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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, | 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—
TTBK?2 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 (TTBKZ1), 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.

Vi
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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 matility, primary cilia have
since been recognized, particularly over the past three decades, as essential sensory organelles (Cajanek
etal., 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 (Gonczy 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 (Cajanek 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



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
NCSI1, 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 CEP8&9 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



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

4



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 (Chavez 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 INPPSE, which converts the PIP2 into PIP within
the cilium, thereby preserving the unique lipid boundary at the ciliary base (Chavez et al., 2015; Garcia-
Gonzalo et al., 2015; Park et al., 2015).



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. lons 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 Vyslouzil et al., 2025 #Appendix 3; Bernatik
et al., 2020 #Appendix 9; Bin6 and Cajanek, 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 (Cajanek et al.,
2025 #Appendix 1; Lacigova and Cajanek, 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 CK1d/¢
and almost 90% kinase domain identity with its sibling kinase, TTBK1 (Flax et al., 2024; Ikezu and
Tkezu, 2014; Lacigova and Cajanek, 2025 #Appendix 2). Mutations in 7TBK2 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
uM (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 o-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 a-
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 a-helical bundle located adjacent to the CEP164-TTBK?2
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
etal., 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



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 INPP5SE
and PIPKIy (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, RABINS, and TTBK2 itself through autophosphorylation (Benk Vyslouzil 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-Cendz, 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).
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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 #4Appendix 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-RABINS—RABS
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



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
(Lacigova and Cajanek, 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 Vyslouzil
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 RABINS, 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 MyosinVVa and RAB34
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to distal appendages. These findings indicate that CEP164 contributes to CV docking independently of
its role in TTBK2 recruitment (Benk Vyslouzil et al., 2025 #Appendix 3).
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Fig.3: Functions of the CEP164—TTBK2 module in primary cilium assembly. The module plays an instrumental
role in regulating CV formation, CP110—-CEPY97 removal, and IFT recruitment. Furthermore, it is implicated in

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

Along the same lines, CEP164 has also been implicated in membrane extension by promoting
RAB8-RABINS interactions through its C-terminal region (Schmidt et al., 2012; Siller et al., 2017). Of
note, while the RABIN8-RABS 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 (Cajanek 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 (Cajanek 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 Vyslouzil 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 (Lacigova and Cajanek, 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
Vyslouzil 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 (Cajanek et al., 2025 #Appendix 1; Lacigova and Cajanek,
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 Vyslouzil 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 Vyslouzil 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 Vyslouzil 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 Vyslouzil et al., 2025 #Appendix 3), Fig.5.
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Fig.5: TTBK2 promotes axoneme elongation by phosphorylating KIF2A. TTBK2 activity inhibits KIF24,
reducing its basal body pool and allowing axoneme elongation. In contrast, truncated TTBK?2 fails to inhibit
KIF2A, resulting in its accumulation at the basal body and shorter cilia. Adopted from (Benk Vyslouzil 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 Vyslouzil et al., 2025 - Appendix 3;
Cajanck 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 TTBK?2.
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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 (Cajanck 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 Vyslouzil 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 (Cajanek et al., 2025 #Appendix 1;
Lacigova and Cajanek, 2025 #Appendix 2).

As | 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 | 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) (Bin6 and Cajanek, 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 (Bin6 and Cajanek,
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 (Bino and Cajanek, 2023 #Appendix 4; Lacigova and Cajanek, 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 Vyslouzil 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, | 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 (Lacigova and Cajanek, 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 (Bin6 and Cajanek, 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” (Barta 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 (Bin6 and Cajanek, 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 Bin 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 PAXG6 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 (Bin6 and Cajanek, 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 (Barta 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 1 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, I[FT proteins
can be subdivided into two subcomplexes, IFT-A (comprising IFT144, IFT140, IFT139, [FT122, 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 uM (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 [FT81 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 [FT. 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 (Cajének 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 (Bind 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 [FT 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).
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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 #4Appendix 8).

Primary cilia are highly dynamic organelles, meaning they rely strictly on the continuous
transport of cargo in and out (Cajanek 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; Cajanek et al., 2025 #Appendix 1). The most widely used

method to induce ciliogenesis in mammalian cell culture involves serum starvation to enrich the G1/GO
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population, as exit from the cell cycle/entry into quiescence is considered the most permissive condition
for primary cilium assembly (Bin6 et al., 2022 #Appendix 6; Cajanek 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 (Cajanek et al., 2025
#Appendix 1; [zawa 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; Cajanek 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 (Cajanek 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
(Cajanek 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 (Cajanek 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, NEKSs, 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 (Cajanek 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 Liiders, 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).
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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/B-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 B-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 P-catenin degradation complex (APC-AXIN—f-
catenin) and inhibits GSK3p/CK1-mediated phosphorylation. This prevents B-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 B-catenin and includes branches such as
WNT/PCP and WNT/Ca?*'(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
etal., 2011), discussed here (Bryja et al., 2017 #Appendix 13; Cajanek 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; Cajanek et al., 2025 #Appendix 1). As for the latter, compelling evidence indeed suggests
that a key step of the WN'T/B-catenin cascade, namely the translocation of B-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 CKlg, an established DVL kinase which promotes
WNT/B-catenin activation, TTBK2 appears to act as a negative regulator of WNT/B-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/B-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/B-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/B-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; Cajanek 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 (Lacigova and Cajanek,
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 Al
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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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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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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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
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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 SCLT1I) 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
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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 RPGRIPI1L [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,
AHII1, 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”

Page 3 of 25

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/GO 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/
RABINS/RABS 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 RABINS, a
RABS8 guanine nucleotide exchange factor (GEF), to the
mother centriole and for regulating RABINS activity.
Locally enriched RABINS ensures the timely activation of
small GTPase RABS, promoting the extension of the cili-
ary membrane [61], [62], [63, 64]. Noteworthy, very few
reports have documented an uncoupling of the growth of
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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, RABINS) [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



Cajének et al. Cell & Bioscience (2025) 15:81

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
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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
TTBK?2 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-RPEL, 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
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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
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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
HDAC?2, 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
HDACS6 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
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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
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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,
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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

Protein localization:

Pericentriolar satellites
/ Mitotic spindle
Midbody

IFTS2
IFT88

KIF14

BBS4 /

Cytokinesis

B Extraciliary roles of ciliary factors unrelated to cell division

endosome

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. BBST1 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 Ca?* 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 dyneinl-driven
complex to ensure the correct formation of astral micro-
tubule arrays and spindle orientation. Consequently,
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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/B-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-
PCML1 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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Table 1 Cilia regulators with dual roles
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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 chromosome alignment [157] regulator of cell polarity and actin-
[125] based morphogenesis [158]
NEK cilia shortening/disassembly [131] destabilization of MTs [131]
kinases disassembly of DAs [133]
APC stability of axonemal microtubules through anaphase promoting complex [157]
targeting NEK1 [132]
PLK1 centriole maturation [134] mitosis progression [157]
KIF3A anterograde IFT [140] intracellular transport [140] intracellular transport [140]
KIF3B mutations in KIF3B - mitotic abnormalities
and aneuploidy [141]
KIF14 cilia growth and trafficking, localization to midbody, cytokinesis progres-
HH activation [144] sion [142, 143]
IFT88 ciliogenesis, IFT transport [87] spindle orientation, clustering of centrosomes in cancer
AURB positioning during cytokinesis [147] cells [148]
BBS4 BBSome-dependent trafficking [152] cell cycle progression and cytokinesis [152]  pre-BBSome assembly [102]
exosome release [235]
BBS1 BBSome-dependent trafficking, endomembrane trafficking [162, 163]
ciliary gating by supporting TZ structure [102]
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 polarized trafficking of ciliary vesicles, outgrowth endosomal recycling, polarized
RABS of ciliary membrane and ciliogenesis [61, 62, 64] transport of Golgi-derived vesicles [63,
RABIN8 159, 160]
ARL13B ciliary membrane composition; ciliary target- non-canonical HH signaling essential

ing of INPP5E and HH pathway components
[165-167]

for the axon guidance [168, 169]

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 RABINS, 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-
13BY**%A mutant, which is unable to localize to primary
cilia, and the cilia are shorter and show diminished
INPP5E levels. Notably, ARL13BY3*** still seems fully
capable of rescuing major HH phenotypes related to
ARL13b loss in mice [168], [169]. While ARL13BY?*** s
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
ARL13BY**4 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
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part of cilium, and, via the DAs-associated activities the general phenotypes of anterograde and retrograde
previously noted, is critically involved in primary cilia  defects, respectively, are well distinguishable, emerging
assembly initiation (Figs. 1A and 4A). In the primary cilia  evidence also suggests “crosstalk” between anterograde
of sensory neurons of the nematode C.elegans, the basal  and retrograde transport (Fig. 4B). The putative sites for
body is degraded following cilium assembly[170]. In fact, such interactions are the ciliary base and tip, respec-
centrioles are lost in most cells in C. elegans, coinciding  tively, where IFT trains rearrange to switch motors [87].
with the cessation of proliferation. Even though the basal ~ Acute inhibition of heteromeric KIF3A/3B kinesin II, for
body is lost, transition fiber-like structures still connect instance, completely halts both anterograde and retro-
the proximal axoneme end with the membrane [170], grade transport in primary cilia in NIH3T3 cells within
indicating a function of this compartment exceeding minutes [173]. However, dynein motor inhibition by cil-
ciliogenesis initiation. Indeed, emerging evidence from iobrevin D halts anterograde IFT trains within 30 min of
mice and cell culture cell lines has established DAs kinase  stalled retrograde transport [174]. Furthermore, CHE-3,
TTBK2 capacity in primary cilia maintenance. TTBK2 the C. elegans orthologue of the retrograde IFT-dynein-2
activity ablation after cilia assembly effectuates their ~motor DYNC2H1 demonstrably affects both retrograde
shortening, perturbed localization of IFT proteins and and anterograde transport [175]. Similar observations
HH pathways components, and axonemal microtubules  were reported in WDR60 and WDR34 dynein-2 mutants
glutamylation reduction [171, 172]. Proposed mecha- using mammalian cell lines [176]. One possible explana-
nisms downstream from TTBK2 involve KIF2A inhibi- tion for these phenotypes is the roadblock/traffic jam
tory effects [79] and centriolar satellite remodeling [172].  model, where stalled IFT trains impair “opposing” IFT

Dynamic interactions are also typical for the IFT. As  train movement indirectly, by sterically limiting the “free
noted earlier, disruption of IFT-dynein or IFT-A com- road” available. Considering IFT-A and IFT-B trains
plexes results in short, bulged primary cilia due to the show direction-specific usage of the two microtubules in
accumulation of IFT proteins and their cargo. Conversely, a doublet to avoid collisions, at least in Chlamydomonas
mutations in IFT-B components typically result in com-  [92], reported reciprocal interactions between antero-
plete axoneme assembly failure [87]. Interestingly, while  grade and retrograde transport machinery may indicate
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Maintained Anterograde Retrograde v
cilium structure transport transport %
Transition _KIF3_A_/B
zone inhibition -
‘ : i
Degraded lirs &
Pericentriolar basal body
satellites
CIFTvsTZ D Tubulinvs IFT
PTMs:
PTM roles in cilia: 1 - Acetylation
’Mutahons in Sperm motility O 2 - Glutamylation
Retrograde WPHPE) CHE3 = 3 - Glycylation
- | e lo
compounds 6 WDR60 . e [ Zebrafish
WDR34 Ciliary beating, fertility e Mice
— photoreceptor
(TmEme7 NPHPAR ) Transition TMEMB7) MRS / cells
— reaRIPLT K81 Zone - Jesnn g

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 Il 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
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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
TTLLS) 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 o«TAT1 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 aTAT1 [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, HDACS6,
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
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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 f-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 B-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
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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/B-catenin) and non-canonical WNT
(WNT/B-catenin-independent) signaling belong to the
major developmental pathways with a somewhat contro-
versial relationship to primary cilium. WNT/B-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
B-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-B-catenin, and kinases
such as GSK3p and CK1. This causes the disassembly of
this so-called degradation complex, B-catenin escapes
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(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 TGF{ signaling on cilia dynamics exhibit a context- and
cell type-specific dependency. Activation of the TGF( 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

GSK3p/CK1-mediated phosphorylation marking it for
degradation, which then leads to the stabilization of
[B-catenin levels and import into the nucleus [219]. The
non-canonical pathway is characterized by its B-catenin-
independent status and typically involves branches such
as WNT/PCP and WNT/Ca?* [130, 220]. Discussion
here is focused on the links between WNT/p-catenin sig-
naling and primary cilia, as the connections between cilia
and WNT/B-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. B-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/B-catenin signaling pathway.
However, functional consequences of such a link for cilia
or WNT/B-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/B-catenin signaling. Conversely, mutation of
ciliary regulators in vivo (e.g. IFT88, IFT172, INVS,
DYNC2H]1, and KIF3A) does not seem to cause major
defects in WNT/B-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/fB-catenin cascade,
namely the translocation of P-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 B-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/ B-catenin signaling relationship (e.g., con-
text-dependent effects, non-cell autonomous functions).
The WNT/B-catenin signaling pathway is well estab-
lished in the specification of motile cilia, via regulation of
expression of transcription factor FOX]J, 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 B-catenin and regulation of transcription,
yet utilizing LRP5/6 and GSK3p, capable of modulat-
ing primary cilia dynamics [222]. The exact mechanism
of how the ciliary WNT/GSK3p 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
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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/GSK3p 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)/GSK3[ signaling.

Another system offering room for HH-WNT interac-
tions is mesenchymal cells (Fig. 5B). In mesenchymal cells
of the soft palate, WNT/B-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.

TGFf signaling

The TGEp signaling pathway regulates a wide range of
cellular processes, including cell proliferation and dif-
ferentiation. Upon stimulation with the TGFp ligand, the
cilia localized receptors TGFPIR and TGFPIIR become
internalized via the clathrin-mediated endocytosis
[247], [248]. Ciliary pocket (CiPo) is considered promi-
nently decisive in TGFp receptor retrieval, hence acting
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upstream of the phosphorylation of key effector proteins,
SMAD?2/3, 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 TGFP 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 TGFp 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 TGEP 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
TGEP signaling on cilia dynamics are context- and cell
type-dependent (Fig. 5C). While activation of the TGEP
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 TGFp pathway [251], and cilia remain
largely intact in human mesenchymal stem cells in
response to deregulated TGFp signaling [252]. Underly-
ing mechanisms involve the regulation of gene expression
of key regulators of cilia assembly. Specifically, TGEp sig-
naling suppresses IFT88 expression in chondrocytic cells,
resulting in a reduction in both the number and length
of cilia [250]. Conversely, TGFp signaling in Xenopus is
required to sustain the expression of TZ components,
and hence cilia maintenance [251].

Aberrant TGEp 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, TGFp signaling drives the differentia-
tion of myogenic, chondrogenic, and adipogenic lineages
[239], [253], [254]. Loss of IFT20 decreases TGFp driven
SMAD2/3 phosphorylation, impairs glucose metabolic
homeostasis, and promotes adipolineage commitment of
the bone marrow MSCs [239]. TGEp 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
MSC:s 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 TGFp-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, JAGGED?2) and the second one the
receptors (NOTCH 1-4). Ligand-receptor interaction
triggers y-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 PROMI, a stem cell marker,

Page 18 of 25

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 HDACS 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
MLNB8054, 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].

HDACS6 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,
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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 HDACG6 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
HDACS6 lead to an increase in axoneme glycylation [117],
suggesting that HDACS6 inhibitors may similarly activate
compensatory mechanisms to preserve axoneme stabil-
ity. HDACEG 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 HDACS 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.

Acknowledgements
We acknowledge BioRender.com for the creation of all figures included within
this review.

Author contributions

LC and MH conceptualized and wrote the review. SS and Ol designed and
prepared the figures and table. All authors read and approved the final
manuscript.

Funding
LC and MH acknowledge support from the Czech Science Foundation (grant
21-216125).

Data availability
Not applicable.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing Interests.
The authors declare that they have no competing interests.

Received: 9 January 2025 / Accepted: 28 April 2025
Published online: 07 June 2025

References

1. Beales P, Jackson PK. Cilia - the prodigal organelle. Cilia. 2012;1:1-3.

2. Sorokin SP.Reconstructions of centriole formation and ciliogenesis in mam-
malian lungs. J Cell Sci. 1968;3:207-30.

3. Gopalakrishnan J, et al. Emerging principles of primary cilia dynamics in
controlling tissue organization and function. EMBO J. 2023;42:¢113891.

4. Bangs F, Anderson KV. Primary cilia and mammalian Hedgehog signaling.
Cold Spring Harb Perspect Biol. 2017. https://doi.org/10.1101/cshperspect.ad
28175

5. Mill P, Christensen ST, Pedersen LB. Primary cilia as dynamic and diverse
signalling hubs in development and disease. Nat Rev Genet. 2023;24:421-41.

6. Braun DA, Hildebrandt F, Ciliopathies. Cold Spring Harb Perspect Biol. 2017. ht
tps://doi.org/10.1101/cshperspect.a028191

7. Mitchison HM, Valente EM. Motile and non-motile cilia in human pathology:
from function to phenotypes. J Pathol. 2017;241:294-309.

20.

21.

22.

23.
24.

25.

26.

27.

28.

29.

30.

31.

32

33.

34.

36.

37.

Page 20 of 25

Reiter JF, Leroux MR. Genes and molecular pathways underpinning ciliopa-
thies. Nat Rev Mol Cell Biol. 2017. https://doi.org/10.1038/nrm.2017.60
Seeley ES, Nachury MV.The perennial organelle: assembly and disassembly of
the primary cilium. J Cell Sci. 2010;123:511-8.

Bornens M, Gonczy P. Centrosomes back in the limelight. Philos Trans R Soc
Lond B Biol Sci. 2014. https://doi.org/10.1098/rstb.2013.0452

Nigg EA, Holland AJ. Once and only once: mechanisms of centriole duplica-
tion and their deregulation in disease. Nat Rev Mol Cell Biol. 2018;19:297-312.
Ishikawa H, Kubo A, Tsukita S. Odf2-deficient mother centrioles lack distal/
subdistal appendages and the ability to generate primary cilia. Nat Cell Biol.
2005;7:517-24.

Balestra FR, Strnad P, Fluckiger I, Gonczy P. Discovering regulators of centriole
biogenesis through siRNA-based functional genomics in human cells. Dev
Cell. 2013;25:555-71.

Bowler M, et al. High-resolution characterization of centriole distal append-
age morphology and dynamics by correlative STORM and electron micros-
copy. Nat Commun. 2019;10:993.

Tanos BE, et al. Centriole distal appendages promote membrane docking,
leading to cilia initiation. Genes Dev. 2013;27:163-8.

Chang T-JB, Hsu JC-C, Yang TT. Single-molecule localization microscopy
reveals the ultrastructural constitution of distal appendages in expanded
mammialian centrioles. Nat Commun. 2023;14:1688.

Yang TT, et al. Super-resolution architecture of mammalian centriole distal
appendages reveals distinct blade and matrix functional components. Nat
Commun. 2018;9:2023.

Wei Q, et al. Transition fibre protein FBF1 is required for the ciliary entry of
assembled intraflagellar transport complexes. Nat Commun. 2013;4:2750.
Airik R, Airik M, Schueler M, Bates CM, Hildebrandt F. Roscovitine blocks
collecting duct cyst growth in Cep164-deficient kidneys. Kidney Int.
2019;96:320-6.

Ma D, Wang F, Teng J, Huang N, Chen J. Structure and function of distal and
subdistal appendages of the mother centriole. J Cell Sci. 2023;136:jcs260560.
Mazo G, Soplop N, Wang WJ, Uryu K, Tsou MB. Spatial control of primary
ciliogenesis by subdistal appendages alters Sensation-Associated properties
of cilia. Dev Cell. 2016. https://doi.org/10.1016/j.devcel.2016.10.006

Chong WM, et al. Super-resolution microscopy reveals coupling between
mammalian centriole subdistal appendages and distal appendages. eLife.
2020;9:53580.

Brooks ER, Wallingford JB. Multiciliated cells. Curr Biol CB. 2014;24:R973-982.
Gilula NB, Satir P. The ciliary necklace. A ciliary membrane specialization. J Cell
Biol. 1972;53:494-509.

Garcia-Gonzalo FR, Reiter JF. Open Sesame: how transition fibers and the
transition zone control ciliary composition. Cold Spring Harb Perspect Biol.
2017;9:a028134.

Mercey O, Mukherjee S, Guichard P, Hamel V. The molecular architecture of
the ciliary transition zones. Curr Opin Cell Biol. 2024;88:102361.

Yang T. Superresolution pattern recognition reveals the architectural map of
the ciliary transition zone. Sci Rep. 2015;5:14096.

Shi X, et al. Super-resolution microscopy reveals that disruption of cili-

ary transition-zone architecture causes Joubert syndrome. Nat Cell Biol.
2017;19:1178-88.

Nachury MV, Mick DU. Establishing and regulating the composition of cilia for
signal transduction. Nat Rev Mol Cell Biol. 2019;20:389-405.

Gupta GD, et al. A dynamic protein interaction landscape of the human
centrosome-cilium interface. Cell. 2015;163:1484-99.

Diener DR, Lupetti P, Rosenbaum JL. Proteomic analysis of isolated ciliary
transition zones reveals the presence of ESCRT proteins. Curr Biol CB.
2015;25:379-84.

Sang L, et al. Mapping the NPHP-JBTS-MKS protein network reveals ciliopathy
disease genes and pathways. Cell. 2011;145:513-28.

Wiegering A, et al. Cell type-specific regulation of ciliary transition zone
assembly in vertebrates. EMBO J. 2018;37:€97791.

Jenkins PM, McEwen DP, Martens JR. Olfactory cilia: linking sensory cilia func-
tion and human disease. Chem Senses. 2009;34:451-64.

Cho JH, et al. Islet primary cilia motility controls insulin secretion. Sci Adv.
2022;8:eabq8486.

Sun 'S, Fisher RL, Bowser SS, Pentecost BT, Sui H. Three-dimensional
architecture of epithelial primary cilia. Proc. Natl. Acad. Sci. U. S. A.
2019;116:9370-9379.

Kiesel P, et al. The molecular structure of mammalian primary cilia revealed by
cryo-electron tomography. Nat Struct Mol Biol. 2020;,27:1115-24.


https://doi.org/10.1101/cshperspect.a028175
https://doi.org/10.1101/cshperspect.a028175
https://doi.org/10.1101/cshperspect.a028191
https://doi.org/10.1101/cshperspect.a028191
https://doi.org/10.1038/nrm.2017.60
https://doi.org/10.1098/rstb.2013.0452
https://doi.org/10.1016/j.devcel.2016.10.006

Cajének et al. Cell & Bioscience

38.
39.

40.

42,
43
44,
45,
46.
47,
48,
49

50.

52.

53.

54.

55.

56.

57.

58.

59.

60.

62.

63.

64.

65.
66.

67.

(2025) 15:81

Sorokin S. Centrioles and the formation of rudimentary cilia by fibroblasts
and smooth muscle cells. J Cell Biol. 1962;15:363-77.

Molla-Herman A, et al. The ciliary pocket: an endocytic membrane domain at
the base of primary and motile cilia. J Cell Sci. 2010;123:1785-95.

Garcia G, Raleigh DR, Reiter JF. How the ciliary membrane is organized Inside-
Out to communicate Outside-In. Curr Biol. 2018;28:R421-34.

Conduit SE, Davies EM, Fulcher AJ, Oorschot V, Mitchell CA. Superresolution
microscopy reveals distinct phosphoinositide subdomains within the cilia
transition zone. Front Cell Dev Biol. 2021,9:634649.

Garcia-Gonzalo FR, et al. Phosphoinositides regulate ciliary protein trafficking
to modulate Hedgehog signaling. Dev Cell. 2015;34:400-9.

Conduit SE, Vanhaesebroeck B. Phosphoinositide lipids in primary cilia biol-
ogy. Biochem J. 2020;477:3541-65.

Hilgendorf KI, Myers BR, Reiter JF. Emerging mechanistic understanding of
cilia function in cellular signalling. Nat Rev Mol Cell Biol. 2024;25:555-73.
Delling M, DeCaen PG, Doerner JF, Febvay S, Clapham DE. Primary cilia are
specialized calcium signaling organelles. Nature. 2013;504:311-4.

Paolocci E, Zaccolo M. Compartmentalised cCAMP signalling in the primary
cilium. Front Physiol. 2023. https://doi.org/10.3389/fphys.2023.1187134
Nachury MV. How do cilia organize signalling cascades? Philos Trans R Soc B
Biol Sci. 2014;369:20130465.

Bind L, et al. A protocol for generation and live-cell imaging analysis of
primary cilia reporter cell lines. STAR Protoc. 2022;3:101199.

Tucker RW, Pardee AB, Fujiwara K. Centriole ciliation is related to quiescence
and DNA synthesis in 3T3 cells. Cell. 1979;17:527-35.

Izawa |, Goto H, Kasahara K, Inagaki M. Current topics of functional links
between primary cilia and cell cycle. Cilia. 2015. https://doi.org/10.1186/5136
30-015-0021-1

Ford MJ, et al. A cell/cilia cycle biosensor for single-cell kinetics reveals persis-
tence of cilia after G1/S transition is a general property in cells and mice. Dev
Cell. 2018;47:509-e5235.

Bangs FK, Schrode N, Hadjantonakis A-K, Anderson K. V. Lineage specificity of
primary cilia in the mouse embryo. Nat Cell Biol. 2015;17:113-22.

Sotelo JR. Trujillo-Cendz, O. Electron microscope study on the development
of ciliary components of the neural epithelium of the chick embryo. Z Fr
Zellforsch Mikrosk Anat. 1958:49:1-12.

Kumar D, Reiter J. How the centriole builds its cilium: of mothers, daughters,
and the acquisition of appendages. Curr Opin Struct Biol. 2021,66:41-8.
Wang L, Dynlacht BD. The regulation of cilium assembly and disassembly in
development and disease. Development. 2018. https://doi.org/10.1242/dev.1
51407

Labat-de-Hoz L, et al. A model for primary cilium biogenesis by polarized
epithelial cells: role of the midbody remnant and associated specialized
membranes. Front Cell Dev Biol. 2020:8:622918.

Wu C-T, Chen H-Y, Tang TK. Myosin-Va is required for preciliary vesicle
transportation to the mother centriole during ciliogenesis. Nat Cell Biol.
2018;20:175-85.

Lu Q et al. Early steps in primary cilium assembly require EHD1/EHD3-depen-
dent ciliary vesicle formation. Nat Cell Biol. 2015. https://doi.org/10.1038/ncb
3109

Ganga AK, et al. Rab34 GTPase mediates ciliary membrane formation in the
intracellular ciliogenesis pathway. Curr Biol. 2021;31:2895-e29057.

Stuck MW, Chong WM, Liao J-C, Pazour GJ. Rab34 is necessary for early stages
of intracellular ciliogenesis. Curr Biol CB. 2021,31:2887-e28944.

Yoshimura S-, Egerer J, Fuchs E, Haas AK, Barr FA. Functional dissection of Rab
GTPases involved in primary cilium formation. J Cell Biol. 2007;178:363-9.
Westlake CJ, et al. Primary cilia membrane assembly is initiated by Rab11

and transport protein particle Il (TRAPPII) complex-dependent trafficking of
Rabin8 to the centrosome. Proc Natl Acad Sci U S A. 2011;108:2759-64.
Knodler A, et al. Coordination of Rab8 and Rab11 in primary ciliogenesis. Proc
Natl Acad Sci U S A. 2010;107:6346-51.

Nachury MV, et al. A core complex of BBS proteins cooperates with

the GTPase Rab8 to promote ciliary membrane biogenesis. Cell.
2007;129:1201-13.

Shakya S, Westlake CJ. Recent advances in understanding assembly of the
primary cilium membrane. Fac Rev. 2021;10:16.

Schmidt KN, et al. Cep164 mediates vesicular docking to the mother centri-
ole during early steps of ciliogenesis. J Cell Biol. 2012;199:1083-101.

Siller SS, et al. Conditional knockout mice for the distal appendage protein
CEP164 reveal its essential roles in airway multiciliated cell differentiation.
PLOS Genet. 2017;13:21007128.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.
92.

93.

94.

95.

96.

97.

Page 21 of 25

JooK, et al. CCDC41 is required for ciliary vesicle docking to the mother
centriole. Proc Natl Acad Sci U S A. 2013;110:5987-92.

Sillibourne JE, et al. Primary ciliogenesis requires the distal appendage com-
ponent Cep123. Biol Open. 2013,2:535-45.

Kurtulmus B, et al. LRRC45 contributes to early steps of axoneme extension. J
Cell Sci. 2018;131;jcs223594.

KanieT, et al. A hierarchical pathway for assembly of the distal appendages
that organize primary cilia. eLife. 2025;14:85999.

Goetz SC, Liem KF Jr, Anderson K. V. The spinocerebellar ataxia-associated
gene Tau tubulin kinase 2 controls the initiation of ciliogenesis. Cell.
2012;151:847-58.

Cajanek L, Nigg EA. Cep164 triggers ciliogenesis by recruiting Tau

tubulin kinase 2 to the mother centriole. Proc Natl Acad Sci U S A.
2014;111:£2841-50.

Rosa E, Silva |, et al. Molecular mechanisms underlying the role of the
centriolar CEP164-TTBK2 complex in ciliopathies. Struct Lond Engl 1993.
2022;30:114-1289.

Lo C-H, et al. Phosphorylation of CEP83 by TTBK2 is necessary for cilia initia-
tion. J Cell Biol. 2019;218:3489-505.

Bernatik O, et al. Phosphorylation of multiple proteins involved in ciliogenesis
by Tau tubulin kinase 2. Mol Biol Cell. 2020;31:1032-46.

Spektor A, Tsang WY, Khoo D, Dynlacht BD. Cep97 and CP110 suppress a cilia
assembly program. Cell. 2007;130:678-90.

Kobayashi T, Tsang WY, Li J, Lane W, Dynlacht B. D. Centriolar Kinesin Kif24
interacts with CP110 to remodel microtubules and regulate ciliogenesis. Cell.
2011;145:914-25.

Benk Vyslouzil D, et al. Tau-tubulin kinase 2 restrains microtubule-depolymer-
izer KIF2A to support primary cilia growth. Cell Commun Signal. 2025;23:73.
OdaT, Chiba S, Nagai T, Mizuno K. Binding to Cep164, but not EBT1, is essential
for centriolar localization of TTBK2 and its function in ciliogenesis. Genes
Cells. 2014;19:927-40.

Huang N, et al. M-Phase phosphoprotein 9 regulates ciliogenesis by modulat-
ing CP110-CEP97 complex localization at the mother centriole. Nat Commun.
2018,9:4511.

Schmidt Tl, et al. Control of centriole length by CPAP and CP110. Curr Biol CB.
2009;19:1005-11.

Prosser SL, Morrison CG. Centrin2 regulates CP110 removal in primary cilium
formation. J Cell Biol. 2015;208:693-701.

Dobbelaere J, Schmidt Cernohorska M, Huranova M, Slade D, Dammermann
A. Cep97 is required for centriole structural integrity and cilia formation in
Drosophila. Curr Biol CB. 2020;30:3045-e30567.

Yadav SP, et al. Centrosomal protein CP110 controls maturation of the mother
centriole during cilia biogenesis. Dev Camb Engl. 2016;143:1491-501.
Walentek P et al. Ciliary transcription factors and miRNAs precisely

regulate Cp110 levels required for ciliary adhesions and ciliogenesis. eLife
2016;5:e17557.

Pedersen LB, Rosenbaum JL. Intraflagellar transport (IFT) role in ciliary assem-
bly, resorption and signalling. Curr Top Dev Biol. 2008,85:23-61.

Kozminski KG, Johnson KA, Forscher P, Rosenbaum JL. A motility in the
eukaryotic flagellum unrelated to flagellar beating. Proc Natl Acad Sci U S A.
1993,90:5519-23.

Bhogaraju S, et al. Molecular basis of tubulin transport within the cilium by
IFT74 and IFT81. Science. 2013;341:1009-12.

Lechtreck K. Cargo adapters expand the transport range of intraflagellar
transport. J Cell Sci. 2022;135:jcs260408.

Pigino G. Intraflagellar transport. Curr Biol CB. 2021;31:R530-6.

Stepanek L, Pigino G. Microtubule doublets are double-track railways for
intraflagellar transport trains. Science. 2016;352:721-4.

Yang TT, et al. Superresolution pattern recognition reveals the architectural
map of the ciliary transition zone. Sci Rep. 2015;5:14096.

Yang TT, Tran MNT, Chong WM, Huang C-E, Liao J-C. Single-particle tracking
localization microscopy reveals nonaxonemal dynamics of intraflagellar
transport proteins at the base of mammalian primary cilia. Mol Biol Cell.
2019;30:828-37.

van den Hoek H, et al. In situ architecture of the ciliary base reveals the
stepwise assembly of intraflagellar transport trains. Science. 2022;377:543-8.
Van De Craft J, Harris JA, Kubo T, Witman GB, Lechtreck KF. Diffusion rather
than intraflagellar transport likely provides most of the tubulin required for
axonemal assembly in Chlamydomonas. J Cell Sci. 2020;133:jcs249805.
Mukhopadhyay S, et al. TULP3 bridges the IFT-A complex and membrane
phosphoinositides to promote trafficking of G protein-coupled receptors
into primary cilia. Genes Dev. 2010;24:2180-93.


https://doi.org/10.3389/fphys.2023.1187134
https://doi.org/10.1186/s13630-015-0021-1
https://doi.org/10.1186/s13630-015-0021-1
https://doi.org/10.1242/dev.151407
https://doi.org/10.1242/dev.151407
https://doi.org/10.1038/ncb3109
https://doi.org/10.1038/ncb3109

Cajének et al. Cell & Bioscience

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111
112.

114.

115.

116.

117.

119.

120.

121.

122.

123.

124.

125.

126.

(2025) 15:81

Nachury MV. The molecular machines that traffic signaling receptors into and
out of cilia. Curr Opin Cell Biol. 2018;51:124-31.

Han'S, et al. TULP3 is required for localization of membrane-associated
proteins ARL13B and INPP5E to primary cilia. Biochem Biophys Res Commun.
2019,509:227-34.

Ansley SJ, et al. Basal body dysfunction is a likely cause of pleiotropic Bardet-
Bied! syndrome. Nature. 2003;425:628-33.

Niederlova V, Modrak M, Tsyklauri O, Huranova M, Stepanek O. Meta-analysis
of genotype-phenotype associations in Bardet-Biedl syndrome uncovers
differences among causative genes. Hum Mutat. 2019;40:2068-87.

Prasai A, et al. The BBSome assembly is spatially controlled by BBS1 and BBS4
in human cells. J Biol Chem. 2020;295:14279-90.

Zhang Q,Yu D, Seo S, Stone EM, Sheffield VC. Intrinsic protein-Protein
Interaction-mediated and Chaperonin-assisted sequential assembly of
stable Bardet-Bied! syndrome protein complex, the BBSome. J Biol Chem.
2012;287:20625-35.

Blacque OE, et al. Loss of C. elegans BBS-7 and BBS-8 protein function

results in cilia defects and compromised intraflagellar transport. Genes Dev.
2004;18:1630-42.

Ye F, Nager AR, Nachury MV. BBSome trains remove activated GPCRs

from cilia by enabling passage through the transition zone. J Cell Biol.
2018;217:1847-68.

Yan H, et al. TALPID3 and ANKRD26 selectively orchestrate FBF1 localization
and cilia gating. Nat Commun. 2020;11:2196.

Nigg EA, Stearns T. The centrosome cycle: centriole biogenesis, duplication
and inherent asymmetries. Nat Cell Biol. 2011;13:1154-60.

Mirvis M, Siemers KA, Nelson WJ, Stearns TP. Primary cilium loss in mam-
malian cells occurs predominantly by whole-cilium shedding. PLOS Biol.
2019;17:3000381.

Rieder CL, Jensen CG, Jensen LCW. The resorption of primary cilia during
mitosis in a vertebrate (PtK1) cell line. J Ultrastruct Res. 1979,68:173-85.
Liang Y, Meng D, Zhu B, Pan J. Mechanism of ciliary disassembly. Cell Mol Life
Sci. 2016;73:1787-802.

Quarmby LM. Cellular deflagellation. Int Rev Cytol. 2004;233:47-91.
Toro-Tapia G, Das RM. Primary cilium remodeling mediates a cell signaling
switch in differentiating neurons. Sci Adv. 2020,6:eabb0601.

. Pugacheva EN, Jablonski SA, Hartman TR, Henske EP, Golemis E. A. HEF1-

dependent Aurora A activation induces disassembly of the primary cilium.
Cell. 2007;129:1351-63.

Pan J,Wang Q, Snell WJ. An aurora kinase is essential for flagellar disassembly
in Chlamydomonas. Dev Cell. 2004,6:445-51.

Kobayashi T, et al. HDAC2 promotes loss of primary cilia in pancreatic ductal
adenocarcinoma. EMBO Rep. 2017;18:334-43.

Zhang Y, et al. Mice lacking histone deacetylase 6 have hyperacetylated
tubulin but are viable and develop normally. Mol Cell Biol. 2008;28:1688-701.
tysyganicz PK, et al. Loss of deacetylation enzymes Hdac6 and Sirt2 pro-
motes acetylation of cytoplasmic tubulin, but suppresses axonemal acetyla-
tion in zebrafish cilia. Front Cell Dev Biol. 2021;9:676214.

. McKenna ED, Sarbanes SL, Cummings SW, Roll-Mecak A. The tubulin

code, from molecules to health and disease. Annu Rev Cell Dev Biol.
2023;39:331-61.

Reilly ML, Benmerah A. Ciliary kinesins beyond IFT: cilium length, disassembly,
cargo transport and signaling. Biol Cell. 2019. https://doi.org/10.1111/boc.20
1800074

Miyamoto T, et al. The Microtubule-Depolymerizing activity of a mitotic
Kinesin protein KIF2A drives primary cilia disassembly coupled with cell
proliferation. Cell Rep. 2015. https://doi.org/10.1016/j.celrep.2015.01.003
Watanabe T, et al. TTBK2 with EB1/3 regulates microtubule dynamics in
migrating cells through KIF2A phosphorylation. J Cell Biol. 2015,210:737-51.
Kim'S, Lee K, Choi J-H, Ringstad N, Dynlacht BD. Nek2 activation of Kif24
ensures cilium disassembly during the cell cycle. Nat Commun. 2015;6:8087.
Phua SC, et al. Dynamic remodeling of membrane composition drives cell
cycle through primary cilia excision. Cell. 2017;168:264-e27915.

Nager AR, et al. An actin network dispatches ciliary GPCRs into extracellular
vesicles to modulate signaling. Cell. 2017,168:252-€26314.

Prasai A, et al. BBSome-deficient cells activate intraciliary CDC42 to trigger
actin-dependent ciliary ectocytosis. EMBO Rep. 2024. https://doi.org/10.1038
/544319-024-00326-z

Stilling S, Kalliakoudas T, Benninghoven-Frey H, Inoue T, Falkenburger BH.
PIP2 determines length and stability of primary cilia by balancing membrane
turnovers. Commun Biol. 2022;5:93.

131

132.

136.

138.

139.

140.

141.

142.

143.

145.

152.

154.

155.

Page 22 of 25

. Patnaik SR, et al. Bardet-Bied| syndrome proteins regulate cilia disassembly
during tissue maturation. Cell Mol Life Sci CMLS. 2019;76:757-75.

. Inoko A, et al. Trichoplein and Aurora A block aberrant primary cilia assembly
in proliferating cells. J Cell Biol. 2012;197:391-405.

. Huang M, et al. Cell cycle arrest induced by trichoplein depletion is indepen-
dent of cilia assembly. J Cell Physiol. 2022;237:2703-12.

. BryjaV, Cervenka |, Cajanek L. The connections of Wnt pathway components

with cell cycle and centrosome: side effects or a hidden logic? Crit Rev

Biochem Mol Biol. 2017;52:614-37.

Fry AM, O'Regan L, Sabir SR, Bayliss R. Cell cycle regulation by the NEK family

of protein kinases. J Cell Sci. 2012;125:4423-33.

Wang W, Wu T, Kirschner MW. The master cell cycle regulator APC-Cdc20

regulates ciliary length and disassembly of the primary cilium. eLife.

2014;3:e03083.

. Viol L et al. Nek2 kinase displaces distal appendages from the mother centri-
ole prior to mitosis. J Cell Biol. 2020. https://doi.org/10.1083/jcb.201907136

. Kong D, et al. Centriole maturation requires regulated PIk1 activity during
two consecutive cell cycles. J Cell Biol. 2014;206:855-65.

. Bukanov NO, Smith LA, Klinger KW, Ledbetter SR. Ibraghimov-Beskrovnaya,

O. Long-lasting arrest of murine polycystic kidney disease with CDK inhibitor

roscovitine. Nature. 2006;444:949-52.

Chebib FT, Sussman CR, Wang X, Harris PC, Torres VE. Vasopressin and disrup-

tion of calcium signalling in polycystic kidney disease. Nat Rev Nephrol.

2015;11:451-64.

. Tran PV, et al. THM1 negatively modulates mouse Sonic Hedgehog signal

transduction and affects retrograde intraflagellar transport in cilia. Nat Genet.

2008;40:403-10.

Tran PV, et al. Downregulating Hedgehog signaling reduces renal cystogenic

potential of mouse models. J Am Soc Nephrol JASN. 2014;25:2201-12.

Ou G, Scholey JM. Motor Cooperation during mitosis and ciliogenesis. Annu

Rev Cell Dev Biol. 2022;38:49-74.

Hirokawa N, Noda Y, Tanaka Y, Niwa S. Kinesin superfamily motor proteins and

intracellular transport. Nat Rev Mol Cell Biol. 2009;10:682-96.

Haraguchi K, Hayashi T, Jimbo T, Yamamoto T, Akiyama T. Role of the Kinesin-2

family protein, KIF3, during mitosis. J Biol Chem. 2006;281:4094-9.

Gruneberg U, et al. KIF14 and Citron kinase act together to promote efficient

cytokinesis. J Cell Biol. 2006;172:363-72.

Carleton M, et al. RNA interference-mediated Silencing of mitotic Kinesin

KIF14 disrupts cell cycle progression and induces cytokinesis failure. Mol Cell

Biol. 2006;26:3853-63.

. Pejskova P et al. KIF14 controls ciliogenesis via regulation of Aurora A and is

important for Hedgehog signaling. J Cell Biol. 2020. https://doi.org/10.1083/j

cb.201904107

Mikulenkova E et al. Kinesin-3 KIF14 Regulates Intraflagellar Transport Dynam-

ics in Primary Cilia. 2025,644298 Preprint at https://doi.org/10.1101/2025.03.2

0.644298 (2025).

. Delaval B, Bright A, Lawson ND, Doxsey S.The cilia protein IFT88 is required
for spindle orientation in mitosis. Nat Cell Biol. 2011;13:461-8.

. Taulet N, et al. IFT proteins spatially control the geometry of cleavage furrow
ingression and lumen positioning. Nat Commun. 2017;8:1928.

. Vitre B, et al. IFT proteins interact with HSET to promote supernumerary
centrosome clustering in mitosis. EMBO Rep. 2020;21:e49234.

. Wood CR, et al. IFT proteins accumulate during cell division and localize to
the cleavage furrow in Chlamydomonas. PLoS ONE. 2012;7:¢30729.

. Vuong LT, et al. Kinesin-2 and IFT-A act as a complex promoting nuclear
localization of B-catenin during Wnt signalling. Nat Commun. 2018;9:5304.

. Balmer S, et al. Components of intraflagellar transport complex A function

independently of the cilium to regulate canonical Wnt signaling in Dro-

sophila. Dev Cell. 2015;34:705-18.

Kim JC, et al. The Bardet-Bied! protein BBS4 targets cargo to the pericentriolar

region and is required for microtubule anchoring and cell cycle progression.

Nat Genet. 2004;36:462-70.

. Kim JC, et al. MKKS/BBS6, a divergent chaperonin-like protein linked to the

obesity disorder Bardet-Bied! syndrome, is a novel centrosomal component

required for cytokinesis. J Cell Sci. 2005;118:1007-20.

Wang W-J, et al. CEP162 is an axoneme-recognition protein promoting ciliary

transition zone assembly at the cilia base. Nat Cell Biol. 2013;15:591-601.

Leon A, Omri B, Gely A, Klein C, Crisanti P. QN1/KIAA1009: a new essential pro-

tein for chromosome segregation and mitotic spindle assembly. Oncogene.

2006;25:1887-95.

. Lovera M, Luders J. The ciliary impact of nonciliary gene mutations. Trends
Cell Biol. 2021,31:876-87.


https://doi.org/10.1111/boc.201800074
https://doi.org/10.1111/boc.201800074
https://doi.org/10.1016/j.celrep.2015.01.003
https://doi.org/10.1038/s44319-024-00326-z
https://doi.org/10.1038/s44319-024-00326-z
https://doi.org/10.1083/jcb.201907136
https://doi.org/10.1083/jcb.201904107
https://doi.org/10.1083/jcb.201904107
https://doi.org/10.1101/2025.03.20.644298
https://doi.org/10.1101/2025.03.20.644298

Cajének et al. Cell & Bioscience

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.
183.

184.

185.

186.

(2025) 15:81

Wieser S, Pines J. The biochemistry of mitosis. Cold Spring Harb Perspect Biol.
2015. https://doi.org/10.1101/cshperspect.a015776

Pichaud F, Walther RF, Nunes de Almeida F. Regulation of Cdc42 and its effec-
tors in epithelial morphogenesis. J Cell Sci. 2019. https://doi.org/10.1242/jcs.2
17869

Hehnly H, Chen C-T, Powers CM, Liu H-L, Doxsey S. The centrosome regulates
the Rab11- dependent recycling endosome pathway at appendages of the
mother centriole. Curr Biol. 2012;22:1944-50.

Ang AL, et al. Recycling endosomes can serve as intermediates during
transport from the golgi to the plasma membrane of MDCK cells. J Cell Biol.
2004;167:531-43.

Jin H, et al. The conserved Bardet-BiedI syndrome proteins assemble a coat
that traffics membrane proteins to cilia. Cell. 2010;141:1208-19.

Guo D-F, et al. The BBSome in POMC and AgRP neurons is necessary for
body weight regulation and sorting of metabolic receptors. Diabetes.
2019;68:1591-603.

Leitch CC, Lodh S, Prieto-Echaguie V, Badano JL. Zaghloul, N. A. Basal body
proteins regulate Notch signaling through endosomal trafficking. J Cell Sci.
2014;127:2407-19.

Cantagrel V, et al. Mutations in the cilia gene ARL13B lead to the classical
form of Joubert syndrome. Am J Hum Genet. 2008;83:170-9.

Caspary T, Larkins CE, Anderson KV. The graded response to Sonic Hedgehog
depends on cilia architecture. Dev Cell. 2007;12:767-78.

Larkins CE, Aviles GDG, East MP, Kahn RA, Caspary T. Arl13b regulates cilio-
genesis and the dynamic localization of Shh signaling proteins. Mol Biol Cell.
2011;22:4694-703.

Humbert MC, et al. ARL13B, PDE6D, and CEP164 form a functional network
for INPPSE ciliary targeting. Proc Natl Acad Sci U S A. 2012;109:19691-6.
Gigante ED, Taylor MR, Ivanova AA, Kahn RA, Caspary T. ARL13B regulates
Sonic Hedgehog signaling from outside primary cilia. eLife. 2020. https://doi.
org/10.7554/eLife.50434

Ferent J, et al. The ciliary protein Arl13b functions outside of the primary
cilium in Shh-mediated axon guidance. Cell Rep. 2019;29:3356-e33663.
Serwas D, SuTY, Roessler M, Wang S, Dammermann A. Centrioles initiate cilia
assembly but are dispensable for maturation and maintenance in C. elegans.
J Cell Biol. 2017,216:1659-71.

Bowie E, Norris R, Anderson KV, Goetz SC. Spinocerebellar ataxia type
11-associated alleles of Ttbk2 dominantly interfere with ciliogenesis and
cilium stability. PLoS Genet. 2018;14:21007844.

Nguyen A, Goetz SC. TTBK2 controls cilium stability by regulating distinct
modules of centrosomal proteins. Mol Biol Cell. 2023;34:ar8.

Engelke MF, et al. Acute Inhibition of heterotrimeric Kinesin-2 function
reveals mechanisms of intraflagellar transport in mammalian cilia. Curr Biol.
2019;29:1137-e11484.

Ye F, et al. Single molecule imaging reveals a major role for diffusion in the
exploration of ciliary space by signaling receptors. eLife. 2013;2:e00654.
Jensen VL, et al. Role for intraflagellar transport in building a functional transi-
tion zone. EMBO Rep. 2018;19:e45862.

Vuolo L, Stevenson NL, Heesom KJ, Stephens DJ. Dynein-2 intermediate
chains play crucial but distinct roles in primary cilia formation and function.
elife. 2018;7:39655.

Absalon S, et al. Intraflagellar transport and functional analysis of

genes required for flagellum formation in trypanosomes. Mol Biol Cell.
2008;19:929-44.

Scheidel N, Blacque OE. Intraflagellar transport complex A genes differ-
entially regulate cilium formation and transition zone gating. Curr Biol CB.
2018;28:3279-e32872.

De-Castro ARG, et al. WDR60-mediated dynein-2 loading into cilia powers
retrograde IFT and transition zone crossing. J Cell Biol. 2021;221:€202010178.
Bujakowska KM, et al. Mutations in IFT172 cause isolated retinal degeneration
and Bardet-Bied| syndrome. Hum Mol Genet. 2015;24:230-42.

Janke C, Magiera MM. The tubulin code and its role in controlling microtu-
bule properties and functions. Nat Rev Mol Cell Biol. 2020,21:307-26.

Verhey KJ, Gaertig J. The tubulin code. Cell Cycle. 2007;6:2152-60.

Sirajuddin M, Rice LM, Vale RD. Regulation of microtubule motors by tubulin
isotypes and post-translational modifications. Nat Cell Biol. 2014;16:335-44.
Viar GA, Pigino G. Tubulin posttranslational modifications through the lens of
new technologies. Curr Opin Cell Biol. 2024;88:102362.

Gadadhar S, et al. Tubulin glycylation controls axonemal dynein activity,
flagellar beat, and male fertility. Science. 2021;371:eabd4914.

Suryavanshi S, et al. Tubulin glutamylation regulates ciliary motility by alter-
ing inner dynein arm activity. Curr Biol CB. 2010;20:435-40.

189.

190.

191.

194.

195.

196.

197.
198.

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

211,

212,

213.

214,

215,

216.

Page 23 of 25

. O'Hagan R, et al. Glutamylation regulates transport, specializes function, and

sculpts the structure of cilia. Curr Biol. 2017,27:3430-e34416.

. Hong S-R, et al. Spatiotemporal manipulation of ciliary glutamylation reveals

its roles in intraciliary trafficking and Hedgehog signaling. Nat Commun.
2018;9:1732.

Kalebic N, et al. aTAT1 is the major a-tubulin acetyltransferase in mice. Nat
Commun. 2013;4:1962.

Verhey KJ, Ohi R. Causes, costs and consequences of kinesin motors com-
municating through the microtubule lattice. J Cell Sci. 2023;136:jcs260735.
Mao S, et al. Motile cilia of human airway epithelia contain Hedgehog signal-
ing components that mediate noncanonical Hedgehog signaling. Proc Natl
Acad Sci U S A.2018;115:1370-5.

. Seidl C, et al. Mucociliary Wnt signaling promotes cilia biogenesis and beat-

ing. Nat Commun. 2023;14:1259.

. NonamiY, Narita K, Nakamura H, Inoue T, Takeda S. Developmental changes

in ciliary motility on choroid plexus epithelial cells during the perinatal
period. Cytoskeleton. 2013;70:797-803.

Ott CM, et al. Permanent Deconstruction of intracellular primary cilia in dif-
ferentiating granule cell neurons. J Cell Biol. 2024;223:6202404038.

Rozycki M, et al. The fate of the primary cilium during myofibroblast transi-
tion. Mol Biol Cell. 2014;25:643-57.

Muiller A, et al. Structure, interaction and nervous connectivity of beta cell
primary cilia. Nat Commun. 2024;15:9168.

Ingham PW. Hedgehog signaling. Curr Top Dev Biol. 2022;149:1-58.

Hall ET, et al. Cytoneme signaling provides essential contributions to mam-
malian tissue patterning. Cell. 2024;187:276-e29323.

. Mukhopadhyay S, et al. The ciliary G-protein-coupled receptor Gpr161

negatively regulates the Sonic Hedgehog pathway via cAMP signaling. Cell.
2013;152:210-23.

Truong ME, et al. Vertebrate cells differentially interpret ciliary and extraciliary
CAMP. Cell. 2021;184:2911-€292618.

Hwang S-H, Somatilaka BN, White K, Mukhopadhyay S. Ciliary and extraciliary
Gpr161 pools repress Hedgehog signaling in a tissue-specific manner. eLife.
2021. https://doi.org/10.7554/eLife.67121

May EA, et al. Time-resolved proteomics profiling of the ciliary Hedgehog
response. J Cell Biol. 2021,220:202007207.

Pal K, et al. Smoothened determines B-arrestin-mediated removal of the

G protein-coupled receptor Gpr161 from the primary cilium. J Cell Biol.
2016;212:861-75.

Yue S, et al. Requirement of Smurf-mediated endocytosis of Patched1 in
Sonic Hedgehog signal reception. eLife. 2014;3:€02555.

Ansari SS, et al. Sonic Hedgehog activates prostaglandin signaling to stabilize
primary cilium length. J Cell Biol. 2024;223:€202306002.

Ho EK, Tsai AE, Stearns T. Transient primary cilia mediate robust Hedgehog
Pathway-Dependent cell cycle control. Curr Biol CB. 2020;30:2829-e28355.
Min M, Rong Y, Tian C, Spencer SL. Temporal integration of mitogen

history in mother cells controls proliferation of daughter cells. Science.
2020;368:1261-5.

FuW, Asp P, Canter B, Dynlacht B D. Primary cilia control Hedgehog signaling
during muscle differentiation and are deregulated in rhabdomyosarcoma.
Proc Natl Acad Sci U S A.2014;111:9151-6.

Straface G, et al. Sonic Hedgehog regulates angiogenesis and myo-

genesis during post-natal skeletal muscle regeneration. J Cell Mol Med.
2009;13:2424-35.

Palla AR, et al. Primary cilia on muscle stem cells are critical to maintain
regenerative capacity and are lost during aging. Nat Commun. 2022;13:1439.
Kopinke D, Roberson EC, Reiter JF. Ciliary Hedgehog signaling restricts Injury-
Induced adipogenesis. Cell. 2017;170:340-e35112.

Cruz C, et al. Foxj1 regulates floor plate cilia architecture and modifies

the response of cells to Sonic Hedgehog signalling. Dev Camb Engl.
2010;137:4271-82.

Hagenlocher C, Walentek P, Ller M, Thumberger C, T, Feistel K. Ciliogenesis
and cerebrospinal fluid flow in the developing Xenopus brain are regulated
by foxj1. Cilia 2013;2:12.

Das RM, Storey KG. Apical abscission alters cell polarity and dismantles the
primary cilium during neurogenesis. Science. 2014;343:200-4.

Zhang Q, Seo S, Bugge K, Stone EM, Sheffield V. C. BBS proteins interact
genetically with the IFT pathway to influence SHH-related phenotypes. Hum
Mol Genet. 2012;21:1945-53.

Bachmann VA et al. Gpr161 anchoring of PKA consolidates GPCR and cAMP
signaling. Proc. Natl. Acad. Sci. U. S. A. 2016;113:7786-7791.


https://doi.org/10.1101/cshperspect.a015776
https://doi.org/10.1242/jcs.217869
https://doi.org/10.1242/jcs.217869
https://doi.org/10.7554/eLife.50434
https://doi.org/10.7554/eLife.50434
https://doi.org/10.7554/eLife.67121

Cajének et al. Cell & Bioscience

218.
219.
220.
221,
222.

223.

224.

225.
226.

227.

228.

229.

230.

231.
232.
233.

234.

235.
236.
237.
238.

239.

240.

241.

242.

243.

244,

245.

(2025) 15:81

. Schembs L, et al. The ciliary gene INPP5E confers dorsal telencephalic identity

to human cortical organoids by negatively regulating Sonic Hedgehog
signaling. Cell Rep. 2022;39:110811.

Schmidt S, et al. Primary cilia and SHH signaling impairments in human and
mouse models of Parkinson’s disease. Nat Commun. 2022;13:4819.

Nusse R, Clevers H. Wnt/p-Catenin signaling, disease, and emerging thera-
peutic modalities. Cell. 2017;169:985-99.

Wallingford JB, Mitchell B. Strange as it May Seem: the many links between
Wnt signaling, planar cell polarity, and cilia. Genes Dev. 2011;25:201-13.
May-Simera HL, Kelley MW, Cilia. Wnt signaling, and the cytoskeleton. Cilia.
2012,1:7.

Zhang K, et al. Primary cilia are WNT-transducing organelles whose biogen-
esis is controlled by a WNT-PP1 axis. Dev Cell. 2023;58:139-e1548.

Gerdes JM, et al. Disruption of the basal body compromises pro-

teasomal function and perturbs intracellular Wnt response. Nat Genet.
2007,39:1350-60.

Simons M, et al. Inversin, the gene product mutated in nephronophthisis
type Il functions as a molecular switch between Wnt signaling pathways. Nat
Genet. 2005;37:537-43.

Corbit KC, et al. Kif3a constrains 3-catenin-dependent Wnt signalling through
dual ciliary and non-ciliary mechanisms. Nat Cell Biol. 2008;10:70-6.

Huang P, Schier AF. Dampened Hedgehog signaling but normal Wnt signal-
ing in zebrafish without cilia. Development. 2009;136:3089-98.

Ocbina PJR, Tuson M, Anderson KV. Primary cilia are not required for normal
canonical Wnt signaling in the mouse embryo. PLoS ONE. 2009. https://doi.or
9/10.1371/journal.pone.0006839

Sugiyama N, Tsukiyama T, Yamaguchi TP, Yokoyama T. The canonical Wnt
signaling pathway is not Involved in renal cyst development in the kidneys of
Inv mutant mice. Kidney Int. 2011;79:957-65.

El-Brolosy MA, et al. Genetic compensation triggered by mutant mRNA
degradation. Nature. 2019;568:193-7.

Walentek P, Beyer T, Thumberger T, Schweickert A, Blum M. ATP4a is required
for Wnt-dependent Foxj1 expression and leftward flow in Xenopus Left-Right
development. Cell Rep. 2012;1:516-27.

Yu X, Ng CP, Habacher H, Roy S. Foxj1 transcription factors are master regula-
tors of the motile ciliogenic program. Nat Genet. 2008;40:1445-53.

Bernatik O, Paclikova P, Kotrbova A, Bryja V, Cajanek L. Primary cilia formation
does not rely on WNT/B-Catenin signaling. Front Cell Dev Biol. 2021;9:623753.
Freke GM, et al. De-Suppression of mesenchymal cell identities and variable
phenotypic outcomes associated with knockout of Bbs1. Cells. 2023;12:2662.
Horwitz A, Levi-Carmel N, Shnaider O, Birk R. BBS genes are involved in accel-
erated proliferation and early differentiation of BBS-related tissues. Differ Res
Biol Divers. 2024;135:100745.

Volz A-K, et al. Bardet-Bied| syndrome proteins modulate the release of bioac-
tive extracellular vesicles. Nat Commun. 2021;12:5671.

Bryja V, et al. The extracellular domain of Lrp5/6 inhibits noncanonical Wnt
signaling in vivo. Mol Biol Cell. 2009;20:924-36.

Janeckova E, et al. Canonical Wnt signaling regulates soft palate develop-
ment by mediating ciliary homeostasis. Development. 2023;150:dev201189.
Holmen SL, et al. Essential role of B-Catenin in postnatal bone acquisition. J
Biol Chem. 2005;280:21162-8.

LiY,Yang S, LiuY, Qin L, Yang S. IFT20 governs mesenchymal stem cell fate
through positively regulating TGF-B-Smad2/3-Glut1 signaling mediated
glucose metabolism. Redox Biol. 2022;54:102373.

Johnson GP, Fair S, Hoey DA. Primary cilium-mediated MSC mechanotrans-
duction is dependent on Gpr161 regulation of Hedgehog signalling. Bone.
2021;145:115846.

HilgendorfKl, et al. Omega-3 fatty acids activate ciliary FFAR4 to control
adipogenesis. Cell. 2019;179:1289-e130521.

Zhu D, Shi S, Wang H, Liao K. Growth arrest induces primary-cilium formation
and sensitizes IGF-1-receptor signaling during differentiation induction of
3T3-L1 preadipocytes. J Cell Sci. 2009;122:2760-8.

MarionV, et al. Transient ciliogenesis involving Bardet-Bied! syndrome pro-
teins is a fundamental characteristic of adipogenic differentiation. Proc Natl
Acad Sci U S A. 2009;106:1820-5.

Ritter A, et al. Restoration of primary cilia in obese adipose-derived mesen-
chymal stem cells by inhibiting Aurora A or extracellular signal-regulated
kinase. Stem Cell Res Ther. 2019;10:255.

Tamura M, Sato MM, Nashimoto M. Regulation of CXCL12 expression by
canonical Wnt signaling in bone marrow stromal cells. Int J Biochem Cell Biol.
2011;43:760-7.

246.

247.

248.

249.

250.

251.

252.

253.

254,

255.

256.

257.

258.

259.

260.

261.

262.

263.

264.

265.

266.

267.

268.

269.

270.

271.

272.

273.

274.

275.

Page 24 of 25

Tsyklauri O, et al. Bardet-Bied! syndrome ciliopathy is linked to altered hema-
topoiesis and dysregulated self-tolerance. EMBO Rep. 2021;22:€50785.
Clement CA, et al. TGF-( signaling is associated with endocytosis at the
pocket region of the primary cilium. Cell Rep. 2013;3:1806-14.

Monnich M, et al. CEP128 localizes to the subdistal appendages of the
mother centriole and regulates TGF-B/BMP signaling at the primary cilium.
Cell Rep. 2018;22:2584-92.

Christensen ST, Morthorst SK, Mogensen JB, Pedersen LB. Primary cilia and
coordination of receptor tyrosine kinase (RTK) and transforming growth fac-
tor B (TGF-B) signaling. Cold Spring Harb Perspect Biol. 2017,9:a028167.
Kawasaki M, et al. TGF-@ suppresses Ift88 expression in chondrocytic ATDC5
cells: TGF-B REGULATES IFT88. J Cell Physiol. 2015;230:2788-95.

Tozser J, et al. TGF- signaling regulates the differentiation of motile cilia. Cell
Rep. 2015;11:1000-7.

Labour M-N, Riffault M, Christensen ST, Hoey DA. TGF1 - induced recruit-
ment of human bone mesenchymal stem cells is mediated by the primary
cilium in a SMAD3-dependent manner. Sci Rep. 2016;6:35542.

Liu M, Alharbi M, Graves D, Yang S. IFT80 is required for fracture healing
through controlling the regulation of TGF-{3 signaling in chondrocyte
differentiation and function. J Bone Min Res Off J Am Soc Bone Min Res.
2020;35:571-82.

Kawasaki M, et al. Primary cilia suppress the fibrotic activity of atrial fibro-
blasts from patients with atrial fibrillation in vitro. Sci Rep. 2024;14:12470.
Zhang W, et al. Dual Inhibition of HDAC and tyrosine kinase signaling path-
ways with CUDC-907 attenuates TGFR1 induced lung and tumor fibrosis. Cell
Death Dis. 2020;11:765.

Waddell SH, et al. ATGFB-ECM-integrin signaling axis drives structural recon-
figuration of the bile duct to promote polycystic liver disease. Sci Transl Med.
2023;15:2abq5930.

Hong R, et al. XIAP-mediated degradation of IFT88 disrupts HSC cilia to stimu-
late HSC activation and liver fibrosis. EMBO Rep. 2024;25:1055-74.

Gradilone SA, et al. HDAC6 Inhibition restores ciliary expression and
decreases tumor growth. Cancer Res. 2013;73:2259-70.

Paul C, et al. Loss of primary cilia promotes inflammation and carcinogenesis.
EMBO Rep. 2022;23:e55687.

Zhou B, et al. Notch signaling pathway: architecture, disease, and therapeu-
tics. Signal Transduct Target Ther. 2022;7:95.

Ezratty EJ, et al. A role for the primary cilium in Notch signaling and epider-
mal differentiation during skin development. Cell. 2011;145:1129-41.

Wang W, et al. IFT-A deficiency in juvenile mice impairs biliary development
and exacerbates ADPKD liver disease. J Pathol. 2021;254:289-302.

Andersson ER, Sandberg R, Lendahl U. Notch signaling: simplicity in design,
versatility in function. Dev Camb Engl. 2011;138:3593-612.

Ezratty EJ, Pasolli HA, Fuchs EA. Presenilin-2-ARF4 trafficking axis modulates
Notch signaling during epidermal differentiation. J Cell Biol. 2016,214:89-101.
Mazelova J, et al. Ciliary targeting motif VxPx directs assembly of a trafficking
module through Arf4. EMBO J. 2009,28:183-92.

Grisanti L, Revenkova E, Gordon RE, lomini C. Primary cilia maintain corneal
epithelial homeostasis by regulation of the Notch signaling pathway. Dev
Camb Engl. 2016;143:2160-71.

Liu Z, et al. Primary cilia regulate hematopoietic stem and progenitor

cell specification through Notch signaling in zebrafish. Nat Commun.
2019;10:1839.

Lopes SS, et al. Notch signalling regulates left-right asymmetry through ciliary
length control. Dev Camb Engl. 2010;137:3625-32.

Li X, et al. Primary cilia mediate KIf2-dependant Notch activation in regener-
ating heart. Protein Cell. 2020;11:433-45.

Serra CFH, et al. Prominin 1 and Notch regulate ciliary length and dynamics in
multiciliated cells of the airway epithelium. iScience. 2022;25:104751.

Rausch V, Hansen CG. The Hippo pathway, YAP/TAZ, and the plasma mem-
brane. Trends Cell Biol. 2020;30:32-48.

Jenks AD, et al. Primary cilia mediate diverse kinase inhibitor resistance
mechanisms in cancer. Cell Rep. 2018;23:3042-55.

Srivastava S, et al. A human patient-derived cellular model of Joubert syn-
drome reveals ciliary defects which can be rescued with targeted therapies.
Hum Mol Genet. 2017;26:4657-67.

Hynes AM, et al. Murine Joubert syndrome reveals Hedgehog signaling
defects as a potential therapeutic target for nephronophthisis. Proc Natl Acad
SciUS A.2014;111:9893-8.

Wong SY, et al. Primary cilia can both mediate and suppress Hedgehog
pathway-dependent tumorigenesis. Nat Med. 2009;15:1055-61.


https://doi.org/10.1371/journal.pone.0006839
https://doi.org/10.1371/journal.pone.0006839

Cajének et al. Cell & Bioscience

276.

277.

278.

279.
280.

281.

282.
283.

284.

(2025) 15:81

Han Y-G, et al. Dual and opposing roles of primary cilia in medulloblastoma
development. Nat Med. 2009;15:1062-5.

Wu VM, Chen SC, Arkin MR, Reiter JF. Small molecule inhibitors of
Smoothened ciliary localization and ciliogenesis. Proc. Natl. Acad. Sci. 109,
13644-13649 (2012).

Halkina T, et al. Discovery of potent and brain-penetrant Tau tubulin kinase
1 (TTBK1) inhibitors that lower Tau phosphorylation in vivo. J Med Chem.
2021,64:6358-80.

Bashore FM, et al. Modulation of Tau tubulin kinases (TTBK1 and TTBK2)
impacts ciliogenesis. Sci Rep. 2023;13:6118.

Lin AC, et al. Modulating Hedgehog signaling can attenuate the severity of
osteoarthritis. Nat Med. 2009;15:1421-5.

Thompson CL, Wiles A, Poole CA, Knight MM. Lithium chloride modulates
chondrocyte primary cilia and inhibits Hedgehog signaling. FASEB J Off Publ
Fed Am Soc Exp Biol. 2016;30:716-26.

Peng Z, et al. Lithium inhibits tumorigenic potential of PDA cells through
targeting hedgehog-GLI signaling pathway. PLoS ONE. 2013;8:e61457.
CaoY, et al. Chemical modifier screen identifies HDAC inhibitors as suppres-
sors of PKD models. Proc Natl Acad Sci U S A. 2009;106:21819-24.

Mergen M, et al. The nephronophthisis gene product NPHP2/Inversin inter-
acts with Aurora A and interferes with HDAC6-mediated cilia disassembly.

285.

286.

287.

288.

289.

Page 25 of 25

Nephrol Dial Transpl Off Publ Eur Dial Transpl Assoc - Eur Ren Assoc.
2013,28:2744-53.

Yanda MK, Liu Q, Cebotaru V, Guggino WB, Cebotaru L. Histone deacetylase 6
inhibition reduces cysts by decreasing cAMP and Ca2 +in knock-out mouse
models of polycystic kidney disease. J Biol Chem. 2017,292:17897-908.
Cebotaru L, et al. Inhibition of histone deacetylase 6 activity reduces cyst
growth in polycystic kidney disease. Kidney Int. 2016;90:90-9.

Frasca A, et al. MECP2 mutations affect ciliogenesis: a novel perspective for
Rett syndrome and related disorders. EMBO Mol Med. 2020;12:¢10270.
Ritter A, et al. Primary cilia are dysfunctional in obese adipose-derived mes-
enchymal stem cells. Stem Cell Rep. 2018;10:583-99.

Xie C, et al. Reversal of ciliary mechanisms of disassembly rescues olfactory
dysfunction in ciliopathies. JCl Insight. 2022;7:€158736.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.



Appendix 2

Lacigova A, Cajanek L*. Phosphorylation at the Helm: Kinase-Mediated Regulation of Primary Cilia
Assembly and Disassembly. Cytoskeleton. 2025 Mar 10. doi:10.1002/cm.22012. (JCR 2024, IF = 1.6,
Q4 — Cell Biology)

62



Cytoskeleton

| REVIEW ARTICLE CETTED

'.) Check for updates

WILEY

CYTOSKELETON

Phosphorylation at the Helm: Kinase-Mediated Regulation
of Primary Cilia Assembly and Disassembly

Andrea Lacigova! @ | Luké4s Cajanek!-?

!Laboratory of Cilia and Centrosome Biology, Department of Histology and Embryology, Faculty of Medicine, Masaryk University, Brno, Czech
Republic | 2Section of Animal Physiology and Immunology, Department of Experimental Biology, Faculty of Science, Masaryk University, Brno, Czech

Republic

Correspondence: Luk4s Cajanek (cajanek@med.muni.cz)

Received: 20 November 2024 | Revised: 11 February 2025 | Accepted: 28 February 2025

Funding: LC acknowledges the support from the Czech Science Foundation (22-132778S).

Keywords: kinase | phosphorylation | primary cilium | substrate

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.

The figures were made using Adobe Illustrator 2021.
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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
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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,
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FIGURE1 | 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 SCLTI1. SCLTI, 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+40” 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 DAV, 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 Rabl1l/Rabin8/Rab8 cascade, facilitates the for-
mation and elongation of the ciliary membrane alongside the
growing axoneme (Shakya and Westlake 2021). Specifically,
small GTPase Rabl1 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 (Bin6 and Cajanek 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 (Cajanek 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 100nm, 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
CEPS83, CEP89, and CEP164) (Bernatik et al. 2020), TTBK2
also promotes their MC localization (Cajanek 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
motivesin CEP164 and TTBK2, thus hampering their interaction
(Xu et al. 2016). According to this model, Phosphatidylinositol
Phosphate Kinase 1y (PIPK1y) and phosphatase INPP5E mod-
ulate the CEP164-TTBK2 interaction by controlling the levels
of PtdIns(4)P at the BB (Xu et al. 2016). PIPK1y phosphorylates
PtdIns(4)P, changing it to PtdIns(4,5)P,, an action counteracted
by INPPSE 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 (LRRK?2) 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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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). PIPK1y, 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.

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-
PAKG affinity (Iannotta et al. 2024). While it is unclear whether
PAKS6 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,
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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).

Microtubule

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 (Vyslouzil 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
HDACS6 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
producessignificant ciliary phenotypesin vivo, suggesting that com-
pensatory mechanisms take place and/or cell type specificity plays

Pericilary TESK1

membrane MAST4 LIMK2

endocytosis PKN2
CDK10

TAO1/3 F-actin

MST1/2 /

+«— AURKA «— PLK1

destabilization

Microtubule

Displacement
of DA components

EGFR CDK1
depolymerization \

NEK2

—

FIGURE 3 | Kinasesinvolved 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 (Lysyganicz et al. 2021; Y. Zhang et al. 2008). Additionally,
since both AURKA and HDACS6 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/HDACS6 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 Ca?*-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/NEDD?9 via negative feedback to limit its own
activity (Pugacheva and Golemis 2005). HEF1/NEDD?9 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
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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.

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
(Wanget 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-HDACG6 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 (TAOL), 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 MST?2 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 HDACG6 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,
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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
keyregulators 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 (M AST4) 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
NEKI1 (Thiel et al. 2011), NEK2 (Fakhro et al. 2011), NEKS8 (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
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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 pl P3000 / 100ng DNA,
0.3 pl Lipofectamine / 100ng DNA) and following the
manufacturer’s manual. Paclitaxel treatment was carried
out by adding paclitaxel (Merck, Cat.N. T7402, final con-
centration 5uM) 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 (5ug 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 pg/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.
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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 (PEIL, 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 3pl of PEI to 1ug 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-
HCI 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
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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 pg of
Flag-KIF2A plasmid+8 pg 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-HCI 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 10° 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 3x10 min with
PBS before being incubated with secondary antibodies
for 2 h in a dark chamber at room temperature, washed
3x10 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 POT)
(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 ddH,O 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
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day the samples were washed 2 x 30 min with ddH,O 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 x 30 min with ddH,O, 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 (https://www.moravia
n-biotech.com). 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 pg/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 pg/mL DOX to start the starvation
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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
SIM? 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 pSlide
8 Well High (Ibidi) chambers. The next day the cells were
transfected with GFP-KIF2A™', 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. T, 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 pg/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.
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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, ImM
EGTA,1mM MgCl,) 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
270ul 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 MgCl,, pH 6.9) supplemented with 1 mM
MgCl, and 1 mM GTP (Jena Bioscience, Jena, Germany)
for 30 min at 37 °C. The polymerized microtubules were
diluted in BRBS8OT (BRB80 with 10uM 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 x 22
mm?2 and 18 x 18 mm?2; Corning, Inc.) with melted thin
strips of parafilm. Chambers were incubated with 20 pg/
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 MgCl,, 75mM KCl, 10mM
dithiothreitol, 0.02 mg/ml casein, 10pM taxol, ImM Mg-
ATP, 20mM D-glucose, 1% Tween, 0.22 mg/ml glucose
oxidase and 20 pg/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 Image]
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 SCA1ll 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-
K2tunel (1-450 AA protein truncated shortly after the
kinase domain) and TTBK2%'"2 (adenosine insertion
at nucleotide 1329 shifts the reading frame in the last
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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-TTBK2"") 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-TTBK2""! (1C) or Flag-TTBK2"™"*? (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-TTBK2"!, compared to Flag-
tagged kinase-dead TTBK2 (Flag-TTBK2"Y), Flag-TTBK-
2truncl or Flag-TTBK2"™" (1E-F), in agreement with our
WB data. We note that while the results clearly show the
induction of the pCEP164 antibody epitope by TTBK2"!,
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-TTBK2", but not Flag-
TTBK2". However, we observed a mobility shift of DVL3
when co-expressed with Flag-TTBK2"""! (1G) or GFP-
TTBK2""2 (1H). We titrated TTBK2 plasmids and con-
firmed that both TTBK2"' and TTBK2"""“! 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 TTBK2""! (we elected
it over TTBK2"""? 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-T TBK2"" rescued the
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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: 0.5um); (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-l) Western blot analysis
of lysates from HEK293T cells transfected with DVL3 and Flag-TTBK2 constructs

frequency of ciliated cells to ~34% (2A-B), as expected.
Remarkably, expressing Flag-TTBK2""! rescued cilia
formation in ~11% of cells, in contrast to Flag-TTBK
which completely failed to rescue (2A-B). At the same
time, we noticed a marked reduction of cilia length in
cells expressing Flag-TTBK2"*"“! compared to Flag-TTB-
K2"', 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

21<d

the MC [16]. As expected, Flag-TTBK2"""“!, 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
TTBK2"™"! 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 TTBK2"' (2A-C), suggesting that
the observed defects in cilia assembly were caused by
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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: 2um); (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-TTBK2""“" were transfected with siRNA targetting CEP164 (2E)
shows cilia number upon siCEP164 treatment (n=3 independent experiments, unpaired T-test, ****P<0.0001)

TTBK2"™"! mislocalization. Noteworthy, we confirmed
that different cilia length in cells expressing Flag-TTB-
K2"' vs Flag-TTBK2""*! stemmed from qualitative dif-
ferences between these constructs, rather than different
expression levels (S2B-F).

Further, the partial rescue of cilia formation by Flag-
TTBK2""! (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-TTBK2"""! 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-TTBK2""! cells
(2D-E), suggesting that CEP164 mediated additional pro-
cesses besides recruiting TTBK2 to the MC.

TTBK2™"! 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-TTBK2"™"! cells, including cells with an elongated
ciliary sheath (3A). In contrast to Flag-TTBK2"!, we
struggled to detect fully assembled cilia in Flag-TTBK-
2truncl i 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-TTBK2"" condition showed a typical arrangement
of acetylated tubulin (AcTUB)-positive axonemal micro-
tubules, enclosed within a ciliary membrane labelled by
ARLI13B (3B, left panel). Many cilia found in the Flag-
TTBK2"™"! condition were similar to that but with a
shorter axoneme (3B, middle panel). Further, in Flag-
TTBK2™"! 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
ARLI13B-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-TTBK2"™"“! compared to Flag-TTBK2"' (3C),
in agreement with the observed cilia length defect (2C).
What is more, ARL13B-positive Flag-TTBK2"""! 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-TTBK2"""! compared to 3/19 cells in
Flag-TTBK2"").

In sum, our data show that cilia forming in Flag-
TTBK2"™"! cells displayed no obvious ultrastructural
defects, but were simply shorter than their Flag-TTBK2"*
counterparts.

Early ciliogenesis progression in TTBK2'""' (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-
TTBK2"! and Flag-TTBK2"™"!, but not Flag-TTBK2",
to efficiently induce the MC removal of CP110 in TTBK2
KO background (4A-B).
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Fig. 3 TTBK2'"“"cilia 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-TTBK2"t, bottom panels show consecutive stages of early ciliogenesis in Flag-
TTBK2""! (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 TTBK2"!, n=45 for TTBK2""""“!, unpaired T-test, *P<0.05), grey area in the graph indicates values between 1 and 1.5

Next, we examined the MC recruitment of IFT88, a
protein involved in shuttling of molecules inside cilia
[12]. We found that while Flag-TTBK2"! failed to pro-
mote IFT88 recruitment to the MC, Flag-TTBK2"" and
to a lesser extent also Flag-TTBK2"""! 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 TTBK2unel, Flag-TTBK2wt and Flag-TTBK-
2truncl showed comparable frequencies of MyosinVa- and
RAB34-positive MCs, whereas Flag-TTBK2"! did not
rescue the MC recruitment of these two markers (4E-H).



Benk Vyslouzil et al. Cell Communication and Signaling (2025) 23:73 Page 11 of 20

>

CP110 removal IFI'SS recruitment M osinVa recruitment RAB34 recruitment

RAB34
[CP110 IFT88 MyoVa

WT

Flag-
TTBK2
trunc1

Flag-
TTBK2

Flag-
TTBK2
KD

ok

kR

B w80 — 240 §15 wak §3o ——
— ns
8 o 8 s 3 i

S 60 = 30 2 U 2
B3 }] € 10 20
< £ @ @
K w20 ° b
340 R 2 2
E 5 % 5 @ 10
(=
ﬁzo » 10 2 2
- © © <
- 0 n @
o = 2 [} o
o0 Lo S0 § 0
\
< y W & & R <<‘
Nug g *3‘ 8 RO &
& 90 @ P & o€ 0 é
<& 3 il & <€ &
<& 4‘ <‘ &

Fig. 4 Early ciliogenesis progression in TTBK2'"“"'(4A, 4C, 4E, 4G) hTERT RPE-1 TTBK2 KO cells DOX-inducibly expressing Flag-TTBK2 constructs
were stained with the indicated antibodies (scale bars: 0.5um) (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)

To capitalize on the ability of TTBK2"™! 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 TTBK2""" are linked to KIF2A accumulation
(Fig. 5)

Given that Flag-TTBK2""™! 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-TTBK2"" formed steadily growing cilia during the
5 h period of the experiment (5A-B). In contrast, cilia in

Flag-TTBK2""“!-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-TTBK2"™“! condition (0.355
breaks per cilium) compared to Flag-TTBK2*' (0.222
breaks per cilium). Taken together with the rather mod-
est defect in IFT88 MC levels in TTBK2"""“!_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-TTBK2"™"! compared to Flag-TTBK2"
(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-
TTBK2"! 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-TTBK2"""“!-express-
ing cells (5F-G). Importantly, KIF2A depletion showed no
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Fig.5 Shortciliain TTBK2'"“'are 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: 5um); (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-TTBK2""! 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: 0.5um); (5E) shows KIF2A signal intensity at the MC (4 independent experiments, n>54 cells per condition, normalized to CETNT,
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: 2um); (5G) shows cilia length quantification(4 independent experiments, n>189 cilia per condition, one-way ANOVA, **P<0.01,

**p<0.001)

additive effect on cilia length in Flag-TTBK2"!, suggest-
ing that KIF2A-mediated inhibition of axoneme growth
was specific to Flag-TTBK2""! 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-KIF2A™' or
GFP-KIF2AXYP, 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-KIF2AXYP decorating
the ciliary axoneme, suggesting that KIF2A could local-
ize directly inside cilia (6A). In addition, we resolved the
signal of GFP-KIF2A™" 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-KIF2A™ 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 (5puM, 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-KIF2A", but not
GFP-KIF2AXYP, we could readily observe a reduction
of cilia length (6C-D), in line with previous work [26].
In addition, we found that GFP-KIF2A", but not GFP-
KIF2AXYP, 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-TTBK2T"! cells.
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Fig. 6 KIF2A overactivation phenocopies TTBK2 truncation (6A) hTERT RPE-1 cells expressing GFP-KIF2AK® were fixed and stained for ARL13B and
CETNT (scale bars: 1Tum), the images show two representative cells with GFP-KIF2AKP signal decorating the cilium (6B) hTERT RPE-1 cells expressing
GFP-KIF2A" were fixed, subjected to expansion microscopy, and stained for ACTUB and GFP, GFP-KIF2A™ (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: 2um); (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)

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
$140 (7A) as phospho-sites that were specifically induced
by GFP-TTBK2wt, but not by GFP-TTBK2trunc2 (we
selected it over TTBK2truncl 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-KIF2AS'35~140F)
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-KIF2AS13°-1%E (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-KIF2AS*8¢/604E and GFP-
KIF2AS586/6044 pegpectively) 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
S$586 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-KIF2A"* MC pools in Flag-TTBK2"" and
Flag-TTBK2"™"“! RPE-1 cells. We observed a small, but
consistent reduction in recovery halftime (T} of GFP-
KIF2A"* MC signal in Flag-TTBK2"' compared to Flag-
TTBK2"! cells (8A-B), suggesting a faster KIF2A MC
turnover in Flag-TTBK2"".

Next, to examine if KIF2A MC recruitment was regu-
lated by phosphorylation of the S135-140 cluster, we
expressed GFP-KIF2A", GFP-KIF2AS3-1E or GFP-
KIF2AS135-140A jn RPE-1 cells. Remarkably, we found that
mimicking S135-140 phosphorylation strongly dimin-
ished KIF2A MC localization in GFP-KIF2AS'35140F,
whereas GFP-KIF2A™ and GFP-KIF2AS35710A [ocal-
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-KIF2A™ and GFP-
KIF2AS135-190A (gee 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-KIF2AS13514E formed cilia
that were longer compared to cells expressing GFP-
KIF2AS135-140A (QE_F), indicating that phosphorylation of
KIF2A at S135-140 supported axoneme elongation.
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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), TTBK2" 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-KIF2A™, 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-KIF2A™, Welch ANOVA test, *P<0.05)
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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-KIF2A" and subjected to FRAP analysis; (8A) shows individual T, 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: 0.5um); (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)

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 TTBK2"™"V2induced 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 TTBK2"u <!
resides in its spatial properties (misslocalization), rather
than a defective kinase activity per se. Importantly, the
expression of TTBK2"""! 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, TTBK2"""“! 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 KIF2AXYP, perhaps due to altered dynamics of
tubulin-KIF2AXYP 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-TTBK2"""!, 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 TTBK2"" 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-TTBKmeCl 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 KIF2A and KIF2AS135-1404 Jikely
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
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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

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-
2truncl_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 TTBKI1 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 TTBK2"™"“! showed no defects in
preciliary vesicle formation (3A-C). Moreover, depleting
CEP164 from TTBK2"™"! 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 TTBK2"™""“! does not interact with CEP164,
in principle it has no means of “distinguishing” between
MC- and DC-associated CP110. However, while elevated
levels of TTBK2"™"! may compensate for its absence
from the MC, our data clearly show that TTBK2"'"!
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 TTBK2""! 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.
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Tau tubulin kinase 1 and 2 regulate
ciliogenesis and human pluripotent
stem cells-derived neural rosettes

Lucia Bin6! & Lukas Cajanek ®%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 known', 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) pathway*?. Conversely, primary cilia govern important aspects of embryonic
development and tissue homeostasis**. Defects in the assembly and function of primary cilia cause diseases
such as Bardet-Biedel syndrome, Joubert syndrome, or nephronophthisis, collectively termed ciliopathies®. Cilia
status also affects certain types of cancer, such as medulloblastoma or basal cell carcinoma®. 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 membrane’. 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)®!'!. 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 manner®'® to
facilitate the growth of the ciliary axoneme by transporting various cargoes between the cilia base and tip'2.
Noteworthy, no evidence for a role in cilia formation has yet been provided for TTBK1, with its kinase domain
highly similar to that of TTBK2'.

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, respectively>*!*. The transcripts regulated by HH include components of the pathway (i.e. PTCHI,
GLI1), as well as transcription factors regulating proliferation and cell fate decisions’.

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 types'>'®. 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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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, y-TUBULIN staining indicates centrioles;
scalebar =20 um. (C) SHH target gene GLII and PTCHI 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. DO-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 pum. (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 Neol rosettes on D15 in phase contrast; scalebar =100 pm. (H)
Measurement of the rosette area in mock- or SAG-treated later stage differentiation Neol rosettes on D15; n=4,
t-test.

temporally'”!8. In addition, HH signaling drives cell proliferation during neurodevelopment in mice'® and can
promote cell division in both neural and non-neural cell types®*?!.

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 body***’. Consequently, they hold great promise for
modeling both physiological and pathophysiological aspects of human embryogenesis “in a dish”**?*. Interest-
ingly, undifferentiated hPSCs can assemble primary cilia and express HH pathway components?*~2%. In mice,
primary cilia start to appear in the epiblast, following embryo implantation®. 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 hPSCs™, their
ablation, either in mouse embryos or in hPSCs, leads to surprisingly subtle neural differentiation defects®*2

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 lumen®>**. 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 niche**~*”. HH pathway, together with Notch
signaling, has been implicated in the maintenance of neural rosettes™.

Here, we combine the pharmacological activation of the HH signaling pathway with the CRISPR/Cas9-
mediated ablation of TTBK?2, 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 report?”. Next, we found that SAG treatment led to an induction of mRNA expression of HH target
genes GLII and PTCHI (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 expected®®. Consistent
with the role of the HH pathway in neural tube patterning'® we also observed increased expression of SHH mRNA
and reduced expression of WNTI 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 Neol (Fig. 1G,H). In sum, our data
confirm and extend the previous observation of a positive effect of HH pathway activation on neural rosette size®.

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
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Figure 2. TTBK?2 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, y-TUBULIN staining was used to detect centrioles; scalebar =5 pum. (D) Representative
images of colony morphology of undifferentiated cells in WT1 and TTBK2 KOLI. (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.

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) treatment®**° 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 Neol hPSCs (Suppl. Fig. 2G,H), the
expression of pluripotency markers OCT4 and NANOG (Suppl. Fig. 21,]), and protein level of OCT4 (Suppl.
Fig. 2K). These results confirm and extend recent observations on the primary cilia—self-renewal relationship*>*!
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 regulators. 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 others*. 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 TTBK?2 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 W, 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. 3EG).

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 systems®*2. 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 CNS™.

First, we examined the expression of TTBKI 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 inhibitor*! (1 uM) 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.
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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), y-TUBULIN was used to
indicate centrioles; scalebar =20 pum. (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 pm. (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 pm. (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 pm. (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 TTBKI 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
significance?®”. 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-withdrawal?®. 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 hPSCs** or TTBK2 knockout
iPSCs*!.

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 program*’. 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 stimuli*.

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 cilia%, loss of primary cilia
due to TTBK?2 ablation in the neural tube in mice has been associated with HH “loss of function” defects®. 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 differentiation®. 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 tube®.

Primary cilia were proposed as essential for hPSCs conversion into PAX6 + neural progenitors, hence for the
neural fate acquisition®. 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 hPSCs* and with
the absence of early neurodifferentiation phenotypes in mice with primary cilia defects®*"*¢. Moreover, given
the recent progress in the development of inhibitors of TTBK1/2*"*, temporal ablation of primary cilia could
be exploited to tweak the yield of neurodifferentiation protocols.

TTBKI1 and TTBK2 share almost 60% identity and 70% similarity in their kinase domains, making them
the closest relatives within the CK1 kinase family”. 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 TTBK2%*2. 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 interaction®***’ 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 TTBKI is able to regulate primary cilia. Our
model is attractive also from the point of TTBK2 frame-shift mutations, associated with spinocerebellar ataxia
11°°. Here, the resulting truncated protein moieties lack the C-terminal CEP164 binding motif and hence are
considered unable to support ciliogenesis®*'. In addition, primary cilia are emerging as critical regulators of
CNS functionality®*~>*. Given that TTBK1 has been considered a plausible therapeutic target for the treatment of
Alzheimer’s disease (AD)**>-, 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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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, y-TUBULIN was used to detect centrioles; scalebar =50 pm. (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 um. (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 um. (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.

Material and methods

Cell culture and transfection. CCTL14 cells (https://hpscreg.eu/cell-line/MUNIe007-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, 1xnonessential amino acids (NEAA) (both from Biosera), ¥2x Zell Shield (Minerva Biolabs),
100 pmol/L B-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 Neol w1 cells*
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 Y2x 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 DI and D2 after seeding and analyzed on D3. i3N cells were maintained and dif-
ferentiated as described in detail in®. hTERT RPE-1 KOs were cultured in DMEM/F12, 10% FBS, and 2 mM
L-glutamine as described before*>.

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 pg TTBK1-HaloTag  human ORF in pFN21A (FHC12512, Pro-
mega) or pglapl-TTBK2 (“GFP-TTBK2"#) 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/cm? in a complete growth
medium with 20 uM 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 xNEAA, Y:x Zell Shield) with 20 uM Y-27632, and 20 uM TGF-
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 pM) (gift
from Alison Axtman*') 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 2.1.0°%) 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), y-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 xin 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 x5 min in PBS and stained with donkey-raised secondary antibodies in either blocking buffer or
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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.

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 Axiolmager.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.

gRT-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 x 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 IT (Roche). Relative gene expression was calculated using 2722°4 method; GAPDH was used as the
reference gene.

Western blot. Protein expression was analyzed by western blotting as described before®. Briefly, cells were
lysed in SDS lysis buffer (50 mM Tris—HCI 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), a-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).
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Growth curves. The relative growth rate was determined using a crystal violet assay as described before™.
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 x H,O 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 gRNA* cloned into pSpCas9 (BB)-2A-GFP vector or vehicle were
repeatedly transfected into CCTL14 line, as described before®. pSpCas9(BB)-2A-GFP vector was a gift from
Feng Zhang (https://www.addgene.org/48138°%"). 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)> 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. 1EH, 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.graphpad.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 extend outward from the cell
surface. They are found on most 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 tissue homeostasis (Bettencourt-Dias et al., 2011; Ishikawa
and Marshall, 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
and De Nicolo, 2019; Werner et al., 2017). The two centrioles differ
in age, with the older (mother) centriole distinguished from the
younger (daughter) centriole by the presence of distal and subdis-
tal appendages (Bowler et al., 2019; Chong et al., 2020; Tanos
etal., 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 doublet microtubules 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 by mediating membrane docking
and providing a platform on which essential steps in cilia 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 © 2021 The Author(s). Published by Elsevier Ltd.

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 suppo