
ers listed in Table 1. according to the manufacturer’s protocol and monitored in real-time using LightCycler® 480 
Instrument II (Roche). Relative gene expression was calculated using 2−ΔΔCq method; GAPDH was used as the 
reference gene.

Western blot.  Protein expression was analyzed by western blotting as described before40. Briefly, cells were 
lysed in SDS lysis buffer (50 mM Tris–HCl pH 6.8, 10% glycerol, 1% SDS). Protein concentration was measured 
using DC Protein Assay Kit (Bio-Rad) and an equal amount of protein was loaded in 8% gel. The following pri-
mary antibodies were used: TTBK2 (rabbit, HPA018113, Sigma, 1:250), NANOG (rabbit, #3580, Cell Signaling, 
1:1000), OCT4 (mouse, SC-5279, Santa Cruz, 1:4000), α-TUBULIN (mouse, 6631–1 Proteintech, 1:2000) was 
used as a loading control. To detect the signal, anti-rabbit (#7074, Cell Signaling, 1:3000), or anti-mouse (A4461, 
Sigma, 1:3000) secondary HRP-conjugated antibodies were used. The chemiluminescent signal was revealed 
using ECL Prime (GE Healthcare) and ChemiDoc Imaging System (BioRad).

TTBK2XTBKTBK

SAG

hPSCs: unaffected 
selfrenewal

TTBK1

increased neural 
rosettes size

ciliogenesis 
rescue

undifferentiated

neural rosettes 
differentiation

Figure 5.   Graphical summary of the main results. Ablation of TTBK2 in hPSCs prevents primary cilia 
formation, which can be rescued by the expression of TTBK1. Ablated ciliogenesis, or SAG-mediated activation 
of the HH pathway, does not affect the self-renewal of hPSCs. Removal of TTBK2/primary cilia increases the 
size of neural rosettes during hPSCs neural differentiation, similar to the effect of HH pathway activation.
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Growth curves.  The relative growth rate was determined using a crystal violet assay as described before40. 
Briefly, cells were seeded on 96 well plates, and mock- or SAG (500 nM) treated from D1. Cultures were fixed 
on D1-6 in 4% formaldehyde, PBS washed, and incubated in 0.5% crystal violet (1 h). Following 3 × H2O wash, 
they were incubated in 33% acetic acid (20 min/shaking). Relative growth was determined as an increase in 
absorbance at 570 nm.

CRISPR/Cas9 knock‑out.  TTBK2 gRNA42 cloned into pSpCas9 (BB)-2A-GFP vector or vehicle were 
repeatedly transfected into CCTL14 line, as described before60. pSpCas9(BB)-2A-GFP vector was a gift from 
Feng Zhang (https://​www.​addge​ne.​org/​4813861). GFP-positive cells were single-cell sorted using BD FACS ARIA 
II to matrigel-coated 96-well plates. Selected clones were verified for TTBK2 presence by immunostaining, 
expanded, and sequenced to verify the disruption of the TTBK2 locus.

Sequence alignment.  Jalview software (version 2.11.2.5)62 was used for TTBK1 and TTBK2 sequence 
alignment visualization.

Statistical analysis.  Quantitative data are presented as the mean ± SEM. When relevant, individual data 
points are shown to illustrate the sample size of each analyzed condition (Figs. 1F,H, 3B,E,G, 4C and D: one 
dot—one analyzed rosette; Fig. 2A: one dot—% of ciliated cells per image (40 cells per image, 6 images); Fig. 2E: 
one dot—% of ciliated cells in one ROI of 20 cells (several ROIs per image were measured). Statistical differ-
ences among groups were evaluated by t-test or one-way analysis of variance (ANOVA) followed by Holm-
Sidak’s or Tukey’s multiple comparisons tests. For all statistical analyses, P value < 0.05 was considered significant 
(*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001). All statistical analyses were performed with GraphPad 
Prism (GraphPad Software; www.​graph​pad.​com). All experiments were performed at least in triplicate (n = num-
ber of biological replicates) unless stated otherwise.

Data availability
The datasets generated during and/or analyzed during the current study are available from the corresponding 
author upon reasonable request.
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SUMMARY
Cilia formation is essential for human life. One of the earliest events in the ciliogenesis program is the recruit-
ment of tau-tubulin kinase 2 (TTBK2) by the centriole distal appendage component CEP164. Due to the lack of
high-resolution structural information on this complex, it is unclear how it is affected in human ciliopathies
such as nephronophthisis. Furthermore, it is poorly understood if binding to CEP164 influences TTBK2 ac-
tivities. Here, we present a detailed biochemical, structural, and functional analysis of the CEP164-TTBK2
complex and demonstrate how it is compromised by two ciliopathic mutations in CEP164. Moreover, we
also provide insights into how binding to CEP164 is coordinated with TTBK2 activities. Together, our data
deepen our understanding of a crucial step in cilia formation and will inform future studies aimed at restoring
CEP164 functionality in a debilitating human ciliopathy.
INTRODUCTION

Cilia are hair-like cell projections that extendoutward from the cell

surface. They are found onmost human cell types and are strictly

required for human life (Bettencourt-Dias et al., 2011; Ishikawa

and Marshall, 2011; Werner et al., 2017). Cilia are involved in cell

motility and fluid flow generation. They also act as sensors that

respond to physical and chemical stimulation and thereby play

crucial roles in critical signaling pathways during development

and in tissuehomeostasis (Bettencourt-Dias et al., 2011; Ishikawa

andMarshall, 2011; Singla and Reiter, 2006; Werner et al., 2017).

Centrioles are cylindrical cell organelles that are typically found

as a pair in the center of centrosomes in interphase cells (Joukov

andDeNicolo, 2019;Werner et al., 2017). The twocentrioles differ

in age, with the older (mother) centriole distinguished from the

younger (daughter) centriole by thepresence of distal and subdis-

tal appendages (Bowler et al., 2019; Chong et al., 2020; Tanos

et al., 2013; Yang et al., 2018). During cilia formation, mother cen-

trioles become basal bodies that template cilia through the elon-

gation of the plus ends of the doubletmicrotubules that constitute

parts of their wall structure (Ishikawa and Marshall, 2011; Peder-

sen et al., 2008; Werner et al., 2017). The distal appendages play

crucial roles during ciliogenesis bymediating membrane docking

andprovidingaplatformonwhichessential steps incilia formation

take place (Kumar and Reiter, 2021).

The initiation of ciliogenesis is tightly regulated both temporally

and spatially (Werner et al., 2017; Kumar and Reiter, 2021). One

of the earliest steps in cilia formation is the recruitment of tau-
114 Structure 30, 114–128, January 6, 2022 ª 2021 The Author(s). Pu
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tubulin kinase 2 (TTBK2) to the distal appendages of centrioles

through CEP164 that is located at their tip structure (Bowler

et al., 2019; Cajanek and Nigg, 2014; Oda et al., 2014; Goetz

et al., 2012; Yang et al., 2018). TTBK2 recruitment requires a

conserved WW domain in the N-terminal region of CEP164 and

a proline-rich region in TTBK2 (Cajanek and Nigg, 2014; Oda

et al., 2014; Schmidt et al., 2012). CEP164-TTBK2 complex for-

mation facilitates TTBK2-mediated phosphorylation of both

CEP83 at the base of distal appendages (Bernatik et al., 2020;

Lo et al., 2019) and MPHOSP9 (MPP9) at the distal end of the

mother centriole (Huang et al., 2018). As a consequence,

MPP9 and the associated CP110-CEP97 complex that caps

the distal ends of mother centrioles are removed, promoting

ciliary axoneme growth (Huang et al., 2018).

In agreement with this model, lack of CEP164 or TTBK2 im-

pairs ciliogenesis in mammalian tissue culture cells and mouse

models without otherwise affecting centriole structure (Bowie

and Goetz, 2020; Cajanek and Nigg, 2014; Goetz et al., 2012;

Graser et al., 2007; Humbert et al., 2012; Kobayashi et al.,

2020; Lo et al., 2019; Oda et al., 2014; Schmidt et al., 2012;

Slaats et al., 2014). Furthermore, CEP164 or TTBK2 truncations

that lack their respective TTBK2- or CEP164-interacting region

do not support ciliogenesis in vivo (Bowie et al., 2018; Cajanek

and Nigg, 2014; Goetz et al., 2012; Kobayashi et al., 2020; Oda

et al., 2014). Consistently, overexpression of the WW domain-

containing N-terminal region of CEP164 in tissue culture cells re-

sults in a dominant-negative effect on cilia formation, probably

by competing with TTBK2 association with CEP164 at distal
blished by Elsevier Ltd.
commons.org/licenses/by/4.0/).
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appendages (Cajanek and Nigg, 2014; Chaki et al., 2012; Slaats

et al., 2014; Schmidt et al., 2012). Importantly, a chimera be-

tween CEP164, lacking its TTBK2-interacting N-terminal region,

and a kinase domain containing part of TTBK2 is sufficient to

rescue the ciliogenesis defect in CEP164-depleted cells (Caja-

nek and Nigg, 2014). Together, these data argue that recruitment

of TTBK2 to the distal appendages by CEP164 is the main func-

tion of CEP164’s N-terminal region and that this step is critical for

the initiation of ciliogenesis.

Despite the strong evidence that functionally links CEP164

and TTBK2, many questions remain open concerning this com-

plex. Most of the functional insights rest on the use of truncation

constructs, and biochemical analyses on this complex, including

its binding affinity, are largely missing. Importantly, despite the

crucial importance for ciliogenesis of TTBK2 recruitment to

CEP164, the mechanisms by which this step is regulated are

currently largely unknown. Phosphatidylinositol-4-phosphate

binding to TTBK2 and CEP164 has been suggested to compro-

mise TTBK2-CEP164 complex formation (Xu et al., 2016), but the

structural basis of this proposedmechanism is unclear and other

regulatory mechanisms might act in parallel. Directly in the vicin-

ity of the proposed CEP164-binding motif in TTBK2 is located an

EB1/3 binding motif important for TTBK2 recruitment to microtu-

bules (Oda et al., 2014; Watanabe et al., 2015; Jiang et al., 2012).

Thus, EB1/3 and CEP164 binding to TTBK2 might be sterically

mutually exclusive, a mechanism that could contribute to the

regulation of TTBK2 recruitment. Other cellular factors might

directly compete with TTBK2 binding to CEP164 by mimicking

its WW domain-binding motif. The identification of TTBK2’s crit-

ical CEP164-binding motif might therefore facilitate the identifi-

cation of putative TTBK2 regulating factors.

There are currently no high-resolution structural data available

that could shed light on the molecular basis of CEP164-TTBK2

complex formation. The lack of structural information hampers

our ability to derive the binding motif for the interaction with

the WW domain of CEP164 and prevents insight into the struc-

tural constraints and plausibility of the proposed regulatory

mechanism of TTBK2 recruitment. Importantly, high-resolution

structural information on the CEP164-TTBK2 complex is also

crucial to understand its involvement in human disease. Muta-

tions in centriole components such as CEP164 that impair cilia

formation or function are either incompatible with human life or

result in disorders referred to as ciliopathies (Fliegauf et al.,

2008; Mitchison and Valente, 2017; Braun and Hildebrandt,

2017). Nephronophthisis is an autosomal recessive ciliopathy

that constitutes themost frequent genetic cause of kidney failure

in children (Hildebrandt et al., 2009). Probably due to compro-

mised signaling pathways that affect planar cell polarity, cysts

and fibrosis progressively arise in the kidney, leading to kidney

failure (Braun and Hildebrandt, 2017; Fischer et al., 2006; Hilde-

brandt et al., 2009; Stokman et al., 2021). To date, there is no

treatment available to slow the progressive loss of kidney func-

tion, and patients ultimately require dialysis or kidney transplan-

tation to survive (Hildebrandt et al., 2009; Stokman et al., 2021).

A structural understanding of how ciliopathy mutations affect

CEP164 function might therefore inform translational research

approaches aimed at alleviating disease progression in patients.

The two missense mutations Q11P (homozygous) and R93W

(compound heterozygous with a Q525X truncation mutation) in
CEP164 are associated with nephronophthisis, while a homozy-

gous CEP164 R93W mutation also has been identified in a pa-

tient with BBS (Bardet-Biedl syndrome)-like syndrome (Chaki

et al., 2012; Maria et al., 2016). It is currently not known whether

and how these mutations affect the interaction between CEP164

and TTBK2 to give rise to the underlying ciliopathy. Furthermore,

it is unclear what potential strategies could be used to address

CEP164 dysfunction in these ciliopathies. While both mutations

fall within the N-terminal region of CEP164, its WW domain is

located between residues 56 and 89 (Cajanek and Nigg, 2014)

and therefore is not directly targeted by the Q11P and the

R93W mutations.

In this paper, we present a detailed biochemical, functional,

and high-resolution structural analysis of the complex between

the N-terminal domain (NTD) of CEP164 and its TTBK2-binding

motif. Our data unambiguously demonstrate that the Q11P and

R93W ciliopathic mutations compromise complex formation,

reveal the structural basis of the underlying processes, and sug-

gest possible approaches to mitigate their deleterious effects.

Furthermore, our data and analyses provide insight into how

TTBK2 recruitment to CEP164 affects TTBK2 activities and

also allow us to propose a model of how TTBK2 is able to reach

its substrates while bound at the distal appendages. Together,

our data provide high-resolution structural information on a distal

appendage complex and deepen our understanding of a critical

step in cilia formation in human health and disease.

RESULTS

Unraveling the TTBK2-CEP164 interaction
TTBK2 interacts through a proline-rich C-terminal region

(TTBK21074�1085) with a predicted WW domain (CEP16462�84) in

the N-terminal part of CEP164 (Cajanek and Nigg, 2014; Oda

et al., 2014). Consistent with these findings, we established that

the ability of FLAG-tagged CEP164 to pull down hemagglutinin

(HA)-tagged TTBK2 depended on both elements (Figures 1A and

1B). Furthermore, pull-down experiments with recombinantly pro-

duced GST-CEP1641�109 and cell extracts from tissue culture

cells expressing TTBK21074�1087-GFP also established that

CEP1641�109 and TTBK21074�1087 are sufficient to bind to each

other (Figures S1A and S1F). Similar experiments, but with

TTBK21074�1087 constructs carryingalaninemutations in consecu-

tive blocks of four amino acids, suggested that the residueswithin

TTBK21074�1083 (the first threemutated blocks) contribute strongly

to CEP164 binding, while the effect of those residues within

TTBK21084�1087 (the last mutated block) is limited (Figure S1A).

To determine the corresponding binding affinity of the TTBK2-

CEP164 complex, we performed isothermal titration calorimetry

(ITC) with purified recombinant CEP1641�109 (Figure S1H) and

synthetically produced TTBK21074�1087 (Figure 1C; Table 1).

Analysis of the ITC data suggested a binding affinity of

�60 mM, which is in agreement with the binding affinities

observed for other WW domain-proline-rich binding motif

(PRBM) interactions (Iglesias-Bexiga et al., 2015; McDonald

et al., 2011; Verma et al., 2018).

Structure and dynamics of the NTD of CEP164
To gain insight into the structural basis of TTBK2 binding by

CEP164, we first determined the high-resolution structure of
Structure 30, 114–128, January 6, 2022 115



Figure 1. High-resolution structure of CEP1641–109 that interacts with TTBK21074–1087 with low micromolar affinity

(A) Domain organization of human CEP164 and TTBK2. cc, coiled coil. Amino acid residue numbers are indicated.

(B) The WW domain of CEP164 and the proline-rich region 1,074–1,087 in TTBK2 are necessary for the CEP164-TTBK2 interaction. Western blots showing pull-

down experiments with lysates from cells expressing 3xFLAG-tagged CEP164 and 3xHA-tagged TTBK2 constructs. Left: pull-down with 3xFLAG-CEP164 and

(legend continued on next page)
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the NTD of CEP164 (CEP1641�109) from two different crystal

forms by X-ray crystallography to a resolution of 1.6 and 1.7 Å

(Table 2; Figures 1D and S2). These crystal forms were obtained

by co-crystallization with two different camelid nanobodies (10Z

and 36Z) that were raised against CEP1641�109.

The CEP1641�109 (CEP164-NTD) structure from the first crys-

tal form (Figure 1D, co-crystallized with nanobody 36Z) revealed

a globular shape composed of a head, neck, and body delin-

eating the WW domain, connecting linkers and an a-helical

domain. The WW domain has a canonical three-stranded topol-

ogy (b2–4 in Figure 1D) and is inserted into the helical domain.

The N-terminal region of CEP164-NTD preceding the helical

domain is partly unstructured with the exception of residues

12–14 that form a short fourth strand (b1 in Figure 1D) stabilized

by mainchain-mainchain hydrogen bonds to b2 of the WW

domain. The b1-strand is also held in place by additional con-

tacts, including a sidechain-mainchain hydrogen bond between

R7 and D67, and a sidechain-sidechain hydrogen bond between

Y73 and Q11 (Figure 1D; magnified view, panel 2, Figure S2B).

Intriguingly, Q11 is mutated to proline in a CEP164 allele that is

associated with the human ciliopathy nephronophthisis (Chaki

et al., 2012).

As expected, the CEP1641�109 structure derived from the sec-

ond crystal form (obtained by co-crystallization with nanobody

10Z) is very similar to the first structure (root-mean-square devi-

ation [RMSD]: 0.86Å over 87 alignedCEP164 residues), including

the position of the bound nanobody (Figure S2). Surprisingly, the

very N terminus, including the short additional b1-strand of the

WW domain, is highly divergent in both structures. While such a

strand is observed at a comparable place in the second

CEP1641�109 structure, it is formed by residues 4–6 (not residues

12–14) and is held in place only through mainchain interactions

with b2 ofCEP164. The structural promiscuity of this regionmight

argue that the shortb1-strand is onlyweakly bound. In agreement

with this notion, NMR experiments with 15N-labeled purified, re-

combinant CEP1641�109 confirm the high flexibility of the very

N-terminal region of CEP164 in solution (residues 1–23) (Fig-

ure S3A, (Berjanskii and Wishart, 2005)). Residues 7–14 show

marginally higher {1H}15N heteronuclear Overhauser effect (het-

NOE) values (�0.5) than their flanking residues but a lower degree

of order than residues in the folded helical andWWdomains. het-

NOE data for the 15N-labeled ciliopathic Q11P mutant did not

reveal an increased flexibility of this N-terminal region. We

conclude that the first 23 residues of the CEP164-NTD appear

to associate only weakly with the WW domain.

The body of the CEP1641�109 structure comprises an a-helical

bundle whose three helices pack together to form a highly
3xHA-TTBK2 or 3xHA-TTBK2 carrying a deletion of its proline-rich region 1,07

carrying a deletion containing its WW domain (DWW) and 3xHA-TTBK2. TCL, to

(C) Recombinant CEP1641�109 and TTBK21074�1087 interact with low micromola

human CEP1641�109 constructs carrying the indicated mutations, at 25�C. The res

to five independent measurements.

(D) Top left: ribbon representation of the structure of CEP1641�109, rainbow-co

Rotation, as indicated. Consecutive alpha helices (a), beta sheets (b), and linkers

magnified in the three panels below (1 and 2) or to the right (3). Bottom: detailed v

These residues are mutated to W or P, respectively, in ciliopathies. Yellow dotted

labeled. bb, backbone. Top right, ribbon representation of the region indicated b

scores from variable (cyan) to conserved (burgundy). Key residues in the interface

are labeled.
conserved hydrophobic core (Figure S4). TheWWdomain packs

against the a-helical bundle and is held in place by the intercon-

necting linkers L3 and L4 (Figure 1D; magnified view, panel 3). In

both crystal structures, the bound nanobodies are partially sand-

wiched between theWWdomain and the helical bundle, allowing

the complementary determining region 3 (CDR3) loop of the

nanobodies to interact with residues at the interface between he-

lical bundle and WW domain (Figures S2 and 1D).

To gain insight into the dynamics of both parts of the CEP164-

NTD in the absence of nanobodies, we also determined the

CEP1641�109 structure by NMR (Figures 2A and 2B; Table 3).

The obtained NMR ensemble structures, superposed to the he-

lical bundle or WW domain, demonstrated that both parts of

CEP164-NTD were highly similar in the 20 NMR ensemble struc-

tures and were also highly similar to the crystal structure of the

nanobody-bound CEP164-NTD (Figures 2A and 2B). However,

the relative orientation between both parts showed some vari-

ability due to slight rotation movements in the interconnecting

linkers L3+4. As a result, the angle between a-helical bundle

and WW domain in the NMR ensemble structures (see Figure 2A

for definition) varied in the approximate range 97�–117�. The cor-
responding angle in the crystal structure of nanobody-bound

CEP1641�109 was �83� (Figure 2C). This decrease is due to

the CDR3 loop of the nanobody, which makes several bridging

interactions between helical bundle and WW domain that pull

both together (Figure 2A). We conclude that CEP1641�109 dis-

plays some inter-domain flexibility and that the overall

CEP1641�109 structure is largely unaffected by the bound

nanobodies.

Stability of the CEP164-NTD
Sequence analysis of the CEP164 homologs demonstrated that

sequence conservation of CEP164-NTD is mainly found in the

interior of the a-helical bundle and the solvent-exposed side of

the WW domain (Figure S4) as well as in linker L3+4, which con-

nects both domains (Figure 1D, magnified view - panel 3). Two

nearly invariant proline residues, P59 and P87, in this linker re-

gion make hydrophobic contacts with the highly conserved

W62. In addition, the invariant H86 in the vicinity forms a

hydrogen bond with the A56 mainchain. The high conservation

of this linker region suggests that inter-domain packing might

be functionally important (for example, in stabilizing the WW

domain fold).

To test this hypothesis, we deleted either WW domain or heli-

cal bundle from CEP1641�109 by recombinantly joining the loops

connecting them. Subsequently, we purified these constructs

and examined their fold and thermostability using circular
4–1,087 (DPro.). Right: pull-down with 3xFLAG-CEP164 or 3xFLAG-CEP164

tal cell lysate.

r affinity. Typical ITC of a synthetic TTBK21074�1087 peptide and recombinant

ulting dissociation constants (KD) are indicated as an average (±SD) from three

lored from N- to C-terminus, in complex with a camelid nanobody (in gray).

(L) are labeled. Dotted boxes labeled from 1 to 3 indicate the regions shown

iew of the CEP1641�109 regions containing residues R93 (box 1) or Q11 (box 2).

lines indicate hydrogen bonds. Selected residues are shown as sticks and are

y box 3, colored according to ConSurf (Ashkenazy et al., 2016) conservation

region between theWWdomain and the helical bundle are shown as sticks and
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Table 1. ITC analysis of the interaction between CEP1641–109

constructs and TTBK21074–1087

CEP1641�109

construct

N

(±SD)

KD

(mM, ±SD) DH (kcal/mol, ±SD) n

WT 0.7 ± 0.2 59 ± 14 �17 ± 7 5

Q11P 1 (fixed) 405 ± 145 �9 ± 4 3

S82A 0.7 ± <0.1 60 ± 1 �14 ± <1 3

DN1-18 1 (fixed) 271 ± 25 �10 ± 1 3
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dichroism (CD) spectroscopy (Figures 2D and S1I). Our results

showed that CEP1641�109 has a mixed a/b fold and unfolds

with a Tm of approximately 55�C. The helical domain alone

(CEP16419�62,80-109) had a CD spectrum consistent with a highly

a-helical structure, as expected, and displayed a thermostability

similar to CEP1641�109, while the spectrum and the lack of a

cooperative denaturation transition for the WW domain alone

(CEP1641�28,50-94) indicated that it had a largely unfolded

conformation. Furthermore, a deletion of the helical bundle

from full-length FLAG-tagged CEP164 largely abolished its abil-

ity to pull down HA-tagged TTBK2 from lysates of cells express-

ing these constructs (Figure 2E). Thus, our data suggest that the

CEP164WW domain requires the intramolecular interaction with

the helical bundle to fold stably and function in vivo.

Structural basis for TTBK2 binding by the CEP164-NTD
To understand in more detail how CEP164 and TTBK2 interact,

we determined the high-resolution structure of the CEP164-

NTD in complex with TTBK21074�1087 by X-ray crystallography

to a resolution of 2.4 Å (Table 2, Figures 3A and S1E). Due to

the low micromolar affinity of this complex (KD � 60 mM, Fig-

ure 1C), we fused TTBK21074�1087 recombinantly to the N termi-

nus of CEP1641�109 to obtain diffraction-quality protein crystals

of this complex. For crystallization, we again utilized nanobody

36Z as a crystallization chaperone. In the structure, neither the

WW domain nor the a-helical bundle of the CEP164-NTD re-

vealed significant conformational changes upon binding to

TTBK21074�1087 (apo- and TTBK2-bound structures superposed

with an RMSD of 1.03 Å over 99 structurally equivalent residues)

(Figure S3B). The main difference resided in the N-terminal re-

gion of CEP1641�109 where residues 6–8 form a second short

strand in addition to the b1-strand of residues 12–14.

WWdomains are categorized into four groups that differ in their

ligand-binding specificity. Class I and IV WW domains recognize

PPxY and phosphorylated (S/T)Pmotifs by accommodating their

Xaa-P residues into a single, so-called XP groove defined by two

highly conserved aromatic residues. In contrast, class II and III

WW domains utilize two XP grooves, XP and XP2, to bind to

PPLP and PxxGMxPP motifs, respectively (Kato et al., 2004;

Zarrinpar and Lim, 2000). The CEP1641�109-TTBK21074�1087

complex revealed a strong similarity to class II/III WW domains

(Figure S5). Like these, it contains two XP grooves with the aro-

matic residues CEP164 Y73 and W84 defining the XP, and F75

and F77 the XP2 groove. TTBK21074�1087 adopts a polyproline

helix II conformation and packs with core prolines against both

grooves: P1075, P1077, P1078, and P1082 stack against

CEP164 F75, F77, Y73, andW84, respectively, with P1075 occu-

pying the XP2 and P1077-P1078 the XP groove (Figures 3A and
118 Structure 30, 114–128, January 6, 2022
S5A). P1079 and G1080 allow the backbone between residues

P1078 and P1082 to bend like an arch over W84 to sandwich it.

An additional contact between TTBK2 and CEP164 is made by

R1076, which forms a salt bridge with residue D10 of CEP164,

probably facilitating P1075 docking into the XP2 groove. D10

positioning is enabled byQ11 (mutated to proline in nephronoph-

thisis), which hydrogenbondswith residuesY73 andD10. Finally,

CEP164 residue S82 hydrogen bonds to the mainchain of the

TTBK2 peptide. Residues TTBK21085�1087 were not visible

in our structure, arguing that they do notmake significant contact

withCEP164 (Figure S1A). NMR-based binding experimentswith

purified 15N-labeledCEP1641�109 and unlabeled TTBK21074�1087

revealed an excellent agreement with our crystallographic ana-

lyses of this complex (Figure S3C).

Determinants of TTBK2 recognition byCEP164-NTDand
the impact of nephronophthisis mutation Q11P
To dissect the importance of these interactions, we performed

pull-down assays with purified GST-CEP1641�109 and cell ex-

tracts from cells expressing TTBK21074�1087-GFP constructs

containing individual alanine mutations. The results shown in

Figure 3C suggest that residues F1074, R1076, P1077, P1078,

and G1080 are particularly important for CEP164 binding. We

confirmed the importance of the core residues in the context of

the full-length proteins by pull-down experiments with FLAG-

tagged CEP164 and HA-tagged TTBK2 (wild-type [WT] and

mutant) (Figure S1C). Our structural data (Figure 3A) rationalize

these biochemical findings with the exception of the strong

impact of the F1074A mutant. While F1074 is well placed to

make hydrophobic contacts with CEP164 residues F75 and

F77, its electron density was poorly defined, arguing against a

tight binding of this residue in crystallo.

To establish the importance of the interface residues Q11,

Y73, and S82 in the CEP164-NTD, we purified recombinant

CEP1641�109, the ciliopathy mutant Q11P, and the S82A and

Y73A mutants (Figure S1H). To ascertain the role of the N-termi-

nal, flexible (Figure S3A) region of CEP1641�109, we also purified

a corresponding deletion construct (CEP16419�109, D1–18). CD

spectra analyses of these constructs suggested that their fold

is not significantly perturbed compared with the WT protein

with only very minor changes evident in the Y73A mutant (Fig-

ure S1D). Next, we determined the binding affinity of these

mutants to synthetically produced TTBK21074�1087 by ITC (Fig-

ure 1C). Analysis of the ITC data suggested that the S82A muta-

tion does not affect TTBK2 binding affinity. In contrast, Q11P and

CEP164-NTD D1–18 both showed a strong drop in binding

strength to �400 mM and �270 mM, respectively, while the

Y73Amutant did not show any significant binding activity. These

results confirm the crucial role of Y73 and of the ciliopathic res-

idue Q11 for the TTBK2 interaction. In contrast, the contribution

of S82 to TTBK2 binding in solution appears negligible.

We extended the mutational analysis of CEP164 interface res-

idues further by performing pull-down assays with recombi-

nantly produced GST-CEP1641�109 WT, Q11P, Y73A, F75A,

F77A, S82A, W84A, and D1–18mutants (Figure S1F) and cell ex-

tracts from cells expressing TTBK21074�1087-GFP. In agreement

with our previous data, S82A bound to TTBK21074�1087 similar to

the WT protein, while mutations Q11P, Y73A, F77A, W84A, and

D1–18 resulted in a strongly reduced and F75A in a moderately



Table 2. X-ray crystallography dataset analysis and refinement statistics

Protein complex

Nanobody

10Z-CEP1641�109

Nanobody

36Z-CEP1641�109

Nanobody

36Z-TTBK21074�1087-CEP1641�109

PDB accession code 7O06 7O0S 7O3B

Beamline I04 (Diamond) I04 (Diamond) I03 (Diamond)

Space group P1211 I121 C2221

Wavelength (Å) 0.97942 0.97942 0.97625

Monomers in the asymmetric unit 2 1 3

Unit cell dimensions (Å, �) a = 50.9, b = 70.7, c = 62.0,

a = 90.00, b = 90.09, g = 90.00

a = 38.3, b = 50.6, c = 119.9,

a = 90.0, b = 99.0, g = 90.00

a = 70.6, b = 127.7, c = 218.9,

a = 90.0, b = 90.0, g = 90.0

Resolution (Å) 62.0–1.6 59.2–1.7 61.8–2.4

Completeness

(overall/inner/outer shell) (%)

99.4/99.9/98.9 100.0/99.7/100.0 98.7/95.7/99.4

Rmerge (overall/inner/outer shell) 0.097/0.059/1.463 0.146/0.105/1.658 0.091/0.035/0.705

Rpim (overall/inner/outer shell) 0.040/0.025/0.627 0.061/0.047/0.700 0.052/0.018/0.436

Mean I/sI (overall/inner/outer shell) 9.9/27.0/1.7 6.1/18.2/1.0 8.6/17.0/2.1

Multiplicity (overall/inner/outer shell) 6.7/6.1/6.3 6.6/5.9/6.5 3.8/3.7/3.8

Wilson B-factor (Å2) 19.2 24.9 33.5

Number of reflections

(used in refinement)

57,658 (57,454) 25,042 (24,957) 38,541 (38,506)

Number of atoms 3,796 1,909 5,678

Waters 275 150 104

Rwork/Rfree (% data used) 0.1804/0.2108 (5%) 0.2019/0.2411 (5%) 0.1894/0.2395 (5%)

RMSD from ideal values:

bond length/angles (Å/�)
0.006/0.797 0.006/0.813 0.004/0.623

Mean B value (Å2) 28.06 31.80 55.0

Overall correlation coefficient

Fo-Fc/Fo-Fc free

0.963/0.956 0.959/0.936 0.933/0.911

Molprobity score 1.21 1.34 1.71

Clashscore, all atoms 2.73 3.48 4.50

Poor rotamers (%) 1.83 1.05 3.34

Ramachandran outliers (%) 0.00 0.00 0.00

Ramachandran favored (%) 98.34 97.22 97.54
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reduced TTBK2 binding (Figure 3B). We further confirmed these

findings in the context of full-length proteins in a pull-down

experiment with HA-tagged TTBK2 and FLAG-tagged CEP164,

WT, Y73A, S82A, W84, and Q11P mutants (Figure S1B) that

corroborated a strong (Y73A and W84A) or a significant reduc-

tion (ciliopathy mutation Q11P) of the TTBK2-CEP164 interac-

tion, while no binding defect was observed for the S82A mutant.

The apparently stronger binding of the Q11P mutant in the full-

length context is probably explained by the fact that both

CEP164 and TTBK2 are capable of self-interacting (Bowie

et al., 2018; Sivasubramaniam et al., 2008), thereby increasing

their binding affinity due to avidity effects. Together, our data

confirm the structural model of the CEP164-TTBK2 complex,

define its critical interactions, and establish the nephronophthi-

sis-associated mutation Q11P as directly compromising the

complex interface and binding affinity.

CEP164-NTD destabilization by nephronophthisis
mutant R93W
In contrast to Q11P, the other CEP164-NTD-linked nephronoph-

thisis-associated mutation R93W is not located near the TTBK2-
CEP164 interface. Instead, R93 is located in the helical bundle,

where it formsseveral hydrogenbondspredicted tostabilize it (Fig-

ure 1D; magnified view, panel 1). Thus, the R93Wmutation might

destabilize the helical bundle that is required for the TTBK2-inter-

acting WW domain to fold stably (Figures 2D and 2E). To test

whether this mutation indeed affects the CEP164-NTD stability,

we purified the CEP1641�109 R93W mutant and assessed its fold

and thermostability by CD spectroscopy (Figures 3D and 3E). As

a control, we also performed this experiment with the Q11P neph-

ronophthisis mutant that structurally is not predicted to affect

CEP1641�109 stability (Figure 1D). Our results (Figures 3D and

3E) showthat theR93Wbutnot theQ11Pmutation indeedstrongly

lowered the thermostability of the CEP164-NTD. Signs of destabi-

lization were already evident around room temperature, while the

mutant structure appeared largely unaffected at 7�C. Transverse
relaxation optimized spectroscopy (TROSY) NMR experiments

with 15N-labeled CEP1641�109 WT and R93Wmutant corroborate

the temperature-dependent structural instability of the R93W

mutant but also indicate that the mutant structure is already

compromisedat4�C(FigureS6A).Weconclude that theciliopathic

R93Wmutation destabilizes the CEP164-NTD fold.
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Figure 2. The isolated helical bundle but not the WW domain of CEP1641–109 folds stably in solution

(A) Left, NMR structure ensemble of CEP1641�109 superposed to its WW domain (CEP16462�83), rainbow-colored from N (blue) to C terminus (red). Right,

corresponding view of the superposed crystal structure of nanobody-bound CEP1641�109 (nanobody in gray). The corresponding RMSD values (±SD) were 0.7 ±

0.2 Å and 0.9 ± 0.1 Å, respectively. Consecutive alpha-helices (a), beta-sheets (b), and linkers (L) are labeled. The vectors used to calculate the helical bundle-WW

domain orientation angles (in C) are indicated. The dotted box designates the region shown magnified below. Bottom, detailed view of the CEP1641�109 region

contacted by the nanobody CDR3 loop.

(legend continued on next page)
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To establish the impact of the R93Wmutation on TTBK2 bind-

ing, we employed pull-down assays with recombinantly pro-

duced GST-CEP1641�109 WT, Q11P, and R93W (Figure S1G)

and cell extracts from cells expressing TTBK21074�1087-GFP

(Figure 3F). As seen before, the CEP164 Q11P mutation strongly

diminished TTBK2 binding (to 7% of the WT level). In contrast,

the impact of the R93W mutant was weaker but still significant,

with the amount of pulled down TTBK21074�1087-GFP reduced

to 60% of the WT level. This experiment had to be performed

at 4�C, a temperature at which the impact of the R93Wmutation

on the stability of the NTD of CEP164 is small (Figure 3D). We

also performed ITC experiments with the TTBK21074�1087 pep-

tide and the CEP1641�109 R93W mutant at 25�C, and these ex-

periments indicated a moderate reduction in binding affinity

comparedwith theWT. However, the ITC data were complicated

by the coupling of peptide binding and refolding of a fraction of

the CEP1641�109 R93W mutant, since the CEP164 construct is

destabilized and partially unfolded at 25�C (Figures 3D and

S6A), so we are unable to assign a more precise value to the ef-

fect on binding. Together, our data suggest that the ciliopathic

R93W mutation negatively affects the CEP164-TTBK2 interac-

tion through CEP164-NTD destabilization.

CEP164 Q11P and R93W mutants affect cilia formation
in RPE-1 cells
Since the ciliopathy-associated Q11P and R93W CEP164

mutants showed reduced binding to TTBK2 in our pull-down as-

says, we asked whether they would also have an impact on cilio-

genesis in rescue experiments with human, serum-starved

CEP164-null telomerase reverse transcriptase-immortalized

retina pigmentation epithelial (hTERT RPE-1) cells (Daly et al.,

2016). Both CEP164 mutations did not interfere with CEP164

localization to the mother centriole but showed a significant

reduction in ARL13b-positive cilia formation compared with the

WT construct (Figures 3G and 3H). Consistent with our biochem-

ical data, the CEP164 R93Wmutation resulted in a less strong ef-

fect than the Q11P mutation in this assay (Figure 3H). Thus, our

data confirm the genetic data in patients (Chaki et al., 2012; Ma-

ria et al., 2016) and suggest that two CEP164mutations that give

rise to ciliopathies with comparable strength in patients show dif-

ferential impacts on ciliogenesis in tissue culture cells.

CEP164-NTD binding inhibits EB1 engagement
by TTBK2
TTBK2 is not only recruited to centriole distal appendages but

also to microtubule ends through a SxIP motif-mediated interac-

tion with the end binding protein EB1/3 (Watanabe et al., 2015;
(B) Similar to (A), but CEP1641-109 NMR structures superposed to their helical bu

0.1 Å and 0.8 ± 0.1 Å, respectively.

(C) Measured angles between the helical bundle and the WW domain in the NMR

ensemble was 107� ± 7�. The individual angle values in each ensemble member ar

the minimum measured values, while the box ranges between the first and the th

(D) Top: ribbon representation of the CEP1641�109 structure (in green). TheDHelice

domain, respectively, by omitting the corresponding structural regions. Dotted bla

Alpha helices (a), beta sheets (b), and linkers (L) are labeled. Bottom: CD analyse

DWW constructs. Left: buffer-subtracted CD spectra at 25�C. Right: CD-based
(E) The helical bundle of CEP164 is necessary for the CEP164-TTBK2 interaction. W

3xHA-TTBK2 and 3xFLAG tagged CEP164 or 3xFLAG-CEP164 carrying a deletion

cell lysate.
Jiang et al., 2012). Of the two SxIP motifs present in TTBK2,

the second motif (TTBK21051�1054) contributes the most strongly

to EB1/3 binding (Watanabe et al., 2015) and is located in the

vicinity of the CEP164-interacting motif of TTBK2

(TTBK21074�1084). To check whether EB1 and CEP164-NTD

can engage this part of TTBK2 simultaneously, we performed

pull-down experiments with purified MBP-TTBK21033�1087 (WT,

TTBK21051�1054 SKIP to AAAA, or TTBK21076�1078 RPP to AAA) and

EB1 in the presence of an excess of CEP1641�109. The results

shown in Figure 4A demonstrate that the presence of CEP164-

NTD strongly decreased EB1 binding to TTBK21033�1087

compared with the TTBK21076�1078 RPP to AAA mutant that is un-

able to engage CEP164-NTD. In contrast, excess EB1-GFP

does not efficiently compete with CEP164-NTD binding to

MBP-TTBK21033�1087 (Figure S7B), probably due to its lower

binding affinity. Further pull-down experiments with 3xFLAG-

EB1 and full-length 3xHA-TTBK2 (WT or CEP164-binding-defi-

cient DPro-rich [D1,074–1,087] mutant) in the presence of

GST-CEP1641�109 (WT or TTBK-binding deficient Y73A mutant)

confirm our findings (Figure S7A). We conclude that CEP164-

NTD binding inhibits EB1 engagement of the major EB1 binding

site in TTBK2.

CEP164-NTD binding does not stimulate TTBK2
autophosphorylation
Many kinases exist in an auto-inhibited state that is relieved by

an activating event such as phosphorylation or protein binding.

Thus, we wanted to test whether CEP164-NTD binding to

TTBK2 activates its kinase activity. To this end, we recombi-

nantly produced dephosphorylated N-terminally 3xFLAG- and

C-terminally STREP-tagged TTBK2 kinase (WT and kinase

dead D163A mutant). The WT but not the D163A mutant

TTBK2 kinase efficiently phosphorylated itself, as judged by its

strong upward mobility in SDS-PAGE gels after incubation with

ATP. Incubation with an excess of purified CEP1641�109, WT,

or TTBK2-binding-deficient Y73A mutant did not stimulate

TTBK2 phosphorylation levels compared with the corresponding

buffer control (Figure S7C). Thus, TTBK2 binding to CEP164

does not strongly activate TTBK2 kinase activity.

CEP164 and TTBK2 contain long regions predicted to be
unstructured
Short binding motifs are often found in extended, open confor-

mation, such as regions of disorder. To evaluate TTBK2 for the

presence of such regions, we analyzed its sequence using

several different disorder prediction algorithms (MFDp2, Miz-

ianty et al., 2013; SPOT-Disorder, Hanson et al., 2017, 2019; or
ndle (CEP16426�55, 87-103). The corresponding RMSD values (±SD) were 0.5 ±

and crystal structures as indicated in (A). The average value across the NMR

e overlaid to a box-and-whisker plot. The whiskers represent themaximum and

ird quartiles; the median value is also indicated.

s andDWWpanels indicate the construct deletions of the helical bundle orWW

ck lines highlight the parts that were directly spliced together in the constructs.

s of recombinant CEP1641�109 WT as well as the corresponding DHelices and

thermal melting analysis recorded at 222 nm.

estern blot showing a pull-down experiment with lysates from cells expressing

of its helical bundle.DHel., construct as indicated byDHelices in (D). TCL, total
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Table 3. Structural statistics for the NMR solution structure of CEP1641–109

Structural restraints

NOE-derived distance restraints

intraresidue 668 very strong (0–2.5 Å) 27

sequential 483 strong (0–3.0 Å) 36

medium (2 % | i-j | % 4) 339 medium (0–4.0 Å) 118

long (| i-j | > 4) 365 weak (0–5.5 Å) 1674

total 1855 total 1855

Dihedral restraints

4 81

c 82

u 113

H-bond restraints

distances 72

H bonds 36

Statistics for accepted structures

Number of accepted structures 20

Mean AMBER energy

terms (kcal/mol ±SD)

E (total) �5,431.4 ± 21.2

E (van der Waals) �797.8 ± 12.9

E (distance restraints) 15.9 ± 3.6

Distance restraint violations >0.2 Å

(average number per structure)

4.7 ± 2.1

Angle restraint violations >5�

(average number per structure)

12.1 ± 3.6

RMSDs from the ideal geometry used within AMBER

bond lengths 0.0102 Å

bond angles 2.11�

Ramachandran statistics

most favored 94.2%

additionally allowed 5.4%

generously allowed 0.2%

disallowed 0.2%

Average atomic RMSDs from

average structure (±SD)

residues 26–36, 44–53, 90–103

N, Ca, C backbone atoms 0.27 ± 0.06 Å

all heavy atoms 0.91 ± 0.07 Å
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AUCpreD, Wang et al., 2016) that have ranked highly in a recent

experimental benchmarking (Nielsen and Mulder, 2019). The re-

sults shown in Figure 4B suggest that, outside its N-terminal ki-

nase domain, TTBK2 contains large regions of disorder. Thus,

TTBK2 probably has a high level of flexibility between its kinase

domain and its C-terminal CEP164-binding region. This flexibility

might facilitate its access to its known substrates (Bernatik et al.,

2020; Huang et al., 2018; Lo et al., 2019) at or around the

centriole wall.

DISCUSSION

Ciliopathies are genetic diseases that arise when mutations

impair cilia formation or function. Elucidation of the correspond-
122 Structure 30, 114–128, January 6, 2022
ing molecular mechanisms can lead to a deepened understand-

ing of the underlying biological processes and is an important

first step toward the development of targeted therapeutic strate-

gies. The recruitment of TTBK2 by the centriole distal appendage

component CEP164 is one of the crucial early events in cilia for-

mation (Cajanek and Nigg, 2014; Oda et al., 2014; Huang

et al., 2018).

The structures of CEP164-NTD revealed a two-domain organi-

zation in which a WW domain is inserted into an a-helical bundle

consisting of three a helices. Despite an element of inter-domain

flexibility, these two domains act as a single unit whose stability

critically depends on the core interactions within the helical

bundle. CEP164-NTD accommodates the TTBK2 proline-rich

peptide into two non-continuous hydrophobic grooves (XP and



Figure 3. High-resolution structure of the CEP1641–109-TTBK21074–1087 complex that is compromised by the ciliopathy-associated mutations

Q11P and R93W in CEP164

(A) Left: ribbon representation of the structure of CEP1641�109 (green) in complex with TTBK21074�1087 (red). The structure of the bound camelid nanobody used

for co-crystallization is omitted for optical clarity. Consecutive alpha-helices (a), beta-sheets (b), and linkers (L) are labeled. The dotted box is shownmagnified to

the right. Right: detailed view of the interface region between CEP1641�109 and TTBK21074�1087. Key interface residues are shown as sticks and are labeled.

Yellow dotted lines indicate hydrogen bonds.

(legend continued on next page)
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XP2). While both ligand-binding interface and ligand orientation

in the complex structure showed striking similarities to class II/

III WW domain complexes (Kato et al., 2004), there are also

features unique to the CEP164-NTD–TTBK2 interaction. In

CEP164-NTD, the XP2 groove is formed by two phenylalanines

(F75, F77) and a tyrosine (Y73) instead of a tryptophan and tyro-

sine or two tyrosines as observed in FE65 and FBP11 WW do-

mains, respectively. Furthermore, the CEP164-NTD contains a

flexible N-terminal region that complements the WW domain in

the complex structure with an additional two-stranded b-hairpin

that directly contributes to ligand binding. The side-chains of I8

and V13 in this region contribute to the shape of the XP2 groove.

As a result, this groove is considerably smaller and deeper than

the grooves of other class II/III WWdomains and accommodates

a single proline residue instead of a pair of prolines. This differ-

ence might also explain the importance of F1074 in providing

additional hydrophobic contacts that contribute to complex

stability.

Themutations Q11P and R93W in CEP164 are associatedwith

ciliopathies (Chaki et al., 2012; Maria et al., 2016; Slaats et al.,

2014). Q11P was identified as a homozygous mutation and

R93W as a compound heterozygous mutation with the Q525X

truncation in nephronophthisis patients that displayed early kid-

ney failure and retinal degeneration (Chaki et al., 2012). The

Q525X mutation probably results in a strongly dysfunctional

CEP164 truncation, as it is unable to localize to the mother

centriole. Consistent with this notion, patients with the similar

but homozygous truncation mutation R576X show more severe

phenotypes with additional features typical for motile ciliopa-

thies, such as primary ciliary dyskinesia (Chaki et al., 2012). A ho-

mozygous R93W CEP164 mutation was also found in a patient

with BBS (Bardet-Biedl syndrome)-like syndrome with hypogo-

nadism, retinal phenotypes, and obesity but without renal anom-

alies (Maria et al., 2016).

Our data show that the CEP164 Q11P and R93W mutants

localize normally to the mother centriole but are defective in

rescuing cilia formation in human, CEP164-null hTERT RPE-1

cells, confirming the genetic data in human patients (Chaki

et al., 2012; Maria et al., 2016). Although both mutations are

located away from the WW domain of CEP164 (residues 62–

84), they affect its ability to engage TTBK2 in pull-down assays.

Structurally, the R93W mutation reduces the thermostability of
(B) Several interfacial residues of the CEP164 WW domain are critical for its int

combinant GST or GST-CEP1641�109, WT or the indicated mutants, and lysates fr

the band intensities of the eluates (as percentage of the WT level) are shown.

(C) Several residues within the CEP164-binding region of TTBK2 are essential for

showing a pull-down experiment with recombinant GST or GST-CEP1641�109

constructs. TTBK2 constructs carried single alaninemutations as indicated above

WT level) are shown (±SD, n = 3).

(D and E) The R93W, but not the Q11P mutation decrease the thermostabilit

CEP1641�109 WT as well as its Q11P and R93W mutants at 7�C and 25�C. (E
at 222 nm.

(F) Both Q11P and R93W nephronophthisis mutations in CEP1641�109 compromis

experiment with recombinant GST or GST-CEP1641�109,WT, Q11P, or R93W and

the blot, the band intensities of the eluates (as percentage of the WT level) are s

(G and H) The CEP164 Q11P and R93W ciliopathy mutants localize to mother c

Immunofluorescence staining of hTERT RPE-1 CEP164-null cells rescued with th

cilia were detected by ARL13b staining (red). CETN1 was used to visualize centro

cells (mean percentage of ciliated cells ±SEM). Statistical significance betwee

comparison post hoc test; number of cells, NWT = 66, NQ11P = 58, NR93W = 55, a
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the CEP164-NTD by impairing the folding of the WW domain-

stabilizing helical bundle. In contrast, residue Q11 is part of a

short b-strand that associates with the WW domain and contrib-

utes to the placement of several side chains that directly contact

TTBK2. The Q11P mutation compromises these interactions.

Intriguingly, the removal of the first 18 residues of CEP164-

NTD has a less strong effect on TTBK2 binding than Q11P.

Thus, we speculate that the Q11P proline partly occupies the

XP grooves of CEP164-NTD and thereby also acts to compete

with TTBK2 binding. Our data suggest that the corresponding

CEP164-NTD region is flexible enough to allow these move-

ments. In terms of therapeutic potential, our data suggest that re-

agents that stabilize the CEP164-NTD fold in the R93W mutant,

or prevent the WW domain association of the Q11P region,

would hold promise in alleviating disease manifestation in the

corresponding patients.

Our in vitro and in vivo data suggest that the R93W mutation

affects TTBK2 binding and cilia formation less strongly than

the Q11P mutation. Nevertheless, in patients, no corresponding

clear-cut genotype-phenotype relationship is obvious (Chaki

et al., 2012; Maria et al., 2016). CEP164 might have functions

outside ciliogenesis that contribute to disease manifestations

to account for this observation. Thus, CEP164 was suggested

to function in cell cycle progression and its dysfunction, for

example in the R93W mutant, to contribute to the pathogenesis

of nephronophthisis through DNA damage-induced replicative

stress, although this mutant was also found to have some nega-

tive effect on cilia formation (Slaats et al., 2014). However, in

another study, CEP164 was not found to influence cell prolifera-

tion or the DNA damage response (Daly et al., 2016). Thus, as

suggested for two closely related ciliopathy mutations in

CEP120 (Joseph et al., 2018), the genetic backgrounds of the

affected patients might modify the exact clinical manifestation

of these ciliopathy mutations instead.

Our data also give insights into how TTBK2 binding to CEP164

might influence other TTBK2 activities. Located close to the

CEP164-NTD binding region of TTBK2 is one of two EB1-binding

SxIP motifs. This motif is responsible for the majority of the EB1-

binding affinity of TTBK2 (Watanabe et al., 2015, Figure S7A).

EB1-dependent TTBK2 recruitment to microtubules is important

for microtubule regulation (Watanabe et al., 2015), and we show

here that CEP164-NTD binding inhibits EB1 engagement by
eraction with TTBK2. Western blot showing a pull-down experiment with re-

om cells expressing C-terminally GFP-tagged TTBK21074�1087. Below the blot,

its interaction with CEP164 and define a CEP164-binding motif. Western blot

and lysates from cells expressing C-terminally GFP-tagged TTBK21074�1087

the blot. Below the blot, the band intensities of the eluates (as percentage of the

y of the NTD of CEP164. (D) Buffer-subtracted CD spectra of recombinant

) CD-based thermal melting analysis of CEP1641�109 WT, Q11P, and R93W

e the interaction with TTBK21074�1087 at 4�C.Western blot showing a pull-down

lysates from cells expressing C-terminally GFP-tagged TTBK21074�1087. Below

hown (±SD, n = 3).

entrioles but do not efficiently rescue cilia formation in CEP164-null cells. (G)

e indicated, transfected 3xFLAG-tagged CEP164 constructs (green). Primary

somes (blue). Scale bar: 5 mm. (H) Quantification of the percentage of ciliated

n the groups was analyzed by one-way ANOVA with a Holm-Sidac multiple

nd Nuntransfected = 57; *p = 0.02, ***p % 0.0005.



Figure 4. CEP164-NTD binding to TTBK2 inhibits the TTBK2-EB1 interaction

(A) CEP1641�109 and EB1 compete for binding to MBP-TTBK21033�1087. Coomassie-stained SDS-PAGE gel showing pull-down experiments with purified MBP-

TTBK21033�1087 (WT, EB1-binding-deficient TTBK21051�1054 SKIP to AAAA or CEP164-NTD-binding-deficient TTBK21076�1078 RPP to AAA) with EB1 in the presence of

an excess of CEP1641�109.

(B) Per-residue disorder probabilities of TTBK2 as calculated by different disorder prediction algorithms. Values above 0.5 (dashed line) indicate disorder. The

location of the kinase domain and selected sequence features of TTBK2 are indicated above the plot.

(C) Model of the TTBK2-CEP164 architecture at the distal appendages. Left: scheme of the mother centriole with distal appendages based on electron mi-

croscopy tomography segmentation analysis (Bowler et al., 2019). Subdistal appendages are omitted for clarity. Right: close-up view of a single distal appendage

region. CEP164 is indicated in cyan, the bound TTBK2 is shown in green. The connecting linkers between CEP164-NTD and the CEP164 coiled-coil domain and

between the CEP164-bound TTBK21074�1084 region and the N-terminal TTBK2 kinase domain (PDB: 6vrf) (Bao et al., 2021) are drawn in an extended and open

conformation. Based on disorder predictions and the paucity of predicted secondary structure elements, we propose that these linkers are largely flexible

(Figures 4B and S6B). This flexibility would allow the TTBK2-CEP164-NTD complex to sample larger areas of the distal appendage region and would enable

TTBK2 to reach its phosphorylation substrates at (MPP9) or close to (CEP83) the distal centriole end. A circled ‘‘P’’ indicates a phosphorylation event by TTBK2.
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TTBK2 in vitro. This argues that microtubule end association and

CEP164 binding of TTBK2 might be mutually exclusive in vivo

such that distal appendage-associated TTBK2 interacts with

CEP164, while the non-centriolar TTBK2 fraction can interact

with EB1/3 in the same cell. Preventing EB1/3 engagement and

microtubule regulation by distal appendage-bound TTBK2 might
be important for efficient cilia formation, but the functional impor-

tance of this putative mechanism in cells remains to be estab-

lished. Intriguingly, the structural footprint of CEP164-NTD and

EB1 on their TTBK2-binding regions (this study; PDB: 3gjo; Hon-

nappa et al., 2009) is not large enough to directly account for the

observed competition. Thus, CEP164-NTD and EB1 probably
Structure 30, 114–128, January 6, 2022 125
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engage larger regions of TTBK2 than their core binding mo-

tifs alone.

There are currently conflicting data concerning whether

TTBK2 binding to CEP164 activates its kinase domain (Oda

et al., 2014). To address this question, we performed TTBK2

phosphorylation assays with recombinantly produced TTBK2

(WT or kinase deadD163Amutant) in the presence of either bind-

ing-competent (WT) or -incompetent (Y73A mutant) CEP164-

NTD. Our data did not reveal a stimulation of TTBK2 activity by

CEP164-NTD binding. Thus, CEP164 might not be involved in

activating an otherwise inactive TTBK2 but possibly recruits

TTBK2 in an already activated form.

One of the puzzles concerning TTBK2 function after CEP164

binding is that its effector substrates CEP83 and MPP9 are

located close to or at the centriole microtubule wall at a signifi-

cant distance away from CEP164. While the N-terminal region

of CEP164 in vivo is found at a radius of 121–284 nm from the

centriole center (Bowler et al., 2019), CEP83 andMPP9 are found

at a radius of 106–194 nm and �113 nm, respectively (Bowler

et al., 2019; Huang et al., 2018). Thus, TTBK2 would need to

span a significant distance to reach these substrates.

While it has been suggested that TTBK2might redistribute to a

site closer to the centriole center (Lo et al., 2019), we favor an

alternative explanation. Our bioinformatics analyses suggest

that the TTBK2 region downstream of its N-terminal kinase

domain (residues 21–284) and upstream of its CEP164-binding

region (residues 1,074–1,084) contains large stretches of

unfolded regions (Figure 4B). CEP164 also contains a region of

�500 residues downstream of its TTBK2-binding NTD and up-

stream of its first coiled-coil region, which appears largely un-

structured (Figure S6B). Such regions, even with interspersed

folded islands, can behavewith random coil characteristics (Fitz-

kee and Rose, 2004). Our theoretical calculations suggest that a

region of this combined length would display an average (root

mean square) end-to-end distance of �30 nm but could span

much larger distances when extended. Thus, the kinase domain

of (CEP164-bound) TTBK2 would probably be able to reach its

substrates without relocation and CEP164-NTD, and its bound

TTBK2 might be highly mobile around the distal appendages.

In agreement with this notion, Bowler et al. (2019) recently

showed that the N-terminal part of CEP164 displays a wider dis-

tribution at distal appendages that extends beyond their electron

dense head structure. These findings accord well with our pro-

posal that the CEP164 NTD is separated by a flexible linker

from the appendage-anchored part of CEP164. We propose

that the ability of distal appendage components to sample the

wider area around them might be important for many different

aspects of distal appendage function (Figure 4C).
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Monoclonal ANTI-FLAG M2 antibody

produced in mouse

Sigma-Aldrich/Merck Cat# F1804

Polyclonal ANTI-HA antibody produced in

rabbit

Gift from R. Hegde (MRC-LMB) N/A

Polyclonal ANTI-GFP antibody produced in

rabbit

Invitrogen/ThermoFisher Scientific Cat# A11122

Polyclonal ANTI-ARL13B antibody

produced in rabbit

Proteintech Cat# 17711-1

ANTI-CENT1 – Alexa Fluor 647 Proteintech/Invitrogen Cat# 12794-1-AP/ A20186

Donkey anti-Mouse IgG (H+L) Secondary

Antibody, Alexa Fluor 488

Invitrogen/ThermoFisher Scientific Cat# R37114

Donkey anti-Rabbit IgG (H+L) Highly

Cross-Adsorbed Secondary Antibody,

Alexa Fluor 568

Invitrogen/ThermoFisher Scientific Cat# A10042

Normal Rabbit IgG Santa Cruz Biotechnology Cat# sc-2027

Bacterial Strains

Rosetta (DE3) Gift from J. Kilmartin (MRC-LMB) N/A

Chemicals, Peptides, and Recombinant Proteins

Glycergel Mounting Media Agilent Cat# C056330-2

Lipofectamine 3000 Thermo Fisher Scientific Cat# L3000001

D-MEM/F-12, supplied,GlutaMAX, sodium

carbonate

Thermo Fisher Scientific Cat# 31331028

D-MEM Glutamax Thermo Fisher Scientific Cat# 10566016

Expi293 Expression Medium Thermo Fisher Scientific Cat# A1435101

Glutathione sepharose 4B GE Healthcare Life Sciences Cat# 17075601

Amylose resin New England Biolabs Cat# E8021S

anti-FLAG M2 magnetic beads Sigam-Aldrich/Merck Cat# M8823

NuPAGE 4-12% Bis-Tris 1.0mm 15-well ThermoFisher Scientific Cat# NP0323BOX

PEI Polysciences Cat# 24765

TTBK21074-1087 peptide Biomatik N/A

Wizard Classic 2 screen Rigaku/ Molecular Dimensions Cat# MD15-W2-T

JCSG screen Qiagen/ NeXtal Cat# 130920

Wizard Cryo 2 screen Rigaku/ Molecular Dimensions Cat# MD15-C2-T

Deposited Data

Crystal structure of Homo sapiens

CEP1641-109 in complex with camelid

nanobody 10Z

This paper PDB accession code 7O06

Crystal structure of Homo sapiens

CEP1641-109 in complex with camelid

nanobody 36Z

This paper PDB accession code 7O0S

Crystal structure of Homo sapiens

TTBK21074-1087-CEP1641-109 in complex

with camelid nanobody 36Z

This paper PDB accession code 7O3B

NMR structure ensemble of Homo sapiens

CEP1641-109
This paper PDB accession code 7NWJ

NMR data This paper BMRB accession code 50793

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Crystal structure of the camelid nanobody

VHH T9

Tabares da Rosa et al. (2019) PDB accession code 5VLV

Crystal structure of human EB1 in complex

with microtubule Tip localization signal

peptide of MACF

Honnappa et al. (2009) PDB accession code 3GJO

Crystal structure of ADP bound TTBK2

kinase domain

Bao et al. (2021) PDB accession code 6VRF

NMR structure of Smurf1 WW domain in

complex with a Smad1 derived peptide

Aragón et al. (2011) PDB accession code 2LAZ

NMR structure of YAP WW domain in

complex with a Smad1 derived peptide

Aragón et al. (2011) PDB accession code 2LAW

NMR structure of FBP11WW1 domain in

complex with a proline-rich peptide

Pires et al. (2005) PDB accession code 1YWI

Crystal structure of FE65 WW domain in

complex with hMena peptide

Meiyappan et al. (2007) PDB accession code 2HO2

Experimental Models: Cell Lines

hTERT RPE-1 Gift from C. Morrison (NUI Galway)

(Daly et al., 2016)

N/A

CEP164 null hTERT RPE-1 Gift from C. Morrison (NUI Galway)

(Daly et al., 2016)

N/A

Flp-In T-REx 293 Gift from R. Hegde (MRC-LMB)

(Joseph et al., 2018)

N/A

Expi293 Gift from O. Perisic, R. Williams group

(MRC-LMB)

N/A

Recombinant DNA

pGEX6P1-CEP1641-109 (BamH1 and

EcoR1 sites)

This paper N/A

pGEX6P1-TTBK21074-1087-CEP1641-109

(BamH1 and EcoR1 sites)

This paper N/A

pGEX6P1-CEP1641-28,50-94 (=DHelices)-

TEV-HIS6 (BamH1-EcoR1 sites)

This paper N/A

pGEX6P1-camelid nanobody 10Z (BamH1

and EcoR1 sites)

This paper N/A

pGEX6P1-camelid nanobody 36Z (BamH1

and EcoR1 sites)

This paper N/A

pOPTM -TTBK21074-1087 (Nde1 and

BamH1 sites)

This paper N/A

pGEX6P1- EB1 (BamH1 and EcoR1 sites) This paper N/A

pSKB2LNB-EB1-GFP (Nde1 and

BamH1 sites)

This paper N/A

pGEX6P1-CEP164N-GFP (BamH1 and

EcoR1 sites)

This paper N/A

pcDNA 3.1 derivative – 3xFLAG-TTBK2-

3xSTREP (WT or D163A mutant) (BamH1

and EcoR1 sites)

This paper N/A

pcDNA 3.1 derivative – 3xFLAG-CEP164

(WT or Q11P, or R93W, or kinase dead

(BamH1 and EcoR1 sites)

This paper N/A

pcDNA 3.1 derivative – 3xHA-TTBK2 (or

mutant) (BamH1 and EcoR1 sites)

This paper N/A

Software and Algorithms

DIALS (Winter et al., 2018) https://dials.github.io/

AIMLESS (Evans and Murshudov, 2013) http://www.ccp4.ac.uk/download

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

PHASER (McCoy et al., 2007) http://www.ccp4.ac.uk/download

REFMAC (Murshudov et al., 2011) http://www.ccp4.ac.uk/download

COOT (Emsley and Cowtan, 2004) http://www.ccp4.ac.uk/download

PHENIX.REFINE (Afonine et al., 2012) http://www.phenix-online.org/download/

MolProbity (Chen et al., 2010) http://molprobity.manchester.ac.uk/

The PyMOL Molecular Graphics System Schrödinger, LLC Version 2.0 / https://pymol.org/2/

#download

GraphPad Prism Software GraphPad Software Version 6.0 / https://www.graphpad.com/

AUCpreD (Wang et al., 2016) http://raptorx.uchicago.edu/

StructurePropertyPred/predict/

Multilayered Fusion-based Disorder

predictor (MFDp2)

(Mizianty et al., 2013) http://biomine.cs.vcu.edu/servers/MFDp2/

SPOT-Disorder2 (Hanson et al., 2019) https://sparks-lab.org/server/spot-

disorder2/

Malvern Panalytical PEAQ software Malvern N/A

TopSpin Bruker Version 3

NMRFAM-SPARKY (Lee et al., 2015) https://nmrfam.wisc.edu/nmrfam-sparky-

distribution/

XPLOR-NIH (Schwieters et al., 2003) https://nmr.cit.nih.gov/xplor-nih/

TALOS+ (Shen et al., 2009) https://spin.niddk.nih.gov/bax/

nmrserver/talos/

AMBER 11 (Case et al., 2005) https://ambermd.org/GetAmber.php

CLUSTERPOSE (Diamond, 1995) https://www.ccpn.ac.uk/v2-software/

software/extras/contributions

PROCHECK-NMR (Laskowski et al., 1993; Laskowski

et al., 1996)

https://www.ebi.ac.uk/thornton-srv/

software/PROCHECK/

DeltaVision softWoRx GE Healthcare Life Sciences N/A

Other

Sephacryl S-300 column GE Healthcare Life Sciences Cat# GE17-0599-01

Hi-Trap Q-FF column GE Healthcare Life Sciences Cat# 17515601

Hi-Trap Q-HP column GE Healthcare Life Sciences Cat# 17115401

Superdex S75 HR 10/30 column GE Healthcare Life Sciences Cat# 17-1047-01

Hi-Trap SP-FF column GE Healthcare Life Sciences Cat# 17-5157-01

Ni-NTA Qiagen Cat# 30210

Complete Protease Inhibitor cocktail

(EDTA free)

Roche/Merck Cat# 11873580001

Malvern Panalytical autoITC Malvern MRC-LMB

Jasco 815 Spectropolarimeter JASCO MRC-LMB

Bruker Avance-III spectrometers operating

at 1H frequencies of 600, 700 or 800 MHz

Bruker MRC-LMB

DeltaVision Elite microscope GE Healthcare Life Sciences National Centre for Biomolecular Research,

Faculty of Science, Masaryk University
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by M. van Breugel (m.

vanbreugel@qmul.ac.uk).

Materials availability
All unique reagents generated in this study are available from the Lead Contact.
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Data and code availability
Coordinates and structure factors of crystal structures that are presented in this paper are available in the Protein Data Bank (PDB,

accession codes: Nanobody 10Z-CEP1641-109 - 7O06, Nanobody 36Z-CEP1641-109 - 7O0S, Nanobody 36Z-TTBK21074-1087-

CEP1641-109 - 7O3B). NMR data are deposited in the Biological Magnetic Resonance Bank (BMRB, accession code 50793). NMR

structure ensemble of CEP1641-109 coordinates are deposited in PDB (accession code 7NWJ). This paper does not report original

code. Any additional information required to reanalyse the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines
Human cell culture

Flp-In T-REx 293 cells (gift from R. Hegde, MRC-LMB, Cambridge, UK) were grown in D-MEM, GlutaMAX (Thermo Fisher Scientific)

supplied with 10% FBS. CEP164-null hTERT RPE-1 (gift from C. Morrison, NUI Galway, Ireland) cells were grown in D-MEM/F-12

(Thermo Fisher Scientific), GlutaMAX, sodium carbonate (ThermoFisher Scientific) supplied with 0, 0.5 or 10% FBS. Expi293 cells

(gift from O. Perisic from R. Williams lab, MRC-LMB, Cambridge, UK) were grown in Expi293 medium (ThermoFisher). All cell lines

were grown at 37�C with 5% CO2.

Bacterial cell culture

Escherichia coli Rosetta (DE3) (gift from J. Kilmartin, MRC-LMB, Cambridge, UK) were grown in LB or 2xTY media and used for pro-

tein expression and purification.

METHOD DETAILS

Recombinant protein purification
DNA encoding human CEP1641-109 (Uniprot Q9UPV0) was cloned into vector pGEX6P1 cut by BamH1-EcoR1 restriction enzyme

digestion, giving rise to an ORF with an N-terminal GST-tag that can be removed by cleavage with PreScission protease. Mutations

or deletions were introduced into this construct by site-directed mutagenesis. Constructs (or empty pGEX6P1) were expressed in

E. coli Rosetta (DE3) cells at 18�C by IPTG induction overnight. Subsequently, the proteins were purified from cell lysates (prepared

by sonication and centrifugational clearing) by chromatography with Glutathione-Sepharose 4B (GE Healthcare) and eluted with

reduced Glutathione using standard methods. Unlike for the preparation of the GST-tagged versions, for the preparation of the un-

tagged CEP164 constructs, purified GST-PreScission protease was added and the eluates dialysed against 10 mM Tris-Cl pH 8.0,

50 mMNaCl, 2 mMDTT. Subsequently, the eluates were subjected to gel-filtration on a Sephacryl S-300 column (GE Healthcare) run

in 10 mM Tris-Cl pH 8.0, 50 mM NaCl, 2 mM DTT. Peak fractions were pooled and subjected to ion-exchange chromatography on a

Hi-Trap Q-FF or -HP column (GE Healthcare) run using a linear salt gradient from 10mMTris-Cl, pH 8.0, 2mMDTT (buffer A) to buffer

A, 1M NaCl over 25 column volumes. Peak fractions were concentrated, snap frozen in small aliquots and stored at -80�C. For the
untagged CEP164 constructs that were used in ITC or thermostability experiments or for crystallisations, a final gel-filtration step was

performed on a Superdex S75 column (Pharmacia) either run in ITC buffer (PBS, 2 mMDTT, ITC or thermostability assay) or in 10mM

Na-Hepes pH 7.2, 50 mM NaCl, 2 mM DTT (crystallisation). The proteins were concentrated, snap frozen in aliquots and stored

at -80�C.
15N- or 15N13C-labelled CEP1641-109 proteins were expressed as above, but in supplementedM9medium (van Breugel et al., 2014)

containing 15NH4Cl and optionally 13C Glucose. Proteins were purified by Glutathione-Sepharose 4B (GE Healthcare) chromatog-

raphy, followed by GST-PreScission protease addition, an optional gel-filtration step on a Sephacryl S-300 column (GE Healthcare)

run in 10 mM Tris-Cl pH 8.0, 50 mMNaCl, 2 mMDTT, followed by ion-exchange chromatography on a Hi-Trap Q-FF or Q-HP column

(GE Healthcare) run using a linear salt gradient from 10 mM Tris-Cl, pH 8.0, 4 mMDTT (buffer A) to buffer A, 1M NaCl over 25 column

volumes. Peak fractions were concentrated and a final gel-filtration step performed on a Superdex S75 column (Pharmacia) run in

NMR buffer (PBS, 4 mM DTT, supplemented with Complete Protease Inhibitor cocktail (EDTA free, Roche)). The proteins were

concentrated, snap frozen in aliquots and stored at -80�C.
The fusion construct TTBK21074-1087-CEP1641-109 (Uniprot Q6IQ55 / Q9UPV0 respectively) was cloned into vector pGEX6P1 cut by

BamH1-EcoR1 restriction enzyme digestion, giving rise to an ORF with an N-terminal GST-tag that can be removed by cleavage with

PreScission protease. This construct had the linker AGSGAGS placed between TTBK21074-1087 and CEP1641-109. Expression and

Glutathione-Sepharose purification were as described above, but instead of elution with Glutathione, the protein was eluted by

on-beads cleavage with GST-PreScission protease in 50 mM Tris-Cl, pH 7.4, 2 mM DTT. This was followed by ion-exchange chro-

matography on a Hi-Trap Q-FF column (GE Healthcare) run using a linear salt gradient from 10 mM Tris-Cl, pH 8.0, 2 mM DTT

(buffer A) to buffer A, 1M NaCl over 25 column volumes. Peak fractions were concentrated and a final gel-filtration step performed

on a Superdex S75 column (Pharmacia) run in 10 mM Na-Hepes pH 7.2, 50 mM NaCl, 2 mM DTT. The proteins were concentrated,

snap frozen in aliquots and stored at -80�C.
Construct CEP1641-28,50-94 (=DHelices)-TEV-HIS6 was cloned into vector pGEX6P1 cut by BamH1-EcoR1 restriction enzyme

digestion, giving rise to an ORF with an N-terminal GST-tag that can be removed by cleavage with PreScission protease and a C-ter-

minal His-tag that can be removed by cleavage with TEV protease. The construct was expressed in E. coliRosetta (DE3) cells at 18�C
by IPTG induction overnight. Subsequently, the protein was purified from cell lysates (prepared by sonication and centrifugational
e4 Structure 30, 114–128.e1–e9, January 6, 2022
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clearing) by Ni-NTA (Qiagen) chromatography using standardmethods. After elution, the eluate was dialysed overnight against cleav-

age buffer (50 mM Tris-HCl, pH 8.0, 500 mM NaCl, 5 mM imidazole, pH 7.5, 2 mM DTT) in the presence of TEV protease. Subse-

quently, the reactions were allowed to bind to Glutathione-Sepharose 4B (GE Healthcare) beads, the beads washed with cleavage

buffer, and the protein eluted by on-beads cleavage with GST-PreScission protease in PBS, 2mMDTT. After a gel-filtration step on a

Superdex S75 column (Pharmacia) in PBS, 2 mM DTT, the peak fractions were concentrated and the protein snap frozen and stored

at -80�C.
Camelid Nanobodies 10Z and 36Z were cloned into vector pGEX6P1 cut by BamH1-EcoR1 restriction enzyme digestion, giving

rise to an ORF with an N-terminal GST-tag that can be removed by cleavage with PreScission protease. Expression and Gluta-

thione-Sepharose purification were as described above. Purified GST-PreScission protease was added and the eluates dialysed

against 10 mM Tris-Cl pH 7.4. Na-Acetate pH 5.3 (10Z) or (optionally) Na-Bicine pH 9.0 (36Z) were added to 10 mM followed by

ion-exchange chromatography on a Hi-Trap S-FF (10Z) or Q-FF (36Z) column (GE Healthcare) run using a linear salt gradient from

10 mM Na-Hepes pH 7.2 (buffer A) (10Z) or 10 mM Tris-Cl, pH 8.0 or pH 8.5 (buffer A) (36Z) to buffer A, 1M NaCl over 25 column

volumes. Peak fractions were concentrated and a final gel-filtration step performed on a Superdex S75 column (Pharmacia) run in

10 mM Na-Hepes pH 7.2, 50 mM NaCl, (optionally) 2 mM DTT. The proteins were concentrated, snap frozen in aliquots and stored

at -80�C.
The peptide corresponding to TTBK21074-1087 was synthesised by Biomatik (Wilmington, Delaware, 19809 USA) to a purity of 98%

as judged by HPLC analysis and was reconstituted with Millipore dH2O. Amino acid analysis (New England Peptide, Gardner, MA

01440 USA) was used in duplicate to determine the accurate concentration of the peptide stock in solution (4.844 mM).

MBP-TTBK21033-1087 (wild-type, EB1-binding deficient TTBK21051-1054 SKIP to AAAA or CEP164-NTD-binding deficient

TTBK21076-1078 RPP to AAA) in vector pOPTM (R. Williams lab, MRC-LMB) were expressed in E. coli Rosetta (DE3) cells at

18�C by IPTG induction and purified from cell lysates by chromatography with Amylose resin (NEB, E8021) and eluted with

Maltose using standard methods. Eluates were subjected to ion-exchange chromatography on a Hi-Trap Q-HP column (GE

Healthcare) run using a linear salt gradient from 10 mM Tris-Cl, pH 8.0, 2 mM DTT (buffer A) to buffer A, 1M NaCl over 25 column

volumes. Finally, the eluates were run in PBS, 2 mM DTT on a Superdex 200 column (GE Healthcare). Peak fractions were

concentrated, snap frozen in small aliquots and stored at -80�C.
EB1 (in vector pGEX6P1) was expressed in E. coli Rosetta (DE3) cells at 18�C by IPTG induction, purified by chromatography with

Glutathione-Sepharose 4B (GE Healthcare) and eluted with reduced Glutathione using standard methods. EB1-GFP (in a modified

pET28 vector) was expressed similarly and purified by chromatography with NiNTA resin (Qiagen) and eluted with Imidazole using

standard methods. Purified GST-PreScission protease was added to the eluates and eluates dialysed against 10 mM Tris-Cl pH

8.0, 2 mM DTT. Subsequently, the eluates were subjected to ion-exchange chromatography on a Hi-Trap Q-HP column (GE Health-

care) run using a linear salt gradient from 10 mM Tris-Cl, pH 8.0, 2 mM DTT (buffer A) to buffer A, 1M NaCl over 25 column volumes.

Finally, the eluates were run in PBS, 2 mMDTT on a Superdex 200 column (GE Healthcare). Peak fractions were concentrated, snap

frozen in small aliquots and stored at -80�C. CEP164-NTD (CEP1641-109, optionally C-terminally tagged with GFP, both constructs in

vector pGEX6P1) that was used in the competition assay was purified as described above and equally subjected to a final gel-filtra-

tion step in PBS, 2 mM DTT on a Superdex 200 column (GE Healthcare).

Full-length 3xFLAG-TTBK2-2xStrep-tag II (Uniprot Q6IQ55, natural variant L8P) was expressed in Expi293 cells by transient

transfection for 48h, and purified from cells lysates (prepared by sonication and centrifugational clearing) by chromatography with

anti-FLAG M2 Affinity gel (Sigma, A2220) and eluted with 3xFLAG peptide (Sigma, F4799) in 50 mM HEPES pH 8.0, 100 mM

NaCl, 0.1% IGEPAL CA-630, 0.5 mM DTT. Eluates were incubated in the presence of Lambda-Protein-Phosphatase (Santa Cruz)

with Strep-Tactin Sepharose (IBA) beads, beads washed with 50 mM HEPES pH 8.0, 100 mM NaCl, 0.1% IGEPAL CA-630, 2 mM

DTT and then eluted with 6 mM D-Desthiobiotin (IBA) in 50 mM HEPES, 100 mM NaCl, 0.1% IGEPAL CA-630, 2 mM DTT, pH 7.8.

The eluted proteins were snap frozen in small aliquots and stored at -80�C.

Nanobody generation
Nanobodies against recombinant, purified human CEP1641-109 were supplied by VIB Nanobody Core (Vrije Universiteit Brussel

(VUB), 1050 Brussels). They were raised by injections of purified CEP1641-109 into a llama, followed by construction of a VHH library

from peripheral blood lymphocytes for phage display, phage display panning against CEP1641-109 and analysis of clones by anti-

CEP1641-109 ELISA and sequencing.

Protein crystallization
Nanobody 10Z/36Z and CEP1641-109 were mixed equimolar to a final concentration of 0.81 mM (Nanobody 10Z-CEP1641-109 com-

plex) or 1.16 mM (Nanobody 36Z-CEP1641-109 complex). Crystals of the corresponding protein-complexes were obtained in the

Wizard 2 screen (Emerald BioStructures, reservoir solution: 0.1 M Hepes, pH 7.5, 1.26 M ammonium sulfate) (10Z-CEP1641-109)

or in the JCSG+ suite (Qiagen, reservoir solution: 0.18 M tri-ammonium citrate, 20 % (w/v) PEG 3350) (36Z-CEP1641-109) by the

vapour diffusion method at 19�C using 100 nl protein solution and 100 nl of reservoir solution. Crystals were mounted after six

days in the mother liquor, to which PEG-400 was added to 30%, and frozen in liquid nitrogen.

Nanobody 36Z and the TTBK21074-1087-CEP1641-109 fusion protein were mixed equimolar to a final concentration of 1.38 mM.

Crystals of the corresponding protein-complex were obtained in the Emerald BioStructures Cryo 2 Screen (reservoir
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solution: 100mMAcetate, pH 4.5, 100mMNaCl, 30%PEG-200) by the vapour diffusionmethod at 19�Cusing 100 nl protein solution

and 100 nl of reservoir solution. Crystals were mounted after seven days in the mother liquor and frozen in liquid nitrogen.

X-ray crystallography data processing
Datasets were integrated using DIALS (Winter et al., 2018) and were scaled using AIMLESS (Evans andMurshudov, 2013). The struc-

ture of the Nanobody 10Z-CEP1641-109 complex was solved by molecular replacement with PHASER (McCoy et al., 2007) using the

nanobody of PDB 5VLV (with removed loops and as poly-alanine model, Tabares da Rosa et al., 2019) as a search model. Cycles of

refinement in REFMAC (Murshudov et al., 2011) and manual building in COOT (Emsley and Cowtan, 2004) allowed the complete

building of the nanobody 10Z structure. The electron density maps showed clear electron densities in regions not occupied by

the nanobody that tentatively could be assigned to CEP1641-109 residues. Placement of these residues and further refinement in

REFMAC (Murshudov et al., 2011) and PHENIX.REFINE (Afonine et al., 2012) andmanual building cycles in COOT (Emsley and Cow-

tan, 2004) allowed the successive building of a complete model of CEP1641-109 with high confidence.

The structure of theNanobody 36Z-CEP1641-109 complexwas solved bymolecular replacement with PHASER (McCoy et al., 2007)

using the nanobody of PDB 5VLV (with removed loops and as poly-alanine model, Tabares da Rosa et al., 2019) and the CEP1641-109

structure as searchmodels. Cycles of refinement in REFMAC (Murshudov et al., 2011) and PHENIX.REFINE (Afonine et al., 2012) and

manual building in COOT (Emsley and Cowtan, 2004) were used to build the structure of the Nanobody 36Z-CEP1641-109 complex.

The structure of the complex between Nanobody 36Z and the TTBK21074-1087-CEP1641-109 fusion protein was solved bymolecular

replacement with PHASER (McCoy et al., 2007) using the nanobody 36Z and the CEP1641-109 structure as search models. Cycles of

refinement in REFMAC (Murshudov et al., 2011) and PHENIX.REFINE (Afonine et al., 2012) andmanual building in COOT (Emsley and

Cowtan, 2004) were used to build the structures of nanobody 36Z and of CEP1641-109. The electron density maps showed clear elec-

tron densities close to the surface of theWWdomain of CEP1641-109 that were not occupied by the nanobody or CEP1641-109. Due to

a high connectivity and clear side-chain densities for TTBK2 R1076 and most of the TTBK21074-1087 proline residues, these electron

densities allowed the confident building of TTBK2 residues 1074-1084 in further refinement and building cycles.

Structure visualization and measurement of the angle between CEP1641-109 head and body structures were done in PyMOL

(The PyMOL Molecular Graphics System, Version 2.0 Schrödinger, LLC). GraphPad Prism Software v. 6.0 (GraphPad Software;

www.graphpad.com) was used to plot the result.

Pull-down assays
Pull-downs with full-length 3xFLAG CEP164 constructs

Flp-In T-REx 293 cells were transfected with a pcDNA 3.1 derivative vector (gift from R. Hegde, MRC-LMB) expressing (from a CMV

promoter) 3xFLAG tagged human CEP164 (Uniprot Q9UPV0, natural variant T988S) or 3xHA tagged human TTBK2 (Uniprot

Q6IQ55, natural variant L8P) constructs using Polyethylenimine (PEI MAX, MW 40000, Polysciences). Cells were lysed by sonicat-

ion in lysis buffer (PBS, 0.1% (v/v) IGEPAL CA-630, supplemented with Complete Protease Inhibitor (EDTA free, Roche)) and

lysates were cleared by centrifugation. Cleared lysates containing the 3xFLAG-tagged CEP164 constructs were added to anti-

FLAG M2 magnetic beads (M8823, Sigma). After incubation on a rotator for 1h at 4�C, beads were washed with lysis buffer and

the cleared lysates containing the 3xHA-tagged human TTBK2 constructs were added to the beads. After another incubation

on a rotator for 1h at 4�C, beads were washed with lysis buffer, eluted with SDS and eluates subjected to Western blotting using

a mouse monoclonal anti-FLAG antibody (F1804, Sigma) or a polyclonal rabbit antibody against the HA-tag (gift from R. Hegde,

MRC-LMB, Cambridge, UK).

Pull-downs with GST-CEP1641-109

Flp-In T-REx 293 cells were transfected with vector pEGFP-N1 containing TTBK21074-1087 constructs (cloned into pEGFP-N1 utilising

the Xho1-BamH1 restriction sites) using Polyethylenimine (PEIMAX,MW40000, Polysciences). Cells were lysed by sonication in lysis

buffer (PBS, 0.1% (v/v) IGEPAL CA-630, 2 mMDTT, supplemented with Complete Protease Inhibitor (EDTA free, Roche)) and lysates

were cleared by centrifugation. Cleared lysates were added to Glutathione-Sepharose 4B beads (GE Healthcare) onto which 60 mg of

purified GST or GST-CEP1641-109 constructs had been bound beforehand (in lysis buffer). After incubation on a rotator for 1h at 4�C,
beads were washed with lysis buffer and eluted with Laemmli Buffer. Eluates were subjected to Western blotting using a polyclonal

GFP antibody (Invitrogen, A11122).

Pull-downs with 3xFLAG EB1 constructs

Flp-In T-REx 293 cells were transfected with a pcDNA 3.1 derivative vector expressing (from a CMV promoter) 3xFLAG only, 3xFLAG

tagged human EB1 or 3xHA tagged human TTBK2 (WT orDPro-rich (D1074-1087)) constructs, using Polyethylenimine (PEIMAX,MW

40000, Polysciences). Cells were lysed by sonication in lysis buffer (PBS, 0.1% (v/v) IGEPAL CA-630, 0.1 mM DTT, supplemented

with Complete Protease Inhibitor (EDTA free, Roche)) and lysates were cleared by centrifugation. Cleared lysates containing the

3xFLAG or the 3xFLAG tagged EB1 construct were added to anti-FLAG M2 affinity gel (A2220, Sigma). After incubation on a rotator

for 1h at 4�C, beads were washed with lysis buffer and the centrifugationally cleared cell lysates containing the 3xHA-tagged human

TTBK2 constructs, mixed with � 0.4 mg/ml recombinant GST-CEP1641-109 (WT or Y73A, expressed in E.coli Rosetta, purified by

glutathione affinity chromatography and dialysed against PBS, 1 mM DTT), were added to the beads. After incubation on a

rotator for 1h at 4�C, beads were washed with lysis buffer, eluted with SDS and eluates subjected to Western blotting using a mouse

monoclonal anti-FLAG antibody (F1804, Sigma) or a polyclonal rabbit antibody against theHA-tag (gift of R. Hegde,MRC-LMB, Cam-

bridge, UK).
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Pull-downs with MBP-TTBK2 constructs

A total of 100 mg of purified CEP164-NTD-GFP or 100 mg of purified EB1 (optionally in the presence of a 10X molar excess of purified

CEP164-NTD) was added in 300 ml lysis buffer (PBS, 0.1% IGEPAL CA-630, 2 mMDTT) to Amylose resin (New England Biolabs) onto

which 30 mg of purifiedMBP-TTBK2 constructs (MBP-TTBK21033-1087 wild-type, EB1-binding deficient TTBK21051-1054 SKIP to AAAA,

or CEP164-NTD-binding deficient TTBK21076-1078 RPP to AAA) had been bound beforehand. After incubation on a rotator for 1h at

4�C, beads were washed with lysis buffer and eluted with Laemmli Buffer. Eluates were subjected to electrophoresis in a NuPAGE

4-12% gel (Invitrogen) and stained with Coomassie brilliant blue. In a similar set-up, we tested whether the presence of purified EB1-

GFP (in 10X molar excess) would affect CEP164-NTD-GFP binding to these MBP-TTBK2 constructs .

Autophosphorylation assay
Purified dephosphorylated full-length 3xFLAG-TTBK2-2xStrep-tag II (wild-type or kinase dead (KD, D163A)) produced in Expi293

cells were submitted to an auto-phosphorylation assay. A total of 30 mg of recombinant kinase was incubated with 2.0 mM ATP

and 2.0mMMgCl2 in a buffer containing 50mMHEPESpH8.0, 100mMNaCl, 2mMDTT (total reaction volume of 35 ml) for 10minutes

on ice in the presence or in the absence of 120 mg of purifiedCEP164-NTDWT or Y73Amutant. The reactionwas quenched by adding

10 ml Laemmli buffer and the product was analysed in a 8% SDS-PAGE (Tris-Glycine) gel stained with Coomassie brilliant blue.

Bioinformatics
Intrinsically disordered regionswere predicted using the followingmethods: AUCpreD (Wang et al., 2016),Multilayered Fusion-based

Disorder predictor (MFDp2,(Mizianty et al., 2013)) and SPOT-Disorder v1.0 (Hanson et al., 2017, 2019). The theoretical mean end-to-

end distance of protein intrinsically disordered regions was calculated based on the method described in (Fitzkee and Rose, 2004).

Circular dichroism (CD)
Measurements were made using a Jasco 815 Spectropolarimeter with a 0.1 cm cuvette and in PBS buffer. Spectra were recorded at

0.2 mg/ml concentration using a scan rate of 50 nm/min, bandwidth 1nm and were the average of 8 scans. Mean residue ellipticity

was calculated using

Qmrw = 0:1 3 Q=ð½conc:� 3 N 3 PLÞ
where Q is the measured signal in millidegree, N is the number of residues and PL the pathlength in cm, thereby allowing direct

comparison of the constructs of differing sequence lengths.

Thermal denaturation was followed at 222 nm with a bandwidth of 4 nm between 4 and 95�C and using a scan rate of 1�C/min.

Sample concentration was 0.2 mg/ml and Qmrw was calculated as above.

Isothermal titration calorimetry (ITC)
Binding interactions were studied using a Malvern Panalytical autoITC instrument at 25�C and in PBS buffer. The ITC method is

particularly sensitive to errors in the concentration of the ligand titrated from the instrument syringe added in excess of the binding

partner in the cell. For this reason, we chose to perform ITC experiments with the CEP1641-109 protein in the syringe and with the

target binding peptide (which contains no aromatics that would allow its quantification using UV absorbance) in the cell. We were

able to concentrate the protein up to the 1-3 mM stock concentrations required for the syringe with no evidence of aggregation.

ITC experiments were performed with 19 injections of 2 mL preceded by a small 0.5 mL pre-injection that was not used during curve

fitting. Control measurements of injections of CEP1641-109 protein into buffer were performed (WT and mutants where stocks of ma-

terials permitted) and these control heats were close to the values seen for buffer into buffer blank runs. All ITC binding data were

corrected with the appropriate control heats of dilution of CEP1641-109 and fitted using the one set of binding sites’ model in Malvern

Panalytical PEAQ software.

In our ITC experiments, the binding stoichiometry of the TTBK2-CEP164 (wild-type) complex was 0.7 (± 0.2 SD, n=5) across

different batches of CEP1641-109 preparations. This stoichiometry is lower than 1, the value expected for the 1:1 complexes typically

formed betweenWW domains and proline-rich binding motifs (PRBMs) and seen in the crystal structure of the TTBK2-CEP164 com-

plex (Figure 3A). This discrepancy is not large and may simply result from the fact that the fitted stoichiometry is poorly constrained

where titrations are performed with material in the ITC cell at or below the KD concentration (ITC c-value �1). It was not possible to

perform experiments at higher concentrations due to sample limitation and concerns over aggregation. However, we also note the

preponderance of prolines in the TTBK2 peptide that will be present in various combinations of cis-trans isomerization states in this

unstructured peptide. Some fraction of these states may be unable to bind CEP164 and their re-isomerization may be slow on the

timescale of ITC measurement thereby resulting in the underestimated binding stoichiometry that then reflects binding competent

fraction of peptide.

Stock peptide solution in the ITC cell was prepared byweight of lyophilizedmaterial to a notional 100 mM. This stock used for all ITC

measurements was then quantified using a commercial amino acid analysis service provided by New England Peptide (Gardner, MA

01440 USA).
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NMR
NMR spectra were recorded using Bruker Avance-III spectrometers operating at 1H frequencies of 600, 700 or 800MHz, each equip-

ped with 5 mm inverse cryogenically cooled probes, and with a sample temperature of 293 K unless otherwise stated. All samples

were prepared in physiological ionic strength buffer (25 mM aqueous sodium phosphate, 125 mM sodium chloride, at pH 7.4,

supplemented with 4 mM DTT and 1 pill of Complete Protease Inhibitor cocktail (EDTA free, Roche) per 250 ml) and degassed by

repeated cycles of vacuum or argon in the head space. Backbone and Cb resonance assignments were obtained for a 120 mM sam-

ple of 13C- and 15N-labelled protein, using standard triple resonance techniques and unmodified Bruker pulse programs. Aliphatic

sidechain resonance assignments were recorded from a 2D 1H-13C-HSQC, aided by 3D (H)CCH- and H(C)CH-TOCSY spectra. Side-

chain resonances of Tyr and Phe residues were assigned using 2D 1H-13C-HSQC selective for the aromatic region, and (HB)

CB(CGCD)HD and (HB)CB(CGCC-TOCSY)H spectra, and Trp sidechain assignments from 2D NOESY and DQF-COSY. Chemical

shifts were referenced to the 1H frequency of internal 210 mM dimethylsilapentanesulfonate (DSS) added to a 250 mM 15N-labelled

sample, with X-nuclei referenced according to IUPAC recommendations (Markley et al., 1998).

For structure determination NOE intensities were recorded for 500 mM 15N-labelled protein using a 2D 1H-1H-NOESY with 120 ms

NOE mixing time (tm) and excitation sculpting water suppression, with 1.5 seconds repetition delay, 512 and 2048 data points in t1
and t2, respectively and spectral widths of 8.4 kHz in both dimensions. Assignment was supported by 3D 13C-edited and 15N-edited
1H-1H-NOESY-HSQC spectra recorded with 100 ms tm, 800 MHz 1H.

Steady state {1H}15N-NOE data were acquired in duplicate as pseudo-3D spectra at 600 MHz 1H, interleaving rows with or without

120�1H pulses applied at 5 ms intervals throughout the 7 seconds recycle delay. Samples were 15N-labelled, at concentrations of

500 mM for WT protein, 320 mM for the Q11P mutant.

All NMR datasets were processed using TopSpin version 3 (Bruker) and analysed using NMRFAM-SPARKY (Lee et al., 2015).

NMR structure calculations
Initial structures were calculated using XPLOR-NIH (Schwieters et al., 2003). Distance restraints were categorised as strong (0-2.2 Å),

medium (0-3.0 Å), weak (0-4.0 Å) or very weak (0-5.5 Å), based on NOE intensity. Since the XPLOR-NIH calculations employed r-6

summation for all groups of equivalent protons and non-stereospecifically assigned prochiral groups, and since no stereoassign-

ments were made (and the assignment-swapping protocol within XPLOR-NIH for deriving stereoassignments indirectly during the

structure calculation itself was not applied), all distance restraints involving protons within such groups were converted to group re-

straints (by using wildcards such as HB*). All lower bounds were set to zero (Hommel et al., 1992). Backbone 4 and j torsion angle

restraints were derived from chemical shift indices, using the program TALOS+ (Shen et al., 2009). H-bond restraints with distance

ranges 0-2.2 Å for H...O and 0-3.2 Å for N...O, were included in the secondary structural elements identified in the initial structures and

confirmed empirically from the TALOS+ analysis. Structures were calculated from polypeptide chains with randomized 4 and j

torsion angles using a two-stage simulated annealing protocol within the program XPLOR-NIH, essentially as described in (Argentaro

et al., 2007).

The structures calculated in XPLOR-NIH were then subjected to a further stage of refinement using a full force field and an implicit

water-solvent model as implemented in the program AMBER 11 (Case et al., 2005). Calculations comprised initial minimization (200

steps steepest descent then 1800 steps conjugate gradient), then two rounds of 20 ps of simulated annealing (each comprising

5000 x 1 fs-steps heating from 0 - 500 K; 13000 x 1 fs-steps cooling to 100 K; 2000 x 1fs-steps cooling to 0 K) and final minimization

(200 steps steepest descent then 1800 steps conjugate gradient). The experimental distance and torsion angle restraints were

applied throughout, and force constants for the distance restraints were increased during the simulated annealing to final values

of 20 kcal mol-1Å-2 for distance restraints, 20 kcal mol-1rad-2 for 4 and j torsion angle restraints and 50 kcal mol-1rad-2 for u torsion

angle restraints. Implicit solvent representation using the generalized Born method (Xia et al., 2002) was employed throughout

(igb=1), and Langvin temperature control was used (ntt=3; gamma_ln=5).

The program CLUSTERPOSE (Diamond, 1995) was used to calculate the mean rmsd of ensembles to their mean structures, Ram-

achandran statistics were evaluated using PROCHECK-NMR (Laskowski et al., 1993; Laskowski et al., 1996) and structures were

visualized using the program PyMOL (The PyMOL Molecular Graphics System, Version 1.8 (Schrödinger, LLC, 2015)).

Ciliogenesis rescue experiments
hTERT RPE-1 CEP164 knockout cells (gift from C. Morrison, (Daly et al., 2016)) were cultured in DMEM/F12 supplemented with

10% FBS, 1% L-Glutamine (all from ThermoFisher), and 13 penicillin/streptomycin (Biosera). 24h after seeding cells on glass

coverslips, they were transfected with 0.5mg of indicated plasmid (3XFLAG-CEP164 WT, 3XFLAG-CEP164 Q11P or 3XFLAG-

CEP164 R93W) using Lipofectamine 3000 (ThermoFisher). The culture medium was exchanged 3h after transfection. To induce

ciliogenesis, the cells were starved in 0.1% FBS medium 48h after transfection for 24 h. Cells were then fixed by ice-cold MeOH,

2x washed in PBS, blocked in blocking buffer (1% BSA in PBS), and stained with following primary and secondary antibodies:

anti-FLAG (mouse, F1804, Sigma), anti-ARL-13B (rabbit, 17711-1-AP, Proteintech) directly labeled anti-CETN1-Alexa Fluor 647

(12794-1-AP, Proteintech labeled using Alexa Fluor� 647 Antibody Labeling Kit A20186, Invitrogen), anti-mouse Alexa Fluor 488

(R37114, Invitrogen), anti-rabbit Alexa Fluor 568 (A10042, Invitrogen). Prior to the incubation with anti-CETN1 Alexa Fluor 647,

blocking with normal rabbit IgG (sc-2027, Santa Cruz Biotechnology) was done. Coverslips were mounted using Glycergel

(Agilent).
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Microscopy analysis was done on DeltaVision Elite microscope (GEHealthcare) with a 1003/Zeiss Plan-ApoChromat 1.4 objective

andDeltaVision softWoRx acquisition software. Flag-positive cells as well as control untransfected cells were counted and inspected

for ARL-13B signal. The image stacks were deconvolved with three cycles of conservative ratio deconvolution algorithm using soft-

WoRx, and directly projected as maximal intensity images.

QUANTIFICATION AND STATISTICAL ANALYSIS

For ITC, dissociation constant (KD) data are presented asmean ±SD of n independent experiments, as indicated in Table 1. ForWest-

ern blot experiments, band intensity was quantified in ImageJ software (Schneider et al., 2012). Band intensity data are presented as

mean ±SD of n=3 independent replicates (Figures 3D, 3F, S1A, and S1B). Statistical significance between WT and mutants was

analysed by a paired, two-tailed t-test in Microsoft Excel (Figure 3F). For ciliogenesis rescue assays (Figure 3H), data are presented

asmean percentage of ciliated cells ±SEM. Statistical significance between the groups was analysed by one way ANOVAwith Holm-

Sidac post-hoc test using GraphPad Prism Software v. 6.0 (GraphPad Software; www.graphpad.com) from n=5 independent exper-

iments, with N=10-20 cells per condition (total number of cells: NWT=66, NQ11P=58, NR93W=55, and Nuntransfected=57).
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Vladimı́r Varga,
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SUMMARY

Primary cilia are hair-like sensory organelles protruding from the surface of most
human cells. As cilia are dynamic, several aspects of their biology can only be re-
vealed by real-time analysis in living cells. Here we describe the generation of pri-
mary cilia reporter cell lines. Furthermore, we provide a detailed protocol of how
to use the reporter cell lines for live-cell imaging microscopy analysis of primary
cilia to study their growth as well as intraciliary transport.
For complete details on the use and execution of this protocol, please refer to
Bernatik et al. (2020) and Pejskova et al. (2020).
BEFORE YOU BEGIN

In this protocol, we describe live-cell imaging analysis of primary cilia in the human cell line hTERT-

RPE-1. For this purpose, appropriate ciliary markers, such as a small GTPase ARL13b (Caspary et al.,

2007) or an intraflagellar transport (IFT) protein IFT74 (Bhogaraju et al., 2013) are coupled to a fluo-

rescent tag. We begin with a brief outline of a suitable cloning strategy. Subsequently, we describe

two approaches for the derivation of cell lines stably expressing mNeonGreen-ARL13b or mNeon-

Green-IFT74 cilia reporters. The first strategy is based on Flp-InTM T-RExTM system (developed by

Invitrogen / Thermo Fisher Scientific), allowing stable integration of gene of interest (GOI) specif-

ically into a defined locus. The second one utilizes retroviral transduction. If your goal is to prepare

a system with two different transgenes, consider using a combination of ‘‘Flp-InTM T-RExTM and vi-

rus’’ or ‘‘two viruses’’. The whole procedure described here is easily adaptable as a ‘‘complete pipe-

line’’, from its beginning to the end. Alternatively, only specific parts may be selected, depending on

the available tools and the experimental question tested. When planning the experiments, it should

be noted that preparation of the reporter cell lines and their validation will require at least several

weeks. Importantly, the work involving the production of retroviral particles has to be carried out

in a lab suitable for the production of viruses (biosafety level 2 (BSL-2)). The protocol below describes

the specific steps using the human cell line hTERT-RPE-1. However, we have also carried out parts of

this protocol in HEK293T, NIH3T3, and IMCD3 cells. Before starting, all reagents should be

prepared as described below.
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Cloning of GOI into expression vectors

Timing: � one week

Cloning of gene of interest (GOI), such as ARL13b or IFT74, into an expression vector suitable for the

generation of cilia reporter cell line using either the Flp-InTM T-RExTM system (e.g., pgLAP1_Neo) or

retroviral transduction (e.g., Murine stem cell virus pMSCV-N-mNeonGreen-IRES-PURO), is in both

cases best achieved by using the Gateway cloning system (Thermo Fisher Scientific). Other cloning

methods might also work fine. For the Gateway cloning please follow the manufacturer’s guidelines

(www.thermofisher.com). Importantly, one has to consider whether the N- or C-terminal tagging of

the selected protein interferes with its function (localization). Therefore, please bear in mind that the

vectors mentioned above only allow for the N-terminal tagging.

Note: The mNeonGreen tag offers several advantages over GFP in terms of stability, bright-

ness, and resistance to photobleaching, even when using regular GFPmicroscopy filters. It has

an excitation maximum at 506 nm and an emission maximum at 517 nm (Shaner et al., 2013).

However, the use of mNeonGreen is subjected to a license from Allele Biotechnology

(Allelebiotechnology.com), while the use of other fluorescent tags, such as GFP or mCherry,

is not restricted.

Note: The expression and the correct ciliary localization of the tagged protein of interest

should be always verified. Consider using immunofluorescence (IF) microscopy, Western blot-

ting (WB), or ideally both. In the case of both ARL13b and IFT74, we have used their N-termi-

nally tagged variants that displayed subcellular localization identical to their endogenous

counterparts. We observed, however, that ARL13b over-expression in hTERT-RPE-1 leads

to slightly longer primary cilia if compared to non-transfected cells, in agreement with an

earlier report (Larkins et al., 2011). To assess the functionality of the tagged protein, a gold

standard is a rescue experiment using knockout (KO) cells (Prasai et al., 2020) or following

RNAi-mediated depletion.

Generation of stable cell lines using Flp-InTM T-RExTM system

Timing: typically 3–4 weeks

The following paragraph describes a generation of a reporter cell line expressing a protein of inter-

est from a specific genomic locus under the control of a doxycycline (DOX)-inducible promoter (Fig-

ure 1). The Flp-InTM T-RExTM system (www.thermofisher.com) works very well for that purpose. The

main advantage of this approach is that the stable cell lines derived from the same parental cells

have the GOI integrated in the same site (Ward et al., 2011). This typically leads to a more uniform

level of expression across the population, in contrast to random, multiple site integrations of viral

vectors. In turn, typically only polyclonal selection of stable Flp-InTM T-RExTM transfectants is

required. The main limitation of this system is the need for the Flp-InTM T-RExTM parental cell line.

To study ciliogenesis, the hTERT-immortalized retinal pigment epithelial cell line, hTERT-RPE-1

(available from ATCC), is probably the most commonly used cell line. In our experience, this cell

line is well suitable for live-cell imaging experiments, as their cilia are typically oriented in the imag-

ing plane. Its Flp-InTM T-RExTM derivate has been recently published (Bernatik et al., 2020; Pejskova

et al., 2020). Alternatively, the Flp-InTM T-RExTM parental cell line can be derived from the hTERT-

RPE-1 cells or any other cell line suitable to study ciliogenesis (e.g., NIH3T3, IMCD3, etc.) by

following these instructions (www.thermofisher.com). It is important to bear in mind that most

Flp-InTM T-RExTM – compatible expression vectors (e.g., pgLAP1 (Addgene plasmid #19702) or

pgLAP2 (Addgene plasmid #19703)) use hygromycin resistance as a selection marker, which is not

suitable for use in hTERT-RPE-1; hygromycin was used for selection of hTERT expressing clones

when this cell line was originally established. As PURO resistance (PAC gene) was introduced into
2 STAR Protocols 3, 101199, March 18, 2022
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Figure 1. Schematic of the generation of stable cell lines using the Flp-InTM T-RExTM system

Generation of a reporter cell line expressing a protein of interest (in our case IFT74) from a specific genomic locus

under the control of a doxycycline (DOX)-inducible promoter. Flp-InTM T-RExTM parental cell line (e.g., hTERT-RPE-1

Flp-InTM T-RExTM) is co-transfected with pgLAP1_Neo/pgLAP2_Neo or derivatives encoding the GOI, and pOG44

plasmid, encoding the Flp recombinase. Due to the low activity of the Flp recombinase in typical cell culture

conditions, we recommend the ratio of pgLAP1 Neo-GOI to pOG44 plasmid to be at least 1:29. The selection of stably

transfected cells should start no earlier than 24 h post-transfection, by replacing the medium with a fresh one

supplemented with G418 and blasticidin (blasticidin resistance comes with the Flp-InTM T-RExTM cassette). The

expression of the integrated transgene in the generated reporter cell line is then induced by addition of DOX in the

culture medium.
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the cells on the same plasmid as hygromycin resistance (‘‘PURO resistance’’), we highly recommend

using expression vectors with neomycin resistance (G418-based selection), such as pgLAP1_Neo

(Pejskova et al., 2020), pgLAP2_Neo (Bernatik et al., 2020), or pGFT1.1 (mNeonGreen derivate of

pgLAP1_Neo vector).

1. hTERT-RPE-1 Flp-InTM T-RExTM cells are seeded on two or more 6 cm culture dishes (�45 3 103

cells per cm2). The cells are grown for 1–2 days to �80% confluency. This typically gives the best

performance in terms of the transfection efficiency and survival.

Note: Prepare one dish per each planned stable cell line, and one additional dish to serve as

negative control.

2. Cells are then co-transfected with pgLAP1_Neo/pgLAP2_Neo or derivatives encoding the GOI,

and pOG44 plasmid, encoding the Flp recombinase (Ward et al., 2011). Negative control is trans-

fected only with pOG44 plasmid.

Note:We have derived most of our cell lines following transfection using Lipofectamine 3000

(https://tools.thermofisher.com/content/sfs/manuals/lipofectamine3000_protocol.pdf), but

other methods might work just as well.

CRITICAL: Due to the low activity of the Flp recombinase in typical cell culture conditions,
we recommend the ratio of pgLAP1_Neo-GOI to pOG44 plasmid to be at least 1:29. For
STAR Protocols 3, 101199, March 18, 2022 3

https://www.atcc.org/products/mba-141
https://www.atcc.org/products/mba-141
https://www.atcc.org/products/mba-141
https://tools.thermofisher.com/content/sfs/manuals/lipofectamine3000_protocol.pdf


ll
OPEN ACCESS Protocol
optimal performance, we suggest the total amount of transfected DNA per 80% confluent

6 cm culture dish (with surface area�21.5 cm2) not to exceed 3 mg (2.9 mg of pOG44: 0.1 mg

of pgLAP1_Neo).
3. The selection of stably transfected cells should start no earlier than 24 h post-transfection

a. Replace the medium with a fresh one supplemented with G418 (typically 400 mg/mL, please

see notes below), and blasticidin (10 mg/mL, to keep selection pressure for the integrated

pcDNA6/TR plasmid of the T-REx system).

b. The medium is initially replaced every 3 days until all cells in the negative control condition die

out, then the intervals can be prolonged to 5 days. Note that 1–2 weeks after the selection start

most of the cells should die and small colonies of resistant cells should be visible upon visual

inspection of the plate. Consider marking the position of the colonies on the bottom of the

dish.

c. Within additional 5–10 days the colonies of resistant cells are usually sufficiently large

(� hundreds of tightly packed cells), so can be trypsinized and transferred to a new

growth vessel (1 well of 24-well plate or 6-well plate, depending on the total number of cells).

Troubleshooting 1

Optional: Consider freezing down a backup sample for cryopreservation when passaging the

cells.

4. During the expansion of the cells

a. the expression of the integrated transgene should be verified by WB or IF microscopy.

b. Cryopreserve the expanded cells with verified transgene expression.

c. Keeping the selection pressure (G418 and blasticidin) after thawing a frozen vial is recommen-

ded, but not strictly necessary. Let the cells recover for about 24 h post-thawing before the

selection antibiotics are added.

Note: Searching the literature will give an estimate of a working dose for a given antibiotic and

cell line, respectively (e.g., �400 mg/mL G418 for hTERT-RPE-1). As the effectiveness of anti-

biotics selection depends on several factors, we recommend determining its optimal concen-

tration in your particular cell line and culture conditions before the actual experiment. Gener-

ally, at least 3–4 different concentrations are tested to ensure complete killing within 5–7 days.

Note: Always consider including a condition transfected only with pOG44 plasmid to serve as

a negative control for the subsequent selection of stable transfectants. We suggest visually

inspecting the cells about 4–6 h post-transfection, in case of pronounced signs of post-trans-

fection toxicity, we recommend replacing the medium with a fresh one immediately.

Note:DOX typically induces sufficient expression at dose range 0.01–1 mg/mL within 24–48 h,

however, the optimal time window will always reflect the used GOI and the actual experi-

mental question.

Preparation of viral particles

Timing: 4 days

In the following section, we describe the production of viral particles based on the pMSCV retroviral

backbone (pMSCV-mNeonGreen vector with GOI of choice (e.g., ARL13b)) (Figure 2). Viral transduc-

tion is a fast and efficient way to generate stable transfectants in virtually any cell line. The limitation

is typically heterogeneous expression levels of the transgene across the population (multiple inte-

gration sites, silencing over time), so we highly recommend enriching the population with the

desired expression level by cell sorting or eventually isolating individual clones.
4 STAR Protocols 3, 101199, March 18, 2022



Figure 2. Schematic of the generation of stable cell lines using viral transduction

Note, that significant part of this procedure needs to be performed in Biosafety level (BSL)-2 lab. pMSCV-

mNeonGreen retroviral backbone with the GOI (e.g., ARL13b) is transfected into virus producer cells (here we used

Phoenix-Ampho cell line, capable of producing Gag-Pol and envelope protein). Viral particles-enriched medium is

subsequently collected and used to infect the target cells (e.g., hTERT-RPE-1) thus generating a stable reporter cell

line.
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For the production of retroviruses, we have used Phoenix-Ampho cell line, a second-generation

retrovirus producer cell line derived from HEK 293T, which is capable of producing Gag-Pol and en-

velope protein. The viral particles generated by this cell line can infect most mammalian cell lines.

Alternatively, Phoenix-Eco producer cell line can be used in situations when Phoenix-Ampho is

not optimal (e.g., mouse fibroblasts). Both Phoenix-Ampho and Phoenix-Eco cell lines, derived by

the Nolan lab (Swift et al., 1999), can be obtained from ATCC. Other suitable packaging systems

might work as well.

The following protocol describes the preparation of 9mL of viral particles-enrichedmedium, which is

sufficient for subsequent transduction of target cells in 9 wells on a 12-well plate or 4–5 wells of a 6-

well plate.

5. Day 1: Seed the production cell line Phoenix-Ampho in HEK complete medium in a 25 cm2 culture

flask. We have obtained the best transfection efficiency when transfecting the cells the next day

when �80% confluent.

6. Day 2:

a. Before the transfection, carefully change the medium for the Phoenix transfection medium.

3 mL media is typically sufficient to fully cover the surface of the 25 cm2 cell culture flask.

b. Prepare a transfection mix to transfect the cells using polyethylenimine (PEI) - mix 300 mL OP-

TIMEM, 8 mg of pMSCV-mNeonGreen vector with GOI of choice (e.g., ARL13b), and 20 mL PEI

solution.

c. Briefly vortex and spin down using a tabletop centrifuge (10.000 g, 10 s, RT).

d. Following incubation (10 min, RT), add the transfection mixture dropwise to the medium in the

flask and mix carefully by gently swaying the flask.

IMPORTANT: All the following steps need to be PERFORMED IN THE VIRAL PRODUCTION SUIT-

ABLE LAB (BSL-2), see ‘‘CRITICAL’’ section of this part of the protocol.
STAR Protocols 3, 101199, March 18, 2022 5
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7. Transfer the cells to viral production suitable lab (equipped with a laminar flow hood, centrifuge,

and cell culture CO2 incubator). After �3 h replace the medium for a Viral particles production

medium (3 mL, pre-heated).

8. Day 3:

a. We recommend collecting the viral particles-enriched medium every 12 h for 36 h (getting in

total 9 mL of virus-containing medium). Keep the falcon tube with the collected viral particles-

containing medium at 4�C in between the collection steps.

b. Add Viral particles production medium (3 mL, pre-heated) after each collection.

9. Day 4:

a. Pool the collected viral particles-enriched medium.

b. Filter the pre-cleared media using 0.45 mm low-binding syringe filters. Troubleshooting 2

Optional: If your viral particles-enriched medium has a lot of debris, consider a short spin

(3,000 g, 5 min, 4�C) before the filtration step (9b).

Pause Point: The collected viral particles-enriched medium may be used immediately, or

stored at �80�C, aliquoted in cryotubes. Try to avoid multiple freezing-thawing cycles.

CRITICAL: Work carefully with the Phoenix-Ampho retrovirus producer cell line, when col-
lecting/replacing the medium. The cells tend to easily detach from the surface of a culture

plastic when handled harshly. The cells detach immediately in case a cold medium is used,

therefore usage of the preheated medium is essential.
6

CRITICAL: Perform all the viral particles-related work in an accordingly equipped cell
culture lab suitable for viral production (BSL-2). Use appropriate personal protective

equipment at all times. Avoid sharing equipment (such as micropipettes) with ‘‘non-

viral’’ labs, always use filter tips. All virus-containing waste has to be treated with appro-

priate disinfectant (e.g., Alcohol-based rapid disinfectant Bacillol), put in a sealed plastic

bag, and discarded in a biohazard waste container. The workspace (i.e., laminar flow cell

culture hood) needs to be disinfected using appropriate disinfectant and UV light after

each use. Take into account that viral particles-related work rules can differ in your insti-

tution/country.
Note: We typically employ PEI-based transfection (Longo et al., 2013), to transfect the

Phoenix-Ampho cells, step 6b. Other transfection vehicles such as Calcium phosphate or

lipid-based reagents are also suitable.

Note: Cells producing large quantities of the virus will typically stop proliferating and change

their morphology. Consider monitoring that as a sign the procedure proceeds as expected.
Generation of reporter cell lines using viral transduction

Timing: �1 week

This section covers the production of cilia reporter hTERT-RPE-1 cell line using retroviral particles

(we use here pMSCV-mNeonGreen-ARL13b retrovirus, please see the previous section). The choice

of the appropriate cell line to transduce depends on the design of the planned experiment and the

experimental question tested. If you are aiming to prepare a system with two different transgenes,

consider using a combination of ‘‘Flp-InTM T-RExTM and virus’’ or ‘‘two viruses’’ (please see the Notes

further). Alternatively, any suitable cell line can be used (e.g., hTERT-RPE-1, NIH3T3, IMCD3,

MDCKII). Again, all virus-related work needs to be carried out in VIRAL PRODUCTION SUITABLE

LAB (BSL-2).
STAR Protocols 3, 101199, March 18, 2022
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10. Following trypsinization, prepare the appropriate volume of target cell suspension (here we

used about 50.000 cells/well of the 12-well plate) and centrifuge (200 g, 4 min) in a 1.5 mL tube.

11. Resuspend the cell pellet in 1 mL of the collected viral particles-enriched medium (either

freshly prepared or thawed in a water bath at 37�C, see the previous part of the protocol)

with the addition of 5 mg/mL polybrene (1 mg/mL stock) and transfer the cell suspension to

the plate.

12. Following the transduction (minimum 4 h, maximum overnight), wash the cells with PBS and add

preheated cultivation medium. Longer incubation may improve transduction efficiency.

Consider PBS washing and replacing themedium daily, passage the cells when�80% confluent.

Troubleshooting 3

Note: We recommend replacing the medium at least 5 times and passage the cells at least

once (including the change of the culture plastic) before they can be considered free of any

remaining virus particles (bear in mind the biosafety rules at your institute may differ). Until

then it is advised to work with the cells as if they still contained the virus – so they should

be handled only in VIRAL PRODUCTION SUITABLE LAB (BSL2).

13. During the expansion of the transduced cells, the expression of the integrated transgene should

be verified by WB or IF microscopy. Cryopreserve the expanded cells with verified transgene

expression and correct localization.

Optional: If your vector carries a suitable resistancemarker, youmay choose to apply selection

antibiotics (e.g., G418, Puromycin, etc.) to enrich for the transduced cells. Do not forget to

have one extra well as ‘‘non-transduced control’’, which will be used to assess the selection

efficiency. Searching the literature will give an estimate of a working dose for a given antibiotic

and cell line, respectively. As several factors are affecting the efficient dose of the antibiotic,

we recommend determining the optimal concentration of the antibiotic of choice in your

particular cell line and culture conditions before the actual experiment. In the case of G418,

at least 3–4 different concentrations should be tested to ensure complete killing within 5–

7 days. Note that the pMSCV vector has a selection marker for Puromycin, which is suitable

for efficient selection of transductants in e.g., NIH3T3 or IMCD3 cells, but not so much for

hTERT-RPE-1 (see before).

Note: Retroviral transduction and Flp-InTM T-RExTM technology can be combined. This is

particularly handy in experiments such as live-cell imaging microscopy when a versatile

system allowing simultaneous expression of several transgenes (one ‘‘marker’’ and one

‘‘tested’’ gene) is needed (e.g., loss-of-function rescue type of experiment or functional

testing of potential dominant-negative effects of a transgene of choice). To give a spe-

cific example, we have recently described Flp-InTM T-RExTM hTERT-RPE-1 cells lacking

Tau tubulin kinase 2 (TTBK2) (Bernatik et al., 2020), a key regulator of primary cilia as-

sembly (Goetz et al., 2012). Subsequently, pgLAP2_Neo-TTBK2 was used to express

FLAG-TTBK2 in a DOX-inducible manner from the Flp-InTM locus. In turn, these cells

were transduced by pMSCV-mNeonGreen-ARL13b retrovirus. Inducible expression of

FLAG-TTBK2 restored formation of mNeonGreen positive primary cilia, which can be

monitored directly in living cells, as described in detail in the following section (see Fig-

ure 16 for expected outcome).

Note: It is also possible to transduce the same cell line with two or more pMSCVs with spec-

trally distinct fluorescent tags. In the case of using multiple pMSCV vectors bearing the same

antibiotic resistance gene, the resulting cell line must be sorted for positive cells based on the

signal of the fluorescent tags. Using this approach, we successfully generated multiple dou-

ble-tagged cell lines with the combination of mNeonGreen and mCherry fluorescent tags (un-

published data).
STAR Protocols 3, 101199, March 18, 2022 7
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CRITICAL: The population of cells after transduction typically shows a rather heteroge-
neous expression of a transgene. Moreover, the majority of loci used for the integration

by retroviruses are silenced (Mok et al., 2007). Given that, we strongly recommend enrich-

ing for cells with the desired level of transgene expression, for instance by fluorescence-

activated cell sorting (FACS). Alternatively, patches of cells expressing the transgene can

be also isolated from culture plates manually. Once isolated, these cells should be quickly

expanded and cryopreserved in sufficient numbers for later use. Sorting out the desired

cell population is even more pertinent if no efficient antibiotic selection is available. We

emphasize occasional monitoring of the level of expression of the transgene when

routinely propagating these cells. If a notable drop in the number of transgene-positive

cells is observed (when compared to the starting point) we suggest thawing a low passage

vial of these transductants or to re-sort the cell population by FACS to again enrich for

cells expressing the transgene at a sufficient level.
KEY RESOURCES TABLE
GENT or RESOURCE SOURCE IDENTIFIER

ibodies

yclonal Anti-ARL13B antibody
duced in rabbit

Proteintech Cat# 17711-1

noclonal Anti-g-Tubulin
ibody produced in mouse

Sigma-Aldrich/Merck Cat# T6557

nkey anti-Rabbit IgG Secondary
ibody, Alexa Fluor 568

Thermo Fisher Scientific Cat# A10042

nkey anti-Mouse Secondary
ibody, Alexa Fluor 647

Thermo Fisher Scientific Cat# A-31571

micals, peptides, and recombinant proteins

illol AF Hartmann Cat# 975075

sticidin S Sigma-Aldrich/Merck Cat# 15205

EM, high glucose,
taMAX� Supplement, pyruvate

Gibco/Thermo Fisher Scientific Cat# 31966021

EM/F-12, no glutamine Gibco/Thermo Fisher Scientific Cat# 21331020

xycycline Hydrochloride,
dy-Made Solution

Sigma-Aldrich/Merck Cat# D3072-1ML

Ultra-low endotoxin Biosera Cat# FB-1101/500

oroBrite DMEM Thermo Fisher Thermo Fisher Scientific Cat# A1896701

8 Roche Cat# 4727878001

lutamine Biosera Cat# XC-T1715/100

ofectamine 3000 Invitrogen/Thermo Fisher Scientific Cat# L3000-008

TIMEM Gibco/Thermo Fisher Scientific Cat# 31985070

icillin/Streptomycin Biosera Cat# XC-A4122/100

ybrene Sigma-Aldrich/Merck Cat# H9268

yethylenimine (PEI) Sigma-Aldrich/Merck Cat# 408727

psin-EDTA Solution 0.05% Serana Cat# RTL-003-100ML

ss Immersol Immersion oil 518 F Carl Zeiss Cat# 444960-0000-000

ss Immersol Immersion oil W 2010 Carl Zeiss Cat# 444969-0000-000

erimental models: Cell lines

RT-RPE-1 Flp-In� T-REx� (human) a gift from E. Nigg (University of Basel) Bernatik et al., 2020

enix-Ampho (human) ATCC Cat# CRL-3213

ombinant DNA

FT1.1 Derivative of the pgLAP1_Neo with EGFP tag replaced
by mNeonGreen.

N/A

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

pgLAP1_Neo Derivative of the pgLAP1 (a gift from P. Jackson,
Stanford University School of Medicine; addgene
Plasmid #19702) with Hygromycin resistance gene
replaced by G418 (Neomycin) resistance gene for
selection of RPE-1 cells

(Bernatik et al., 2020; Pejskova et al., 2020)

pgLAP2_Neo Derivative of the pgLAP2 (a gift from P. Jackson,
Stanford University School of Medicine; addgene
Plasmid #19703) with Hygromycin resistance gene
replaced by G418 (Neomycin) resistance gene for
selection of RPE-1 cells

(Bernatik et al., 2020; Pejskova et al., 2020)

pMSCV-N-mNG-IRES-PURO The plasmid MSCV-N-FLAG-HA-IRES-PURO (a gift
from W. Harper, Harvard Medical School; addgene
plasmid #41033 (Sowa et al., 2009)), was modified by
replacing FLAG-HA with mNeonGreen.

(Kiesel et al., 2020)

pOG44 Thermo Fisher Scientific V600520

Software and algorithms

Fiji (Schindelin et al., 2012) version 2.1.0; https://imagej.net

ZEN Black Carl Zeiss version 2.3 SP1

ZEN Blue Carl Zeiss version 2.6

NIS Elements Advanced Research (Ar) Nikon version 5.02

Other

biosafety level 2 flow box +
centrifuge and microscope

N/A N/A

CELLVIEW CELL CULTURE
SLIDE, PS, 75/25 MM,

Greiner Bio-One Cat# 543079

glass bottom dish with 20 mm micro-well Cellvis Cat# D35-20-1.5-N

m-Slide 8 well chamber slide IBidi ibiTreat; Cat# 80826

table top centrifuge N/A N/A
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MATERIALS AND EQUIPMENT
HEK complete medium

Reagent Final concentration Amount

DMEM 89% 445 mL

FBS 10% 50 mL

P/S 1% 5 mL

Total n/a 500 mL

RPE-1 complete medium

Reagent Final concentration Amount

DMEM/F-12 88% 440 mL

10% FBS 10% 50 mL

L-glutamine 1% 5 mL

P/S 1% 5 mL

Total n/a 500 mL

Phoenix transfection medium

Reagent Final concentration Amount

DMEM 99.50% 49.75 mL

FBS 0.50% 0.25 mL

Total n/a 50 mL

STAR Protocols 3, 101199, March 18, 2022 9
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Imaging medium

Reagent Final concentration Amount

FluoroBrite DMEM 98% 490 mL

L-glutamine 1% 5 mL

P/S 1% 5 mL

Total n/a 500 mL

Viral particles production medium

Reagent Final concentration Amount

DMEM 90% 45 mL

FBS 10% 5 mL

Total n/a 50 mL
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Note: All prepared media can be stored in a fridge (4�C) for several months.
PEI Solution

Reagent Final concentration Amount

PEI 2 mg/mL 80 mL

PBS (pH 7.2) n/a 40 mL

Total n/a 80 mL
Note: Prepared solution can be stored in a fridge (4�C) for several months.
Phoenix transfection mixture

Reagent Final concentration Amount

OPTIMEM n/a 300 mL

pMSCV-mNeonGreen with GOI of choice (ARL13b) n/a 8 mg

PEI Solution n/a 20 mL

Total n/a n/a

10
CRITICAL: Antibiotics (such as Penicillin/Streptomycin, G418, etc.) are considered harm-
ful, use appropriate protection when working with them (wear gloves, use cell culture

hood).
STEP-BY-STEP METHOD DETAILS

Analysis of time-lapse videos to study primary cilia dynamics

Timing: 3–4 days

Here we describe in detail the analysis of primary cilia growth/resorption in living cells on the

example of mNeonGreen-ARL13b cell line prepared in the previous steps.

1. Day 1: Seed the cells (here we used hTERT-RPE-1 Flp-In T-REx TTBK2 KO cells (Bernatik et al.,

2020) with DOX-inducible expression of FLAG-TTBK2 and constitutive mNeonGreen-ARL13b re-

porter) in a RPE-1 complete medium supplemented with DOX on a 10-well glass-bottom CELL-

VIEW CELL CULTURE SLIDE, PS, 75/25 MM at a high density (�25.000–30.000 cells per well).
STAR Protocols 3, 101199, March 18, 2022
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Note: Typically we use DOX in 1 mg/mL final concentration, please see DOX optimization step

in the section ‘‘Generation of stable cell lines using Flp-InTM T-RExTM system’’.

Note:Other types of chamber slides can also be used here. Throughout this protocol we used

CELLVIEW CELL CULTURE SLIDE or IBidi m-Slide. We recommend choosing CELLVIEW CELL

CULTURE SLIDE for long-term experiments such as cilia growth/resorption analysis. Their

black chambers offer better protection from light during adjacent well imaging. Moreover,

the area of the chamber is smaller and volume of the medium higher, thus decreasing the

risk of medium evaporation compared to IBidi m-Slide.

Note: For the imaging setup using LSM800 (described below) it is advised to use adjacent

wells and limit the analysis to 3 conditions (3 wells) maximum to reduce the movement of

the slide during imaging. Increasing the number of wells/conditions comes hand in hand

with increased time the microscope needs to move between each condition/well and

increasing the chance the immersion runs dry.

2. Day 2 (the exact timing may differ in respect to your experimental treatment): Depending on the

biological question, this is probably the time to treat the cells as needed (e.g., small molecules,

siRNA transfection, etc.).

3. Day 3 (the exact timing may differ in respect to your experimental treatment):

a. Wash the cells with PBS or serum-free low auto-fluorescence FluoroBrite medium (imaging

medium) to remove the remnants of the previous media.

b. Add Imaging medium (supplemented with 1 mg/mL of DOX) to the cells to promote ciliogen-

esis. Add as much medium as possible in the well to prevent its evaporation during the long

imaging (we typically use about 300 mL/well).

c. Depending on the experimental question either proceed directly to live-cell imaging to

monitor the growth of the cilia.

d. Or starve the cells for 24 h to promote cilia formation, and before imaging add Imaging me-

dium with 10% FBS (supplemented with 1 mg/mL of DOX, see above) to monitor cilia resorp-

tion.

Time-lapse live imaging of cilia dynamics acquisition

Given that live cells growing on the surface of the slide are to be imaged in this setup, an inverted

microscope system is required. To keep the cells in optimal conditions throughout the whole imag-

ing session (in our case up to 16 h), it is necessary to use a microscope equipped with an environ-

mental chamber, which allows precise control of temperature, humidity, and CO2 levels. The

confocal microscope compared to a widefield microscope offers a better signal-to-background

noise ratio which might be helpful to extract the specific signal in cells with a higher background

signal as seen in our reporter cell line. Inside living tissue, the important events can occur deep within

the specimen, further away from the cover glass. Water immersion objectives typically overcome

spherical aberrations better than oil immersion objectives, as it better matches the sample refractive

index. Due to the increased evaporation it is recommended to use water oil immersion e.g., Zeiss

Immersol Immersion oil W 2010 (Carl Zeiss, 444969-0000-000). Moreover, it is very helpful and

convenient if the microscope – operating software allows multi-position acquisition with easy posi-

tion list setup, which will enable to add specific positions of the cells with cilia.

Here we used Inverted (Axio Observer.Z1) laser scanning confocal and epifluorescence microscope

LSM800 equipped with an environmental chamber for live-cell imaging (controlled temperature, hu-

midity, CO2). We opted for C-Apochromat 633/1.20 Korr UV VIS IR water immersion objective. Solid

state laser 488 in combination with high-sensitivity GaAsP detector were used to acquire images and

the microscope was controlled by ZEN Blue software. Data acquisition was performed in 1024 3

1024 pixel format, with pixel time around 1ms and pixel size 0.10 mm in bidirectional mode with
STAR Protocols 3, 101199, March 18, 2022 11
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23 averaging and 8-bit bit depth. Images were taken as Z-stacks thickness 0.6 mm with 0.5 mm slices

spacing (see the note below) every 10–15 min for up to 16 h.

Note: Being aware that the optimal Z-slice spacing according to the Nyquist criterion would

be lower (0.28 mm) we opted for 0.5 mm slice spacing. This allowed us to keep around 10%

overlap between the slices, while significantly reducing the time of acquisition and in turn sam-

ple bleaching. Importantly, this setting also allows to use of wider range in the Z-axis, which is

particularly relevant for imaging cilia, as they typically spread across the Z-axis. We did not

observe any loss of information when using the maximal projection image for the final cilia

length analysis.

4. Open the ZEN Blue Software.

5. Turn on the temperature and atmosphere control in the ‘‘Incubation’’ window (Figure 3A) at least

20 min before starting the microscope setup for the chamber to reach the set incubation condi-

tions. After sample insertion in the holder the microscope setup will take another 30–40 min,

thus the whole system is equilibrated at least for one hour before the actual start of the imaging.

6. Put a drop of the appropriate immersion medium (here we used a Zeiss Immersol Immersion oil

W 2010 with a refractive index of water) on the selected objective and insert the slide with the

cells in the slide holder, close the chamber with the lid.

7. In the ‘‘Locate’’ tab (Figure 3B) turn on the fluorescence (represented by ‘‘GFP’’ button) and find

the focus looking on the specimen through the eyepiece. You can search specifically for a cell

with cilium here. Make sure to close the shutter as soon as you find the sample focus, to avoid

sample bleaching.

8. Switch to ‘‘Acquisition’’ tab (Figure 3C), select ‘‘Z-stack’’, ‘‘Tiles’’ and ‘‘Time series’’ and ‘‘Auto

Save’’ to add the particular windows with setup options.

9. In the ‘‘Imaging Setup’’ window (Figure 3C) add ‘‘+LSM Confocal’’, add ‘‘Tracks’’ in a ‘‘Frame’’

mode, here we only use one channel, thus one Track. Select the ‘‘Dye’’ (here we used the preset

EGFP) and the ‘‘Color code’’.

10. In the ‘‘Acquisition Mode’’ window (Figure 4A) set the ‘‘Scan Speed’’ to get the ‘‘Pixel speed’’

around 1ms. Bidirectional ‘‘Direction’’ of scanning will make the imaging faster and 23 ‘‘Aver-

aging’’ reduces noise and improves image quality.

11. In the ‘‘Channels’’ window (Figure 4B) select one Track at a time, turn on the appropriate laser

(here 488 nm for GFP and its derivates such as mNeonGreen), start with the ‘‘Master Gain’’ on

�650 V, and in the Live mode increase the laser % to see your cells and/or your cilia signal.

Keep in mind to leave the laser intensity as low as possible, considering the possible bleaching

effect or even cell death over time.

12. Find the position with the cells of interest either in ‘‘Locate’’ or ‘‘Live’’ mode and add them in

‘‘Positions’’ list in the ‘‘Tiles’’ window by clicking on a ‘‘+’’ button until all positions to be imaged

are added to the list. Uncheck the ‘‘Tile Regions/Position – Sort by Y then X’’, so the positions

stay in the order added also for the imaging (Figure 5).

Note: When planning the experiment, keep in mind that only a limited number of positions

can be imaged in one experiment, depending on the number of conditions/wells, number

of channels, and number of the Z-slices to fit into the selected time between the timepoints.

This is also highly dependent on the microscope system of your choice. With our setting with

imaging two conditions in one channel, 10–15 Z-slices each and 10–15 min between the steps

we used up to 20 positions in total.

13. In the ‘‘Definite Focus’’ window (Figure 6A) in ‘‘Live’’ mode click ‘‘Find Surface’’, if necessary fine-

tune the focus on the center of the cell/cilium and click Store Focus. This creates an offset value,

which will be used to set the focus plane in the same distance from the automatically found focus

before each timepoint. It is also possible to do this step right at the beginning of the imaging to
12 STAR Protocols 3, 101199, March 18, 2022



Figure 3. Setup of the Zeiss LSM800 in ZEN Blue, steps 18, 20–22

(A) Incubation conditions, (B) localizing the cells using the eyepiece and (C) Imaging Setup details.
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find the focus plane of the cells and thus eliminating the need for the manual search of the focus

plane.

14. In the ‘‘Focus Strategy’’ window (Figure 6B) choose:
a. ‘‘Use Focus Surface/Z Values Defined by Tiles Setup’’.

b. In ‘‘Focus Surface’’ choose ‘‘Local (per Region/Position)’’.

c. Check ‘‘Adapt Focus Surface/Z values’’ with ‘‘Definite focus’’, ‘‘Update with Multiple Offsets’’.

d. In ‘‘Initial Definition of Support Points/Positions/Tile Regions’’ choose ‘‘By Definite Focus:

Recall Focus’’.

e. With this setting before each new timepoint, the software will find the surface and update the

focus plane, which would help with the loss of focus during the long-term imaging.
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Figure 4. Setup of the Zeiss LSM800 in ZEN Blue, steps 23, 24

(A) Details of Acquisition setup and (B) Laser power and Gain setup of Channels.
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15. In the ‘‘Z-stack’’ window (Figure 6C) in the ‘‘Center’’ mode set the desired number of slices, and

the interval between them, the center position will be taken from the ‘‘Tiles setup’’, as set in the

‘‘Focus Strategy’’ above.

16. In ‘‘Time Series’’ window (Figure 6D) set ‘‘Duration’’ to ‘‘As Long as Possible’’ so the scanning will

continue until manually stopped or set a precise number of cycles. Set an interval between the

individual time points and the units – here we used 10 or 15 min.

17. In ‘‘AutoSave’’ window fill in the file name and the saving path.

18. Click ‘‘Start Experiment’’ which will start imaging. Troubleshooting 4, 5, and 6

19. For further analysis, the Z-slices can be projected in one layer by Orthogonal maximal projec-

tion. This is particularly useful when imaging objects like cilia, which spread through several Z

slices. To do so:
14
a. Have your Z-stack *.czi file to be processed in the active tab.

b. Go to ‘‘Processing’’ tab.

c. In ‘‘Method’’ find ‘‘Orthogonal Projection’’.

d. Set ‘‘Projection Plane’’ to ‘‘Frontal (XY)’’, set ‘‘Method’’ to ‘‘Maximum’’ and click ‘‘Apply’’.

e. This will create a maximum intensity projection of all the Z planes into a single XY image.
20. The resulting file contains all the positions as ‘‘Scenes’’ in one large *.czi file. To export individual

positions to individual TIFF files:
a. Have the *.czi file to be processed in the active tab (it can be either the original Z-stack or

processed Orthogonal Projection file).

b. Go to ‘‘Processing’’ tab.

c. In ‘‘Method’’ find OME/TIFF export.

d. In the ‘‘Method Parameters’’ unselect ‘‘Merge All Scenes’’ and set the path for the exported

TIFF images, click ‘‘Apply’’.
Imaging of intraflagellar transport (IFT) in primary cilia of living cells

Timing: �4 days (according to the type of treatment)

This section covers live-cell imaging analysis of IFT, namely the measurement of transport frequency

and velocity, in primary cilia of hTERT-RPE-1 cells stably expressing mNeonGreen-tagged protein

IFT74 (pGFT1.1 - mNeonGreen-IFT74).
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Figure 5. Setup of the Zeiss LSM800 in ZEN Blue, step 25

Creating a list of Positions for the subsequent imaging.
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21. Day 1: Seed the hTERT-RPE-1 mNeonGreen-IFT74 reporter cell line in RPE-1 complete medium

supplemented with DOX (typically 1 mg/mL, please see DOX optimization step in the section

‘‘Generation of stable cell lines using Flp-InTM T-RExTM system’’) on IBidi ibiTreat m-Slide 8

well chamber slide (see note after step 14 in the previous section of this protocol) at a high den-

sity (�25.000 cells per well). We used 300 mL of the media per well.

22. Day 2 (the exact timing may differ in respect to your experimental treatment): Depending on the

biological question, this is probably the time to treat the cells as needed (e.g., small molecules,

siRNA transfection, etc.).

23. Day 3 (the exact timing may differ in respect to your experimental treatment):
a. Aspirate the medium from the cells grown in m-Slide 8 well chamber slide.

b. Wash the cells with PBS or imaging medium to remove the remnants of the previous media.

Aspirate the solution for each well.
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Figure 6. Setup of the Zeiss LSM800 in ZEN Blue, steps 26–29

(A) Definite Focus and Offset setup (B) Focusing strategy details (C) Setup of the Z-stack and (D) Time Series.
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c. Add Imaging medium (supplemented with 1 mg/mL of DOX, see above) to the cells to pro-

mote ciliogenesis.

d. After 24 h proceed directly to live-cell imaging to monitor the transport of IFT trains.

Note: If your experimental setup is based on the use of small molecule(s), do not forget to add

them to the media. If you want to study more rapid response to your intervention, it is prob-

ably better to start the treatment just before the imaging (see below).

Time-lapse live imaging of IFT in primary cilia acquisition

As the copy number of each IFT protein in a given train is rather low (Ishikawa and Marshall, 2015), the

signal emitted bymNeonGreen-tagged IFTprotein per each train isweak. Typically, this could be circum-

vented by using long exposures to increase the signal-to-noise, but imaging the IFT trains requires taking

images at a fast enough rate that themovement of the trains does not cause blurring in the image. Thus, it

is necessary to use both fast and sensitive instrumentation. For this purpose, we have employed an in-

verted Zeiss LSM880 laser scanning confocal microscope mounted on an Axio Observer.7 stand and

equipped with an Airyscan detector. We opted for alpha Plan-Apochromat 1003/1.46 oil differential

interference contrast M27 immersion objective. Compact light source HXP120V mercury lamp was

used for the ocular observation. Imageswere acquired usingMultiline Argon laser 35mW in combination

with a ZEISS Airyscan detector and the microscope was controlled by ZEN Black acquisition software.

Data acquisition was performed using the confocal in super resolutionmode, with the Airyscan detector,

Pixel Dwell Time below 1 ms and Scan Time below 200ms (depending on scan speed), 16 Bit Depth (8 bit

depth can also be used, it could actually help for dim the sample) and Zoom 8–11 (depending on the

length of imaged cilia). Imageswere taken as Time Series taking an image every 200ms, with 150 images

in total. The Airyscan detector allows acquisition with increased resolution and signal-to- noise ratio

compared to conventional confocal scanning. A spinning disk confocal microscopy, Total Internal Reflec-

tion Fluorescent (TIRF), or ‘‘TIRF-like’’ microscopy (see the section ‘‘Imaging IFT using variable-angle
16 STAR Protocols 3, 101199, March 18, 2022
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epifluorescence microscopy’’ for details) is also suitable for the IFT imaging due to reduced bleaching of

the fluorescence signal and very good signal-to-background noise ratio, in comparison to e.g., standard

wide-field microscopy.

Note: Using an oil objective with a higher numerical aperture (NA) will allow for higher reso-

lution imaging, especially in combination with the Airyscan detector (in comparison to the wa-

ter objective used in the previous section).

24. Before beginning the imaging, prepare the microscope of your choice (here Zeiss LSM 880 with

Airyscan detector, operated via ZEN Black acquisition software according to your needs (e.g.,

preheat the chamber to 37�C and equilibrate it with CO2 (see step 18 in the previous section),

switch on argon laser, etc.).

25. Open the ZEN Black acquisition software.

26. Put a drop of the appropriate immersion medium on the selected objective and insert the m-

Slide 8 well coverslips with the cells in the slide holder.

27. In the ‘‘Locate’’ tab turn on the fluorescence (represented by ‘‘GFP’’ button) (Figure 7A) and find

the focus with the eyepiece. You can search specifically for a cell with cilium here.

28. In the ‘‘Acquisition’’ tab in ‘‘Imaging Setup’’ window (Figure 7B) add ‘‘+LSM Confocal’’, add

‘‘Tracks’’ in a ‘‘Frame mode’’, here we only use one channel, thus one Track. Select the ‘‘Dye’’

and a ‘‘Color code’’.

29. Select the ‘‘Acquisition’’ tab (Figure 8A) and tick ‘‘Time Series’’. The recommended settings of

key parameters of the ‘‘Acquisition Mode’’ window (Figure 8B) to start with is the following:
a. Pixel Dwell Time: typically below 1 ms - depending on scan speed,

b. Scan Time: typically below 200 ms - depending on scan speed)

c. Bit Depth: 16 Bit,

d. Zoom: typically 8–11, depending on the length of imaged cilia.

Note: For our imaging setup it was sufficient to acquire images in one focus plane in ‘‘Airyscan

super resolution’’ module. However, in case the use of Z-stack is desirable the ‘‘Fast module’’

could be used instead of the ‘‘Airyscan super resolution’’ to shorten the time of individual

acquisition steps.

30. Set laser line attenuator transmission (for 488 nm: 0.5%) and select the ‘‘Airyscan Mode / SR’’

(superresolution) in ‘‘Channels’’ window (Figure 8C).

31. Set ‘‘Cycles’’ (up to 150) and ‘‘Intervals’’ (to 200 ms) in ‘‘Time Series’’ window (Figure 8D).

32. While being in ‘‘Live mode’’, adjust focus on primary cilia and select a region of interest with the

cilium you want to analyze, click on ‘‘Start Experiment’’ (Figure 8A). Troubleshooting 7

33. Following the time-lapse acquisition, a *.czi file is created and saved locally.

34. Go to the ‘‘Processing’’ window and select ‘‘Airyscan Processing’’, ‘‘Select’’ and thenApply (Figure 9).

Airyscan processing is a type of post-acquisition processing, which allows for simultaneous improve-

ment in resolution and signal-to-noise. This generates a processed *.czi file with better resolution

than the unprocessed *.czi file. For illustration of the processed file see Methods Video S1.

Note: For the analysis of IFT74 dynamics in primary cilia we used auto setting of Airyscan pro-

cessing. For the analysis of molecule movement it is sufficient to use the auto setting when the

strength of the filter is calculated for each image separately, which results in different Airyscan

processing values. However, when comparing structure sizes or intensities between different

samples, the same optimized Airyscan processing setting (with manually adjusted strength of

the processing) should be reused in the whole set of images which are to be compared.

35. Repeat the steps 45–47 to obtain a sufficient number of recordings of primary cilia per each con-

dition of your experiment. We recommend measuring at least 20 primary cilia per experimental

condition to get sufficiently robust data for the subsequent analysis.
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Figure 7. Setup of the Zeiss LSM880 in ZEN Black, steps 40–41

(A) Localizing the cells using the eyepiece and (B) Imaging Setup details.
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Note: The speed of IFT movement is typically between 0.25 and 1 mm/s (Figure 17C) (Ishikawa

and Marshall, 2015). The settings described above allow taking an image every 200 ms, with

150 images in total, which is typically sufficient to detect the movement of IFT trains. We try to

minimize the bleaching of IFT trains by setting laser power to minimal levels. Please consider

adjusting these parameters according to your needs to get optimal results.

Note: Primary cilia in non-polarized cells (e.g., hTERT-RPE-1) are typically confined in a deep nar-

row pit created by membrane invagination (Mazo et al., 2016; Sorokin, 1962). While response of

such ‘‘submerged’’ primary cilia to clues, such as fluid flow, is limited (Mazo et al., 2016), their im-

aging and IFT analysis is, in turn, fairly straightforward (as they do not significantly move).

Pause Point: The subsequent computer analysis can be done at any time.

36. Here we describe how to assemble obtained images into a kymograph (a very convenient tool to

visualize time-lapse data in a single image) and to determine the velocity and frequency of IFT

trains. To analyze the obtained data for IFT movement dynamics we suggest using Fiji software

(2.1.0 version or newer, no specific plug-ins are required).

Note: Commercial image analysis software packages (e.g., MetaMorph) are also suitable.
18
a. Start the Fiji software to open an Airyscan processed *.czi file (i.e., drag and drop the file to

Fiji toolbar or click on File / Open.) (Methods Video S2, steps 49a–c).
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Figure 8. Setup of the Zeiss LSM880 in ZEN Black, steps 42–45

Setup details of Acquisition tab (A) Acquisition Mode (B), Channels (C), and Time Series (D).
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b. Click on Image / Adjust / Brightness/Contrast for adjustment of brightness and contrast

to create an optimal image display for analysis.

c. Right-click on a straight line in the Fiji toolbar and choose Segmented Line. Draw a

segmented line from the base to the tip of the primary cilium (left-click to start drawing

and adding points, right-click to finish the drawing) and measure the length of the cilium

by selecting the panel ‘‘Analyze’’/ ‘‘Measure’’ or keyboard shortcut Ctrl+M. The measured

length will be displayed as mm in ‘‘Results’’ window.

All steps of time-lapse imaging analysis of IFT transport dynamics using Fiji software can also

be found in the tutorial videos (Methods Videos S2 and S3, and 4).

CRITICAL: Draw the line from base to tip of the primary cilium. To position the cilium
correctly, pay attention to the signal difference between the base and the tip (the foci

of IFT protein signal at the ciliary base is typically more prominent and also of different

shape over the IFT pool in the tip, Figure 10). Alternatively, detection of the cilia orienta-

tion can be facilitated by expressing additional markers, such as a basal body protein

fused with a red fluorescent tag (e.g., mCherry-TTBK2). In a situation the orientation is

not clear, exclude such primary cilium from the analysis.

d. Open the ‘‘ROI Manager’’ in Fiji by selecting ‘‘Analyze’’ / ‘‘Tools’’ / ‘‘ROI Manage
r’’

(Methods Video S3, steps 49d-51).
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Figure 9. Setup of the Zeiss LSM880 in ZEN Black, step 47

Setup details of Airyscan processing.
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e. Click on ‘‘Analyze’’/ ‘‘Multi Kymograph’’/ ‘‘Multi Kymograph’’ (with Linewidth 1) to create

a kymograph from the time-lapse data.
37. Rotate the image 90 degrees by left-clicking on ‘‘Image’’/ ‘‘Transform’’/ ‘‘Rotate 90 Degrees

Left’’.

Optional: You can enlarge the kymograph by pressing the ‘‘+’’ on the keyboard and also

adjust brightness and contrast if needed.

Note: Note that the base of the imaged cilium is now at the bottom of the obtained kymo-

graph, while the ciliary tip is at its top (Figure 11A). Consequently, the first image of time-lapse

is situated on the very left side of the obtained kymograph, which can in turn be used to track

any detected movement of mNeonGreen-IFT74 particles inside the cilium.
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Figure 10. Primary cilium orientation

IFT signal (green; mNeonGreen) at the base is more distinct and also of a different shape compared to the IFT protein

signal at the tip of the primary cilium (PC). Scale bar=1 mm.

ll
OPEN ACCESSProtocol
38. IFT trains inside cilia use either anterograde or retrograde type of transport (Rosenbaum and

Witman, 2002). To track the movement of individual IFT trains, draw straight lines (right-click

on a Segmented line in Fiji toolbar and choose Straight Line) through all visible tracks of

IFT74 trains in the kymograph and add them to the ‘‘ROI manager’’.

Note: Note that we track only trajectories clearly distinguishable from the background signal

(in turn the drawn lines sometimes do not fully span from the tip to the base).

39. Select the ‘‘ROI Manager’’ panel and click ‘‘Measure’’ (Methods Video S4).

Note: Remember that only the IFT train trajectories tracked in the kymograph in step 49c will

be measured. The obtained values represent an angle between each measured trajectory and

the horizontal axis, the speed of IFT train is calculated by tan(angle) (Ishikawa and Marshall,

2015). Because the unit of tan(angle) is given in pixel, this can be converted into mm/s bymulti-

plying pixel size and frequency (frames per second), see step 54. The positive angle values

represent the anterograde transport while the negative values represent the retrograde

transport.

Note: Keep in mind that only IFT trains ‘‘passing through’’ the drawn line (step 49c) will be

included in kymograph analysis. Consequently, it may be necessary to draw an additional

line to ‘‘cover’’ all IFT particles recorded in the time-lapse Movie.

Optional: To add a color code in the kymograph for better orientation, click on the line or the

number in ‘‘ROI Manager’’, select ‘‘Properties’’ in ‘‘ROI Manager’’, and change the color

(Video 3). In Figure 11B shown as an example, the anterograde transport lines are shown in

green while the lines representing the retrograde transport are in red (see for details). The
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Figure 11. Tracking of movement in kymograph

(A) The kymograph represents the movement of IFT74 particles inside the primary cilium (PC). The primary cilium base and tip are at the bottom and top

of the kymograph, respectively. The first image of the time-lapse is located on the left side of the kymograph. The green arrow shows the anterograde

transport going from the base to the tip of the cilium while the red arrow indicates the retrograde transport going from the tip to the base of the cilium.

(B) Tracks in the kymograph can be distinguished by color and numbers. Green lines represent the anterograde transport while red lines depict

retrograde transport.

(C) The visualized tracks in the kymograph have to be overlaid from ROI manager before you save the image.
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numbering of lines is done automatically, but you can hide the numbers by checking off ‘‘La-

bels’’ in ‘‘ROI Manager’’ (Methods Video S4).

Optional: To save the kymograph with overlaid track visualization, select ‘‘Image’’ / ‘‘Over-

lay’’ / ‘‘From ROI Manager’’ (Figure 11C), and save as usual.

CRITICAL: Keep in mind that the position of the signal in the kymograph corresponds to
the time when the individual images were recorded. As the time axis goes from left to

right, the lines representing detected IFT tracks are also oriented from left to right. In

turn, the tracks going from the base of the cilium (bottom of the kymograph) to the tip

of the cilium (top of the kymograph) visualize the anterograde transport, while the tracks

going from the tip to the base belong to the retrograde transport. The direction of draw-

ing the straight lines in the kymograph is critical for the correct calculation of IFT trains’

velocity. Therefore, the individual lines need to be drawn in the proper direction: antero-

grade from the bottom of the kymograph; retrograde from the top of the kymograph; and

in chronological order, i.e., from left to right (Figure 11A).
Pause Point: The subsequent determination of frequency and velocity of measured IFT

trains can be done at any time.

Determination of frequency and velocity of IFT trains using mNeonGreen-IFT74:

40. The frequency of trains directly corresponds to the number of green (anterograde) and red

(retrograde) lines per used period of time.

41. Calculate the velocity of individual IFT trains:

Velocity (mm/s) = tan(angle) * pixel size * frames per second
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Note: As mentioned earlier, the determined angle values for retrograde transport will be

negative, which in this case reflects the fact the trains are moving in the opposite direction

(to the anterograde transport). However, as velocity cannot be negative, simply use absolute

values for its calculation in the case of the IFT trains moving via the retrograde route.

Note: The used pixel size and number of frames can be determined in Fiji, click on Image /

Properties (Methods Video S4).
Alternative: Imaging IFT transport using variable-angle epifluorescence (VAEM) microscopy

Experiments focused on detailed study of IFT train trajectories require high time resolution and

signal-to-noise ratio. If these parameters are critical, wide-field techniques such as TIRF microscopy

can be a preferred alternative to confocal microscopy. TIRF microscopy uses critical angle illumina-

tion, where incident light is totally internally reflected at the glass-sample interface and only

�300 nm deep evanescent field penetrates into the sample (Martin-Fernandez et al., 2013). This

way, most of the background fluorescence is suppressed and contrast sufficient to image single mol-

ecules is achieved in the illuminated part of the cells. Most primary cilia are, unfortunately, located in

cells such that they are out of the range of a true TIRF microscopy. However, modifications of the

TIRFmicroscopy, sometimes referred to as ‘‘pseudo TIRF’’, such as highly inclined and laminated op-

tical sheet (HILO) or variable-angle epifluorescence microscopy (VAEM) can be used to illuminate

fluorophores deeper in the sample while still gaining significant improvement in signal-to-noise ratio

(Tokunaga et al., 2008) (Figure 12). VAEM illuminates a sample at a sub-critical angle, at which light

does not undergo total internal reflection, but enters the sample at a high inclination. It can be set up

on any microscope equipped with a TIRF condenser. Here we demonstrate its use to visualize IFT in

primary cilia with high time resolution.

We use an inverted widefield microscope Nikon Eclipse Ti-E equipped with a motorized XY stage,

Perfect Focus System, H-TIRF module, Nikon CFI Apo TIRF 603 Oil NA 1.4 objective, 488 nm laser

diode illumination and Quad Band Filter Set 405/488/561/640 nm (TRF89901, Chroma). Tempera-

ture, humidity and CO2 concentration were maintained by module for environmental control (Oko-

lab). Images were recorded by an EMCCD Andor iXon Ultra DU888 camera (Andor Technologies)

with 1024 3 1024 sensor format, 13 mm 3 13 mm pixel size and 16-bit bit depth, controlled by

NIS elements Ar 5.02 software.

42. Prepare ciliated hTERT-RPE-1 cells with mNeonGreen-IFT74 marker as described in previous

sections.

43. Switch on the microscope, camera, and 488 nm laser illumination.

44. Install the objective-heating collar and environmental control stage insert, allow at least 20 min

for the temperature, CO2 and humidity to stabilize before inserting the sample (see step 18 in

the previous section).

45. Start the NIS Elements software.

46. Apply immersion oil to the objective, insert a glass bottom dish with the cells and switch on the

‘‘Perfect Focus’’ system. As the glass/buffer interface has not been detected yet, the ‘‘Perfect

Focus’’ button on the microscope will be flashing green.

47. Slowly raise the objective until the immersion oil makes contact with the glass bottom of the

dish. Keep raising the objective until the microscope emits a beep and the ‘‘Perfect Focus’’ but-

ton stops flashing. This means that the glass/buffer interface has been detected and the ‘‘Perfect

Focus’’ is now in control of the objective-sample distance. The focusing knobs on the micro-

scope are no longer active and focus adjustments must be made through the offset control

wheel of the ‘‘Perfect Focus’’ system.

48. Switch on 488 nm laser illumination, start ‘‘Live’’ acquisition in NIS Elements, and position the

sample to have at least one cilium in the field of view.
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Figure 12. Comparison of epifluorescence microscopy (left) and VAEM (right)

A cilium is marked with an arrow. Note the difference in the background fluorescence signal. Scale bar=10 mm.
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49. You need to set up one microscope configuration with a low laser power for sample screening

and another one with a higher laser power for acquisition. There are three main parameters to

set (Figure 13): (a) exposure time, (b) illumination angle, and (c) laser power, and optionally also

(d) region of interest. Signal-to-background ratio above 1.5 (typically 1,500 gray value back-

ground and 2,250 gray value IFT fluorescence) allows reliable tracking of IFT trains, therefore

it should be the minimum target for high laser power acquisition.
24
a. Exposure time will be determined by the experimental question. Theminimum time we use is

10ms. Using shorter exposure times does not improve the time resolution much, but reduces

the signal-to-noise ratio significantly. Select an appropriate value in the ‘‘DU-888 Settings’’

window (Figure 13A).

b. Illumination angle needs to be adjusted for each experiment individually. The position of cilia

in individual cells varies, which affects their distance from the glass surface. Hence, the

optimal illumination angle also varies and needs to be determined empirically. We recom-

mend adjusting the angle each time the sample dish is replaced, or a dish is moved by a sig-

nificant distance (more than 2mm). The illumination angle is set bymoving the beam position

in X and Y in the ‘‘Lapp H-TIRF XY-F Pad’’ window (Figure 13B). When both values are set to 0,

the microscope is in epifluorescence mode.

Note: To find an optimal illumination angle, first determine the critical angle of a true TIRF illumi-

nation. At the critical angle, no cilia will be visible, only the cell regions in direct contact with the

glass surface. Subsequently, reduce theangle step-by-step towards theepi-illuminationmodeun-

til cilia start to be visible. Stop when the signal from the ciliary marker starts to be eclipsed by the

fluorescence background. As the cilium in focus is partially bleached at this point, move to a

different field of view and verify that the signal-to-background ratio is at its optimal level.

Note: The illumination angle will not be consistent across the entire field of view and the opti-

mization and subsequent acquisition should be performed in the same region (usually center)

of the field of view.

c. We typically use laser power of 50%–75% for no more than 40 s of acquisition. When

screening samples the laser power should be set to the lowest level which allows localizing

the cilia (e.g., 10%) (Figure 13C).

Note: The laser power increases both the signal-to-noise ratio and cell damage significantly and

should be set with respect to the intended duration of the acquisition. Several experimental
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Figure 13. Imaging settings for VAEM, step 62

(A) Exposure time (B) Illumination angle. X and Y sliders set the position of a focused laser beam at the back focal plane

of the objective, determining the angle at which light enters the sample. Zero position (shown here) places the beam

at the center of the back focal plane, which leads to conventional epifluorescence illumination. Position above 55,000

displaces the beam enough to generate TIRF illumination. (C) Laser intensity setting (D) Region of interest setting.

ll
OPEN ACCESSProtocol
movies should be recorded first to determine if there is significant bleaching of the fluorophores

or cell damage (recognizable by IFT trains slowing down) during the recording.

d. The full field of view of our camera is 1024 3 1024 pixels (88 mm2 with our optical setup),

which can accommodate several cells and cilia.

Optional: While imaging multiple cells at once can be an advantage, recording full-frame

movies comes with significant time overhead in addition to the selected exposure time and

reduces the resulting frame rate. For very fast single cilium acquisitions, check ‘‘ROI’’ box at

the ‘‘DU-888 Settings’’ panel (Figure 13D) and using ‘‘ROI size / Define ROI’’ define the region

of interest of 128 3 128 pixels (resulting in a 11 3 11 mm field of view with our setup).

50. Once the desired parameters are set for the screening configuration:
a. Create a button (Figure 14) for a new configuration in theOC panel, preferably by duplicating

an existing TIRF configuration,

b. right-click on it and choose ‘‘Assign current microscope settings’’.

c. Then change the microscope settings to the desired acquisition configuration,

d. again create a new button,

e. right-click on it and choose ‘‘Assign current microscope settings’’.
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51. Define the experiment flow in the ‘‘ND Acquisition’’ window. For a simple time-lapse experi-

ment, two variables need to be defined: time and optical configuration (Figure 15).
26
a. In the ‘‘Time’’ panel, check ‘‘Phase 1’’ only, set ‘‘Interval’’ to ‘‘No Delay’’ and ‘‘Duration’’ to the

desired value.

b. In the ‘‘Lambda’’ panel, check the first ‘‘Opt. Conf.’’ option and set it to the optical configu-

ration prepared for acquisition. Set the path for saving movies and appropriate filename

base. Software will automatically add incrementing numbers to the filename base if multiple

movies are recorded in the same experiment.
52. Switch to the low-power screening configuration and start searching for a suitable cilium to im-

age. Once found, move it to the center of the field of view and bring it into focus with the ‘‘Per-

fect Focus’’ offset control. If you are using the region of interest option, switch on the ‘‘ROI’’ in

the ‘‘Camera panel’’ and reposition the cilium to be fully contained in the visible area.

53. Press the ‘‘Run now’’ button in the ‘‘ND Acquisition’’ window. The optical configuration will

switch to the high-power illumination configuration and the movie is recorded.

CRITICAL: Time spent on previewing the cell and switching from searching to acquisition
should be kept to aminimum to prevent cell damage and photobleaching. It is a good prac-

tice to organize themicroscope workplace and software layout to have all necessary knobs

and buttons at an easy reach.
54. Switch back to the low-power screening configuration and repeat the process with more cilia.

Optional: Review the recorded movie using NIS elements or Fiji to ascertain that the image

quality is satisfactory.

EXPECTED OUTCOMES

Analysis of time-lapse videos to study primary cilia dynamics

To assess cilia resorption dynamics using the described protocol, the cells hTERT-RPE-1 Flp-In T-REx

TTBK2 KO cells (Bernatik et al., 2020) with DOX-inducible expression of FLAG-TTBK2 and constitu-

tive mNeonGreen-ARL13b reporter, were serum-starved for 24 h, and 10% FBS was added just

before the imaging to induce cilium resorption. The primary cilium length was measured using a

segmented-line tool for selection of the fluorescence signal of the ciliary marker in maximum Z inten-

sity projected images in Fiji (see step 49c and Methods Video S2). Representative images were ac-

quired every 1 h (Figure 16). Alternatively, starting the experiment right after the serum starvation

step will allow to image the cilia growth in time. From the measured lengths, it is also possible to

calculate cilia growth/resorption speed, as described e.g., in (Pejskova et al., 2020).

Imaging of IFT transport in primary cilia of living cells

Following the protocol in the section ‘‘Imaging of IFT transport in primary cilia of living cells’’, we ob-

tained a time-lapse movie (150 images, 1 image per 200 ms), which shows the movement of IFT

trains (Methods Video S1).

Based on the kymograph analysis of the time-lapse image sequence, we can determine the length of

the primary cilium (see step 49c), frequency (see step 53) of the anterograde and retrograde IFT74

trains, and also their velocity (see step 54). The length of our measured primary cilium is 4.366 mm

(Figure 17A). We detected 6 anterograde trains and 5 retrograde trains within 30 s of recording (Fig-

ure 17B). The velocities of the individual IFT74 trains were calculated in step 54, giving 0.54 mm/s on

average for anterograde transport and 0.32 mm/s on average for retrograde transport (Figure 17C).

Imaging IFT transport using variable-angle epifluorescence (VAEM) microscopy

VAEMmicroscopy is particularly suited for detailed study of individual IFT trajectories. The high tem-

poral resolution achieved by this technique allows quantifying not only the average velocity of an IFT

train, but also any changes in speed, pausing, or collisions (Figure 18).
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Figure 14. Selection of optical configuration, step 63

Highlighted button sets up the high-power illumination configuration. Right-click on the button offers the option

‘‘Assign current microscope settings’’ to update the configuration.
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LIMITATIONS

We have combined two strategies to generate primary cilia reporter cell lines to study the cilia dy-

namics, namely the rate of cilia assembly/disassembly as well as the IFT transport, using high time

resolution live-cell imaging microscopy. We consider the described protocol sufficiently robust,

as it represents a joined effort of three labs where it has been successfully implemented. Nonethe-

less, certain inherent limitations need to be considered. Some of them have been already discussed

in the protocol or are mentioned in the troubleshooting section.

Probably the most critical factor for successful analysis of primary cilia using time-lapse microscopy (and

even more so in the case of IFT analysis) is the signal-to-background noise ratio. This parameter is typi-

cally affected by several factors, such as properties and position (N-terminal or C-terminal) of the

selected fluorescent tag, the level of expression of the cilium reporter in a given cell line, relative enrich-

ment of the reporter in the cilium compartment over the cytoplasm, as well as the abilities and settings

of themicroscope used for the analysis. Thus, it is important to bear inmind that trade-offs often need to

be considered (sufficient signal intensity vs. signal bleaching over time, high speed of imaging vs.

phototoxicity, etc.). For example, the laser power increases both the signal and cell damage signifi-

cantly. Therefore, it should be always set with respect to the planned duration of the acquisition.

Additional point we want to mention relates to an automated image analysis. Various tools have

been recently described (Bansal et al., 2021; Hansen et al., 2021; Lauring et al., 2019) and
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Figure 15. Setting up an experiment acquisition, step 64

In the ‘‘Time’’ panel, select one phase with interval option ‘‘No delay’’. In the ‘‘Lambda’’ panel select one optical configuration and set to the high-power

illumination configuration.
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successfully implemented by us as well as others to unbiasedly determine cilia properties (e.g., cilia

number, length, signal intensity, etc.) from the acquired images. Similarly, tools for automated

kymograph analysis are becoming available (Jakobs et al., 2019; Mangeol et al., 2016) and thus

could be used for IFT analysis. We have not tested automated segmentation or automatic kymo-

graph analysis in our IFT analysis experiments. These approaches offer to significantly speed up

the process, in contrast to analysis done ‘‘manually’’. On the other hand, they might struggle with

correct detection of the IFT signal in cilia (as the IFT signal in cilia is typically ‘‘non-static’’, not forming

a full line).

Limitation of any reporter-based system, including the one described here, is that a reporter might

alter properties of the system. As already mentioned, we and others noted that ARL13b overexpres-

sion has positive effect on cilia length. Such factors need to be taken in account when planning your

experiments (e.g., by examining possible effect of particular cilia reporter on length/dynamics of

cilia in newly established stable cell line). Gene editing to insert a fluorescence reporter into the lo-

cus of suitable gene (‘‘endogenous tagging’’(Bauer et al., 2016; Cho et al., 2021)) may bypass the

‘‘overexpression’’ problem, but with a risk of insufficient signal strength for planned live-cell imaging

experiments.
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Figure 16. Outcome of analysis of the time-lapse videos

(A) maximum Z intensity projected representative images of resorbing cilium.

(B) Cilium length (mm) as measured over time. Scale bar=5 mm.
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When implementing this protocol for your needs (especially when you need to adapt it for your

particular cell line or protein of choice) always perform small-scale pilot experiments first to deter-

mine if there is significant bleaching of the fluorophores or cell damage. A visible slowdown of

IFTmovements during the acquisition is typically a sign of extensive cell damage by the applied laser

illumination.

In general, low expression plasmids are preferred as reporters, as you reduce the chance of getting

overexpression artifacts. On the other hand, this may cause problems when trying to get a sufficient

signal-to-background noise ratio during the imaging.
TROUBLESHOOTING

Problem 1

Generation of stable cell line Flp-InTM T-RExTM gives either no surviving clones following the antibi-

otics selection or obtained clones show no expression of the used transgene (step 3).
Potential solution

No surviving colony typically indicates too harsh selection pressure. Consider carefully optimizing

the effective concentration and time of the selection of antibiotics for your cell line before starting.

An outgrowth of ‘‘empty’’ clones (no detectable expression of the transgene) typically indicates

toxicity of the used transgene in the given cell line, so there is a negative selection pressure among

the stable transfectants. A solution to that is to either use a different transgene or a different cell line,

if possible.
Problem 2

Inefficient production of viral particles (low yield) (steps 5–9).
Potential solution

The production of viral particles can be improved by several factors. First, we recommend using the

low passage of the Phoenix-Ampho cells. Prolonged cultivation of these cells (>3 weeks) in our hands

typically leads to a drop in the virus production efficiency. In addition, prolonged transfection time

generally gives higher transfection efficiency and in turn higher virus titer. We also observed that

co-transfection with pCL-Ampho plasmid (Naviaux et al., 1996) may further increase the efficiency

of virus production. Consider upscaling the protocol (increase the target cell number, amount of viral

particle medium, etc. accordingly) to get more transduced cells to start with.
Problem 3

Low efficiency of viral transduction (steps 10–12).
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Figure 17. Outcomes of IFT74 transport in primary cilium of living cells analysis

(A–C) Length of the primary cilium (A), number (B) and velocity (C) of the anterograde and retrograde IFT74 trains were determined. Error bars represent

mean with SEM.
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Potential solution

In many situations, simple upscaling of the protocol helps to get a sufficient number of transduced

cells for their subsequent isolation by cell sorting. In addition, we use Polybrene (Hexadimethrine

bromide) in our protocol, a small, positively charged molecule that binds to cell surfaces and facil-

itates binding between virus particles and the cellular membrane. As the doses of Polybrene used

typically differ between labs/protocols, optimizing the concentration of Polybrene is expected to

improve transduction efficiency. There are alternatives to Polybrene such as dextran which may

be also considered.
Problem 4

No or only very few cilia were detected in the live-cell imaging experiment (steps 14–16, 34–36, 55).
Potential solution

A low number of cilia seen in live-cell imaging experiments can be caused by several different prob-

lems. First, determine whether the problem stems from a suboptimal cilia formation or suboptimal

signal detection of the used cilia reporter (cilia are formed, but hard to detect). In the former case,

use healthy cells, consider thawing a low passage aliquot of the cells, and check routinely for Myco-

plasma. In addition, to promote ciliogenesis, try to optimize the cell density, length of serum star-

vation period, or consider using small molecules promoting cilia formation (e.g., Cytochalasin D

(Bernatik et al., 2021; Kim et al., 2010)). In case the cilia presence is DOX-inducible (i.e., in the

case of rescue experiment), we observed that adding DOX already 1–2 days prior to seeding the

cells for imaging experiment results in a better rescue effect. If the absence of cilia is rather a detec-

tion problem, consider fine-tuning the settings of your imaging system. Bear in mind that boosting

your signal often comes with the cost of increased cytotoxicity or photobleaching. See also trouble-

shooting 5 and 7.
Problem 5

Extensive cytotoxicity in a live-cell imaging experiment (steps 14–16, 29, 34–36, 55).
Potential solution

Consider shortening the starvation period, also always try to keep the laser intensity as low as

possible. For long time-lapse experiments, make sure there is a sufficient amount of medium

(even its partial evaporation often leads to stress that may affect cell survival). In addition, consider

increasing the time between taking individual images during the time-lapse session.
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Figure 18. Outcome of the variable angle epifluorescence microscopy imaging of intraflagellar transport in the

primary cilium of an RPE-1 cell

Total duration of the movie is 40 s, the length of the cilium is 8 mm.
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Problem 6

Cells move out of the imaged area during time-lapse recording (see LSM800microscope parameters

in chapter ‘‘Analysis of time-lapse videos to study primary cilia dynamics’’ and steps 14, 24).
Potential solution

Try to increase cell density, as cells tend tomigrate and thus can ‘‘escape’’ from the field of viewmore

at lower densities. A further strategy to reduce the impact of cell migration during long time-lapse

experiments is to try to increase the imaged area or eventually to use an objective with lower magni-

fication. Using lower laser power helps here as well, as we have often observed that cells tend to

escape from the illuminated area when the laser power is set too high.
Problem 7

Weak signal/fast bleaching during measurement of the IFT transport (steps 43, 62c).
Potential solution

A very common problem when analyzing cilia by live-cell imaging approaches, which is not easy to

solve and is one of the reasons we have included two protocols describing how to measure IFT trans-

port in mammalian cilia. In general, try to use as low laser power as possible in your experiments. If

the problem is at the reporter side, consider to FACS sort a cell population with sufficient expression

of your reporter and try to use cells with the low passage as the reporter expression may be silenced

in higher passages. If none of that helps, consider using a different reporter and/or cell line for your

experiments. Using several copies of the same fluorescent protein for tagging (e.g., triple mNeon-

Green) will boost the signal, but bear in mind large tags might affect the function of your tagged

protein.
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Primary cilia act as crucial regulators of embryo development and tissue homeostasis.
They are instrumental for modulation of several signaling pathways, including Hedgehog,
WNT, and TGF-β. However, gaps exist in our understanding of how cilia formation and
function is regulated. Recent work has implicated WNT/β-catenin signaling pathway in
the regulation of ciliogenesis, yet the results are conflicting. One model suggests that
WNT/β-catenin signaling negatively regulates cilia formation, possibly via effects on cell
cycle. In contrast, second model proposes a positive role of WNT/β-catenin signaling
on cilia formation, mediated by the re-arrangement of centriolar satellites in response
to phosphorylation of the key component of WNT/β-catenin pathway, β-catenin. To
clarify these discrepancies, we investigated possible regulation of primary cilia by the
WNT/β-catenin pathway in cell lines (RPE-1, NIH3T3, and HEK293) commonly used
to study ciliogenesis. We used WNT3a to activate or LGK974 to block the pathway,
and examined initiation of ciliogenesis, cilium length, and percentage of ciliated cells.
We show that the treatment by WNT3a has no- or lesser inhibitory effect on cilia
formation. Importantly, the inhibition of secretion of endogenous WNT ligands using
LGK974 blocks WNT signaling but does not affect ciliogenesis. Finally, using knock-out
cells for key WNT pathway components, namely DVL1/2/3, LRP5/6, or AXIN1/2 we
show that neither activation nor deactivation of the WNT/β-catenin pathway affects the
process of ciliogenesis. These results suggest that WNT/β-catenin-mediated signaling is
not generally required for efficient cilia formation. In fact, activation of the WNT/β-catenin
pathway in some systems seems to moderately suppress ciliogenesis.

Keywords: primary cilia, Wnt/β-catenin, ciliogenesis, cell signaling, Wnt3a, RPE-1, HEK293, NIH3T3

INTRODUCTION

Primary cilia are tubulin-based rod-shaped organelles on the surface of most mammalian cells.
They play a fundamental role in embryo development and tissue homeostasis. Importantly, defects
in primary cilia structure and function lead to variety of developmental disorders collectively called
ciliopathies (Hildebrandt et al., 2011; Mitchison and Valente, 2017; Reiter and Leroux, 2017).
Moreover, primary cilia defects have been related to cancer (Han et al., 2009; Wong et al., 2009;
Jenks et al., 2018).

Cilium formation is organized by the mother centriole (MC)-derived basal body, the older
centriole of the pair that makes up the centrosome. While centrosome is best known as microtubule
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organizing center coordinating mitosis, primary cilium
formation is tightly connected with G1/G0 phase (Ford
et al., 2018; Mirvis et al., 2018). The growth of primary cilium
itself is preceded by the accumulation of vesicles at MC distal
appendages (Sorokin, 1962; Westlake et al., 2011; Schmidt et al.,
2012; Lu et al., 2015; Wu et al., 2018) and by the removal of
CEP97/CP110 capping complex specifically from MC distal end
(Spektor et al., 2007). Major role in the cilia initiation is linked
to the Tau tubulin kinase 2 (TTBK2) activity (Goetz et al., 2012).
Once recruited to MC by distal appendage protein CEP164
(Čajánek and Nigg, 2014; Oda et al., 2014), TTBK2 seems to
control both the process of vesicle docking and the CP110/CEP97
removal (Goetz et al., 2012; Lo et al., 2019). In turn, this allows
the extension of tubulin-based axoneme sheathed by ciliary
membrane from MC-derived basal body. The formed cilium is
physically separated from the rest of a cell by ciliary transition
zone, a selective barrier ensuring only specific proteins to enter
the cilium (Garcia-Gonzalo and Reiter, 2017; Gonçalves and
Pelletier, 2017; Nachury, 2018). Such compartmentation and
hence specific protein composition of primary cilium is the basis
for its instrumental role in the Hedgehog signaling pathway
in vertebrates (Bangs and Anderson, 2017; Nachury and Mick,
2019). In addition, several links between primary cilia and
other signaling pathways such as WNT or TGF-β have recently
emerged (Anvarian et al., 2019).

WNT signaling pathways are developmentally important
signaling routes regulating cell differentiation, migration, and
proliferation and their activity controls shaping of the embryo
(Nusse and Clevers, 2017). WNT signaling pathways can be
distinguished based on whether they use β-catenin as an effector
protein. The pathway relying on stabilization of β-catenin is
termed the WNT/β-catenin pathway and regulates stemness,
cell differentiation and proliferation, while the β-catenin-
independent or non-canonical WNT pathways regulate
cytoskeleton, cell polarity, and cell movements (Humphries
and Mlodzik, 2018; Steinhart and Angers, 2018). These two
branches of WNT pathways are activated by a distinct set
of extracellularly secreted WNT ligand proteins (Angers and
Moon, 2009). WNTs are posttranslationally palmitoylated
by O-Acyl-transferase Porcupine, and only after the lipid
modification are the WNT proteins fully active (Willert et al.,
2003; Zhai et al., 2004). Following their secretion, WNTs bind
to seven-pass transmembrane receptors from Frizzled family
that form heterodimeric complexes with various coreceptors.
WNT/β-catenin pathway uses LRP5/6 coreceptors (Pinson et al.,
2000; Tamai et al., 2000; Wehrli et al., 2000). Signal received by
the receptor-coreceptor pair on the cell membrane is then relayed
to Dishevelled (DVL) proteins that, following phosphorylation
by CK1-δ/ε and other kinases (Bernatik et al., 2011; González-
Sancho et al., 2013; Hanáková et al., 2019), are used both by
the non-canonical and the WNT/β-catenin pathways (Sokol,
1996; Wallingford et al., 2000). β-catenin destruction complex,
composed of proteins Adenomatous polyposis coli (APC),
AXIN and two kinases; GSK3-β and CK1-α, is then inactivated
by DVL sequestration of AXIN proteins (Tamai et al., 2004).
Then β-catenin phosphorylation by GSK3-β and CK1-α on its
N-terminal degron is terminated and the non-phosphorylated

Active β-catenin (ABC) accumulates, translocates to the nucleus
where it binds transcription factors of TCF-LEF family to trigger
transcription of target genes (Behrens et al., 1996; Molenaar
et al., 1996). Not surprisingly, many developmental disorders
and cancers are directly caused by WNT pathways deregulation
(Zhan et al., 2017; Humphries and Mlodzik, 2018).

Whilst the connections between primary cilia and hedgehog
signaling are well documented (Huangfu et al., 2003; Corbit
et al., 2005; Rohatgi et al., 2007), the relationship between cilia
and WNT signaling is still rather controversial. The exception
here seems to be the WNT/PCP pathway [one of the non-
canonical WNT pathways (Butler and Wallingford, 2017)], which
was described to affect cilia formation and functions via effects
on cytoskeleton and basal body positioning (Wallingford and
Mitchell, 2011; May-Simera and Kelley, 2012; Carvajal-Gonzalez
et al., 2016; Bryja et al., 2017). As for the WNT/β-catenin
pathway, there are reports showing that primary cilia loss or
disruption leads to upregulation of the pathway activity (Corbit
et al., 2008; McDermott et al., 2010; Wiens et al., 2010; Lancaster
et al., 2011; Liu et al., 2014; Zingg et al., 2018; Patnaik et al.,
2019), but also studies that deny any involvement of primary
cilia in WNT/β-catenin signaling (Huang and Schier, 2009;
Ocbina et al., 2009). Some of these discrepancies can perhaps
be explained by context-specific activity of involved ciliary
components (Lancaster et al., 2011; Patnaik et al., 2019) or effects
directly on WNT/β-catenin pathway independently of the role
in cilia formation (Balmer et al., 2015; Kim et al., 2016), or the
requirement for intact basal bodies rather than cilia (Vertii et al.,
2015; Vora et al., 2020).

To make the matters even more puzzling, two opposing
models have recently emerged regarding possible function of
WNT/β-catenin pathway in cilia formation. Activation of the
WNT/β-catenin pathway in neural progenitors of the developing
cerebral cortex was reported to hamper cilia formation in
mice (Nakagawa et al., 2017), arguing for a negative role
of the excesive WNT/β-catenin signaling in ciliogenesis. In
contrast, a recent report described a direct involvement of
WNT/β-catenin signaling pathway in promotion of primary
cilia formation through β-catenin driven stabilization of
centriolar satellites in RPE-1 cell line (Kyun et al., 2020). We
approached this conundrum using cell lines that commonly
serve as ciliogenesis model systems (RPE-1, NIH3T3, and
HEK293). Using either pharmacological or genetic means to
manipulate the WNT/β-catenin pathway, we found no evidence
of facilitated ciliogenesis in response to the activation of
WNT/β-catenin signaling.

MATERIALS AND METHODS

Cell Culture
RPE-1 cells were grown in DMEM/F12 (Thermo Fisher
Scientific, 11320033) supplemented by 10% FBS (Biosera, cat.
No. FB-1101/500), 1% Penicillin/Streptomycin (Biosera, cat. No.
XC-A4122/100) and 1% L-glutamine (Biosera, cat. No. XC-
T1715/100), HEK293 T-Rex (referred to as HEK293, cat.no.
R71007, Invitrogen) and NIH3T3 cells were grown in DMEM
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Glutamax R© (Thermo Fisher Scientific, 10569069) supplemented
by 10% FBS and 1% Penicillin/Streptomycin. Where indicated,
RPE-1 cells were starved by serum free medium, NIH3T3 cells
were starved by 0.1% FBS containing medium, and HEK293 cells
were starved by serum free medium for 24 h. Cells were seeded at
50,000/well (RPE-1 and NIH3T3) or 120000/well (HEK293) of 24
well plate. Treatments by small molecules were done for indicated
times: LGK974 (0.4 µM) (Sellcheck, cat. No. S7143) for 72 h
(LGK974 was re-added to the starvation medium as indicated in
Figure 2A), Cytochalasin D (500nM) (Merck Cat. No. C8273) for
16 h, PF670462 (1 µM) (Merck, SML0795) for 24 h. WNT3a (90
ng/ml) (R&D systems, Cat.no. 5036-WN) for 2 h or 24 h.

Western Blot and Quantification
Western blot was performed as previously described (Bernatik
et al., 2020). Antibodies used: LRP6 (Cell signaling, Cat.no.
#2560), Phospho-LRP5/6 (Ser1493/Ser1490; Cell signaling,
Cat.no. #2568), AXIN1 (Cell signaling, Cat.no. #3323) DVL2
(Cell signaling, Cat.no. #3216), Active-β-catenin (Merck, Cat.
no. 05-665-25UG), and α-tubulin (Proteintech, Cat.no. 66031-
1-Ig). Quantifications were performed using Fiji distribution
of ImageJ. Intensity of pLRP5/6 and ABC band was measured
and normalized to mean value from all conditions of given
experiment. Intensity of LRP6 and DVL2 was calculated as the
ratio of the upper to lower band intensity (the bands are indicated
by arrows in the corresponding Figures) and normalized to mean
value from all conditions of given experiment. Quantification was
performed on n = 3. Statistical analyses by students t-test or one-
way ANOVA were performed using Graphpad Prism, P < 0.05
(∗), P < 0.01 (∗∗), P < 0.001 (∗∗∗), and P < 0.0001 (∗∗∗∗).

Immunocytochemistry
RPE-1, NIH3T3 and HEK293 cells were seeded on glass
coverslips, treated as indicated, washed by PBS and fixed for
10 min in −20oC methanol, washed 3× by PBS, blocked (2%
BSA in PBS with 0.01% NaN3), 3× washed by PBS, incubated
with primary antibodies for 1 h, 3× washed by PBS, incubated
with secondary antibodies (Goat anti-Rabbit IgG Alexa Fluor
488 Secondary Antibody, Cat.no. A11008; Goat anti-Mouse IgG
Alexa Fluor 568 Secondary Antibody, Cat.no. A11031, all from
Thermo Fisher Scientific) for 2 h in dark, washed 3× by PBS,
incubated 5 min with DAPI, 2× washed by PBS and mounted to
glycergel (DAKO #C0563). Microscopy analysis was done using
Zeiss AxioImager.Z2 with Hamamatsu ORCA Flash 4.0 camera,
63× Apo oil immersion objective, and ZEN Blue 2.6 acquisition
SW (Zeiss). Image stacks acquired using Zeiss AxioImager.Z2
were projected as maximal intensity images by using ImageJ
distribution FIJI (Schindelin et al., 2012). Where appropriate,
contrast and/or brightness of images were adjusted by using
Photoshop CS5 (Adobe) or FIJI. To assess effects on ciliogenesis
or cilia length, at least 4–5 fields of vision (approximately 200–400
cells per experiment) were analyzed per experimental condition,
on at least n = 3. Cilia present on HEK293 cells were counted
manually. Cilia present on RPE-1 or NIH3T3 were counted
in ACDC software semiautomatic mode, all cilia present were
verified and adjusted manually as recommended (Lauring et al.,
2019). For the experiments in Supplementary Figures 1D–G

(analysis of CP110 and TTBK2 presence on the MC), 3–4 fields
of vision (200–400 cells) were analyzed per experimental run,
n = 3. Statistical analyses by one-way ANOVA were performed
using Graphpad Prism, P < 0.05 (∗), P < 0.01 (∗∗), P < 0.001
(∗∗∗), and P < 0.0001 (∗∗∗∗). Results are presented as mean
plus SEM. Primary antibodies used: Arl13b (Proteintech, Cat.no.
17711-1-AP), γ-tubulin (Merck, T6557), CP110 (Proteintech,
12780-1-AP), and TTBK2 (Merck, Cat.no. HPA018113).

Dual Luciferase (TopFLASH) Assay,
Transfection of HEK293
Transfection and dual luciferase assay of HEK293 WT and KO
cells was carried out as previously described (Paclíková et al.,
2017). In brief, in 0.1 µg of the pRLtkLuc plasmid and 0.1 µg
of the Super8X TopFlash plasmid per well of 24 well plate were
cotransfected, on the next day cells were treated by 90ng/ml
WNT3a and signal was measured after 24 h treatment.

CRISPR/Cas9 Generation of LRP5/6
Double Knock-Out and AXIN1/2 Double
Knock-Out HEK293 Cells
Used guide RNAs were following: LRP5 gRNA
gagcgggccgacaagactag, LRP6 gRNA ttgccttagatccttcaagt,
AXIN1 gRNA cgaacttctgaggctccacg, and AXIN2 gRNA
tccttattgggcgatcaaga. gRNAs were cloned into pSpCas9
(BB)-2A-GFP (PX458) (Addgene plasmid, 41815) or pU6-
(BbsI)_CBh-Cas9-T2A-mCherry (Addgene plasmid, 64324)
plasmids. Following transfection by Lipofectamine 2000
(Thermo Fisher Scientific) the transfected cells were FACS
sorted [FACSAria Fusion (BD Biosciences)] and clonally
expanded. Genotyping of LRP5 KO and AXIN2 KO mutants
was done following genomic DNA isolation (DirectPCR
Lysis Reagent; 301-C, Viagen Biotech) by PCR using
DreamTaq DNA Polymerase (Thermo Fisher Scientific). Used
primers: LRP5 forward: gttcggtctgacgcagtaca, LRP5 reversed:
aggatggcctcaatgactgt, AXIN2 forward: cagtgccaggggaagaag, and
AXIN2 reversed: gtcttggtggcaggcttc. PCR products were cut
by BfaI (R0568S, NEB) in case of LRP5 KO and Hpy188III
(R0622S, NEB) for AXIN2 KO screening, respectively. Successful
disruption of individual ORFs was confirmed by sequencing,
Supplementary Figures 2A,D, 3A–E.

RESULTS

Treatment by Recombinant WNT3a
Induces WNT/β-Catenin Pathway
Activation but Not Ciliogenesis
First, we tested if primary ciliogenesis can be modulated by
activation of WNT/β-catenin pathway in RPE-1 by recombinant
WNT3a. Experiment outline is schematized (Figure 1A). We
initially treated the cells for 2 h. While we observed the expected
accumulation of active β-catenin (ABC), phosphorylation and
shift of LRP5/6 coreceptors (LRP6, pLRP5/6, S1490/S1493),
and phosphorylation and upshift of DVL2 (Figures 1B–E and
Supplementary Figure 1A), WNT3a did not alter the length
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FIGURE 1 | WNT3a does not promote ciliogenesis or cilia length. (A) Experimental scheme of WNT3a treatment experiment. Cells were seeded and grown for 24 h,
then starved for additional 48 h. A 2 h treatment (RPE-1) by WNT3a is indicated in blue, 24 h treatment is indicated in orange (RPE-1 and NIH3T3). (B) Western blot
analysis of 2 h WNT3a treatment of RPE-1. The treatment leads to LRP6 shift and increased LRP5/6 phosphorylation, DVL2 phosphorylation and upshift, and
accumulation of ABC. The quantitation of pLRP5/6 intensity is shown in (C) n = 3, DVL2 band intensities (upper to lower band intensity ratio, the bands are indicated
by arrows) is shown in (D) n = 3, the quantification of relative ABC levels is presented in (E) n = 3. (F) Representative images of RPE-1 cells treated by WNT3a or
vehicle (control) for 2 h and stained for Arl13b (green) and γ-tubulin (red). Scale bar = 2 µm. DAPI (blue) was used to counter stain nuclei. The corresponding
quantification of the cilia length (G) and the percentage of cells with Arl13+ cilium (H). Each dot indicates either length of a single primary cilium (G) or percentage of
ciliated cells in a single image (H). (I) Western blot analysis of 24 h WNT3a treatment of RPE-1. The treatment leads to LRP6 shift, increased LRP5/6
phosphorylation, DVL2 phosphorylation and upshift, and accumulation of ABC. The quantification of pLRP5/6 intensity is shown in (J) n = 3, DVL2 bands (indicated
by arrows) intensity ratio is shown in (K) n = 3, quantification of relative ABC levels is presented in (L) n = 3. (M) Representative images of RPE-1 cells treated by
WNT3a or vehicle (control) for 24 h and stained for Arl13b (green) and γ-tubulin (red). Scale bar = 2 µm. DAPI (blue) was used to counter stain nuclei. The
corresponding quantification of the cilia length and the percentage of cells with Arl13+ cilium is shown in (N,O), respectively. Each dot indicates either length
of a single primary cilium (N) or percentage of ciliated cells in a single image (O) n = 4. (P) Western blot analysis of NIH3T3 cells treated by WNT3a for 24 h shows LRP6

(Continued)
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FIGURE 1 | Continued
shift and LRP5/6 phosphorylation, DVL2 phosphorylation and upshift, and accumulation of ABC. The quantification of pLRP5/6 intensity is shown in (Q) n = 3, DVL2
band intensities (upper to lower band intensity ratio, the bands are indicated by arrows) is shown in (R) n = 3, quantification of relative ABC intensity (S) n = 3.
(T) Representative images of NIH3T3 cells treated by WNT3a for 24 h, stained for Arl13b (green), and γ-tubulin (red). Scale bar = 2 µm. DAPI (blue) was used to
counter stain nuclei. The corresponding quantification of the cilia length (U) and the percentage of cells with Arl13+ cilium (V). Each dot indicates either length of a
single primary cilium (U) or percentage of ciliated cells in one image frame (V) n = 3.

or number of Arl13b positive cilia (Figures 1F–H). Next, we
examined effects of prolonged treatment of RPE-1 cells by
WNT3a. Importantly, we were able to detect that WNT/β-catenin
pathway is still active after 24 h, as visible from the mobility
shift of LRP6 (Figure 1I and Supplementary Figure 1B) or
the elevated levels of ABC, pLRP5/6 or DVL2 phosphorylation
(Figures 1I–L), but the treatment did not show any notable
effects on cilia length or numbers (Figures 1M–O). In agreement
with these data, WNT3a treatment failed to alter either TTBK2
recruitment to MC (Supplementary Figures 1D,E) or MC-
specific loss of CP110 (Supplementary Figures 1F,G). To
corroborate these findings, we also tested the influence of WNT3a
in NIH3T3 cell line. Similarly, to RPE-1, WNT3a treatment for
24 h was able to activate the WNT/β-catenin pathway in NIH3T3
cells (Figures 1P–S and Supplementary Figure 1C), but the
length of cilia was not affected (Figures 1T,U). Intriguingly, we
detected a decrease in the percentage of ciliated cells following
the WNT3a treatment (Figure 1V).

Inhibition of WNT Secretion Halts WNT
Signaling but Not Ciliogenesis
Having found WNT3a-activated WNT/β-catenin signaling is not
sufficient to promote cilia formation, we tested a possibility that
steady state WNT signaling is required for effective ciliogenesis.
WNT/β-catenin pathway is intensively studied as a driver of
oncogenic growth, thus there are currently available various
small molecules that inhibit WNT ligand secretion. To this
end, we used a Porcupine inhibitor LGK974 to block the
secretion of endogenous WNT ligands and in turn block the
steady state WNT signaling (Jiang et al., 2013). As a positive
control in these experiments we used cytochalasin D (CytoD),
an actin polymerization inhibitor known to facilitate ciliogenesis
and promote cilia elongation (Kim et al., 2015). Experiment
outline is schematized (Figure 2A). While we observed no
visible change in pLRP5/6 levels following the LGK974 treatment
(Figures 2B,C), perhaps because the basal levels of pLRP5/6
were at our detection limit, we detected downshift of DVL2
(Figures 2B,D) confirming the endogenous WNT signaling
was successfully ablated. Importantly, however, the LGK974
treatment did not alter primary ciliogenesis, in contrast to
CytoD that facilitated CP110 removal from MC (Supplementary
Figures 1F,G), cilia elongation (Figures 2E,F), and formation
(Figures 2E,G). In addition, we inhibited WNT signaling at the
level of CK1-δ/ε using small molecule PF670462 (Badura et al.,
2007; Janovska et al., 2018), and found no effect on ciliogenesis
(Supplementary Figures 1H–J). Next, we applied the approach
outlined in Figure 2A also to NIH3T3 cells, with very similar
results - LGK974 caused no visible change in pLRP5/6 levels but
inhibited WNT signaling on the level of DVL2 (Figures 2H–J),

but LGK974 treatment failed to show any effect on cilia length,
in contrast to CytoD treatment (Figures 2K,L). We noted the
CytoD treatment in NIH3T3 did not increase the cilia numbers
(Figure 2M), possibly due to high basal ciliation rate of NIH3T3
compared to RPE-1. In sum, these data imply that signaling
mediated by endogenous WNT ligands is not required for
primary ciliogenesis.

Genetic Ablation of WNT/β-Catenin
Pathway Does Not Alter Primary
Ciliogenesis
To corroborate our findings, we established a panel of HEK293
cells devoid of critical components of WNT signaling pathways.
To specifically block the course of WNT/β-catenin pathway
we used LRP5/6 double knock out HEK293 cells, to block
the course of any WNT signaling pathway we used DVL1/2/3
triple knock out HEK293 cells (Paclíková et al., 2017) and to
overactivate WNT/β-catenin pathway we used AXIN1/2 double
knock out HEK293 cells.

First, we have verified successful disruption of LRP5 gene
by sequencing (Supplementary Figures 2A, 3A), and lack of
LRP6 and pLRP5/6 signals in LRP5/6 null cells by western blot
(Figure 3A and Supplementary Figure 2B). Furthermore, we
confirmed these cells cannot activate WNT/β-catenin signaling
(Supplementary Figure 2C). Similarly, we confirmed disruption
of AXIN1 and AXIN2 genes in AXIN1/2 dKO by sequencing
(Supplementary Figures 2D, 3B–E), and lack of AXIN1 by
western blot (Supplementary Figure 2E). In addition, we
observed that loss of AXIN1/2 function leads to excessive ABC
accumulation (Figure 3A) and in turn to overactivation of
WNT/β-catenin signaling in AXIN1/2dKO cells (Supplementary
Figure 2F), as expected.

Having characterized our model system, we examined cilia
formation in those cells. Consistently with previous work,
HEK293 cells form cilia less frequently than RPE-1 or NIH3T3
cells (Lancaster et al., 2011; Bernatik et al., 2020). We were
able to detect about 5% of cells with Arl13b+ primary cilium
in WT HEK293. The percentage of ciliated cells, but not the
cilia length, was reduced in DVL1/2/3 tKO cells (Figures 3B–
D). This observation is in agreement with the role of DVL and
WNT/PCP pathway in the regulation of basal body positioning
and ciliogenesis (Park et al., 2008; Shnitsar et al., 2015; Sampilo
et al., 2018). Systemic activation of WNT/β-catenin pathway
by AXIN1/2 removal produced a somewhat mixed result.
Using AXIN1/2 dKO clone 3D2 we initially observed a non-
significant negative trend on the cilia formation. However, this
was not confirmed using an independent clone 3H2 (Figure 3D).
Importantly, the ablation of WNT/β-catenin pathway in LRP5/6
dKO cells had no effect on either the percentage of ciliated cells
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FIGURE 2 | Inhibition of WNT secretion has no effect on ciliogenesis or cilia length. (A) Experimental scheme illustrating the time points of LGK974 (Purple) or CytoD
(Green) treatments. (B) Western blot analysis of RPE-1 treated by LGK974 or CytoD. WNT3a was used as positive control to activate WNT/β-catenin pathway.
pLRP5/6 intensity is quantified in (C) n = 3, DVL2 shift (upper to lower band intensity ratio) is quantified in (D) n = 3. (E) Representative images of RPE-1 cells
following the indicated treatment, stained for Arl13b (green) and γ-tubulin (red). Scale bar = 2 µm. DAPI (blue) was used to counter stain nuclei. Quantification of the
cilia length (F) and the percentage of cells with Arl13+ cilium (G). Each dot indicates either length of a single primary cilium (F) or percentage of ciliated cells in one
image frame (G) n ≥ 3. (H) Western blot analysis NIH3T3 treated by LGK974 or CytoD. pLRP5/6 intensity is quantified in (I) n = 3, (J) Quantification of DVL2 band
intensities (upper to lower band intensity ratio) n = 3. (K) Representative images of NIH3T3 cells following treatment with LGK974 or CytoD, stained for Arl13b
(green) and γ-tubulin (red). Scale bar = 2 µm. DAPI (blue) was used to counter stain nuclei. Quantification of the cilia length (L) and the percentage of cells with
Arl13+ cilium (M). Each dot indicates either length of a single primary cilium (L) or percentage of ciliated cells in one image frame (M) n = 3.
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FIGURE 3 | Ablation of WNT β-catenin pathway does not alter primary
ciliogenesis. (A) Western blot analysis of individual HEK293 KO cell lines using
the indicated antibodies. Note that LRP5/6 dKO cells lack LRP6 and phospho
LRP5/6 (pSer1493/pSer1490), DVL1/2/3 tKO cell do not have detectable
levels of DVL2. AXIN1/2 dKO cells shown elevated level of ABC. (B–D)
HEK293 Cells were starved for 48 h, stained for Arl13b (green), γ-tubulin (red),

(Continued)

FIGURE 3 | Continued
and DAPI (blue), and analyzed by IF microscopy. Representative images are
shown in (B). Scale bar = 2 µm. Quantification of cilia length and percentage
of ciliated cells is shown in (C,D), respectively Each dot indicates either length
of a single primary cilium (C) or percentage of ciliated cells in one image (D).
n = 4.

or cilia length (Figures 3B–D), in agreement with our earlier
observations based on pharmacological inhibition of endogenous
WNT signaling in RPE-1 or NIH3T3. In sum, from these data
we conclude that WNT/β-catenin signaling is not required for
effective ciliogenesis.

DISCUSSION

Regulation of ciliogenesis is a complex process involving
multiple factors directly or indirectly influencing cilia initiation
and elongation. The regulators of cilium formation encompass
a wide range of molecules such as components of centrioles,
regulators of vesicular trafficking, intraflagellar transport
proteins, membrane proteins, and components of cytoskeleton
(Seeley and Nachury, 2010; Ishikawa and Marshall, 2017; Wang
and Dynlacht, 2018; Conkar and Firat-Karalar, 2020).

WNT3a is considered a prototypical “canonical” WNT
ligand that activates WNT/β-catenin pathway (Willert et al.,
2003). Moreover, WNT3a and hence the WNT/β-catenin
pathway are well known for their mitogenic potential in many
experimental systems (Niehrs and Acebron, 2012). In addition,
WNT/β-catenin pathway has been shown to act mainly during
G2/M phase of the cell cycle (Davidson et al., 2009), while
primary cilia form during G0/G1 and during the G2/M they
disassemble (Rieder et al., 1979; Ford et al., 2018). Furthermore,
mitogenic signals typically promote cilium disassembly (Rieder
et al., 1979; Tucker et al., 1979; Pugacheva et al., 2007). From this
perspective, the recently reported positive role of WNT3a and
WNT/β-catenin signaling on primary cilia formation (Kyun et al.,
2020) is counterintuitive and puzzling.

Principally, there are several important methodological
differences between our work and the previous results (Kyun
et al., 2020) which may account for the different outcomes. (1)
In our experiments we activated the WNT/β-catenin pathway
by recombinant WNT3a, in contrast to WNT3a conditioned
medium often used in the previous study (Kyun et al., 2020).
Thus, some of the reported effects of WNT3a conditioned
medium may be a result of secondary effects. (2) We applied up to
24 h stimulation by WNT3a to activate or 72 h LGK974 to block
the pathway, respectively. We cannot formally exclude that the
longer WNT3a treatments used by Kyun et al., could account
for the observed differences. However, we argue this seems
unlikely, given that full activation of the WNT/β-catenin pathway
or cilium formation typically happens within several hours
following the proper stimuli (Bryja et al., 2007; Naik and Piwnica-
Worms, 2007; Pitaval et al., 2010; Lu et al., 2015; Wu et al., 2018;
Pejskova et al., 2020). In fact, prolonged WNT/β-catenin pathway
stimulation increases a chance for indirect secondary effects.
Indeed, WNT signaling has been shown to regulate expression of
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a number of ligands from FGF (Kratochwil et al., 2002; Barrow
et al., 2003; Shimokawa et al., 2003; Chamorro et al., 2005;
Hendrix et al., 2006) or BMP (Baker et al., 1999; Kim et al., 2002;
Shu et al., 2005) families that might in turn affect ciliogenesis
(Neugebauer et al., 2009; Komatsu et al., 2011; Cibois et al.,
2015; Bosakova et al., 2018). 3. Finally, we visualized cilia by
staining for Arl13b, a small GTPase from Arf/Arl-family highly
enriched in the ciliary membrane (Caspary et al., 2007; Cantagrel
et al., 2008; Hori et al., 2008; Duldulao et al., 2009; Cevik
et al., 2010; Li et al., 2010). In the report by Kyun et al.,
acetylated α-tubulin antibody staining was used to assess the
cilia length, thickness, and numbers. From this perspective, it
is plausible some of the reported changes in cilia length or
thickness in fact reflect changes in the acetylation of ciliary
tubulin rather than changes in cilium size. That being said, there
is an evidence that individual cilia differ significantly in the
levels of tubulin post-translation modifications and the levels of
tubulin modifications may dramatically change in response to
the appropriate stimuli (Piperno et al., 1987; Berbari et al., 2013;
He et al., 2018).

Our data show that while WNT3a consistently activates
the WNT/β-catenin pathway, it has no or minor negative
effects on ciliogenesis. Elevated β-catenin levels following
APC ablation have been related to reduced ciliogenesis
and cell cycle defects in the developing cortex in mice
(Nakagawa et al., 2017). Indeed, we detected modest decrease
in the percentage of ciliated NIH3T3 cells following WNT3a
induced β-catenin accumulation. We speculate we did
not observe comparable negative effect on cilia following
the WNT/β-catenin pathway activation after AXIN1/2 loss
due to abnormal cell cycle regulation in HEK293, which
hampers detection of relatively subtle deviations in their
cell cycle progression (Löber et al., 2002; Stepanenko and
Dmitrenko, 2015). These data are in contrast to Kyun et al.,
where accumulation of β-catenin by WNT3a conditioned
medium treatment or by expression of S45A non-degradable
oncogenic mutant variant of β-catenin (Liu et al., 2002)
facilitates ciliogenesis.

In sum, we found no evidence that endogenous
WNT/β-catenin signaling, while ablated either pharmacologically
in RPE-1 or NIH3T3 by LGK974, or genetically by removal
of LRP5/6 in HEK293, is required for primary cilia to form.
Our findings presented in this article challenge some of
the published evidence and argue against positive role of
WNT3a or WNT/β-catenin pathway in ciliogenesis or cilia
length regulation.
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ARTICLE

KIF14 controls ciliogenesis via regulation of Aurora A
and is important for Hedgehog signaling
Petra Pejskova1, Madeline Louise Reilly2,3, Lucia Bino1, Ondrej Bernatik1, Linda Dolanska1, Ranjani Sri Ganji4, Zbynek Zdrahal4,
Alexandre Benmerah2, and Lukas Cajanek1

Primary cilia play critical roles in development and disease. Their assembly and disassembly are tightly coupled to cell cycle
progression. Here, we present data identifying KIF14 as a regulator of cilia formation and Hedgehog (HH) signaling. We show
that RNAi depletion of KIF14 specifically leads to defects in ciliogenesis and basal body (BB) biogenesis, as its absence
hampers the efficiency of primary cilium formation and the dynamics of primary cilium elongation, and disrupts the
localization of the distal appendage proteins SCLT1 and FBF1 and components of the IFT-B complex. We identify deregulated
Aurora A activity as a mechanism contributing to the primary cilium and BB formation defects seen after KIF14 depletion. In
addition, we show that primary cilia in KIF14-depleted cells are defective in response to HH pathway activation, independently
of the effects of Aurora A. In sum, our data point to KIF14 as a critical node connecting cell cycle machinery, effective
ciliogenesis, and HH signaling.

Introduction
The primary cilium is an antenna-like structure typically pre-
sent on the surface of nondividing cells. While it was originally
described as a vestigial organelle, and hence largely neglected,
recent years have indisputably proven its status as a seminal
structure for sensing various extracellular stimuli (Anvarian
et al., 2019; Bangs and Anderson, 2017). In vertebrates, prima-
ry cilia govern many important aspects of embryonic develop-
ment as well as tissue homeostasis in adulthood (Gerdes et al.,
2009; Goetz and Anderson, 2010; Reiter and Leroux, 2017).
Consequently, deregulation of primary cilia assembly, mainte-
nance, or function is linked to numerous human diseases, col-
lectively termed “ciliopathies” (Badano et al., 2006; Baker and
Beales, 2009; Braun and Hildebrandt, 2017; Mitchison and
Valente, 2017).

Primary cilium assembly, as well as disassembly, is inti-
mately connected to cell cycle progression and in turn to the
centrosome duplication cycle. In cultured cells, primary cilia
formation generally occurs after exiting mitosis, in G0, and
conversely, resorption of primary cilia starts upon entry into the
new cell cycle (Sánchez and Dynlacht, 2016). Cells in the G0/G1
phase typically contain one centrosome with two centrioles. A
hallmark of the older, fully mature, so-called mother centriole is
a set of distal and subdistal appendages, which decorate its distal

end (Bowler et al., 2019; Yang et al., 2018). As the immature,
daughter centriole lacks those structures, only a mother cen-
triole is capable of serving as the basal body (BB) to allow cili-
ogenesis (Fırat-Karalar and Stearns, 2014; Kobayashi and
Dynlacht, 2011; Nigg and Holland, 2018). However, the picture
of the mutual interactions between primary cilia and the cell
cycle still remains far from complete (Seeley and Nachury,
2010).

The fully grown primary cilium is composed of the BB, a
mother centriole anchored to the plasmamembrane via its distal
appendages (Anderson, 1972; Kobayashi and Dynlacht, 2011); the
transition zone, a specialized domain at the ciliary base involved
in targeting and sorting of proteins to and from the ciliary
compartment (Reiter et al., 2012); and the axoneme, a
microtubule-based structure protruding into the extracellular
space and enclosed within the ciliary membrane (Garcia-
Gonzalo and Reiter, 2017; Satir et al., 2010).

The molecular aspects of primary cilium formation have
started to emerge only recently, yet many questions remain to
be answered. Ciliogenesis seems to be initiated by the docking of
small vesicles to the distal appendages of a mother centriole and
their subsequent fusion into one large ciliary vesicle (Lu et al.,
2015; Sorokin, 1962; Wu et al., 2018). Correct assembly and
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composition of the distal appendages is essential here, as the
absence of many individual distal appendage components
(CEP164, CEP83, CEP89, and SCLT1) prevents vesicle docking
(Schmidt et al., 2012; Sillibourne et al., 2013; Tanos et al., 2013).
A further step in ciliogenesis and mother centriole to BB tran-
sition resides in the removal of CP110 and CEP97 from the distal
end of the mother centriole (Huang et al., 2018; Spektor et al.,
2007). This process requires the activity of TTBK2, recruited to
the BB by CEP164 (Čajánek and Nigg, 2014; Goetz et al., 2012; Oda
et al., 2014). TTBK2 and the distal appendage protein FBF1 are
also involved in the recruitment of components of the intra-
flagellar transport (IFT) system (Čajánek and Nigg, 2014; Goetz
et al., 2012; Wei et al., 2013). In turn, IFT particles are respon-
sible for moving cargos to the tip (anterograde IFT-B complex) of
the axoneme and back (retrograde IFT-A complex). IFT-based
transport is crucial for not only ciliogenesis but also primary
cilium maintenance and sensory function (Lechtreck, 2015;
Rosenbaum and Witman, 2002; Scholey, 2003).

Primary cilia seem to be implicated in the modulation of
several pathways in vertebrates (Anvarian et al., 2019; Bryja
et al., 2017), but it is indisputably Hedgehog (HH) signaling
where the importance of primary cilia is best characterized
(Bangs and Anderson, 2017; Mukhopadhyay and Rohatgi, 2014).
In the absence of a ligand, the Patched receptor localizes to the
primary cilium and is thought to inhibit the entry of the
Smoothened (SMO) receptor into the primary cilium. Following
ligand binding to Patched, SMO moves to the ciliary membrane
and promotes the accumulation and activation of GLI proteins at
the tip of the primary cilia. Activated GLIs are then transported
out of the primary cilia by IFT complexes, and, in turn, regulate
proliferation, migration, and differentiation via the induction of
target gene expression in the cell nucleus (Bangs and Anderson,
2017; Briscoe and Thérond, 2013).

As we have already mentioned, cell cycle machinery is
thought to be connected to primary cilium formation, mainte-
nance, and disassembly (Izawa et al., 2015). The exact mecha-
nisms underlying this relationship are only beginning to
emerge. It is generally accepted that cells initiate primary cilium
resorption upon cell cycle reentry (G1/S) and that primary cilia
are fully resorbed before the onset of mitosis (late G2). Thus,
primary cilium formation can be readily triggered by serum
starvation of various cultured cell lines, and conversely, primary
cilium resorption can be induced by the addition of serum.
Molecules implicated in controlling primary cilium disassembly
seem to include many well-established regulators of mitotic
progression (Plotnikova et al., 2012; Sánchez and Dynlacht, 2016;
Seeley and Nachury, 2010). Among these, mitotic kinase Aurora
A (AURA) has turned out to be a key regulatory element of
primary cilium disassembly (Inoko et al., 2012; Pan et al., 2004;
Plotnikova et al., 2012; Pugacheva et al., 2007). Activation of
AURA in the context of primary cilium resorption is at least in
part mediated by the adaptor protein HEF1/NEDD9 (Gradilone
et al., 2013; Pugacheva et al., 2007) and in turn leads to the
promotion of primary cilium disassembly by a mechanism ex-
pected to involve the deacetylase HDAC6 (Gradilone et al., 2013;
Pugacheva et al., 2007). Additional levels of mutual crosstalk
between the cell cycle tool kit and primary cilium assembly/

disassembly are likely to exist. Indeed, recent evidence has im-
plied the possibility of a connection at the level of regulation
and/or regulators of cytokinesis (Bernabé-Rubio et al., 2016;
Smith et al., 2011).

Here, we report on a new role of kinesin KIF14 in primary
cilium formation. Kinesins are molecular motors capable of
binding microtubules through their motor domain, and they are
involved in various aspects of intracellular transport, including
ciliogenesis (Hirokawa et al., 2009; Reilly and Benmerah, 2019;
Silverman and Leroux, 2009). They may serve different func-
tions in primary cilia. While kinesin II complex is important for
driving anterograde transport of IFT particles from the base of
the cilium to its tip (Cole et al., 1998; Marszalek et al., 1999;
Morris and Scholey, 1997), KIF7 seems to organize the HH
signaling platform at the tip of the primary cilium (Endoh-
Yamagami et al., 2009; He et al., 2014), and it has been pro-
posed that KIF24 negatively regulates the early steps of primary
cilium formation (Kobayashi et al., 2011) and mediates cilium
disassembly (Kim et al., 2015). KIF14, a member of the kinesin-3
subfamily, has been previously implicated in the regulation of
chromosome segregation (Zhu et al., 2005) and cytokinesis and
midbody formation (Bassi et al., 2013; Carleton et al., 2006;
Gruneberg et al., 2006; Moawia et al., 2017; Ohkura et al., 1997).
Interestingly, recent reports have suggested a possible link be-
tween KIF14 mutations and ciliopathies (Filges et al., 2014;
Makrythanasis et al., 2018; Reilly et al., 2019), yet no evidence
that KIF14 is involved in ciliogenesis has been provided. In this
work, we demonstrate through various means that KIF14 de-
pletion is associated with primary cilium defects and hence
KIF14 is important for primary cilium formation and primary
cilium–related signaling. Moreover, we identify deregulated
AURA as a mediator of at least some of the KIF14 depletion
phenotypes.

Results
To find novel regulators of primary cilium formation, we used
proteomics and literature data mining. In our proteomics ap-
proaches, we focused on the identification of CEP164 inter-
actome. We have combined two independent strategies to obtain
our candidates: coimmunoprecipitation (coIP) of endogenous
CEP164 in hTERT RPE-1 (retinal pigment epithelium cells im-
mortalized with human telomerase reverse transcriptase) cells
and proximity-dependent biotinylation by inducibly expressed
CEP164-BirA* in HEK293 (human embryonal kidney) cells. By
combining the results from both experiments (Table S1 and
Table S2) with literature data mining, we selected five candi-
dates to focus on: CCDC92, LUZP1, SCYL2, KIF7, and KIF14
(Fig. 1 A).

KIF14 knockdown causes ciliogenesis defects
To assess the potential role of our candidates in ciliogenesis, we
used siRNA to knock down their expression in the hTERT RPE-
1 cell line (Fig. S1 A). Having confirmed efficient depletion of
individual mRNAs, we next examined the possible impact of
RNAi on the formation of ARL13B+ primary cilium (Fig. 1 B).
Interestingly, while knockdown of SCYL2, LUZP1, CCDC92, or
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Figure 1. KIF14 knockdown causes ciliogenesis defects. (A) Graphical summary illustrating rational behind the selection of candidates. (B–H) hTERT RPE-
1 cells were transfected with indicated siRNA and 24 h serum starved. (B) Quantification of ARL13B+ primary cilia formation. CEP164 siRNA was used as a
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KIF7 showed no apparent effect on primary cilium formation,
KIF14 depletion led to prominent ciliogenesis defects (Fig. 1, B
and C). Specifically, the proportion of cells forming fully grown
primary cilia (“long”; >3.3 µm) after KIF14 knockdown was re-
duced compared with the control, while populations of cells with
short (≤3.3 µm) or no primary cilia were increased (Fig. 1, B and
C). We subsequently examined the effect on primary cilium
length more closely and found that primary cilia were on av-
erage ∼50% shorter in KIF14-depleted cells than in controls
(Fig. 1, C and D). To further corroborate these findings, obtained
using a mix of two siRNAs, we tested the effects of KIF14 siRNA
on ciliogenesis in hTERT RPE-1 cells using three individual KIF14
siRNA oligos. KIF14 siRNA #1 and #2 were used in our original
experiments; KIF14 siRNA #3 had previously been shown to
efficiently deplete KIF14 levels (Carleton et al., 2006). We tested
their KD efficiency on protein (Fig. 1 E and Fig. S1 B) and mRNA
(Fig. S1 C) levels and in turn examined their effects on the for-
mation of ARL13B+ primary cilia. Importantly, all tested KIF14
siRNAs led to a similar defect in the formation of ARL13B+ pri-
mary cilia (Fig. 1, F and G; and Fig. S1, D–F). Furthermore, we
confirmed the defect in primary cilium formation following
KIF14 depletion using another marker of primary cilia, acety-
lated tubulin (Ac-tub) in hTERT RPE-1 (Fig. S1, G–I). Finally, to
fully prove the specificity of ciliogenesis defects detected in the
KIF14 siRNA condition, we established a stable hTERT RPE-
1 cell line inducibly expressing a GFP-KIF14 mutant resistant
to KIF14 siRNA #2 (GFP-KIF14siRNA2res; Fig. S1 J). Impor-
tantly, the expression of GFP-KIF14siRNA2res, following the
depletion of endogenous KIF14, was able to fully restore the
formation of primary cilia to levels comparable to controls
(Fig. 1, H and I).

Having established that KIF14 is needed for efficient forma-
tion of primary cilia in hTERT RPE-1, we next examined its
implication in ciliogenesis in several other cell lines. Impor-
tantly, we observed similar phenotypes following the depletion
of KIF14 in neonatal human dermal fibroblasts (nHDFs; Fig. S1,
K–M), human embryonic stem cells (hESCs; Fig. S1, N–P), hu-
man induced pluripotent stem cells (hiPSCs; Fig. S1, Q–S), and
IMCD3s (a mouse inner medullary collecting duct cell line; Fig.
S1, T–V).We conclude that the function of KIF14 in ciliogenesis is
not restricted to one particular cell type.

KIF14 localizes to primary cilia in interphase cells
KIF14 was reported to localize to midbody during cytokinesis
(Carleton et al., 2006; Gruneberg et al., 2006), which we also
observed in our models (not shown). Given the effects of KIF14

depletion we found, we examined KIF14 localization in cells in
interphase, when the cells can form primary cilia. First, we
transiently expressed GFP-KIF14 and untagged KIF14, respec-
tively, in hTERT RPE-1 and found that both proteins could lo-
calize to primary cilia (Fig. 2, A and B). To corroborate this
observation, we examined the localization of endogenous KIF14.
Importantly, while we detected the signal of the KIF14 antibody
in primary cilia in hTERT RPE-1, the signal was diminished in
cells transfected with KIF14 siRNA, thereby demonstrating the
specificity of the KIF14 staining (Fig. 2 C).

Mutations in KIF14 have been implicated in the etiology of
microcephaly and kidney development defects (Filges et al.,
2014; Makrythanasis et al., 2018; Moawia et al., 2017; Reilly
et al., 2019). Given the observation of ciliary localization of
KIF14, we in turn examined KIF14 mutants described by Reilly
and colleagues (Reilly et al., 2019; Fig. 2 D), in terms of their
ability to localize to BB and axoneme, respectively. We found
that following transient transfection in hTERT RPE-1, all tested
variants could be readily detected at centrin+ centrioles (Fig. 2, E
and F). Intriguingly, KIF14 mutations leading to truncated pro-
tein moieties (Q1380x, Q1304x, and R1189x) showed a strong
enrichment in the ciliary tip compartment (Fig. 2, E–G), in
contrast to N-terminal motor domain mutants (R364C and
T456M; previously demonstrated as being defective in the motor
domain function (Reilly et al., 2019), which showed diminished
signal intensity in the ciliary tip (Fig. 2, E–G). These results
suggest that both N-terminal and C-terminal parts of KIF14 are
implicated in the correct transport of KIF14 molecules in pri-
mary cilium axoneme.

KIF14 affects dynamics of cilia growth
Given the phenotypes we found, we next examined the dy-
namics of ciliogenesis defects following KIF14 depletion by
tracking primary cilium growth using time-lapse microscopy
(Fig. 3 A). First, we confirmed the consistency of the primary
cilium formation defects after KIF14 depletion in the hTERT
RPE-1 cell line expressing GFP-ARL13B upon doxycycline
(DOX) induction (Fig. S2, A and B). Next, we tracked GFP-
ARL13B+ cilia growth over time. We examined changes in the
length of primary cilia within a period of 9 h post primary
cilium induction and found that primary cilia after KIF14
knockdown were notably shorter than controls, with the
differences becoming more pronounced at the later time
points of our time-lapse experiment (Fig. 3 B). In agreement
with this observation, our measurements further revealed
that the initial speed of primary cilium elongation was

positive control. For SCYL2 and CEP164 silencing, we used single siRNA oligos; for LUZP1, CCDC92, KIF7, and KIF14, we used a 50 nM mix of oligos 1 and
2 (Table S3). (C) Representative images of immunofluorescent staining of ARL13B (green), γ-tubulin (red), and DNA (blue); scale bar, 10 µm (crops 1 and 2 show
examples of “long” primary cilia; crop 3 shows “no” cilium; and crop 4 shows a “short” primary cilium; scale bar, 2 µm). Silencing of KIF3A was used as a positive
control. (D) Graph of cilia length (only cells with ciliary axoneme are included). (E–G) Test of KIF14 knockdown efficiency using different siRNA oligos.
(E)Western blot analysis of protein expression in total hTERT RPE-1 cell lysates. (F) Representative images of IF staining of ARL13B (green), γ-tubulin (red), and
DNA (blue); scale bar, 10 µm. (G) Quantification of ARL13B+ primary cilia formation after KIF14 knockdown using different siRNA oligos. KIF3A siRNA was used
as a positive control. (H) IF staining of ciliogenesis defects rescue, caused by KIF14 siRNA #2–mediated depletion, by expression of GFP-KIF14si2res upon DOX
induction (GFP-KIF14, green; Ac-tub, red; and DNA, blue); scale bar, 10 µm. Green arrows point to long primary cilia (>3.3 µm), and red arrows point to short
primary cilia (<3.3 µm). (I) Quantification of ciliogenesis rescue. Note that ciliated cells here refer to a sum of short-cilium and long-cilium cells. Asterisks
indicate statistical significance determined using an unpaired t test (D and I; ciliated cells = short + long) or the Holm–Sidak method (B, G, and I; categories).
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comparable between controls and KIF14-depleted cells, but
the growth in the KIF14 siRNA condition dramatically drop-
ped at later time points and subsequently completely stopped
(please note the effects on average and current speed of cilia

growth, respectively (Fig. 3, C and D). Together, these results
have established that the depletion of KIF14 hampers the
dynamics of primary cilium growth, mainly at the later stage
of axoneme elongation.

Figure 2. KIF14 localizes to primary cilia in interphase cells. (A) Representative image of IF staining detecting GFP-KIF14 (green) localization to the ciliary
axoneme after overexpression in hTERT RPE-1, ARL13B (red), or centrin (blue); scale bar, 10 µm. (B) Representative image of IF staining detecting untagged
KIF14 (red) localization to the ciliary axoneme after overexpression in hTERT RPE-1, GFP (green), or DNA (blue); scale bar, 10 µm. (C) Representative images of
high-resolution microscopy analyses of endogenous KIF14 (green) localization to the ciliary axoneme and Ac-tub (red) in control vs. KIF14-depleted hTERT RPE-
1 cells; scale bar, 5 µm. (D) Scheme of KIF14 mutants (Reilly et al., 2018) transfected into hTERT RPE-1 cells. PRC1, Protein Regulator of Cytokinesis 1 - binding
domain; CIT, Citron Kinase - binding domain; FHA, forkhead-associated domain. (E) Representative images of IF microscopy analysis of KIF14 truncated mutant
localization, ARL13B (red), GFP-KIF14 (green), and centrin (blue); scale bar, 20 µm. Note the accumulation of GFP-KIF14 in the ciliary tip upon transfection of
C-terminally truncated mutants. (F) Graphical overview of GFP-KIF14 mutant localization. (G) Quantification of the GFP-KIF14 ciliary tip accumulation for
different KIF14 mutants (relative fluorescent signal, arbitrary units). Asterisks indicate statistical significance determined using an unpaired t test, n = 2, N ≥ 55.
AU, arbitrary units.
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KIF14 knockdown affects BB components and IFT-B
anterograde transport
To better understand the function of KIF14 in primary cilium
formation, we performed a series of IF microscopy analyses of
BB and/or primary cilium components, previously implicated in
key steps of ciliogenesis. First, we confirmed that testedmarkers
of centriole or primary cilium (CAP350 [Yan et al., 2006],
γ-tubulin, ARL13B, and Ac-tub) were not affected in terms of
either localization or intensity by KIF14 KD (Fig. S2, C–F), and
hence can be used for subsequent normalization to accurately
determine the relative abundance of any further tested compo-
nent in hTERT RPE-1. Next, we examined the BB components
TTBK2 (Fig. 4, A and B), CP110 (Fig. S2 G), and CEP164 (Fig. S2, H
and I), implicated in the early steps of primary cilium formation
(Čajánek and Nigg, 2014; Goetz et al., 2012; Graser et al., 2007;

Schmidt et al., 2012; Spektor et al., 2007), and found their levels
at BB not affected by KIF14 knockdown (Fig. 4, A and B; and Fig.
S2, G–I). Interestingly, FBF1, a protein localizing between distal
appendage sheets (Wei et al., 2013; Yang et al., 2018), and SCLT1,
localizing to distal appendage sheets together with CEP164
(Tanos et al., 2013; Yang et al., 2018), were present at BB in
significantly lower levels in KIF14-depleted cells than in controls
(Fig. 4, C–F). In addition, levels of ODF2, a component of sub-
distal appendages (Ishikawa et al., 2005), were also modestly
decreased after KIF14 depletion (Fig. 4, G and H). Additional
proteins tested (CEP290, INVS, and CEP97) were not affected by
KIF14 siRNA knockdown (data not shown).

The primary cilium defects we observed following KIF14
depletion (observation of short cilia with altered axoneme
elongation) implied possible perturbation of IFT machinery.

Figure 3. KIF14 depletion affects dynamics of primary cilia growth. (A–D) Time-lapse imaging microscopy analyses of ciliogenesis in stable GFP-ARL13B
hTERT RPE-1 during 9 h after serum starvation. (A) Representative stills of control or KIF14 siRNA-transfected cells; scale bars, 20 µm (ctrl siRNA) and 10 µm
(KIF14 siRNA). Green arrows point to long (control) primary cilia, and red arrows point to short primary cilia. T indicates time in hours. (B)Quantification of cilia
length during time-lapse microscopy of GFP-ARL13B+ primary cilia. Note the increasing difference between control and KIF14-depleted cells at later time
points. (C and D)Measurements of the speed of ciliary axoneme elongation. The average primary cilia growth speed (µm/h) reflects actual PC length reached
at the indicated time (C), and the current primary cilia speed of growth (µm/h) represents an increment of length per hour (D). Asterisks indicate statistical
significance determined using an unpaired t test.
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Figure 4. KIF14 knockdown affects BB components and IFT-B anterograde transport. hTERT RPE-1 cells were transfected with the indicated siRNA,
serum starved for 24 h, and analyzed by IF microscopy. γ-tubulin or CAP350 staining was used to visualize centrosomes, and Ac-tub staining detected primary
cilia. (A) TTBK2 localization (green) is not affected by KIF14 depletion (TTBK2 siRNA knockdown was used as a positive control); γ-tubulin, red; scale bar, 2 µm.
(B) Quantification of TTBK2 signal (normalized to γ-tubulin). (C) FBF1 protein intensity (green) is significantly affected by KIF14 depletion; γ-tubulin, red; scale
bar, 2 µm. (D) Quantification of FBF1 signal (normalized to γ-tubulin). (E) SCLT1 protein intensity (green) is significantly affected by KIF14 depletion; CAP350,
red; scale bar, 2 µm. (F) Quantification of SCLT1 signal (normalized to CAP350). (G) ODF2 protein intensity (green) is significantly affected by KIF14 depletion;
γ-tubulin, red; scale bar, 2 µm. (H) Quantification of ODF2 signal (normalized to γ-tubulin). (I) Localization of IFT57 (green) is significantly different after KIF14
depletion (CAP350, yellow; Ac-tubulin, red); scale bar, 3 µm. (J and K) Quantification of IFT57 signal at BBs (J; "norm." means normalized to CAP350) and in the
ciliary tip (K; "normal." means normalized to CAP350). (L) Histograms showing distribution of IFT57 (green), CAP350 (red), and Ac-tub (gray) and its signal
intensities along primary cilia. Quantification was done for typical "control long" cilia and "short" defective cilia after KIF14 siRNA (N = 10) and for additional
control also within a subset of short primary cilia in controls (N = 5). Asterisks or “ns” indicates statistical significance determined by unpaired t test (ns, not
significant).
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Indeed, microscopy analysis revealed that IFT57 normalized
signal intensities at the base of primary cilia (Fig. 4, I and J) and
in the ciliary tip (Fig. 4, I and K) were both significantly de-
creased upon KIF14 depletion. Importantly, this seems to be
specifically related to KIF14 deficiency rather than the length of
primary cilia, as we observed similar behavior when comparing
primary cilia of KIF14 depleted cells to control primary cilia of
comparable length (Fig. 4 L). Further, IFT88, another component
of IFT-B complex, also showed reduced levels after KIF14 de-
pletion, both at the BB (Fig. S2, J, K, and P) and the tip (Fig. S2, J,
L, and P), while the levels of IFT140, a member of IFT-A complex,
were found to be unchanged by the lack of KIF14 (Fig. S2, M–O
and Q).

Together, these data suggest that KIF14 knockdown leads to
changes in BB and IFT-B within the primary cilia.

KIF14 and CIT knockdown leads to minor effects on cell cycle
in RPE-1
Given that KIF14 was described as playing a role in mitosis,
particularly during cytokinesis (Carleton et al., 2006; Gruneberg
et al., 2006; Reilly et al., 2019), we examined possible links be-
tween phenotypes we found and cell cycle/cytokinesis. Sur-
prisingly, we found no evidence of defective cytokinesis in
serum-starved hTERT RPE-1, as tested by immunofluorescence
microscopy analyses of binucleated cells (Fig. 5 A). Next, we
examined the cell cycle distribution after KIF14 knockdown by
FACS or phospho-histone H3 (ph-H3; marker of G2/M cells)
immunofluorescence staining. The results from nonstarved
cells, depleted of KIF14 by siRNA, revealed a slight increase in S-
and G2/M-cells, respectively (Fig. S3, A–D), in line with the
reported mitotic role of KIF14 (Carleton et al., 2006; Gruneberg
et al., 2006; Reilly et al., 2019). Importantly, we did not observe
any alterations of cell cycle distribution after KIF14 knockdown
at the endpoint phase of our experimental setup (cells after 24 h
serum starvation), as examined by FACS (Figs. 5 B and S3 E) or
ph-H3 immunofluorescence staining (Fig. 5, C and D). To cor-
roborate these data further, we used siRNA targeting Citron
Rho-interacting kinase (CIT; Fig. S3, F–H), an additional regu-
lator of cytokinesis and KIF14 interactor (Bassi et al., 2011;
Gruneberg et al., 2006). Importantly, we found that CIT siRNA
had similar effects to the depletion of KIF14 in RPE-1 (Fig. S3,
I–O).

Role of KIF14 in primary cilium formation seems independent
of its role in mitosis
As the lack of binucleated cells following KIF14/CIT depletion is
evidence, but not proof, of mitosis/cytokinesis occurring cor-
rectly, we sought other means to corroborate our results.

Prolonged mitosis typically leads to up-regulation of p53,
which in turn triggers apoptosis, differentiation, or cell cycle
arrest (Bazzi and Anderson, 2014; Orth et al., 2012; Renzova
et al., 2018). To probe for any possible contribution of mitotic
stress to the effect of KIF14 depletion on primary cilium for-
mation, we first tested whether KIF14 siRNA could possibly el-
evate p53 levels. However, we found no evidence of such an
effect (Fig. S3 P). Next, we examined the effects of prolonged
mitosis, induced by 10 µM monastrol for 2‒4 h, on primary

cilium formation in hTERT RPE-1 (please see the scheme of the
experiment in Fig. 5 E). We found that monastrol-mediated
mitotic arrest and subsequent release had only a modest effect
on primary cilium formation (please compare the first column in
the “leftover” condition to the first column in the “M-arrest”
condition; Fig. 5 F), and showed no effect on ciliary length
(Fig. S3 Q). Importantly, however, the depletion of KIF14 led to a
significantly lower percentage of ciliated cells, both in controls
(“leftover”) and cells that experienced temporal mitotic arrest
from monastrol treatment (Fig. 5 F). Based on these results, we
conclude that any stress generated during mitotic arrest is un-
likely tomediate the effects of KIF14 depletion on primary cilium
formation.

Further, we aimed to test whether going through mitosis is
required for the primary cilium phenotypes related to KIF14
knockdown. First, we depleted KIF14 by siRNA in hTERT RPE-
1 cells that were serum starved for 24 h before transfection
(Fig. 5 G). As expected, 24 h serum starvation showed a profound
negative effect on the number of KI-67+ (maker of active cell
cycle) cells (Fig. S3, R and S). Importantly, however, the cells
transfected with KIF14 siRNA following the serum starvation
still showed impaired primary cilium formation (Fig. 5, H–J)
in a manner comparable to our initial observations (Fig. 1).
To strengthen this observation further, we used the cyclin-
dependent kinases inhibitor (R)-roscovitine (Meijer et al.,
1997) to halt any remaining proliferation before the transfec-
tion with siRNA (Fig. 5 K). As shown in Fig. 5 L and quantified in
Fig. 5, M and N, KIF14 depletion in hTERT RPE-1, cultured in
serum-free medium + 20 µM roscovitine, again demonstrated
negative effects on the proportion of cells with primary cilium (in
Fig. 5 M) and the primary cilium length (Fig. 5 N). From these
experiments, we conclude that impaired ciliogenesis following
KIF14 depletion is not a simple reflection of mitotic delay or long-
term effects on cell cycle; rather, KIF14 has a novel function in
primary cilium formation, which seems to be independent of its
role during mitosis/cytokinesis. This prompted us to examine
alternative explanations for KIF14 action toward primary cilium
formation.

KIF14 depletion deregulates AURA
AURA is a kinase known for its function in centrosome matu-
ration and mitotic progression. Intriguingly, recent studies have
also implicated AURA in the resorption of primary cilia (Inaba
et al., 2016; Inoko et al., 2012; Plotnikova et al., 2012; Pugacheva
et al., 2007). In light of our data, we hypothesized that abrogated
AURA activity might explain some of the defects observed in
KIF14-depleted cells.

To this end, we examined levels of AURA phosphorylated at
Thr288 within its kinase domain T-loop (phospho-AURA
[pAURA]), which typically indicates increased activity of the
kinase (Littlepage et al., 2002; Walter et al., 2000). Our Western
blot analysis (Fig. S4 A) suggested an up-regulation of pAURA
and hence its increased activity in the KIF14 siRNA condition.
We confirmed this intriguing observation through immunoflu-
orescence microscopy analyses of pAURA levels (Fig. 6, A and B;
and Fig. S4 B). As these data were not able to resolve whether
there is indeed an increase of pAURA at BB, we turned to high-
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Figure 5. KIF14 function in primary cilia formation is related to interphase. (A–D) hTERT RPE-1 cells were transfected with the indicated siRNA, serum
starved (SFM) for 24 h, and analyzed. (A) Quantification of proportion of binucleated cells by microscopy analysis. Treatment with 0.5 µM cytochalasin D (Cyto
D) was used as a positive control. (B) Cell cycle distribution analysis of control or KIF14 siRNA-transfected cells with a comparable proportion of cells in G2/M
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resolution confocal microscopy to specifically examine pAURA
levels in this compartment. Importantly, as shown in Fig. 6, C
and D, we detected a significant elevation of activated pAURA at
BB after depletion of KIF14.

Having established a link between KIF14 depletion and AURA
activation, we analyzed the effects of increased pAURA levels on
primary cilium formation in our model (Fig. 6 E). In agreement
with previous reports (Inoko et al., 2012; Plotnikova et al., 2012;
Pugacheva et al., 2007), we found that overexpression of MYC-
AURA decreased the proportion of hTERT RPE-1 cells able to
build primary cilia (Fig. 6, E and F) and that those primary cilia
formed were shorter than controls (Fig. 6 E and Fig. S4 C). In-
terestingly, we further found that MYC-AURA expression led to
reduced BB levels of FBF1 (Fig. 6, G and H), SCLT1 (Fig. 6, I and J),
IFT57 (Fig. 6, K and L), and IFT88 (Fig. S4, D and E), but not ODF2
(Fig. S4, F and G). These data not only indicated that AURA may
play a role in recruitment of the examined BB components but
importantly also suggested that there is not only a phenotypic
correlation but probably also a causality between KIF14 deple-
tion, AURA activation, and defective ciliogenesis.

AURA activity mediates effects of KIF14 depletion on primary
cilia formation
To fully prove this hypothesis, we treated control or KIF14
siRNA-transfected hTERT RPE-1 cells with 100 nM AURA in-
hibitor TCS7010 (Fig. 7 A). First, we examined the effect of the
KIF14 depletion in combination with AURA inhibition on the
recruitment of FBF1 and found that while its levels at BB de-
creased in KIF14-depleted cells, treatment with AURA inhibitor
restored its levels to that of controls (Fig. 7, B and C). Interest-
ingly, we observed a similar rescue effect on KIF14 depletion for
BB levels of SCTL1 (Fig. 7, D and E). Next, we examined possible
rescue effects of KIF14 siRNA by AURA inhibitor on levels of IFT-
B proteins. In line with earlier observations, KIF14 siRNA led to
lower levels of IFT57 at the BB and ciliary tip (Fig. 7, F and G).
Importantly, the addition of AURA inhibitor restored IFT57 cil-
iary levels in KIF14-depleted cells (Fig. 7, F and G), although we
noted that distribution of the IFT57 signal along the axoneme
was still somewhat different than in controls. A similar rescue
effect was observed in the case of IFT88 (Fig. S5 A). Remarkably,
the use of TCS7010 inhibitor also led to the rescue of two key
phenotypes associated with KIF14 depletion in serum-
starved cells: the reduction of the proportion of cells form-
ing primary cilia (Fig. 7, H and I) and the defective cilia
length (Fig. 7 J).

Activation of AURA is typically tightly controlled, with a
number of proteins proposed to act as activators of AURA ac-
tivity (Hirota et al., 2003; Hutterer et al., 2006; Inaba et al., 2016;
Kinzel et al., 2010; Kozyreva et al., 2014; Kufer et al., 2002;
Plotnikova et al., 2012; Ran et al., 2015). Having established el-
evated AURA activity as a mediator of several primary cilium
and BB defects in KIF14-depleted cells, we in turn asked to what
extent individual AURA activators contributed to the KIF14 de-
pletion defects we observed. To this end, we transfected hTERT
RPE-1 with KIF14 siRNA, together with either additional siRNA
targeting the individual AURA activator or in combination with
small-molecule calmidazolium chloride treatment (4 µM) to
inhibit calmodulin. Interestingly, we found that targeting indi-
vidual candidate activators had onlymodest rescue effects on the
KIF14 depletion phenotypes; NEDD9 and PIFO siRNA conditions
partially rescued the percentage of ciliated cells (Fig. S5 B), as
well as the cilium length (Fig. S5 C). Depletion of the remaining
candidates showed modest rescue of the primary cilium length
defect (Fig. S5 C) but failed to produce statistically significant
effects for the percentage of ciliated cells (Fig. S5 B). This implies
that themechanism of AURA activation in KIF14-depleted cells is
rather complex and that in this case, the participation of several
regulators of its activity seems more plausible than a scenario
with one “master regulator.”

Together, these data have demonstrated a connection be-
tween KIF14 depletion and the up-regulation of the resorption
pathway caused by elevated activation of AURA, which results in
a short cilia phenotype and defects in ciliogenesis.

KIF14 regulates HH signaling independently of AURA activity
To examine any functional consequences of the observed defects
in primary cilium formation, we tested the ability of KIF14-
depleted cells to respond to HH pathway activation. As ex-
pected, when KIF14 was depleted, nHDF cells failed to induce
expression of GLI1, an HH pathway target gene (Lee et al., 1997),
in response to a treatment with the agonist of the SMO receptor,
smoothened agonist (SAG; Fig. 8 A). Furthermore, we examined
the translocation of SMO into the primary cilia, which is a
prerequisite for the activation of the expression of the target
gene GLI1. Interestingly, while in control nHDF cells SMO readily
translocated into primary cilia upon SAG treatment, the SMO
translocation was impaired in KIF14-depleted nHDF cells able
to form primary cilia (Fig. 8, B and C; and Fig. S5 D). These
data suggest that a deficiency of KIF14 protein leads not only
to a somewhat expected defect in response to HH pathway

phase. (C) Representative images of detection of ph-H3+ cells (green and pointed out with arrows; DNA, blue); scale bar, 50 µm. (D) Quantification of the
percentage of ph-H3+ cells, where a total of 40,000 nuclei were counted. (E and F) Examination of the effects of prolonged mitosis, induced by 10 µM
monastrol for 2–4 h, on primary cilia formation in hTERT RPE-1 cells (please see the scheme of the experiment in E). (F)Monastrol-mediated mitotic arrest and
subsequent release into 10 µM (R)-roscovitine (a cyclin-dependent kinase inhibitor) had only a modest effect on primary cilia formation (please compare black
columns). Depletion of KIF14 leads to a significantly lower percentage of ciliated cells, both in controls (“leftover”) and cells that experienced temporal mitotic
arrest from monastrol treatment. (G–J) hTERT RPE-1 cells were synchronized in G0 by serum starvation (24 h before siRNA transfection), transfected by the
indicated siRNA, and serum starved for an additional 48 h before fixation (please see the scheme of the experiment in G). (H) Representative images (ARL13B in
green, γ-tubulin in red, and DNA in blue; scale bar, 20 µm) show a significant effect of KIF14 depletion on ciliogenesis independent of mitosis, quantified as a
decreased percentage of ciliated cells (I) and cilia length (J). (K–N) Same experimental setup as in G–J, with an additional 20 µM (R)-roscovitine to halt any
proliferation before the transfection with siRNA (please see the scheme of the experiment in K, representative images in L; scale bar, 20 µm, and quantifications
in M and N). Asterisks or "ns" indicates statistical significance determined using an unpaired t test (A, B, D, F, J, and N) or the Holm–Sidak method (I and M).
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stimulation on the cell population level (in line with the ob-
served reduction in the number of cells forming primary cilia)
but intriguingly also to HH activation response abnormalities in
short primary cilia formed upon KIF14 depletion.

Next, we asked whether the defect in SMO localization we
found is also mediated by elevated AURA, as we observed for the
ciliogenesis phenotypes. Remarkably, however, the accumula-
tion of SMO in primary cilia in KIF14-depleted cells treated with
AURA inhibitor was still impaired, even though the AURA in-
hibition showed prominent rescue effects on the percentage of
ciliated cells and the primary cilium length (Fig. 8, D and E; and
Fig. 7, H–J). In agreement with this result, we found that KIF14-
depleted cells treated with AURA inhibitor were not able to re-
spond to SAG agonist treatment through the induction of GLI1
mRNA (Fig. 8 F).

Together, those data propose that KIF14 has a dual role in
relation to primary cilia formation and function, with the ele-
vated AURA activity responsible for the ciliogenesis defects, but
not the HH signaling abnormalities found.

Discussion
Cell cycle regulation and ciliogenesis are intimately inter-
connected via a regulatory network, the extent of which is only
starting to become apparent. Here, we have explored this con-
nection by examining the role of KIF14, a protein hinted at
during our initial proteomics experiments, in primary cilium
formation. We have found that KIF14 is required for correct BB
biogenesis and primary cilium formation in several cell lines, as
well as for proper response of primary cilia to HH pathway ac-
tivation. Further, we have pinpointed deregulated AURA activity
as a downstreammediator of KIF14 deficiency responsible for BB
and primary cilium defects (Fig. 9).

Our testing of five putative regulators of primary cilium
formation has revealed that depletion of KIF14 leads to a pene-
trant decrease in the proportion of cells with primary cilia and
reduced ciliary length, in contrast to depletion of SCYL2, LUZP1,
CCDC92, or KIF7, which shows no apparent effect on ciliogen-
esis. In a similar vein, and in line with reports on connections

Figure 6. KIF14 depletion deregulates AURA. (A) Representative images of
IF detection of pAURA (green), Ac-tub (red), CAP350 (yellow), and DNA (blue)
in serum-starved hTERT RPE-1 cells; scale bar, 5 µm. (B) Quantification of
pAURA fluorescent intensity (normalized to Hoechst signal intensity) in
serum-starved whole cells. (C) Detection of a BB-specific pool of pAURA

(green) in nonstarved cells using high-resolution microscopy (CAP350, blue;
Ac-tub, red); scale bar, 0,4 µm. (D) Quantification of pAURA signal intensity
on BB (normalized to CAP350 signal intensity). (E–L) Effect of MYC-AURA
overexpression on 24 h serum-starved hTERT RPE-1 cells. (E) Representative
images of IF detection of MYC-tagged (green), Ac-tub+ primary cilia (red;
CAP350, yellow; DNA, blue) in mock- or MYC-AURA–transfected cells; scale
bar, 10 µm. (F) Graph quantifying statistically significant decrease of ciliated
cells percentage after MYC-AURA overexpression. (G and H) Examination of
FBF1 (green) localization and decreased intensity after MYC-AURA overex-
pression. Representative images (CAP350 in red, MYC in yellow) are shown in
G (scale bar, 2 µm) and intensity quantification (normalized to CAP350) in H.
(I and J) Examination of SCLT1 (green) localization and decreased intensity
after MYC-AURA overexpression. Representative images (CAP350 in red, MYC
in yellow) are shown in I (scale bar, 1 µm) and intensity quantification (nor-
malized to CAP350) in J. (K and L) Examination of IFT57 (green) localization
and decreased intensity at BBs after MYC-AURA overexpression. Represen-
tative images (Ac-tub in red, CAP350 in yellow) are shown in K (scale bar,
2 µm) and BB intensity quantification (normalized to CAP350) in L. Asterisks
indicate statistical significance determined using an unpaired t test.
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between KIF7 and ciliopathies (Ali et al., 2012; Dafinger et al.,
2011), the absence of KIF7 does not seem to lead to major cilio-
genesis defects related to IFT or trafficking of HH pathway
proteins into primary cilia; instead, KIF7 has been demonstrated
to reside in ciliary tips, where it is responsible for fine-tuning
the response to HH pathway activation (Endoh-Yamagami et al.,
2009; He et al., 2014). It should be noted that the absence of KIF7
led to increased primary cilium length in mouse embryonic fi-
broblasts (He et al., 2014), which we did not observe in hTERT
RPE-1 cells following KIF7 depletion. SCYL2, LUZP1, and CCDC92
have previously been found to be associated with centrioles/BBs
(Chaki et al., 2012; Gupta et al., 2015), but as the absence of
obvious primary cilium formation phenotypes implies, if they
somehow function in primary cilium formation, their role is
likely modulatory and/or redundant.

Previous studies established KIF14 as a regulator of cy-
tokinesis (Carleton et al., 2006; Gruneberg et al., 2006
Makrythanasis et al., 2018; Moawia et al., 2017; Ohkura et al.,
1997; Reilly et al., 2019) and, given the reported developmental
kidney and brain defects linked to KIF14 mutations, also sug-
gested its possible participation in the pathophysiology of cil-
iopathies (Filges et al., 2014; Heidet et al., 2017; Reilly et al.,
2019). Reilly and colleagues showed that a lower incidence of
primary cilia following KIF14 ablation in zebrafish is a conse-
quence of the accumulation of cells blocked in mitosis, which in
turn prevents primary cilium formation, as mitotic cells are not
able to make a primary cilium. However, our data suggest that
the relationship between KIF14 and primary cilium formation is
more complex. First, we (this study) and others have detected
KIF14 associated with BB components (Gupta et al., 2015;
Jakobsen et al., 2011) or localized to primary cilium axoneme.
Second, in agreement with the reports on the mitotic role of
KIF14, we have also detected alterations in the cell cycle pro-
gression of KIF14-depleted cells. However, as those changes are
restricted to serum-cultured cells and are somewhat modest, we
argue that they do not explain the prominent defects in cilio-
genesis and HH pathway activationwe detected following serum
starvation of those cells. Third, the presence of binucleated cells,
a hallmark of dysfunctional cytokinesis, showed very low to no
phenotypic penetrance in our models, in line with a report of a
very modest incidence of binucleation in nontransformed cell
lines over cancerous cell lines (McKenzie and D’Avino, 2016).
With all that said, our data clearly indicate the requirement of
KIF14 for effective ciliogenesis in several cell types we tested,
encompassing human cells of embryonic origin (hPSCs), hTERT
RPE-1, nHDF-1, and the murine cell line IMCD3.

There might be several reasons as to why the primary cilium
formation phenotypes related to KIF14 deficiency were not de-
tected in previous studies. Even though we consistently ob-
served the KIF14 depletion–linked primary cilium defects in
several cell lines, we cannot formally exclude it plays a cell-
type–specific role in vivo. In fact, this possibility has support
in earlier reports describing cell-type–restricted requirement of
KIF14 or CIT for efficient cytokinesis in Drosophila (Ohkura et al.,
1997), mouse embryos (Di Cunto et al., 2000), and humans
(Filges et al., 2014; Reilly et al., 2019). In addition, the role of
KIF14 in primary cilium formationmay be redundant with a yet-
unknown factor. In turn, its deficit may not be sufficiently
penetrant in amodel of constitutive knockout (Reilly et al., 2019)
due to genetic compensation (El-Brolosy and Stainier, 2017). In
fact, striking phenotypic differences between the acute deple-
tion and the long-term loss have been reported for several reg-
ulators of primary cilium formation (Hall et al., 2013; Yadav
et al., 2016).

Both cytokinesis and ciliogenesis rely on strict coordination
of microtubule organization and directed membrane traffick-
ing; both have been intensively studied, yet evidence of a
“shared” regulatory toolbox is surprisingly sparse. The first
indication that such crosstalk might indeed be plausible came
from a study showing the localization of a set of central spin-
dle/midbody proteins (PRC1, MKLP-1, INCENP, and centriolin)
to BBs in vertebrate ciliated epithelial cells and in turn re-
porting primary cilium phenotypes for the aforementioned
mutants in Caenorhabditis elegans (Smith et al., 2011). Con-
versely, it was also shown that IFT88 depletion leads to mitotic
defects in HeLa cells, mouse kidney cells, and zebrafish em-
bryos (Delaval et al., 2011). Furthermore, Bernabé-Rubio and
colleagues (Bernabé-Rubio et al., 2016, 2019 Preprint) showed
that the midbody is required for primary cilia formation. In
addition, CIT mutations in rats were reported to cause alter-
ations in primary cilium length (Anastas et al., 2011), and CIT
protein was found to be associated with primary cilia in mice
(Mick et al., 2015). Intriguingly, both CIT and KIF14 siRNAwere
observed to have an effect on primary cilium formation in re-
cent large-scale screens (Kuhns et al., 2013; Wheway et al.,
2015), and the proteins were found to be associated with cen-
trosomes (Jakobsen et al., 2011). Our experiments have dem-
onstrated that KIF14 depletion impairs primary cilium
formation even if the cells have been starved and chemically
arrested before siRNA transfection. This indicates that primary
cilium phenotypes linked to the depletion of KIF14 are not a
mere consequence of impaired mitosis but rather that KIF14

Figure 7. AURA activity mediates effects of KIF14 depletion on primary cilia formation. (A) Experimental design of KIF14 siRNA effects rescue using 100
nM TCS7010 (AURA inhibitor). (B–J) hTERT RPE-1 cells were transfected with indicated siRNA 48 h before fixation and last 24 h serum starved and AURA
inhibited by TCS7010. (B and C) Examination of FBF1 (green) localization and intensity. Representative images (CAP350 in red; scale bar, 1 µm) are shown in B
and intensity quantification (normalized to CAP350) in C. (D and E) Examination of SCLT1 (green) localization and intensity. Representative images (CAP350 in
red; scale bar, 1 µm) are shown in D and intensity quantification (normalized to CAP350) in E. (F and G) Examination of IFT57 (green) localization and intensity.
Representative images (CAP350 in yellow, Ac-tub in red; scale bar, 2 µm) are shown in F and intensity quantification histograms (normalized to CAP350; N = 5)
in G ("norm." means normalized to CAP350). (H) Representative images of AURA inhibition rescue experiment of ciliogenesis defect caused by KIF14
knockdown. Detection of ARL13B+ primary cilia (green; γ-tubulin, red; DNA, blue); scale bar, 10 µm. (I) Quantification of ARL13B+ primary cilia formation.
(J) Effects on ARL13B+ primary cilia length. Asterisks or "ns" indicates statistical significance determined using Tukey’s multiple comparisons test (C, E, and J), an
unpaired t test (I; ciliated cells = short + long), or the Holm–Sidak method (I; categories).
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has a novel role in interphase cells. Given that, it should be
rewarding to explore in detail the extent of cooperation be-
tween regulators of cytokinesis and ciliogenesis, respectively.

Additional evidence of a specific, interphase-related role for
KIF14 relates to its ability to localize to primary cilia. In this
regard, our data suggest that both the N-terminal motor domain
and the C-terminal part of KIF14 are required for its efficient
transport in primary cilium axoneme. The fact that the motor
domain mutants R364C and T456M were to some extent able to
get inside the primary cilia, albeit with reduced efficiency,
suggests a possible participation of a different motor protein.
One point to bear in mind is that these experiments were per-
formed in the KIF14 WT background, so it is plausible that the
presence of WT KIF14 is somewhat responsible for this obser-
vation. Alternatively, although the mutations R364C and T456M
lead to several impairments of KIF14 motor function (Reilly
et al., 2019), we cannot exclude the possibility that some resid-
ual motor activity is still retained.

C-terminal KIF14 mutations (Q1380*, Q1304*, and R1189*)
used in our study give rise to truncated protein moieties, with
functional motor domain. Nonetheless, their ability to partici-
pate in either intermolecular or intramolecular interactions is
expected to be hampered (Reilly et al., 2019; Verhey et al., 2011).
In agreement with this prediction, all these mutants showed
prominent accumulation in the tip of primary cilium (at mi-
crotubule ends), which we suspect relates to their constitutively
active character in terms of microtubule binding (see also Reilly
et al., 2019) and in turn the inability to reload on retrograde
transport complexes to be transported back to ciliary base.

Activation of AURA is typically linked to resorption of pri-
mary cilia (Inaba et al., 2016; Inoko et al., 2012; Plotnikova et al.,
2012; Pugacheva et al., 2007). Primary cilium phenotypes related
to KIF14 depletion in our models include hampered speed of
primary cilium elongation, hindered responsiveness of primary
cilium to HH pathway stimulation, and defective recruitment
and/or distribution of a subset of components of BB appendages
(FBF1, SCLT1, and ODF2) or IFTs (IFT88 and IFT57). Our data
imply that aberrant AURA activity is responsible for the defects
in BB biogenesis and dynamics of primary cilium formation.
Indeed, altered distribution of IFT88 along the axoneme, remi-
niscent of what we see following KIF14 depletion, was observed
upon inhibition of AURA (Pugacheva et al., 2007). In addition,
we speculate that FBF1, which is involved in the assembly of IFT
complexes (Wei et al., 2013) and that we found regulated by
KIF14 and AURA, might also be implicated in the observed al-
terations in the distribution of IFT components. Furthermore,
SCLT1 and FBF1 are incorporated into distal appendages during
centriole maturation in the G2 phase of the cell cycle (Tanos
et al., 2013), and FBF1 undergoes temporal removal from distal
appendages during mitosis (Bowler et al., 2019), when AURA
activity peaks. Importantly, our data represent the first evidence
implicating AURA in the control of distal appendage components
in human cells, in line with the recently reported role of AURA in
the regulation of mitotic removal of CEP164 from distal appen-
dages in the murine IMCD3 cell line (Bowler et al., 2019). Of note,
previouswork by Tanos and colleagues (Tanos et al., 2013) showed
that CEP164 requires SCLT1 for its localization to distal appendage.
As our data demonstrate that elevated AURA activity affects
SCLT1, but not CEP164, we speculate the residual SCTL1 present in
distal appendage suffices for the correct localization of CEP164.

Figure 8. KIF14 regulates HH signaling independently of AURA activity.
(A–C) Functional analyses of HH pathway activation following control or KIF14
silencing and mock or 2 µM SAG treatment in nHDFs. (A) Quantitative RT-PCR
quantification of the effect of GLI1 onmRNA levels. (B and C) Analysis of the effect
of KIF14 depletion on SMO translocation to the ciliary axoneme and its intensity.
(B) Representative images of SMO (green) and ARL13B (red) IF detection; scale bar,
2 µm. (C) Quantification of changes in relative SMO intensity. (D–F) Examination
of effect of TCS7010 AURA inhibition on response of nHDF cells transfected with
the indicated siRNA to HH pathway activation. Experimental setup was the same
as in Fig. 7 A, but with an additional 0.5 µm SAG treatment for the last 24 h.
(D) Representative images of SMO (green) and ARL13B (red) IF detection in nHDF
cells transfectedwith ctrl or KIF14 siRNA and treatedwithmock or AURA inhibitor;
scale bar = 2 µm. Quantification of changes in SMO intensity (normalized to
ARL13B) is shown in E and quantitative RT-PCR quantification of effect on mRNA
level of GLI1 in F. Asterisks or “ns” indicate statistical significance determined using
Tukey’s multiple comparisons test.
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Our data suggest that the role of KIF14 in primary cilium
formation is related to the activation of AURA in interphase by a
currently unknown mechanism. AURA activity is typically reg-
ulated by interactions with adaptor proteins, with TPX2, AJUBA,
and BORA playing the most prominent roles in the activation of
AURA during mitosis (Carmena et al., 2009). Recent studies
hinted that nonmitotic activation of AURA in the context of
primary cilium resorption is at least in part mediated by the
adaptor protein HEF1/NEDD9 (Korobeynikov et al., 2017;
Pugacheva et al., 2007). Additional proteins implicated in AURA
activation in interphase include PIFO (Kinzel et al., 2010), Tri-
choplein (Inoko et al., 2012), and CPAP (Gabriel et al., 2016). We
have attempted to pinpoint a key factor responsible for AURA
activation in KIF14-depleted cells. Nonetheless, our data argue
against a model with one “master” activator mediating AURA
activation in our models and rather suggest the participation of
several regulators, which we speculate might act in a synergistic
fashion. A detailed examination of the mechanism of how KIF14
regulates AURA should not only bring the necessarymechanistic
insight but could also provide a means for possible future
therapy to mitigate defects related to KIF14 mutations. Impor-
tantly, not all KIF14 depletion phenotypes seem to be linked to
elevated AURA activity. Our data clearly show that inhibition of
AURA in KIF14-depleted cells is able to almost completely rescue
the defective localization of SCLT1, FBF1, IFT88, and IFT57, and,
in turn, the proportion of cells able to assemble a fully grown
primary cilium. However, although the primary cilia form in
numbers and lengths similar to controls, these primary cilia fail
to respond accordingly to the stimulation of the HH pathway
with SAG. Thus, these data imply that KIF14 also plays a specific

role in the activation of the HH signaling pathway, which is
distinct from the effects on primary cilium formation mediated
by the elevated AURA activity.

In sum, our study demonstrates a novel function for KIF14 in
the regulation of primary cilium formation dynamics and re-
sponsiveness to HH signaling in human cells. It identifies AURA
activity as a downstream mediator of at least some of the KIF14
depletion–related primary cilium defects and points toward
KIF14 as an important element connecting cell cycle machinery,
effective ciliogenesis, and HH signaling.

Materials and methods
Cell culture, transfections, and treatments
All cell lines were cultured at 5% CO2 at 37°C. hTERT RPE-
1 (Čajánek and Nigg, 2014) and Flp-In T-REx RPE-1 (both kind
gifts from E. Nigg, Biozentrum, University of Basel, Basel,
Switzerland) and mouse innermedullary collecting duct cells
(IMCD-3; kind gift from G. Jansen, Erasmus University Medical
Center, Rotterdam, Netherlands) were cultured in DMEM/F12
supplemented with 10% FBS, 1% L-Glutamine (all from Ther-
moFisher), and 1× penicillin/streptomycin (Biosera). HEK293T
and Flp-In T-REx 293 cells (#R78007; Invitrogen) were cultured
in GlutaMax DMEM supplemented with 10% FBS (both from
ThermoFisher) and 1× penicillin/streptomycin (Biosera). In-
ducible cell lines were cultivated in standard medium, with
tetracycline-free FBS, for induction and media supplemented
with 1 µg/ml DOX. nHDFs (#C0045C; Gibco) were cultivated in
knockout DMEM supplemented with 10% heat-inactivated FBS,
1% L-Glutamine (all from ThermoFisher), 1× nonessential amino

Figure 9. Final scheme. Graphic summary of prominent phenotypes observed after KIF14 depletion and effects AURA inhibitionDAP, distal appendage
proteins; KD, siRNA knockdown; sDA, subdistal appendage. KIF14 localizes to the ciliary axoneme. KIF14-depleted cells have increased pAURA levels on BBs,
decreased intensities of distal appendage proteins FBF1 and SCLT1, and changed distribution of IFT57 and IFT88. This in turn leads to lower proportion of
ciliated cells, reduced ciliary length, and failure to respond to HH pathway activation (reduced SMO ciliary localization and diminished expression of target gene
Gli1). Treatment of KIF14-depleted cells by AURA inhibitor rescues the localization defects of FBF1, SCLT1, IFT57, and IFT88; defective cilia formation; and
reduced ciliary length but fails to restore competence of KIF14-depleted primary cilia to respond to HH pathway activation.
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acids, 1× penicillin/streptomycin (both from Biosera), and 1%
β-mercaptoethanol (Sigma-Aldrich). hESCs (CCTL14; https://
hpscreg.eu/cell-line/MUNIe007-A) were cultured in feeder-
free conditions on Matrigel-coated cell culture plastic in daily
exchanged mouse embryonic fibroblast–conditioned hESC me-
dium (DMEM/F12, 15% knockout serum replacement; both from
ThermoFisher), 2 mM L-glutamine, 1× nonessential amino acids,
0.5% Pen/Strep (all from Biosera) + 0.5× ZellShield (Minerva
Biolabs), 100 µmol/Lβ-mercaptoethanol (Sigma-Aldrich), and
10 ng/ml hFGF2 (ThermoFisher). hiPSCs (Neo1, derived as de-
scribed previously; Barta et al., 2016) were cultured in feeder-
free conditions on Matrigel-coated plastic in daily exchanged
mTeSR medium (StemCell Technologies).

Cells were transfected 24 h after seeding at 60% confluency
(both human stem cell lines were seeded in high density to reach
full confluency at the end of the experiment). DNA transfections
of RPE-1 cells were done with Lipofectamine 3000 (Thermo-
Fisher) or FuGENE HD Transfection (Promega) 24 h before
analysis, and siRNAs were transfected with Lipofectamine
RNAiMAX (ThermoFisher) 48 h before analysis. HEK293 cells
were transfected using polyethylenimine (Sigma-Aldrich) 24 h
before analysis. For knockdowns of KIF14, CIT, KIF7, SCYL2,
LUZP1, CCDC92, AJUBA, BORA, NEDD9, PIFO, TCHP, or TPX2,
the cells were transfected using different siRNA oligos (25 nM
#1, 25 nM#2, or 25 nM#3 separately, where indicated) or 50 nM
mix (50 nM mix of 25 nM #1 and 25 nM #2, where indicated).
For a list of all siRNA sequences used, see Table S3.

For cilia analysis, cells were starved in serum-free medium
for 24 h before analysis. To induce HH pathway activity, nHDF
cells were starved in serum-free media and treated with 0.5–2
µM SAG (SMO agonist; Sigma-Aldrich) for 24 h before analysis
(Fig. 8, A–C; and Fig. S5 D). Where indicated, cells were treated
for indicated time period with either vehicle (DMSO) or the
following compounds at the indicated dose: 100 nM TCS7010
(AURA inhibitor; Tocris Bioscience; Fig. 7, A–J; Fig. S5 A; and
Fig. 8, D–F), 10–20 µM (R)-roscovitine (Bukanov et al., 2006;
Fig. 5, E, F, and K–N), or 10 µM monastrol (Fig. 5, E and F).

DNA constructs and stable cell lines
To generate destination vector with N-terminal MYC-BirA* tag,
MYC-BirA* was amplified by PCR from pcDNA3.1 MYC-BirA*
(43920; Addgene) using forward primer NO°1 and reverse
primer NO°2 (Table S4) to create AflII and BstBI site–containing
overhangs and cloned into TOPO entry vector (using TOPO TA
Cloning Kit, K450001; ThermoFisher) sites. Next, following di-
gest with AflII and BstBI (enzymes from NEB) the MYC-BirA*
fragment was ligated (K1422; ThermoFisher) into AflII and BstBI
sites of pgLAP2 vector (19703; Addgene). MYC-BirA*-CEP164
construct was generated from pDONOR-CEP164 (Čajánek and
Nigg, 2014) and MYC-BirA* destination vector described above
by LR Gateway cloning reaction (ThermoFisher), and subse-
quently validated for correct expression and localization by
Western blot and immunofluorescence microscopy analyses
following transfection of HEK293T cells.

MYC-AURAwas kind gift from E. Nigg (Meraldi et al., 2002).
pcDNA3.1 (Invitrogen) empty vector was used as transfection
control for AURA overexpression experiments.

KIF14 construct resistant to KIF14 siRNA #2 sequence: 59-TTT
AATAGTCAACATTGCT-39 was generated by site-directed mu-
tagenesis of pENTR KIF14 vector (generated by Gateway cloning
from KIF14 plasmid kindly provided by F. Barr, University of
Oxford, Oxford, UK; Gruneberg et al., 2006) in seven nucleotides
(t2536a, a2539g, a2542c, c2545a, c2548t, t2551c, and t2554c)
using PCR with mutagenesis forward NO°3 and reverse NO°4
primers (Table S4). Expression vector for KIF14siRNA2res
was generated using LR Gateway cloning (ThermoFisher) of
pENTR KIF14siRNA2res into pgLAP1_Neo destination vector.
KIF14siRNA2res-pgLAP1_Neo (GFP-KIF14siRNA2res) was sub-
sequently used for cotransfection with pOG44 Flp-recombinase
expression vector (V600520; ThermoFisher) at a 1:30 ratio (total
amount of DNA 2 μg/10-cm-diameter dish) by Lipofectamine
3000 (ThermoFisher) to create stable inducible RPE-1 Flp-in
T-REx (kind gift from E. Nigg; Čajánek and Nigg, 2014). Cells
were selected with 700 µg/ml G418 and 5 µg/ml of blasticidin S
(both from Sigma-Aldrich).

To generate pgLAP1_Neo vector, Neomycin ORF was ampli-
fied by PCR from pcDNA3.1 (ThermoFisher) and cloned into
TOPO entry vector (using TOPO TA Cloning Kit K450001;
ThermoFisher) with SacII and NheI site–containing overhangs
using primers NO°5 and NO°6 (Table S4). Next, following digest
with SacII and NheI (NEB) the Neomycin ORF fragment was
cloned using Rapid DNA Ligation Kit (K1422; ThermoFisher) into
SacII and NheI sites of modified pgLAP1 vector; the NheI site was
generated by site-directed mutagenesis of pgLAP1 (19702;
Addgene) using primers NO°7 and NO°8 (Table S4).

Plasmids encoding WT, 1–356, 1–718, and 800–1648 human
KIF14 GFP-fusions were kind gifts from F. Barr and U. Grune-
berg (University of Oxford, Oxford, UK; Gruneberg et al., 2006).
Mutant forms (R364C, T456M, Q1380*, Q1304*, and R1189*)
corresponding to mutations identified in fetuses with syndromic
microcephaly were described previously (Reilly et al., 2019). The
lentiviral vector, pReceiver-Lv225, encoding for untagged hu-
man KIF14, EX-T0642-Lv225, was obtained from GeneCopoeia.

The ARL13B-GFP Flp-in RPE-1 cell line was kind gift from V.
Varga (Institute of Molecular Genetics of the Czech Academy of
Sciences, Prague, Czech Republic).

Stable inducible Flp-In T-REx 293 cell lines were selected by
500 µg/ml hygromycin and 5 µg/ml blasticidin S (both from
Sigma-Aldrich) selection of cells cotransfected with BioID con-
struct (MYC-BirA*-CEP164 or MYC-BirA* empty vector) and
pOG44 Flp-recombinase expression vector (V600520; Thermo-
Fisher) at a 1:9 ratio (total amount of DNA 12 µg/10-cm-diameter
dish) using polyethylenimine.

All stable cell lines were validated by Western blot analysis
and immunofluorescence staining.

Rescue experiments
A hTERT RPE-1 cell line inducibly (1 µg/ml DOX for 5 d before
analysis) expressing GFP-KIF14 resistant to siRNA 2 (GFP-
KIF14si2res) was transfected with 50 nM KIF14 siRNA #2 or
control siRNA 48 h prior to analysis (Fig. 1, H and I). For rescue
experiments with AURA inhibition, hTERT RPE-1 cells were
seeded to 50% confluency, transfected 72 h prior to analysis with
control or KIF14 siRNA, starved with serum-free medium 48 h
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prior analysis, and treated with 100 nM TCS7010 AURA inhib-
itor for 24 h (Fig. 7, A–J; Fig. S5 A; and Fig. 8, D–F).

Cells were then fixed with ice-cold MeOH and analyzed by
immunofluorescence staining.

Antibodies
For complete list of antibodies used, see Table S5. MYC antibody
was described previously (Evan et al., 1985), as was CAP350
antibody (Yan et al., 2006).

Immunofluorescence staining
Cells were washed with PBS and fixed by either ice-cold MeOH
or 3.7% PFA (Fig. 1, C and D; and Fig. S3, C, D, N, and O) followed
by permeabilization by PBS + 0.1% TRITON X-100, blocked in
blocking buffer (1% BSA in PBS), and subjected to incubation
with primary and secondary antibodies, respectively. Cell nuclei
were stained with 1 µg/ml Hoechst (Life Technologies) or DAPI
(Sigma-Aldrich), and coverslips were mounted using Glycergel
(Agilent) or Mowiol (Sigma-Aldrich).

Microscopes, image acquisition, measurements,
quantifications, and time-lapse microscopy analyses
Microscopy analyses of fixed cells were done in 25°C on mi-
croscopes DeltaVision Elite (GE Healthcare) with a 100×/Zeiss
Plan-ApoChromat 1.4 objective and DeltaVision softWoRx ac-
quisition software (here, the image stacks were taken with a Z
distance of 0.2 µm, deconvolved with three to five cycles of
conservative ratio deconvolution algorithm, and directly pro-
jected as maximal intensity images), Zeiss Axio Observer.Z1
with confocal unit LSM 800 with 63×/Zeiss Plan-ApoChromat
1.4 objective, and Zeiss AxioImager.Z2 with Hamamatsu ORCA
Flash 4.0 camera and 63×/Plan-ApoChromat 1.4 objective (both
with ZEN Blue acquisition software). For acquisition, a Zeiss
Axio Observer.Z1 and AxioCam 503 charge-coupled device
camera in widefield mode was used (ZEN Blue software). For
higher resolution microscopy (Fig. 2 C; Fig. 6, C and D; and Fig.
S4 B), a laser scanning confocal microscope was used (Zeiss LSM
880 with Airyscan Fast module and 100×/M27 oil differential
interference contrast Plan-ApoChromat 1.46 objective and ZEN
Black acquisition software). Time-lapse microscopy analyses
were done in 37°C/5% CO2/FluorBright DMEM media (Thermo-
Fisher) on Zeiss Axio Observer.Z1 with 10×/0.3 EC Plan-Neofluar,
25×/LCI Plan-Neofluar 0.8, and 40×/Plan-ApoChromat 1.3 ob-
jectives using ZEN Blue software for acquisition.

All images within given experiment were acquired with the
same laser intensities and exposition times and projected to
maximum Z intensity (ranging from 0.1- to 0.25-µm interval
and total Z ranging from 2 to 50 slices) before analysis in ImageJ
(National Institutes of Health). Where appropriate, contrast
and/or brightness adjustment and cropping of final images were
done using ZEN Black software (Zeiss) or ImageJ, with identical
settings applied to all images from the given experiment.

For Fig. 2, A, B, and E–G, stained cells were imaged using an
epi-illumination microscope (DMR; Leica) with a cooled charge-
coupled device camera (DFC3000G; Leica). Images were ac-
quired with LAS (V4.6; Leica) and processed with ImageJ and
Photoshop CS2 (Adobe Systems).

Cilia lengths were measured using straight- or segmented-
line tool for selection of fluorescent signal of ciliary marker in
maximum Z intensity projected images in ImageJ. Cilia were
categorized as follows: no cilia (no ARL13B/Ac-tub signal);
hTERT RPE-1: short cilia, ≤3.3 µm; long cilia, ≥3.3 µm; nHDF,
hESC CCTL14, and hiPSC: short cilia, ≤2.2 µm; long cilia, ≥ 2.2
µm; IMCD-3: short cilia, ≤4 µm; long cilia, ≥4 µm.

Time-lapse imaging analyses of GFP-ARL13B+ primary cilium
were done within period of 10 h after primary cilium induction
(serum starvation) and KIF14 depletion (24 h), the imaging in-
terval was 10 min, and representative images were acquired
every 1 h (Fig. 3 A). Primary cilium length were measured using
straight- or segmented-line tool for selection of fluorescent
signal of ciliary marker in single Z plane in ImageJ software.
Average primary cilium growth speed (Fig. 3 C) was calculated
and plotted as

AVGcilia growth speed (mm
�
h) �

actual length (µm)
total growth time (hours).

Current cilia growth speed (Fig. 3 D) was calculated and plotted
as 1 h long term increase of primary cilium length:

current cilia growth speed (mm
�
h) �

actual length − length 1 h ago (µm)
1 h

.

Where indicated, quantification of fluorescent signal intensities
within selected regions was performed using ImageJ. Quantifi-
cation of relative intensity of centriolar markers was performed
using maximum Z intensity projected images, exported to the
.tiff format, by mean gray value of the region of interest (ROI),
circling mother centriole fluorescent signal, after subtraction of
background mean gray value of the same-sized ROI, shifted
horizontally next to the mother centriole (Fig. 2 G; and Fig. S2, C
and D):

CMrelative intensity (a.u.) � (ROImean grey value) −
(backroundROImean grey value)

Quantification of normalized intensity of proteins localized to
the mother centriole (MC) or ciliary tip were performed as
calculation of protein of interest (POI) relative fluorescent signal
after subtraction of background mean gray value of the same-
sized ROI, shifted horizontally and centriolar markers (CM)
relative fluorescent signal ratio (Fig. 4, B, D, F, H, J, and K; Fig.
S2, G, I, K–L, N, and O; Fig. 6, D, H, J, and L; Fig. 7, C and E; and
Fig. S4, G and E):

NormalizedMC intensity �
POI relative fluorescent signal
CMrelative fluorescent signal

.

Quantification of relative intensity of proteins localized to the
ciliary axoneme (PCA) was performed using maximum Z in-
tensity projected images, exported to the .tiff format, by mean
gray value of the ROI, freehand selecting fluorescent signal of
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ciliary axoneme, after subtraction of background mean gray
value of the same ROI, shifted horizontally next to the ciliary
axoneme (Fig. S2, E and F; and Fig. 8 C):

PCArelative intensity (a.u.) � (ROImean grey value)−
(backroundROImean grey value)

Quantification of normalized intensity of proteins localized to the
ciliary axoneme (PCA) was performed as calculation of protein of
interest (POI) relative fluorescent signal after subtraction of
background mean gray value of the same-sized ROI, shifted hor-
izontally, and PCA relative fluorescent signal ratio (Fig. 8 E):

Normalized PCA intensity � POI relative fluorescent signal
PCA relative fluorescent signal

.

Quantification of whole cell normalized intensity of AURA was
performed using maximum Z intensity projected images, ex-
ported to the .tiff format. Final values were calculated as mean
gray value of fluorescent signal of AURA in the ROI, circling
nuclei, centrosome, andmajor part of cytosol with the same area
for every analyzed cell, and Hoechst signal in the same ROI
(Fig. 6 B and Fig. S4 B):

NormalizedAURA intensity (whole cell) �
AURAmean gray value in theROI
Hoechstmean gray value in the ROI

.

Histograms (Fig. S2, P and Q; and Fig. 4 L, Fig. 7 G, and Fig. S5 A) of
proteins, localized to the BB and ciliary axoneme with the same
length for all analyzed cells in the indicated group, were generated
using Plot Profile tool after segmented line selection of fluorescent
signal of indicated protein marker in maximum Z intensity pro-
jected images in ImageJ. Plot Profiles of at least 10 cells per each
category were then converted to the numbers using Plot Profile–
list tool, and means + SEM for each point were calculated. Ac-tub
and IFT intensities were aligned to CAP350 signal and plotted to
the histograms using GraphPad Prism 6 software.

SDS-PAGE and Western blotting
Cells were washed in PBS and lysed in SDS lysis buffer (50 mM
Tris-HCl, pH 6.8, 10% glycerol, and 1% SDS). Protein concen-
tration was measured using the DC Protein Assay Kit (Bio-Rad).
Samples were adjusted to equal concentration, mixed with
bromphenol blue (0.01%) and β-mercaptoethanol (2.5%), boiled,
and sonicated. Proteins were separated by SDS-PAGE, trans-
ferred onto polyvinylidene fluoride membranes (Millipore), and
blockedwith 5%milk in TBS-Tween buffer (10mMTris-HCl, pH
7.4, 100 mM NaCl, and 0.05% Tween). Membranes were incu-
bated with primary and secondary antibodies, respectively
(Table S5). Chemiluminescent signal was revealed by ECL Prime
(GE Healthcare) and film (Agfa Healthcare) or Image Reader
LAS-4000 (GEHealthcare). Subsequent crops and quantification
analysis were done using ImageJ software.

BioID
For affinity capturing of biotinylated proteins, we adopted
protocol published by Roux et al. (2012). Briefly, cells were in-
cubated for 24 h in complete media supplemented with 1 µg/ml
DOX and 50 µM biotin. After three PBS washes (all following

steps on ice), cells (4 × 107) were washed with wash buffer
(50 mMTris-HCl, pH 7.4), lysed in 1 ml lysis buffer (50mMTris,
pH 7.4, 250 mM NaCl, 0.4% SDS, 1 mM DTT, 2% Triton X-100,
and 1× Complete protease inhibitor [4693132001; Roche]) and
sonicated. Then, an equal volume of ice-cold wash buffer was
added, and samples were centrifuged at 16,000 relative cen-
trifugal force. Supernatants were incubated with 40 µl Strep-
tactin Sepharose High Performance beads (#28935599; GE
Healthcare) overnight at 4°C. Beads were collected and washed
three times with 25 mM Tris-HCl (pH 7.4), three times with
wash buffer, and twice with 50 mM NH4HCO3. Samples were
analyzed by mass spectrometry.

Immunoprecipitation
hTERT RPE-1 cells (3 × 15-cm plates per condition) were grown
to confluency, washed in PBS, scraped, pelleted by centrifuga-
tion (400 g/5 min/4°C), resuspended in immunoprecipitation
(IP) lysis buffer (20 mM Tris-Cl, pH 7.4, 150 mMNaCl, 0.5% NP-
40, 0.5% Triton-X-100, 0.1 mM DTT [43815; Merck], and 1×
Complete proteasome inhibitors [4693132001; Roche]) and lysed
(15 min on ice). Following centrifugation (15,000 g for 10 min at
4°C), cleared extracts were incubated 2–6 h at 4°C in an orbital
shaker with either anti-CEP164 antibody (Graser et al., 2007) or
control IgG antibody (sc-66931; Santa Cruz), coupled to protein G
Sepharose beads (17–0618-01; GE Healthcare). Bound protein
complexes were washed four times with IP lysis buffer and four
times with wash buffer (20mMTris-Cl, pH 7.4, and 150mMNaCl).

Protein digest and liquid chromatography with tandem mass
spectrometry (LC-MS/MS) analysis of peptides
On-beads digestion
Following IP washes, bead-bound protein complexes were di-
gested directly on beads by addition of 0.75 µg (1 µg/µl) trypsin
(sequencing grade; Promega) in 50 mM NaHCO3 buffer. Beads
were gently tapped to ensure even suspension of trypsin solu-
tion and incubated at 37°C with mild agitation for 2 h. Beads
were then vortexed to ensure the complex falls of the beads and
the partially digested complex was transferred to the clean tubes
to separate it from the beads and incubated at 37°C for 16 h
without agitation. Resulting peptides were extracted into LC-MS
vials by 2.5% formic acid (FA) in 50% acetonitrile (ACN) and
100% ACN with addition of polyethylene glycol (20,000; final
concentration 0.001%; Stejskal et al., 2013) and concentrated in a
SpeedVac concentrator (ThermoFisher).

LC-MS/MS analysis of peptides
LC-MS/MS analyses of peptide mixture were done using the
RSLCnano system connected to an Orbitrap Elite hybrid spec-
trometer (ThermoFisher). Prior to LC separation, tryptic digests
were online concentrated and desalted using trapping column
(100 µm × 30 mm; flow rate of 4 μl/min) filled with 3.5-µm
X-Bridge BEH 130 C18 sorbent (Waters). After washing of
trapping column with 0.1% FA, the peptides were eluted (flow
300 nl/min) from the trapping column onto an analytical col-
umn (Acclaim Pepmap100 C18, 3 µm particles, 75 µm × 500mm;
ThermoFisher) by a 100-min nonlinear gradient program
(1–56% of mobile phase B; mobile phase A: 0.1% FA in water;
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mobile phase B: 0.1% FA in 80% ACN). Equilibration of the
trapping column and the column was done before sample in-
jection to sample loop. The analytical column outlet was directly
connected to the Digital PicoView 550 (New Objective) ion
source with PicoTip emitter SilicaTip (FS360-20-15-N-20-C12;
New Objective). ABIRD (active background ion reduction de-
vice) was installed.

MS data were acquired in a data-dependent strategy selecting
up to top 10 precursors based on precursor abundance in the
survey scan (350–2,000 m/z). The resolution of the survey scan
was 60,000 (400 m/z) with a target value of 1 × 106 ions, one
microscan andmaximum injection time of 200ms. HCDMS/MS
spectra were acquired with a target value of 50,000 and resolu-
tion of 15,000 (400 m/z). The maximum injection time for MS/
MSwas 500ms. Dynamic exclusion was enabled for 45 s after one
MS/MS spectra acquisition and early expiration was disabled. The
isolation window for MS/MS fragmentation was set to 2 m/z.

The analysis of the mass spectrometric RAW data files was
performed using the Proteome Discoverer software (version 1.4;
ThermoFisher) with in-house Mascot (version 2.6; Ma-
trixscience) and Sequest search engines utilization. MS/MS ion
searches were done at first against modified cRAP database
(based on http://www.thegpm.org/crap/; 111 sequences in total)
containing protein contaminants like keratin and trypsin. MS/
MS spectra assigned by the Mascot search engine to any cRAP
protein peptide with a Mascot ion score >30 were excluded from
the next database searches. Remaining filtered MS/MS ions
were further searched against UniProtKB proteome database for
Homo sapiens (taxonomy ID 9606), downloaded on January 17,
2017 (number of proteins, 21,031). Mass tolerance for peptides
and MS/MS fragments were 10 ppm and 0.05 D, respectively.
Oxidation of methionine, deamidation (N, Q), and acetylation
(protein N terminus) as optional modification and two-enzyme
missed cleavages were set for all searches. Percolator was used
for post-processing of the search results. Only peptides with
q-value <0.01, rank 1, and at least six amino acids were con-
sidered. Proteins matching the same set of peptides were re-
ported as protein groups. Protein groups/proteins were reported
only if they had at least one unique peptide. Label-free quanti-
fication using protein area calculation in Proteome Discoverer
was used (top three protein quantification; Silva et al., 2006).

Obtained lists of candidate binding partners were manually
curated to remove false-positive hits and nonspecific binders.
For coIP experiments, hits commonly detected in both mock (IP/
IgG) and IP/CEP164 were deleted, and hits with a CRAPome ratio
(number of entries/total entries × 100%; https://www.crapome.
org/) >10%were also deleted. Only candidates detected at least in
two biological replicates were considered (Table S1). For BioID
experiments, only candidates with an identified peptide ratio in
CEP164/control ≥2 in two consecutive experiments and with ≥10
identified peptides in CEP164 sample in at least one experiment
at the same time were considered (Table S2).

Quantitative RT-PCR
1 µg RNA, isolated using the RNeasy Mini Kit (Qiagen), was used
for cDNA synthesis using the Transcriptor First Strand cDNA
Synthesis Kit (Roche). Reactions were done in triplicates with

LightCycler 480 SYBR Green I Master according to the manu-
facturer’s protocol and monitored in real time using LightCycler
480 Instrument II (Roche). Relative gene expression was cal-
culated using the 2−ΔΔCT method; GAPDH was used as reference
gene (for primer sequences, see Table S4).

Cell cycle distribution and flow cytometry
Cells were siRNA transfected for 48 h (0.5 µM Cytochalasin D;
24-h treatment was used as positive control to enrich the pro-
portion of G2/M cells) and serum starved for 24 h where indi-
cated. Cells were fixed (30 min, ice-cold 70% ethanol), washed
with PBS + 0.5% BSA, and treated with RNase A (0.016 mg/ml,
30 min, 37°C). DNA was stained by propidium iodide (20 µg/ml;
both from Sigma-Aldrich). The cell cycle profile was determined
using FACS CANTO II (BD Biosciences) and FlowJo software
(www.flowjo.com); at least 40,000 events per sample were
analyzed. For graph creation, doublets were excluded. Quanti-
fication in histograms indicates increased ploidy (cells with >G2/
M DNA content).

Mitotic shake-off
To increase the proportion of mitotic cells, 24 h after seeding,
cells were transfected by KIF14 or control siRNA; 2 h after siRNA
transfection, cells were treated for additional 2–4 h with 10 µM
monastrol (Sigma-Aldrich). Following treatment, mitotic cells
were shaken off in PBS. Leftover nonmitotic cells were also
passaged by trypsin. All conditions were counted and seeded in
the same density. Cells were further maintained in 1% serum
medium and, where indicated, supplemented with 10–20 µM
(R)-roscovitine (an inhibitor of cyclin-dependent kinases;
Bukanov et al., 2006) for 2 d to induce ciliogenesis and block the
cell cycle progression. Cells were then fixed and analyzed by
immunofluorescence (see illustrative scheme in Fig. 5 E).

Statistics
All statistical analyses were done and graphically visualized in
GraphPad Prism Software v. 6.0 (GraphPad Software; www.
graphpad.com). All data are presented as mean ± SEM from at
least three independent experiments (n ≥ 3), unless otherwise
stated in the figure legends. In all experiments, at least 100 cells/
cilia were counted or measured per condition (N ≥ 100), unless
otherwise stated in the figure legends. P values < 0.05 were
considered significant (*, P < 0.05; **, P < 0.005; ***, P < 0.001; ****,
P < 0.0001), and asterisks indicate statistical significance when
compared with controls, unless otherwise stated. To determine
statistical significance between two categories (simple data
groups), an unpaired t test was used. To determine statistical
significance between more than two groups, Tukey’s multiple
comparisons test was used (comparing the mean of each column
with the mean of every other column). For group data with more
than one category in columns, statistical significance was deter-
mined using the Holm–Sidak method (α = 5%), and each category
was analyzed individually, without assuming a consistent SD.

Online supplemental material
Fig. S1 shows that KIF14 knockdown causes ciliogenesis defects
in different cell types. Fig. S2 shows that KIF14 knockdown
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affects localization of BB components and IFT-B machinery. Fig.
S3 shows that KIF14 and CIT knockdown leads to minor effects
on cell cycle in RPE-1. Fig. S4 shows that KIF14 depletion de-
regulates AURA. Fig. S5 shows that AURA activity mediates ef-
fects of KIF14 depletion on primary cilia formation. Table S1 lists
candidate binding partners for CEP164 coIP. Table S2 lists the
candidate binding partners from CEP164 BioID experiments,
showing proximity-dependent biotinylation by CEP164-BirA*.
Table S3 lists all siRNA sequences used in this study. Table S4
lists the primers used in this study. Table S5 lists the antibodies
used in this study.
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Gupta, G.D., É. Coyaud, J. Gonçalves, B.A. Mojarad, Y. Liu, Q. Wu, L. Gheir-
atmand, D. Comartin, J.M. Tkach, S.W.T. Cheung, et al. 2015. A Dynamic
Protein Interaction Landscape of the Human Centrosome-Cilium In-
terface. Cell. 163:1484–1499. https://doi.org/10.1016/j.cell.2015.10.065

Hall, E.A., M. Keighren, M.J. Ford, T. Davey, A.P. Jarman, L.B. Smith, I.J.
Jackson, and P. Mill. 2013. Acute versus chronic loss of mammalian
Azi1/Cep131 results in distinct ciliary phenotypes. PLoS Genet. 9.
e1003928. https://doi.org/10.1371/journal.pgen.1003928

He, M., R. Subramanian, F. Bangs, T. Omelchenko, K.F. Liem, Jr., T.M. Ka-
poor, and K.V. Anderson. 2014. The kinesin-4 protein Kif7 regulates
mammalian Hedgehog signalling by organizing the cilium tip com-
partment. Nat. Cell Biol. 16:663–672. https://doi.org/10.1038/ncb2988

Heidet, L., V. Morinière, C. Henry, L. De Tomasi, M.L. Reilly, C. Humbert, O.
Alibeu, C. Fourrage, C. Bole-Feysot, P. Nitschké, et al. 2017. Targeted
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Figure S1. KIF14 knockdown causes ciliogenesis defects in different cell types. (A)Quantitative RT-PCRmRNA expression analysis for validation of siRNA
knockdown efficiency (related to Fig. 1 B). For SCYL2 silencing, we used a single siRNA oligo; for LUZP1, CCDC92, KIF7, and KIF14, we used a 50 nMmix of oligos
1 and 2 (Table S3). (B and C) Test of KIF14 knockdown efficiency using different siRNA oligos in hTERT RPE-1 cells. (B) Quantification of Fig. 1 E. Western blot
analysis of protein expression in total cell lysates using two different siRNA KIF14 oligos. (C) Quantitative RT-PCR expression analysis of KIF14 mRNA.
(D–F) Test of the effect of KIF14 siRNA oligo #3 (Carleton et al., 2006; Table S3) on hTERT RPE-1 cells. (D) Representative image of IF staining of ARL13B (green),
CAP350 (red), and DNA (blue); scale bar, 10 µm. (E and F) Graphs of primary cilia formation ability after KIF14 siRNA #3 knockdown (E) and the effect on ARL13B+

cilia length (F). (G–I) Validation of the effect of KIF14 knockdown on ciliogenesis in hTERT RPE-1 cells using Ac-tub as a ciliary marker. (G) Representative images
of IF staining of Ac-tub (green), CETN1 (red),and DNA (blue); scale bar, 10 µm. Quantification of the experiment is shown as a percentage of ciliated cells (H) and
by Ac-tub+ cilia length (I). (J) Validation of Flp-in T-REx RPE-1 cell line by Western blot analysis upon DOX induction expressing GFP-KIF14 mutant resistant to
KIF14 siRNA 2 (GFP-KIF14siRNA2res; related to Fig. 1, H and I). (K–V) Examination of phenotypes after KIF14 depletion in nHDFs (K–M), hESCs (N–P), hiPSCs
(Q–S), and IMCD3s (T–V). (K, N, Q, and T) Representative images of experiments detecting IF staining of ARL13B (green), γ-tubulin (red), DNA (blue); scale bars,
10 µm. Quantifications of experiments (by percentage of ciliated cells) are shown in L, O, R, and U, and graphs showing ARL13+ ciliary lengths are shown inM, P, S,
and V. Asterisks indicate statistical significance using an unpaired t test.
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Figure S2. KIF14 knockdown affects localization of BB components and IFT-B machinery. (A) Validation of KIF14 siRNA knockdown efficiency by
Western blot protein expression analysis in Flp-in T-REx RPE-1 cell line (referring to time-lapse imaging experiments in Fig. 3) upon doxycyclin (DOX) induction
expression GFP-ARL13B. (B) Quantification of ciliogenesis ability in GFP-ARL13B inducible RPE-1 cells after KIF14 siRNA knockdown. hTERT RPE-1 cells were
transfected with the indicated siRNA, serum starved for 24 h, and analyzed by IF microscopy (related to Fig. 4, C–Q). γ-tubulin or CAP350 staining were used to
visualize centrosomes, Ac-tubulin or ARL13B staining detected primary cilia. (C–F) Examination of protein levels of BB and ciliary markers used for nor-
malization; levels are not affected by KIF14 siRNA. Relative CAP350 (C) and γ-tubulin (D) BB intensities and relative ARL13B (E) and Ac-tubulin (F) ciliary
intensity are quantified in arbitrary units (AU) after background subtraction. (G) KIF14 depletion does not affect process of CP110 removal from the distal end of
mother centriole as quantified by number of CP110 dots. TTBK2 knockdown was used as positive control. (H) Representative images of IF staining detects
CEP164 (green), γ-tubulin (red), and DNA (blue); scale bar, 2 µm. Quantification of CEP164 intensity on BB (normalized to γ-tubulin) in I (CEP164 siRNA was
used as positive control). (J) Representative images of IF staining of IFT88 (green), CAP350 (yellow), and Ac-tub (red); scale bar, 3 µm. (K and L) Quantification
of IFT88 intensity (normalized to CAP350) at BBs (K) and a decrease of IFT88 in the ciliary tip (L) are shown. (M) Representative images of IF staining of IFT140
(green), CAP350 (yellow), and Ac-tub (red); scale bar, 3 µm. (N and O) IFT140 intensity (normalized to CAP350) at BBs (N) or in the ciliary tip (O) was not
affected by KIF14 depletion. (P–Q) Histograms demonstrate distribution of CAP350 (red), Ac-tub (gray), and IFT (green) proteins along the ciliary axoneme (N =
20). Quantification was done for typical control long cilia and short defective cilia after KIF14 siRNA and for additional control also within a subset of short
primary cilia in controls. Asterisks or ns indicates statistical significance determined by an unpaired t test.
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Figure S3. KIF14 and CIT knockdown leads tominor effects on cell cycle in RPE-1, related to Fig. 5, A–E. Cell cycle analyses demonstrating distribution of
hTERT RPE-1 cells 48 h transfected with control or KIF14 siRNA and 24 h proliferating in normal 10% FBS medium (A–D) or serum starved (E). (A and B) Graph
(A) and histograms (B) of flow cytometry analysis of cycling cells showminor increase of G2/M cells (quantification indicates increased ploidy = cells with >G2/
M DNA content). (C and D) Representative images (C; phospho-histone H3 in green and DNA in blue; scale bar, 100 µm) and graph of quantification (D) show
minor increment of phospho-histon H3 positive (ph-H3+) proliferating cells. (E) Histograms of flow cytometry analyses quantified in Fig. 5 B graph.
(F–H) Validation of CIT siRNA knockdown efficiency in hTERT RPE-1 cells by Western blot analysis on protein level (F) and quantitative RT-PCR analysis of CIT
mRNA depletion (G). (H) Representative images of IF microscopy detecting CIT (green), CETN1 (red), and DNA (blue); scale bar, 5 µm. (I–O) Cell cycle analyses
demonstrating distribution of hTERT RPE-1 cells 48 h transfected with control or CIT siRNA and proliferating for 24 h in normal 10% FBSmedium (J, K, N, and O)
or serum starved (I and L–M). (I) Quantification of percentage of binucleated cells (cytochalasin D treatment was used as positive control). (J–M) Flow cy-
tometry cell cycle analyses demonstrating minor increase in proportion of G2/M phase in 10% FBS and unaffected G2/M proportion in serum-starved con-
ditions (quantification indicates increased ploidy = cells with >G2/M DNA content). (N and O) Representative images of ph-H3 (green) and DNA (blue) IF
staining showminor increase of proliferating cells after CIT depletion in 10% FBS condition; scale bar, 100 µm (quantified in O). (P) P53Western blot analysis of
whole hTERT RPE-1 cell lysates transfected for 48 h with control or KIF14 siRNA (150 nM centrinone + 10 µM MG132 treatment was used as positive control).
(Q) Graph showing ARL13B+ cilia length (related to Fig. 5, E and F; please see scheme of the experiment in Fig. 5 E). (R and S) Analysis of effectivity of serum
starvation to synchronize hTERT RPE-1 cells in G0 phase (related to Fig. 5, G–J). (R) Representative images show IF staining detecting the proliferation marker
Ki-67 (green) and DNA (red); scale bar, 20 µm. (S) Quantification of proportion of cells synchronized in G0 (Ki-67+). Asterisks or "ns" indicate statistical
significance determined using an unpaired t test.
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Figure S4. KIF14 depletion deregulates AURA. (A) Western blot analysis of whole hTERT RPE-1 cell lysates to detect an increase in pAURA protein levels
after KIF14 depletion (100 ng/ml nocodazole treatment was used to enrich for mitotic cells). (B) Quantification of pAURA fluorescence intensity (normalized to
Hoechst signal intensity) in nonstarved hTERT RPE-1 cells after control or KIF14 siRNA transfection. (C) Graph showing cilia lengths after MYC-AURA over-
expression in hTERT RPE-1 cells (related to Fig. 6, E and F). (D–G) Related to Fig. 6, G–L. (D) Representative images of IFT88 (green), Ac-tub (red), and CAP350
(yellow) IF staining of hTERT RPE-1 cells transfected with mock or MYC-AURA (scale bar, 2 µm), where the proportion of ciliated cells is decreased, as
quantified in E. (F) Representative images of ODF2 (green), CAP350 (red), and MYC (yellow) IF staining of hTERT RPE-1 cells transfected with mock or MYC-
AURA (scale bar, 1 µm), where the proportion of ciliated cells is not changed (as quantified in G). Asterisks or "ns" indicates statistical significance compared
with control determined using an unpaired t test.
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Tables S1–S5 are provided online as separate Excel files. Table S1 lists the candidate binding partners from coIP of endogenous
CEP164. Table S2 lists the candidate binding partners fromCEP164 BioID experiments. Table S3 lists all siRNA sequences used in this
work. Table S4 lists all primer sequences used in this work. Table S5 lists all antibodies used in this work.

Figure S5. AURA activity mediates the effects of KIF14 depletion on primary cilia formation. (A) Histograms show localization of CAP350 (red), Ac-tub
(gray), and distribution of IFT88 (green) along the primary cilium (N = 5, "norm." means normalized to CAP350) rescued by AURA inhibition (related to to Fig. 7).
(B and C) hTERT RPE-1 cells were 48 h transfected with control or KIF14 siRNA, together with either additional siRNA targeting the individual AURA activator
or in combination with small-molecule calmidazolium chloride treatment (4 µM) to inhibit calmodulin (CaM) and 24 h serum starved before fixation. (B) Graph
showing percentage of ciliated cells and pinpointing NEDD9 and PIFO as modest rescuers of the ciliogenesis defect caused by KIF14 depletion. (C) Graph
showing partial cilia length rescues of defects caused by KIF14 depletion by all used AURA activators. (D) Graph quantifying the percentage of cells with SMO
localized to the ciliary axoneme after control or KIF14 siRNA transfection, 24 h serum starvation, and 2 µM SAG treatment to HH pathway activation (related to
Fig. 8 E). Asterisks indicate statistical significance determined using Tukey’s multiple comparisons test.
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Phosphorylation of multiple proteins involved in 
ciliogenesis by Tau Tubulin kinase 2

ABSTRACT  Primary cilia are organelles necessary for proper implementation of developmen-
tal and homeostasis processes. To initiate their assembly, coordinated actions of multiple 
proteins are needed. Tau tubulin kinase 2 (TTBK2) is a key player in the cilium assembly 
pathway, controlling the final step of cilia initiation. The function of TTBK2 in ciliogenesis is 
critically dependent on its kinase activity; however, the precise mechanism of TTBK2 action 
has so far not been fully understood due to the very limited information about its relevant 
substrates. In this study, we demonstrate that CEP83, CEP89, CCDC92, Rabin8, and DVL3 are 
substrates of TTBK2 kinase activity. Further, we characterize a set of phosphosites of those 
substrates and CEP164 induced by TTBK2 in vitro and in vivo. Intriguingly, we further show 
that identified TTBK2 phosphosites and consensus sequence delineated from those are dis-
tinct from motifs previously assigned to TTBK2. Finally, we show that TTBK2 is also required 
for efficient phosphorylation of many S/T sites in CEP164 and provide evidence that TTBK2-
induced phosphorylations of CEP164 modulate its function, which in turn seems relevant for 
the process of cilia formation. In summary, our work provides important insight into the 
substrates–TTBK2 kinase relationship and suggests that phosphorylation of substrates on 
multiple sites by TTBK2 is probably involved in the control of ciliogenesis in human cells.

INTRODUCTION
Primary cilia (PCs) are organelles fundamental for proper develop-
ment and homeostasis. Malfunctioning of PCs leads to ciliopathies, 
a group of diseases with a broad span of phenotypic manifestations, 
such as obesity, blindness, polycystic kidneys, and polydactyly 
(Mitchison and Valente, 2017; Reiter and Leroux, 2017). In addition, 

PCs abnormalities have been recently related to cancer (Wong 
et al., 2009; Jenks et al., 2018; Wang and Dynlacht, 2018), further 
affirming the importance of correctly functioning PCs for tissue 
homeostasis.

PCs are usually assembled on postmitotic cells, with their 
formation being triggered at the distal end of the matured (mother) 
centrioles (MCs). They consist of a microtubule-based axoneme en-
closed within a ciliary membrane, and transformed MC (basal body) 
(Ishikawa and Marshall, 2011; Nigg and Stearns, 2011). MCs differ 
from daughter centrioles by the presence of two sets of protein-
aceous appendages named distal appendages (DA) and sub-DA 
(SDA) according to their position on MCs (Nigg and Stearns, 2011). 
The earliest sign of ciliogenesis seems to be the accumulation of 
small Golgi-derived vesicles in the vicinity of DA (Sorokin, 1962; Lu 
et al., 2015; Wu et al., 2018), depending on the activity of the 
Rab11-Rab8a-Rabin8 cascade (Knödler et al., 2010; Westlake et al., 
2011; Hehnly et al., 2012; Schmidt et al., 2012). Disruption of DA 
structure prevents vesicle docking and in turn leads to a failure of 
cilium assembly (Schmidt et al., 2012; Chang et al., 2013; Sillibourne 
et al., 2013; Tanos et al., 2013). Initially, five DA proteins, CEP164 
(Graser et al., 2007), CEP83 (Joo et al., 2013), CEP89 (Sillibourne 
et al., 2013), FBF1 (Tanos et al., 2013; Wei et al., 2013), and SCLT1 
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(Tanos et al., 2013), were identified. Recent identification of new DA 
components suggests the list might not be complete (Kurtulmus 
et al., 2018; Bowler et al., 2019).

Cilia initiation turns to the cilia extension process when the 
centriolar distal end capping proteins CP110, CEP97, and MPP9 are 
removed and ciliary axoneme begins to elongate (Spektor et al., 
2007; Huang et al., 2018). This key step in the cilium assembly 
pathway is controlled by Tau Tubulin kinase 2 (TTBK2) (Goetz et al., 
2012; Čajánek and Nigg, 2014). TTBK2 is recruited to DA by CEP164 
(Čajánek and Nigg, 2014; Oda et al., 2014), and their mutual inter-
action is fine-tuned by INNPP5E and PI3Kγ (Xu et al., 2016). In addi-
tion, TTBK2 seems uniquely positioned among the DA-associated 
proteins—its depletion still allows cilia initiation to proceed, but the 
axoneme does not extend and ciliogenesis in turn fails, implying 
that TTBK2 may function as a switch in the cilia assembly pathway, 
turning the cilia initiation program to cilia elongation and mainte-
nance (Goetz et al., 2012; Čajánek and Nigg, 2014; Oda et al., 2014; 
Bowie et al., 2018).

From an evolutionary perspective, TTBK2 is a member of the 
casein kinase 1 (CK1) superfamily; its kinase domain shows 
38% identity with CK1δ (Ikezu and Ikezu, 2014; Liao et al., 2015). 
Apart from TTBK2, the additional kinase MARK4 has been 
implicated in cilium initiation and assembly, although it seems to 
control the processes via SDA rather than DA of the MCs (Kuhns 
et al., 2013).

TTBK2 mutations are causative for development of the neu-
rodegenerative disorder spinocerebellar ataxia type 11 (SCA11) 
(Houlden et al., 2007; Bauer et al., 2010; Lindquist et al., 2017). 
Interestingly, SCA11-associated mutant variants of TTBK2, typically 
truncated around amino acid (AA) 450, are unable to interact with 
CEP164, fail to localize to DA (Goetz et al., 2012; Čajánek and Nigg, 
2014), and instead seem to act in a dominant negative manner to 
disturb PC formation (Goetz et al., 2012; Bowie et al., 2018). As 
no other kinase can compensate for defects caused by TTBK2 
mutations in SCA11, it again can be argued that TTBK2 has 
nonredundant functions in ciliogenesis. Previous work proved that 
ciliogenesis critically depends on TTBK2 kinase activity (Goetz et al., 
2012). However, information about bona fide substrates and/or S/T 
sites that are subjected to TTBK2 phosphorylation is very limited. 
So far, TTBK2 has been demonstrated to phosphorylate five sub-
strates—Tau (Takahashi et al., 1995; Tomizawa et al., 2001), KIF2A 
(Watanabe et al., 2015), CEP164 (Čajánek and Nigg, 2014), CEP97 
(Oda et al., 2014), and MPP9 (Huang et al., 2018)—and only 11 S/T 
sites, namely S208 and S210 of Tau, S135 of KIF2A, S629 and S636 
of MPP9, and T1309, S1317, S1346, S1347, S1434, and S1443 of 
CEP164 (Kitano-Takahashi et al., 2007; Oda et al., 2014; Watanabe 
et al., 2015; Huang et al., 2018).

Here, we report on novel TTBK2 substrates and an extensive set 
of TTBK2-induced phosphorylation sites determined and verified 
using a combination of in vitro, in vivo, and in silico approaches. 
Using our datasets of phosphorylated peptide sequences, we 
delineated a set of kinase motifs for TTBK2. For the functional 
validation we focused on CEP164 and through a combination of 
CRISPR editing, mass spectrometry and structure–function experi-
ments provide evidence that phosphorylation by TTBK2 modulates 
functions of CEP164.

RESULTS
TTBK2 acts on multiple candidate substrates
To identify novel TTBK2 substrates, we focused our effort on a set of 
candidate proteins that localize to DA or interact with CEP164 
and have been implicated in cilia initiation. These include the DA 

components CEP83 and CEP89, Rab8a, Rabin8, DVL3, CCDC92, 
and CP110 (Chaki et al., 2012; Schmidt et al., 2012; Tanos et al., 
2013; Cervenka et al., 2016; Huang et al., 2018). First, given that the 
reported TTBK2 substrates CEP164 and MPP9 respond to elevated 
TTBK2 levels with a profound mobility shift (Čajánek and Nigg, 
2014; Huang et al., 2018), we examined the behavior of individual 
candidates following their coexpression with TTBK2 in HEK293T WT 
cells. Interestingly, while we found no response to FLAG-TTBK2 
coexpression in the case of HA-CP110 and GFP-Rab8a, we observed 
a mobility shift of MYC-CEP83, MYC-CEP89, GFP-Rabin8, and GFP-
DVL2 similar to that of MYC-CEP164 (Figure 1A), indicating that 
these proteins are modified in a TTBK2-dependent manner. Next, to 
corroborate our observations, we included the TTBK2 D163A 
mutant with disabled kinase domain activity (KD) (Bouskila et al., 
2011) in our experiments. Importantly, as depicted in Figure 1B, 
GFP-CEP164, GFP-CEP89, GFP-CEP83, GFP-CCDC92, and GFP-
Rabin8, but not GFP-Rab8a, specifically responded to TTBK2, but 
not TTBK2 KD, suggesting that the observed shifts in protein mobil-
ity reflect a modification of the given protein mediated by kinase 
activity of TTBK2.

TTBK2 directly phosphorylates CEP83, CEP89, Rabin8, 
CCDC92, and DVL3
Having found that TTBK2 might phosphorylate several proteins 
necessary for the process of cilia initiation, we performed in vitro 
kinase assays of individual candidate substrates in the presence of 
TTBK2, followed by MS/MS identification and quantification of 
detected phosphorylations. To ensure proper protein folding and 
functionality, individual candidate substrates and TTBK2, respec-
tively, were purified by immunoprecipitation from HEK293T cells. 
TTBK2 KD was used as a control condition to account for actions of 
endogenous kinases possibly copurifying with immunoprecipitated 
TTBK2. In addition, in the second repetition we included λ phos-
phatase treatment in our workflow to reduce the impact of any 
already present phosphorylation. The experimental workflow is 
summarized in Supplemental Figure S1A. In brief, the criteria to 
assign any identified phosphorylation to TTBK2 were as follows 
(please see Materials and Methods for additional details): 1) the 
intensity of phosphopeptide was higher than 2 × 106; 2) phospho-
peptide intensity was at least twice that of the corresponding phos-
phopeptide intensity in control samples (TTBK2 KD). By applying 
these criteria, we detected 45 phosphorylated S/T sites induced by 
TTBK2 in the tested proteins (CEP164, CEP83, CEP89, Rabin8, 
CCDC92, DVL3) (Figure 2, A and B, blue and red color coded). The 
total number of identified phosphorylations was ∼120 (Supplemen-
tal Figure S2A; Figure 2B; Supplemental Table S1).

In a similar manner, we examined autophosphorylation of TTBK2. 
Here we analyzed four experimental conditions: 1) purified TTBK2, 
2) purified TTBK2 treated with λ phosphatase, 3) TTBK2 treated 
with λ phosphatase subsequently subjected to an in vitro kinase 
assay, and 4) TTBK2 KD treated with λ phosphatase, subjected 
to an in vitro kinase assay (schematized in Supplemental Figure 
S1B). We compared phosphosites identified in condition 3 with 
control conditions 2 and 4. Phosphorylations that were induced at 
least twofold over both controls were considered to be TTBK2 
induced. Condition 1 was included to assess the efficiency of the λ 
phosphatase treatment. This analysis led to the identification of 
approximately 110 phosphorylations,of which 79 were found to be 
induced by TTBK2. The induced phosphorylations are found along 
the whole sequence of TTBK2, with a significant portion of the sites 
residing at the C-terminus (Figure 2C; Supplemental Figure S2B; 
Supplemental Table S1).
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The detection of phosphorylation of a specific S/T residue using 
an in vitro kinase assay typically suffices to assume a direct kinase–
substrate relationship for individual proteins tested but might not 
fully reflect phosphorylation of a given protein in vivo. To this end, 
we set out to analyze phosphorylations of individual substrates 
coexpressed with TTBK2 and subsequently purified from HEK293T 
cells. The experiment workflow is summarized in Supplemental 
Figure S1C. The criteria for in vivo TTBK2-induced phosphorylations 
were more stringent than in the case of in vitro analysis to account 
for the higher complexity of the samples and in turn for the potential 
influence of other protein kinases (please refer to Materials and 
Methods for details). This in vivo approach identified approximately 
230 phosphorylations (Supplemental Table S1; Supplemental Figure 
S3) of which 133 were induced by TTBK2 (Figure 2A, black and red 
color coded). Importantly, a comparison of induced phosphoryla-
tion sites identified in vivo and in vitro not only showed a fairly 
extensive overlap between the datasets for individual proteins 
(phosphorylations common for both datasets are in red, Figure 2A; 
Supplemental Figure S3) but also revealed many phosphosites 
localized in clusters or pairs, often dispersed through the entire 
protein sequence (Figure 2A).

Specifically, in the case of CEP164, 18 individual S/T sites were 
found to be induced by TTBK2 by both approaches; for CEP83, it 
was five S/T residues; for CEP89, it was two S/T; and for CCDC92 
and Rabin8, both showed one S/T phosphorylation in common 
between in vitro and in vivo. Of note, analysis of DVL3 in vivo phos-
phorylations induced in the context of several kinases, including 
TTBK2, has been recently reported (Hanáková et al., 2019). Overall, 
27 (64%) induced phosphorylations detected through an in vitro 
approach were also found induced in vivo, thereby confirming a role 
of TTBK2 in the phosphorylation of tested proteins (Figure 2A). 
Additionally, six sites identified as being induced in vitro were 
occasionally also detected in vivo but did not pass the set threshold 
to be considered induced (Supplemental Table S1; Supplemental 
Figure S2A; Supplemental Figure S3). It is worth noting that the 

majority of sites detected by in vivo analyses (in total 106 phos-
phorylated S/T residues, Supplemental Table S1) were not detected 
using the in vitro approach.

TTBK2 shows motif similarities to CK1
Given the number of phosphorylations we identified and the reports 
on preferential phosphorylation of intrinsically disordered regions 
(IDRs) over folded protein regions (Iakoucheva et al., 2004; Xie et al., 
2007; Bah et al., 2015; Bah and Forman-Kay, 2016), we analyzed 
TTBK2 substrates using the Predictor of Natural Disordered Regions 
(PONDR) (Peng et al., 2005; Peng and Zhang, 2006) and the Disorder 
Enhanced Phosphorylation Predictor (DEPP) (Iakoucheva et al., 2004) 
to check the extent of IDRs and the overlap between the identified 
and the predicted phosphosites, respectively. The analysis carried 
out using the PONDR algorithms VSL-2 (Figure 3, A and B; Supple-
mental Figure S4, violet line) and VL3-BA (Figure 3, A and B; Supple-
mental Figure S4, blue line) revealed long IDRs in all the proteins 
tested (Figure 3, A and B, and Supplemental Figure S4). In addition, 
comparing our experimental data to DEPP-predicted phosphoryla-
tions revealed many examples of extensive overlap (Figure 3, A and 
B; Supplemental Figure S4). Specifically, experimentally identified 
CEP164 phosphorylations were found distributed throughout the 
protein sequence in a pattern resembling that of DEPP prediction 
(Figure 3A). Further, DEPP predicted extensive phosphorylation of 
the TTBK2 C-terminal part in line with our experimental data (Figure 
3A). In addition, we observed similarity between the experimentally 
detected and the predicted phosphorylation sites also in the case of 
the remaining examined substrates of TTBK2 (Supplemental Figure 
S4). In light of these findings, we examined previously identified sub-
strates of TTBK2, namely, CEP97, Tau, KIF2a, and MPP9 by PONDR 
and DEPP. As expected, all previously identified phosphosites were 
localized within long IDRs, which were predicted to contain many 
additional phosphorylation sites (Supplemental Figure S5).

Next, we compared our experimental results with the data 
available in the PhosphoSitePlus database. For the purpose of 

FIGURE 1:  TTBK2 induces mobility shift of CEP164, CEP89, CEP83, CCDC92, Rabin8, and DVL2. HEK293T cells were 
transfected by indicated plasmids, lysed 24 h posttransfection and analyzed by WB using indicated antibodies. 
(A) Electrophoretic mobility of MYC-CEP164, MYC-CEP83, MYC-CEP89, GFP-Rabin8, and GFP-DVL2 is decelerated by 
FLAG-TTBK2 expression. HA-CP110 and GFP-Rab8a do not change their mobility on FLAG-TTBK2 or GFP-TTBK2 
expression. (B) Detection of mobility shift of GFP-CEP164, GFP-CEP89, GFP-CEP83, GFP-CCDC92, and GFP-Rabin8 
induced by FLAG-TTBK2 but not FLAG-TTBK2 KD. Note that TTBK2 WT undergoes profound mobility shift compared 
with TTBK2 KD, indicating autophosphorylation. Depicted experiments were performed at least twice.
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this comparison, we did not discriminate here between induced 
and noninduced phosphorylations or between individual datas-
ets of our analysis. Interestingly, we found that 99/133 (74%) 
phosphorylations reported for the substrate proteins on Phos-
phoSitePlus were also detected in our experiments (Figure 2, 
A–C; Supplemental Table S1, marked by an asterisk). Although 
we cannot rule out the possibility that some of phosphosites 

identified by our analyses are a result of overexpression, many of 
the identified sites seem physiological as they were previously 
detected in endogenous proteins. Importantly, however, only 
53/229 (23%) of TTBK2-induced phosphorylations were previ-
ously identified by large-scale proteomic studies. This implies 
that phosphorylation of some of these residues might be limited 
to a specific cellular context.

FIGURE 2:  TTBK2 phosphorylates its substrates on multiple serines and threonines. Map of identified phosphorylations 
induced by TTBK2 on tested substrates. (A, B) Structure of each TTBK2 substrate is schematized, rectangles indicate the 
presence of a domain or motif, and numbers indicate the length of given protein in amino acids. Lines and numbers, 
respectively, below the schematic protein structure indicate positions of each phosphorylation induced by TTBK2. Sites 
shown in red were detected both in vitro and in vivo, sites in blue were detected only in vitro, and sites in black were 
detected only in vivo. The asterisk indicates that given phosphorylation is covered in PhosphoSitePlus. (A) TTBK2-
induced phosphorylation of CEP164, CEP89, CEP83, CCDC92, or Rabin8 identified in vitro and in vivo. (B) TTBK2 
phosphorylation of DVL3 identified in vitro. (C) TTBK2 autophosphorylations identified in vitro.
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As it was previously reported that TTBK2 preferentially phos-
phorylated S/T sites with pY at the +2 position (Bouskila et al., 
2011), we examined our datasets for the presence of this motif. 
However, we identified only two phosphorylations (S201 in 
CEP164; S316 in Rabin8) with Y at the +2 position, which could 
in principle fit into the proposed consensus sequence. Next, we 
manually searched the dataset for priming sites at the –3 posi-
tion (pS/pT-x-x-S/T motif) reported for the CK1 family (Cheong 
and Virshup, 2011) and found 28 phosphorylations fitting this 
criterion (CEP164: S171, S273, S403, S455, T490, S517, S646, 
S735, S1096, S1255, S1258; CCDC92: S145, S179, S273; Rabin8: 
S100; DVL3: S639; TTBK2: S134, T431, S448, T820, T851, S855, 
S958, S963, S999, S1033, S1042, S1243). Thus, the majority of 
phosphorylation sites we found were without any kinase motif 
assigned. To probe for possible unrecognized TTBK2 consensus 
sites, we pooled data from in vitro and in vivo datasets and 
used them for an unbiased kinase motif search by the MeMe 
suite tool MoMo (Bailey et al., 2009; Cheng et al., 2017). Initial 
analysis by a “simple” algorithm, which plots the relative 
abundance of individual AA residues at the indicated position 
within the whole dataset, did not reveal any enrichment (Figure 
3C). Given that, we subsequently performed analysis by Motif-x 
and MODL algorithms, respectively, that can resolve consensus 
motif sequences present only in a subset of peptides (Chou 
and Schwartz, 2011; Cheng et al., 2017). Intriguingly, both 
algorithms detected a preference for glutamic acid (E) at the +3 
position (MODL, 32 peptides; Motif-x, 27 peptides) (Figure 3, D 
and E). In addition, analysis using MODL detected a preference 
for leucine (L) at the +1 position (MODL, 30 peptides) (Figure 
3E). Sequences of peptides with the identified motifs are listed 
in Supplemental Table S2.

CEP164 phosphorylation is largely dependent on TTBK2
To further study TTBK2 phosphorylations, we decided to derive 
HEK293T and RPE1 cells devoid of TTBK2. First, we verified that 
CRISPR-Cas9 successfully disrupted ORF of the TTBK2 locus by 
indels in exon 4, which encodes part of the kinase domain of TTBK2 
(Figure 4A). Next, we confirmed that CRISPR/Cas9-edited cells 
lacked any detectable levels of TTBK2 (Figure 4B; Supplemental 
Figure S6, A–C), while MC localization of CEP164 or CEP83 was not 
affected (Supplemental Figure 6, B and C). Functionally, TTBK2-
deficient cells fail to form cilia. Subsequent reintroduction of WT, 
but not the KD form of TTBK2, allowed PCs formation in TTBK2 KO 
HEK293T or RPE1, as expected (Figure 4D; Supplemental Figure 
S6D). Additionally, we found that CEP164 migrated faster on PAA 
gel when TTBK2 was depleted (Figure 4B; Supplemental Figure 
S6A), implying that posttranslational modifications of CEP164 were 
diminished in TTBK2 KO cells. Reintroduction of the WT form of 
TTBK2 to TTBK2 KO RPE1 rescued CEP164 PAA mobility, in con-
trast to TTBK2 KD (Figure 4C). These results confirm and extend 
previous observations (Goetz et al., 2012; Lo et al., 2019). We also 
examined the behavior of CEP83, CEP89, and CEP97, substrates of 
TTBK2 reported here or previously, in response to TTBK2 ablation. 
However, in contrast to CEP164, we failed to detect any difference 
in the PAA mobility of these proteins (Figure 4B).

Our observations suggesting that TTBK2 is a main driving force 
of CEP164 phosphorylation prompted us to narrow down our 
validation attempts to CEP164. First, we examined the importance 
of TTBK2 for phosphorylation of endogenous CEP164. We iso-
lated CEP164 by immunoprecipitation from TTBK2 WT and KO 
HEK293T cells, respectively, and subjected the protein complexes 
to MS/MS analysis of phosphorylation. We detected approxi-
mately 37 phosphorylations, with 27 of those being twice or more 

FIGURE 3:  TTBK2 shows motif similarities to CK1. (A, B) Protein disorder and phosphorylation prediction for 
CEP164 and TTBK2. Structure of CEP164 and TTBK2 is schematized as described in Figure 2. The first graph below the 
schematized structure of CEP164 and TTBK2, respectively, depicts prediction of disorder/order (with cut-off score 0.5) 
determined by PONDR using VSL2 (violet line) and VL3-BA (blue line) algorithms. The second graph plots DEPP score 
(with cut-off score 0.5) and individual phosphosites thereby predicted (phosphoS as blue rectangle, phosphoT as green 
triangle, and phosphoY as red circle). (C–E) Determination of TTBK2 kinase motifs using indicated algorithms. Size of 
depicted symbols indicates relative abundance of each amino acid at given position within a set of phosphorylated 
peptides. Kinase motif search was performed by C, MoMo simple; D, Motif-x; and E, MODL alogrithms.
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as intensive in WT HEK293T (Supplemental Figure S6F; Supple-
mental Table S1). Importantly, 14 phosphosites matched the 
TTBK2-induced phosphorylations detected by our previous in vitro 
or in vivo approaches (Figure 4F, marked by a green rectangle). 

From the rest of the S/T identified here as being regulated by 
endogenous TTBK2, 10 sites were assigned as not being 
targeted by TTBK2, while three sites were new (not identified in 
any of our previous experiments) (Supplemental Figure S6F and 

FIGURE 4:  TTBK2 is required for phosphorylation of CEP164 during induction of ciliogenesis. (A) Scheme of TTBK2 
editing by CRISPR-Cas9. TTBK2 exons are coded in green and blue, kinase domain position is marked by a red 
rectangle. gRNA targets Exon4, Cas9-edited sequences of TTBK2 for HEK293T and RPE1 are indicated. (B) WB analysis 
of RPE1 WT and TTBK2 KO cells. TTBK2 protein is missing in RPE1 TTBK2 KO cells, CEP164 is migrating faster in TTBK2 
KO RPE1, while no changes in migration pattern were detected for CEP89, CEP83, and CEP97. (C, D) FLAG TTBK2 WT 
and KD versions were reintroduced in RPE1 TTBK2 KO cells. (C) CEP164 migration pattern is rescued by FLAG-TTBK2 
WT but not by FLAG-TTBK2 KD reintroduction in RPE1 TTBK2 KO cells. (D) Ciliogenesis is rescued by FLAG-TTBK2 WT 
but not by FLAG-TTBK2 KD reintroduction in RPE1 TTBK2 KO cells. (E) RPE1 WT and TTBK2 KO cells were treated as 
indicated and CEP164 migration was analyzed. Starvation for 12 or 24 h and nocodazole (100 ng/ml, overnight) and 
cytochalasin D (2 µM, overnight) treatment lead to slower CEP164 migration, while treatment by PLK4 inhibitor 
centrinone (150 µM, 72 h) enhances CEP164 migration in RPE1 WT cells. Treatment of RPE1 TTBK2 KO cells by 
nocodazole leads to slower CEP164 migration. Ratio indicates relative abundance of the top band (indicated by full 
arrowhead) of CEP164 divided by the bottom band (indicated by empty arrowhead). WB was quantified for N = 4 for 
WT and n = 3 for TTBK2 KO cells; SD indicates SD. (F) Structure of CEP164 is schematized, rectangles indicate domains 
or motifs, and numbers indicate length in amino acids. Lines and numbers, respectively, below the schematic protein 
structure indicate positions of each phosphorylation induced by TTBK2. Sites shown in red were detected both in vitro 
and in vivo, sites in blue were detected only in vitro, and sites in black were detected only in vivo. Green rectangle 
marks phosphorylations more intensive in WT compared with TTBK2 KO HEK293T cells. The asterisk indicates that 
given phosphorylation is covered in PhosphoSitePlus.
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Supplemental Table S1). Together with our previous data, these 
findings establish that TTBK2 is both sufficient and required for 
efficient CEP164 phosphorylation.

Next, we attempted to relate TTBK2 phosphorylation of CEP164 
to a particular event, for example, the induction of PC formation by 
serum starvation or treatment by cytochalasine D, nocodazole-
induced mitotic arrest, or centrinone-induced centriole ablation 
(Wong et al., 2015). Thus, we examined the extent of CEP164 
phosphorylation by monitoring the ratio between slower (hyper-
phosphorylated) and faster (hypophosphorylated) migrating forms 
of CEP164 (Čajánek and Nigg, 2014). As shown in Figure 4E, we 
observed the accumulation of slower migrating CEP164 forms in 
nocodazole-treated cells, in line with previous results (Schmidt 
et al., 2012). Interestingly, we detected that 12 h of serum starvation 
induced a moderate shift of CEP164, which became more 
prominent 24 h poststarvation. In addition, treatment by another 
compound promoting ciliogenesis, actin polymerisation inhibitor 
cytochalasin D (Kim et al., 2010), also showed a pronounced effect 
on CEP164 PAA mobility. Of note, the bitor centrinone caused a 
modest decrease in CEP164 phosphorylation. Remarkably, the 
effects of ciliogenesis-inducing agents (serum starvation, cytochala-
sin D), but not of nocodazole, on the relative increase of slow 
(hyperphosphorylated) forms of CEP164 were markedly reduced in 
TTBK2-deficient cells (Figure 4E). These data imply that TTBK2 
is responsible for efficient phosphorylation of CEP164 during 
ciliogenesis.

CEP164 N-terminus phosphorylation leads to altered 
function
The functional relevance of a phosphorylation is usually tested by 
mutating detected phosphorylated sites to nonphosphorylable 
variants and subsequent examination of whether this alters the func-
tion of tested protein (Sieracki and Komarova, 2013). Our analysis 
detected a significant number of induced phosphorylation sites, 
implying possible complex regulation, as multiple phosphorylations 
typically act in a combinatorial manner (Cohen, 2000; Bah and 
Forman-Kay, 2016). In addition, the majority of the identified phos-
phosites resided in IDRs with a currently unknown impact on the 
biology of a given protein. On the other hand, our experiments also 
revealed several TTBK2 phosphosites within the N-terminal part of 
CEP164 (CEP164 N-term, AA 1–467), which, via its WW domain 
(predicted to contain AA 56–89; Schmidt et al., 2012; Čajánek and 
Nigg, 2014), interacts with TTBK2 and in turn regulates ciliogenesis 
(Schmidt et al., 2012; Čajánek and Nigg, 2014; Oda et al., 2014). 
Bearing this in mind, we decided to test the functional conse-
quences of TTBK2 phosphorylation of the CEP164 N-term. First, we 
examined the role of endogenous TTBK2 by analyzing phosphoryla-
tions of the FLAG-CEP164 N-term, transiently expressed in TTBK2 
WT or KO HEK293T cells. We found that four phosphorylated S/T 
(S166, S168, S172, and S201) of 14 identified were at least two 
times more intensive in TTBK2 WT than inTTBK2 KO samples 
(Figure 5A; Supplemental Figure S6G; Supplemental Table S1).

Next, we examined all CEP164 phosphorylation data and 
selected seven TTBK2 phosphorylation sites (S129, S130, S135, 
S136, S166, S168, and S201) located in the proximity of the WW 
domain of the CEP164 N-term and mutated those to A in the 
CEP164 full-length (FL) protein and CEP164 N-term, naming the 
obtained mutants the “CEP164 FL-A” and “CEP164 N-A term.” It is 
worth noting that in silico modeling of introduced mutations in 
CEP164 N-term using PONDR did not reveal any major impact on 
protein folding (Figure 5B). First, we examined exogenously ex-
pressed CEP164 FL-A and CEP164 N-A term in terms of mobility 

shift after serum starvation and noted that FL-A and N-A term did 
not produce slow migrating forms on serum starvation, in contrast 
to their corresponding WT counterparts (Supplemental Figure S6E). 
Next, to resolve whether the introduced mutations in any way 
changed the CEP164–TTBK2 relationship, we tested whether the 
CEP164 N-A term and TTBK2 can coimmunoprecipitate. However, 
we did not detect any notable difference between the FLAG-
CEP164 N-term and the FLAG-CEP164 N-A term to coimmunopre-
cipitate with MYC-TTBK2 when overexpressed in HEK293T cells 
(Figure 5C). We reasoned that our failure to see any difference 
meant the changes were too subtle to be revealed by the used 
approach and decided to test the CEP164–TTBK2 relationship by 
other means. Interestingly, we observed that while ciliogenesis was 
efficiently induced in mock (51%) or FLAG-CEP164 M-part (468–
1135 AA) (43%) transfected RPE-1 cells, in line with previous reports 
(Schmidt et al., 2012; Čajánek and Nigg, 2014; Oda et al., 2014), 
FLAG-CEP164 N-term expression almost completely abrogated the 
formation of PCs (below 5% of ciliated cells) in contrast to the FLAG-
CEP164 N-A term that still allowed the formation of PCs in about 
20% of transfected RPE-1 cells (Figure 5D). The CEP164 N-term fails 
to localize to the MCs (Schmidt et al., 2012; Čajánek and Nigg, 
2014); in turn, its expression leads to the sequestration of endoge-
nous TTBK2 from MCs and hence to profound inhibition of ciliogen-
esis (Čajánek and Nigg, 2014). Based on our observations, we 
hypothesized that the ability of the CEP164 N-term to sequester 
endogenous TTBK2 (Čajánek and Nigg, 2014) might be affected in 
the CEP164 N-A term. Intriguingly, we found that the FLAG-CEP164 
N-A term was still able to sequester TTBK2 from MC, but to a lesser 
extent than the FLAG-CEP164 N-term (Figure 5, E and F). Next, we 
found levels of IFT88, but not of CEP83, located on the MCs 
significantly more reduced in cells expressing the FLAG-CEP164 
N-term than in cells expressing the FLAG-CEP164 N-A term (Figure 
5, G–J). This observation is in line with previous reports as well as 
our observations showing that MC localization of IFT88, but not of 
CEP83, is dependent on TTBK2 activity (Supplemental Figure S6, B 
and C) (Goetz et al., 2012). Taken together, these results imply that 
phosphorylation of the given residues (S129, S130, S135, S136, 
S166, S168, and S201) modulates CEP164 function which in turn 
may be functionally important for TTBK2 recruitment to MC and 
ciliogenesis.

DISCUSSION
TTBK2 seems to have a unique position among other regulators of 
ciliogenesis, as its action marks the “end of the beginning” by 
pushing cilia initiation toward cilia extension. However, how TTBK2 
regulatory function is implemented is still only partially understood. 
To gain insight into this process, we set out to identify its substrates. 
In this study, we have demonstrated that several proteins either 
directly binding to CEP164 or localizing to its proximity, namely, 
CEP83, CEP89, CCDC92, Rabin8, and DVL2/3, as well as CEP164 
itself, are subjected to TTBK2 phosphorylation primarily in their 
IDRs. We further revealed a previously undetected consensus 
motif similarity of TTBK2 to that of CK1, at least for a subset of 
phosphorylated sites.

Our observation that TTBK2 is able to phosphorylate compo-
nents of DA and proteins associated with the centriole distal end 
does not come as a complete surprise, given its proposed role in 
the assembly of the appendages (Čajánek and Nigg, 2014). More-
over, thanks to the recently detailed description of DA structure and 
organization (Yang et al., 2018; Bowler et al., 2019), it is tempting to 
speculate that TTBK2 might be able to target additional basal 
body proteins besides those included in our screen. In our initial 
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FIGURE 5:  Phosphorylation of CEP164 N-terminus by TTBK2 affects its function and ciliogenesis. (A) Structure of 
CEP164 N-term is schematized, rectangle indicates WW domain, and numbers indicate length in amino acids. Lines and 
numbers, respectively, below the schematic protein structure indicate positions of each phosphorylation induced by 
TTBK2. Sites shown in red were detected both in vitro and in vivo, sites in blue were detected only in vitro, and sites in 
black were detected only in vivo. Green rectangle marks phosphorylations more intensive in WT compared with 
TTBK2 KO HEK293T cells. The asterisk indicates that given phosphorylation is covered in PhosphoSitePlus. (B) In silico 
analysis of protein folding by PONDR VSL2 (violet line) and VL3-BA (blue line) algorithms; the numbers indicate length 
of given protein in amino acids. Note that mutation of seven TTBK2 phosphorylated sites (S129, S130, S135, S136, 
S166, S168, S201) to Alanines (CEP164 N-A term) is not expected to change protein folding over control (CEP164 
N-term). (C) HEK293T cells were transfected by indicated plasmids and 24 h posttransfection were subjected to 
immunoprecipitation by anti-FLAG antibody. No difference was observed between FLAG-CEP164 N term and 
FLAG-CEP164 N-A term in their ability of to coimmunoprecipitate MYC-TTBK2. (D–J) RPE1 cells were transfected by 
indicated FLAG-tagged CEP164 truncation constructs and, following 24 h, starved for an additional 24 h to induce 
ciliogenesis, or ON to evaluate TTBK2, IFT88, or CEP83 on MC. (D) ARL13b (green) and CAP350 (blue, inset) staining 
was used to detect PCs and centrioles, respectively, and expression of indicated CEP164 variants was detected 
by FLAG antibody (red). The graph summarizes effects on PC formation from four independent experiments, and 
RPE-1 cells transfected with empty vector (mock) or CEP164 M part were used as controls and analyzed by Student’s 
t test; ***p < 0.001, **p < 0.01, *p < 0.05; SEM. (E–J) Following fixation, RPE-1 cells were stained for TTBK2, CEP83, or 
IFT88 (green); FLAG (red); and CAP350 (blue) to examine differences in localization of tested proteins to MC. The graph 
summarizes the effects protein intensity on MC (TTBK2 n = 5, IFT88 n = 3, CEP83 n = 4, 30–40 cells analyzed per 
condition) and analyzed by Student’s t test; ****p < 0.0001, *p < 0.05; SEM.
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screening, CP110 and Rab8a did not shift on TTBK2 coexpression, 
hence we did not include them in the subsequent detailed analysis. 
However, as a lack of mobility shift does not necessarily mean a lack 
of phosphorylation, it would be premature to rule them out as 
TTBK2 substrates. Interestingly, two of the CP110 binding partners, 
CEP97 and MPP9, have already been reported as TTBK2 substrates 
and their phosphorylation has been implicated in CP110/CEP97 
complex removal from the distal end of the MCs (Oda et al., 2014; 
Huang et al., 2018).

The extent of the mobility shift we observed for CEP164, CEP83, 
CEP89, CCDC92, Rabin8, and DVL3 suggested modification by 
multiple phosphates rather than by single phosphorylation, which 
we subsequently confirmed with MS-based experiments. Impor-
tantly, our analysis detected not only the majority of sites previ-
ously assigned as targets of TTBK2 activity (Čajánek and Nigg, 
2014), namely, the CEP164 sites T1309, S1317, S1347, and S1443 in 
both datasets and S1346 in vivo, but also many new ones, thereby 
demonstrating the robustness and sensitivity of our workflow. 
Furthermore, in the example of CEP164, we demonstrated that 
TTBK2 regulates phosphorylation of a fairly large number of S/T 
sites on the endogenous level.

The majority (64%) of TTBK2 phosphorylation sites we detected 
in vitro were subsequently confirmed in vivo. A significant portion of 
the sites detected by in vivo analysis (in total 106 phosphorylated 
S/T residues) was not revealed using the in vitro approach. Impor-
tantly, we managed to validate the role of TTBK2 in phosphorylation 
of several in vivo-induced S/T sites in CEP164 using TTBK2 WT and 
KO cells. Several factors may account for the differences we see 
between individual analyzed datasets, such as the different activity 
of the kinase in vitro and in vivo, different preferences for substrates, 
or the presence/absence of priming phosphorylations or compen-
sating kinase(s) and counteracting phosphatases (Hunter, 1995).

TTBK2 is considered a distant member of the CK1 kinase family. 
However, it was previously shown that its truncated variant (TTBK2 
1–450) preferentially phosphorylates peptides with priming phos-
photyrosine residue at the +2 position (Bouskila et al., 2011). This 
unusual substrate preference, unique among CK1 family members 
which typically favor the stretch of acidic residues or pS/pT around 
the –3 position (Flotow et al., 1990; Flotow and Roach, 1991; 
Knippschild et al., 2005; Cheong and Virshup, 2011), was related to 
differences in the putative phosphate-binding groove between 
TTBK1/2 and all remaining CK1 isoforms (Bouskila et al., 2011). 
Although it has been found that several Y kinases reside at the cen-
trosome and MCs, respectively (Tsun et al., 2011; Jay et al., 2015), 
the significance of that for centriole biogenesis or ciliogenesis is 
unclear. Importantly, this study and others (Kitano-Takahashi et al., 
2007; Čajánek and Nigg, 2014; Watanabe et al., 2015; Huang et al., 
2018) failed to detect any significant presence of Y at +2 at verified 
TTBK2 substrates, raising the question of whether TTBK2 exten-
sively utilized such a motif in vivo. Additionally, although we de-
tected several phosphorylations that fit the canonical consensus 
motif pS/pT-x-x-S/T of CK1, our unbiased motif search analysis im-
plies that TTBK2 may in addition favor glutamic acid (E) at the +3 
position and L at the +1 position, respectively, at least in a subset of 
its targets. These motifs resemble the noncanonical CK1 motif SLS 
and to some extent also a motif with an acidic stretch of residues 
located C-terminally from the target S/T reported before (Marin 
et al., 2003; Ferrarese et al., 2007; Borgal et al., 2014; Bowie et al., 
2018). Importantly, one must bear in mind that delineation of kinase 
motifs has been typically carried out using rather reduced libraries 
of synthetic peptides that lack a secondary or tertiary structure of 
bona fide physiological substrates of a given kinase. In fact, it has 

been demonstrated that the phosphorylation of a substrate by CK1 
isoforms does not strictly depend on the consensus sequence, but 
there is a significant effect of a tertiary structure of the substrate 
(Cegielska et al., 1998). From this point, FL TTBK2 does not seem to 
use the motif with pY at the +2 position in substrates we examined; 
instead, our data suggest it may use motifs resembling noncanoni-
cal motifs reported for CK1. Of note, detailed inspection of the 
assay that identified pY+2 as the preferred motif for TTBK2 also 
show that TTBK2 can phosphorylate peptides carrying noncanonical 
CK1-like motifs in vitro, albeit to a lesser extent than pY+2 (Bouskila 
et al., 2011). To further analyze the preference for motif usage by 
TTBK2, cocrystallization of the kinase domain of TTBK2 with some 
of its physiological substrates would help in defining the molecular 
mechanism mediating their mutual interactions.

Using a model system of HEK293T and RPE1 cells that lack 
TTBK2, we showed that TTBK2 extensively modified CEP164, while 
a similar effect was not observed in the case of the other confirmed 
TTBK2 substrates (CEP83, CEP89, or CEP97), possibly due to the 
insufficient sensitivity of used readout. This suggests that CEP164 
might be the main target of TTBK2 phosphorylation. This prediction 
is further supported by the observation that a majority of TTBK2 
phosphosites we identified using the MS approaches indeed re-
sided to CEP164.

The PCs formation in cultured cells can be readily induced be a 
serum withdrawal or treatment by cytochalasin D (Kim et al., 2010; 
Seeley and Nachury, 2010). Intriguingly, our data imply not only 
that CEP164 is phosphorylated following the induction of the 
PCs formation but also importantly that TTBK2 is involved in the 
phosphorylation. Previous work postulated that CEP164 is heavily 
phosphorylated in mitosis, perhaps in relation to its disappearance 
from the DA (Schmidt et al., 2012). Our data support this observa-
tion and in addition suggest that the mitotic phosphorylation of 
CEP164 does not depend on TTBK2.

The amino acid sequences of intrinsically disordered proteins 
determine their inability to fold into stable tertiary structures and 
instead enable them to rapidly interconvert between distinct confor-
mations to mediate their biological functions (Dyson and Wright, 
2005; Bah and Forman-Kay, 2016). Consequently, this allows the 
intrinsically disordered proteins to expose a significant part of their 
primary sequence for binding and posttranslational modification 
(Iakoucheva et al., 2004; Xie et al., 2007; Bah and Forman-Kay, 
2016) and hence provides them with the ability to act as hubs in 
protein complexes that typically facilitate the assembly of various 
organelles (Cohen, 2000; Hegyi et al., 2007; Bah and Forman-Kay, 
2016). In line with these reports, all proteins we identified as 
substrates of TTBK2 modified by multiple phosphorylations are 
predicted to have long IDRs suitable for such extensive modifica-
tion. Given that phosphorylation of IDRs might affect protein 
structure and hence binding properties (Cohen, 2000; Bah et al., 
2015), it is tempting to speculate that TTBK2 phosphorylation 
allows basal body DA proteins to achieve a novel quality that 
ensures their timely interactions and assembly to complexes 
necessary for the formation of PCs.

We provided experimental evidence supporting this hypothesis 
on the example of CEP164–TTBK2 interactions. We admit that 
the observed effects of the introduced S to A mutations of the 
CEP164 N-term on sequestration of TTBK2, MCs levels of IFT88, 
and ciliogenesis are modest. However, this is to be expected, as the 
mutated residues lie within IDR outside of the reported TTBK2 
binding region (Čajánek and Nigg, 2014), but still in the vicinity to 
possibly mediate the effect on CEP164–TTBK2 interaction. From 
this perspective, our data suggest that at least some of the mutated 
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residues participate in WW domain-mediated CEP164–TTBK2 inter-
action. Interestingly, recent incisive work by Xu and colleagues (Xu 
et al., 2016) pinpointed a regulatory role of a short, basic AA 
stretch (110–122) of CEP164 for the CEP164–TTBK2 interaction via 
phosphatidylinositol-4 phosphate binding. As the cluster S129–
S136, phosphorylated by TTBK2, localizes very close to the 
described PI binding stretch, it is tempting to speculate that 
phosphorylation of this cluster might represent a mechanism of how 
TTBK2 modulates its own interaction with CEP164 via cross-talk with 
the INPP5E/PIP3Kγ regulatory element, possibly by hampering the 
binding of the acidic phosphoinositol head group to its basic bind-
ing site (Xu et al., 2016). It should be rewarding to explore whether 
there is indeed any functional interaction between TTBK2 sites we 
identified and the activity of PIP3K/INPP5E implied in the regulation 
of CEP164–TTBK2 binding (Xu et al., 2016).

There is one more aspect related to our validation experiments. 
Three of the sites we identified in our initial screening experiments, 
and subsequently chose to target (S166, S168, and S201) in struc-
ture–function experiments, also clearly showed regulation by 
endogenous TTBK2. It is not clear whether this is also true for the 
S129–S136 cluster, as we were not able to recover the correspond-
ing peptides during the phosphoenrichment step, thereby indicat-
ing that their overall abundance is not sufficient to be detected by 
the applied instrumentation.

While this paper was being revised, a study identifying CEP83 as 
a target of TTBK2 phosphorylation at S29, T292, T527, and S698 
was published (Lo et al., 2019). Intriguingly, the authors related the 
TTBK2 phosphorylation of CEP83 to the docking of vesicles to DA. 
The authors also showed that CEP164-induced TTBK2 recruitment 
to MC is necessary for CEP83 phosphorylation. Our data confirm 
and extend this work, as we detected not only three of four sites 
reported by Lo and colleagues (although S698 did not pass our 
criteria to be considered as TTBK2 induced) but also several addi-
tional TTBK2-induced phosphosites in CEP83. Interestingly, since 
several members of DA seem to be direct targets of TTBK2 kinase 
activity, it would be of great interest to investigate possible mutual 
dependencies of individual phosphorylations and their impact on 
the functions of DA components in future. Additionally, we con-
firmed and extended a recent report on TTBK2 phosphorylation of 
DVL3 (Hanáková et al., 2019), a component of WNT signaling path-
ways known to reside at the centrosome (Cervenka et al., 2016; 
Mlodzik, 2016; Bryja et al., 2017). This may have several biological 
implications, as TTBK2 seems to phosphorylate a small cluster of 
S/T residues in the C-terminus of DVL3, which is important for regu-
lating DVL3 oligomerization (Bernatík et al., 2014), which is in turn 
essential for DVL-mediated signal transduction via the formation of 
signalosomes (Schwarz-Romond et al., 2007). In addition, the C-
terminus of DVL is typically phosphorylated by CK1ε (Bernatík et al., 
2014), thereby opening an intriguing window for a cross-talk at the 
level of TTBK2-CK1ε, possibly through differential phosphorylation 
of the DVL3 C-terminus as CK1ε phosphorylates DVL3 at many 
additional sites to those targeted by TTBK2 (Hanáková et al., 2019). 
Clearly, additional work will be necessary to fully examine the impli-
cations of TTBK2-mediated DVL phosphorylation for WNT signaling 
pathways as well as basal body-related aspects of DVL biology.

In summary, our findings expand the current knowledge about 
TTBK2 substrates and provide an important insight into the extent 
and character of TTBK2-mediated phosphorylations in the context 
of basal body proteins and PC initiation, respectively. Underpinning 
the functions of TTBK2 phosphorylations, as well as its interactions 
with other kinases implicated in ciliogenesis, will undoubtedly be 
vital for a mechanistic understanding of cilium assembly.

MATERIALS AND METHODS
Cell culture and transfection
RPE-1 Flp-In T-Rex (a gift from Erich Nigg) and TTBK2 KO cells and 
RPE1 WT were grown in DMEM F12 (Thermo Fisher Scientific, 
11320033) supplemented by 10% fetal bovine serum (FBS), 1% 
penicillin/streptomycin, and 1% l-glutamine, HEK293T wt, and 
TTBK2 KO Flp-In T-Rex (Thermo Fisher Scientific, R78007) cells were 
grown in DMEM Glutamax (Thermo Fisher Scientific, 10569069) 
supplemented by 10% FBS and 1% penicillin/streptomycin. Trans-
fection of RPE1 was carried out by Lipofectamine 3000 (Invitrogen) 
according to manufacturer’s instructions (up to 0.5 µg DNA per 
condition/well, 24-well plate format). HEK293T were transfected by 
Polyethyleneimine (PEI) as follows: PEI was incubated in DMEM for 
10 min and then mixed with plasmid equilibrated in DMEM in ratio 
3 µl PEI/1 µg plasmid; the mixture was incubated for 15 min 
and then added to cells. Growth medium was changed 4 h after 
transfection. To induce formation of PC, 24 h following the transfec-
tion, RPE-1 cells were starved by serum-free medium for 24 h to 
assess ciliogenesis or ON for TTBK2 removal measurement. Centri-
none (150 µM) (Wong et al., 2015) treatment was carried out for 
72 h. Cytochalasine (2 µM) (Merck, Sigma Aldrich, C8273) and 
Nocodazole (100 ng/ml) (Merck, Sigma-Aldrich, M1404) treatment 
was carried out overnight.

Western blot
To analyze electrophoretic migration of the proteins after TTBK2 
coexpression, HEK293T cells were transfected by the indicated 
plasmids and 24 h posttransfection directly lysed in 1× sample 
buffer (2% SDS, 62.5 mM Tris, pH 6.8, 10% glycerol, 2% 2-Mercap-
toethanol, 0.01% bromophenol blue). RPE1 cells were treated as 
indicated. Western blot was carried out by using Bio-Rad apparatus 
(Mini-PROTEAN Tetra Vertical Electrophoresis Cell, Mini Trans-Blot 
Module) for the SDS–PAGE run and transfer. The samples were 
loaded to discontinuous SDS–PAGE (5% stacking; 7, 8, or 10% run-
ning gel; percentage used based on analyzed protein MW) and run 
at 150 V. Proteins were transferred to immobilon PVDF (Merck, 
IPVH20200) membranes at 100 V. ELFO Running buffer (0.025 M 
Tris, 0.192 M glycine, 0.1% SDS), WB Transfer buffer (0.025 M Tris, 
0.192 M glycine, 20% Methanol). Membranes were blocked in 
5% skimmed milk in Tris-buffered saline (TBS)-Tween (20 mM Tris, 
150 mM NaCl, 0.1% Tween 20, pH 7.6) and incubated with the 
primary antibodies at 4°C ON. Then membranes were washed in 
TBS-Tween twice, incubated with the secondary antibodies for 1 h 
at RT, washed by TBS-Tween twice, and developed using ECL prime 
(Merck, GERPN2232). For the concentration of antibodies used, 
please refer to Supplemental Table S3.

WB quantification was done using FIJI distribution of ImageJ; 
the number of the experiments used for the quantification is stated 
in the corresponding figure legend.

Immunoprecipitation
To analyze binding of TTBK2 to CEP164 N term or CEP164 N-A 
term, 10-cm plates of HEK293T cells were transfected (in total 6 µg 
of DNA mixed with 18 µl of PEI in plain DMEM). Cells were washed 
by phosphate-buffered saline (PBS) 24 h posttransfection, scraped 
to Lysis buffer (20 mM Tris-Cl, pH 7.4, 150 mM NaCl, 0.5% NP40, 
0.5% Triton X-100 [Merck, X100], and 1× Complete proteasome in-
hibitors [Roche, 4693132001]), and lysed (15 min on ice). Following 
centrifugation (15,000 × g for 10 min at +4°C), cleared extracts were 
incubated ON at +4°C in an orbital shaker with anti-FLAG sepharose 
beads (M2 clone, Merck, A2220). Bound complexes were pelleted, 
washed, and analyzed by SDS–PAGE and Western blotting.
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Where appropriate, contrast and/or brightness of images were 
adjusted by using Photoshop CS5 (Adobe).

Purification of proteins from HEK293T cells
Cep164 N-, M-, and C- terminal fragment and CEP83, CEP89, 
CCDC92, Rabin8, and DVL3 coding plasmids fused to FLAG tag 
and FLAG-TTBK2 WT and kinase dead variant (KD) were used for 
production of proteins for in vitro or TTBK2 autophosphorylation 
experiments, GFP-TTBK2 WT was coexpressed for in vivo experi-
ments. To purify the protein of interest, each expression plasmid 
(please see detailed list of used plasmids in Supplemental Table S3) 
was transfected to HEK293T cells (2 × 15 cm plate per condition, 
20 µg DNA), either individually (in vitro kinase assay) or in combina-
tion with TTBK2 expression vector (in vivo). For the MSMS analysis 
of samples of the endogenous CEP164 phosphorylations 2 × 15 (run 
1) or 4 × 15 (run 2) cm 90% confluent plates of HEK293T WT or 
TTBK2 KO cells were used. Analysis of CEP164 N-term phosphory-
lations in WT and TTBK2 KO HEK293T was done as follows: 1 × 
15 cm dish of HEK293T WT or TTBK2 KO cells was transfected by 
10 µg of FLAG-CEP164 N-term. Posttransfection (36-48 h), the 
proteins of interest were immunoprecipitated; briefly: cells were 
washed in PBS, scraped, pelleted by centrifugation (400 × g/5 
min/+4°C), resuspended in Lysis buffer (20 mM Tris·Cl, pH 7.4, 
150 mM NaCl, 0.5% NP40, 0.5% Triton-X-100, 0.1 mM DTT [Merck, 
43815], 1× Complete proteasome inhibitors [Merck, 4693132001], 
and 1× phosphoSTOP [Merck, PHOSS-RO]), sonicated (2 × 20 s on 
ice), and lysed (10 min on ice). Following centrifugation (15,000 × g 
for 10 min at +4°C), cleared extracts were incubated 2–6 h at +4°C 
in an orbital shaker with anti-FLAG sepharose beads (M2 clone, 
Merck, A2220). Bound complexes were pelleted and 5× washed 
(Lysis buffer with 1M NaCl). Samples for in vitro kinase assay were 
additionally 2× washed with kinase buffer (50 mM Tris-Cl, pH = 7.4, 
10 mM MgCl2, 0.1 M EGTA + 0.1 mM DTT), resuspended in kinase 
buffer + 0.1% DTT + 10% glycerol, and stored as 25% slurry at 
–80°C until used. Where indicated, samples were treated with λ-
phosphatase (New England BioLabs [NEB], P0753S) (30°C for 
20 min) according to manufacturer’s instructions, and λ-phosphatase 
was then removed by 2× wash with kinase buffer + phosphoSTOP 
(Merck, PHOSS-RO), 50 mM NaF (NEB, P0759S), and 10 mM 
sodium orthovanadate (NEB, P0758S). Samples were subsequently 
subjected to in vitro kinase assay (in vitro samples) or directly 
analyzed by MS/MS (in vivo dataset, samples of endogenous 
CEP164 and CEP164 N-term immunoprecipitated from WT and 
TTBK2 KO HEK293T).

Immunocytofluorescence microscopy
RPE1 cells were seeded on glass coverslips, fixed for 10 min in 
–20°C Methanol, washed 3× with PBS, blocked (2% bovine serum 
albumin in PBS with 0.01% NaN3), 3× PBS washed, incubated 
with primary antibodies for 1 h, 3× washed by PBS, incubated 
with secondary antibodies for 1 h in dark, washed 3× with PBS, incu-
bated with DAPI, washed by PBS 2×, and mounted by glycergel 
(DAKO #C0563). Microscopy analyses were done using either 
DeltaVision Elite (GE Healthcare) with 100×/Zeiss Plan-ApoChromat 
1.4 objective and DeltaVision softWoRx acquisition SW (here 
the image stacks were taken with a Z distance of 0.2 μm, decon-
volved with one cycle of conservative ratio deconvolution algorithm, 
and directly projected as maximal intensity images) or Zeiss AxioIm-
ager.Z2 with Hamamatsu ORCA Flash 4.0 camera, 100× Apo oil 
immersion objective, and ZEN Blue 2.6 acquisition SW (Zeiss). 
Image stacks acquired using Zeiss AxioImager.Z2 were projected 
as maximal intensity images by using ImageJ distribution FIJI 

(Schindelin et al., 2012). Where appropriate, contrast and/or bright-
ness of images were adjusted by using Photoshop CS5 (Adobe) or 
FIJI. For ciliogenesis experiment (Figure 4C), at least 50 cells were 
analyzed per each condition. For the experiment in Figure 4D, a 
densitometry analysis within selected regions of interest was 
performed in 16-bit TIFF images by using FIJI analyzing 30–40 cells 
per condition. Data are presented as relative staining intensity 
(staining intensity of a protein of interest normalized to the staining 
intensity of the centriolar marker CAP350). Statistical analysis by 
unpaired Student’s t test was performed using Graphpad Prism; 
P < 0.05 (*), P < 0.01 (**), P < 0.001 (***), and P < 0.0001 (****) were 
considered significant. Results are presented as mean plus SEM.

In vitro kinase assay
Beads-bound proteins were washed with kinase buffer (50 mM Tris, 
pH 7.4, 10 mM MgCl2, and 0.1 mM EGTA), mixed according to 
experimental scheme (Supplemental Figure S1), and incubated in 
the kinase buffer supplemented with 1 mM ATP, 5× Complete 
proteasome inhibitors (Merck, 4693132001), 1× phosphoSTOP 
(Merck, PHOSS-RO), 50 mM NaF (NEB, P0759S) and 10 mM sodium 
orthovanadate (NEB, P0758S), and incubated for 30 min/30°C. 
The kinase reaction was terminated by the addition of 4× sample 
buffer, and the resulting samples were analyzed by MS/MS.

CRISPR TTBK2 RPE1 and HEK293T cells
TTBK2 targeting gRNA oligos FWD: CaccgCATTAGTACCACTCTC-
CGGC REV: aaacGCCGGAGAGTGGTACTAATGc were cloned into 
pSpCas9 (BB)-2A-GFP (PX458) https://www.addgene.org/48138/ 
according to published protocol (Ran et al., 2013), and the resulting 
construct was sequenced to verify successful gRNA integration. 
HEK293T WT Flp-in T-Rex were transfected using Lipofectamine 
3000. Single clones of HEK293T cells were produced using serial 
dilution method and were screened for TTBK2 presence by WB and 
PCR; clones were sequenced to verify disruption of TTBK2 locus. 
RPE1 WT Flp-in T-Rex cells were nucleofected by Neon transfection 
system (1350 V, 20 ms, 2 pulses) (Thermo Fisher Scientific) and GFP-
positive cells were sorted using BD FACS ARIA II to 96-well plates. 
Clones were screened for TTBK2 presence by WB and PCR; clones 
were sequenced to verify disruption of TTBK2 locus.

Establishment of TTBK2 overexpressing stable RPE1 
Flp-In T-Rex
RPE-1 TTBK2 KO Flp-In T-Rex cells were transfected by pgLAP2 
NEO containing TTBK2 WT or KD variant and pOG44 (ratio 1:29, 
0.1 µg of pgLAP2 NEO with transgene and 2.9 µg of pOG44 per 
6-cm dish) by Lipofectamine 3000. Transfection was carried out 
overnight, medium was changed, and selection antibiotics (G418 c 
= 0.5 mg/ml, Blasticidine c = 25 µg/ml) were added. Selection con-
tinued until colonies appeared. Expression of the transgene was 
verified by WB and IC.

MS/MS analysis
In-gel digestion.  Immunoprecipitates were separated on SDS–
PAGE gel electrophoresis, fixed with acetic acid in methanol and 
stained with Coomassie brilliant blue G250 (EZBlue, G1041, Merck) 
for 1 h. Corresponding 1D bands were excised. After destaining, the 
proteins in-gel pieces were incubated with 10 mM DTT at 56°C for 
45 min. After removal of DTT excess, samples were incubated with 
55 mM IAA at room temperature in darkness for 30 min, then 
alkylation solution was removed and gel pieces were hydrated for 
45 min at 4°C in digestion solution (5 ng/µl trypsin, sequencing 
grade, Promega, in 25 mM AB). The trypsin digestion proceeded for 
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2 h at 37°C on Thermomixer (750 rpm; Eppendorf). Digested 
peptides were extracted from gels using 50% ACN solution with 
2.5% formic acid (FA) and concentrated in a speedVac concentrator 
(Eppendorf). The aliquot (1/10) of concentrated sample was 
transferred to a LC-MS vial with already added polyethylene glycol 
(PEG; final concentration 0.001%) and directly analyzed by LC-MS/
MS for protein identification.

Phosphopeptide enrichment.  The rest of the sample (9/10) was 
used for phosphopeptide analysis. Sample was diluted with acidi-
fied acetonitrile solution (80% ACN, 2% FA). Phosphopeptides were 
enriched using Pierce Magnetic Titanium Dioxide Phosphopeptide 
Enrichment Kit (Thermo Fisher Scientific, Waltham, MA) according 
to manufacturer protocol and eluted into LC-MS vial with already 
added PEG (final concentration 0.001%). Eluates were concentrated 
under vacuum and then dissolved in water and 0.6 µl of 5% FA to 
get 12 µl of peptide solution before LC-MS/MS analysis.

LC-MS/MS analysis.  LC-MS/MS analyses of peptide mixture were 
done using RSLCnano system connected to Orbitrap Elite hybrid 
spectrometer (Thermo Fisher Scientific) with ABIRD (Active Back-
ground Ion Reduction Device; ESI Source Solutions) and Digital 
PicoView 550 (New Objective) ion source (tip rinsing by 50% aceto-
nitrile with 0.1% FA) installed. Prior to LC separation, peptide sam-
ples were online concentrated and desalted using trapping column 
(100 µm × 30 mm) filled with 3.5 µm X-Bridge BEH 130 C18 sorbent 
(Waters). After washing of trapping column with 0.1% FA, the pep-
tides were eluted (flow rate 300 nl/min) from the trapping column 
onto Acclaim Pepmap100 C18 column (3-µm particles, 75 µm × 
500 mm; Thermo Fisher Scientific) by 65 min-long gradient. Mobile 
phase A (0.1% FA in water) and mobile phase B (0.1% FA in 80% 
acetonitrile) were used. The gradient elution started at 1% of mobile 
phase B and increased from 1% to 56% during the first 50 min (30% 
in the 35th and 56% in 50th min), then increased linearly to 80% of 
mobile phase B in the next 5 min and remained at this state for the 
next 10 min. Equilibration of the trapping column and the column 
was done prior to sample injection to sample loop. The analytical 
column outlet was directly connected to the Digital PicoView 
550 ion source. MS data were acquired in a data-dependent strat-
egy selecting up to top 10 precursors based on precursor abun-
dance in the survey scan (350–2000 m/z). The resolution of the 
survey scan was 60,000 (400 m/z) with a target value of 1 × 106 ions, 
one microscan, and maximum injection time of 1000 ms. High reso-
lution (15,000 at 400 m/z) HCD MS/MS spectra were acquired with 
a target value of 50,000. Normalized collision energy was 32% for 
HCD spectra. The maximum injection time for MS/MS was 500 ms. 
Dynamic exclusion was enabled for 45 s after one MS/MS spectra 
acquisition and early expiration was disabled. The isolation window 
for MS/MS fragmentation was set to 2 m/z.

Data analysis
The analysis of the mass spectrometric RAW data was carried out 
using the Proteome Discoverer software (Thermo Fisher Scientific; 
version 1.4) with in-house Mascot (Matrixscience; version 2.4.1 or 
higher) search engine utilization. MS/MS ion searches were done 
against in-house database containing expected protein of interest 
with additional sequences from cRAP database (downloaded from 
http://www.thegpm.org/crap/). Mass tolerance for peptides and 
MS/MS fragments was 7 ppm and 0.03 Da, respectively. These post-
translational modifications were considered as possible: Oxidation 
of methionine, deamidation (N, Q), and phosphorylation (S, T, Y) as 
optional modification; carbamidomethylation of C as fixed modifi-

cation; no enzyme specificity was selected. The phosphoRS (version 
3.1) feature was used for preliminary phosphorylation localization. 
Final phosphosite assignment (including inspection of phosphoryla-
tions with ambiguous localization) was performed by manual 
evaluation of the fragmentation spectra of the individual phospho-
peptides. Quantitative information was assessed and manually 
validated in Skyline software (Skyline daily 3.6.1.10230). Normaliza-
tion of the data was performed using a set of phosphopeptide 
standards (added to the sample prior phosphoenrichment step; MS 
PhosphoMix 1, 2, 3 Light, Sigma) in combination with summed peak 
area of nonphosphorylated peptides identified in analyses of 
samples without phosphoenrichment. The mass spectrometry 
proteomics data have been deposited to the ProteomeXchange 
Consortium via the PRIDE (Perez-Riverol et al., 2019) partner reposi-
tory URL: https://www.ebi.ac.uk/pride/archive/projects/PXD014199.

Identification of phosphorylations
Average intensity for individual phosphosites or clusters was calcu-
lated from MS/MS data as a sum of intensities of all phosphorylated 
peptides containing the particular pS/pT. Data are summarized in 
Supplemental Table S1 and graphically represented in Supplemen-
tal Figures S2, A and B, S3, and S6, F and G. Induction of phospho-
sites by TTBK2, summarized for individual substrates in Figure 2, 
was evaluated using individual phosphorylated peptides intensities 
to allow careful curation of the data. We used the following criteria 
to assess induction of phosphosite by TTBK2.

In vitro dataset, 1: the intensity of at least one phosphorylated 
peptide of a given phosphosite must have been equal to or higher 
than 2 × 106 threshold. 2: The sum of intensities of all phosphopep-
tides detected for a given phosphosite in an individual experiment 
must have been at least twofold of total intensity of the correspond-
ing phosphosite in the control sample (substrate incubated with 
TTBK2 KD). If the exact position of the phosphorylated residue 
could not be resolved, each of the S/T residues of a given cluster 
was considered as phosphorylated. If the phosphopeptide contain-
ing such a cluster met criteria 1 and 2, the cluster was considered 
induced (in total, six peptides with 15 individual phosphorylations).

In the case of TTBK2 autophosphorylation analysis, two refer-
ence samples (controls) were used: 1, TTBK2 WT + λ-phosphatase; 
and 4, TTBK2 KD + λ-phosphatase + kinase assay) as shown in Sup-
plemental Figure S1B. Thus, the individual phosphorylation must 
have fulfilled the above described criteria for both controls to be 
considered TTBK2 induced.

In vivo dataset, 1: the intensity of at least one phosphorylated 
peptide must have been equal to or higher than 2 × 106 threshold if 
identified repeatedly, or equal to or higher than 2 × 107 threshold if 
detected in a single experiment. 2: The sum of intensities of all 
phosphopeptides detected for a given phosphosite in an individual 
experiment must have been at least twofold of intensity of the 
corresponding phosphosite in the control sample (Mock). If the ex-
act position of the phosphorylated residue could not be resolved, 
each of the S/T residues of a given cluster was considered as 
phosphorylated. If a phosphopeptide containing such a cluster met 
criteria 1 and 2, the cluster was considered induced (in total, two 
peptides with four individual phosphorylations).

CEP164 endogenous phosphorylations: CEP164 was immuno-
precipitated from HEK293T wt or TTBK2 KO. Listed are phosphory-
lations with intensity of at least one phosphorylated peptide equal 
to or higher than 1 × 106.

Phosphorylation of CEP164 N-term in HEK293T wt or TTBK2 
KO. 1: The intensity of at least one phosphorylated peptide must 
have been equal to or higher than 2 × 106. 2: The sum of intensities 
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of phosphopeptides detected for given phosphosite must have 
been at least twofold of intensity of the corresponding phosphosite 
in the control sample.

The graphs in Supplemental Figures S2, A and B, S3, and S6, F 
and G show comparison of the average intensity for individual 
S/T phosphosites. Cases where the exact position could not be 
assigned are indicated as (/) for two possible positions or (-) for 
clusters. In Supplemental Figure S2A, every S/T phosphosite 
average intensity detected in samples with Mock (black bar), TTBK2 
WT induced (red bar), Mock + λ phosphatase (gray bar), and TTBK2 
WT + λ phosphatase (blue bar) is indicated on the y-axis. To allow 
better visualization of intensity of individual phosphosites in one 
graph, note that the scale of the y-axis is in log10. In Supplemental 
Figure 2B, every S/T phosphosite average intensity detected in 
samples with 1, TTBK2 WT (black bar); 2, CTRL#1: TTBK2 WT + λ 
phosphatase (gray bar); 3, TTBK2 WT + λ phosphatase + kinase 
assay (red bar), and 4, CTRL#2: TTBK2 KD + λ phosphatase + kinase 
assay (Brown bar) is indicated on the y-axis, log10 scale. In Supple-
mental Figure 3, every S/T phosphosite average intensity detected 
in samples with Mock (black bar) and TTBK2 WT induced (red bar) is 
indicated on the y-axis, log10 scale. In Supplemental Figure 6F, 
every S/T phosphosite of endogenous CEP164 average intensity 
detected in HEK293T WT (red bar) or HEK293T TTBK2 KO (black 
bar) is indicated on the y-axis, log10 scale. In Supplemental Figure 
6E, every S/T phosphosite of FLAG-CEP164 N-term average 
intensity detected in HEK293T WT (red bar) or HEK293T TTBK2 
KO (black bar) is indicated on the y-axis, log10 scale.

Kinase motif determination
Kinase motifs were delineated using a dataset of 13 AA long 
peptides with central S/T, which we identified as TTBK2-induced in 
in vitro and in vivo datasets. For the purpose of this analysis, the in 
vitro and in vivo datasets were cross-correlated, and phosphoryla-
tions identified as TTBK2 induced in one dataset and not induced in 
the other were excluded from the kinase motif determination 
peptide dataset. Peptide sequences were loaded to MeMe suite 
phosphorylation motif finder MoMo and analyzed using simple 
Motif-x and MODL algorithms (Bailey et al., 2009; Chou and 
Schwartz, 2011). The minimal number of occurrences for kinase 
motif to be considered was set to 10 for all algorithms. Specific 
setting for Motif-x algorithms was p < 0.001; motifs with central S/T 
were considered separately. Default MODL settings were used 
(maximum number of iterations = 50, maximum number of iterations 
with no decrease in MDL = 10, with central S/T combined onto one 
motif). Peptides used and those identified by individual algorithms 
are listed in Supplemental Table S2.

In silico analyses
Depiction of domains or motifs in Figures 2, A–C and 3, A and B and 
Supplemental Figures S4 and S5 was based on uniprot.org. Canoni-
cal protein sequences from uniprot.org were used for disorder and 
phosphorylation prediction (Figure 3, A and B; Supplemental 
Figures S4 and S5), protein identifiers used are as follows: CEP164 
(Q9UPV0), CEP83 (Q9Y592), CEP89 (Q96ST8), CCDC92 (Q53HC0), 
Rabin8 (Q96QF0), DVL3 (Q92997), TTBK2 (Q6IQ55), MPP9 
(Q99550), KIF2a (O00139), Tau (P10636), and CEP97 (Q8IW35). 
Prediction of protein disorder was performed by PONDR (http://
www.pondr.com/) algorithms VSL-2 (Peng and Zhang, 2006) and 
VL3-BA (Peng et al., 2005). A score above 0.5 for disorder prediction 
suggests an unstable or none secondary structure; a score below 
0.5 suggests this protein part has defined a secondary structure. 
Prediction of protein phosphorylation was performed by the DEPP 

(Iakoucheva et al., 2004) (http://www.pondr.com/cgi-bin/depp.cgi). 
Only phosphorylations with a DEPP score above 0.5 were consid-
ered as possibly phosphorylated, with the highest scoring phos-
phorylations being the most probable.
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Comparative phosphorylation map of

Dishevelled 3 links phospho-signatures to
biological outputs

Kateřina Hanáková1,2†, Ondřej Bernatík3,4†, Marek Kravec3, Miroslav Micka3, Jitender Kumar1, Jakub Harnoš3,
Petra Ovesná5, Petra Paclíková3, Matěj Rádsetoulal3, David Potěšil1, Konstantinos Tripsianes1, Lukáš Čajánek4,
Zbyněk Zdráhal1,2* and Vítězslav Bryja3,6*
Abstract

Background: Dishevelled (DVL) is an essential component of the Wnt signaling cascades. Function of DVL is
controlled by phosphorylation but the molecular details are missing. DVL3 contains 131 serines and threonines
whose phosphorylation generates complex barcodes underlying diverse DVL3 functions. In order to dissect the role
of DVL phosphorylation we analyzed the phosphorylation of human DVL3 induced by previously reported (CK1ε,
NEK2, PLK1, CK2α, RIPK4, PKCδ) and newly identified (TTBK2, Aurora A) DVL kinases.

Methods: Shotgun proteomics including TiO2 enrichment of phosphorylated peptides followed by liquid chromatography
tandem mass spectrometry on immunoprecipitates from HEK293T cells was used to identify and quantify phosphorylation of
DVL3 protein induced by 8 kinases. Functional characterization was performed by in-cell analysis of phospho-mimicking/
non-phosphorylatable DVL3 mutants and supported by FRET assays and NMR spectroscopy.

Results:We used quantitative mass spectrometry and calculated site occupancies and quantified phosphorylation of > 80
residues. Functional validation demonstrated the importance of CK1ε-induced phosphorylation of S268 and S311 for Wnt-3a-
induced β-catenin activation. S630–643 cluster phosphorylation by CK1, NEK2 or TTBK2 is essential for even subcellular
distribution of DVL3 when induced by CK1 and TTBK2 but not by NEK2. Further investigation showed that NEK2 utilizes a
different mechanism to promote even localization of DVL3. NEK2 triggered phosphorylation of PDZ domain at S263 and
S280 prevents binding of DVL C-terminus to PDZ and promotes an open conformation of DVL3 that is more prone to even
subcellular localization.

Conclusions:We identify unique phosphorylation barcodes associated with DVL function. Our data provide an example of
functional synergy between phosphorylation in structured domains and unstructured IDRs that together dictate the
biological outcome.

Keywords: Dishevelled, DVL3, Phosphorylation, Kinase, Mass spectrometry, CK1, TTBK2, NEK2, Wnt
Background
Wnt signaling pathway has been linked to an etiology of
multiple developmental defects, inherited diseases and many
types of cancer [1]. Wnt pathways can be divided into several
main “branches”. The best studied (canonical) pathway
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depends on β-catenin and members of the TCF/LEF (T-cell
factor/lymphoid enhancer-binding factor) family of transcrip-
tional factors. In the absence of Wnt ligand, the intracellular
level of free β-catenin is constantly low due to the activity of
a degradation complex including adenomatous polyposis
coli, Axin and glycogen synthase kinase (GSK) 3β. Upon
Wnt binding, the destruction complex is inhibited allowing
accumulation and nuclear activity of β-catenin. However,
Wnts can also activate other, so-called non-canonical Wnt
pathways, which are β-catenin-independent and biochem-
ically distinct from canonical Wnt signaling. There is strong
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evidence that several such pathways exist (for complete over-
view see [2]).
All known Wnt-induced pathways are transduced

through Frizzled transmembrane receptors [3] and intra-
cellular protein Dishevelled (Dsh in Drosophila, DVL1–3
in human). DVL proteins consist of three structured do-
mains: N-terminally located DIX domain, centrally located
PDZ domain and C-terminally located DEP domain. The
individual domains are linked by intrinsically disordered
regions followed by approximately 200 amino acid long,
also intrinsically disordered, C-terminal tail.
There is a general agreement based on genetic experi-

ments that DVL plays a crucial role as a signaling hub in
both Wnt/β-catenin and non-canonical Wnt pathways
[4]. In addition DVL has been reported to have multiple
other functions such as docking of basal body [5, 6],
function and maintenance of primary cilia [7], cytokin-
esis [8], or positioning of the mitotic spindle [9]; all of
them possibly linked to its role in the regulation of cen-
trosomal cycle [10].
Despite the well documented role of DVL in the Wnt

signaling and the growing evidence for its participation
in additional cellular processes, the molecular mecha-
nisms that regulate DVL action in the cell are almost
unknown. However, it is believed that post-translational
modifications (PTM), particularly phosphorylation, rep-
resent a key component of such regulatory mechanisms.
DVL proteins are very rich in serine (S) and threonine
(T); for example, DVL3 contains 131 S/T residues, which
can be potentially phosphorylated. The best described
consequence of the activation of both Wnt/β-catenin as
well as non-canonical Wnt pathway is phosphorylation
of DVL by the Wnt-induced Casein kinase 1 ɛ (CK1ɛ)
[11–14]. In addition to CK1ε, multiple other kinases
have been reported to phosphorylate DVL in different
contexts. For example, CK2α in both Wnt signaling
pathways [14–16], Polo-like kinase (PLK) 1 in the con-
trol of mitotic spindle [9], Nima-related kinase (NEK) 2
in the centrosome [10, 17], protein kinase C (PKC) δ in
non-canonical Wnt signaling [18], and receptor-
interacting protein kinase (RIPK) 4 in the Wnt/β-catenin
signaling [19]. Recent work using mass spectrometry
[10, 20, 21] has identified more than 50 S/T of DVL that
are indeed phosphorylated. However, the functional sig-
nificance of these phosphorylation sites in DVL remains
unclear. With respect to the current understanding of
PTMs in the intrinsically disordered proteins, it is rea-
sonable to speculate that the physiological function is
achieved by a combination (“barcode”) of phosphory-
lated sites rather than by mere phosphorylation of indi-
vidual sites.
In this study we analyzed and compared the phosphor-

ylation of DVL3 induced by eight S/T kinases. We have
selected DVL3 as a candidate because its absence shows
the strong phenotypes in vivo [22]. We have studied the
phosphorylation of this DVL isoform earlier [10, 16, 23,
24], which allows for a direct comparison. The studied
kinases included six previously reported DVL kinases,
Aurora A that was reported with DVL in the same com-
plex [25] and TTBK2, a DVL kinase identified in this
study. We have applied complementary proteomic
approaches to describe in detail and in a quantitative
manner how individual kinases modify DVL3. The phos-
phorylation barcoding unveiled unique but also common
phosphorylation patterns that represent a reference
point for the interpretation of existing and any future
data analyzing phosphorylation of DVL. Last but not
least, our work provides an example of universal pipe-
lines for the phosphoanalysis of proteins modified in
complex patterns at dozens of residues.

Materials and methods
Cell culture, transfection, and treatments
HEK293T, HEK293 T-REx and DVL1/2/3-null HEK293
T-REx cells were propagated in DMEM, 10% FCS, 2mM
L-glutamine, 50 units/ml penicillin, 50 units/ml strepto-
mycin. CK1ε inhibitor PF-670462 was used at 10 μM.
Cells were seeded on appropriate culture dishes (15 cm
diameter dish for IP, 24-well plate for WB, dual luciferase
assay, ICC) and the next day were transfected using poly-
ethylenimine (PEI) in a stoichiometry of 3 μl PEI (0.1% w/
v in MQ water) per 1 μg of DNA. Cells were harvested for
immunoblotting or immunocytofluorescence 24 h after
transfection, for immunoprecipitation after 48 h. The fol-
lowing plasmids have been published previously: FLAG-
DVL3 [26], CK1ε [27], Myc-NEK2 [28], FLAG-PLK1 [29],
Myc-Aurora A [30], HA-CK2α [31], YFP-PKCδ [32],
VSV-RIPK4 [33] and GFP-TTBK2 WT and KD [34].

Dual luciferase TopFlash/Renilla reporter assay
For the luciferase reporter assay, cells were transfected
with 0.1 μg of Super8X TopFlash construct, 0.1 μg of
pRLTKluc (Renilla) luciferase construct and other plas-
mids as indicated (50 ng of DVL3 in Fig. 1d, 200 ng of
DVL3 in Fig. 9b) in a 24-well plate and processed 24 h
after transfection. For the TopFlash assay, a Promega
dual luciferase assay kit was used according to the man-
ufacturer’s instructions. Relative luciferase units of firefly
luciferase were measured and normalized to the Renilla
luciferase signal.

Coimmunoprecipitation and Western blotting
For MS/MS-based identification of phosphorylation,
HEK293T cells were seeded on 15 cm dishes and trans-
fected with corresponding plasmids (8 μg of DVL3 plas-
mid plus 8 μg of pCDNA3 or plasmid encoding the
kinase per dish) 24 h after seeding. Two ml of ice-cold
lysis buffer supplemented with protease inhibitors



Fig. 1 Identification of TTBK2 as a novel DVL kinase. a: HEK293 cells were transfected with FLAG-DVL3 and Myc-DVL2 plasmids with wild type (wt)
or kinase dead (KD) TTBK2-GFP. Active TTBK2 promoted phosphorylation-dependent mobility shift of DVL3 on Western blotting. b: Endogenous
TTBK2 (green) localized into distal appendages of the mother centriole in hTERT-RPE1 cells (left). Overexpression of FLAG-DVL3 (stained in red)
was not able to displace TTBK2 from the centriole (right). Centrioles were stained with CAP350 (blue). c: HEK293 cells were transfected with indicated
plasmids, treated with CK1ε inhibitor PF-670462 (10 μM) and subsequently analyzed by Western blotting. TTBK2-induced electrophoretic mobility shift
of DVL3 was not diminished upon CK1ε inhibition unlike the mobility shift induced by CK1ε. d: HEK293 cells were transfected with indicated plasmids
and by the TopFLASH reporter system. Luminescence in the cell lysates was measured 24 h after transfection. Mean, SD and individual data points are
indicated. Statistical differences were tested by One-way ANOVA and Tukey’s post test (* p < 0.05, ** p < 0.01, *** p < 0.001)
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(Roche Applied Science, 11,836,145,001), phosphatase
inhibitors (Calbiochem, 524,625), 0.1 mM DTT, and 10
mMN-ethylmaleimide (Sigma E3876) was used for lysis
of one 15 cm dish. Lysate was collected after 20 min of
lysis on 4 °C and was cleared by centrifugation at
18000×g for 20 min. Three μg of anti-FLAG M2 (F1804;
Sigma) antibody were used per sample. Samples were in-
cubated with the antibody for 40 min, then 25 μl of G
protein-Sepharose beads (GE Healthcare, 17–0618-05)
equilibrated in the lysis buffer were added to each sam-
ple. Samples were incubated on the carousel overnight,
washed 6 times with lysis buffer and finally, 40 μl of 2×
Laemmli buffer was added and samples were subse-
quently boiled.
The samples were loaded to 8% SDS-PAGE gels. Electro-

phoresis was preformed through the stacking gel at 100V
and through the separating gel at 150 with PageRuler Pre-
stained Protein Ladder (Thermofisher, Cat. No. 26620) as a
marker. Gels were then process for mass spectrometry or the
proteins were transferred to the polyvinylidene difluoride
membrane (Merck Millipore, Cat. No. IPVH00010) by West-
ern Blotting (WB). Subsequently, the membrane was blocked
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in 5% defatted milk or 3% BSA for 1 h with shaking. After
the blocking step, the membrane was incubated with corre-
sponding primary and secondary antibodies. Proteins were
visualized by ECL (Enhanced chemiluminescence; Merck
Millipore, Cat. No. WBKLS0500). The signal was detected
using Vilber FUSION-SL system. Western blot was quanti-
fied using ImageJ software.
The antibodies used were: anti-FLAG M2 (Sigma-Al-

drich, #F1804) for WB and IP, anti-CK1ɛ (Santa Cruz,
#sc-6471), anti-GFP (Fitzgerald, #20R-GR-011), HA11
(Covance #MMS-101R), VSV (Sigma-Aldrich #V 5507),
c-Myc (Santa Cruz, #sc-40), α-tubulin (Proteintech, 66,
031–1-Ig), anti-DVL3 (sc-8027, Santa Cruz Biotechnol-
ogy) and anti-β-actin (cs4970, Cell Signalling). Following
phospho-specific antibodies have been published previ-
ously – pS280-DVL3 (pS280) [10], pS643 [20], and
pS697 [10]. Anti phospho-S192 antibody was prepared
by immunizing rabbits by TTSFFDS(p) DEDDST peptide
on a service basis by Moravian Biotechnology (http://
www.moravian-biotech.com).

Immunofluorescence
Cells were seeded onto glass coverslips and next day trans-
fected according to the scheme. 24 h post transfection
medium was removed, cells were washed by PBS and fixed
by 4% PFA for 10min or ice-cold MetOH (5min/− 20 °C,
Fig. 1b). Coverslips were then washed in PBS and incubated
with primary antibodies for 1 h, washed three times with PBS
and then incubated with secondary antibodies conjugated to
Alexa Fluor 488 (Invitrogen A11001) or/and Alexa Fluor 594
(Invitrogen A11058), washed with PBS and stained with
DAPI (1:5000); all coverslips were mounted on microscopic
slides. Cells were then visualized on Olympus IX51 fluores-
cent microscope using 40× air or 100× oil objectives and/or
Olympus Fluoview 500 confocal laser scanning microscope
IX71 using 100× oil objective. 200 positive cells per experi-
ment (N= 3) were analyzed and scored according to their
phenotype into two categories (punctae/even). The antibodies
used were as follows: anti-FLAG M2 (Sigma-Aldrich,
#F1804), anti-DVL3 (Santa Cruz, #sc-8027), anti-CK1ɛ (Santa
Cruz, #sc-6471), HA11 (Covance #MMS-101R), VSV (Sigma-
Aldrich #V 5507), c-Myc (Santa Cruz, #sc-40) and anti-GFP
(Fitzgerald, #20R-GR-011), CAP350 [35], TTBK2 (Sigma-Al-
drich, #HPA018113). Images presented in Fig. 1b were ac-
quired using DeltaVision-Elite system (Applied Precision/GE)
with a 100×/1.4 Apo plan oil immersion objective. Image
stacks were taken with a z distance of 0.2μm, deconvolved
(conservative ratio, three cycles), and projected as maximal in-
tensity images by using SoftWoRX (Applied Precision/GE).

FlAsH FRET
The HEK293 cells were seeded onto round 24-mm cover
slips, which were previously placed in six-well plates and
coated with 200 μl of poly-D-lysine (1mg/ml) for 20min.
Cells were transfected 16–18 h later using Effectene (Qiagen),
according to the manufacturer’s instructions. DMEM was re-
placed 6 h later and the analysis was done 24 h after
transfection.
FlAsH labeling of the DVL3 FlAsH III sensor was per-

formed as previously described [24]. Shortly, transfected cells
were washed once with Hank’s Balanced Salt Solution
(HBSS) containing 1.8 g/l glucose and then incubated at
37 °C for 1 h with HBSS supplemented with 500 nM FlAsH;
12.5 μM 1,2-ethanedithiol (EDT). In order to reduce non-
specific labeling, cells were then rinsed once with HBSS and
incubated for 10min with HBSS containing 250 μM EDT
and corresponding inhibitors. Finally, cells were washed
twice with HBSS and maintained in DMEMmedium.
To determine the FRET efficiency of the DVL3 FlAsH III

sensor, coverslips with the cells were mounted using an Atto-
fluor holder (Molecular Probes) and placed on a Zeiss
inverted microscope (Axiovert200), equipped with 63x oil
objective lens and a dual-emission photometric system (Till
Photonics). Cells were excited at 436 ± 10 nm using a fre-
quency of 10Hz with 40ms illumination time out of a total
of 100ms. Emission of ECFP (480 ± 20 nm) and FlAsH
(535 ± 15 nm), and the FRET ratio (FlAsH/ECFP) were mon-
itored simultaneously. Fluorescence signals were detected by
photodiodes and digitalized using an analogue-digital con-
verter (Digidata 1440A, Axon Instruments). Fluorescence in-
tensities data were acquired using Clampex software (Axon
Instruments). During measurements, cells were maintained
in imaging buffer; 5mM of 2,3-dimercapto-1-propanol (also
called British anti-Lewisite – BAL) was added to the cells ap-
proximately 40 s after the recording started. Recovery of
ECFP fluorescence was monitored over time and FRET effi-
ciency was calculated as described [36]. One independent ex-
periment represents approximately 4–6 repeats (i.e. single-
cell FRET signals) for each condition.

Site directed mutagenesis
The mutagenesis reactions were performed using the Quik-
Change II XL Site-Directed Mutagenesis Kit following the
manufacturer’s instructions (Agilent Technologies, #200521).
All mutations described in this study were verified by Sanger
sequencing. Following primers were used:
DVL3 S268A
forw
ATCTCCATTGTGGACCAAGCCAACGAGCGTGGTG
ACGGC
DVL3 S268A rev
 GCCGTCACCACGCTCGTTGGCTTGGTCCACAATGGAGAT
DVL3 S311A for
 ATCAACTTTGAGAACATGGCTAATGACGATGCAG
TCCGG
DVL3 S311A rev
 CCGGACTGCATCGTCATTAGCCATGTTCTCAAAGTTGAT
DVL3 S268E
forw
ATCTCCATTGTGGACCAAGAGAACGAGCGTGGTG
ACGGC
DVL3 S268E rev
 GCCGTCACCACGCTCGTTCTCTTGGTCCACAATGGAGAT
DVL3 S311E
 ATCAACTTTGAGAACATGGAGAATGACGATGCAG

http://www.moravian-biotech.com
http://www.moravian-biotech.com
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Materials and methods (Continued)
forw
 TCCGG
DVL3 S311E rev
 CCGGACTGCATCGTCATTCTCCATGTTCTCAAAGTTGAT
Dvl2 S281E forw
 TACAACTTCCTGGGTATCGAGATTGTTGGCCAGAGCAAT
Dvl2 S281E rev
 ATTGCTCTGGCCAACAATCTCGATACCCAGGAAGTTGTA
Dvl2 S298E forw
 GGCGGCATCTACATTGGCGAGATCATGAAGGGTG
GGGCC
Dvl2 S298E rev
 GGCCCCACCCTTCATGATCTCGCCAATGTAGATGCCGCC
Rescue assays
For transfection HEK293 T-REx (WT) and DVL1/2/3-
null HEK293 T-REx cells (D1/2/3 TKO HEK293 T-REx)
cells were seeded at 200000 cell/well in 24 well plate
density. Next day, the cells were transfected using poly-
ethylenimine (PEI) in concentration 1 μg/ml and pH 7.4
and the PEI ratio 6 μl of PEI/ 1 μg DNA. Mixture of
transfected plasmids (10 ng of indicated DVL3 plasmid,
100 ng of Super8X TopFlash construct and 100 ng of
pRLTKluc (Renilla) luciferase construct per well, the
total amount of DNA was equalized by pcDNA3.1 to
400 ng DNA/well) and PEI was diluted separately in
plain DMEM (DMEM without FBS, L-glutamine and an-
tibiotics). After 6 h, medium containing transfection mix
was removed and exchanged by complete DMEM
medium. In all experiments cells were treated by 1 μM
porcupine inhibitor LGK974 (Stem RD, 974–02) to re-
duce the autocrine secretion of all Wnt ligands and re-
combinant human R-spondin1 250 ng/ml (PeproTech,
120–38). For stimulation of the cells, Wnt3a recombin-
ant protein was used for 14 h in concentration 80 ng/ml
(R&D Systems, 5036-WN-CF). Control stimulations
were done with 0.1% BSA in PBS. Samples were then an-
alyzed by TopFlash reporter assay and WB.

Protein expression and purification
Human DVL2 PDZ domain (aa 265–361) and its
phosphomimicking mutant (S281E + S298E) were cloned
into pET vector with N-terminal His6-tag, a lipoyl domain
tag and a TEV cleavage site. All proteins were expressed in
BL21-DE3(RIL) cells. For NMR studies, cells were grown in
minimal medium (M9) supplemented by 15NH4Cl (1 g/l)
and/or 13C6 glucose (2 g/l) and induced with 0.5mM IPTG
for 24 h at 16 °C. Proteins were purified as described before
[24] and stored in 20mM Hepes (pH 6.8) and 50mM KCl
for NMR studies. The DVL3_C peptide 698–716 with phos-
phorylated S700 (DVL_C) used in NMR studies was pur-
chased from KareBay Biochem, Inc. (New Jersey, USA).

NMR spectroscopy
NMR experiments were carried out at CEITEC Josef
Dadok National NMR Centre on a 700MHz Bruker
Avance III spectrometers equipped with 1H/13C/15N
TCI cryogenic probe head with z-axis gradients.
Chemical shift assignments of the phosphomimicking
PDZ mutant (S281E + S298E) were obtained
automatically using 4D-CHAINS technology [37] as de-
scribed before for the wt PDZ domain [24]. NMR titra-
tions were performed in series of 1H-15N HSQC spectra
using 100 μM of 15N-labeled protein (wild type or phos-
phomimicking mutant) and increasing amounts of DVL_
C (stock concentration of 800 μM).

Mass spectrometry
In gel digestion
Immunoprecipitates were separated on SDS-PAGE gel
electrophoresis, fixed with acetic acid in methanol and
stained with Coomassie brilliant blue for 1 h. Corre-
sponding 1D bands were excised. After destaining, the
proteins in gel pieces were incubated with 10 mM DTT
at 56 °C for 45 min. After removal of DTT excess sam-
ples were incubated with 55mM IAA at room
temperature in darkness for 30 min, then alkylation solu-
tion was removed and gel pieces were hydrated for 45
min at 4 °C in digestion solution (5 ng/μl trypsin, se-
quencing grade, Promega, in 25 mM AB). The trypsin di-
gestion proceeded for 2 h at 37 °C on Thermomixer
(750 rpm; Eppendorf). Subsequently, the tryptic digests
were cleaved by chymotrypsin (5 ng/μl, sequencing
grade, Roche, in 25 mM AB) for 2 h at 37 °C. Digested
peptides were extracted from gels using 50% ACN solu-
tion with 2.5% formic acid (FA) and concentrated in
speedVac concentrator (Eppendorf). The aliquot (1/10)
of concentrated sample was transferred to LC-MS vial
with already added polyethylene glycol (PEG; final con-
centration 0.001%, [38] and directly analyzed by LC-MS/
MS for protein identification.

Phosphopeptide enrichment
The rest of the sample (9/10) was used for phosphopeptide
analysis. Sample was diluted with acidified acetonitrile
solution (80% ACN, 2% FA). Phosphopeptides were enriched
using Pierce Magnetic Titanium Dioxide Phosphopeptide
Enrichment Kit (Thermo Scientific, Waltham, Massachusetts,
USA) according to manufacturer protocol and eluted into
LC-MS vial with already added PEG (final concentration
0.001%). Eluates were concentrated under vacuum and then
dissolved in water and 0.6μl of 5% FA to get 12 μl of peptide
solution before LC-MS/MS analysis.

LC-MS/MS analysis
LC-MS/MS analyses of peptide mixture were done using
RSLCnano system connected to Orbitrap Elite hybrid
spectrometer (Thermo Fisher Scientific) with ABIRD
(Active Background Ion Reduction Device; ESI Source
Solutions) and Digital PicoView 550 (New Objective) ion
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source (tip rinsing by 50% acetonitrile with 0.1% formic
acid) installed. Prior to LC separation, peptide samples
were online concentrated and desalted using trapping
column (100 μm× 30mm) filled with 3.5 μm X-Bridge
BEH 130 C18 sorbent (Waters). After washing of trap-
ping column with 0.1% FA, the peptides were eluted
(flow 300 nl/min) from the trapping column onto Ac-
claim Pepmap100 C18 column (3 μm particles, 75 μm×
500mm; Thermo Fisher Scientific) by 65 min long gradi-
ent. Mobile phase A (0.1% FA in water) and mobile
phase B (0.1% FA in 80% acetonitrile) were used in both
cases. The gradient elution started at 1% of mobile phase
B and increased from 1 to 56% during the first 50 min
(30% in the 35th and 56% in 50th min), then increased
linearly to 80% of mobile phase B in the next 5 min and
remained at this state for the next 10 min. Equilibration
of the trapping column and the column was done prior
to sample injection to sample loop. The analytical col-
umn outlet was directly connected to the Digital Pico-
View 550 ion source.
MS data were acquired in a data-dependent strategy

selecting up to top 10 precursors based on precursor
abundance in the survey scan (350–2000m/z). The reso-
lution of the survey scan was 60,000 (400 m/z) with a
target value of 1 × 106 ions, one microscan and max-
imum injection time of 200 ms. High resolution (15,000
at 400 m/z) HCD MS/MS spectra were acquired with a
target value of 50,000. Normalized collision energy was
32% for HCD spectra. The maximum injection time for
MS/MS was 500 ms. Dynamic exclusion was enabled for
45 s after one MS/MS spectra acquisition and early ex-
piration was disabled. The isolation window for MS/MS
fragmentation was set to 2m/z.

Data analysis
The analysis of the mass spectrometric RAW data
was carried out using the Proteome Discoverer
software (Thermo Fisher Scientific; version 1.4) with
in-house Mascot (Matrixscience; version 2.4.1) search
engine utilization. MS/MS ion searches were done
against in-house database containing expected protein
of interest with additional sequences from cRAP data-
base (downloaded from http://www.thegpm.org/crap/).
Mass tolerance for peptides and MS/MS fragments
were 7 ppm and 0.03 Da, respectively. Oxidation of
methionine, deamidation (N, Q) and phosphorylation
(S, T, Y) as optional modification, carbamidomethyla-
tion of C as fixed modification, TrypChymo enzyme
specifity and three enzyme miss cleavages were set
for all searches. The phosphoRS (version 3.1) feature
was used for preliminary phosphorylation localization.
Final localization of all phosphorylations (including
those with ambiguous localization) was performed by
manual evaluation of the fragmentation spectra of the
individual phosphopeptides. Based on the presence of
individual fragments in the peptide sequence, it was
decided whether the localization was accurate or not.
Quantitative information was assessed and manually

validated in Skyline software (Skyline daily 3.6.1.10230).
Normalization of the data was performed using the set
of phosphopeptide standards (added to the sample prior
phosphoenrichment step; MS PhosphoMix 1, 2, 3 Light,
Sigma-Aldrich) and by non-phosphorylated peptides
identified in direct analyses.
All quantitative data (peptide intensities) were

processed by two approaches (see Fig. 3a). In the first
approach (pipeline #1 and #3) that often resulted in the
formation of phosphorylated clusters all identified
phosphorylated peptides were considered. This has
resulted in three categories of identification: (i) one
peptide or set of peptides with one clearly localized
phosphorylated site, (ii) one or set of overlapping
peptides covering sequence region with two or more
clearly localized phosphorylated sites (phosphorylated
sites separated by a comma in the Figures) and (iii) one
or set of overlapping peptides covering sequence region
with two or more phosphorylated sites, but some of
them are not clearly localized (phosphorylated sites
separated by a dash in the Figures). Sum of intensities
of phosphorylated peptides (includes different peptide
sequences, charges and peptides with other
modifications) was calculated for each cluster. In case
of direct analysis (pipeline #1), we calculated site
occupancies as percentage ratio of phosphorylated
peptide intensity (summed if more than one) to total
intensity (summed intensities of phosphorylated
peptide(s) + corresponding non-phosphorylated pep-
tide(s)). Sites/clusters with the site occupancy > 5% at
least in one experiment are shown in Fig. 4. For pipe-
line #3, the difference between the phosphorylated pep-
tide summed intensity in the kinase-induced sample
and the control (in log10 scale) was calculated for each
replicate and the mean from all three replicates was
used for the heat map (see in Additional file 2: Figure
S2). In the second approach (pipeline #2), only phos-
phorylated peptides with the clearly localized phos-
phorylation site (based on manual inspection) were
considered. In case of the multiphosphorylated peptides
the total intensity of the peptide was assigned to each
phosphorylated site. Sum of intensities of phosphory-
lated peptides was calculated for each phosphorylated
site. The heat map (Fig. 5) was build-up in the same
way as for pipeline #3 described above. For the produc-
tion of phosphoplots the sum of intensities for each
phosphorylated site (pipeline #2) were log-transformed
(log10) and average from 3 replicates was calculated
(values under the detection limit were not included in
the calculation).

http://www.thegpm.org/crap/
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Numerical data & statistics
Cluster analysis
Data of absolute peptide intensities were log-transformed
(log10) because of their log-normal distribution. Log-
transformed data of each replicate were standardized to
control (kinase subtracted from “no kinase” control) and
averaged from 3 replicates. Cluster analysis was applied
both for kinases and for phosphosites; Ward’s minimum
variance method based on the Lance-Williams recurrence
and Euclidean distance were used. Circular plot accom-
panied by heat map was used for visualization of complex
relation among phosphosites and kinases. All analyses
were performed using R software.

Other analyses
One-way ANOVA and Tukey Post tests were calculated
by GraphPad Prism (GraphPad Software Inc.).

Results
Identification of TTBK2 as a kinase acting upstream of
DVL
Our previous work identified interactions between
DVL3, CEP164, and TTBK2 kinase [34, 39]. To examine
the possible regulation of DVL by TTBK2, we tested
whether this poorly characterized centrosomal kinase
phosphorylates DVL3 and DVL2 in HEK293 cells. As
shown in Fig. 1a, TTBK2 co-expression induced a prom-
inent electrophoretic mobility shift for both DVL3 and
DVL2 in a kinase activity-dependent manner, suggesting
that TTBK2 is capable to efficiently promote phosphor-
ylation of DVL. TTBK2 also gets auto-phosphorylated as
described earlier [34]. TTBK2 has been described as a
kinase that primarily resides on the mother centriole
where it regulates ciliogenesis [34, 40–45]. Given the
previous reports on DVL centrosomal localization and
the possible DVL implication in ciliogenesis [6, 7, 10, 46]
we tested whether overexpressed DVL has the capacity
to displace TTBK2 from the centriole. As shown in Fig.
1b (left panel), we confirmed, in line with earlier reports,
the localization of TTBK2 to the mother centriole, which
is however not affected by overexpression of DVL3 (Fig.
1b, right).
Mobility-shift of DVL2 and DVL3 induced by TTBK2

(Fig. 1a) can be in principle a consequence of direct
phosphorylation of DVL by TTBK2 or a consequence of
activation of other DVL kinases by TTBK2. In the
second scenario, the well-established DVL kinase CK1ε
represents the most obvious candidate target of TTBK2.
To address whether TTBK2 acts directly on DVL or ra-
ther acts as CK1ε activator we treated cells with the CK1
inhibitor PF-670462 and subsequently analyzed the elec-
trophoretic mobility shift of DVL3. As shown in Fig. 1c,
PF-670462 efficiently reduced phosphorylation induced
by CK1ε but not by TTBK2, hence demonstrating that
TTBK2 phosphorylation of DVL does not require CK1ε
activity.
The best-defined role of DVL is the positive regulation

of the Wnt/β-catenin pathway. In order to address if
TTBK2 modulates this DVL function we analyzed the
ability of TTBK2 to promote or to inhibit DVL-induced
TCF/LEF-dependent luciferase reporter (TopFlash) in
HEK293 cells. Interestingly, TTBK2 did inhibit effi-
ciently DVL1- and DVL2-induced TopFlash activation in
a kinase activity-dependent manner. Because DVL3
alone induces TopFlash very poorly (Fig. 1d, right; see
also [47]) we co-transfected CK1ε and DVL3 and even
in this case TTBK2 co-expression reduced TopFlash ac-
tivation (Fig. 1d). In summary, we demonstrate that the
robust phosphorylation of DVL mediated by TTBK2 is
associated with the decreased capacity of DVL to act in
the Wnt/β-catenin pathway.

Design and validation of DVL kinase panel
TTBK2 represents an additional kinase to the ever-
growing list of DVL kinases. Currently, multiple kinases
from diverse families have been reported to phosphoryl-
ate at least one of DVL isoforms. From the fragmented
published results, it is not possible to find out the
unique/general or constitutive/induced phosphorylation
events and patterns that are associated with various
functions of DVL in connection to individual kinases.
This prompted us to perform a direct comparison of
DVL phosphorylation by individual kinases. We chose
human HEK293 cells, a common model for the analysis
of Wnt signaling, and human DVL3 as a representative
DVL protein. Previously reported DVL kinases – CK1ε
[11], CK2α [15], PLK1 [9], NEK2 [10, 17], PKCδ [18],
RIPK4 [19] and the newly identified TTBK2 were added
to the panel. We also included mitotic kinase Aurora A
that has been reported to act in the same complex with
DVL [25]. These S/T kinases represent very diverse
members of the protein kinase family as visualized on
the kinome tree (Fig. 2a). Most kinases – except for
CK2α and PKCδ – could trigger electrophoretic mobility
shift of DVL3 when co-expressed with DVL3 (Fig. 2b).

Pipelines for the generation of the phosphorylation map
of DVL3
Following validation of our experimental system (Fig. 2) we
performed a global analysis of DVL3 phosphorylation events.
In three independent experiments, FLAG-DVL3 was overex-
pressed in HEK293 cells, with or without the studied kinase,
immunoprecipitated using anti-FLAG antibody, separated on
SDS-PAGE and stained with Coomassie Brilliant Blue (see
Additional file 1: Figure S1 for the gels used in this study).
Bands corresponding to DVL3 were cut out and after Tryp-
Chymo digestion 1/10 of the sample was analyzed directly
(see pipeline #1 in Fig. 3a) and the remaining 9/10 of the



Fig. 2 Validation of the panel of DVL3 kinases. a: Visualization of the kinases used in this study in the phylogenetic kinome tree (http://www.
kinhub.org/kinmap/). The individual kinases are representatives of distant kinase groups except for CK1ε and TTBK2 that are members of CK1
superfamily. b. HEK293 cells were transfected by plasmids encoding FLAG-DVL3 and the indicated kinase. Ability of individual kinases to promote
DVL3 phosphorylation detected as the electrophoretic mobility shift on WB was assayed. Alpha-tubulin was used as a loading control
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peptide mixture was enriched for the phosphorylated pep-
tides by TiO2 (see pipelines #2 and #3). All samples were
subsequently analyzed by liquid chromatography coupled to
mass spectrometry (LC-MS/MS).
Peptides with accurately characterized phosphorylated

site(s) were identified alongside with peptides of ambiguous
phospholocalization, as it is common to proteomic studies.
Therefore, in the accurate position focused analysis
(pipeline #2) only a subgroup of peptides with clearly
identified phosphorylated positions (based on manual
inspection) were included. In the overall quantitative
analysis (pipeline #3) all phosphorylated peptides were
processed despite the uncertainty of phosphoresidues and
as such were presented as “phosphorylated clusters”. For
the detailed information on the quantification in these two
pipelines see Materials and Methods.
Combination of the above-mentioned approaches

allowed us to cover more than 95% of the DVL3 se-
quence across all experiments (Fig. 3b); for sequence
coverage in individual samples see Additional file 6:
Table S2.

Phosphorylation map of DVL3: site occupancy of
phosphorylated sites
To assess the site occupancy, we utilized direct analysis
of the samples without any enrichment (the
experimental pipeline #1, Fig. 3a) which allowed us to
detect phosphorylated and non-phosphorylated peptides
corresponding to the same position(s). Subsequently we
calculated the approximate occupancy of the selected
phosphorylated sites, i.e. % of DVL3 molecules phos-
phorylated at given S or T residue(s).
We calculated site occupancies as the percentage ratio

of phosphorylated peptide intensity (or sum of intensities
if more than one) covering individual phosphosites or
clusters to total intensity (phosphorylated peptide(s) +
corresponding non-phosphorylated peptide(s)). Phosphor-
ylated sites/clusters with > 5% site occupancy in one sam-
ple are plotted in Fig. 4. For three clusters (S232–S244,
T608–S612, S622–S630) we were not able to detect
matching non-phosphorylated peptides and therefore
these sites were not included in the site occupancy
calculations.
We observed an increase in the phosphorylated site

occupancy (above 5%) after overexpression of at least
one protein kinase in all but one [14] cases (Fig. 4). The
notable exception was the phosphorylated cluster S192,
S197, whose phosphorylation decreased in the presence
of CK1ε and to a lesser extent in the presence of
TTBK2, PLK1 and NEK2. Phosphorylation of three sites
was induced selectively only by one kinase; S280 and
S407 were induced only by NEK2, and S268 was
induced only by CK1ε. In the remaining 11 sites/
clusters, two or three kinases were capable to trigger

http://www.kinhub.org/kinmap/
http://www.kinhub.org/kinmap/


Fig. 3 Experimental design. a: FLAG-DVL3 was overexpressed (with or without kinase) in HEK293 cells. After cell lysis DVL3 was immunoprecipitated
using anti-FLAG antibody. Immunoprecipitates were separated on SDS-PAGE gel electrophoresis, stained with Coomassie brilliant blue and the 1D
bands corresponding to DVL3 were excised, digested with trypsin and subsequently cleaved by chymotrypsin. In the pipeline #1, the aliquot (1/10) of
concentrated sample was directly analyzed by LC-MS/MS in order to analyze site occupancy of the abundant phosphorylated sites. The rest of the
sample was enriched for phosphorylated peptides using TiO2 and analyzed by LC-MS/MS to obtain detailed information of DVL3 phosphorylation
status. Data from LC-MS/MS were searched, manually validated in Skyline software and further processed by two approaches. In the first approach
(pipeline #2) only phosphorylated peptides with the clearly localized phosphorylated site (based on manual inspection of spectra) were considered. In
the second approach (pipeline #3) we have considered all phosphorylated peptides that in some cases resulted in the formation of “clusters” of
phosphorylated sites. b: The overall sequence coverage of DVL3 across all kinases and replicates. Regions of DVL3 covered by the peptides detected
(Mascot score > 20) in any of the MS/MS analyses are highlighted in grey. For sequence coverage in individual samples see Additional file 6: Table S2
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phosphorylation: CK1ε/TTBK2 at S350 and at the
cluster S512, S513, S516; NEK2/PLK1 at S263; NEK2/
Aurora A at S469 (in the single replicate); NEK2/PLK1/
CK1ε at S505; NEK2/CK1ε/TTBK2 (and to some extent
PLK1) at S311, and at the clusters S203–S209 and
S633–S643. Three other clusters – cluster S125, T133,
S135, S137, cluster S175, S176 and cluster S559, S566,
S567, S570 showed relatively high occupancy in the
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control but were further phosphorylated by several
kinases, including NEK2, CK1ε, TTBK2 and PLK1.

Phosphorylation map of DVL3: detailed analysis after
phospho-enrichment
In order to analyze phosphorylation of DVL3 in depth,
we enriched the phosphorylated peptides by TiO2. This
approach, commonly utilized for detailed screening of
protein phosphorylation, allows detection of less
abundant phosphopeptides. Phospho-enrichment data
were processed in two ways (Fig. 3a). Primarily, we
assessed qualitatively and quantitatively only phospho-
peptides with clearly identified (validated by manual in-
spection of MS/MS data) phosphorylation site(s) (the
experimental pipeline #2, Fig. 3a). By this approach we
detected 88 unique phosphorylation sites in DVL3. Pep-
tide intensities (Additional file 5: Table S1) were com-
pared with the DVL3-only control dataset in order to
express the relative increase/decrease in the phosphoryl-
ation of each site. Data from all three replicates present-
ing the relative change to control are summarized as a
heat map in Fig. 5. Most phosphorylated sites with the
largest relative increase were identified after induction
by NEK2, CK1ε and TTBK2.
In order to assess the impact of excluding

phosphopeptides with ambiguous phosphosite localization
on quantitative changes, we processed all phosphorylated
peptides according to the pipeline #3 (Fig. 3a). Intensities
of the phosphorylated clusters using this approach are
shown as a heat map in Additional file 2: Figure S2, and
illustrate that for 15 clusters analyzed, they match very
well the intensities of individual phosphorylated sites
presented in Fig. 5. Comparison of results in Fig. 5 and
Additional file 2: Figure S2, however, also identified cases
where individual phosphorylated sites within the cluster
displayed a distinct behavior. Namely, in the cluster
T106–S140 the NEK2-induced phosphorylation of T106,
S112 and S116 was masked by high intensity constitutive
phosphorylation of S125, T133 and S137. In the phos-
phorylated cluster S202–S209, phosphorylation was de-
creased for three sites – S202, S203 and S204 – in case of
CK1ε and TTBK2 whereas NEK2, on the contrary, in-
duced further phosphorylation of S204. Similarly, for the
cluster S598–S612 induced by NEK2, CK1ε, TTBK2 and
PKCδ we mapped the activity of NEK2 predominantly to
S601, S603 and S605 whereas CK1ε phosphorylated
mainly to S611 and S612.
The quantitative data presented in Fig. 5 (accurate

positions) and Additional file 2: Figure S2 (clusters) have
been combined and analyzed in order to correlate
individual kinases with individual phosphorylated sites/
clusters. Unbiased cluster analysis (Additional file 3:
Figure S3) groups CK1ε and TTBK2, both from the CK1
family, with NEK2, whereas all the remaining kinases
form a second group. There are multiple residues that
are phosphorylated only by NEK2, which further
distinguishes it from CK1ε and TTBK2. Interestingly,
CK1ε and TTBK2 behave very similarly and they can be
best resolved by the phosphorylation at position S268
that is CK1ε-specific. This is in very good agreement
with the site occupancy analysis shown in Fig. 4.

Phosphorylation map of DVL3: analysis of the
phosphorylated clusters
The phosphorylated clusters visualized in Additional file
2: Figure S2 can, in principle, represent mixtures of
peptides phosphorylated at distinct sites or true
multiphosphorylated signatures with possible biological
function. To get a better insight, we analyzed in detail the
peptides phosphorylated at 3 or more sites. We found 9
peptide families fulfilling these requirements (Fig. 6). Out
of these only one cluster – S112, S116, S125, T133, S135,
S137 – was not induced by any of the kinases. The
remaining 8 clusters were induced by one or several
kinases – 3 only by NEK2, 2 mainly by CK1ε and TTBK2
and 3 by NEK2 and one or more additional kinases.
These phosphorylated clusters were detected only in

the intrinsically disordered regions of DVL3. The
phosphorylated motifs are well conserved and found also
in DVL1 and DVL2 except for S622–630 and S636–
S643 (Fig. 6, right). This may suggest that the function
of multisite phosphorylation of these motifs in the
regulation of DVL is also conserved.

Comparison of individual pipelines and validation by
phospho-specific antibodies
In our study, we used several sample and data processing
pipelines (see Fig. 3). As the last step we compared the
individual pipelines (i) between each other and (ii) with
several phosphorylation-specific antibodies raised against
phosphorylated DVL3 peptides. We probed the samples
described in Fig. 2b with antibodies against
phosphorylated-S280-DVL3 (pS280) [10], pS643 [20],
pS697 [10] and the newly generated anti-pS192. As shown
in Fig. 7 a-d that combines Western blots and MS/MS
data from pipelines #1 and #2, the signal of phospho-
specific antibodies partially matches the changes observed
by mass spectrometry. The signal of pS192-DVL3 de-
creased after CK1ε, PLK1 and TTBK2 co-expression
whereas pS280, pS643 and pS697 increased mostly by
NEK2. However, some discrepancies were observed, espe-
cially for low intensity signals, namely, all three previously
validated antibodies pS280, pS643 and pS697 do detect
higher phosphorylation after Aurora A co-expression that
was not detected by LC-MS/MS. On the other hand, in-
crease in S643 phosphorylation probed for TTBK2 by all
MS/MS pipelines was not detected by anti-pS643-DVL3
antibody.



Fig. 4 Site occupancy of the abundant phosphorylated sites. Site occupancy analysis was performed according to the pipeline #1 in Fig. 3a.
Fifteen phosphorylated peptides or clusters that were phosphorylated in more than 5% at least in one replicate are plotted. Graphs present
individual data points from three biological replicates (two controls/biological sample) and the mean values (horizontal line)
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Phosphoplot – a tool for visualization of complex
phosphorylation patterns
The heat map data visualization highlights phosphorylation
differences in comparison to control but does not provide a
full and intuitive picture combining absolute intensities, their
changes and position of individual phosphorylated peptides.
To address this, we designed a visualization diagram, that we
refer to as “phosphoplot”. In the phosphoplot all S/T from
the primary sequence of the analyzed protein are shown.
The intensities of phosphorylated peptides in the control and
experimental conditions are plotted. As such, the
phosphoplot combines information on absolute peptide
intensities, experimental differences and positional
information, including non-phosphorylated sites. The
phosphoplots of DVL3 for individual kinases based on data
from pipeline #2 are shown in Fig. 8. Phosphoplot inspection
identified regions of DVL3 without detected phosphorylation
despite being S/T rich – such as T365–T392 between PDZ
and DEP domains, and on the contrary, regions between
DIX and PDZ domains that are highly constitutively
phosphorylated. It also clearly identifies the uniquely
phosphorylated sites for each kinase.



Fig. 5 Phosphorylation map of DVL3. All identified phosphorylation sites obtained from the pipeline #2 are visualized as a heatmap. Color intensities
reflect relative change in the site phosphorylation (red – decrease, green – increase). Following additional information is also provided: a) Corresponding
sites in human DVL1 and DVL2. Positions conserved in DVL1 and/or DVL2 either as Ser or Thr are highlighted in yellow. Position of the structured
domains (DIX, PDZ and DEP) is indicated. b) The sequence of the phosphorylated epitope. Five amino acids before and after the
identified phosphorylated site are shown. c) Mean absolute intensities of the phosphorylation sites in the control (DVL3 without exogenous kinase;
N = 6) are expressed in the shades of blue. Numbers indicate decadic logarithm of the mean. ND indicated in white corresponds means “not
detected”. All signals lower than 1 × 106, corresponding to log value 6.0 were considered as not detected. d) Nine columns represent heat map of
relative change of phosphorylated peptide intensities (in log10 scale) obtained for individual kinases (relative to control). Numbers in the heatmap
fields (0, 1, 2, 3) indicate the number of experimental replicates with the positive identification of the given phosphorylated site. e) Grey boxes indicate
the position of clusters of sites analyzed also according to the pipeline #3 in the Additional file 2: Figure S2
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Fig. 6 Clusters phosphorylated in more than three sites. The clusters of Ser/Thr where 3 or more phosphorylated sites in one peptide were
analyzed (i.e. multiphosphorylated peptides). Graphs indicate total intensities of the multiphosphorylated peptides from all three replicates; signal
intensities from pipeline #1 and #3 are merged. Multiple sequence alignment shows the evolutionary conservation of the motif among individual
DVL isoforms. All combinations of individual multiphosphorylated peptides detected in the cluster are indicated
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Phosphorylation of S268 and S311 contributes to the
activation of the Wnt/β-catenin pathway
To associate any phosphorylation patterns with the
function of DVL we compared individual kinases in their
capacity to induce Wnt/β-catenin-dependent transcription
analyzed by the TopFlash reporter assay. In the absence of
exogenous DVL3 only CK1ε and RIPK4 significantly
activated TCF/LEF-driven transcription (Fig. 9a). When
DVL3 was co-expressed, only CK1ε, and to a lesser extent
PLK1 (non-significant trend was observed also for CK2α),
could synergize with DVL3 to promote reporter activation
(Fig. 9b). We could largely reproduce the reported effects:
the capacity of CK1ε and RIPK4 to activate TopFlash re-
porter [19, 48], and the synergistic behavior of DVL3 and



Fig. 7 Comparison of individual methods and their validation by phospho-specific antibodies. a-d. Comparison of methods. Existing phosphorylation-
specific antibodies were used to visualize the level of phosphorylation of DVL3 with our kinase panel. HEK293 cells were transfected by the indicated
combination of plasmids and analyzed by Western Blotting. Reactivity of individual phosphoantibodies against DVL3 phosphorylated by individual
kinases is shown. Western blots are quantified using ImageJ software as absolute values for peak areas of corresponding bands and the intensities
were normalized to the control. Mean intensities of the phosphorylated peptides obtained by MS/MS via pipelines #1 and #2 are shown in the shades
of grey. Numbers indicate decadic logarithm of the mean peptide intensity. “Not detected” (ND) indicated in white corresponds to the signals below
1 × 106, i.e. 6.0. a. anti-pS192 (this study), b. anti-pS280, c. anti-pS643, d. anti-pS697
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CK1ε in the TopFlash reporter [16]. Although, it has been
proposed that RIPK4 activates Wnt/β-catenin also via phos-
phorylation of DVL [19] we have not observed any synergy
with DVL3 which suggests that RIPK4 may act via other
proteins in the Wnt/β-catenin pathway.
CK1ε stands unique among other kinases in its ability

to efficiently induce Wnt/β-catenin downstream
signaling in synergy with DVL3. We have thus analyzed
the data reported in Figs. 4, 5 and Additional file 3:
Figure S3 and identified S268 and S311 as candidate
phosphorylation sites associated with the expression of
CK1ε and activation of TopFlash reporter assay. In
order to test to what extent phosphorylation of S268
and S311 participates in the activation of Wnt/β-
catenin downstream signaling we mutated S268 alone
or in combination with S311 to alanine and glutamic
acid (S268A, S268E, S268A/S311A, S268E/S311E) and
tested these DVL3 mutants for their capacity to rescue
Wnt-3a signaling in DVL1/DVL2/DVL3-triple null
HEK293 T-REx cells (D1/2/3 TKO cells) [47]. As
shown in Fig. 9 C/D, DVL3 S268A and especially
S268A/S311A are significantly less efficient in their
ability to rescue Wnt-3a-induced activity. This data
suggests that phosphorylation of DVL3 at S268 and
S311 by CK1ε is one of the essential steps in the Wnt-
3a-induced activation of β-catenin signaling.

Phosphorylation of S630-S643 mediates even localization
of DVL3
Subcellular localization of DVL3 is dynamically
regulated. Overexpressed DVL3, similarly to other DVL
proteins, is localized in the “DVL punctae”; protein
assemblies kept together via polymerization of DVL DIX
domains [49]. These assemblies are dynamic and can be
more compact (visible as puncta) or dissolved, resulting
in the “even” distribution of DVL3 (examples of these
two DVL states are presented in Fig. 10a). As shown in
Fig. 10b, bottom panel, only three kinases – CK1ε,
NEK2 and TTBK2 – were capable to promote even
localization of DVL3.
In order to identify phosphorylation patterns

associated with the even localization of DVL3 we
analyzed common phosphorylation events induced by
CK1ε, TTBK2 and NEK2. A cluster of the regularly
spaced serines S630-S633-S636-S639-S642-S643 was the
most obvious candidate for such function (see Figs. 4, 5



Fig. 8 Phosphoplots - phosphorylation barcodes of DVL3 with the individual kinases. Visualization of absolute intensity of phosphorylated
peptides corresponding to the individual phosphorylated sites plotted on the primary sequence of DVL3 (only Ser and Thr are shown). Black bars
represent a control condition, red bars the intensities in the presence of the kinase. Intensities are plotted on a log10 scale
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and 6). Mutation of these residues to alanine (A) pre-
vented the ability of CK1ε (Fig. 10c) to induce the even
distribution of DVL3, in line with an earlier report [23].
Similar and even stronger effect was observed for
TTBK2 suggesting that TTBK2 acts via a similar mech-
anism as CK1ε and that phosphorylation of S630-S643 is
essential for TTBK2-induced even localization of DVL3.
Surprisingly, NEK2 efficiently promoted even
localization of DVL3 in all DVL3 mutants (Fig. 10c,
right). This suggested that although NEK2 strongly
phosphorylates S630-S643 cluster, it is able to overcome
the requirement for S630-S643 phosphorylation and effi-
ciently induce even localization of DVL3 also via a dif-
ferent mechanism.



Fig. 9 Phosphorylation of S268 and S311 contributes to the activation of the Wnt/b-catenin pathway. a, b: HEK293 cells were transfected by
indicated plasmids together with TopFlash and Renilla reporter plasmids. The ability of individual kinases to induce activation of Wnt/β-catenin
pathway either alone (a) or in combination with DVL3 (b) was analyzed. Mean, SD and individual data points are indicated. Statistical differences
were tested by One-way ANOVA and Tukey’s post test (* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001). c, d: Rescue experiments with DVL3
S268/S311 mutants. WT and D1/2/3 TKO HEK293 T-Rex cells were transfected as indicated and treated according to the scheme with 80 ng/ml
recombinant human Wnt3a (rWnt3a). All samples were treated with 0.1 μM LGK974 inhibitor and 250 ng/ml R-SPONDIN1 and analyzed by
TopFlash assay (c). Mean, SD and individual data points are indicated. Statistical differences were tested by paired t-test (* p < 0.05, ** p < 0.01).
Samples were also used for WB analysis (d)

Hanáková et al. Cell Communication and Signaling          (2019) 17:170 Page 16 of 21
Phosphorylation of S263 and S280 by NEK2 induces open
conformation of DVL3
We have recently shown a correlation between the
subcellular localization of DVL3 and DVL3 conformation
[24]. DVL3 forms a closed conformation via an
intramolecular interaction between the C-terminus and
the PDZ domain [50]. To test whether a similar mechan-
ism can overcome the requirement for phosphorylation of
S630-S643 cluster by NEK2 we identified the phosphoryl-
ation sites in the PDZ domain uniquely induced by NEK2.
S263 and S280 fit the criteria as the candidate sites for
functional validation (see Fig. 4 and Fig. 5). In order to ad-
dress the possible role of DVL3 phosphorylation-driven
regulation involving S263 and S280 in vitro, we performed
functional characterization by NMR. For this purpose, we
exploited the well-characterized PDZ domain of human
DVL2 (aa 265–361) [51], in which S281 and S298 corres-
pond to S263 and S280 of human DVL3. As seen in the
crystal structure of the complex between DVL2 PDZ and
an internal peptide ligand [52] the fully conserved S281
and S298 (Fig. 11a) reside at adjacent strands of the PDZ
fold in close proximity to the peptide binding groove
(Fig. 11b). From the NMR fingerprint spectra, we con-
cluded that the phosphorylation-mimicking substitutions
(S281E/S298E) did not affect the integrity of the PDZ fold
(Additional file 4: Figure S4). Next, we assessed PDZ bind-
ing to a C-terminal peptide ligand derived from DVL3 (aa
698–716) by NMR titrations [24]. The residues in the
binding loop region (L278 and G279) that serve as the H-
bonding donors to the carboxyl sidechain of the peptide
Asp sidechain undergo severe line broadening in wildtype
PDZ, whereas in the phosphomimicking mutant



Fig. 10 Phosphorylation of S630-S643 promotes even localization of DVL3. a: HEK293 cells were transfected in the indicated combinations and
the subcellular localization of DVL3 was assessed by immunocytochemistry. DVL3 was localized in two typical patterns – either in cytoplasmic
puncta or evenly dispersed in the cytoplasm (upper panel). Scale bar, 7.5 μm. b: The effects of individual kinases on DVL3 localization is shown in
the bottom panel (HA-DVL3 was used for PLK1 and TTBK2, FLAG-DVL3 for the rest of kinases). c: Phosphorylation patterns associated with the
even localization of DVL3 were analyzed by mutation of cluster of serine residues to alanine. Statistical data represent mean + SD from three
independent experiments (N = 3× 200 cells). Statistical significance was confirmed by the comparison of the corresponding control (DVL3-FLAG or
DVL3-HA without kinase) and DVL3 with individual kinases by One-way ANOVA and Tukey’s post test (* p < 0.05, ** p < 0.01, n.s. - not significant)

Hanáková et al. Cell Communication and Signaling          (2019) 17:170 Page 17 of 21
experience fast exchange perturbation (Fig. 11c). Several
other peaks (e.g. F277 and K301) that are largely per-
turbed in the course of the titration in wildtype remain
unaffected in mutant (Fig. 11c). The qualitative analysis of
the titration experiments indicates that the phosphomi-
micking S281E/S298E PDZ is insufficient in peptide bind-
ing as compared to wt PDZ (Fig. 11c). This suggests that
phosphorylation of S263 and S280 (corresponding to S281
and S298 in DVL2) attenuates the capacity of PDZ do-
main to bind the C-terminus of DVL3 and therefore leads
to open conformation of DVL3.
To directly test whether NEK2 indeed induces open

conformation of DVL3 we employed the DVL3 FRET
sensors [24]. Specifically, the ECFP-DVL3 FlAsH III sen-
sor (schematized in Fig. 11d) was transfected in HEK293
cells either alone or in the presence of wild type (WT)
and kinase dead (KD) NEK2 and subsequently, the intra-
molecular FRET efficiency was quantified. As shown in
Fig. 11e, only WT (but not KD) NEK2 was able to lower
the intramolecular FRET efficiency that depends on the
proximity of the ECFP and FlAsH (F) tag. This result
suggests that the kinase activity of NEK2 (and not the
presence of NEK2 itself as demonstrated by the KD vari-
ant) promotes the open conformation of DVL3. In sum-
mary with other data, we propose that NEK2-induced
phosphorylation of S263 and S280 in human DVL3 pre-
vents the interaction between DVL’s C-terminus and
PDZ domain, thus keeping DVL in the open conform-
ation and more evenly distributed.

Discussion
Our study provides the first comprehensive description
of DVL3 phosphorylation by most of the described DVL
S/T kinases. Given the high sequence conservation of
DVL3 and other DVL proteins it is an important
reference point for the interpretation of published data
as well as a benchmark for forthcoming studies focused
on the regulation of DVL (and other proteins) function
by kinases and phosphatases.
In this study we have identified TTBK2 and Aurora A

as novel DVL kinases. For TTBK2 we propose a possible
negative role in Wnt/β-catenin signaling. TTBK2 is
found to basal bodies or distal appendages, respectively.
Indeed, DVL has been associated with centrosome and



Fig. 11 NEK2 phosphorylation in PDZ domain promotes open conformation of DVL3. a: PDZ sequence alignment of the three human DVL
isoforms. The conserved serine residues phosphorylated specifically by NEK2 are highlighted in magenta. b: Crystal structure of DVL2 PDZ domain
bound to internal ligand (PDB: 3CC0). The two serines prone to NEK2 phosphorylation are shown in magenta, the bound peptide in cyan, and
PDZ residues of the binding loop or close to the binding loop in orange. c: NMR titrations of DVL3 C-terminal peptide to DVL2 wildtype PDZ or
S281E/S298E phosphomimicking mutant. Magnified insets show the qualitative differences in peptide binding for PDZ residues annotated in (b).
d: Schematic depiction of the FRET efficiency experiment of the ECFP DVL3 FlAsH III construct. In the default conformation, the DVL molecule is
less phosphorylated and closed/compact, which is reflected in the close proximity of the FRET pair (ECFP and FlAsH (F) tags) – leading to the
high intramolecular FRET efficiency (depicted as orange dash lines). In the presence of the active kinase (e.g. NEK2), DVL is phosphorylated in the
PDZ domain, which promotes the open/loose conformation by the disruption of the C-terminus/PDZ domain interaction. This is reflected in the
high proximity of ECFP and F tags thus leading to the low intramolecular FRET efficiency (no orange dash lines). e: HEK293 cells were transfected
in the indicated combinations and the intramolecular FRET efficiency of the ECFP-DVL3 FlAsH III construct (schematically depicted in D) was
measured. The data represent median ± interquartile range from three independent experiments (numbers of analyzed cells are indicated below).
Statistical significance was confirmed by One-way ANOVA and Tukey’s post test (** p < 0.01, n.s. - not significant). FRET eff. Stands for Förster-
Resonance-Energy-Transfer efficiency, ECFP for Enhanced Cyan Fluorescent Protein, F for FlAsH tag, and kd for kinase dead
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basal bodies [6, 10, 53]. However, it does not seem to
localize to distal appendages of mother centriole, where
TTBK2 is recruited by CEP164 to trigger ciliogenesis
[34, 40, 42–45]. It remains to be determined what is the
possible interplay between TTBK2 activity and DVL3
phosphorylation by Aurora A, NEK2 and PLK1 and how
these kinases together regulate DVL localization and
functions in the individual phases of the cell cycle.
The parallel application of several pipelines for sample

preparation and data analysis, in particular the newly
introduced site occupancy analysis, demonstrated the
potential to detect phosphorylation events that are
biologically relevant. This approach identified S268 as
signature site for CK1ε, S280 as a signature site for
NEK2 and S633–S643 cluster as a signature for CK1ε,
NEK2 and TTBK2. All these phosphorylation changes
have been validated by additional, more demanding
proteomic pipelines and functional analysis.
The data collected by various approaches shown in

Figs. 4, 5, 6, 7, provide a global view of DVL3
phosphorylation induced by kinases that were shown to
control distinct functions of DVL. We can clearly
observe codes of phosphorylated S/T in the structured
domains – most typically in the PDZ domain at the fully
conserved S263, S268, S280 and S311, and to a lesser
extent also in the DIX and DEP domains. On the other
hand, in the largely intrinsically disordered regions
(IDRs) between the domains, we have detected
conserved (see Fig. 6) multiphosphorylated sequences
with specific phosphorylation patterns. Most intrinsically
disordered proteins or regions are very S/T rich because
these aa (together with A, R, G, Q, P, E and K) are
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disorder-promoting. IDR-rich proteins (such as DVL)
are essential components of multiple signal transduction
pathways [54] and complex multiphosphorylation as
shown for DVL can represent a shared and universal
mechanism for the regulation of their function.
It is behind the scope of this study to test the

functional consequences of all phosphorylation events.
However, several interesting candidates for further
analysis have been identified. For example, a striking
phosphorylation pattern has been observed for two
highly conserved regions between DIX and DEP
domains – corresponding to S112–S140 and S188–S197.
For the second cluster we were able to confirm the
proteomic data by a phosphorylation-specific antibody
targeted against pS192-DVL3. These sites showed high
level of basal phosphorylation in the absence of any ex-
ogenously co-expressed kinase. Interestingly, expression
of CK1ε (and to a lesser extent TTBK2 and PLK1) dra-
matically reduced phosphorylation of these motifs. This
suggests that there is a so far unidentified endogenous
kinase that very efficiently phosphorylates these regions,
and (ii) that the binding and/or phosphorylation by
CK1ε and TTBK2 interferes with this process or perhaps
promotes removal of these phospho-moieties by activa-
tion of specific phosphatase(s). So far, only protein phos-
phatase 2A has been shown to have a positive function
in the Wnt/β-catenin signaling upstream of DVL [55,
56], which makes it an ideal candidate for such function.
Our functional analysis of PTMs that control subcellular

localization of DVL3 showed that phosphorylation in the
domains (namely PDZ) and in the IDRs can lead to the
same outcome. CK1ε, NEK2 and TTBK2, were the only
kinases that could trigger the even distribution of DVL3 in
the cytoplasm, in line with earlier reports [10, 12, 13] [20].
Interestingly, phosphorylation of the cluster S630–S643
was essential for the ability of CK1ε and TTBK2 (but not of
NEK2) to trigger even localization of DVL3. It appears that
NEK2 uses a different mechanism dependent on the
phosphorylation of S263 and S280 in the PDZ domain.
Therefore, DVL C-terminus cannot bind to PDZ, which in
turn stabilizes DVL3 in the open conformation. Import-
antly, despite the fact that the open conformation of DVL3
correlates with the even subcellular localization and more
efficient recruitment to FZD receptors [24], it does not ne-
cessarily translate into the activation of the Wnt/β-catenin
signaling. Our data are rather compatible with the hypoth-
esis that phosphorylation opens an auto-inhibited DVL
conformation and then the kinase-specific barcode dictates
the biological outcome. Phosphorylated S268 and S311 can
be part of such barcode required for CK1ε-induced activa-
tion of the Wnt/β-catenin signaling [11, 13] whereas phos-
phorylated S263 and S280 are barcode components
essential for the NEK2-controlled functions of DVL3 in the
centrosome [10].
Conclusions
In summary, our study identified unique DVL3
phosphorylation barcodes associated with individual
DVL kinases and DVL functions. Our data represent an
important reference point and a toolbox for further
analysis of DVL as exemplified by the functional analysis
of the phosphorylation in the PDZ domain. From the
more general point of view, our data pinpoint the
importance of functional synergy between
phosphorylation in the structured domains and in the
unstructured IDRs that together dictate the biological
outcome.
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map fields (0, 1, 2, 3) indicate the number of experimental replicates with
the positive identification of the given phosphorylated site.

Additional file 3: Figure S3. Cluster analysis of the individual
phosphorylated sites/clusters and individual kinases. Mean
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obtained for individual sample from direct (pipeline #1) and enriched
analysis processed (pipeline #2) are expressed in the shades of blue.
ND corresponds to not detected signals or signals with intensity
below 1 × 106.
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SUMMARY
Centrioles account for centrosomes and cilia formation. Recently, a link between centrosomal components and human developmental

disorders has been established. However, the exactmechanisms how centrosome abnormalities influence embryogenesis and cell fate are

not understood. PLK4-STILmodule represents a key element of centrosome duplication cycle.We analyzed consequences of inactivation

of the module for early events of embryogenesis in human embryonic stem cells (hESCs) and human induced pluripotent stem cells

(hiPSCs). We demonstrate that blocking of PLK4 or STIL functions leads to centrosome loss followed by both p53-dependent and -inde-

pendent defects, including prolonged cell divisions, upregulation of p53, chromosome instability, and, importantly, reduction of

pluripotency markers and induction of differentiation. We show that the observed loss of key stem cells properties is connected to

alterations in mitotic timing and protein turnover. In sum, our data define a link between centrosome, its regulators, and the control

of pluripotency and differentiation in PSCs.
INTRODUCTION

The centrosome, an organelle named by Theodor Boveri at

the end of the 19th century, has been studied for a long

time, but its functions and mechanisms of regulation are

still incompletely understood. The centrosome typically

acts as a microtubule organizing center (MTOC), taking

part in cell division, cell shape organization, and cell

motility (Conduit et al., 2015; Khodjakov and Rieder,

2001; Piel et al., 2001). Its core consists of two centrioles,

microtubule-based structures with nine-fold radial symme-

try, embedded in a protein matrix termed pericentriolar

material (Bornens and Gönczy, 2014; Nigg and Stearns,

2011).

The centrosome duplicates once per cell cycle. As a cell

divides, each daughter cell inherits one centrosome, so its

number in the cells remains stable, similar to DNA content

(Bornens and Gönczy, 2014; Nigg and Stearns, 2011). To

date, hundreds of centrosomal proteins participating in

centrosome biogenesis have been identified (Andersen

et al., 2003; Gupta et al., 2015), with PLK4-STIL module

having a pivotal role in the orchestration of centriole dupli-

cation (Arquint and Nigg, 2016; Bettencourt-Dias et al.,

2005; Habedanck et al., 2005; Tang et al., 2011).

Overexpression of essential centrosome regulators,

including PLK4, leads to centrosome amplification,

whereas their depletion causes loss of centrosomes (Bazzi

and Anderson, 2014; Bettencourt-Dias et al., 2005; Habe-

danck et al., 2005; Leidel et al., 2005; Strnad et al., 2007;

Tang et al., 2011). Deregulation of the centrosome duplica-
Stem Cell R
This is an open access article under the C
tion cycle is implicated in the etiology of various disorders

such as ciliopathies, microcephaly, primordial dwarfism,

and cancer (Chavali et al., 2014; Gambarotto and Basto,

2016; Gönczy, 2015; Nigg et al., 2014). However, the

consequences of centrosome abnormalities for cell fate

have started to be revealed only recently. Inhibition of

PLK4 depletes centrioles in various human somatic cell

lines, leading to p53-dependent G1 arrest (Lambrus et al.,

2015; Wong et al., 2015). In contrast, in vivo study using

Drosophila demonstrated that centrosomes are not required

for a substantial part of fly embryogenesis (Basto et al.,

2006). The requirement for correct embryo development

has been further addressed in mice. Mouse embryos

without centrosomes die during gestation (Bazzi and An-

derson, 2014; Hudson et al., 2001; Izraeli et al., 1999),

and amplification of centrosomes after PLK4 overexpres-

sion in developing mouse brain leads to microcephaly-

like phenotype (Marthiens et al., 2013). That being said,

it is becoming clear that cellular outcomes of centrosome

abnormalities differ between different models and perhaps

even specific cell types (Basto et al., 2008; Levine et al.,

2017; Marthiens et al., 2013; Vitre et al., 2015).

Human pluripotent stem cells (PSCs) encompassing both

human embryonic stem cells (hESCs) and human induced

pluripotent stem cells (hiPSCs) are able to self-renew and to

differentiate into all cell types in the human body (Takaha-

shi et al., 2007; Thomson et al., 1998). Pluripotency, gov-

erned by a network of transcription factors including

OCT-4, SOX-2, and NANOG (Jaenisch and Young, 2008;

Kashyap et al., 2009), is tightly connected to cell-cycle
eports j Vol. 11 j 959–972 j October 9, 2018 j ª 2018 The Authors. 959
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Figure 1. Blocking of PLK4 or STIL Leads to Centrosome Loss
Followed by Decreased Proliferation of Stem Cells
(A and B) Immunofluorescence (A) of 3-day vehicle- and cen-
trinone-treated hESCs: centrosomes were visualized by antibody
staining of distal marker CP110 (green) and proximal marker
Cep135 (red). Scale bars, 1 mm. (B) Quantification of centrosome
depletion, N > 150.
(C and D) Growth curves: cell number was measured at indicated
time points by crystal violet assay, in vehicle- and centrinone-
treated cells (C) or after STIL shRNA transfection (D).
(E) Western blot analyses of Ki-67 expression in 4-day vehicle- and
centrinone-treated cells, with a-tubulin as a loading control.
Data are presented as mean ± SEM (*p < 0.05, **p < 0.005, ***p <
0.001, ****p < 0.0001). See also Figure S1.
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regulation (Becker et al., 2006; Pauklin and Vallier, 2013).

Importantly, hESCs/hiPSCs hold great promise to model

both physiological and pathophysiological aspects of hu-

man embryogenesis (Lancaster et al., 2013; Park et al.,

2008; Shahbazi et al., 2016). Noteworthy, early passages

of human PSCs seem prone to centrosome abnormalities

(Brevini et al., 2009; Holubcová et al., 2011). Given these

unique properties, we elected to investigate the conse-

quences of halted centrosome duplication cycle in early

embryonic events using hESCs and hiPSCs.

Here, we present our analyses of molecular and func-

tional consequences of the inactivation of PLK4-STIL mod-

ule and centrosome loss for human PSCs. We show that

upon centrosome loss, the cells are in principle still able

to undergo cell division. Such acentrosomalmitosis is twice

as long and leads to mitotic errors and p53 stabilization,

which is reflected by gradual loss of self-renewal potential.

Interestingly, the observed p53 increase does not lead to

significant apoptosis, but to loss of pluripotency and induc-

tion of differentiation. Finally, our data demonstrate that

the loss of pluripotency regulators after PLK4 inhibition

is p53-independent and linked to altered protein turnover.
RESULTS

Blocking of PLK4 or STIL Leads to Centrosome Loss

Followed by Decreased Proliferation of Stem Cells

To assess the role of centrosomes in PSCswe used a PLK4 in-

hibitor, centrinone (Wong et al., 2015). First, we examined

the efficacy of centrosome depletion in hESCs following

treatment with centrinone. Using immunofluorescence

staining for proximal centriolar marker Cep135 (Kleylein-

Sohn et al., 2007) and distal centriolar marker CP110

(Chen et al., 2002), we detected the loss of centrosomes

in about 40% of hESCs after 2 days (Figures S1A and S1B),

and after 3 days the centrosome was depleted in almost

85% of hESCs (Figures 1A and 1B). We were also able to

deplete centrosomes in hESCs using PLK4 or STIL short

hairpin RNA (shRNA) (Figures S1C and S1D).



It has been recently demonstrated that the loss of centro-

somes is detrimental for proliferation of non-transformed

human somatic cells, but has little effect on cancer cells

(Fong et al., 2016; Lambrus et al., 2015; Meitinger et al.,

2016; Mikule et al., 2007; Wong et al., 2015). Given re-

ported similarities in cycle control between embryonic

stem cells and cancer cells (Kim et al., 2010), we examined

consequences of centrosome depletion for PSC prolif-

eration. Intriguingly, centrinone-treated hESCs/hiPSCs

showed impaired proliferation from day 2 and virtually

halted their growth past day 5 (Figure 1C). In addition,

we also observed a negative effect on proliferation of hESCs

following STIL knockdown (Figure 1D). Noteworthy, the

negative effect of centrosome loss on proliferation was

even more pronounced in the case of hESC-derived neural

stem cells (NSCs) (Figure S1E). On the other hand,

centrinone treatment showed only aminor effect on prolif-

eration of U2OS cells (Figure S1F), in agreement with the

previous report (Wong et al., 2015), even though the effi-

ciency of centrosome depletion was comparable with that

of hESCs (Figure S1G).

To corroborate this result, we examined the expression of

Ki-67, amarker of proliferating cells. As shown in Figure 1E,

centrinone treatment reduced expression levels of Ki-67. In

addition, a decrease in the number of Ki-67+ cells was de-

tected in the centrinone condition also by immunofluores-

cence (Figure S1H, quantified in Figure S1I).

Centrosome Depletion Following PLK4 or STIL

Blocking Leads to Prolonged Mitosis and Mitotic

Defects

Centrosome loss has been reported to cause variousmitotic

defects in somatic cell lines (Sir et al., 2013; Wong et al.,

2015). Indeed, we noted accumulation of rounded cells in

the centrinone-treated cultures and following STIL knock-

down (Figure 2A). Furthermore, our subsequent fluores-

cence-activated cell sorting (FACS) analysis proved that

centrinone treatment leads to accumulation of hESCs/

hiPSCs in G2/M phase (Figures 2B and 2C).

Next, we analyzed the length of mitosis by live imaging

of the reporter H2A-GFP line derived from the same

paternal hESC line. As shown in Figure 2D, completion of

mitosis between days 2 and 4 took for the treated cells

approximately twice as long as controls. In addition, centri-

none-treated hESCs showed 1.5-fold prolonged interphase

on day 3 compared with control (Figure 2E). All these data

indicated an intriguing possibility that centrosome-less

hESCs are viable and able to divide, even though for a

limited time for the latter. In agreement with this hypoth-

esis we found bipolar mitotic spindles even in acentroso-

mal cells (Figure S2A). In addition, we quantified the

number of cells successfully finishing mitosis in our live

imaging experiments.We focused onmitoses past the third
day of centrinone treatment, when the majority of treated

cells already lacks centrosomes (Figures 1A and 1B). Inter-

estingly, we found 68.1% ± 1.9%of cells able to successfully

go through mitosis within the 30-hr period we examined.

This observation suggested that acentrosomal mitoses

seem possible, but also confirmed our earlier observation

(Figure 1C) that proliferation after centrosome loss is

inefficient (note 1.5 times longer interphase of centri-

none-treated cells; Figure 2E). In addition, we observed

cytokinesis failure in approximately 15% of divisions (Fig-

ure S2D). To fully prove that acentrosomal hESCs can

divide, we performed live imaging experiments with

g-tubulin-GFP hESCs following centrinone treatment (Fig-

ure S2G). To conclude, these data argue that centrosome-

depleted hESCs are in principle able to successfully finish

mitotic division and give rise to two daughter cells, albeit

only for a limited time.

In the course of our experiments we noted that nuclei of

centrinone-treated cells became bigger and acquired

morphology different from control. In agreement with

this, FACS analysis detected amodest increase of aneuploid

cells after 3 days of centrinone treatment (Figures S2B and

S2C). Since it is not possible to distinguish diploid cells

residing in G2/M phase from tetraploid cells residing in

G1 phase (Figures 2B and 2C) using this approach, it

prompted us to quantify the chromosome number. The

analysis was done at day 4, when the changes in cell

morphology observed during live imaging were most pro-

nounced. Previous work indicated that while centrosome

loss during mouse embryogenesis does not lead to notable

aneuploidy (Bazzi and Anderson, 2014), somatic cell lines

show an increase in chromosomal abnormalities after the

centrosome loss (Sir et al., 2013; Wong et al., 2015). Inter-

estingly, our analyses revealed that centrinone treatment

of hESCs/hiPSCs led to changes in chromosome number

(Figure 2F), arguing that centrosome loss promotes genome

instability in PSCs.

Next, to elucidate the survival potential of centrinone-

treated cells, we assessed the number of early and late

apoptotic cells by annexin V and propidium iodide (PI)

staining. We found a modest difference in the number of

viable (annexin V/PI negative) cells between centrinone

condition and control (Figure 2G). Intriguingly, the pro-

portion of apoptotic cells was notably elevated in hESC-

derived NSCs following the centrinone treatment, in

contrast to similarly treated cultures of hESCs/hiPSCs

(Figure S2E). In addition, we compared the effects of

centrinone with those of etoposide, a commonly used

DNA-damage-inducing agent. Interestingly, while etopo-

side triggered a pronounced increase of apoptotic cells in

hESC/hiPSC cultures, the percentage of apoptotic cells in

centrinone-treated NSCs was similar to the NSC etoposide

condition (Figure S2F).
Stem Cell Reports j Vol. 11 j 959–972 j October 9, 2018 961



vehicle

centrinone

vehicle

centrinone

hESCs hiPSCs STIL KD in hESCs

A B

C

D

F

centrinone: – + – + – + – +
day 1 day 2 day 3 day 4

evitaler
sitoti

mfo
htgnel

%
 o

f c
el

ls
%

 o
f c

el
ls

centrinonevehicle

centrinonevehiclevehicle centrinone

nuclei/CREST nuclei/CREST

%
 o

f l
iv

e 
ce

lls
%

 o
f l

iv
e 

ce
lls

centrinonevehicle

centrinonevehicle

E

0

1

2

3
* ** *

0

20

40

60

80

100

2N
2N-3N
3N-4N

≥5N
4N-5N

2N
2N-3N
3N-4N

≥5N
4N-5N

re
la

tiv
e

le
ng

th
 o

f i
nt

er
ph

as
e 

centrinone: – + – + – +
day 1 day 2 day 3

0.0

0.5

1.0

1.5

2.0 *

*

%
 o

f  
ce

lls

G1 S G2/M

G1 S G2/M

centrinone: – + – + – +

– + – + – +

0

20

40

60 *

centrinone:

0

20

40

60 **

hESCs

hiPSCs

hESCs

hE
SC

s

hESCs hESCs

hiPSCs

hESCs

hiPSCs

0

20

40

60

80

100

0

20

40

60

80

100

120

0

20

40

60

80

100

120

vehicle centrinone

hi
PS

C
s

control shRNA

STIL shRNA

G
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Blocking PLK4 or STIL Promotes Stem Cell

Differentiation

Key aspects of PSC biology, the ability to self-renew and to

differentiate, are intimately connected to cell-cycle regula-

tion (Becker et al., 2006; Pauklin and Vallier, 2013). Given

the phenotypes we found, we examined the impact of

centrosome depletion after blocking PLK4 or STIL on those

two features.

First, we observed that centrinone-treated cells lost

typical stem cell morphology (Figure 3A), suggesting that

centrosome loss affects stem cell differentiation. In agree-

ment with this observation, we found a defect in polymer-

ization of microtubules in centrosome-depleted hESCs

(Figure S3A). Next, we examined expression of differentia-

tion makers: ectodermal marker PAX-6, endodermal

marker GATA-6, and mesodermal marker brachyury.

Indeed, mRNA levels of all examinedmarkers were upregu-

lated after centrinone treatment (Figure 3B). Similar effects

were confirmed also on the protein level (Figures 3C and

S3B). Importantly, our analyses further revealed that pro-

tein levels of pluripotency markers OCT-4 and NANOG

were decreased in centrinone-treated cells (Figures 3C and

S3B). In addition, we detected higher protein levels of

p53 in the centrinone conditions, thus confirming and

extending previous observations on centrosome loss in so-

matic cells andmouse embryos (Bazzi and Anderson, 2014;

Insolera et al., 2014; Lambrus et al., 2015; Mikule et al.,

2007; Wong et al., 2015). Similar effects were also observed

after PLK4/STIL shRNA (Figures S3C–S3E). Of note, we did

not find a correlation between levels of aneuploidy and

brachyury expression (Figures S3F and S3G).

Next, we examined centrinone effects in relation to those

of retinoic acid (RA), a commonly used differentiation

agent. Intriguingly, upregulation of p53 after centrosome

loss was even higher than the effect of RA (Figure S3I).

Furthermore, combination of centrinone and RA treat-

ments enhanced PAX-6 protein levels, if compared with

either RA treatment alone or untreated condition

(Figure S3H).

In the course of our experiments we noted a temporal in-

crease of Ser139 phosphorylatedH2AX, a hallmark ofDNA-

damage response (DDR) (Rogakou et al., 1998) (Figure S3J).

Given that DDR typically acts upstream of p53 activation

(Brooks and Gu, 2010), we examined a possible role for

DDR kinases in the observed increase of p53 levels. How-

ever, inhibition of ATM, ATR, and DNA-PK did not prevent

the increase (Figure S3K). These data suggest that accumu-
(F) Immunofluorescence analyses of centromere number in 4-day ve
visualized by CREST staining (yellow), nuclei were counterstained b
centromere quantification and corresponding intervals of chromosom
(G) Quantification of viability measurement by annexin V/PI staining
Data are presented as mean ± SEM (*p < 0.05, **p < 0.005). See also
lation of p53 after PLK4 or STIL blocking-induced centro-

some loss in hESCs is independent of DDR signaling.

Given this result, we considered alternative routes of p53

upregulation. First, we found that knockdown of dicer-1, a

key regulator of microRNA biogenesis, does not prevent

p53 upregulation (Figure S3L), indicating that microRNA

machinery is not involved in the p53 activation. Next, us-

ing cycloheximide (CHX) to block translation, we found

that p53 protein moiety is stabilized following centrinone

treatment (Figure 3D). Furthermore, we examined effect

of prolonged mitosis on p53 stabilization. To mimic the

effect of centrosome depletion on the mitotic length, we

treated hESCs for 2 hr (Figure S3M) or hESCs/hiPSCs for

6 hr by nocodazole to arrest them in mitosis, isolated

mitotic cells by shake-off, then released them by washout

and analyzed them 2 days following release. Remarkably,

we found upregulated p53, brachyury, and GATA-6 in

cells that experienced temporal mitotic arrest (Figure 3E).

Of note, we occasionally observed an increase also in

PAX-6 levels (Figure 3E), perhaps reflecting requirement

of concomitant downregulation of OCT4/NANOG for the

efficient PAX-6 induction (see Figure S4B). Importantly,

cells treated with nocodazole, but not passing through

mitotic arrest (‘‘Noco-leftover’’), showed expression of

examined markers at levels comparable with that of

control. Thus, the data demonstrate that prolonged

mitosis is sufficient to trigger p53 upregulation and cell

differentiation.

Differentiation Induced by Blocking of PLK4 or STIL Is

p53 Dependent

Previous studies linked p53 to induction of differentiation

in PSCs (Jain et al., 2012; Lin et al., 2005; Qin et al., 2007;

Zhang et al., 2014). On the other hand, there are contradic-

tory reports about the expression and/or activity of p53 in

hESCs/hiPSCs (Aladjem et al., 1998; Maimets et al., 2008;

Momcilovic et al., 2009; Qin et al., 2007; Wang et al.,

2016; Zhang et al., 2014). To examine the role of p53 in

the differentiation observed in our experiments, we first

downregulated it using small interfering RNA (siRNA) (Fig-

ure 4A). We found that the knockdown of p53 has no

apparent effect on mitotic cell accumulation following

centrinone treatment (Figure 4B). Importantly, downregu-

lation of p53 expression by either siRNA in hESC cultures

or CRISPR/Cas9 system (p53 low hESCs/hiPSCs) only

partially rescued the proliferation defect seen after

centrosome loss (Figure 4C). Thus, these results not only
hicle- or centrinone-treated hESCs and hiPSCs. Centromeres were
y Hoechst (green). Scale bars, 10 mm. Panels on the right show
e numbers (n = 2, N > 90).
in 2-day vehicle- and centrinone-treated hESCs and hiPSCs.
Figure S2.
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confirmed and extended previous observations from

somatic cells (Fong et al., 2016; Lambrus et al., 2016; Mei-

tinger et al., 2016; Wong et al., 2015), but also suggested

the interesting possibility that some of the phenotypes

caused by centrinone treatment in hESCs/hiPSCs might

be p53 independent. To this end, we examined the require-

ment of p53 for centrosome loss-induced differentiation of

PSCs. We found that depletion of p53 prevented the upre-

gulation of T and PAX6 mRNA in hESCs (Figure 4D).

Furthermore, centrinone treatment led to higher protein

levels of brachyury in control condition, but not in cells

with depleted p53 by siRNA (Figure 4E). Intriguingly,

expression of OCT-4 was not rescued by p53 depletion.

To corroborate this finding, we performed a similar experi-

ment using p53 low hESCs/hiPSCs (Figures 4F and 4G). As

expected, we found full dependency of the induction of

brachyury expression on the presence of p53. Importantly,

however, OCT-4 protein was downregulated even in condi-

tions without detectable levels of p53 (Figure 4F). Thus,

these data demonstrated that the induction of differentia-

tionmarkers after centrinone-mediated centrosome loss re-

quires p53, while the loss of pluripotency markers is p53

independent.

Loss of Pluripotency after PLK4 Inhibition and

Centrosome Depletion Is Linked to Altered Protein

Turnover

To elucidate the mechanism responsible for the downregu-

lation of regulators of pluripotency after centrinone treat-

ment, we first analyzed its effects on POU5F1 and NANOG

mRNA levels. Surprisingly, we found no difference in either

POU5F1 or NANOG mRNA levels (Figure S4A). This result

indicated post-transcriptional regulation and prompted

us to examine protein stability of OCT-4/NANOG. Interest-

ingly, we found increased turnover of OCT-4/NANOG in

the centrinone-treated hESCs (Figure 5A). Given that levels

of p53 and b-catenin, included as controls in our experi-

ments, did not follow the same trend as OCT-4/NANOG,

these data confirmed the specificity of the effect. Next,

we examined whether prolonged mitosis, induced by no-

codazole, is sufficient to alter turnover of OCT-4/NANOG.

However, in contrast to the effects seen on upregulation

of p53 and other differentiation markers (Figure 3E), pro-

longed mitosis did not show an effect on OCT-4/NANOG

turnover (Figure S4B).
(C–E) Western blot analyses of hESCs and hiPSCs after indicated time
effects on pluripotency and differentiation by the indicated antibodies
p53 after indicated time (hours) of inhibition of translation by cycloh
by 6 hr of nocodazole treatment. Left panel shows scheme of the
(Noco+shake off, Noco-leftover) were probed for protein levels of p5
Noco-leftover condition represents non-mitotic nocodazole-treated c
Data are presented as mean ± SEM (*p < 0.05, ***p < 0.001). See als
To identify the degradation pathway responsible for

turnover of OCT-4/NANOG, we used MG132 and chloro-

quine, inhibitors of proteasome and lysosome, respec-

tively. While the treatment with chloroquine showed no

effect (Figure S4C), addition ofMG132 to CHX-treated cells

showed a rescue effect on the drop in protein levels of

OCT-4 and NANOG, indicating that these transcription

factors are subjected to proteasomal degradation in both

control and centrinone-treated cells (Figures 5B and S4C).

As PLK4 was shown to regulate protein turnover of SAS-6

(Puklowski et al., 2011), we examined its possible direct

role in turnover of OCT-4. First we tested that washing

out centrinone is sufficient for reactivation of PLK4 in

hESCs (Figures S4D–S4G), in agreement with previous re-

ports on somatic cells (Lambrus et al., 2015; Wong et al.,

2015). Importantly, however, restoring PLK4 activity in

centrosome-depleted cells did not show any rescue effect

on OCT-4 (Figure S4H).

We observed that the centrinone-treated cells were some-

what more sensitive, as they showed increased levels of

cleaved poly(ADP ribose) polymerase (PARP) and cleaved

caspase-3 (Figure 5B). Importantly, this phenomenon was

triggered by the CHX treatment, as hESCs/hiPSCs treated

only with centrinone showed no upregulation of apoptotic

markers. Given these results, we hypothesized that the

observed stress response of centrinone-treated cells to

CHX treatmentmight reflect the accelerated loss of specific

proteins in these cells. To this end, we aimed to test the

causality between the observed priming of centrinone-

treated stem cells to enter the apoptotic pathway and

altered protein turnover. However, MG132 treatment, in

agreement with its typical use in anti-tumor therapy (Gold-

berg, 2012), led to an increase of p53 and cell-death

markers in hESCs/hiPSCs, indicated by the appearance of

cleaved PARP and caspase-3 (Figure 5B). To bypass these

undesired effects of MG132, we turned to p53 low hESCs.

Interestingly, co-treatment of centrosome-depleted and

CHX-treated hESCs with MG132 showed full rescue of

the drop in OCT-4/NANOG levels (Figure 5C). Moreover,

CHX treatment caused modest effects on cleaved PARP

and caspase-3, respectively. Interestingly, those were fully

rescued by the MG132 treatment. To corroborate our

hypothesis, we tested the ability of MG132 to rescue the

activation of the apoptotic pathway after centrosome

loss in p53 low hESCs/hiPSCs. As expected, centrinone
of treatment, with a-tubulin as a loading control. (C) Analyses of
. (D) Analyses of effects of treatment (2 days) on protein turnover of
eximide (CHX). (E) Analyses of the effect of temporal mitotic arrest
experiment. Controls (asynchronous cells) and treated samples

3, brachyury, GATA-6, and PAX-6 2 days after nocodazole washout.
ells.
o Figure S3.

Stem Cell Reports j Vol. 11 j 959–972 j October 9, 2018 965



T

PAX-6

centrinone:
control siRNA:

p53 siRNA:

centrinone:
hECSs-p53 siRNA:

– + +

– – +

A B

co
nt

ro
l s

iR
N

A
p5

3 
si

R
N

A

vehicle centrinone

vehicle centrinone

centrinone:
p53 low hESCs:

– + – +
– – + +

– + – +
– – + +

 re
la

tiv
e 

m
R

N
A 

le
ve

l
 re

la
tiv

e 
m

R
N

A 
le

ve
l

 re
la

tiv
e 

m
R

N
A 

le
ve

l

1 2 3

41 2 3

4

control siRNA+vehicle
control siRNA+centrinone
p53 siRNA+vehicle
p53 siRNA+centrinone

mock+vehicle
mock+centrinone
p53 low+vehicle
p53 low+centrinone

ce
ll 

gr
ow

th
ce

ll 
gr

ow
th

ce
ll 

gr
ow

th

p53

OCT-4

brachyury

actin

p53

OCT-4

brachyury

actin

days

days

41 2 3
days

C D E

F

control 
siRNA

p53 
siRNA

TP53

0.0

0.5

1.0

1.5

2.0

2.0

0.0

0.5

1.0

1.5

0

5

10

15

20

0

10

20

30

0.0

0.5

1.0

1.5

****

0.0

0.2

0.4

0.6

0.8

1.0 mock vehicle
mock centrinone
p53 low vehicle
p53 low centrinone

hESCs

hESCs

hiPSCs centrinone:
p53 low hiPSCs:

– + – +
– – + +

p53

OCT-4

brachyury

actin

G

**

***

+ + –

centrinone:
control siRNA:

p53 siRNA:

– + +

– – +
+ + –
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(legend continued on next page)
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treatment alone led to only a negligible fraction of early

apoptotic cells, while co-treatment with CHX increased

this fraction (Figure 5D). Remarkably, addition of MG132

was able to notably decrease the proportion of early

apoptotic cells, specifically in centrinone + CHX condi-

tions. Together, these results demonstrated that p53 is

not necessary for the increased protein turnover of OCT-

4/NANOG in centrinone-treated cells, and that block of

excessive protein degradation in centrosome-depleted cells

is sufficient to lower the stress response and priming of

these cells to apoptosis.
DISCUSSION

Centrosome abnormalities are related to detrimental

developmental defects. Here we have explored the link be-

tween the loss of centrosome and the cell fate in hESCs/

hiPSCs and have shown that depletion/inhibition of

PLK4 or depletion of STIL lead to centrosome depletion,

and in turn to prolonged mitosis, which consequently

leads to p53 upregulation and subsequent differentiation.

We further established the PLK4 inhibition-mediated

and/or centrosome depletion-mediated loss of pluripo-

tency independent of p53 and linked to altered protein

turnover.

Our data indicate that a large portion of acentrosomal

hESCs/hiPSCs is able to divide. Importantly, our experi-

ments further showed that centrosome loss promotes

aneuploidy in hESCs/hiPSCs, a phenomenon usually seen

in somatic/cancer cell lines but not in vivo in mouse em-

bryos (Bazzi and Anderson, 2014; Insolera et al., 2014; Sir

et al., 2013;Wong et al., 2015). It remains to be determined

whether this ‘‘mouse embryo versus human cells’’ differ-

ence reflects specific aspects of cell culture or is linked to

an acentrosomal period of early embryogenesis in mouse

(Szollosi et al., 1972). Either way, our data establish that

the loss of centrosome in hESCs/hiPSCs contributes to

genome instability.
(A) Analyses of mRNA levels of TP53 after siRNA transfection in hESC
relative fold change over control.
(B) Phase-contrast images of hESCs following siRNA transfection and
50 mm.
(C) Number of cells in described conditions was measured at indicated t
panel shows siRNA data (n = 1), second panel shows analyses of p53 lo
p53 low hiPSCs (n = 3).
(D) Expression of differentiation markers (T and PAX6) after siRNA tra
are presented as relative fold change over control (first column).
(E–G) Western blot analyses of rescue of the centrinone treatment-i
treatment, E) or CRISPR/Cas9 (p53 low hESCs/hiPSCs; 3 days of treatm
actin as a loading control.
Data are presented as mean ± SEM (**p < 0.005, ***p < 0.001, ****
The proliferation rate of centrosome-less hESCs/hiPSCs

was impaired, consistent with reports on human somatic

cells (Lambrus et al., 2015;Wong et al., 2015) ormouse em-

bryo (Bazzi and Anderson, 2014). Studies on somatic cells

also proposed that the proliferation defect seen after

centrosome loss is fully dependent on p53 (Lambrus

et al., 2015; Wong et al., 2015). Interestingly, however,

depletion of p53 by RNAi or CRISPR/Cas9 showed only

moderate rescue of proliferation defect after centrosome

loss, while it completely prevented the induction of differ-

entiation markers. Even though we cannot formally

exclude the effects of different experimental designs, we

conclude that self-renewal defect in centrosome-depleted

hESCs/hiPSCs following PLK4 or STIL blocking is depen-

dent on p53 only partially.

Previous studies linked p53 to induction of differentia-

tion in PSCs (Jain et al., 2012; Lin et al., 2005; Qin et al.,

2007; Zhang et al., 2014). However, the ability of activated

p53 to directly repress transcription of any gene has been

recently challenged (Allen et al., 2014), and the possible

role of p53 in direct repression of pluripotency factors is

rather controversial (Aladjem et al., 1998; Maimets et al.,

2008; Momcilovic et al., 2009; Qin et al., 2007; Wang

et al., 2016; Zhang et al., 2014). In addition, a recent report

by Gogendeau et al. (2015) postulated that aneuploidy-

induced differentiation of NSCs in Drosophila is largely

p53-independent. With all that said, our data clearly point

out the requirement of p53 for the induction of differentia-

tion markers after inactivation of PLK4-STIL module and

centrosome loss. Importantly, however, loss of pluripo-

tency markers upon centrinone treatment was not rescued

by p53 depletion, suggesting that the loss of pluripotency is

p53-independent. This is in agreement with recent reports

on Nanog expression during differentiation of p53 null

mouse ESCs (Shigeta et al., 2013; Wang et al., 2016) and

work on p53-deficient mice reporting no developmental

defects (Donehower et al., 1992). Furthermore, this model

predicts that the control of pluripotency and the induction

of differentiation following centrosome depletion are
s, showing the efficiency of p53 knockdown. Data are presented as

2 days of treatment; black arrows indicate mitotic cells. Scale bars,

ime points by crystal violet assay and plotted as growth curves. First
w hESCs and their respective controls (n = 3), and third panel shows

nsfection and 4 days of treatment in hESCs, analyzed by qPCR. Data

nduced effects by p53 downregulation either by siRNA (2 days of
ent, F and G). Samples were probed with indicated antibodies, with

p < 0.0001).
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Figure 5. Loss of Pluripotency after PLK4 Inhibition and Centrosome Depletion Is Linked to Altered Protein Turnover
hESCs (mock: A and B, or p53 low: C and D) and hiPSCs (mock: B, or p53 low: D) were treated with centrinone (2 days) and indicated
chemicals, and analyzed by western blot for protein expression (A–C) or by annexin V/PI staining for apoptosis (D).
(A) Western blot analyses of centrinone treatment effect on protein turnover after block of protein synthesis for indicated time by
cycloheximide (CHX). Note the increased turnover of OCT-4 and NANOG, and the decreased turnover of p53 in centrinone conditions.
b-Catenin was included in all depicted experiments as additional control for specificity; a-tubulin/actin served as loading controls.
(B and C) Analysis of rescue effects of inhibition of proteasome (MG132) on altered protein turnover following centrinone treatment (B).
Where indicated, CHX was added together with MG132 for indicated time to analyze turnover rate of p53, OCT-4, NANOG, and b-catenin.
Cleaved PARP and cleaved caspase-3 were used to probe for apoptosis (asterisks show non-specific antibody binding to marker). (C)
Analysis of p53 low hESCs.
(D) Viability measurement by annexin V/PI staining of p53 low hESCs/hiPSCs in the indicated conditions (hESCs, n = 4; hiPSCs, n = 3).
Data are presented as mean ± SEM (*p < 0.05, **p < 0.005). See also Figure S4.
interconnected but autonomously regulated phenomena,

with p53 playing an instructive role in the latter. That being

said, we speculate that the involvement of p53 in centro-

some loss-driven differentiation explains why we and

others (Amps et al., 2011; Ben-David et al., 2014; Taapken

et al., 2011; Zhang et al., 2016) find no evidence for aneu-

ploidy being the main driving force of upregulation of dif-

ferentiation markers, as reported for p53-independent

differentiation ofDrosophilaNSCs (Gogendeau et al., 2015).
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Activation of p53 is a typical response to DDR. However,

observations from us (this study) and others (Lambrus

et al., 2015;Wong et al., 2015) demonstrate that the activa-

tion of p53 after centrosome loss is DDR-independent.

Recent studies provided hints about events upstream of

p53 activation in centrosome-less somatic cells by pointing

out the requirement for TP53BP1 and USP28 (Fong et al.,

2016; Lambrus et al., 2016; Meitinger et al., 2016). It is

possible that this module operates also in PSCs. However,



the exact nature of the putative stress signal activating p53

remains elusive. Our data indicate that the prolonged

mitosis, one of the earliest consequences of centrosome

loss, is sufficient to trigger p53 upregulation and differenti-

ation in hESCs/hiPSCs. This finding has two pertinent

consequences. First, any experiments with PSCs involving

mitotic drugs need to be interpreted with caution, as such

treatment may directly interfere with their undifferenti-

ated status. Furthermore, it raises a question about the

role of prolonged mitoses following centrosome loss. As

already mentioned, prolonged mitosis is sufficient to

trigger differentiation via induction of p53. However,

removal of p53 is not able to sustain self-renewal of centro-

some-depleted hESCs/hiPSCs. In addition, we were not

able to mimic the effect of PLK4 or STIL blocking on down-

regulation of OCT-4/NANOG by the prolongation of

mitosis. Thus, it seems plausible that defects observed in

hESCs/hiPSCs following inactivation of the PLK4-STIL

module reflect impairment of both mitotic and non-

mitotic function of the centrosome.

We found that the decrease of OCT-4/NANOG after

centrinone treatment is caused by faster turnover of these

proteins, independently of p53. The fact that active PLK4

is not able to rescue downregulation of OCT-4 in centro-

some-depleted cells supports the conclusion that the

enhanced turnover is a consequence of centrosome loss

rather than inhibition of PLK4. We speculate that altered

proteasomal activity, in combination with elevated stress

response, might contribute to this phenomenon (Bryja

et al., 2017; Gerdes et al., 2007; Vora and Phillips, 2015).

In addition, the increased degradation of NANOG/OCT-4

could be a consequence of more complex metabolic

changes. This prediction is supported by the rescue effect

of MG132 treatment on induction of apoptosis in our

experiments, possibly due to prevention of a loss of pro-

survival factors upon block of protein synthesis (Portt

et al., 2011).

In sum, our study defines a novel role for PLK4-STILmod-

ule and the centrosome in the regulation of key stem cell

properties. It identifies both p53-dependent and -indepen-

dent consequences of inactivation of the module in PSCs

and connects them to alterations in mitotic timing and

protein metabolism. Future studies on the links between

centrosome, proteasome regulation, and apoptotic

response could contribute to a better understanding of

the pathology of centrosome-related diseases.
EXPERIMENTAL PROCEDURES

Cell Lines
hESCs (line CCTL14, https://hpscreg.eu/cell-line/MUNIe007-A),

hESCs 2 (CCTL12, https://hpscreg.eu/cell-line/MUNIe005-A;

‘‘hESCs #2’’) (Adewumi et al., 2007; Bohaciakova et al., 2017),
and hiPSCs (derived as described previously; Barta et al., 2016)

were cultured, treated, and analyzed as described in detail in Sup-

plemental Experimental Procedures.

Statistical Analysis
All statistical analyses were done using Student’s t test and graph-

ically visualized in GraphPad Prism Software v. 6.0 (GraphPad

Software, La Jolla, CA; www.graphpad.com). All data are presented

as mean ± SEM from three independent experiments, unless

otherwise stated, and p values <005 were considered significant

(*p < 0.05, **p < 0.005, ***p < 0.001, ****p < 0.0001 in figures).

Western Blots
Detailed protocol is described in Supplemental Experimental

Procedures; western blot quantifications and all independent re-

peats are shown in Supplemental Western Blot Data.

Additional experimental procedures are provided in Supple-

mental Information. A list of used antibodies, primers, and shRNA

constructs is provided in Table S1.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental

Procedures, four figures, and one table and can be found with

this article online at https://doi.org/10.1016/j.stemcr.2018.08.

008.

AUTHORS CONTRIBUTIONS

T.R. designed and performed experiments, and analyzed and inter-

preted data; D.B. performed experiments, and analyzed and inter-

preted data; M.E. and V.P. performed experiments and analyzed

data; T.B. and A.H. provided critical reagents; L.C. conceived and

supervised the study, analyzed and interpreted data, and together

with T.R. wrote the manuscript. All authors approved the final

version of the manuscript.

ACKNOWLEDGMENTS

We thank Erich Nigg, Andrew Shiau, Borivoj Vojtesek, and An-

thony Hyman for sharing reagents, Lumir Krejci for access to DV

Elite, Pavlina Janovska for help with FACS analyses, Klara Koudel-

kova and Karolina Hanzakova for assistance, Vitezslav Bryja, Zde-

nek Andrysik, and members of the L.C. lab for critical comments

and suggestions. We acknowledge the core facility CELLIM of

CEITEC, supported by the MEYS CR (LM2015062 Czech-Bio-

Imaging). This work was supported by grants from the SoMoPro

II Program (project 4SGA8574), cofinanced by European Union

and the South-Moravian Region; Czech Science Foundation (16-

03269Y); Swiss National Science Foundation (IZ11Z0_166533);

follow-up research fund from Federation of Biochemical and Bio-

physical Societies (FEBS); Grant Agency of Masaryk University

(GAMU grant category E), and funds from Medical Faculty MU to

Junior researcher (ROZV/24/LF2016) to L.C. D.B. and T.B. were

supported by the Czech Science Foundation (15-18316Y, 16-

24004Y, and 18-25429Y), and funds from Medical Faculty MU to

Junior researcher (ROZV/25/LF/2017, ROZV/24/LF/2018 and

MUNI/G/1131/2017). A.H. was supported by Czech Science Foun-

dation (15-11707S) and by the project no. LQ1605 (MYES CR,
Stem Cell Reports j Vol. 11 j 959–972 j October 9, 2018 969

https://hpscreg.eu/cell-line/MUNIe007-A
https://hpscreg.eu/cell-line/MUNIe005-A
http://www.graphpad.com
https://doi.org/10.1016/j.stemcr.2018.08.008
https://doi.org/10.1016/j.stemcr.2018.08.008


NPU II). The content of this publication reflects only the authors’

views, and the EuropeanUnion is not liable for any use thatmay be

made of the information contained therein.

Received: June 6, 2017

Revised: August 8, 2018

Accepted: August 8, 2018

Published: September 6, 2018
REFERENCES

Adewumi, O., Aflatoonian, B., Ahrlund-Richter, L., Amit, M., An-

drews, P.W., Beighton, G., Bello, P.A., Benvenisty, N., Berry, L.S.,

Bevan, S., et al. (2007). Characterization of human embryonic

stem cell lines by the International Stem Cell Initiative. Nat. Bio-

technol. 25, 803–816.

Aladjem, M.I., Spike, B.T., Rodewald, L.W., Hope, T.J., Klemm, M.,

Jaenisch, R., and Wahl, G.M. (1998). ES cells do not activate

p53-dependent stress responses and undergo p53- independent

apoptosis in response to DNA damage. Curr. Biol. 8, 145–155.

Allen,M.A., Andrysik, Z., Dengler, V.L., Mellert, H.S., Guarnieri, A.,

Freeman, J.A., Sullivan, K.D., Galbraith, M.D., Luo, X., Kraus,W.L.,

et al. (2014). Global analysis of p53-regulated transcription iden-

tifies its direct targets and unexpected regulatory mechanisms.

Elife 3. https://doi.org/10.7554/eLife.02200.

Amps, K., Andrews, P.W., Anyfantis, G., Armstrong, L., Avery, S.,

Baharvand, H., Baker, J., Baker, D., Munoz, M.B., Beil, S., et al.

(2011). Screening ethnically diverse human embryonic stem cells

identifies a chromosome 20 minimal amplicon conferring growth

advantage. Nat. Biotechnol. 29, 1132–1146.

Andersen, J.S.,Wilkinson, C.J.,Mayor, T.,Mortensen, P., Nigg, E.A.,

and Mann, M. (2003). Proteomic characterization of the human

centrosome by protein correlation profiling. Nature 426, 570–574.

Arquint, C., and Nigg, E.A. (2016). The PLK4-STIL-SAS-6 module

at the core of centriole duplication. Biochem. Soc. Trans. 44,

1253–1263.

Barta, T., Peskova, L., Collin, J., Montaner, D., Neganova, I., Arm-

strong, L., and Lako,M. (2016). Inhibition ofmiR-145 enhances re-

programming of human dermal fibroblasts to induced pluripotent

stem cells. Stem Cells 34, 246–251.

Basto, R., Lau, J., Vinogradova, T., Gardiol, A., Woods, C.G., Khod-

jakov, A., and Raff, J.W. (2006). Flies without centrioles. Cell 125,

1375–1386.

Basto, R., Brunk, K., Vinadogrova, T., Peel, N., Franz, A., Khodjakov,

A., and Raff, J.W. (2008). Centrosome amplification can initiate

tumorigenesis in flies. Cell 133, 1032–1042.

Bazzi, H., andAnderson, K.V. (2014). Acentriolarmitosis activates a

p53-dependent apoptosis pathway in the mouse embryo. Proc.

Natl. Acad. Sci. USA 111, E1491–E1500.

Becker, K.A., Ghule, P.N., Therrien, J.A., Lian, J.B., Stein, J.L., Van

Wijnen, A.J., and Stein, G.S. (2006). Self-renewal of human embry-

onic stem cells is supported by a shortened G1 cell cycle phase.

J. Cell. Physiol. 209, 883–893.

Ben-David, U., Arad, G., Weissbein, U., Mandefro, B., Maimon, A.,

Golan-lev, T., Narwani, K., Clark, A.T., Andrews, P.W., Benvenisty,

N., et al. (2014). Aneuploidy induces profound changes in gene
970 Stem Cell Reports j Vol. 11 j 959–972 j October 9, 2018
expression, proliferation and tumorigenicity of human pluripo-

tent stem cells. Nat. Commun. 5, 4825.

Bettencourt-Dias, M., Rodrigues-Martins, A., Carpenter, L., Ripar-

belli, M., Lehmann, L., Gatt, M.K., Carmo, N., Balloux, F., Callaini,

G., and Glover, D.M. (2005). SAK/PLK4 is required for centriole

duplication and flagella development. Curr. Biol. 15, 2199–2207.

Bohaciakova, D., Renzova, T., Fedorova, V., Barak, M., Kunova-

Bosakova, M., Hampl, A., and Cajanek, L. (2017). An efficient

method for generation of knockout human. Stem Cells Dev. 26,

1521–1527.
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Abstract

Human embryonic stem cells (hESCs) represent promising tool to study functions of genes during 

development, to model diseases, and to even develop therapies when combined with gene editing 

techniques such as CRISPR/Cas9 system. However, the process of disruption of gene expression 

by generation of null alleles is often inefficient and tedious. To circumvent these limitations, we 

developed a simple and efficient protocol to permanently downregulate expression of a gene of 

interest in hESCs using CRISPR/Cas9. We selected p53 for our proof of concept experiments. The 

methodology is based on series of hESC transfection, which leads to efficient downregulation of 

p53 expression even in polyclonal population (p53 Low cells), here proven by a loss of regulation 

of the expression of p53 target gene, microRNA miR-34a. We demonstrate that our approach 

achieves over 80% efficiency in generating hESC clonal sublines that do not express p53 protein. 

Importantly, we document by a set of functional experiments that such genetically modified 

hESCs do retain typical stem cells characteristics. In summary, we provide a simple and robust 

protocol to efficiently target expression of gene of interest in hESCs that can be useful for 

laboratories aiming to employ gene editing in their hESC applications/protocols.

Introduction

The development of efficient and reliable techniques to generate defined changes to the 

genome of human pluripotent stem cells is a long-standing goal in biomedical research. 

Their ability to unlimitedly self-renew allows them to be genetically modified, cloned, and 

expanded. Such genetically-modified clones can subsequently be differentiated into a variety 

of specialized cell types to analyze the effects of the introduced mutations. The ability to 
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easily genetically modify human embryonic stem cells (hESCs) or induced pluripotent stem 

cells (iPSCs) also holds a great clinical promise for the disease-in-the-dish modelling and 

subsequent development of new gene therapies. Recently, a new tool based on a bacterial 

CRISPR-associated protein-9 nuclease (Cas9) has generated substantial interest due to its 

easy construction and low toxicity in human cells [1–3]. However, while immortalized 

human cancer cell lines as well as mouse ESCs have been edited with very high efficiency 

[4,5], much lower efficiency has been achieved in hESCs or hiPSCs [2,6]. Most of the 

studies on human ESCs or iPSCs show efficiencies ranging from generation 2-6% of only 

heterozygous mutants [7] to 2–10 % bi-allelic mutants (knockouts) in iPSCs [2,8,9].

In the present study, we describe an easy-to-use method of obtaining genetically modified 

hESCs using CRISPR/Cas9. Our data show that simple repeated transfection of 

undifferentiated hESCs leads to effective downregulation of expression of gene of interest 

(here p53) and very high efficiency (82%) of generation of knockout sublines. Our 

functional data further show that hESCs generated by this approach do retain their stem cell 

characteristics. We believe that our protocol can considerably simplify gene targeting in 

hESCs using CRISPR/Cas9 system.

Methods

Cell Culture, Cryopreservation, and Differentiation

Undifferentiated hESC line CCTL 14 ([10]; and Human Pluripotent Stem Cell Registry - 

hpscreg.eu) was used throughout this study. Undifferentiated hESCs were grown on gelatin-

coated dishes in the presence of mitotically inactivated primary mouse embryonic fibroblasts 

(MEFs; derived from 12.5 days old mouse embryos, strain CF1; density 24,000 cells/cm2). 

Culture media Dulbecco’s modified Eagle’s medium (DMEM)/F12 was supplemented with 

15% knockout serum replacement (KSR), 2 mmol/L L-Glutamine, 1× minimum essential 

medium non-essential amino acids (MEM-NEAA), 0.5% penicillin-streptomycin (all media 

components from Thermo Fisher Scientific), 100 µmol/L β-2 mercaptoethanol (Sigma-

Aldrich), and 10 ng/mL human recombinant basic fibroblast growth factor-2 (FGF-2; 

PeproTech). Culture media was changed every day and cells were mechanically passaged 

every 4-5 days using StemPro™ EZPassage™ Disposable Stem Cell Passaging Tool 

(Thermo Fisher Scientific). For the repeated transfection experiments and clonal selection, 

hESCs were grown in feeder-free conditions on Matrigel™ hESC-qualified matrix (BD 

Biosciences) using MEF-conditioned hESC medium as described in [11].

Cryopreservation of cells was performed in the hESCs culture media supplemented with 

GIBCO® ES Cell Qualified Fetal Bovine Serum [FBS; 30% (Thermo Fisher Scientific)] and 

DMSO (10%). Cells were slowly frozen in ice-cold freezing media using Mr. Frosty™ 

Freezing Container (Thermo Fisher Scientific). During the thawing of hESCs, application of 

a selective Rho-associated kinase (ROCK) inhibitor Y-27632 (20µM; Sigma-Aldrich) was 

used to increase survival of hESCs as described in [12].

Differentiation of hESCs was induced by Embryoid Body (EB) formation in non-adherent 

cell culture conditions in MEF media. Briefly, hESCs from feeder-free cell culture were cut 

into small pieces using StemPro® EZPassage™ Disposable Stem Cell Passaging Tool 
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(Thermo Fisher Scientific). These were then transferred to MEF culture medium (DMEM, 

10% FBS, 1% L-Glutamine, 1% Non-Essential amino acids and 1% Penicillin/

Streptomycin; all from Thermo Fisher Scientific) and left to form floating aggregates - EBs. 

Medium was changed every 3-4 days. All EBs were analyzed on the day 40.

Transfection of cells with Neon® Transfection System

Transfection experiments were carried out with plasmid px330-sgp53 (a generous gift from 

Oscar Fernandez-Capetillo, Karolinska Institute, Stockholm, Sweden), expressing both p53 

gRNA (TGAAGCTCCCAGAATGCCAG) and Cas9 nuclease, using Neon transfection 

device (Thermo Fisher Scientific) according to manufacturer’s instructions. Detailed 

experimental procedure is described in Results.

Western Blotting

For western blotting, harvested cells were washed three times with PBS, lysed in lysis buffer 

[50 mM Tris-HCl (pH 6.8), 1% sodium dodecyl sulfate (SDS), 10% glycerol] and stored at 

−80°C until use. The protein concentration was determined using the DC Protein Assay Kit 

(Bio-Rad) and lysates were supplemented with bromophenol blue (0.01%) and β-2 

mercaptoethanol (1%). Equal amounts of total proteins were separated by SDS-

polyacrylamide gel electrophoresis (PAGE) followed by transfer to a polyvinylidene fluoride 

(PVDF) membrane (Millipore). Proteins were immunodetected using the appropriate 

primary antibody followed by incubation with horseradish peroxidase (HRP)-conjugated 

secondary antibody. Amersham ECL Prime Western Blotting Detection Reagent (GE 

Healthcare Life Sciences) was used to visualize antibody-antigen complexes. The following 

primary antibodies were used in western blot analysis: Oct-4 (sc-5279; Santa Cruz 

Biotechnology); GATA6 (#5851), Brachyury (#81694), Nanog (#3580), phospho γ-H2A.X 

(#9718), and β-actin (#3700; all from Cell Signaling); GDF15 (07-217; Millipore); α-

tubulin (11-250-C100; Exbio); mouse monoclonal antibody against p53 (DO-1) and mouse 

monoclonal antibody against MDM2 (2A9) were generously provided by Bořivoj Vojtěšek 

(Masaryk Memorial Cancer Institute, Brno, Czech Republic) and Stjepan Uldrijan 

(Department of Biology, Faculty of Medicine, Masaryk University, Brno, Czech Republic), 

respectively. Alpha-tubulin or β-actin were used as loading controls.

RNA isolation and qPCR

Total RNA was isolated using phenol-chloroform extraction. Harvested cells were washed 

with PBS and lysed in RNAblue reagent (Top-Bio) and immediately frozen and stored at 

-80 °C. After thawing, BCP reagent (1-Bromo-3-chloropropan; Sigma-Aldrich) was added 

to lysate in ratio 1:10 and solution was vortexed extensively and centrifuged for 15 min at 

8000g at +4 °C. Aqueous fraction containing RNA was transferred to a clean RNase free 

collecting tube and RNA was precipitated from the solution using 100% isopropanol for 20 

minutes at -20 °C. Precipitate was washed by 75% ethanol and eventually diluted in RNase 

free water. Concentration of RNA was measured using Nanodrop-1000 (Thermo Fisher 

Scientific) and stored at -80 °C until use.

For the detection of microRNA expression, TaqMan microRNA Gene Expression Assays 

specific for selected mature microRNAs (hsa-miR-34a, hsa-mir-302a) were used according 

Bohaciakova et al. Page 3

Stem Cells Dev. Author manuscript; available in PMC 2019 January 10.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



to the manufacturers’ protocols. Synthesis of cDNA for quantification of microRNAs was 

performed using the TaqMan MicroRNA Reverse Transcription Kit and PCR was performed 

using TaqMan® Fast Universal PCR Master Mix 2X (all reagents from Thermo Fisher 

Scientific). All samples were analyzed in triplicates, DNA amplification was detected using 

Roche Light Cycler 480 (Roche), and data were analyzed using LC480 software (Roche). 

The relative gene expression was calculated by normalization to small nucleolar RNA 

RNU38B expression.

FACS sorting

Cells growing on Matrigel™ were harvested by TrypLE Select (Thermo Fisher Scientific), 

washed with PBS, and resuspended in sterile FACS buffer containing PBS, 2% FBS and 1% 

EDTA. Cells were then pipetted through 40µm Corning Falcon™ Cell Strainer (Thermo 

Fisher Scientific) and sorted using BD FACSAria™ cell sorter (BD Biosciences) as single 

cells per well into 96-well plate with fresh CM media supplemented with ROCK inhibitor 

(20µM) to improve cell survival [12].

Indirect Immunofluorescence

For immunodetection of Oct4 and Nanog proteins, cells were fixed in 4% paraformaldehyde 

(PFA) for 20 minutes on ice, washed 1x in PBS, permeabilized for 20 minutes with 0.1% 

Triton-X, blocked for 1 hour with 1% bovine serum albumin in PBS (pH 7.4) containing 

0.05% Tween-20, and incubated overnight at 4°C with primary antibodies against Oct-4 

(sc-5279; Santa Cruz Biotechnology), and Nanog (#3580; Cell Signaling). Final incubations 

with secondary antibodies were carried out for 1 hour at room temperature. Cell nuclei were 

counterstained with DAPI (Sigma-Aldrich), and cells were mounted in Mowiol mounting 

medium (Sigma-Aldrich). Microscopy was performed using an Olympus FluoView 500 laser 

scanning microscope (Olympus C&S Ltd., Prague, Czech Republic).

DNA Damage induction

For DNA damage induction, Etoposide diluted in DMSO was added to cell culture media for 

8 hrs at the final concentration of 3.4 µM. Subsequently, all cells (including floating ones) 

were harvested and analyzed by Western blotting as described above. DMSO in dilution of 

1:10000 was used as vehicle (negative) control.

Histology of Embryoid bodies

Embryoid bodies (EBs) were fixed in 4% PFA for 20 minutes, washed in PBS, and gently 

inserted into 3% ultra-low melting agarose (Sigma-Aldrich). Agarose containing EBs was 

embedded into paraffin, sectioned paraffin blocks were placed on Superfrost plus slides 

(Thermo Fisher Scientific), rehydrated and deparaffinised (Xylen-Ethanol). Antigen retrieval 

was performed in Target Retrieval Solution at pH 9 (Dako S2367; Agilent Technologies) at 

92,5°C for 20 minutes. Sections were permeabilized in PBS with 0,025% Triton-X and 

incubated with primary antibodies diluted in TBS with 1% BSA at 4°C overnight. The day 

after, the sections were washed in TBS, shortly washed in PBS and incubated with 

secondary antibody diluted in TBS with 1% BSA for 1hr at 4°C. Following incubation, 

sections were extensively washed with PBS, cell nuclei were counterstained with DAPI, and 
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slides were mounted in Mowiol mounting medium. The following primary antibodies were 

used: GATA6 (#5851), Brachyury (#81694), Sox2 (#4900; all from Cell Signaling), and TUJ 

(kindly provided by Peter Andrews, University of Sheffield, UK).

Teratoma formation assay

The ability to differentiate in vivo was assessed in two clones of p53 KO hESC lines (clones 

#A9 and #A11). MOCK hESCs were used as a control. An inoculum of uniform clumps of 

undifferentiated hESCs (1*106 cells in 100µL culture medium) was injected into the 

hindlimb muscle of 8-week-old NOD/SCID/IL2Rg-null mice. When tumour diameter 

reached ~1cm, the mice were euthanatized by cervical dislocation. The tumours were 

dissected from the surrounding tissue, fixed in 4% PFA, embedded in paraffin, sectioned and 

stained with haematoxylin and eosin to visualize the tissue composition. All animal studies 

were carried out according to approved ethical guidelines (Project No. 02/2010).

Statistical analysis

All statistical analyses were performed using two-tailed paired t-test and graphically 

visualized using GraphPad Prism Software v. 5.0 (GraphPad Software, Inc., La Jolla, CA, 

www.graphpad.com). Unless otherwise stated, all data shown represent the results of at least 

three independent experiments and P-values < 0.05 were considered significant.

Results and discussion

Repeated transfection of hESCs using CRISPR/Cas9 system efficiently generates mixed 
population of cells with low expression of p53 protein while maintaining pluripotency

To rapidly and efficiently generate hESCs with disrupted expression of gene of interest (here 

p53), we used CRISPR/Cas9 construct expressing both Cas9 nuclease and gRNA (px330-

sgp53). We initially performed transfections of hESCs using either Neon Transfection 

System (Neon TS) or Lipofectamine 3000 (L3000). However, transfection using L3000 

proved to be inefficient (data not shown), therefore we only describe the procedure that 

employs Neon TS.

As schematized in Figure 1A, undifferentiated hESCs were grown in feeder-free conditions 

on Matrigel™-coated culture dish. At the day of transfection, cells were enzymatically 

harvested, washed once with PBS, and re-suspended in R-buffer at the concentration 10,000 

cells/µL. A total number of 100,000 cells (volume of 10µL) was mixed with 0.5µg of px330-

sgp53 construct and incubated for 10 minutes at room temperature. In case of MOCK 

transfection, equal volume of vehicle was used. Electroporation was performed in the “E” 

electroporation buffer using 10µL Neon tip with one pulse set to the voltage of 1100V and 

30ms width (Neon Optimization Program #6). Subsequently, cells were transferred to a new 

Matrigel™-coated dish with fresh cell culture media. The entire above described procedure 

was then repeated in 3-4 day intervals before cells reached the confluency. Each time, only 

100,000 cells were used for electroporation. The remaining cells were harvested for protein 

analyses. As shown in Figure 1B, our strategy resulted in notable downregulation of p53 

protein already after two consecutive Neon transfections with the px330-sgp53 plasmid. The 
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knockdown efficiency was further improved after additional rounds of transfection (up to 

five consecutive transfections performed).

To assess both the efficiency and possible off-target activities of our protocol, following the 

fififth round of transfections the cells were passaged, approximately half of the total cell 

mass was harvested for analyses, while the rest was cryopreserved. Importantly, the 

expression of microRNA miR-34a, a direct transcriptional target of p53 protein [13], was 

significantly downregulated in those cells (Figure 1C), thus providing functional evidence 

that a process, normally controlled by p53, becomes abrogated in hESCs transfected by 

px330-sgp53 plasmid. These cells are further referred to as “p53 Low” hESCs.

CRISPR/Cas9 system typically offers higher specificity (less off-targets) over 

downregulation of gene expressing using RNAi strategies [14,15]. Nonetheless, prolonged 

expression of Cas9 nuclease might be associated with increased rate of off target effects 

[4,8]. Therefore, we aimed to verify that hESC sublines, produced here by our approach of 

repetitive transfections, remain pluripotent and do not undergo spontaneous differentiation. 

To this end, we assayed these cells for the presence and absence of markers of pluripotency 

(Oct4, Nanog, and microRNA miR-302a; Figure 1D & E) and differentiation (here 

represented by Brachyury and GATA6; Figure 1F), respectively, by qPCR and Western 

blotting. We found that in p53 Low cells the levels of all markers tested are about the same 

as in controls, thus verifying the undifferentiated phenotype of hESCs with downregulated 

p53 protein.

Given our experimental design, the resulting population retained some expression of p53 

protein (Figure 1B). Most likely, this is due to the presence of small subpopulation of p53 
heterozygotes [16]. Therefore, we decided to isolate individual clones of hESCs lacking 

expression of p53 (p53 knock out – p53 KO) in order to assess the efficacy of p53 targeting 

at single cell level.

Efficient clonal selection of p53 KO hESCs that retain their stemness

To select individual p53 KO clones from p53 Low hESC population, live cells were sorted to 

96-well-plate using standard tabletop cell sorter (Figure 2A). Survival rate of hESCs at 

single cell level was around 20%, therefore within the range of clonal survival typically seen 

in such experiments [9]. Surviving clones (total number of 33) were subsequently expanded, 

passaged, approximately half of the total cell mass was harvested for protein analyses, while 

the rest was cryopreserved. Remarkably, out of the total number of clones analyzed, only 6 

showed some minimal expression of p53 protein. The remaining 27 clones (82%) did not 

express any p53 protein as an evidence of efficient gene targeting and hence were considered 

p53 KO (Figure 2B and 2C).

Three individual p53 KO clones (numbered #A9, #A10, and #A11 in Figure 2B) were 

characterized further. Under the standard culture conditions on MEFs, both MOCK and p53 

KO hESCs retained morphology typical for undifferentiated hESCs – round smooth colonies 

with distinct edges (Figure 2D, clone #A11, data for clones #A9 and #A10 not shown). Also, 

both MOCK and p53 KO hESCs contained the same amounts of Oct4 and Nanog as 

demonstrated by indirect immunofluorescence. To functionally verify the absence of p53 
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protein in p53KO hESCs, we have induced DNA damage to both MOCK and p53 KO 

hESCs by treatment with Etoposide for 8hrs. Results show that while the MOCK hESCs 

stabilized p53 protein and induced the expression of MDM2 and GDF15 proteins upon DNA 

damage, p53 KO hESCs failed to do so and the level of MDM2 and GDF15 proteins 

remained undistinguishable from the untreated cells (Figure 2E; MOCK and clone #A11, 

data for clones #A9 and #A10 not shown). Importantly, the level of phospho-γH2AX, a 

hallmark of DNA damage induction, was increased in similar manner in both the MOCK 

and p53 hESCs after etoposide treatment.

Finally, to assess their overall differentiation propensity both in vitro and in vivo, we 

induced the p53 KO hESCs to differentiate towards embryoid bodies as well as injected 

them to NOD-SCID mice and evaluated their ability to form teratomas. As shown in Figure 

2F, both MOCK and p53 KO hESCs formed EBs of comparable size, frequently with typical 

cavity inside. After 40 days of differentiation we also examined expression of differentiation 

markers in EBs derived from p53 KO cells. As determined by indirect immunofluorescence, 

EBs contained ectoderm-specific TUJ and SOX2, mesoderm-specific Brachyury, and 

endoderm-specific GATA6. Teratomas comprising all three germ layers developed in vivo 
from both MOCK hESCs and two p53 KO clones analyzed (Figure 2G; clone #A11, data for 

MOCK and clone #A9 not shown), further documenting uncompromised differentiation 

potential of hESCs derived by our protocol.

Conclusion

Altogether, our data show that repeated transfection of undifferentiated hESCs using Neon 

TS leads to dramatic downregulation of targeted protein (here p53) and provides an effective 

approach for establishment of p53 KO clones. We believe that our methodology represents 

an easy-to-use technique to obtain genetically modified hESCs, when the goal is to 

permanently disrupt expression of gene of choice. Given the increasing number of reports 

successfully and reproducibly utilizing CRISPR/Cas9 technology in high throughput screens 

[16–19], without reporting significant differences in targeting efficiency for individual loci, 

we are confident that our protocol can be easily adapted for targeting of any gene of interest. 

Even though we cannot formally exclude that prolonged expression of Cas9 nuclease might 

have led to additional cuts in genomic DNA, in addition to the targeted p53 locus, our 

functional data clearly show that hESCs generated by this approach do retain the key stem 

cell features.
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Figure 1. Repeated transfection of hESCs with p53-CRISPR/Cas9 shows efficient 
downregulation of p53 protein while maintaining pluripotency.
A) Scheme of repeated transfection using Neon Transfection System. B) Analyses of p53 

protein expression by Western blot after 2-5 consecutive rounds of transfection. Alpha-

tubulin was used as loading control. C) Relative expression of miR-34a, or miR-302a (D), as 

determined by qPCR. Protein levels of pluripotency markers (Oct4, Nanog; E) and 

differentiation-associated markers (GATA6, Brachyury; F) were analyzed in MOCK and p53 

Low hESCs by Western blotting. Differentiating hESCs were used as positive control. 
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Alpha-tubulin was used as loading control. Mean data ± SEM from at least three 

independent experiments are shown. (*) denotes p ≤ 0.05.
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Figure 2. Efficient clonal selection of p53KO hESCs and evaluation of their stemness.
A) Experimental strategy of isolation of hESCs p53KO clones from p53 Low hESCs 

population. B, C) Isolated p53KO clones were analyzed by Western Blot for p53 expression, 

beta-actin antibody was used to verify equal loading. D) MOCK and p53 KO hESCs (clone 

#A11) were grown on MEFs and examined for the morphology of colonies (left) or the 

expression of pluripotency markers Oct4 (green) and Nanog (red) by microscopy. DAPI was 

used to visualize cell nuclei (blue). Scale bars = 100µm. E) MOCK and p53 KO hESCs 

(clone #A11) were treated either by 3.4 μM Etoposide to induce DNA damage or DMSO. 
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After 8 hrs, cells were harvested and analyzed by Western blot for p53 protein stabilization, 

and the expression of p53 downstream genes – MDM2 and GDF15. DNA damage induction 

is shown by the increase in phospho γ-H2A.X. F) Bright field microscopy images of MOCK 

and p53 KO hESCs (clone#A11) following differentiation into EBs. Scale bars = 200µm. G) 

EBs derived from p53 KO hESCs (clone#A11) were analyzed for the expression of the 

differentiation markers by antibody staining and confocal microscopy. DAPI (blue) was used 

to visualize cell nuclei. Ectoderm markers are represented by TUJ (green) and SOX2 (red), 

mesoderm is represented here by Brachyury (green), and endoderm is represented here by 

GATA6 (green). Scale bars = 200µm. H) Hematoxylin and eosin staining of teratoma tissue 

from SCID mouse injected with p53KO hESCs (representative data shown for clone #A9). 

Tissue sections show morphological structures typical for neuroectoderm, mesoderm, and 

endoderm. Scale bars = 200µm.
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Abstract

Wnt signalling cascade has developed together with multicellularity to orchestrate the 

development and homeostasis of complex structures. Wnt pathway components – such as β-

catenin, Dishevelled, Lrp6, and Axin- are often dedicated proteins that emerged in evolution 

together with the Wnt signalling cascade and are believed to function primarily in the Wnt 

cascade. It is interesting to see that in recent literature many of these proteins are connected with 

cellular functions that are more ancient and not limited to multicellular organisms – such as cell 

cycle regulation, centrosome biology, or cell division. In this review, we summarize the recent 

literature describing this crosstalk. Specifically, we attempt to find the answers to the following 

questions: Is the response to Wnt ligands regulated by the cell cycle? Is the centrosome and/or 

cilium required to activate the Wnt pathway? How do Wnt pathway components regulate the 

centrosomal cycle and cilia formation and function? We critically review the evidence that 

describes how these connections are regulated and how they help to integrate cell-to-cell 

communication with the cell and the centrosomal cycle in order to achieve a fine-tuned, 

physiological response.

1 Wnt signaling pathways

Wnt signaling pathway is one of the key signaling cascades, essential for both correct 

embryo development and tissue homeostasis in adulthood. Research in Wnt signaling 

pathways started around 1980, when two groups independently reported new morphogenetic 

determinants in Drosophila and mouse, (Nusse and Varmus, 1982; Nusslein-Volhard and 

Wieschaus, 1980) respectively. Since then, Wnt signaling has been found to affect a myriad 

of aspects of cell behavior.
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The Wnt signaling pathway is activated by Wnt ligands - secreted morphogens and drivers 

of embryogenesis that exert their influence over medium to long range distances. Nineteen 

homologs are present in the human genome and they are well conserved throughout the 

animal kingdom. Wnt proteins can activate several distinct pathways that are shortly 

introduced below.

1.1 Wnt/β-catenin pathway

First discovered and best described, the Wnt/β-catenin pathway, also referred to as the 

canonical pathway, influences cell fate, proliferation and self-renewal of stem and progenitor 

cells throughout the lifespan of metazoa (Korinek et al., 1998; ten Berge et al., 2011). It 

revolves around the transcriptional co-activator β-catenin, which is present in the cell in two 

distinct pools. It maintains the connection to actin cytoskeleton as a component of cadherin 

junctions and its soluble cytoplasmic pool serves as a signaling mediator. Cytoplasmic 

concentration of β-catenin in the cell is kept low by multiprotein complex consisting of 

Axin, Adenomatous polyposis coli (APC) and Glycogen synthase kinase-3β (GSK-3β). 

Without a Wnt signal, this destruction complex continually phosphorylates β-catenin and 

targets it for degradation using the ubiquitin proteasome pathway. For a scheme of the Wnt/

β-catenin pathway see Figure 1.

The pathway activation’s beginning conforms to our view of standard signal transduction. 

Wnt protein binds the Frizzled receptor (Fz or Fzd) and Low-density-lipoprotein receptor-

related proteins 5 and 6 (Lrp5/6) co-receptor forming a ternary complex. Cytoplasmic 

portion of this complex is phosphorylated, which prompts recruitment of Wnt cascade 

mediators. Dishevelled (DVL) protein binds to Fzd and initiates the phosphorylation of 

cytoplasmic tail of Lrp5/6 receptor, which then binds Axin. This renders the destruction 

complex inactive and stops the constant downregulation of β-catenin, which starts to 

accumulate in the cytoplasm. Upon reaching a certain threshold, β-catenin is translocated 

into the nucleus, where it couples with transcription factors from the T-cell-specific 

transcription factor/Lymphoid enhancer-binding factor (TCF/LEF) family. The final 

outcome of the signal cascade is the upregulation of genes connected to cell fate and cell 

proliferation, such as c-Myc, or Cyclin D1 and many others (Tetsu and McCormick, 1999; 

He et al., 1998).

1.1.1 Receptor complex – Frizzled and LRP5/6—Canonical Wnts require two 

receptor sets to propel the signal downstream. Frizzled are seven-pass transmembrane 

domain receptors belonging to class F of G-protein coupled receptors (GPCR) (Schulte and 

Bryja, 2007). Due to the fact that humans encode 10 Fzd receptors and 19 Wnts, their 

interaction, affinity, specificity and involvement in distinct cascades has been problematic to 

elucidate.

Lrp5/6 and Drosophila homologue Arrow are single-span transmembrane proteins that play 

a vital role as co-receptors in Wnt/β-catenin signaling. The intracellular part of Lrp5/6 

contains highly conserved PPPS/TPxS/T motif reiterated five times (Tamai et al., 2004) 

whose phosphorylation is required to activate downstream signaling as described in part 

1.1.3.
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1.1.2 Dishevelled—Dishevelled (DVL) is a key regulator of Wnt signaling connecting 

the receptor complex and downstream effectors. It also stands at the branching point 

between Wnt/β-catenin and alternative pathways. Three DVL isoforms (DVL1, DVL2 and 

DVL3) are present in mammals and they have partially specific, partially overlapping 

functions. Even though many functions of DVL and its binding partners have been 

discovered and we have gained considerable insights into its regulation, the key question 

concerning its switching properties still remains unanswered.

DVL proteins possess a well-defined three-domain structure with interspersed unordered 

regions. DVL DIX domain (Dishevelled, aXin), which shares homology with a similar one 

present in Axin confers DVL the ability to assemble into homo- or hetero-oligomers. The 

ability to polymerize in a head-to-tail manner is required for Wnt/β-catenin signaling 

(Schwarz-Romond et al., 2007). DVL DIX domain binding to Axin inhibits Axin function 

(Fagotto et al., 1999; Li et al., 1999; Smalley et al., 1999) in the destruction complex. PDZ 

domain (Post synaptic density, Disc large, Zonula occludens-1) is the most versatile when it 

comes to its array of binding partners. It interacts with both canonical and non-canonical 

activators alike, making it an ideal candidate for a switch (Wallingford and Habas, 2005). 

DEP domain was thought to function predominantly in alternative Wnt pathways (Axelrod et 

al., 1998) but recent evidence confirmed its critical importance also in the Wnt/β-catenin 

pathway (Gammons et al., 2016; Paclikova et al., 2017). DEP domain helps with binding to 

Fzd and interacts with lipid moieties on the plasma membrane in order to stabilize this 

interaction (Pan et al., 2004; Tauriello et al., 2012).

DVL is a subject to a large array of post-translational modifications, as reviewed elsewhere 

(Bryja and Bernatik, 2014). The most important modification, with respect to its role in the 

Wnt pathway, is phosphorylation by casein kinase (CK1) δ/ε, required for Wnt pathway 

activation. CK1δ/ε phosphorylates DVL in a two-step mechanism. Initial “switch on” 

phosphorylation is induced by Wnt signaling, followed by a second round of 

phosphorylation, which act as a shutoff mechanism (Bernatik et al., 2011; Bernatik et al., 

2014). Other DVL kinases have been also reported and are discussed below.

1.1.3 Cytoplasmic events and activation of transcription—The clear sequence of 

events happening directly below the membrane after the Wnt initiation signal arrives has not 

yet been characterized; nevertheless, many facts are known. Lrp5/6 and Fzd are brought into 

close proximity, their association alone is sufficient for Wnt signal initiation. Fzd function is 

linked to DVL and DVL is required for Lrp6 phosphorylation. DVL and Axin contain 

homologous DIX domain which confers ability to form weak homo- or heterotypic 

interactions leading to aggregation (Bienz, 2014). DVL homo-oligomerization promotes 

Fzd-Lrp6 cluster creation and also recruits Axin to the membrane, facilitating Lrp6 

phosphorylation by GSK-3β and CK1γ. It creates a positive feedback loop and amplifies the 

signal by phosphorylating all PPPSP motifs. This model for signal transduction has been 

dubbed 'initiation-amplification' (Zeng et al., 2008) and signaling component aggregation 

creates structures named 'signalosomes' (Bilic et al., 2007).

The key regulator of cytoplasmic β-catenin levels, destruction complex, consists of Axin, 

APC, GSK-3β and several other proteins. Axin directly interacts with all other core 
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components of the destruction complex (β-catenin, APC, CK1α, and GSK-3β), thus being 

the central scaffold (Ikeda et al., 1998; Kishida et al., 1998; Sakanaka, Weiss, and Williams, 

1998).

In the absence of a Wnt signal, the role of the destruction complex is to continually 

phosphorylate β-catenin and target it for ubiquitination and subsequent degradation, to 

prevent the expression of target genes. The phosphorylation is performed by GSK-3β. In 

addition, CK1α binds Axin and introduces priming phosphorylation on β-catenin’s S45, 

which leads to it being recognized by GSK-3β. GSK-3β subsequently binds Axin as well 

and efficiently phosphorylates β-catenin on S33/S37/T41, which can be subsequently 

targeted for degradation by E3 ubiquitin ligase β-TrCP.

After deactivating the destruction complex, β-catenin is accumulated in the cytoplasm and 

shuttled to the nucleus by a mechanism that is not entirely understood (Henderson and 

Fagotto, 2002; Stadeli, Hoffmans, and Basler, 2006). When in the nucleus, β-catenin 

interacts with the TCF/LEF family of transcription factors, it replaces the transcriptional 

repressor Groucho (Daniels and Weis, 2005) and recruits co-activators such as BCL-9, 

Pygopus and other proteins, turning the whole complex into an activator.

1.2 β-catenin independent pathways

In addition to the Wnt/β-catenin pathway, Wnts can also participate in the 'alternative' or 

also 'non-canonical' signaling branches. They do not employ β-catenin, but rather modify the 

cytoskeleton. The best known non-canonical Wnt pathway is Wnt/planar cell polarity (PCP) 

pathway, initially described in Drosophila (Fig. 2A). Planar polarity is determined by the 

asymmetric localization of so-called core PCP components. Two protein subsets are located 

on the opposite sides of cell-cell adherent junctions (Axelrod, 2009; Zallen, 2007). The 

Proximal subset consists of atypical cadherin Flamingo (Fmi), LIM domain protein Prickle 

(Pk) and four-pass Van Gogh transmembrane protein (Vang, also known as Strabismus; 

mammalian homologues: Van Gogh-like proteins, Vangl1 and Vangl2). Distal subset 

contains Fmi, serpentine receptor Frizzled (Fz), cytoplasmic protein Dishevelled (Dsh) and 

ankyrin repeat protein Diego (Dgo). The asymmetric localization of core PCP proteins stems 

from intracellular interactions between these subsets. They display self-organizing properties 

and the alignment between cells constructs itself and is propagated due to asymmetric cell-

to-cell contacts (Fig. 2A).

Components of the PCP pathway – Fzd, DVL, Prickle, Vangl1/2 and Fmi homologues 

Celsr1-3 have fully conserved function also in vertebrates. However, additional proteins, 

namely atypical receptor kinases Ror1, Ror2 and PTK7 participate as co-receptors (Fig. 2B). 

Since PCP pathway activation usually results in cytoskeletal changes, its effectors in 

vertebrates mostly belong to the Rho family of GTPases and include RhoA and Rac1. RhoA 

interacts with DVL through protein Daam1 (Habas, Kato, and He, 2001) activating kinase 

ROCK, in turn mediating cytoskeletal rearrangements. The parallel pathway activates Rac1, 

leading to increased JNK activity (Fig. 2B). For a recent review on Wnt/PCP pathway see 

(Butler and Wallingford, 2017). In vertebrates, Wnts can in some cases activate release of 

intracellular calcium that subsequently triggers multitude of Ca2+ dependent events 

mediated via activation of CaMKII, PKC or calcineurin. This signaling cascade referred to 
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as Wnt/Ca2+ then triggers depending on the context NFAT-mediated transcription or 

cytoskeletal remodeling (Fig. 2C). For further reading we refer to the reviews on this topic 

(Kohn and Moon, 2005; Slusarski and Pelegri, 2007).

2 Cell cycle progression and cell division from a centrosome perspective - 

friends with benefits

Dividing a cell to giving rise to daughter cells is one of the most fundamental cellular 

processes for both unicellular and multicellular organisms. In fact, “to divide” is the true 

purpose of proliferating cells, such as stem cells or progenitors, in order to create a sufficient 

pool of cells from which more specialized cells differentiate. Such a task requires the 

coordination of cellular metabolism, duplication of DNA, and cytoskeletal rearrangements. 

To ensure timely action of the aforementioned processes, the cell deploys a sophisticated cell 

cycle regulatory machinery, centered on cyclin dependent kinases (CDKs) and additional 

specialized mitotic kinases, to control its progression through the cycle via a system of 

checkpoints (Nurse, 1997; Khodjakov and Rieder, 2009). That said, it is not surprising that 

organelle, thought to play a central role in many aspects of cell cycle and division, was given 

the fitting name “centrosome”. In fact, it was Theodor Boveri who coined that name more 

than hundred years ago when observing these organelles at the poles of the bipolar mitotic 

spindle. At that time, he also postulated its fundamental role in cell division (Boveri, 2008). 

The cell cycle and centrosomal cycle are tightly connected, as depicted in Figure 3.

The first experimental evidence for the centrosome’s directing role in cell division came 

from classical experiments with oocytes, demonstrating that injecting purified centrosomes 

was sufficient to trigger parthenogenetic development in frog or fish eggs (Klotz et al., 1990; 

Picard et al., 1987). It has become clear that centrosomes participate in mitotic spindle 

formation. Further, astral microtubules connect the cell cortex to the centrosome and specify 

in which position the mitotic spindle will form (Bornens and Gonczy, 2014). When the 

centrosome is absent, a bipolar spindle is formed through the action of small GTPases Ran 

(Kalab and Heald, 2008). Having no anchoring point due to the lack of astral microtubules, 

such spindles float freely in the cytoplasm and seem to adopt a random orientation (Louvet-

Vallee, Vinot, and Maro, 2005; Khodjakov and Rieder, 2001). Centrosomes also affect the 

position of the cleave furrow during cytokinesis by affecting spindle orientation or perhaps 

also by acting directly on the cytokinetic apparatus (Khodjakov and Rieder, 2001; Piel et al., 

2001; Oliferenko, Chew, and Balasubramanian, 2009). Some cell types can also divide 

asymmetrically, meaning that the daughter cells differ in size, fate, or eventually both (Doe, 

2008; Knoblich, 2008). This is especially important during embryogenesis, when a stem cell 

gives rise to another stem cell to replenish the niche, and one progenitor which rapidly 

divides further. There is growing experimental evidence from both Drosophila and mice 

suggesting that spindle positioning and/or asymmetry in centrosome inheritance can directly 

affect the fate of daughter cells (Doe, 2008; Lancaster and Knoblich, 2012).

In addition, centrosomes might also fine tune additional aspects of cell cycle progression. 

Signaling cascade components implicated in regulating mitotic progression, namely PLK1, 

Aurora A, CDK1/Cyclin B, and CDC25 have been detected in centrosomes during G2/M 
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transition (Arquint, Gabryjonczyk, and Nigg, 2014). Further, CDK1/Cyclin B complex, 

essential for mitotic entry, requires a centrosome for its proper activation (Jackman et al., 

2003). In addition, the actual destruction of CDK1/Cyclin B complex, marking the end of 

mitosis, also seems to be initiated at centrosome (Wakefield, Huang, and Raff, 2000).

2.1 Centrosome –basics

A centrosome is a non-membranous cytoplasmic organelle, formed around a core consisting 

of two microtubule-based cylindrical structures, the centrioles, which is surrounded by a 

layered protein matrix termed pericentriolar material (PCM). PCM contains proteins such as 

gamma-tubulin that help to organize and nucleate microtubules, explaining why centrosomes 

function as the main microtubule-organizing center (MTOC) in many cell types (Luders and 

Stearns, 2007). As the cell approaches mitoses, PCM undergoes marked changes. It 

significantly expands in size, but retains its inner organizations, with a pericentrin occupying 

layer most proximal to the centriole wall, while proteins such as CEP192 and CEP215/

CDK5RAP2 are distributed in PCM’s more distal elements (Mennella et al., 2014). Through 

the microtubules that it organizes and the proteins it recruits, the centrosome plays an 

important role not only during cell division, but also participates in regulation of cell 

polarity, migration, and cell trafficking (Conduit, Wainman, and Raff, 2015). In addition, the 

centrosome serves as a hub/scaffold for proteins involved in cell cycle regulation and cell 

signaling (Arquint, Gabryjonczyk, and Nigg, 2014). Protein assemblies found in the 

centrosome’s vicinity are termed satellites, hypothesized to participate in centrosome 

biogenesis via transport or sequestration of key centrosome components (Tollenaere, 

Mailand, and Bekker-Jensen, 2014).

Centrosomes are typical for animal cells; they probably evolved from flagellar apparatus and 

possibly played an important role in transitioning to multicellular organisms (Bornens and 

Azimzadeh, 2007; Bornens, 2012). However centrosomes are not present in all multicellular 

organisms’ cell types. Actually, plants do not have a centrosome at all, but have developed 

alternative structures and mechanisms to compensate for its absence. Interestingly, the 

centrosome is also absent in some vertebrate cells. A typical example is an oocyte, which 

loses centrosomes during its meiotic maturation. Centrosome loss is also a hallmark of final 

stage of myoblast or cardiomyocyte differentiation, characterized by relocating centrosomal 

proteins to the nuclear envelope (Bornens, 2012).

Even though a mammalian cell typically contains one or two centrosomes, some specialized 

cell types show a surprising variability in terms of centrosome numbers (Cunha-Ferreira, 

Bento, and Bettencourt-Dias, 2009). However, it would be very premature to conclude that 

the absolute centrosome number does not matter. Besides the rather extreme examples of 

cell specialization, the correct number of centrosomes in a proliferating cell is under strict 

surveillance (Holland et al., 2012; Fava et al., 2017; Wong et al., 2015; Bazzi and Anderson, 

2014), since alterations in the number of centrosomes (called numerical centrosome 

aberrations) have profound effects on both development and homeostasis (Gonczy, 2015; 

Nigg, Cajanek, and Arquint, 2014; Godinho and Pellman, 2014; Bettencourt-Dias et al., 

2011). Indeed, the presence of extra centrosomes is not only sufficient to trigger genome 

instability (Ganem, Godinho, and Pellman, 2009) but also to initiate tumor development 

Bryja et al. Page 6

Crit Rev Biochem Mol Biol. Author manuscript; available in PMC 2018 July 16.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



(Levine et al., 2017; Sercin et al., 2016; Basto et al., 2008). In addition, there is a growing 

body of evidence that alterations in centrosome numbers are linked to diseases such as 

primary microcephaly and primordial dwarfism (Nigg, Cajanek, and Arquint, 2014; 

Marthiens et al., 2013; Bettencourt-Dias et al., 2011).

2.2 Cilia

Cilia are microtubule-based organelles typically found protruding from the surface of non-

dividing cells. They can be either motile or immotile, with immotile ones being called 

primary cilia. Primary cilia, given their non-motile character, were originally considered 

vestigial organelles. Importantly, however, an increasing number of studies appearing over 

the last 10-15 years have very much changed that view, and put the primary cilia into a 

position of important cellular antennas, with essential functions both during embrygenesis 

and tissue homeostasis, thanks to their employment in the Hh pathway or Calcium signaling 

(Goetz and Anderson, 2010; Singla and Reiter, 2006; Yoshiba and Hamada, 2014). The 

importance of cilia has become perhaps even more appreciated when a group of diverse 

human diseases was linked to ciliary structural and/or functional defects, and hence 

collectively termed ciliopathies (Bettencourt-Dias et al., 2011; Mitchison and Valente, 2017; 

Braun and Hildebrandt, 2017).

Cells usually contain one mother centriole at a time, and therefore can form only one cilium. 

Multiciliated cells are an exception to this rule, typically found in airway epithelium or 

kidneys, for example. During the course of their differentiation, these cells are able to 

produce up to hundreds of extra centrioles, to serve as basal bodies (Brooks and 

Wallingford, 2014; Meunier and Azimzadeh, 2016).

The most prominent part of the cilium is the membrane-enclosed axoneme, see Fig. 4. It 

comprises of nine microtubule doublets surrounding a central pair – the so-called 9+2 

arrangement is typically found in the motile cilia. The central pair is usually missing in 

primary cilia.

The first insight into ciliogenesis mechanisms was revealed in pioneering work by Sorokin 

(Sorokin, 1962), who postulated the docking of Golgi-derived vesicles to the mother 

centriole as one of the key steps in cilia formation. The current model expands on that 

notion, see again Fig. 4. Another crucial step towards the assembled cilium is the loss of 

protein CP110/CEP97 protein complex from the distal end of the mother centriole, which is 

predicted to allow outgrowth of axonemal microtubules (Schmidt et al., 2009; Spektor et al., 

2007). The precise mechanism regulating this event is not known, but it requires activity 

from Tau tubulin kinase 2 (TTBK2) (Goetz, Liem, and Anderson, 2012; Cajanek and Nigg, 

2014) and possibly also ciliary vesicle delivery (Lu et al., 2015). TTBK2 is also implicated 

in the recruitment of intraflagellar transport complexes (IFTs) to the basal body (Goetz, 

Liem, and Anderson, 2012; Cajanek and Nigg, 2014). IFT particles are essential for cargo 

delivery both in and out of the cilium (Rosenbaum and Witman, 2002; Bhogaraju et al., 

2013), their actual movement with their cargo is performed by motor proteins, see Fig. 4. 

Intraflagellar transport mediates both the assembly and resorption of the cilium, and the 

trafficking of key signaling molecules; in its absence cells are not able to form cilia 

(Rosenbaum and Witman, 2002). The assembly of cilium as well as disasembly are tigthly 
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interconnected with the cell cycle progression. The cells form primary cilia after exiting 

from mitoses, in G0/G1. Conversely, resorption of cilia typically starts upon the entry to the 

next cell cycle.Cilia need to be fully disassembled before mitosis. In fact, proteins 

implicated in controlling cilium disassembly involve many well established mitotic 

progression regulators, such as Aurora A, PLK1, or NEK kinase family (Sanchez and 

Dynlacht, 2016; Nachury and Seeley, 2010).

3 Crosstalk between centrosome-controlled events and Wnt signaling

Multiple reports have observed key Wnt pathway components localized in the centrosome/

basal body and/or mitotic spindle. Centrosome can be a “sticky” organelle in the 

immunostainings and we thus reviewed only studies that use endogenous proteins and/or 

overexpression of proteins tagged with fluorescent proteins. These studies and their key 

observations, including the methodological weaknesses and strengths, are summarized in 

Table 1.

The commonly observed localization of Wnt pathway proteins in the centrosome/basal body 

raised a number of questions about the relationship between the Wnt pathway and 

centrosome-organized events. In the chapters below we attempt to critically summarize our 

current understanding of this crosstalk, and how it affects key events in Wnt signaling 

regulation and the centrosomal cycle.

3.1 To what extent is centrosome/cilium required for the Wnt/β-catenin pathway?

Interestingly, over the years there have been an increasing number of reports arguing either 

for or against a possible role for centrosome, basal body or primary cilium in Wnt signaling. 

If one simply examines the reported localizations (Table 1), the argument of “guilty by being 

present” definitely applies here. This view is further supported by the reported protein-

protein interactions between various Wnt pathway components (including β-catenin, DVL, 

Axin or APC) and bona fide centrosomal proteins that we summarize in Table 2. Recent 

proteomic studies that profile the protein composition of centrosomes and cilia provide 

additional evidence regarding the presence of Wnt pathway proteins (such as β-catenin or 

CK1α and δ) in the centrosome (Jakobsen et al., 2011) or their interactions with core 

centrosomal proteins. The work of Pelletier lab, that used the BioID approach pinpointed the 

widespread nature of these physical contacts and identified more than a hundred of 

interactions between core centrosomal and Wnt pathway proteins, is especially informative. 

We list these interactions in Table 2 and refer the reader to the original publication (Gupta et 

al., 2015) for more details.

Given that possible connections between centrosomes/cilia and Wnt/PCP pathway have been 

identified earlier and discussed in several reviews (May-Simera and Kelley, 2012; 

Wallingford and Mitchell, 2011) primarily focus on the potential involvement of 

centrosome/basal body/primary cilium in the Wnt/β-catenin signaling pathway in this 

chapter. Probably the first reported connection to Wnt/β-catenin signaling was found in 

relation to Inversin/Nephrocystin-2, a mutation of which causes kidney defects (formation of 

cysts) typical for ciliopathies (Otto et al., 2003). Inversin was postulated to act as a 

molecular switch between Wnt signaling pathways, negatively regulating Wnt/β-catenin 
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signaling (Simons et al., 2005). In addition, a later study showed that depleting Inversin 

increases expression of DVL1, but reduces levels of DVL2 and DVL3 at the ciliary base 

(Veland et al., 2013). However, the position of Inversin as a key negative regulator of the 

Wnt/β-catenin pathway has been challenged by the work of Sugiyama and colleagues 

(Sugiyama et al., 2011). The authors failed to see any upregulation of the pathway in inv 
mutant mice, even though the ciliopathy phenotype was present. This example illustrates 

what will be discussed further - there is often compelling evidence providing an argument 

for both scenarios (does it or does it not influence Wnt signaling?), and it is not easy to reach 

a definitive conclusion. However, when the reported data allow alternative interpretations, 

we aim to provide them.

Knock-down of BBSome components (Bbs1, Bbs4, Mkks) was reported to hyperactivate 

Wnt/β-catenin signaling (Gerdes et al., 2007). Furthermore, mutation/downregulation of 

additional regulators of ciliogenesis (Kif3a, Ift88, Ofd1) were also shown to increase Wnt/β-

catenin signaling (Gerdes et al., 2007; Corbit et al., 2008; McDermott et al., 2010; Lin et al., 

2003; Liu et al., 2014). However, in vivo analyses of mutants with ciliogenesis defects 

(IFT88, IFT172, Dync2h1, Kif3a) by other groups did not find any pronounced defects in 

Wnt/β-catenin signaling, even though ciliogenesis and/or Hh pathway were severely 

hampered (Ocbina, Tuson, and Anderson, 2009; Huang and Schier, 2009). Possible 

explanation for such discrepancies is the different penetrance of some phenotypes (if there is 

indeed a defect in Wnt signaling seen, it is often modest), or cell type specificity. One also 

has to consider simple explanations such as off-target effects (especially if RNAi was 

employed and rescue experiments were not done) or different sensitivities of used readouts.

Alternatively, one could attempt to explain at least some of the phenotypes by distinguishing 

strictly between those caused by the absence of protein and those by the absence of 

organelle (centrosome or cilia, in this case), which is a consequence of the absent protein. 

This view is supported by the fact that some cilia regulators also give Wnt signaling 

phenotype while others do not. This implies that the signaling defects may not actually be 

related to defective ciliogenesis but rather arise due to some additional, cilia-unrelated 

functions of individual ciliary proteins, that may directly or indirectly translate into cross 

talk with Wnt/β-catenin signaling. For illustration, several groups reported that knockdown/

knockout of Kif3a, a subunit of kinesin2 molecular motor, lead to concomitant defects in 

ciliogenesis and Wnt/β-catenin signaling (Gerdes et al., 2007; Corbit et al., 2008; Liu et al., 

2014). Interestingly, Kif3a has been also shown to affect the orientation of basal bodies by 

interacting with kinase PAK, independently of its role in ciliary transport (Sipe and Lu, 

2011). Moreover, work reporting Kif3a and β-arrestin interaction offers an even more 

attractive interpretation that altered Wnt signaling observed is due to the direct effects on the 

β-catenin destruction coplex (Kim et al., 2016). Indeed, recent work from the Mlodzik lab 

(Balmer et al., 2015) has further supported this model in elegant experiments reporting the 

effects of several ciliary transport machinery components directly on the β-catenin level, 

independent of cilia formation.

Another plausible explanation of some of the conflicting results is based on well 

documented observation that β-catenin abundance is under the strict surveillance of 

proteasome machinery. Interestingly, active proteasomes have been reported to associate 
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with centrosomes/basal bodies (Gerdes et al., 2007; Wigley et al., 1999; Fabunmi et al., 

2000; Gerhardt et al., 2015; Fuentealba et al., 2007; Vora and Phillips, 2015). In addition, E3 

ubiquitin ligase Jade-1, which localizes to the centrosome/basal body, is able to ubiquitinate 

β-catenin and hence target it for destruction by proteasome. Jade-1 activity is controlled 

negatively by CK1α and can be modulated by the transition zone protein Nephrocystin-4 

(Chitalia et al., 2008; Borgal et al., 2014; Mollet et al., 2005). Thus, centrosome/basal body 

disruption could in principle lead to dysregulated proteasome/E3 ligase activity, and hence, 

altered Wnt/β-catenin signaling (Gerdes et al., 2007; Vora and Phillips, 2015). Importantly, 

such an interpretation predicts that Wnt/beta catenin signaling is fine-tuned by the 

membrane-anchored basal body or intact centrosome, not the presence or absence of cilium. 

However, there are several questions related to this model. It is not clear how relatively 

locally altered protein turnover (centrosome or its proximity) may lead to systemic effects on 

Wnt signaling.

In summary, despite some conflicting results, it seems that centrosomes/cilia are not 

required to activate the core Wnt/β-catenin pathway – as indicated by grossly normal Wnt 

signaling in multiple mouse strains lacking cilia (Ocbina, Tuson, and Anderson, 2009; 

Huang and Schier, 2009). In support of this conclusion, experiments where centrosomes/

basal bodies were genetically or pharmacologically ablated did not reveal striking effects on 

either the β-catenin protein turnover or Wnt/β-catenin signaling (Wong et al., 2015; Basto et 

al., 2006; Bazzi and Anderson, 2014; Insolera et al., 2014). However, the possibility that 

centrosome/cilium fine tunes the Wnt pathway (i.e. via protein sequestration – see next 

chapters) and acts in a cell type-specific manner seem plausible but full understanding will 

require more experiments in the future.

3.2 Do Wnt pathway proteins control cell cycle progression and centrosomal cycle or 
vice versa?

As we have previously mentioned (see Table 1 and 2), almost all major Wnt/β-catenin 

pathway components have been found in the centrosome. This arrangement may to some 

extent facilitate the proximity of the pathway regulators and in turn may influence Wnt 

pathway modulation. However, when seen from the opposite perspective, one can ask how 

centrosomal localization of the Wnt pathway components influences the progression of 

either the centrosome or cell cycle.

Historically, the Wnt signaling pathway and cell cycle have been connected by Wnt target 

gene expression: Cyclin D1 and c-myc that are required for progression via G1/S checkpoint 

were one of the first discovered Wnt target genes and are surely among the most intensively 

studied. Recently, however, we are witnessing that Wnt signaling, the centrosome and cell 

cycle are probably more closely intertwined than we previously thought. In this chapter, we 

would like to summarize the emerging interdependencies of Wnt-centrosome-cell cycle axis. 

The studies discussed below have two common denominators. The fact that Wnt pathway 

components localize to the centrosome/basal bodies and physically interact with the core 

centrosomal proteins and the fact that Wnt signaling components tend to change during the 

cell cycle and often peak during the G2/M cell cycle phase. Cell cycle associated protein 
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dynamics have been documented for almost all key Wnt pathway proteins (summarized in 

Table 3).

3.2.1 Cell cycle modulated Wnt signaling—The obvious question raised by the 

cycling behaviour of key Wnt pathway proteins is: Do cells respond to Wnt ligands 

differently while passing through the cell cycle? There is existing evidence that this is indeed 

the case and the issue was recently reviewed (Niehrs and Acebron, 2012; Acebron and 

Niehrs, 2016). We will thus sum up this topic only briefly and focus on the open questions.

The first observation suggesting that the response to Wnt ligands can be cell cycle dependent 

was the identification of Cyclin-Y/CDK14 complex as the kinase phosphorylating PPPSP 

motifs of Lrp6. This is the key event required for signal transduction and dissolution of the 

destruction complex. Cyclin-Y is a membrane bound protein and its expression is regulated 

based on the cell cycle, peaking in G2/M (Davidson et al., 2009). Another fact hinting at the 

same thing shows that the cells arrested during G2/M by knock-down of CDC25 increased 

Wnt/β-catenin signaling (Lee et al., 2009).

Initially it was thought that this particular interaction and phosphorylation results in 

restricting β-catenin stabilization and thus signaling to the G2/M phase (Davidson et al., 

2009). Further research suggested that this phosphorylation event is part of a signaling 

cascade dubbed Wnt/STOP (stabilization of proteins) signaling (Acebron et al., 2014). Wnt/

STOP pathway, discovered and proposed as a signaling cascade in C. Niehrs´s laboratory, is 

a Wnt-induced signaling cascade that results in the inhibition of GSK-3β activity. GSK-3β 
was proposed to phosphorylate multiple proteins in a conserved motif, degron (found also in 

β-catenin), and target them for degradation. As a consequence, activating Wnt/STOP 

increases the cell protein content in preparation for cell division. It was proposed that this 

pathway protects a variety of proteins from proteasome destruction and it is claimed that this 

is possible solely through the inhibition of GSK-3β activity. As such, this has very 

interesting implications when we look at the Wnt-cell cycle connection from other angle. 

Although many studies reported increases in Wnt pathway molecules during the G2/M 

phase, little effort was invested in trying to decipher where G2/M-dependent stabilization 

comes from. Activating Wnt/STOP signaling offers itself as a very elegant solution, however 

not all Wnt pathway components are known to be targets for GSK-3β mediated proteasome 

degradation.

Although the studies mentioned above provide an interesting explanation to some of the 

experimental findings, many questions still remain open. For example – in the meantime, 

many other kinases, in addition to CyclinY/CDK14, were shown to phosphorylate PPPSP 

motif of Lrp6. These include G-protein coupled receptor kinase 5 or 6 (GRK5, GRK6 (Chen 

et al., 2009) and multiple mitogen activated protein kinases such as p38, JNK or 

ERK(Cervenka et al., 2011). They were shown to influence Wnt/β-catenin signaling 

amplitude (Cervenka et al., 2011; Krejci et al., 2012) which suggests that phosphorylating 

PPPSP motif in order to control the intensity of Wnt pathway activation can be affected by 

multiple factors – not only cell cycle phase but also mitogenic pathways or cellular stress 

activation. Similar questions accompany Wnt/STOP signaling and it has yet to be found if 
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GSK-3 is “the” kinase or other kinases can act in a redundant fashion. Analyzing GSK-3-

null cells and mice can help to fully reconcile this question.

3.2.2 Wnt pathway proteins as regulators of centrosomal cycle—The next 

obvious question raised by the observations summarized in Tables 1-3 is the following: Are 

Wnt pathway proteins involved in the regulation of the cell or centrosomal cycle? And if so, 

which particular events during the centrosome cycle are under such control?

β-catenin, the molecule central to Wnt/β-catenin signaling has probably been the most 

extensively documented when it comes to its centrosomal regulation. For the sake of 

simplicity, we can inspect it as a prototypic Wnt signaling component involved in the 

centrosome cycle, since many of the observations have been recapitulated with other 

proteins as well. β-catenin levels oscillate during cell cycle and peak in the G2/M phase 

(Olmeda et al., 2003). Reducing β-catenin levels lead to a prometaphase delay and increase 

in the proportion of monoastral spindles originating from unseparated centrosomes. During 

the interphase, β-catenin localizes to proximal centriole ends together with proteins 

comprising the flexible centrosomal linker – Rootletin and CNAP-1. As the cell nears 

mitosis and NEK2 activity peaks, both Rootletin and β-catenin are phosphorylated. Initial 

Rootletin-dependent localization of β-catenin to centrosome is switched to independent 

binding in mitosis, leading to centrosome separation (Bahmanyar et al., 2008). Interestingly, 

some of the β-catenin residues phosphorylated by NEK2 during these events seem to 

coincide with the S33/S37/T41 cluster phosphorylated by GSK-3β. The results of these 

phosphorylations diverge, stabilizing β-catenin in the case of NEK2 and marking it for 

degradation in the case of GSK-3β (Mbom 2014). Additionally, overactive β-catenin 

stabilization increases the formation of gamma-tubulin structures that resemble immature 

centrosomes, but are unable to nucleate microtubules (Bahmanyar et al., 2008).

Unlike the role of β-catenin, which seems to be confined to centrosome splitting, other key 

players in the Wnt pathway- namely DVL, Axin and APC - have more compound 

phenotypes. DVL was identified as localizing the centrosome, spindle poles and 

kinetochores during mitosis (Kikuchi et al., 2010; Cervenka et al., 2016). It was proposed 

that phosphorylation by PLK1 influences the orientation of the mitotic spindle and 

microtubule-kinetochore attachment. Depleting DVL reduces Mps1 autophosphorylation 

and localization of Bub1 and Bub1R to MT, possibly interfacing with a spindle assembly 

checkpoint (SAC) to mitigate the errors arising from improper chromosome segregation. 

Additionally, DVL acts as part of the machinery responsible for regulating centrosome 

cohesion. DVL localizes to the centrosome by its DIX domain, where it acts as a scaffold 

bridging together constituents of the intercentrosomal linker (Cervenka et al., 2016).

Maybe unsurprisingly, close DVL binding partner Axin, was found localized in the 

centrosome as well, both during interphase and mitosis (Fumoto et al., 2009; Kim et al., 

2009). Axin2/Conductin, a negative regulator, increases during cell cycle and culminates at 

the G2/M boundary (Hadjihannas, Bruckner, and Behrens, 2010). Axin2/Conductin 

localization to the centrosome is also mediated by CNAP-1 and its loss leads to centrosome 

splitting due to interference with β-catenin stability and/or phosphorylation (Hadjihannas, 

Bruckner, and Behrens, 2010). The fact that both Axin and DVL bind to the centrosome 
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using their respective DIX domains indicates that the DIX domain is one of the general 

domain signatures that may target proteins to the centrosome. Unfortunately, involvement in 

centrosome-related processes is plagued by purely observational evidence and poor 

discrimination between its effects on the centrosome itself in contrast to microtubule 

kinetics. Overexpressing Axin seems to influence GSK-3β and PLK1 localization, both of 

which have been implicated in phosphorylation cascades of β-catenin in relation to 

centrosome splitting (Kim et al., 2009). Although it seems to fit the bigger picture, the 

evidence relies heavily on antibody staining and seems slightly dubious. Moreover, Axin 

was itself found to be phosphorylated by PLK1 during mitosis. However, Axin 

phosphorylation also determines its affinity towards y-tubulin and failure to do so leads to 

the formation of multi-centrosomes (Ruan et al., 2012). Other centrosome related functions 

of Axin, such as promotion of mitotic fidelity are rather coupled to its role in cytoskeletal 

dynamics as well (Poulton et al., 2013). Since changes in microtubule nucleation and astral 

microtubule positioning can cause defects in centrosome separation, stricter deconvolution 

of their individual contributions towards centrosome-related defects is needed.

Two important DVL kinases, CK1δ and CK1ε, have been described to localize to the 

centrosome, with C-terminal part as their localization signal (Greer and Rubin, 2011). As is 

often the case, their participation in centrosome related events is only observational with 

little mechanistic insight. So far, inhibiting CK1δ in trophoblast cells was shown to result in 

a variety of centrosomal defects, such as multipolar spindles, centrosome amplifications and 

impairments in bipolar attachments as well as death by apoptosis after 24h of treatment due 

to mitotic failure (Greer et al., 2014).

In summary, the evidence, in line with the increased Wnt pathway protein levels in the G2/M 

phase, suggests that many proteins – such as β-catenin, Dishevelled and Axin - participate in 

the process of centrosome splitting that takes place at the end of the G2 phase. The described 

functions of Wnt pathway components and their regulation is schematized in Figure 5. The 

literature suggests that during the interphase, centrosome cohesion is maintained by the 

action of Axin2/Conductin and GSK-3β that phosphorylates β-catenin (Bahmanyar et al., 

2008; Hadjihannas, Bruckner, and Behrens, 2010). At the same time DVL interacts with 

distal appendage protein CEP164, perhaps to facilitate basal body docking in ciliated cells 

(Chaki et al., 2012). As the cell cycle progresses, DVL further accumulates in the 

centrosome, where it interacts with C-NAP1 (Cervenka et al., 2016). Localization of Axin 

and APC to the centrosome is probably mediated by microtubules. During the G2/M phase, 

phosphorylation cascade activates NEK2, which subsequently acts on several targets. 

Conductin is degraded by proteasome (Hadjihannas et al., 2012), β-catenin is protected from 

degradation by NEK2 phosphorylation and facilitates centrosome splitting (Bahmanyar et 

al., 2008). Concurrently, phosphorylation of DVL and C-NAP1 by NEK2 leads to an 

increase in their overall negative charge and subsequent release from the centrioles, severing 

the connection with Rootletin (Cervenka et al., 2016). Afterwards, the centrosomes can be 

pulled apart by the motor proteins’ action. Axin is probably phosphorylated by PLK1, which 

affects microtubule dynamics during spindle formation (Ruan et al., 2012; Poulton et al., 

2013).
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3.2.3 Control of the cell-cycle dependent functions of Wnt pathway 
components—The information provided above clearly indicates that individual Wnt 

pathway components perform multiple functions in distinct cell cycle phases. This implies 

that an individual Wnt pathway protein can exist in various “pools”. For the purpose of this 

review, we will define pool as a functional state of the protein that integrates a 

phosphorylation status, binding partner(s) in the complex, and subcellular localization. It is 

very likely that cells regulate such protein pools in a delicate manner, which subsequently 

allows precise control of time and space restricted activities in distinct protein pools. The 

characteristics of an individual protein in several cellular pools, e.g. three pools in the case 

of β-catenin (cytoplasmic, membrane and centrosomal) are just being discovered. Not 

surprisingly, pools are controlled by post-translation modifications and we summarize the 

available information regarding control of Wnt pathway protein pools by PTM in Table 4.

The barcoding of individual protein pools is only starting to emerge and currently most 

information about cell cycle-dependent regulation is available for β-catenin and DVL, which 

will be described in further detail. Not surprisingly, NEK2 kinase – a master regulator of 

centrosomal separation - has a key role in regulating the centrosomal pool and the function 

of both these proteins.

NEK2 phosphorylates and stabilizes β-catenin, and targets it to the spindle poles by 

independently phosphorylating the same residues as GSK-3β (Bahmanyar et al., 2008). In 

direct contrast, Axin2/Conductin mediates β-catenin phosphorylation by GSK-3β, but not by 

NEK2. However, although engaging both the same residues and same kinase, these 

phosphorylations do not lead to β-catenin destruction, but increase centrosome cohesion. It 

is the inhibition of phosphorylation that induces centrosome splitting (Hadjihannas et al., 

2010). As recent studies point out, different pools of β-catenin or APC have varying degrees 

of mobility and stability, which subsequently restrict their biological activity (Kafri et al., 

2016; Lui, Mok, and Henderson, 2016). Route for β-catenin transport from the membrane to 

the centrosome has recently been discovered (Kafri et al., 2016). It takes up to 90 minutes 

for β-catenin to reach the_centrosome and the authors postulate that it is probably 

unphosphorylated β-catenin driving cell division that is transported this way. The β-catenin 

in the centrosome is especially short-lived when compared to other cellular compartments. If 

its rapid clearance (1.9 seconds) is necessary to both induce centrosome splitting and at the 

same time ensure its proper destruction without influencing Wnt signalling output remains 

to be seen. The same is true for the question as to how phosphorylation by NEK2 prevents 

β-catenin associating with β-TrCP and whether such stabilized β-catenin can also have 

signaling properties.

DVL was shown recently to be a substrate of NEK2 kinase (Cervenka et al., 2016; Schertel 

et al., 2013; Weber and Mlodzik, 2017). NEK2 can phosphorylate both DVL and centrosome 

linker proteins such as C-NAP1 or CDK5RAP2 on multiple sites – an almost unbelievable 

82 (C-NAP1), 81 (CDK5RAP2) or 41 (DVL3) unique Ser/Thr sites were detected by mass 

spectrometry (Cervenka et al., 2016) which suggests that electrostatic repulsion or sterical 

exclusion proposed earlier for NEK2-driven removal of C-NAP1 from the centrosome 

(Hardy et al., 2014; Faragher and Fry, 2003), can represent a mechanism explaining 

centrosomal DVL release a complex with C-NAP1. Interestingly, NEK2-mediated DVL 
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release from the centrosome increases the availability of cytoplasmic DVL for the Wnt/β-

catenin pathway, where it has a crucial function as a component of signalosomes (Bilic et al., 

2007). This effect of NEK2 on DVL pools explains the previously observed positive effects 

of NEK2 on Wnt/β-catenin (Cervenka et al., 2016; Schertel et al., 2013) despite the fact that 

NEK2 is not sufficient to trigger the Wnt/β-catenin pathway on its own. NEK2 is a substrate 

of anaphase-promoting complex/cyclosome (APC/C) that triggers it for degradation. It was 

shown that in fly retinal cells APC/C restricts retinal differentiation to the G1 phase by 

degradation of NEK2 and consequent time-restricted Wnt/β-catenin supression (Martins et 

al., 2017). The interference with NEK2 function can thus serve as a physiological 

mechanism that fine-tunes Wnt signaling.

Another mode how NEK2 can control Wnt pathway activation in a cell cycle-dependent 

manner was published recently (Weber and Mlodzik, 2017) and also builds on the fact that 

NEK2 is a substrate of APC/C. Weber and Mlodzik have found that NEK2 can reduce DVL 

stability and thus control the DVL levels required to establish planar cell polarity in the 

epithelium. All these examples suggest that NEK2 can act as a key integrator of DVL’s 

multiple roles in Wnt/β-catenin pathway, Wnt/planar cell polarity pathway, basal body 

docking and centrosome separation. Further tools – mainly phospho-specific antibodies and 

time-lapse imaging of DVL and other Wnt pathway proteins – holds the key towards the full 

understanding of these processes.

3.3 Role of Wnt pathway components in the regulation of (asymmetric) cell division

Another intriguing aspect we would like to discuss here is the possibility of Wnt pathway or 

its components to participate directly in the regulation of mitotic cell division – by the 

possible effects on either the centrosome or spindle positioning. These phenomena are best 

studied in C. elegans and Drosophila, thanks to powerful genetic tools combined with high 

resolution live imaging of intact, developing embryos, allowing high throughput phenotypic 

screening. Interestingly, such screens did indeed identify Wnt signaling components 

(e.g.mom-1/porc, mom-3/fz, mom-5/?, GSK3, APC, armadillo/β-catenin, kin-19/CK1, 

mig-5/DVL3) as important regulators of mitotic spindle positioning (Schlesinger et al., 

1999; McCartney et al., 2001; Zipperlen et al., 2001; Walston et al., 2004). While the genetic 

evidence is convincing, the molecular understanding is somewhat lagging behind, especially 

in comparison with what is known about the role of the Wnt/PCP pathway in the control of 

oriented cell division (here we again point our readers to recent reviews - (Sawa, 2012; 

Wallingford, 2012; Morin and Bellaiche, 2011).

This chapter must be initiated by the short description of the function of APC (adenomatosis 

polyposis coli) in the cell cycle. APC is a large protein with multiple domains – some of its 

domains show homology with yeast proteins where they participate on cell division (eg. 

Kar9b in Saccharomyces cerevisiae) (Miller and Rose, 1998; Bloom, 2000). In contrast to 

other central Wnt pathway regulators (DVL, Axin, Fzd, Lrp6), it is thus likely that APC, or 

its ancient domains, functioned originally as regulators of microtubule function during cell 

division and only later attributed a role in the Wnt signaling. APC can interact with 

microtubules and multiple microtubule-associated proteins such as EB1, kinesin-associated 

protein 3 (KAP3) or Mitotic Centromere Associated Protein (MCAK) and is a crucial 
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regulator of mitosis. The key findings that described the capacity and the mode of interaction 

of APC with microtubules and its importance for mitosis and spindle assembly checkpoint 

are well reviewed (Bahmanyar, Nelson, and Barth, 2009; Caldwell and Kaplan, 2009; Zhang 

and Shay, 2017) and we do not further focus on the APC-mediated events in this review.

There is evidence for the role of Wnt/β-catenin signaling components in oriented cell 

division also coming from vertebrate cells. Depleting β-catenin or DVL causes the formation 

of monopolar spindles (Kikuchi et al., 2010; Kaplan et al., 2004), which can be explained as 

a consequence of the role these proteins play in centrosome cohesion (Bahmanyar et al., 

2008; Cervenka et al., 2016). Further, many other Wnt pathway components were reported 

to associate with spindle poles or the spindle itself (see Table 1). However, there is often 

only limited experimental evidence sufficiently explaining the possible functional 

consequences of such reported localizations for vertebrate mitosis. Moreover, one has to 

bear in mind that several of these observations are based purely on antibody staining, 

without appropriate controls (siRNA/ knock-out).

An obvious question here is if observations of Wnt components localizing to and/or 

affecting spindle/centrosome functions during mitoses means the direct involvement of the 

Wnt signaling pathway, or if these components act independently of the typical role in the 

Wnt/pathway. In principle, both models seem plausible and, on the level of individual 

components, not mutually exclusive. Nonetheless, there is evidence supporting the 

possibility that some of the reported observations are direct consequences to events in the 

receptor-ligand complexes close to the cell membrane. First, spindle positioning during 

mitoses is affected if Wnt secretion is perturbed, either in mom-1/porcupine mutant or 

Wntless mutant, in C.elegans, (Schlesinger et al., 1999; Thorpe et al., 1997; Banziger et al., 

2006). Moreover, a set of experiments in mouse embryonic stem cells (mESCs) 

demonstrated that locally distributed Wnt/beta catenin pathway ligand, Wnt3a, induced 

asymmetrical LRP6 and β-catenin distribution (of note, β-catenin was enriched mainly in 

the cell membrane, not in the nucleus), leading to effects on both the angle of mitotic 

division plane and the centrosome inheritance in asymmetrically dividing cells (Habib et al., 

2013). In addition, recent work by (Stolz et al., 2015) showed that inhibiting Wnt/β-catenin 

signaling by treatment with Dkk or SFRP effects the rate of microtubule polymerization in 

mitotic, but not interphase cells.

In summary, it is clear that we are still far from seeing the complete picture. However, based 

on both the genetic and biochemical evidence accumulated from experiments across 

different species and cell types, we argue that a hypothesis/model of Wnt/β-catenin signaling 

directly regulating mitotic cell division is plausible.

3.4 Role of Wnt proteins for basal body docking and proper function/position of cilia

There is one more aspect we feel deserves a mention in regards to Wnt signaling and 

centrosome/primary cilium biology. Both monocilited and multiciliated cells need to dock 

their mother centrioles to the plasma membrane in order to initiate ciliogenesis. There is 

solid evidence from multiple model systems that this step relies directly or indirectly mainly 

on the action of the Wnt/PCP pathway and its components. Conversely, defects in the 

Wnt/PCP pathway lead to either complete failure to dock basal bodies, or cause defects in 
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cilia orientation. We have summarized current models of action for the Wnt/PCP pathway in 

different aspects of cilia biology in Figure 6. For a more thorough insight, we would like to 

point our readers to several excellent reviews comprehensively addressing this topic (May-

Simera and Kelley, 2012; Wallingford and Mitchell, 2011; Carvajal-Gonzalez, Mulero-

Navarro, and Mlodzik, 2016).

Nonetheless, there are still a few points, perhaps more speculative, which we would like to 

touch upon. One such case is whether the requirement of functional Wnt/PCP pathway for 

ciliogeneis lies in direct action of asymmetrically distributed PCP components, or if it rather 

reflects the consequences of the cytoskeletal rearrangement, downstream of the core 

Wnt/PCP toolkit. To this end, there is some evidence arguing that disrupting PCP does not 

always translate to defects in ciliogenesis (Antic et al., 2010; Borovina et al., 2010). 

Furthermore, many PCP proteins are involved in Rho-mediated apical actin assembly or the 

regulation of correct Rho localization, which may explain the reported effects on cilia basal 

body docking or vesicular traffic impairment in many PCP mutants (Oishi et al., 2006; Park 

et al., 2008; Park, Haigo, and Wallingford, 2006; Gray et al., 2009). Interestingly, recent 

work from the Mlodzik lab has demonstrated that actin polymerization, mediated via PCP 

effectors such as Inturned or Fuzzy regulate basal body docking to apical membranes via 

action of Rho GTPases. Conversely, centriole positioning is then one of the evolutionally 

conserved downstream effects of Wnt/PCP signaling (Carvajal-Gonzalez, Roman, and 

Mlodzik, 2016), see also Figure 6A.

In nodal cilia, two Wnt pathways interact to bring about proper cilia functioning and 

subsequently left-right asymmetry determination (Figure 6B). At the beginning, it is not 

PCP, but Wnt/β-catenin signaling, acting probably through the Wnt8-Fzd8 complex that 

upregulates Foxj1 expression and initiates ciliogenesis (Caron, Xu, and Lin, 2012; Stubbs et 

al., 2008; Walentek et al., 2012; Walentek et al., 2013). Subsequently, in order to generate a 

proper directed laminar flow, Wnt/PCP signaling is activated by Wnt11b to control the 

posterior positioning of nodal cilium (Hashimoto et al., 2010;Walentek et al., 2013). This is 

dependent on DVL presence, demonstrated by the phenotype in DVL1/2/3 null mice (Ohata 

et al., 2014). However, it is yet unclear whether in this case the absence of DVL interferes 

again with vesicle trafficking, rather than PCP signaling. Another study confirmed that the 

planar polarity established by Vangl1 and Prickle influences proper cilia positioning, which 

in turn generates leftward flow, leading to the induction of left-right asymmetry by 

expressing homeobox gene Pitx2 (Antic et al., 2010).

In agreement with the model of Wnt/PCP signaling acting upstream of ciliogenesis, DVL 

was also demonstrated as crucial for basal bodies docking in multiciliated cells (Park et al., 

2008). DVL has been further shown to be responsible for cell-autonomous cilia orientation 

(Mitchell et al., 2009). The role of DVL in this type of polarity has been partially attributed 

to its stability, which is controlled among others by APC/C, Inversin or Rpgrip1l (Simons et 

al., 2005; Ganner et al., 2009; Mahuzier et al., 2012) (Figure 6C). Intriguingly, DVL2 was 

also proposed to play a role in resorption of primary cilia (Lee et al., 2012). In the work by 

Lee and collegues, DVL2 RNAi in Retinal pigment epithelial (RPE-1) cells did not cause 

defects in primary cilia formation, but prevented its resorption following cell cycle re-entry. 

The authors further identified CK1ε and PLK1 as regulators of a cilia resorption event, 
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acting on the level of DVL2. As the formation of multiple cilia is linked to permanent cell 

cycle exit, it seems plausible that this function of DVL2 and its associated kinases is specific 

for monociliated cells. Another open question related to that is whether the link to control 

cilia resorption is specific for DVL2, or other DVL isoforms are involved as well. It certainly 

will not be a trivial task to track down all molecular processed invoving DVL in the 

centrosome/basal body, given the numerous interactions with various centriolar and ciliary 

proteins (Gupta et al., 2015; Chaki et al., 2012; Gao and Chen, 2010).

Another player in the cilia formation is GSK3β. GSK3β has been identified as promoting 

the assembly of the ciliary membrane and hence the initiation of ciliogenesis after the 

mitotic exit (Zhang et al., 2015). The suggested mechanisms involve kinase activity-

dependent control of PCM component Dzip and small GTPase Rab8 interactions. However, 

given the multiple functions assigned to GSK3β, it is plausible it participates in ciliogenesis 

also by other means, as already proposed (Thoma et al., 2007).

Overall, the available evidence argues that removing PCP pathway components does 

typically disturb cilia formation. In most cases it seems to be linked to problems with basal 

body docking and vesicular transport. That being said, it should be noted that although 

evidence for PCP proteins participation is strong, not all studies provide sufficient 

mechanistic insights. For some proteins, such as DVL, CK1, or Inturned that are able to 

directly affect the organization of cytoskeletal apparatus, the molecular explanation seems 

straightforward. On the other hand, clarifying the exact role of some of the core membrane 

PCP proteins will require additional follow-ups to complete the picture.

4 Conclusions and open questions

The evidence for a dual role of Wnt pathway components is gradually increasing, but still 

remains too sporadic to formulate unifying conclusions. A lot of studies rely on antibody 

staining without using complementary knockdown/knockout controls for independent 

verification, so the results have to be taken with a grain of salt. Nevertheless, there are both 

interesting observations and instances of conflicting evidence available. Proteins such as 

DVL, Axin or APC are known scaffolds with multitude of binding partners and interact 

especially tightly with other Wnt pathway components. Explicit direct binding has not yet 

been clearly demonstrated and it is possible that the presence of one will recruit a plethora of 

other proteins.

In order to reach unifying conclusions one needs to carefully distinguish between the role of 

the organelle (cilium/centrosome) vs. protein required to form the organelle, or similarly 

between the pathway vs. the protein component of the pathway. Ignoring these differences 

often lead to oversimplification and seemingly conflicting results. However, recent advances 

in gene editing techniques combined with the revolution in imaging and proteomic 

techniques have created a platform that will help to speed up progress. Better control of 

experiments using Crispr/Cas9 generated knockout and analysis of cell phenotypes and 

protein-protein interactions in real time and in living cells gives hope that the connection 

between the cell and centrosomal cycle and major morphogenetic cascades will be fully 

elucidated in the near future.
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Figure 1. Current view of Wnt/β-catenin signaling in OFF and ON state.
During OFF state destruction complex consisting of Axin, APC and GSK-3β phosphorylates 

β-catenin and marks it for subsequent degradation via ubiquitin proteasome pathway. At the 

same time, transcription factors from the TCF/LEF family remain bound to repressors such 

as Groucho, blocking the transcription of Wnt target genes. Cascade is activated after 

binding of Wnt ligand to Frizzled (Fzd) receptor. Subsequently, both DVL and Lrp6 

associate to Fzd. Intracellular residues of Lrp6 are phosphorylated and become a site of 

attachment for scaffold protein Axin, which can no longer serve as assembly site for 

destruction complex, which is thus desintegrated. It should be noted that phosphorylated 

Lrp6, DVL Axin together with other proteins form a structures dubbed signalosomes that 

‘attract’ each other and amplify the Wnt signal. As a result, β-catenin is no longer degraded, 

and accumulates in the cytoplasm. After reaching a certain threshold, it is translocated to 
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nucleus where it binds to TCF/LEF family of transcription factors, replaces resident 

repressors thereby co-activating transcription of its target genes.
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Figure 2. β-catenin-independent Wnt pathways.
A. Wnt/Planar cell polarity (PCP) in Drosophila is responsible for coordinated alignment 

of cells across a tissue plane. Figure shows configuration of asymmetric complexes of core 

PCP pathway components at the cell boundary after polarity has been established. Proximal 

site contains Frizzled-Dishevelled-Flamingo protein complexes and distal site contains 

Vang-()Prickle-Flamingo complexes. This assymetric segregation arises from both 

intracellular cascades that perpetrate their mutual exclusion at either proximal or distal site 

and from their preferrential heterotypic association extracellularly.
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B. Wnt/PCP pathway in vertebrates. Activation of vertebrate PCP pathway is triggered by 

Wnt ligand (typically Wnt5a or Wnt11) that interact with Fzd and coreceptors (Ror1, Ror2, 

PTK7 or Ryk) and via DVL and β-arrestin activate members of Rho family of small 

GTPases. Coordinated activation of downstream effectors – JNK and ROCK – induces 

cytoskeletal rearrangements that in turn influence processes ranging from convergent 

extension movements to positioning of basal bodies or cilia.

C. Wnt/Ca2+ pathway in vertebrates. Wnts were shown to induce release of intracellular 

Ca2+ stores that can activate a multitude of Ca2+ dependent effectors to modulate both 

transcription as well as actin cytoskeleton.
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Figure 3. Coordination of cell cycle and centrosomal cycle.
The cell first needs to commit itself to enter new round of cell cycle (G1/S transition), then it 

replicates its DNA content (S phase), which is, after second gap (G2 phase) subsequently 

packed into chromosomes and divided into two daughter cells (M phase). Following the 

mitotic exit, cell typically forms primary cilium that is again disassambled before the new 

mitotic entry. First, cell needs to pass a 'restriction point' (G1/S) checkpoint at the end of the 

G1 phase. Key player regulating the G/S checkpoint is the Retinoblastoma tumor suppressor 

protein (Rb). Rb sequesters transcription factors that are essential for the cell cycle to 

progress to the S phase. Complexes of cyclin D-CDK4/6 phosphorylate Rb during early G1 

phase. A cell in G1 phase typically contains one centrosome with two centrioles. After 

centrioles are disengaged, loose protein linker is established in-between. They are now in 

permissive state to duplicate. But they need to enter S phase to initiate centriole duplication. 

Biogenesis of new centrioles (procentrioles) is a semi-conservative process, which starts 
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next to the proximal end of each of the two pre-existing centrioles. Key steps in the initiation 

of centriole biogenesis are coordinated by proteins STIL, SAS-6, and kinase PLK4, leading 

to formation of assembly platform called ‘cartwheel’, which recruits microtubule dimers and 

dictates the typical 9 fold symmetry of centrioles.. Centrioles fully mature during subsequent 

cell cycle, by acquisition of protein assemblies termed distal and subdistal appendages, 

respectivelly. Only the mature centriole is capable to transform into basal body to serve as 

base of cilium or flagellum. Flexible linker, formed after centriole disengagement in 

anaphase, allows cohesion of the two centrosomes until the onset of next mitoses. Master 

regulator here is a kinase NEK2, which coordinates displacement of linker proteins at G2/M 

and subsequent centrosome separation via phosphorylation of several linker proteins. After 

linker elimination, centrosomes are physically separated by action of motors. The prominent 

role here has kinesin motor KIF11/Eg5, action of which is fine tuned by kinases Cdk1, 

PLK1, and NEK family. As the cell approaches mitosis, the centriolar pairs separate from 

each other and migrate to the opposite poles to help organizing the mitotic spindle. Cell that 

is about to divide usually uses an organized array of microtubules (spindle and astral 

microtubules) together with microtubule motors to generate pulling force to physically 

segregate chromosomes into two daughters. Entry into mitosis is triggered by activity of 

cyclin B-CDK1 complex. Cell division leaves each daughter cell with one centrosome 

containing two centrioles. These are originally kept in engaged mode which restrains their 

re-duplication. Subsequent centriole disengagement during mitoses is controlled by PLK1 

and separase, and represents critical step for licensing of centriole to duplicate in the 

upcoming round of cell cycle. Enrolment of these mitotic regulators in the control of 

centriole disengagement hence elegantly interconnects the centrosome cycle with mitotic 

machinery and separation of chromatids, respectively, and ensures correct timing of these 

events.
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Figure 4. Cilium.
The axoneme stems from the mother centriole-derived basal body, anchored to the cell 

membrane via its distal appendages (subsequently called transition fibers). Transition fibers, 

connected both to microtubules and surrounding plasma membrane, contribute to formation 

of transition zone, which serves as a gate controlling sorting of molecules transported in the 

cilium. Depositioning of membrane to the mother centriole and formation of ciliary vesicle 

and subsequently ciliary shaft is coordinated by interactions of Rab11/Rabin8/Rab8 

pathway, BBSome (Bardet-Biedl syndrome) protein complex, and components of distal 
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appendages. The ciliary cargo is transported along the axoneme loaded on IFT particles, 

which are moved by action of molecular motors. Specifically, kinesin-2 family motors 

mediate anterograde transport along the microtubules towards the tip of the cilium, while 

cytoplasmic dynein-2 mediates retrograde movement of intraflagellar transport complexes 

from the tip to the ciliary base.
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Figure 5. Effects of Wnt pathway components on the centrosome separation.
(Upper) Interhase cells. Centrosomes are connected by a linker that consists of fibrous 

Rootletin and is anchored to the proximal sides of centrioles by C-NAP1. During interphase, 

centrosome cohesion is maintained by action of Axin2/Conductin and GSK-3β by 

phosphorylation of β-catenin. DVL in ciliated cells promote basal body docking, via 

interaction with CEP164 and other proteins. Axin and APC can be also found at centrosome, 

probably due to their microtubule interactions. NEK2 is kept inactive in complex with 

PLK1/MST2/PP1γ. (Lower) G2/M phase. Phosphorylation cascade activates NEK2, which 
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subsequently acts on several targets. β-catenin is protected from degradation by NEK2 

phosphorylation, and promotes centrosome separation; Axin2/Conductin is degraded by 

proteasome. Concurrently, phosphorylation of DVL and C-NAP1 by NEK2 leads to the 

increase in their overall negative charge and subsequent release from centrioles. 

Centrosomes can be subsequently pulled apart. Axin is phosphorylated by PLK1, which 

affects microtubule dynamics during spindle formation. For details and references see text.
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Figure 6. Modes of action of Wnt pathway components on cilia.
(A) Removal of PCP pathway components perturbs ciliogenesis and in most the cases it 

happens through interference with basal body docking and vesicular transport that is 

necessary during cilliary assembly. Side view of the cell (left) shows how PCP effector 

Inturned interacts with DVL in Rho-mediated actin assembly in apical positioning of basal 

body. At the same time in the top-down view (right), Celsr2/3, CK1, DVL and PCP effector 

Fuzzy influence vesicular transport towards basal body via interactions with Rab GTPases. 
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PCP effector protein Wdpcp, located at the transition zone, influences ciliogenesis by 

contributing to cargo sorting and restricting diffusion into ciliary compartment.

(B) Formation of nodal cilia is initiated by Wnt8 ligand binding to Fzd8 receptor, which in 

turn leads to upregulation of Foxj1, a transcriptional regulator of ciliogenesis. Over time, 

cilia are positioned towards posterior of the cell by action of cascade involving Wnt11a, 

DVL, and Pitx2. Only correctly formed and positioned nodal cilia can create leftward fluid 

flow that determines left-right assymetry.

(C) Multiciliated cells in epithelia display cell-autonomous type of polarity that makes sure 

that all cilia are oriented in the same fashion. This event is influenced by stability of DVL, 

controlled by its interactors: Inversin, APC/C and Rpgrip1l. On the other hand, tissue-wide 

posterior positioning is largely controlled by PCP pathway dependently on Vangl2 and Fzd3 

with help of ciliary proteins, such as Meckelin.
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Table 1
Summary of Localization of Key Wnt Pathway Components at the Centrozome and/or 
Mitotic Spindle

Protein Localization Method1 Validation2 Species/Cell Type Note References

DVL2 spindle poles, midbody FP tagged protein no Hela also weak kinetochore 
staining

Kikuchi et al. 
(2010)

DVL2 centrosome/basal body ICC no Xenopus embryo, 
multiciliated cells

C-term sufficient (Park et al., 
2008)

DVL2/3 centrosome/basal body ICC yes 
CRISPR 

DVL1/2/3 
TKO

Hek293T (Cervenka et 
al., 2016)

β-catenin spindle and spindle poles, 
midbody

ICC no L cells (Kaplan et 
al., 2004)

β -catenin (phospho) centrosome/basal body ICC no MEFs phospho Ser33/37/Thr41 (Hadjihannas, 
Bruckner, 
and Behrens, 
2010)

β-catenin (phospho) centrosome/basal body, midbody ICC no rat and human 
fibroblasts

phospho Ser33/37/
Thr41, total β-catenin 
not seen at centrosome

(Huang and 
Schier, 2009)

β-catenin centrosome/basal body ICC, EM No, but 
multiple 

antibodies 
used

RPE-1, U2OS localized to centriolar 
linker, armadillo repeat 
required

(Bahmanyar 
et al., 2008)

β-catenin (Sys1) spindle poles FP tagged protein no C.elegans localization to PCM (Vora and 
Phillips, 
2015)

APC centrosome/basal body ICC no HaCa4 cells only during mitoses (Olmeda et 
al., 2003)

axin 1 centrosome/basal body ICC Yes, siRNA HeLa, NIH3T3 and L 
cells

DIX domain dependent (Butler and 
Wallingford, 
2017)

axin 1 spindle and spindle poles ICC no HaCaT cells (Kim et al., 
2009)

axin2/conductin centrosome/basal body ICC no MEFs, SW480, U2OS localized to centriolar 
linker

(Hadjihannas, 
Bruckner, 
and Behrens, 
2010)

GSK3 spindle poles and mitotic spindle ICC no Hela phospho Ser21/9 (Wakefield, 
Stephens, and 
M., 2003) 
(Itoh et al., 
2009)

Diversin centrosome/basal body FP tagged protein no Xenopus animal cap 
cells

Xenopus Axin-related protein centrosome/basal body ICC (overexp.) no Xenopus DIX domain dependent (Alexandrova 
and Sokol, 
2010)

CK1δ centrosome/basal body ICC no TC-32 cells C-term sufficient (Greer and 
Rubin, 2011)

CK1δ centrosome/basal body ICC no SAOS-2, COS7 (Sillibourne 
et al., 2002)

CK1δ centrosome/basal body FP tagged protein no Jurkat cells C-term required (Zyss, 
Ebrahimi, 
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Protein Localization Method1 Validation2 Species/Cell Type Note References

and Gergely, 
2011)

1
ICC (immunocytochemical staining of endogenous protein), FP tagged protein (protein of interest visualized by addition of fluorescent protein), 

EM – detection by immunogold electron microscopy

2
Only validation based on the removal of the target protein via siRNA or Crispr/Cas9 was considered
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Table 2
Protein Interactions of Wnt Pathway Components with Centrosomal/Ciliary Proteins - 
High Throughput Studies

Protein Bait/Partner Method of Detection Cell Type/Species Reference

DVL2 KIAA0753 BioID U2OS (Firat-Karalar et al., 
2014)

DVL3, CK1ε NPHP3 (1-203)/cilia APEX APEX IMCD3 (Mick et al., 2015)

DVL1, DVL2, 
DVL3, β-catenin, 
Axin1, Lrp5, Lrp6, 
APC, β-arrestin, 
CK1α, CK1δ, CK1ε

Cep290, Cep162, LCA5, MKS1, Nek8, NIN, 
NINL, NPHP1, Cep162, KIAA0753, Cep44, 
Cep63, Cep89, Cep97, CENT2, Centrobin, 
DCTN1, EVC2, NPHP1, NPHP4, Sas6, 
SCTL1, SPICE1, SSXIP, STIL, DYNLT1, 
TMEM17, TMEM216, RPGF, ODF2, OFD1, 
PCM1, POC1a, RPGRIP1L, C3orf14, TCTN3, 
B9D1, CNTRL, Cep120, Cep128, Cep135, 
Cep152, Cep164, Cep170, Cep19, Cep104, 
AHI1, FBF1, B9D2, CC2D2A, Cep83, CP110, 
CENPJ, Cep290, TCTN1

BioID Hek293T, RPE-1 (Gupta et al., 2015)

DVL3 Cep164 IP Hek293T (Chaki et al., 2012)

β-catenin, β-arrestin, 
CK1α, CK1δ

? purified centrosomes KE37 cells (Alexandrova and 
Sokol, 2010; 
Andersen et al., 
2003)
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Table 3
Evidence for Cell Cycle Dependent Changes of Wnt Pathway Components

Protein Cell Cycle/phase1 Note Method2 References

β-catenin G2/M phosphorylated by NEK2, regulates 
centrosome cohesion

  IF, WB, synchronization (Olmeda et al., 2003; 
Bahmanyar et al., 2008; 
Kaplan et al., 2004; 
Mbom et al., 2014)

β-catenin G2/M rapid centrosomal turnover by proteasome, 
centrosomal localization negatively regulates 
Wnt-dependent cell fate

  IF (Vora and Phillips, 2015)

DVL2/DVL3 G2/M scaffold for centrosomal linker proteins   IF, WB, Fucci (Cervenka et al., 2016)

DVL2 G2/M regulates spindle orientation   IF (Kikuchi et al., 2010)

DVL2 G0 controls planar polarization and apical 
docking of basal bodies

  IF (Park et al., 2008)

Axin2 G2/M, degraded after 
mitosis

alters β-catenin phosphorylation and 
centrosome cohesion

  IF (Hadjihannas, Bruckner, 
and Behrens, 2010)

Axin G2/M, meiosis regulated by Aurora A kinase, influence 
PLK1 and GSK3 activity

  IF, FACS (Kim et al., 2009)

Axin meiosis knockdown leads to abnormal meiotic 
spindles and misaligned chromosomes

  IF (He et al., 2016)

APC G2/M microtubule growth and elongation, 
stabilization of mitotic spindles, mitosis - 
stronger binding of APC to centrosome, slow 
and fast kinetics

  IF (Dikovskaya, Newton, 
and Nathke, 2004; Lui et 
al., 2016),

APC G2/M influences spindle orientation and 
asymmetric cell division

  IF (Yamashita, Jones, and 
Fuller, 2003)

APC2 G2/M ensures mitotic fidelity, binding to Axin is 
important for cytoskeletal regulation, 
induces ectopic furrows

  IF (Poulton et al., 2013; 
McCartney et al., 2001)

Fz2 cytokinesis together with DVL2, Wnt5a dependent   IF (Fumoto et al., 2012)

LRP6 G2/M phosphorylation by Cyclin Y/Pftk1   WB, IF, FACS (Hadjihannas, Bruckner, 
and Behrens, 2010)

CYLD G2/M astral microtubule stabilization by 
dishevelled-NuMA-dynein/dynactin 
complex

  synchronization, WB (Yang et al., 2014)

CK1α G2/M   IF (Brockman et al., 1992)

CK1δ G0 delta, blocks primary ciliogenesis, disrupts 
cis-Golgi organization

  IF (Greer et al., 2014)

GSK-3β interphase, mitosis phosphorylated in mitosis, inhibition affects 
astral microtubule length and chromosome 
alignment

  IF, WB (Mbom et al., 2014)

1
Indicates the cell cycle phase where the highest increase was observed

2
Methods used for the detection of cell cycle dependent changes: IF (immunofluorescence), WB (Western blotting), FACS – flow cytometry, 

synchronization – chemical synchronization, Fucci - Fluorescent ubiquitination-based cell cycle indicator
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Table 4
Wnt Pathway Components as Targets of Kinases Involved in the Regulation of cell cycle

Substrate Kinase Modified Residue Function Method of Detection1 Species2 Ref.

β-catenin NEK2 S33/S37/T41/T102/T556/S675 β-catenin 
stabilization, 
presence at 
mitotic 
centrosomes, 
promotion of 
centrosome 
disjunction, 
regulated 
upstream by 
Plk1

MS, WB h (Mbom et al., 
2014)

APC Bub1–Bub3, BubR1–Bub3 complexes middle and C-terminal 
fragments

chromosome 
segragation, 
regulation of 
kinetochore-
microtubule 
attachment 
(speculation)

IVP h (Kaplan et 
al., 2001)

Dsh NEK2 Dsh 1–340 and Dsh 166–623 
fragments

activation of 
Wnt/β-catenin 
signalling, 
regulation of 
Dsh half-life

IVP d (Schertel et 
al., 2013)

DVL NEK2 T15/S280/S643/S679 separation of 
centrosomes, 
disengagement 
of centrosomal 
linker

MS,IVP, WB, IF h (Cervenka et 
al., 2016)

DVL2 PLK1 T206 spindle 
orientation, 
MT-KT 
attachment, 
SAC 
activation

IVP, WB h (Kikuchi et 
al., 2010)

LRP6 Cyclin Y/Pftk1 S1490 cell cycle 
dependent 
Wnt signalling 
activity

WB, IF d, x, h (Hadjihannas, 
Bruckner, 
and Behrens, 
2010)

Axin PLK1 S157 Axin-y-tubulin 
interaction, 
centrosome 
formation and 
segregation

MS, WB h (Mick et al., 
2015)

1
Methods of detection: MS (mass spectrometry), WB (Western Blotting), IVP (in vitro phosphorylation), IF (immunofluorescence with phospho-

specific antibodies)

2
Species: h – human, d – Drosophila, x - Xenopus
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Primary cilia play critical roles in development and disease. Their
assembly is triggered by mature centrioles (basal bodies) and
requires centrosomal protein 164kDa (Cep164), a component of
distal appendages. Here we show that loss of Cep164 leads to
early defects in ciliogenesis, reminiscent of the phenotypic con-
sequences of mutations in TTBK2 (Tau tubulin kinase 2). We identify
Cep164 as a likely physiological substrate of TTBK2 and demonstrate
that Cep164 and TTBK2 form a complex. We map the interaction
domains and demonstrate that complex formation is crucial for the
recruitment of TTBK2 to basal bodies. Remarkably, ciliogenesis can
be restored in Cep164-depleted cells by expression of chimeric
proteins in which TTBK2 is fused to the C-terminal centriole-
targeting domain of Cep164. These findings indicate that one of
the major functions of Cep164 in ciliogenesis is to recruit active
TTBK2 to centrioles. Once positioned, TTBK2 then triggers key
events required for ciliogenesis, including removal of CP110 and
recruitment of intraflagellar transport proteins. In addition, our data
suggest that TTBK2 also acts upstream of Cep164, contributing to
the assembly of distal appendages.

primary cilium | centrosome

The primary cilium (PC) functions as an antenna-like signaling
organelle typically found on postmitotic cells (1–3). It con-

sists of a microtubule-based axoneme enclosed within a ciliary
membrane, and its assembly is triggered at the basal body (4, 5).
The basal body, in turn, is derived from one of the two centrioles
that make up the centrosome, specifically the mature (or “mother”)
centriole (M centriole) (6–9). Long erroneously considered a ves-
tigial organelle, the PC has emerged as a key structure for sensing
extracellular stimuli and hence plays crucial roles in cellular
responses to both mechanical and chemical cues. In vertebrates,
PC function has been linked to the regulation of many important
aspects of embryonic development as well as tissue homeostasis
in adulthood (2, 10); moreover, defects in ciliary assembly or
function have been linked to a large number of human diseases
known as ciliopathies (3, 6, 11–13).
PC structure and formation have long been studied at a mor-

phological level (14, 15), but a molecular understanding of the
regulation of PC assembly and resorption is only beginning to
emerge (5, 7, 8, 16, 17). In cultured cells, PC formation generally
occurs when cells exit the cell cycle to enter quiescence (Go),
and, conversely, PCs are often resorbed when cells reenter the
cell cycle. Thus, PC formation can readily be triggered by serum
starvation of some cultured cells, including telomerase-immor-
talized retinal pigment epithelial (RPE-1) cells. Early steps in PC
formation include the docking of membrane vesicles to cen-
trioles (14, 18, 19), the removal of the capping protein CP110
from the distal part of the M centriole (20, 21), the recruitment
of intraflagellar transport (IFT) protein complexes (22–24), the
formation of a transition zone at the membrane (25, 26), and,
finally, the outgrowth of the ciliary axoneme (27, 28).
An important role in PC formation resides with specific

components of the M centriole, termed distal appendages (14,
15). These appendages are considered critical for the early
docking of Golgi-derived membrane vesicles and the subsequent
anchorage of the basal body underneath the plasma membrane.

Following the discovery of centrosomal protein 164kDa (Cep164),
the first marker for distal appendages (29), several additional
distal appendage proteins (DAPs) have recently been identi-
fied and functionally linked to ciliogenesis. These include cen-
trosomal protein 83kDa (Cep83)/CCDC41, centrosomal protein
89kDa (Cep89)/CCDC123, SCLT1, and FBF1 (18, 19, 30, 31).
The DAP Cep164 was discovered in a screen for components
that are critical for PC formation (29). Subsequently, muta-
tions in Cep164 were linked to ciliopathies, providing direct
proof for the importance of this protein in human patho-
physiology (32). At a mechanistic level, Cep164 was shown to
be required at an early stage of PC formation, notably for the
docking of membrane vesicles to the basal body (18). Moreover,
two components of the vesicle transport machinery, the small
GTPase Rab8 and its guanine–nucleotide exchange factor Rabin8,
were identified as interaction partners of Cep164 (18). Despite
this progress, the precise molecular functions of Cep164 remain to
be fully understood.
Importantly, protein kinases have also been implicated in cil-

iogenesis and in cilia-related diseases. These include Nek1 and
Nek8, two members of the family of NIMA-related kinases (33,
34), and Tau Tubulin Kinase 2 (TTBK2), a member of the casein
kinase 1 family (35–37).
Here, we report that Cep164 and TTBK2 form a complex and

that formation of this complex at M centrioles is essential for
ciliogenesis. We show that the noncatalytic C-terminal domain of
TTBK2 interacts with Cep164 and that formation of the complex
critically depends on the WW domain within the N-terminal
domain of Cep164. We also provide evidence that Cep164
is a likely physiological substrate of TTBK2. Use of chimeric
TTBK2–Cep164 constructs in siRNA-rescue experiments leads
us to conclude that a main function of Cep164 consists of the
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recruitment of TTBK2 to M centrioles. Once localized correctly,
TTBK2 is then in a position to trigger PC formation through
phosphorylation of appropriate substrates. Interestingly, our data
also reveal a role for TTBK2 in the assembly of distal appendages.
Overexpression of active kinase in fact enhances not only the as-
sociation of DAPs with existing appendages but also triggers their
occasional recruitment to daughter centrioles (D centrioles).

Results
Loss of Cep164 Leads to Early Defects in Cilium Assembly. Cep164
is critical for ciliogenesis in human cells (18, 19, 29). This re-
quirement can readily be demonstrated by siRNA-mediated
depletion of Cep164 from RPE-1 cells, which results in strong
suppression of PC formation (Fig. S1 A and B). To better un-
derstand the function of Cep164 in ciliogenesis, we first moni-
tored the fate of two proteins previously implicated in the
process, CP110 and IFT81. Whereas CP110 suppresses cilio-
genesis and must be removed from M centrioles (19–21), the IFT
complex component IFT81 is essential for ciliogenesis and must
be recruited (38, 39). In serum-starved control cells, CP110 was
virtually undetectable at M centrioles, but the protein persisted
at all centrioles in most Cep164-depleted cells (Fig. 1 A and B).
Conversely, IFT81 was recruited to M centrioles in controls, but
not in Cep164-depleted cells (Fig. 1 C and D).
It has recently been demonstrated that Cep164 plays a role in

vesicular docking, most likely through Rab8a activation (18). To
determine whether the above phenotypes could be attributed
to impaired Rab8a activity, we transiently expressed Flag–
TBC1D30, a Rab8a GTPase-activating protein (GAP) known
to interfere with Rab8a activity (40). Expression of the Rab8a
GAP strongly suppressed PC formation (Fig. 1F), attesting to its
functionality; however, IFT81 was still recruited to M centrioles
(Fig. 1E), and CP110 was still removed (Fig. 1 G and H). We
conclude that attenuation of Rab8a activity by expression of
its GAP, TBC1D30, failed to phenocopy the defects observed
after Cep164 siRNA depletion, indicating that initial IFT81 re-
cruitment and CP110 removal occur independently of the Cep164/
Rab8a pathway.
When considering alternative modes of action of Cep164, we

were intrigued by a recent study implicating murine TTBK2 in
ciliogenesis (35). Moreover, TTBK2 was found to bind Cep164
in a yeast two-hybrid screen (32). Thus, we decided to explore
a possible functional connection between Cep164 and TTBK2.
Reminiscent of Cep164 depletion, TTBK2-depleted RPE-1 cells
failed to form PCs upon serum starvation (Fig. S1 C and D), and
CP110 was not removed from M centrioles (Fig. S1E). Endog-
enous TTBK2 localized at M centrioles (Fig. 2A), confirming
and extending previous results (35). Interestingly, in top views,
TTBK2 showed a ring-like staining coincident with Cep164, con-
sistent with appendage association (Fig. 2A). Localization of
TTBK2 was dependent on the presence of Cep164 (Fig. 2 B and
C) but not vice versa (Fig. 2 D and E). Exogenous Flag-tagged
TTBK2 also colocalized with Cep164 (Fig. 2F), and, again, this
staining was lost upon Cep164 depletion (Fig. 2G).

TTBK2–Cep164 Complex Formation and Cep164 Phosphorylation.
Given the dependency of TTBK2 localization on Cep164 and a
previously suggested interaction between the two proteins (32),
we asked whether Cep164 and TTBK2 might form a complex.
Indeed, Myc–Cep164 and Flag–TTBK2 could readily be coim-
munoprecipitated from HEK293T cells (Fig. 3A). Furthermore,
the electrophoretic mobility of Myc–Cep164 was retarded in the
presence of Flag–TTBK2, suggesting that Cep164 undergoes
TTBK2-mediated phosphorylation. In support of this conclusion,
the TTBK2-induced mobility upshift of Myc–Cep164 was de-
pendent on TTBK2 activity and sensitive to lambda phosphatase
(Fig. 3B). It is noteworthy that TTBK2 itself also migrated more
slowly than a kinase dead (kd) mutant [D163A (41)], and this

retarded migration was abolished by phosphatase treatment (Fig.
3B), indicating that TTBK2 undergoes autophosphorylation.
Depletion of TTBK2 from RPE-1 cells caused a loss of higher
migrating forms of endogenous Cep164 (Fig. S2A), supporting
the conclusion that Cep164 is phosphorylated in a TTBK2-
dependent manner in vivo.

Fig. 1. Depletion of Cep164 impairs early events in ciliogenesis in-
dependently of Rab8. RPE-1 cells were transfected with the indicated siRNA
oligonucleotides (A–D) or plasmids (E–H) and serum starved. After fixation
and permeabilization, cells were stained with the indicated antibodies and
examined by indirect immunofluorescence microscopy. Cep135 staining was
used to label proximal ends of centrioles. Dashed lines in merged images
outline the centrioles. [Scale bars: 0.5 μm (A, C, and G) and 1 μm (E).] (A)
Depletion of Cep164 from RPE-1 cells prevents removal of distal centriolar
protein CP110 from the M centriole. (B) Quantification of the effects of
Cep164 depletion on CP110 removal. Graph represents the summary of three
experiments. (C) Loss of Cep164 impairs the recruitment of IFT81 to the M
centriole. (D) Quantification of the effects of Cep164 depletion on IFT81
recruitment. Graph represents the summary of two experiments. (E) Tran-
sient expression of TBC1D30 (Rab8 GAP) impairs ciliogenesis, but not IFT81
localization to M centriole. (F) Quantification of the effects of TBC1D30
expression on ciliogenesis. Graph represents the summary of three experi-
ments. (G) Transient expression of TBC1D30 does not prevent removal of
CP110 from M centrioles. (H) Quantification of the effects of TBC1D30 ex-
pression on the CP110 removal. Graph represents the summary of four
experiments. ***P < 0.001; n.s., not significant.
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To explore a possible direct kinase–substrate relationship, we
asked whether TTBK2 is able to phosphorylate Cep164 in vitro.
Recombinant GST–TTBK2 (1–450; catalytic domain), but not
the corresponding kd mutant construct (D163A), was indeed able
to phosphorylate in vitro-translated Flag–Cep164 (Fig. 3C). In
vivo, TTBK2 triggered a pronounced Cep164 upshift, not only
when coexpressed with full-length protein, but also with Cep164
N-term, M-part, or C-term fragments, demonstrating the exis-
tence of multiple phosphorylation sites distributed throughout
Cep164 (Fig. 3D). Together these results identify Cep164 as
a likely physiological substrate of TTBK2. Analysis of the C-term
fragment of Cep164 by mass spectrometry (MS) identified seven
distinct phosphorylation sites (Fig. S2B); additional sites un-

doubtedly remain to be identified, both within the C-term fragment
and the two other Cep164 moieties. Although the physiological
consequences of Cep164 phosphorylation remain to be deter-
mined, we note that TTBK2 caused a striking accumulation of
Cep164 full-length protein as well as C-term fragment (Fig. 3D).
This finding raises the possibility that TTBK2-dependent phos-
phorylation triggers Cep164 stabilization (see also below).
To map the interaction domains between TTBK2 and Cep164,

we performed coimmunoprecipitation experiments using dele-
tion mutants of Cep164 and TTBK2, respectively. We identified
the C-terminal noncatalytic region of TTBK2 (842–1244) and
the N-terminal part of Cep164 (1–467) as being important for
complex formation (Fig. 3 E and F). Although phosphatase treat-
ment clearly reduced phosphorylation of the interaction part-
ners, it did not detectably affect the stability of the complex
(Fig. S2C), arguing against a major regulatory role of phosphory-
lation in TTBK2–Cep164 complex formation.
Importantly, the C-terminal part of TTBK2 (842–1244) was

sufficient for centriole localization, but the Flag–TTBK2 (1–841)
mutant failed to localize (Fig. 2 H and I), confirming and ex-
tending data obtained for murine TTBK2 (35). These results
support our conclusion that the association of TTBK2 with M
centrioles is mediated by direct binding to Cep164.

Cep164 N Terminus Suppresses Ciliogenesis Through Sequestration of
TTBK2. Having established a physical interaction between Cep164
and TTBK2, we next asked to what extent this interaction might
contribute to explaining the role of these two proteins in cilio-
genesis. First, we examined the consequences of overexpression of
various Cep164 constructs, either full-length or truncated. Over-
expression of full-length Cep164, M part or C term did not de-
tectably interfere with the formation of PCs, as monitored by
staining for acetylated tubulin; in stark contrast, overexpression of
Cep164 N term almost completely suppressed ciliogenesis (Fig. 4
A and B). Virtually identical results were obtained when using
alternative methods for assessing PC formation (Fig. S3A), dem-
onstrating that these effects cannot be explained by an inhibitory
influence of Cep164 on tubulin acetylation. We conclude that
a strong correlation exists between the ability of Cep164 fragments
to bind TTBK2 (Fig. 3F) and their ability to exert a dominant-
negative effect on PC formation (Fig. 4B).
To determine whether the observed correlation might indicate

causality, we next examined the consequences of expressing the
above Cep164 constructs on TTBK2 localization in RPE-1 cells.
Whereas endogenous TTBK2 localized to distal appendages of
M centrioles in mock or Flag–Cep164 M-part transfected cells,
the centriole association of this kinase was strongly diminished in
cells transfected with Flag–Cep164 N term (Fig. 4 C and D).
Because Cep164 N term itself localizes diffusely throughout the
cytoplasm (Fig. 4A; see also ref. 18); this result points to se-
questration of TTBK2 away from centrioles, a conclusion con-
firmed by using Flag–TTBK2 (Fig. S3B). Interestingly, the
N-terminal part of Cep164 contains a predicted WW domain
(56–89) that has been suggested to play a role in ciliogenesis
(18). Furthermore, the WW domains of other proteins have pre-
viously been implicated in protein–protein interactions (42, 43).
Thus, we tested a possible involvement of the Cep164 WW do-
main in TTBK2 binding. A mutant version of Cep164 N term
(WWmut), in which two amino acid substitutions disrupt the
structural integrity of the WW domain [(Y74AY75A) (18, 42)],
failed not only to sequester TTBK2 away from centrioles (Fig. 4
E and F), but also to coimmunoprecipitate GFP–TTBK2 (Fig.
4G). This result demonstrates that the WW domain of Cep164
is functionally important and required for efficient binding
to TTBK2.
The above results suggested that the recruitment of TTBK2 to

M centrioles might represent a key function of Cep164. If so, one
would predict that the displacement of TTBK2 should phenocopy

Fig. 2. Cep164 is required for TTBK2 localization to the M centriole.
Transfection and immunofluorescence experiments were carried out as de-
scribed in the Fig. 1 legend. Cep135 staining was used to label proximal ends
of centrioles. (Scale bars: 0.5 μm.) (A) Staining for endogenous Cep164 and
TTBK2 reveals colocalization in a ring-like pattern at the M centriole, con-
sistent with colocalization at distal appendages. (B) Depletion of Cep164
prevents recruitment of TTBK2 to the M centriole. (C) Quantification of the
effects of Cep164 depletion on TTBK2 recruitment. Graph represents the
summary of two experiments. ***P < 0.001. (D and E) Cep164 does not re-
quire TTBK2 for its localization to distal appendages of the M centriole.
(F and G) Depletion of Cep164 prevents the recruitment of Flag-TTBK2 to the
M centriole. (H) Flag–TTBK2 (1–841), lacking the Cep164 binding region (Fig.
3E), fails to localize to the M centriole. (I) Flag–TTBK2 (842–1244), containing
the Cep164 binding region, localizes to the M centriole.
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the loss of Cep164. Although the overexpression of Flag–Cep164
N term in RPE-1 cells did not detectably affect either the levels
or localization of endogenous Cep164 (Fig. S3 C and D), cells
expressing Flag–Cep164 N term failed to trigger either removal of
CP110 (Fig. S3E) or centriole recruitment of IFT81 (Fig. S3F). This
result demonstrates that centriole-associated Cep164 cannot trigger
these early steps of ciliogenesis when TTBK2 is mislocalized.

Functional Consequences of TTBK2–Cep164 Complex Formation. On
the basis of the results described above, we hypothesized that

one of the key functions of Cep164 consists of the recruitment of
TTBK2 to the appendages of M centrioles. This recruitment,
mediated by the WW domain within the N terminus of Cep164,
appears then to be sufficient to trigger both CP110 removal and
IFT81 recruitment in preparation for ciliogenesis. To rigorously
test this hypothesis, we carried out a series of siRNA-depletion
and rescue experiments. The extent of Cep164 depletion ach-
ieved in these experiments is illustrated in Fig. S4A. Expression
of a siRNA-resistant version of Cep164 (Cep164 RNAi-res) in

Fig. 3. Cep164 is a binding partner and substrate of TTBK2. (A) HEK293T cells were transfected with the indicated constructs and subjected to immuno-
precipitation (IP)–Western experiments. Upper shows total cell lysate (TCL). Western blots were performed by using the anti-tag antibodies listed to the left,
and IPs were performed by using either anti-Myc (Myc–Cep164; Middle) or anti-Flag antibodies (Flag–TTBK2; Bottom). (B) Protein extracts, prepared from
HEK293T cells transfected with Myc–Cep164 and GFP–TTBK [wild-type (WT) or kinase dead (kd) mutant], were treated with or without λ-phosphatase and
analyzed by Western blotting. Note that Cep164 undergoes TTBK2-mediated phosphorylation, as indicated by a mobility shift that is sensitive to λ-phos-
phatase treatment. (C) In vitro-translated Flag–Cep164 was immunoprecipitated by using anti-Flag antibody and subjected to a kinase assay in the presence of
[γ-32P]ATP and recombinant GST–TTBK2 (1-450) WT or kd protein. Arrow and arrowhead point to phosphorylated Flag–Cep164 and autophosphorylated GST–
TTBK2 (1–450), respectively. (D) Protein extracts of transfected HEK293T cells were analyzed by Western blotting. Note that expression of GFP–TTBK2, but not
kd mutant, led to prominently retarded electrophoretic mobility of Myc-tagged Cep164, Cep164 N term, Cep164 M part, and Cep164 C term. Also, note
concomitant increases in levels of Cep164 and Cep164 C term. (E and F) Transfected HEK293T cells were subjected to IP–Western experiments. (Upper)
Schematic representations of the constructs used are shown, and the symbols +, ++, or − summarize the efficacy of coimmunoprecipitation for each com-
bination. (E) Domain mapping of TTBK2 identifies the C-terminal part (842–1244) as sufficient for Cep164 binding. (F) Domain mapping of Cep164 identifies
the N-terminal part (1–467) as sufficient for interaction with TTBK2.
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Cep164-depleted cells restored TTBK2 levels at M centrioles to
∼70% of controls, and, importantly, this rescue required an in-
tact WW domain within Cep164 (Fig. 5 A and B). In parallel
experiments, PC formation could be restored to Cep164-depleted
cells by expression of Cep164 RNAi-res wild type (WT), but not
the corresponding WWmut construct (Fig. 5 C and D).
To confirm the critical role of the N-terminal domain of

Cep164 for TTBK2 recruitment and ciliogenesis, we examined
the functionality of TTBK2–Cep164 fusion proteins. The struc-

tures of these chimeric proteins are illustrated in Fig. 5E. Re-
markably, PC formation could be restored in Cep164-depleted
cells by reexpression of two different fusion proteins in which
TTBK2 is directly linked to C-terminal (appendage-targeting)
domains of Cep164 (Fig. 5 C and D and Fig. S4B). These results
demonstrate that enforced M centriole targeting of TTBK2 via
fusion to C-terminal fragments of Cep164 is sufficient to allow
PC formation, even in the absence of full-length Cep164. To
explore the possibility of a complete bypass of Cep164, we also

Fig. 4. Excess of Cep164 N-terminal fragment impairs cilia formation by WW domain-mediated sequestration of TTBK2. Transfections and immunofluo-
rescence experiments were carried out as outlined in the Fig. 1 legend. Cep135 staining was used to label proximal ends of centrioles. [Scale bars: 2.5 μm (A)
and 0.5 μm (C and E).] (A) Localizations and impact on ciliogenesis of Cep164 full-length and deletion mutants (N term, 1–467; M part, 468–1135; C term,
1136–1460). PCs were visualized by staining for acetylated tubulin; note the dominant-negative effect of Cep164 N term. (B) Quantification of the data shown
in A. Graph represents the summary of three experiments. (C) Expression of Cep164 N term, but not Cep164 M part, prevents TTBK2 localization to M
centrioles. (D) Quantification of the data shown in C. Graph represents the summary of two experiments. (E) Expression of the WWmut mutant version of
Cep164 N term (1–467) fails to impair M centriole localization of TTBK2. (F) Quantification of the data shown in E. Graph represents the summary of two
experiments. (G) HEK293T cells were transfected with the indicated constructs and subjected to IP–Western experiments. Note that Cep164 N term (WWmut)
fails to coimmunoprecipitate TTBK2. **P < 0.01; ***P < 0.001; n.s., not significant.
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targeted TTBK2 to M centrioles via fusion to the DAP Cep89 (19,
31). However, although three different TTBK2–Cep89 chimeras
(Fig. S4C) all conferred M centriole localization to TTBK2, none
were able to restore ciliogenesis in Cep164-depleted cells (Fig.
S4D). At face value, these negative results indicate that the C ter-
minus of Cep164 is not dispensable, in line with a recent study
identifying an essential role of this domain in the binding of Rab8a/
Rabin and the recruitment of ciliary vesicles (18). We thus conclude
that Cep164 comprises at least two functionally distinct domains:
Whereas the C-terminal domain is crucial for centriole association
and the recruitment of membrane vesicles (18), the N-terminal WW
domain functions primarily to recruit TTBK2 to the M centriole;
this kinase is then proposed to trigger at least two early steps in
ciliogenesis, CP110 removal and IFT81 recruitment (Fig. 5F).

Evidence for an Additional Role of TTBK2 in the Assembly of Distal
Appendages.The above model for the role of TTBK2 in ciliogenesis
emphasizes kinase activities downstream of Cep164. However,

some of our results hint at additional activities upstream of
Cep164. In particular, we had observed that coexpression of active
TTBK2 with Cep164 resulted in the accumulation of Cep164,
possibly reflecting stabilization (Fig. 3D). To follow up on this
observation, we used immunofluorescence microscopy to monitor
the localization of Cep164 and other DAPs in response to
expression of exogenous TTBK2 in RPE-1 cells. Overexpression
of TTBK2 WT, but not a kd mutant, markedly increased Cep164
levels at the M centriole (Fig. 6 A and B), and similar effects
were seen for the DAPs Cep83 (Fig. 6 C and D) and Cep89
(Fig. S5 A and B). Moreover, and most remarkably, we also ob-
served the accumulation of GFP- or Flag-tagged TTBK2 at the
distal ends of D centrioles (Fig. 6 A and B). As quantified in Fig.
6E, this unexpected localization was accompanied by the con-
comitant recruitment of the DAPs Cep164 (Fig. 6A), Cep83
(Fig. 6C), and Cep89 (Fig. S5A). This finding strongly indicates
that excess TTBK2 activity is able to trigger aspects of centri-
ole maturation, notably the recruitment of DAPs to immature

Fig. 5. Tethering of TTBK2 to M centrioles rescues ciliogenesis in the absence of full-length Cep164. (A–D) Transfections for siRNA-depletion/rescue
experiments were carried out in RPE-1 cells, using the indicated siRNA oligonucleotides and rescue constructs; cells were then processed as outlined in the
legend to Fig. 1. Cep135 staining visualizes proximal site of centrioles, and dashed lines in the merged images outline the centrioles. [Scale bars: 0.5 μm (A) and
1 μm (C).] (A) Expression of Cep164 full-length protein, but not the WWmut mutant, restores TTBK2 levels at M centrioles in Cep164-depleted cells. (B)
Quantification of the rescue data shown in A. Graph represents the summary of three experiments. (C) Representative images illustrating the ability of the
indicated constructs to rescue ciliogenesis. Staining for CAP350 and Arl13b was used to visualize centrioles and PC formation, respectively. (D) Quantification
of the rescue of the rescue data shown in C. Graph represents the summary of at least four experiments. (E) Schematic representations of chimeric constructs
used for siRNA-depletion/rescue experiments. Cep164 moieties are depicted in blue, and TTBK2 moieties are in red. (F) Model summarizing the crucial
functions of TTBK2 and Cep164 domains in PC formation (see also Discussion). *P < 0.05; **P < 0.01; ***P < 0.001.
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centrioles. Interestingly, a TTBK2 mutant (1–841) defective in
Cep164 binding was impaired in its ability to induce ectopic
assembly of DAPs at D centrioles, indicating that the C-ter-
minal domain of TTBK2 is important for this function (Fig. 6
E and F).
To exclude the possibility that the unexpected phenotype

produced by excess TTBK2 activity might reflect generic effects
on centriole structure and/or cell-cycle progression, we also ex-
amined the effects of TTBK2 overexpression on the localization
of Ninein and Cep170, two proteins known to associate with both
subdistal appendages (29, 44) and the proximal ends of cen-
trioles (45, 46). Although Flag–TTBK2 promoted localization of
Cep164 to the distal end of D centrioles, no recruitment to these
ectopic sites was seen for either Ninein (Fig. 6G) or Cep170 (Fig.
S5C). Likewise, the asymmetry in Ninein localization between M
and D centrioles was maintained in cells in which Flag–TTBK2
localized to D centrioles (Fig. S5D). These experiments dem-
onstrate that TTBK2 specifically promotes the assembly of distal

appendage components but not subdistal appendage proteins.
We conclude that the range of activities of TTBK2 is not limited
to events that occur downstream of Cep164. Instead, our data
suggest that TTBK2 also contributes to the assembly of distal
appendages, hinting at the existence of a positive feedback loop
centered on the Cep164–TTBK2 complex (Fig. 5F).

Discussion
The appendage protein Cep164 plays a key role in the formation
of PCs (18, 29). Here we have explored the mechanistic basis for
this requirement. We demonstrate that a major role of Cep164
consists of the recruitment of a casein kinase I family member,
TTBK2, to appendages of M centrioles. We show that Cep164
interacts via its N-terminal WW domain with the C-terminal
domain of TTBK2 and that this interaction is required for both
the recruitment of TTBK2 to appendages and for PC formation.
The impairment of ciliogenesis in Cep164-depleted cells can be
rescued by reexpression of Cep164 WT, but not a WW domain

Fig. 6. TTBK2 promotes assembly of DAPs at both M and D centrioles. Transfections of RPE-1 cells and immunofluorescence experiments were carried out as
outlined in the Fig. 1 legend. Cep135 staining was used to label proximal ends of centrioles, and dashed lines in merged images outline the centrioles. (Scale
bars: 0.5 μm.) Arrowheads point to distal parts of D centrioles. (A) Transient overexpression of GFP–TTBK2 promotes Cep164 localization to both M and D
centrioles. (B) Quantification of the effects of TTBK2 overexpression on Cep164 levels at M centrioles. In cells where both centrioles showed Cep164 staining,
the centriole showing more prominent Cep164 signal was considered as the M centriole. Graph represents the summary of two experiments. (C) Transient
overexpression of Flag–TTBK2 promotes Cep83 localization to both M and D centrioles. (D) Quantification of the effects of TTBK2 overexpression on Cep83
levels at M centrioles. Graph represents the summary of two experiments. (E) Frequency of D centriole localizations of Cep164, Cep83, and Cep89 observed in
transfected cells. Results were collected from at least two experiments. (F) Lack of influence of Flag–TTBK2 (1–841) overexpression on Cep164 localization. (G)
Flag–TTBK2 promotes distal D centriole localization of Cep164 but not Ninein. Flag–TTBK2 kd is shown for control. **P < 0.01; ***P < 0.001.
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mutant that is defective in TTBK2 binding. Furthermore, cilio-
genesis can also be restored by reexpression of chimeric proteins
in which TTBK2 is targeted to distal appendages via fusion to the
C-terminal domain of Cep164. Once associated with appen-
dages, TTBK2 is then in the appropriate place to trigger cilio-
genesis by regulating both the recruitment of IFT components
and the release of CP110 from M centrioles (see also ref. 35).
In a recent study, the C-terminal moiety of Cep164 was im-

plicated in the binding of a Rab8a/Rabin complex, which in turn
controls the docking of Golgi-derived vesicles to M centrioles
(18). A role for Rab8a in ciliogenesis is well supported by data
showing that GTP loading of Rab8a is important for both
centrosome localization and vesicle trafficking (40, 47–49). By
overexpression of TBC1D30, a Rab8a GAP, we could readily
confirm that interference with Rab8a activity strongly suppresses
PC formation. However, excess TBC1D30 did not detectably in-
fluence either the recruitment of IFT81 or the removal of CP110
from centrioles, arguing that these two key events are regulated
independently of the Rab8a/Rabin interaction with Cep164.
As reported previously (18) and confirmed here, a N-terminal

fragment of Cep164 exerts a dominant-negative effect on PC
formation. Our finding that the N-terminal Cep164 fragment
localizes to the cytoplasm and thus sequesters TTBK2 away from
M centrioles provides an attractive explanation for the observed
phenotype. Our siRNA-depletion/rescue experiments identified
the WW domain within the N terminus of Cep164 as critical for
TTBK2 recruitment and PC formation, clearly demonstrating
the importance of the Cep164–TTBK2 interaction for cilio-
genesis. This conclusion is strengthened further by our demon-
stration that PC formation could be restored to Cep164-depleted
cells by chimeric proteins in which TTBK2 was fused to the
C-terminal domain of Cep164. This finding strongly suggests that
centriole recruitment of TTBK2 represents the key function of
the N-terminal domain of Cep164, although it would be pre-
mature to exclude additional, perhaps more subtle, functions for
this domain. The C-terminal moiety of Cep164, conversely, is
both necessary and sufficient for correct localization to centriolar
appendages. In addition, this domain has been implicated in the
docking of Golgi-derived vesicles during early stages of PC for-
mation (Fig. 5F) (18). This result provides a plausible explanation
for the failure of our attempts at bypassing Cep164 through ex-
pression of TTBK2–Cep89 chimeras in Cep164-depleted cells.
Recently, information has begun to emerge on proteins that

are likely to function upstream of Cep164 and TTBK2. These
include Cep83/CCDC41 (19, 30) and C2CD3 (50–52). Although
a strict requirement for Cep83/CCDC41 in Cep164 localization
has been questioned (30), our data clearly demonstrate that
Cep164 is both necessary and sufficient for M centriole associ-
ation of TTBK2, in line with a model in which Cep83/CCDC41
acts upstream of Cep164 (19). C2CD3, a C2 domain protein
required for ciliogenesis in mammals (50–52), has also been
shown to be important for the recruitment of TTBK2 to basal
bodies (52). This protein was reported to localize to centriolar
satellites (52) as well as the distal ends of both M and D cen-
trioles (51, 52). Furthermore, C2CD3 is required not only for
ciliogenesis but also for centriole biogenesis (51), indicating that
it functions hierarchically upstream in the assembly of appendages.
Our current understanding of TTBK2 function emphasizes

events in ciliogenesis that are presumed to occur downstream of
Cep164-mediated recruitment to distal appendages. However, in
the course of our studies, we obtained evidence for an additional
role of this kinase in the assembly of DAP complexes. In par-
ticular, we discovered that overexpression of TTBK2 led to the
accumulation of Cep164 and the concomitant enrichment of
Cep164 as well as other DAPs at the distal ends of M centrioles.
In addition, and most surprisingly, excess TTBK2 was also able
to trigger the recruitment of DAPs to the distal ends of D cen-
trioles. Given that Cep164 is required to position TTBK2 for the

downstream functions of this kinase, as monitored by CP110
removal and IFT81 recruitment, the ability of overexpressed
TTBK2 to enhance the recruitment of Cep164 and other DAPs
to distal appendages may appear puzzling. If TTBK2 were
strictly required for distal appendage formation, one might in
fact have expected to see an impairment of Cep164 assembly in
response to depletion or sequestration of TTBK2. However, this
impairment was not observed in either this study (Fig. 2 D and E
and Fig. S3 C and D) or elsewhere (19, 35). One possible
explanation for this conundrum is that TTBK2 functions re-
dundantly to other kinases, particularly members of the casein
kinase 1 family, in DAP assembly. In addition, we consider it
attractive to postulate the existence of a positive feedback loop
centered on the TTBK2–Cep164 complex (Fig. 5F). A self-
promoting recruitment mechanism may enhance the local con-
centration of this complex, leading to higher phosphorylation of
substrates that are critical for DAP assembly. In support of this
hypothesis, we emphasize that the induction of DAP recruitment
by overexpressed TTBK2 required not only an intact catalytic
domain but also the C-terminal domain that binds Cep164 (Fig.
6 E and F). In light of a previous report on the regulation of
TTBK2 activity (41), one could also argue that the C-terminal
domain of TTBK2 may be required for regulation of kinase ac-
tivity. Although we cannot rigorously exclude this possibility, we
note that our rescue experiments with TTBK2–Cep164 chimeras
demonstrate that constructs lacking the C-terminal part of TTBK2
exhibited sufficient kinase activity to restore ciliogenesis in Cep164-
depleted cells (Fig. 5 C and D and Fig. S4B).
Mutations in both Cep164 and TTBK2 are causally related to

human disease. In particular, mutations in Cep164 have been
implicated in the etiology of nephronophthisis-related ciliopathies,
and a link to DNA-damage response signaling has been proposed
(32). In line with this notion, the N terminus of Cep164 was
proposed to interact with components of DNA damage pathways
(53). Conversely, truncating mutations in human TTBK2 were
identified as causative for the neurodegenerative disorder spino-
cerebellar ataxia type 11 (36, 54). Our domain-mapping experi-
ments predict that the longest ataxia-associated TTBK2 truncation
described, 450X (36), is unable to form a stable complex with
Cep164 (Figs. 2H and 3E). Thus, the inability of ataxia-associated
forms of TTBK2 to bind Cep164 provides a plausible explanation
for the localization defects of these truncation mutants in murine
cells (35). In consideration of the existence of the TTBK2–Cep164
complex characterized in this study, it is intriguing that mutations
in the two proteins have been linked to different disease spectra,
suggesting cell-type-specific functions and/or redundancies. Also,
it might be rewarding to explore whether TTBK2 plays a role in
nephronophthisis-related ciliopathies, and, conversely, whether
Cep164 mutations can be found in ataxia patients.
TTBK2 was originally named for its ability to phosphorylate

tau protein on two serine residues and thus regulate tau oligo-
merization (55). Tau is unlikely to be the only target, but little is
presently known about the physiological substrates of TTBK2. It
is interesting, therefore, that TTBK2 readily phosphorylates
Cep164 in vitro and, most likely, in vivo. Given the colocalization
of the two proteins and their intimately linked roles in cilio-
genesis, Cep164 appears to be an attractive candidate substrate
of TTBK2. Our preliminary analyses of Cep164 phosphorylation
by TTBK2 point to a multitude of phosphorylation sites dis-
tributed throughout the protein, suggesting complex regulation.
This finding notwithstanding, it will be interesting to explore the
functional consequences of Cep164 phosphorylation in future
studies. Furthermore, considering that TTBK2 controls the
recruitment of IFT components as well as the dissociation of
CP110 from M centrioles (ref. 35 and this study), these proteins,
as well as their potential binding partners (20, 56, 57), represent
attractive candidates for TTBK2 substrates. Understanding the
functional consequences of substrate phosphorylation by TTBK2
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as well as the interaction of TTBK2 with other kinases impli-
cated in ciliogenesis (33, 34, 37) will undoubtedly be critical for
a mechanistic understanding of ciliogenesis.

Materials and Methods
Cell Culture and Transfections. RPE-1 and HEK293T cells were propagated as
described (21) and transfected with Lipofectamine LTX (Invitrogen) and
TransIT-LT1 (Mirus), respectively. siRNA experiments were performed by
using Oligofectamine (Invitrogen) and described control (GL2) and Cep164-
specific oligonucleotides at concentrations of 50 nM (29). To knock down
TTBK2, Silencer siRNA (Life Technologies; s44813 and s44814) was used at
a concentration of 5 nM. Efficient knockdown was routinely verified by
immunofluorescence staining and/or Western blotting. Following trans-
fections of RPE-1 cells, ciliogenesis was promoted either by serum starvation
for 24 h or, in the case of the experiments described in Fig. 4 A and B and Fig.
S3A, the use of 0.5 μM Cytochalasin D (Sigma).

Cloning. Insert-containing entry vectors for use in the GATEWAY system
(Invitrogen) were generated by PCR, using Pfu Ultra II Fusion DNA polymerase
(Agilent). Constructs were verified by sequencing and subsequently cloned
into pDEST-Myc (58), pDEST-Flag (58), pDEST-GST (Invitrogen), or pg-LAP1
(Addgene plasmid 19702) GATEWAY destination vectors. The human cDNAs
used here have been described: Cep164 (29), TTBK2 (35), TBC1D30 (40), and
Cep89 (31). Inserts for TTBK2–Cep164/Cep89 fusions, containing a 3xGly
linker, were constructed by overlapping PCR. Mutants were prepared by site-
directed mutagenesis (Agilent). All primers are listed in Table S1.

Cell Lysis and Immunoprecipitation. At 24 h posttransfection, cells were
washed in PBS and lysed in Lysis buffer [20 mM Tris·Cl, pH 7.4, 150 mM NaCl,
25mM β-glycerol phosphate, 0.5% Triton-X-100, 0.5% Igepal CA630 (all from
Sigma), and 1× Complete proteasome inhibitors (Roche)]. Following centri-
fugation (15,000 × g for 10 min at +4 °C), cleared extracts were incubated
(6 h at +4 °C in an orbital shaker) with anti-Myc (clone 9E10) or anti-Flag
(clone M2) G protein Sepharose (GE Healthcare)-coupled antibodies. Immune
complexes were pelleted, washed, and subsequently analyzed by SDS/PAGE
and Western blotting. Where indicated, samples were treated with λ-phos-
phase (New England BioLabs) (30 °C for 20–90 min). Luminescence was
detected by using a SuperSignal Femto Maximum Sensitivity Substrate
(Thermo Scientific) in the LAS3000 system (GE Healthcare). Where appro-
priate, contrast and/or brightness of images were adjusted by using Photo-
shop CS5 (Adobe). The following antibodies were used: rabbit anti-Cep164
(29), mouse anti-FLAG (clone M2; Sigma), mouse anti-Myc (clone 9E10),
goat anti-GST (45-001-369; GE Healthcare), rabbit anti-GFP (ab290; Roche),
rabbit anti-TTBK2 (HPA018113; Sigma), horseradish peroxidase (HRP)-conjugated
goat anti-mouse and anti-rabbit secondary antibodies (BioRad), and HRP-con-
jugated donkey anti-goat secondary antibody (Santa Cruz Biotechnology).

Recombinant Protein Purification. BL21-RIL bacteria, transformed with ap-
propriate plasmids, were grown overnight (37 °C) in LB medium (100 μg/mL
Ampicillin) and expanded the following day for another 3–5 h. Expression of
recombinant proteins was induced by 0.2 mM IPTG (20 °C, 12 h). After
centrifugation, bacteria were resuspended in 3 mL of Lysis buffer (20 mM
Tris·Cl, pH 7.4, 150 mM NaCl, 1% Triton-X-100, 1 mM DTT, 1× Complete
proteasome inhibitors) and repeatedly sonicated (2×, 20 s) and freeze-
thawed. Following clearing of the extract (15,000 × g for 10 min at +4 °C),
GST-tagged recombinant proteins were purified (2 h at +4 °C in an orbital
shaker) by using Glutathione Sepharose 4B (GE Healthcare), washed (20 mM
Tris·Cl, pH 7.4, 300 mM NaCl, 1% Triton X-100, 1 mM DTT, 1× Complete
proteasome inhibitors), eluted [50 mM Tris·Cl, pH 8, 50 mM NaCl, 10 mM
Glutathione, 1 mM DTT, 5% (vol/vol) glycerol], and stored at −80 °C.
Chemicals were purchased from Sigma.

In Vitro Translation and Kinase Assay. Flag–Cep164 was obtained by using the
in vitro translation TNT Quick system (Promega), mixed with Lysis buffer (see
above; cell lysis), and subjected to anti-Flag immunoprecipitation (3 h at +4 °C

in an orbital shaker) and washing. In vitro kinase assays were performed in
50 mM Tris, pH 7.4, 10 mM MgCl2, and 0.1 mM EGTA in the presence of
10 μM ATP, 2 μCi of [γ-32P]ATP and recombinant kinase (30 °C for 30 min).
To terminate reactions, samples were mixed with 2× sample buffer, boiled
for 5 min, and subjected to SDS/PAGE and PVDF membrane transfer. 32P
incorporation was detected by using Kodak BioMAX films (Sigma).

Immunofluorescence Microscopy. Methanol fixation, blocking, incubation
with primary and secondary antibodies, and washing were performed as
described (45). The antibodies used were as follows: mouse antiacetylated
tubulin (6-11B-1; Sigma), mouse antiglutamylated tubulin (GT335), rabbit
anti-Arl13b (17711; Proteintech), mouse anti-Flag (M2; Sigma), rabbit anti-
Cep83 (HPA038161; Sigma), rabbit Cep89 (31), rabbit anti-TTBK2 (HPA018113;
Sigma; Alexa 488 or 647-labeled), goat anti-CAP350 (59) (Alexa 647-labeled),
rabbit anti-Cep135 (60) (Alexa 555- or 647-labeled), rabbit anti-CP110 (60)
(Alexa 488-labeled), rabbit anti-Cep164 (29) (Alexa 488- or 647-labeled), rat
anti-IFT81 (38), Alexa 488 anti-rabbit, Alexa 488 anti-rat, Alexa 555 anti-
mouse, and Alexa 555 anti-rabbit (all from Invitrogen). Direct labeling of
primary antibodies was performed by using an Alexa-antibody labeling kit
(Invitrogen). Imaging was performed on a DeltaVision system (Applied Pre-
cision) with a 60×/1.2 or 100×/1.4 Apo plan oil immersion objective. Image
stacks were taken with a z distance of 0.2 μm, deconvolved (conservative
ratio, three to five cycles), and projected as maximal intensity images by
using SoftWoRX (Applied Precision). Where appropriate, contrast and/or
brightness were adjusted by using Photoshop CS5 (Adobe). For cell counts,
100 (siRNA experiments), 25–50 (transgene expression experiments), or 15–
25 (siRNA rescue experiments) cells per condition and experiment were an-
alyzed. Where indicated, a densitometry analysis within selected regions of
interest was performed in 16-bit TIFF images by using ImageJ, analyzing 15–
20 cells per experiment and condition. Data are presented as relative
staining intensity (staining intensity of a protein of interest normalized to
the staining intensity of the centriolar marker Cep135).

Rescue Experiments. At 4–5 h after transfection of RPE-1 cells, medium was
changed to prevent cell death. At 26–30 h later, cells were transfected with
appropriate siRNA oligonucleotides. At 72 h after the initial plasmid trans-
fection, medium was changed (1% FBS) to promote the formation of PC for
24 h. Control experiments were carried out in parallel to verify efficient
knockdown of Cep164 protein levels by Western blotting.

Phosphorylation Site Mapping by MS. Myc–Cep164 C-term protein complexes
were immunoprecipitated from HEK293T cell extracts 24 h after transfec-
tion. Proteins were reduced, alkylated, digested with trypsin overnight, and
then purified with C18 Microspin columns (Harvard Apparatus) according to
manufacturer’s instructions. Eluted peptides were separated by using an
Easy-Nano-LC system, and liquid chromatography–tandem MS analysis was
performed on a hybrid LTQ-Orbitrap mass spectrometer (both from Thermo
Scientific). Obtained spectra were searched by Mascot against the human
proteome database (UniProt). Carbamidomethylation was set as fixed modi-
fication. Oxidation and phosphorylation (Ser/Thr/Tyr) were considered as var-
iable modification. Results were visualized and analyzed by using the Scaffold
package (Proteome Software).

Statistical Analyses. Statistical analyses (Student t test and one-way ANOVA
with multiple comparison tests) were performed by using Prism (Version 6;
GraphPad Software). P < 0.05, P < 0.01, and P < 0.001 were considered as
statistically significant differences. Results are presented as mean plus SEM.
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Abstract

Intraflagellar transport (IFT) of ciliary precursors such as tubulin from the cytoplasm to the ciliary 

tip is involved in the construction of the cilium, a hairlike organelle found on most eukaryotic 

cells. However, the molecular mechanisms of IFT are poorly understood. Here, we found that the 

two core IFT proteins IFT74 and IFT81 form a tubulin-binding module and mapped the 

interaction to a calponin homology domain of IFT81 and a highly basic domain in IFT74. 

Knockdown of IFT81 and rescue experiments with point mutants showed that tubulin binding by 

IFT81 was required for ciliogenesis in human cells.

Cilia are microtubule-based organelles that function in motility, sensory reception, and 

signaling (1). Ciliary dysfunction results in numerous diseases and disorders commonly 

known as ciliopathies. Intraflagellar transport (IFT) is involved in cilium formation (2, 3) 

but also functions in other cellular processes, such as the recycling of Tcell receptors at the 

immune synapse (4). IFT relies on kinesin-2 and IFT-dynein molecular motors moving 

along the microtubule-based axoneme of cilia (5–7) and on the IFT complex, which contains 

at least 20 different protein subunits. Although ~600 proteins are known to reside in the 

cilium (8), we know very little about how they are recognized as ciliary cargo by the IFT 

machinery (9–11).

To identify potential cargo-binding sites on the IFT complex, we carried out bioinformatical 

and biochemical screening and identified conserved domains that were not required for IFT 

complex formation. We reasoned that such domains could protrude from the IFT particle-

core structure and would thus be in a prime position for cargo recognition. The two IFT core 
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proteins IFT74 and IFT81 were found to possess N-terminal domains (IFT74N and IFT81N) 

that were not required for IFT complex formation or stability (fig. S1). Whereas IFT81N is 

highly conserved in sequence and predicted to be a folded domain, IFT74N was likely to be 

disordered and was highly basic with an isoelectric point (pI) > 12 (fig. S2). To characterize 

the properties of IFT74N and IFT81N, we purified recombinant Homo sapiens (Hs) 

IFT81N, Chlamydomonas reinhardtii (Cr) IFT81N, and a truncated HsIFT74/81 

heterodimeric complex (fig. S3) (IFT74N alone degraded rapidly and could not be purified) 

and determined the crystal structure of CrIFT81N (Fig. 1, A to C; fig. S4, A to D; and table 

S1). The crystal structure revealed that IFT81N adopts the fold of a calponin homology 

(CH) domain with unexpected structural similarity to the kinetochore complex component 

NDC80 with microtubule (MT)–binding properties (12). Given that the cilium consists of a 

MT-based axoneme, IFT of large quantities of tubulin is required for cilium formation (13). 

We thus tested the tubulin-binding properties of HsIFT81N using affinity pull-downs (Fig. 

1D and fig. S4E) and microscale thermophoresis (MST) with unpolymerized bovine αβ-

tubulin (Fig. 1, E and F). HsIFT81N bound tubulin with a dissociation constant (Kd) of 16 

μM via a highly conserved, positively charged surface patch, which was enhanced 18-fold 

by IFT74N (Fig. 1G and fig. S3). Because this result was unexpected, we also carried out 

MT sedimentation assays and electron microscopy (EM) to visualize IFT81 or IFT74/81 

bound to MT (fig. S5). The IFT74/81 complex, but not IFT81N, at low μM concentration 

cosedimented with MT during ultracentrifugation (fig. S5, D and E) and decorated MT (fig. 

S5F). Thus, the tubulin-binding module is formed by the IFT74/81 complex rather than by 

IFT81N alone.

To dissect the binding mode in the IFT74/81:αβ-tubulin complex, samples were prepared 

from MT and unpolymerized αβ-tubulin lacking the highly acidic C-terminal tails, often 

referred to as E-hooks (12) (fig. S5A). αβ-tubulin lacking E-hooks had similar affinity for 

IFT81N as intact tubulin (fig. S5, B and C), which suggested that IFT81N recognizes the 

globular domain of αβ-tubulin with no substantial interaction with the E-hooks. IFT74/81 

displayed robust MT binding in sedimentation assays, which was, however, reduced to 

background levels in the absence of the β-tubulin E-hook (fig. S5E). Thus, IFT81N appears 

to bind the globular domain of tubulin to provide specificity, and IFT74N recognizes the β-

tubulin tail to increase affinity (Fig. 1H).

To examine the role of tubulin binding by IFT74/81 in a cellular system, we transiently 

expressed Flag-HsIFT81 or Flag-HsIFT81ΔN in human RPE-1 cells and induced formation 

of primary cilia either by treatment with 0.5 μM cytochalasin D (Fig. 2) (14) or serum 

starvation (fig. S6, A and D). In these experiments, centrioles were visualized by staining for 

CAP350 and cilia by staining for the small guanosine triphosphatase Arl13b or acetylated 

tubulin. We detected both Flag-HsIFT81 and Flag-HsIFT81ΔN at the tip of the primary 

cilium and, to a minor extent, also along the axoneme (fig. S6A), suggesting that IFT81N is 

not required for the transport of IFT81 within the primary cilium. Remarkably, however, the 

expression of Flag-HsIFT81ΔN had a strong negative impact on the extent of ciliogenesis 

(fig. S6, B to D), suggesting that excess IFT81ΔN caused a dominant-negative effect, 

presumably through formation of IFTcomplexes unable to bind tubulin.
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To further investigate the function of the tubulin-binding domain of IFT81 in ciliogenesis, 

we carried out small interfering RNA (siRNA)–rescue experiments. siRNA-mediated 

depletion of IFT81 (fig. S6E) strongly reduced the percentage of ciliated cells (Fig. 2), 

which could be rescued by coexpression of an siRNA-resistant full-length IFT81, as 

expected. In contrast, none of the IFT81 mutants deficient in tubulin binding in vitro 

(HsIFT81mut1 and HsIFT81mut2) compensated fully for the depletion of endogenous 

IFT81. Whereas expression of the deletion mutant (HsIFT81ΔN) or the mutant with reduced 

tubulin-binding ability (HsIFT81mut1) resulted in partial rescue, expression of 

HsIFT81mut2, in which the entire tubulin-binding patch was mutated, completely failed to 

rescue the siRNA-mediated knockdown of IFT81 (Fig. 2B). Thus, the entire negative effect 

on cilium formation by IFT81 depletion was recapitulated with a specific tubulin-binding–

deficient mutant.

The fact that IFT81ΔN formed stable IFT core complexes (fig. S1) suggested that the 

ciliogenesis phenotype was because of reduced tubulin binding and not a general failure of 

IFT. To rule out whether mutation of the IFT81N CH domain resulted in general IFT 

deficiency, we turned to the unicellular protozoan parasite Trypanosoma brucei, where IFT 

has been well studied (15), and tested the effect of IFT81N CH-domain disruption on IFT. 

Yellow fluorescent protein (YFP)–tagged but otherwise normal IFT81 or mutant IFT81 

(IFT81I46D,L47D, Dm) where the CH domain was unfolded (fig. S7A) were expressed at 

wild-type levels. One of the two IFT81 alleles was replaced with either YFP::IFT81 or 

YFP::IFT81Dm, leaving one WT IFT81 allele unaltered (fig. S7B). Both the localization 

and the IFT speed of IFT81 and IFT81Dm were similar to that observed for other IFT 

proteins as judged by live-cell imaging and kymographic analysis (Fig. 3 and movies S1 and 

2) (15). Thus, IFT81N is not required for IFT complex assembly or normal IFTin vivo, 

which corroborates that the ciliogenesis phenotype observed upon IFT81N CH-domain 

mutation (Fig. 2) was indeed because of tubulin-binding deficiency.

Axonemal precursors such as tubulin are added to the tip of the cilium in a length-dependent 

manner (16, 17). The removal of tubulin from the axonemal tip, on the other hand, appears 

to be constant, with no dependence on cilium length (17, 18). These observations inspired 

the balance-point model, in which the length of a mature cilium is the result of equal 

delivery and removal rates for axonemal precursors (17, 19). Furthermore, the concentration 

of tubulin in the cytoplasm influences ciliogenesis and cilium length in mammalian cells 

(20). Based on the measured affinity between IFT74/81 and tubulin (Kd = 0.9 μM) (Fig. 1G), 

we calculated the fraction of IFT complexes bound to αβ-tubulin as a function of tubulin 

concentration (Fig. 4A). Because the cellular tubulin concentration is estimated to be in the 

low μM range (21) and tubulin expression is induced at the onset of ciliogenesis (22), the 

IFT74/81:tubulin affinity is optimal for regulating cilium length via tubulin transport (Fig. 

4B). The prediction is thus that most IFT complexes are loaded with tubulin during early 

stages of ciliogenesis, whereas lower occupancies are found during steady-state cilium 

length (Fig. 4), which agrees well with previously obtained data demonstrating that tubulin 

transport in full-length cilia yields only faint traces on kymographs, likely due to low tubulin 

occupancy on IFTcomplexes (13). During cilium growth, both anterograde IFTcomplex 
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concentration and tubulin binding are negatively correlated with cilia length, resulting in a 

decreasing assembly rate as the cilium approaches steady-state length.

Here, we have shown that the two core IFT proteins IFT74 and IFT81 form a tubulin-

binding module required for ciliogenesis, which suggests a role of IFT74/81 in the transport 

of tubulin within cilia. The fact that the high-affinity binding of tubulin occurs only for the 

IFT74/81 complex and not for IFT81 alone could help ensure that tubulin cargo only binds 

in the context of properly assembled IFT complexes. Because tubulin constitutes the 

backbone of all cilia, it makes sense that the tubulin has a dedicated cargo-binding site on 

the IFT core complex (23). We hypothesize that, although abundant ciliary cargo proteins 

such as tubulin may undergo IFT via dedicated transport modules, less abundant ciliary 

proteins are likely to compete for generic cargo-binding sites on the IFT complex.

Supplementary Material
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Fig. 1. IFT81 and IFT74 form a tubulin-binding module
(A) Cartoon representation of the crystal structure of CrIFT81N domain, with conserved 

lysines and arginines implicated in tubulin binding shown as sticks. (B) Electrostatic surface 

potential of IFT81N displaying the positively charged patch with the residues labeled 

according to the HsIFT81 sequence. (C) Surface conservation of IFT81N demonstrates that 

the basic patch is well conserved among different species (also see fig. S2). (D) Tubulin 

binding evaluated by glutathione (GSH) affinity pull-down of bovine αβ-tubulin using 

glutathione S-transferase (GST)–HsIFT81N. Whereas tubulin does not bind the GSH beads 

and is not pulled down by GST alone, a substantial portion is pulled down by GST-

HsIFT81N, demonstrating binding. Whereas the single-point mutation R87E does not 

strongly impair binding, the K73K75/EE double mutant (mut1) results in reduced amounts 

of pulled-down tubulin, indicating reduced binding. (E) Quantification of tubulin binding to 

untagged HsIFT81N by microscale thermophoresis reveals a Kd of 16 μM. (F) The 

HsIFT81N mut1 has drastically reduced binding with a Kd of 187 μM, showing that the basic 

patch is required for tubulin binding. (G) Microscale thermophoresis titration of tubulin with 

truncated HsIFT7481 complex reveals a Kd of 0.9 μM. The curves in (E), (F), and (G) are 

calculated for three independent experiments, and the error bars represent the mean ± SD. 

(H) The experiments shown in (D) to (G), along with the data in fig. S5, suggest a model in 

which IFT81N recognizes the globular domain of tubulin, providing specificity, and IFT74N 

binds the acidic tail of β-tubulin, providing increased affinity.
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Fig. 2. Tubulin binding by IFT81 is required for ciliogenesis in human cells
(A) Transient expression of Flag-IFT81, but not the tubulin-binding–deficient IFT81 

mutants (in green), rescues the ciliogenesis defect after IFT81 siRNA knockdown. Primary 

cilia formation was induced by 0.5 μM cytochalasin D and detected by antibody to Arl13b 

(in red). CAP350 (in blue, inset images only) was used to visualize centrosomes. Mut1 and 

Mut2 are K73K75/EE and K73K75K113K114R115/EEEEE tubulin-binding mutants, 

respectively. Scale bar, 5 μm. (B) Quantification of the rescue experiment shown in (A). n = 

3 independent experiments; statistical analyses by one-way analysis of variance.
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Fig. 3. IFT81N is not required for normal IFT
(A) Immunofluorescence analysis of methanol-fixed trypanosomes expressing the indicated 

YFP fusion proteins from the endogenous locus stained with an antibody to green 

fluorescent protein (GFP) (green) and with the antibody to PFR2 L8C4 to visualize the 

flagellum (red). The left panel corresponds to a control strain expressing YFP::IFT81 and 

the right panel to the mutant YFP::IFT81Dm, where the IFT81N CH domain is unfolded. 

Scale bar, 5 μm. (B) Kymograph generation and separation of anterograde and retrograde 

traces. Kymographs were extracted from videos of cells expressing YFP::IFT81 (movie S1) 

or YFP::IFT81Dm (movie S2). Panels show the complete kymograph, anterograde events, 

and retrograde events (from left to right). The x axis corresponds to the length of the 

flagellum (horizontal scale bar, 5 μm) and the y axis to the elapsed time (vertical scale bar, 5 

s). (C) Quantitation of the kymograph analysis shown in (B). Anterograde (blue) and 

retrograde velocity (red) distribution of IFT particles are calculated from cells expressing 

YFP::IFT81 and YFP::IFT81Dm. The kymographic analysis reveals robust anterograde 

trafficking with a speed of 1.75 ± 0.55 μm/s for YFP::IFT81 (n = 294 tracks from 15 cells) 

and 1.68 ± 0.72 μm s−1 for YFP::IFT81Dm (n = 244 tracks from 15 cells). These values are 

in line with those reported for anterograde movement of GFP-IFT52 (15). Curiously, 

retrograde transport was slowed down in the case of YFP::IFT81Dm, where a second 

population of relatively slow trains was detected.
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Fig. 4. Model for tubulin transport and ciliary length control
(A) Fraction of IFT complex bound to tubulin at varying tubulin concentrations is plotted 

using the equation OIFT = [Tub]/{Kd + [Tub]}. OIFT is the fraction of IFT bound to tubulin, 

Kd is the binding constant that is experimentally determined in this study as 0.9 μM, and 

[Tub] is the local concentration of free tubulin at the base of the cilium. (B) From the point 

of initiation of flagellar regeneration, the relationship between the ciliary length, the 

concentration of anterograde IFT particles, and OIFT is plotted.
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