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Slow but steady: Molecular mechanisms controlling
microtubule growth in centrioles and cilia

Saishree S. lyer'® and Anna Akhmanova'®

Microtubules are cytoskeletal filaments that form dynamic cytoplasmic arrays and stable cores of centrioles and cilia.
Microtubule dynamics depend on GTP hydrolysis by tubulin: addition of GTP-tubulin creates a stabilizing cap, whereas cap loss
triggers depolymerization. In structures with very slowly growing microtubules, such as centrioles and cilia, long GTP caps
cannot form; instead, specialized protein complexes stabilize microtubule plus ends and support their slow elongation. Recent
studies showed that although centrioles and cilia use distinct proteins to control their microtubule plus ends, the underlying
mechanisms are similar. Both rely on complexes combining microtubule growth inhibitors with polymerases that counteract
inhibition, which jointly stabilize the plus ends and drive their gradual extension. Both centriolar and ciliary microtubule tip
regulators form assemblies that span inner and outer microtubule surfaces and reduce protofilament peeling. Because many

centriole and ciliary tip proteins are mutated in human disorders, including microcephaly and ciliopathies, these findings

provide insight into the molecular basis of such diseases.

Introduction

Microtubules are dynamic cytoskeletal polymers required for
intracellular transport and organelle positioning, cell polarity,
motility, and division (Desai and Mitchison, 1997; Goodson and
Jonasson, 2018) (Fig. 1 A). Microtubules also form the stable
cores of centrioles and cilia. Centrioles are cylindrical or-
ganelles with a wall composed of nine radially arranged
microtubule triplets (Banterle and Gonczy, 2017; Loncarek
and Bettencourt-Dias, 2018) (Fig. 1 B). Centrioles serve as a
scaffold for microtubule-organizing centers, centrosomes,
or as basal bodies for cilia, elongated structures that protrude
from the cell surface and have motile, sensory, or signaling
functions (see Mill et al. [2023]; Zhu [2025] for recent reviews).
Ciliary cores, axonemes, are composed of microtubule doublets
that extend from the distal centriole end and are arranged in a
ninefold radial symmetry; furthermore, motile cilia also con-
tain two centrally positioned microtubules, called the central
pair (Klena and Pigino, 2022) (Fig. 1 C).

The dynamic instability of microtubules (Mitchison and
Kirschner, 1984) depends on GTP hydrolysis by tubulin: the
addition of GTP-tubulin leads to the formation of a stabilizing
GTP cap that promotes growth, whereas GTP hydrolysis within
the microtubule lattice destabilizes the structure, and the loss
of the GTP cap triggers rapid depolymerization (Carlier and
Pantaloni, 1981; David-Pfeuty et al., 1977; Desai and Mitchison,
1997). The exact length of the GTP cap and its effects on micro-
tubule growth and stability have been a matter of extensive

studies, discussion, and modeling (reviewed in Brouhard and
Sept [2012]; Cleary and Hancock [2021]; Farmer and Zanic
[2023]). The discovery that end-binding (EB) proteins report
on the length of the GTP cap (Maurer et al., 2012; Roostalu et al.,
2020; Zhang et al., 2015) allowed estimating its length in cells.
Cytoplasmic microtubules can grow fast, with a rate of up to 20-
25 um/min, and, based on the length of EB-positive regions at
microtubule plus ends, have stabilizing GTP caps of ~1-2 um
(Akhmanova and Steinmetz, 2008; Seetapun et al., 2012). In
contrast, centriolar microtubules typically grow at a rate of only
tens of nanometers per hour (Aydogan et al., 2018; Chrétien et al.,
1997; Kuriyama and Borisy, 1981). Cilia can grow more rapidly, up
to 0.05-0.4 pm/min (observed in regenerating flagella in the
single-celled green alga Chlamydomonas (Abbiihl et al., 2025;
Marshall et al., 2005; Rosenbaum and Child, 1967; Rosenbaum
et al., 1969)). Still, in both centrioles and cilia, the rate of tubu-
lin addition will typically be insufficient to form a long stabilizing
GTP cap, yet the centrioles and ciliary axonemes are very stable.

Extensive genetic, proteomics, and cell biological studies
identified numerous proteins that stabilize centriolar and ciliary
microtubules and control their length (Banterle and Génczy,
2017; Deretic et al.,, 2023; Loncarek and Bettencourt-Dias,
2018). Here, we review the biochemical activities of these factors
and their effects on microtubule tip structure and dynamics,
focusing on emerging common mechanistic principles of slow
microtubule growth.
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Figure 1. Structures of microtubule plus ends and the associated caps and plugs in centrioles and cilia. (A) Scheme of the growing plus end of a
microtubule, characterized by flared protofilaments of varying lengths, and a longer or shorter stabilizing GTP cap (light gray tubulin). (B) Illustration of a
mother centriole-daughter centriole pair surrounded by PCM. The fully elongated mother centriole is ~0.5 um in length and has triplet microtubules arranged
in radial symmetry in the proximal two thirds. A triplet has an A-tubule with 13 protofilaments, a B-tubule, and a C-tubule with 10 protofilaments each. The
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C-tubule terminates growing, and thus, the distal one third is composed of doublet microtubules (just A- and B-tubules). The centriolar cap complex (green) is
present on the distal end of both mother and daughter centrioles. (C) Illustration of motile and primary cilia. The basal body, composed of triplet microtubules,
acts as a template for the axoneme, which is the core of the cilium. The axoneme has doublet microtubules arranged in radial symmetry (9 + 0 arrangement) and
surrounded by the ciliary membrane. Motile cilia have an additional pair of singlet microtubules in the center called the central pair (9 + 2 arrangement). The
doublet microtubules transition into singlet microtubules in the distal ciliary compartment. The ciliary tip complex (green) is present on the distal tip of the
ciliary microtubules. (D) Tomogram slice and corresponding 3D model depicting the flared protofilaments of a microtubule plus end in the dorsal root ganglion
neurons, from Foster et al. (2022). (E) Tomograms and corresponding 3D models depicting the variable structure of flared plus ends of microtubules grown
in vitro. Modified from McIntosh et al. (2018). (F) Tomogram slice and the corresponding diagram highlighting what is shown in the tomogram, il-
lustrating filamentous proteins extending into the central pair microtubules in cilia of Tetrahymena thermophila. Modified from Legal et al. (2023).
(G) Tomogram and associated 3D model showing the electron-dense cap structure found on the plus end of microtubules grown in vitro in the
presence of centriolar proteins (from lyer et al. [2025]). (H) Cork-like electron-dense structures found on the plus end of microtubules grown in
the presence of ciliary proteins in vitro (from Saunders et al. [2025]). The plus ends in G and H look relatively blunt compared to the control

microtubules in E.

Microtubule plus-end architecture
Microtubules are cylindrical polymers built of tubulin dimers,

which bind to each other in a head-to-tail fashion to form pro-
tofilaments. Within the tube, laterally associated protofilaments
are straight, forming a uniform lattice. In contrast, microtubule
ends have intrinsically variable structures, where individual
protofilaments of different length and curvature can bend away
from the tube axis (Gudimchuk and McIntosh, 2021) (Fig. 1 A).
Early electron microscopy (EM)-based analyses, based on 2D
images, suggested that growing microtubule plus ends terminate
with straight protofilaments or tubulin sheets, whereas depo-
lymerizing ends have protofilament curls, resembling ram’s
horns (Chrétien et al., 1995; Mandelkow et al., 1991; Simon and
Salmon, 1990). However, recent 3D analyses using cryo-electron
tomography (cryo-ET) suggested that both growing and
shrinking microtubules have flared ends (Atherton et al., 2018;
McIntosh et al., 2018; Gudimchuk et al., 2020; Foster et al., 2022)
(Fig. 1, D and E). How protofilament end structures relate to the
presence and length of the GTP cap is still a matter of debate.
Since tubulin dimers have a bent shape both in the GDP and the
GTP form (reviewed in Brouhard and Rice [2014]), it is thought
that the subunits likely first assemble longitudinally into curved
protofilaments, and these protofilaments subsequently undergo
lateral interactions and straighten, resulting in tube closure
(Gudimchuk and McIntosh, 2021; Gudimchuk et al., 2020). A
recent model suggests that during microtubule growth, curved
protofilaments form discrete laterally attached clusters, which
represent short-lived intermediates in the transition to the
straight microtubule lattice, and that this process is enhanced by
GTP-bound tubulin (Kalutskii et al., 2025).

Mildly curved or flared protofilament ends have also been
described at the tips of motile cilia (Legal et al., 2023), and open
ends with outwardly curved extensions have been observed at
the plus ends in growing centrioles (Guichard et al., 2010). A
distinctive feature of centrioles and cilia is the presence of the
electron-dense material associated with their ends. Already,
early EM work described caps on the distal ends of elongating
and resorbing axonemes in Chlamydomonas flagella (Dentler
and Rosenbaum, 1977). The central pair microtubules have
prominent caps, while the A-tubules contain filamentous plugs
that extend into their lumen. Subsequent ET studies have shown
the presence of caps and filamentous plugs at axonemal micro-
tubule plus ends in cilia from different species and also docu-
mented significant variability in these structures (Hodg et al.,
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2014; Legal et al., 2023; Leung et al., 2021; Louka et al., 2018;
Reynolds et al., 2018; Zabeo et al., 2018) (Fig. 1F). In some cases,
filaments from the plugs extend into the ciliary membrane, po-
tentially anchoring the membrane to the axoneme. Interest-
ingly, cryo-ET of microtubules polymerized in vitro in the
presence of centriolar or ciliary tip regulators revealed electron-
dense plug- or cork-shaped structures at their plus ends (Iyer
etal., 2025; Saunders et al., 2025) (Fig. 1, G and H). This indicates
that certain aspects of centriolar and ciliary microtubule regu-
lation can be reproduced in a cell-free system, even when using
single microtubules composed of brain tubulin rather than the
native tubulin isotypes with their specific posttranslational
modifications. In the following sections, we first summarize our
current knowledge on the properties and functions of individual
centriolar cap and ciliary tip components that have been studied
in vitro and then discuss how they might work together to con-
trol microtubule growth and stability.

The centriolar cap

Centriole biogenesis is a complex process involving numerous
proteins that have been extensively reviewed (Banterle and
Gonczy, 2017; Loncarek and Bettencourt-Dias, 2018; Nigg and
Stearns, 2011). While centriole cores are built of microtubule
triplets, consisting of a complete, 13-protofilament A-tubule and
incomplete, 10-protofilament B- and C-tubules, distal centriolar
ends typically miss the C-tubule (Fig. 1 B). Centrioles are deco-
rated by numerous specific proteins, which control centriole
elongation and stability, and also regulate their outgrowth
during ciliogenesis. The major players in centriole elongation
are centrosomal P4.1-associated protein (CPAP), CP110, and
CEP97, as well as several factors that also modulate the dynamics
of cytoplasmic microtubules, as discussed below.

Centrosomal P4.1-associated protein

CPAP (also called CENPJ in mammals and Sas-4 in invertebrates)
is a microtubule- and tubulin-binding protein essential for
the elongation of the centriolar microtubules during biogen-
esis (Table S1). It was initially identified as a centrosomal
interaction partner of the erythrocyte protein 4.1R-135 (Hung
et al., 2000). Later, CPAP was recognized as one of the key
players in centriole biogenesis through an RNAi screen in
Caenorhabditis elegans (Leidel and Gonczy, 2003). CPAP is es-
sential for centriole formation and maintenance (Basto et al.,
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2006; Vasquez-Limeta et al., 2022, reviewed in Banterle and
Gonczy [2017]; Loncarek and Bettencourt-Dias [2018]). CPAP
was also proposed to contribute to the recruitment of peri-
centriolar material (PCM) to the centrosome through a mech-
anism that is suppressed by the interaction of CPAP with free
tubulin (Gopalakrishnan et al., 2011; Mariappan et al., 2019).
However, the role of CPAP in PCM organization has been dis-
puted (Conduit et al., 2015; Vasquez-Limeta et al., 2022). In
humans, missense mutations in the CPAP-encoding gene can
lead to microcephaly and dwarfism (Bond et al., 2005; Jaiswal
et al., 2023), consistent with its role in the formation of cen-
trosomes and ciliary basal bodies. The overexpression of CPAP
produces distinct phenotypes in a cell-type and species-specific
manner. In mammalian cells, CPAP overexpression does not
alter centriole number but causes centriole overelongation,
with the distal end displaying splayed microtubules of varying
lengths (Kohlmaier et al., 2009; Schmidt et al., 2009; Tang
et al., 2009). In contrast, the overexpression of Sas-4 in the
Drosophila wing disk does not lead to centriole overelongation
or distal end protrusions (Franz et al., 2013).

CPAP is a dimeric protein (Zhao et al., 2010) with several
helical domains and a glycine-rich C-terminal § sheet domain
called the G-box (Hatzopoulos et al., 2013) (Table S1). The first
helical domain binds to CP110 (Iyer et al., 2025) (Fig. 2), another
protein regulating centriolar length (see below). The helical
domains in the C-terminal part of CPAP mediate dimerization,
and, along with the G-box, can form higher order oligomers and
interact with multiple centriolar partners (Comartin et al., 2013;
Cutts et al., 2015; Hatzopoulos et al., 2013; Lin et al., 2013a; Lin
et al., 2013b).

The middle part of CPAP contains a PN2-3 domain, which
can bind and sequester free tubulin dimers, and an unstruc-
tured, positively charged microtubule-binding domain (MBD)
(Cormier et al., 2009; Hsu et al., 2008; Hung et al., 2004; Sharma
et al., 2016). Such a combination of the tubulin-binding domain
and MBD is reminiscent of the microtubule polymerase
XMAP215/ch-TOG (Brouhard et al., 2008), which can associate
with the growing microtubule plus ends and speed up their
growth by promoting tubulin recruitment (Ayaz et al., 2014;
Brouhard et al., 2008). The microtubule-binding part of CPAP
(PN2-3 together with MBD) also autonomously recognizes and
tracks growing microtubule plus ends; however, it does not ac-
celerate but rather slows down microtubule polymerization and,
at the same time, prevents catastrophes (Sharma et al., 2016).
This behavior depends on a short region within the PN2-3 do-
main, which forms a dynamic “lid” that can inhibit tubulin ad-
dition and removal (see below) (Campanacci et al., 2022; Sharma
et al., 2016; Zheng et al., 2016) (Fig. 2). Through its MBD, CPAP
promotes rescues, and overall, it imparts slow but processive
microtubule growth—an effect opposite to that of XMAP215,
which promotes rapid growth, but can also trigger catastrophes
(Brouhard et al., 2008; Farmer et al., 2021).

CP110 and CEP97

CP110 and CEP97 together form an inhibitory cap at the distal
end of the centriole, which prevents excessive elongation of
centriolar microtubules (Kohlmaier et al., 2009; Schmidt et al.,
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2009) and suppresses cilium formation (Spektor et al., 2007).
CP110 was initially identified as a cyclin/CDK substrate, while
CEP97 was discovered as a CP110-interacting protein (Chen et al.,
2002; Spektor et al., 2007). During centriole growth, the CP110-
CEP97 cap is continuously present at the distal end (Kleylein-
Sohn et al., 2007). Ciliogenesis requires the removal of the CP110
cap, a process regulated by numerous factors (Spektor et al.
[2007], reviewed in Xie et al. [2024]). Knockdown of CPI110
and CEP97 in mammalian cells results in centriole over-
elongation, similar to CPAP overexpression (Kohlmaier et al.,
2009; Schmidt et al., 2009; Tang et al., 2009). Effects of the loss
of CP110 in Drosophila are cell-specific: in S2 cells, it causes
centriole shortening and destabilization (Delgehyr et al., 2012),
but in the wing disk, it causes a mild increase in centriolar length
and overextension of the plus ends of centriolar microtubules,
whereas CP110 overexpression causes a mild centriole shorten-
ing (Franz et al., 2013). CP110 counteracts the effects of both
positive and negative regulators of centriole elongation, in-
cluding a kinesin-13 depolymerase KlplOA and the microtubule
growth-promoting factor CLASP (see below) (Delgehyr et al.,
2012; Franz et al., 2013; Shoda et al., 2021). In contrast, CEP97
is essential for the formation of normal centrioles and has some
CP110-independent functions, which seem to involve coopera-
tion with microtubule acetylating enzymes through a currently
unclear mechanism (Dobbelaere et al., 2020).

CP110 has no conserved domains, except for two helical
regions. The N-terminal part of CP110 interacts with the C
terminus of CEP97, while its C-terminal helical domain can
either mediate homodimerization or bind to CPAP by forming
a heterodimeric coiled coil (Iyer et al., 2025). CEP97 has a
leucine-rich repeat domain at its N terminus for protein in-
teractions and an IQ domain for calmodulin binding (Fig. 2
and Table S1).

In vitro experiments showed that whereas CEP97 does not
bind to microtubules, CP110 specifically binds to microtubule
plus ends through its C-terminal part and blocks their elongation
(Iyer et al., 2025). At low concentrations, CP110 induces tran-
sient pauses in microtubule polymerization, whereas at higher
concentrations, it completely blocks growth. This activity can be
robustly recapitulated using a fusion protein containing the
N-terminal part of CEP97 and the C-terminal part of CP110, and
leaving out the domains through which the two proteins interact
(Iyer et al., 2025). The growth inhibition imposed by CEP97-
CP110 chimera on microtubules in vitro can be relieved by CPAP,
resulting in very slow microtubule polymerization, with both
CPAP and CP110 tracking the slowly growing plus ends (Iyer
et al., 2025). The ability of CPAP to bind to the C-terminal
coiled-coil domain of CP110 and disrupt its homodimerization
may constitute a part of the mechanism allowing CPAP to
overcome CP110-driven polymerization block (Fig. 2). In line
with this idea, direct CPAP-CP110 interaction is required for
efficient centriole elongation throughout the S and G2 phases of
the cell cycle (Iyer et al., 2025). This explains why CP110 and
CPAP antagonize each other in controlling the length of cen-
triolar microtubules (Kohlmaier et al., 2009; Schmidt et al.,
2009; Tang et al., 2009). Interestingly, centrioles can also
elongate during mitosis (Kong et al., 2020), and the underlying
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Figure 2. Interactions of the centriolar cap and the ciliary tip proteins. Scheme of protein-protein interactions and plus-end growth regulation in the
centriolar cap and the ciliary tip. The scheme comprises the following proteins: Orbit/Mast/CLASP, KIF24, Klp10A of the kinesin-13 family, CPAP, CP110, CEP97,
CCDC66, CEP104, EB3, ARMCY, CSPP1, TOGARAM], KIF7, and KIF19A. CLASP, cytoplasmic linker-associated protein; KIF24, kinesin family member 24; Klp10A,
kinesin-like protein at 10A; CP110, centriolar protein of 110 kDa; CEP97, centrosomal protein 97; CEP104, centrosomal protein 104; EB3, end-binding protein 3;
TOGARAM]I, TOG array regulator of axonemal microtubules 1; KIF7, kinesin family member 7; KIF19A, kinesin family member 19A.

mechanism is at least partly different because it does not depend
on the CPAP-CPI110 interaction (Iyer et al., 2025).

Other microtubule regulators

In addition to specific factors, fine-tuning of centriolar micro-
tubule dynamics also involves general microtubule regulators.
In Drosophila, control of centriole length can be most easily
studied in spermatocytes before meiotic onset, when centrioles
dramatically overelongate (Riparbelli et al., 2012). CLASP/Orbit/
Mast, an extensively studied TOG domain-containing factor that
inhibits catastrophes and promotes microtubule rescue, repair,
and nucleation (Aher et al., 2018; Aher et al., 2020; Lawrence
et al., 2020; Moriwaki and Goshima, 2016) (Table S1), localizes
to the distal spermatocyte centriole ends, is required for their
elongation, and induces their overextension upon overexpression
(Shoda et al., 2021).

In contrast, microtubule depolymerase KlplOA causes cen-
triole shortening: its loss induces centriole elongation in fly
spermatocytes and cultured cells (Delgehyr et al., 2012; Shoda
et al., 2021). Klpl0A belongs to the kinesin-13 family, which
comprises immotile kinesins with the motor domain located in
the middle of the molecule; these proteins increase the outward
curling of the protofilaments and depolymerize the GTP cap,
triggering catastrophes (Friel and Welburn, 2018; Moriwaki and
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Goshima, 2016) (Table S1). Klpl0A binds to CP110 in flies
(Delgehyr et al., 2012; Ryniawec et al., 2023), whereas mam-
malian CLASPs were reported to bind to CPAP (Maffini et al.,
2009) (Fig. 2), suggesting that stabilizing and destabilizing
factors can work as a part of the same protein complex. In
mammalian cells, a specialized kinesin-13, KIF24, interacts
with CP110 and CEP97 (Kobayashi et al., 2011) (Fig. 2). KIF24 can
cause microtubule disassembly in vitro; however, in cells, it
does not seem to be involved in restricting centriole length but
instead participates in ciliogenesis (Kobayashi et al., 2011). In
vitro reconstitution of the activities of all these factors together
with CPAP and CP110 would be needed to understand their joint
mechanisms of action.

The ciliary tip

Axonemal microtubule plus ends participate in organizing the
ciliary tip compartment, which has several important functions,
including control of ciliary growth and shortening, conversion
between anterograde and retrograde intraflagellar transport
trains, and organization of signaling complexes, for example, in
the Hedgehog pathway (Klena and Pigino, 2022; Mill et al., 2023;
Nachury and Mick, 2019). Axonemes are formed by microtubule
doublets, but typically only the complete A-tubules extend to the
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very end, whereas the incomplete B-tubules terminate earlier
(Klena and Pigino, 2022). As mentioned above, motile but not
primary cilia also contain two complete central pair micro-
tubules that extend to the outermost tip of the cilium and are
connected to the plasma membrane by the ciliary cap (Dentler
and Rosenbaum, 1977). The lengths of axonemal microtubules
vary across ciliary types and species—for example, in multi-
ciliated cells of the Xenopus embryo epidermis, the central pair
microtubules are significantly longer than the outer doublets, a
structural feature that depends on specific microtubule-binding
proteins (Hong et al., 2025) (Fig. 1 C).

Several ciliary tip regulators, collectively called “ciliary tip
module,” form an interaction network and, when mutated in
vertebrates, cause formation of shorter primary cilia and dif-
ferent ciliopathies, such as the neurodevelopmental disorder
called Joubert syndrome (Badano et al., 2006; Hildebrandt et al.,
2011; Latour et al., 2020; Saunders et al., 2025). Here, we will
focus on the proteins directly implicated in the regulation of
axonemal microtubule growth, including CEP104, TOGARAM]I,
centrosome/spindle pole-associated protein (CSPP1), armadillo
repeat-containing 9 (ARMCY), coiled-coil domain-containing
protein 66 (CCDC66), kinesin-4 KIF7, and kinesin-8 KIF19A, and
their effects on single, complete microtubules. The effects of
these factors on incomplete B-tubules within doublets still need
to be explored.

CEP104

CEP104 (FAP256 in ciliates and green algae) is a centriolar and
ciliary protein that localizes to the distal tip of motile and pri-
mary cilia across species, including Chlamydomonas, Tetrahy-
mena, and mammalian cells. It was first identified as a ciliary
component in a proteomics screen for interacting partners of EB
proteins, which can recruit CEP104 to growing microtubule ends
(Jiang et al., 2012). In nonciliated mammalian cells, CEP104 lo-
calizes to the distal ends of both the mother and the daughter
centriole, where it binds to CEP97 and CP110 (Jiang et al., 2012)
(Fig. 2). CEP104 depletion has no effect on mammalian centrioles
(Jiang et al., 2012), but the loss of its counterpart in insect cells
makes centrioles slightly shorter, though this does not apply to
all somatic Drosophila cell types (Ryniawec et al., 2023). The
major function of CEP104/FAP256 is during ciliogenesis: its loss
impairs formation of primary and motile cilia and results in
shorter cilia and other ciliary defects in multiple species
(Prikstad et al., 2019; Louka et al., 2018; Satish Tammana et al.,
2013; Yamazoe et al., 2020). Mutations in the CEP104-encoding
gene cause Joubert syndrome (Glass et al., 1993; Srour et al.,
2015). In motile cilia, CEP104 is typically enriched at the cili-
ary tip during both ciliary growth and resorption (Satish
Tammana et al., 2013); it localizes to the ends of both the outer
doublets and the central pair (Hong et al., 2025). It promotes
elongation of A-tubules (Louka et al., 2018), controls the length
of the central pair tubules, and is required for the formation of
the ciliary cap (Legal et al., 2023).

CEP104 has a distinct domain structure with well-defined
functions. It consists of an N-terminal Jelly roll domain pri-
marily involved in protein-protein interactions, a coiled-coil
domain for dimerization, a TOG domain that binds to soluble
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tubulin, and a C-terminal zinc-finger domain also implicated in
partner binding (Al-Jassar et al., 2017; Rezabkova et al., 2016)
(Table S1). Based on the presence of a canonical tubulin-binding
TOG domain, which by itself can promote tubulin polymeriza-
tion in vitro, CEP104 was proposed to be a microtubule poly-
merase (Yamazoe et al., 2020). Surprisingly, experiments with
purified full-length protein showed that CEP104 blocks growth
of microtubule plus ends and can also inhibit their shortening
and thus stabilize microtubules (Saunders et al., 2025). The af-
finity of CEP104 for microtubule plus ends in vitro is not high and
can be enhanced by microtubule-binding interaction partners,
including EB proteins, CSPP1, and CCDC66 (Saunders et al.,
2025) (Fig. 2). The ability to stabilize depolymerizing microtu-
bule plus ends might explain why CEP104 promotes rather than
inhibits ciliary elongation; moreover, it is likely to cooperate
with other ciliary proteins. In agreement with this view, CEP104
binds to another TOG domain protein, TOGARAMI, which can
overcome the CEP104-imposed growth block (Saunders et al.,
2025) (see the next section).

TOGARAM1/Crescerinl

TOGARAMI (also known as Crescerinl, SHF1 [short flagella
mutant in Chlamydomonas], or CHE-12 [chemotaxis mutant in C.
elegans]) is a TOG domain-containing protein from the FAM179
family, which includes TOGARAM1/Crescerinl, found in both
vertebrates and invertebrates, and TOGARAM?2/Crescerin2,
found exclusively in vertebrates (Bacaj et al., 2008; Das et al.,
2015; Perlaza et al., 2022). Like CSPP1, TOGARAMI is also a
ciliopathy-associated protein, with mutations in the TOG do-
mains linked to ciliopathies such as Joubert syndrome (Glass
et al., 1993; Latour et al., 2020).

TOGARAMI is a highly conserved protein found in ciliated
organisms, but absent in nonciliated eukaryotes, such as yeast,
underscoring its functional specificity for cilia (Das et al., 2015).
It localizes to the basal body and along the cilium in multiple
systems, including C. elegans sensory cilia and primary cilia in
cultured mammalian cells (Das et al., 2015). In motile cilia of
Tetrahymena, the TOGARAMI ortholog localizes specifically to
the tips of the axonemal B-tubules (Louka et al., 2018). In all
studied systems, TOGARAMI promotes proper ciliary develop-
ment and elongation, and its activity depends on the functional
TOG domains (Bacaj et al., 2008; Das et al., 2015; Latour et al.,
2020; Louka et al., 2018; Perlaza et al., 2022).

Mammalian TOGARAMI contains two pairs of TOG domains
connected by linker regions (Table S1). Two of these domains,
TOG2 and TOG4, structurally resemble those in XMAP215 and
CEP104, can bind to soluble tubulin, and stimulate microtubule
polymerization in vitro (Das et al., 2015). In contrast, the effect of
full-length TOGARAMI on microtubule dynamics is unremark-
able: it mildly reduces microtubule rate and promotes rescues
(Saunders et al., 2025). However, TOGARAMI interacts with
other ciliary proteins, including CEP104, and can overcome
growth inhibition imposed by CEP104 and another ciliary tip
protein, CSPP1 (see below), leading to slow but processive
growth (Saunders et al., 2025) (Fig. 2). This helps to explain the
importance of TOGARAMI for axoneme elongation in different
systems.
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Centrosome/spindle pole-associated protein

CSPP1 is a ciliary protein, with mutations linked to ciliopathies
such as Joubert syndrome and Meckel-Gruber syndrome, which
affects the development of multiple organs (Akizu et al., 2014;
Ben-Omran et al., 2015; Patzke et al., 2005; Patzke et al., 2006;
Shaheen et al., 2014; Tuz et al., 2014). In addition to cilia, CSPP1
localizes to the centrosome and centriolar satellites in interphase
cells and to spindle poles and the central spindle during mitosis
(Frikstad et al., 2019; Patzke et al., 2005; Patzke et al., 2010).
Depletion or mutations in CSPP1 impair ciliogenesis, leading to
the formation of fewer and shorter cilia (Frikstad et al., 2019;
Patzke et al., 2010). Conversely, the overexpression of CSPP1 in
cultured mammalian cells increases axonemal length in primary
cilia (Patzke et al., 2010).

CSPP1 contains several predicted short a-helical domains,
which include a MBD in the middle and a centrosome-targeting
region at the C terminus (Patzke et al., 2006) (Table S1). In vitro
studies showed that CSPP1 directly binds and stabilizes micro-
tubules at both the plus and the minus end by decreasing the
growth rate, inducing pauses and suppressing catastrophes (van
den Berg et al.,, 2023; Wang et al., 2024). Interestingly, CSPP1
binds to microtubules through a short a-helical domain that is
sufficient for luminal targeting (van den Berg et al., 2023). In
vitro, CSPP1 accumulates along the whole microtubule lumen,
but at endogenous expression levels in cells, it localizes to the
basal body, the ciliary transition zone, and the ciliary tip
(Frikstad et al., 2019; Patzke et al., 2010), rather than along the
entire axoneme, likely due to interactions with other ciliary
proteins.

Coiled-coil domain-containing protein 66

CCDC66 is an a-helical protein (Table S1), which was identified
in animal models as a gene for which the mutation causes de-
generation and dysfunction of the retina and defects in the ol-
factory system, two organs that require specialized sensory cilia
for their function (Dekomien et al., 2010; Gerding et al., 2013;
Schreiber et al., 2018). However, until now, mutations in
CCDC66 have not been reported in ciliopathy patients.

Similar to CSPP1, CCDC66 localizes to the centrosome and
centriolar satellites through its interaction with the canonical
satellite protein PCM1 (Conkar et al., 2019; Conkar et al., 2017).
CCDC66 also regulates spindle assembly and orientation, as its
depletion results in fewer microtubules in the spindle apparatus
(Batman et al., 2022). In nondividing cells, CCDC66 localizes to
the ciliary axoneme and is important for primary cilium for-
mation and stability, since its depletion reduces ciliation fre-
quency and ciliary length, and causes length fluctuations
(Deretic et al., 2025; Odabasi et al., 2023). CCDC66 robustly binds
along the entire microtubule lattice both in cells (Batman et al.,
2022) and in vitro, but has little autonomous impact on micro-
tubule dynamics: it marginally decreases the elongation rate
(Saunders et al., 2025). Therefore, its impact on microtubules in
different settings likely depends on its partners. Indeed, CCDC66
interacts with other ciliary tip module proteins, such as CEP104,
and can recruit it to microtubules (Latour et al., 2020; Saunders
et al., 2025) (Fig. 2), suggesting that it might primarily act as a
scaffold.
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Armadillo repeat-containing 9

ARMC9 is another scaffolding component of the ciliary tip
module, implicated in Joubert syndrome and other ciliopathies
(Kar et al., 2018; Latour et al., 2020; Van De Weghe et al., 2017).
ARMCGS9 is conserved from ciliates to mammals and can localize
to the basal bodies and along the cilium; in motile Tetrahymena
cilia, it is present at the tips of the axonemal B-tubules (Latour
et al., 2020; Louka et al., 2018; Van De Weghe et al., 2017). Mu-
tations in the ARMC9-encoding gene disrupt ciliary assembly
and function; interestingly, while ARMC9 impairment causes
shortening of primary cilia in mammals (Latour et al., 2020), in
motile cilia, ARMC9 localizes to the ends of the doublets (Hong
etal., 2025), and the ARMC9 ortholog in Tetrahymena serves as a
negative regulator of B-tubules (Louka et al., 2018).

ARMCY has an N-terminal LisH domain (a short a-helical
dimerization domain), a predicted coiled-coil domain, and ar-
madillo repeats, which form a solenoid-like a-helical structure
(Andrade et al., 2001). Biochemical characterization showed that
ARMC9 can dimerize through its central coiled-coil domain, and
these dimers can further multimerize (Saunders et al., 2025)
(Table S1).ARMC9 does not bind to microtubules autonomously
in vitro (Saunders et al., 2025). However, it can interact with
TOGARAMI and CSPP1 (Fig. 2), which can recruit it to micro-
tubules, and enhance their effects on microtubule dynamics: it
increases the frequency of rescues triggered by TOGARAMI and
the frequency of pauses induced by CSPP1 (Saunders et al.,
2025). These data, together with the fact that ARMCY can oli-
gomerize, suggest that it might act as a scaffold to coordinate the
activities of other ciliary tip proteins.

Collective activity of ciliary tip module proteins

Based on a recent in vitro reconstitution study (Saunders et al.,
2025), two of the five investigated ciliary tip module proteins,
CEP104 and CSPP], can stabilize growing and shrinking micro-
tubule plus ends and inhibit microtubule growth. The third one,
TOGARAM]I, can overcome this growth block, inducing slow
polymerization. The remaining two, CCDC66 and ARMC9, pro-
mote binding of the others to microtubules and to each other,
making slow growth robust (see below). EB proteins also appear
to be part of the complex, since they have been reported to be
present at the ciliary tip or along the cilium (Kiesel et al., 2020;
Pedersen et al., 2003; Schrader et al., 2011) and can directly bind
to CEP104 (Jiang et al., 2012). EBs can serve as scaffolds for re-
cruiting other proteins to the GTP cap (Akhmanova and
Steinmetz, 2008; Roostalu et al., 2020), and can also accelerate
cap maturation (Maurer et al., 2014). The relevance of these
activities for cilium formation is currently unclear.

Ciliary tip regulation by kinesin family members

Similar to centrioles, ciliary length can be restricted by
microtubule-depolymerizing kinesins. These include a kinesin-
13 family member that can negatively control flagellar length in
Leishmania (Blaineau et al., 2007), the kinesin-8 KIFI9A in
multiciliated mammalian cells (Niwa et al., 2012), and the
kinesin-4 KIF7 (ortholog of Drosophila Costal-2), a human cili-
opathy protein that helps to shape the tip compartment and
organize Hedgehog signaling components in primary cilia (Glass
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et al., 1993; He et al., 2014). The activities of purified motor do-
mains of KIF19A and KIF7 have been investigated. The motor
domain of KIFI9A preferentially depolymerizes microtubule
plus ends in vitro (Niwa et al., 2012), but its motility on micro-
tubules was not analyzed. The dimeric motor domain of KIF7 is
immotile, which is unusual for kinesin-4 family members, most
of which are plus-end-directed motors (He et al., 2014). More-
over, KIF7 has an unconventional mechanochemical cycle, as its
affinity for microtubules is only weakly coupled to ATP hy-
drolysis (Jiang et al., 2019; Yue et al., 2018). KIF7 was reported to
preferentially bind to GTP- versus GDP-tubulin in the microtu-
bule lattice (Jiang et al., 2019), though this preference is ex-
tremely sensitive to the assay conditions (Blasius et al., 2021).
Such a preference might help to explain the accumulation of
KIF7 at the axonemal plus ends, where it promotes catastrophes
and slows down polymerization, and thus restricts ciliary
elongation and controls ciliary tip architecture (Blasius et al.,
2021; He et al., 2014). No in vitro data are currently available
for the full-length kinesins, but there are clear indications that
kinesin tails could strongly modulate their behavior. For ex-
ample, KIF7 is autoinhibited by a coiled-coil domain in its C
terminus, and this inhibitory domain is required for the ciliary
tip localization (Blasius et al., 2021) (Table S1). The interplay
between inhibitory kinesins and the microtubule-stabilizing
and growth-promoting ciliary factors described above is likely
to contribute to controlling slow elongation of ciliary micro-
tubules (Fig. 2).

Molecular mechanisms of regulation of slow
microtubule growth

How slow yet processive microtubule growth is achieved has
been an ongoing fundamental question. Two in vitro recon-
stitutions with nonoverlapping sets of centriole and ciliary tip
regulators provided interesting clues, as they showed some
striking similarities in biochemical activities involved (Iyer
et al., 2025; Saunders et al., 2025). Both the complex of CPAP
with CEP97-CP110 chimera and the six-component assembly
containing CEP104, TOGARAM]1, CSPP1, CCDC66, ARMC9, and
EB3 were shown to combine three key features: (1) microtubule
tip stabilization and catastrophe suppression; (2) inhibition of
tubulin addition at the outermost plus end and pause induction;
and (3) facilitation of slow tubulin incorporation (Fig. 3).

Microtubule tip stabilization

For microtubules to grow slowly yet processively, catastrophes
must be strongly suppressed. Potential mechanisms to stabilize
microtubule ends and prevent their depolymerization are by
enhancing lateral interactions between neighboring protofila-
ments or by making them straighter, to prevent peeling. In both
cases, one would expect to see a decrease in protofilament flar-
ing, resulting in blunter plus ends (Fig. 3).

In the study of centriolar cap proteins, cryo-ET analysis
showed that the CEP97-CP110 chimera specifically binds to the
luminal side of the microtubule plus end, forming pluglike
densities that inhibit plus-end growth and shrinkage, and re-
duce the length of protruding protofilaments, though not their
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curvature, making the ends appear more blunt (Iyer et al., 2025).
Precisely, which structural feature of the plus-end lumen is
recognized by CP110 remains unknown. CP110 does not bind to
the solvent-exposed longitudinal surface of the terminal
B-tubulin, as it does not compete with proteins that bind there,
such as DARPin (Ahmad et al., 2016). Instead, CP110 may interact
with the grooves between protofilaments, recognizing the flared
geometry of the B-tubulin at the plus end, an idea supported by
the fact that CP110 binds to the microtubule plus end but does not
accumulate along the lumen and does not bind to soluble tubulin,
suggesting that its interaction site involves at least two, specif-
ically positioned tubulin dimers. CP110 may act as a “molecular
glue” that stabilizes the plus ends by enhancing protofilament
clustering and maintaining them at an angle that impedes proper
tube closure and elongation. Such a mechanism would be
analogous to the one proposed for the CKK domain of CAMSAPs,
which specifically stabilize microtubule minus ends and inhibit
their growth by binding to a site on the outer microtubule sur-
face between two tubulin dimers (Atherton et al., 2017).

Ciliary tip proteins also form cork-like accumulations at
microtubule plus ends and inhibit protofilament flaring
(Saunders et al., 2025). Within the ciliary tip module, CSPP1
displays some similarities to CP110, as it binds to the microtubule
lumen and prevents microtubule depolymerization (van den
Berg et al., 2023). CSPPI can trigger pauses in microtubule
growth in vitro and stabilize nondynamic ends in cells. In vitro,
every pause induced by CSPP1 is followed by polymerization,
which suggests that CSPP1 does not occlude the outermost pro-
tofilament ends. In agreement with this notion, CSPP1 is never
detected at incomplete microtubule ends or tubulin sheets. Un-
like CP110, CSPPI1 does not recognize plus-end features such as
the geometry of the exposed B-tubulin: it can enter the micro-
tubule through both plus and minus ends, or even through lattice
defects, and accumulate in the lumen along the whole length of
the microtubule (van den Berg et al., 2023; Wang et al., 2024).
However, unlike many axonemal microtubule inner proteins
(Leung et al., 2025; Ma et al., 2019), CSPP1 does not exhibit
periodicity in its localization pattern (van den Berg et al., 2023).
The accumulation of CSPP1 on microtubule ends is slow and
cooperative, and this might explain why it preferentially binds
and stabilizes microtubule tips in a precatastrophe state, when
polymerization slows down.

CEP104 is another ciliary module component that can sta-
bilize depolymerizing microtubule ends. This activity depends
on its tubulin-binding TOG domain, but the underlying
mechanism is unclear and might involve interactions with
other microtubule-binding proteins that allow CEP104 to span
both the outer and the inner microtubule surface (see below)
(Saunders et al., 2025).

Microtubule growth inhibition

The second feature of the slow-growing microtubule state is a
partial suppression of the longitudinal interactions between
B-tubulin exposed at the plus end and free tubulin dimers. For
this mechanism to be operational, not all protofilament ends
need to be occluded (Fig. 3). A study using a fluorescent version
of the microtubule-targeting drug eribulin, which binds to a
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Model for the regulation of slow microtubule growth
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Figure 3. Model for the regulation of slow growth of centriolar and ciliary microtubules. Proposed model for regulation of slow-growing microtubule
plus ends with three essential features: (1) stabilization of slowly growing plus ends by proteins like CP110 and CSPP (blue) that bind to the luminal side of the
microtubule and may enhance lateral interactions between neighboring protofilaments (horizontal black arrows) or make the protofilaments straighter,
preventing them from peeling (black arrow with a red cross). (2) Inhibition of growth by proteins such as CEP104 and the LID domain of CPAP (magenta) that
may occlude the solvent-exposed surface of B-tubulin and partially suppress longitudinal tubulin interactions, by proteins such as CP110 that may inhibit
growth by preventing tube closure, and by depolymerizing kinesins such as Klp10A (KIF2C/MCAK) and KIF24 that promote protofilament peeling at the mi-
crotubule plus end (curved black arrow) and KIF19A and KIF7 that can inhibit growth or depolymerize microtubules from the plus end. (3) Facilitation of slow
microtubule growth by polymerases like CPAP and TOGARAM1 (green), which can bind soluble tubulin and promote its addition to microtubule plus ends with
unfavorable configurations like blunt protofilaments or a small GTP cap (black arrow), or CLASP that facilitates growth by inhibiting catastrophes and promoting

rescues.

B-tubulin site involved in the longitudinal interdimer interac-
tions, demonstrated that a single drug molecule is sufficient to
perturb polymerization (Doodhi et al., 2016).

In the centriolar cap complex, this function is mediated by the
PN2-3 domain of CPAP. PN2-3 forms a 1:1 complex with free
tubulin, independent of its nucleotide state (Cormier et al., 2009;
Hsu et al., 2008). The overexpression of PN2-3 in cells results in
cytoplasmic microtubule depolymerization, as PN2-3 sequesters
soluble tubulin in a nonpolymerizable state. PN2-3 is structur-
ally unique and distinct from other tubulin binders, like TOG
domains or stathmin: it comprises an a-helical LID domain fol-
lowed by an unstructured SAC domain. The SAC domain binds
to the terminal a- and B-tubulin at the tip of the growing
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protofilament, while the LID domain associates with the solvent-
exposed surface of that terminal -tubulin; additional microtu-
bule affinity is provided by the adjacent MBD (Campanacci et al.,
2022; Sharma et al., 2016; Zheng et al., 2016) (Fig. 3). Together,
these domains act like a “leaky lid” that transiently binds the plus
end of a growing protofilament. When bound, the leaky lid
hinders the longitudinal associations between the protofilament
and soluble tubulin dimers, thereby inhibiting polymerization.
Further, since PN2-3 was shown to inhibit nucleotide exchange
and hydrolysis, CPAP-bound plus ends might retain a GTP cap in
spite of slow growth or pausing (Cormier et al., 2009) (Fig. 3). As
CPAP is a dimeric protein, each molecule can bind to two soluble
tubulin dimers, and in vitro work showed that two CPAP dimers,

Journal of Cell Biology
https://doi.org/10.1083/jcb.202601174

9z0z AN Lz uo 1senb Ag jpd ‘¥21709202 42 [/€TOSE0Z /7211092028 /9 /S22 /4pd -8 |9 11Je/qo [/6 1o "ssaudni//:d 13y wouy papeo jumog

90f16



which potentially can occlude four protofilaments, are sufficient
to inhibit microtubule growth and suppress catastrophes
(Sharma et al., 2016).

Within the ciliary tip module, CEP104 seems to play a role
analogous to the CPAP PN2-3 domain, as CEP104 blocks micro-
tubule growth in vitro through its TOG domain. The single TOG
domain of CEP104 associates with soluble tubulin in a 1:1 com-
plex, and as CEP104 dimerizes through its coiled-coil domain,
each dimer can bind two tubulin dimers (Al-Jassar et al., 2017;
Rezabkova et al., 2016; Yamazoe et al., 2020) (Fig. 3). This is
similar to PN2-3, yet these domains have opposing effects on
microtubule polymerization in vitro: while the PN2-3 domain
inhibits polymerization by sequestering tubulin, the TOG do-
main of CEP104 promotes microtubule polymerization by low-
ering the critical concentration of tubulin, like other canonical
TOG domains (Yamazoe et al., 2020). Crystal structure of the
human CEP104 TOG domain reveals that it is similar to the ca-
nonical TOG domains, with a paddlelike shape composed of
antiparallel a-helical pins termed HEAT repeats (Andrade et al.,
2001). This paddle has conserved tubulin-interacting amino
acids homologous to those in yeast Stu2, and mutating these
residues decreases the in vitro polymerizing activity of the
CEP104 TOG domain (Yamazoe et al., 2020). This is in sharp
contrast with the activity of full-length CEP104, which strongly
inhibits plus-end growth at the GMPCPP-stabilized seed and can
also inhibit depolymerization of dynamic microtubule ends
(Saunders et al., 2025). Two or three CEP104 dimers are suffi-
cient for complete inhibition of growth, indicating that, similar
to CPAP, CEP104 does not need to occupy all protofilaments to
alter that dynamic state of the plus end.

CEP104 interacts with CSPP1 and CP110, both of which lo-
calize in the lumen of the microtubule (Iyer et al., 2025; van den
Berg et al., 2023), as well as with EB3 (Jiang et al., 2012), which
binds to the outer microtubule wall (Maurer et al., 2012) (Fig. 3).
By interacting with proteins on the inner and outer surface of
the microtubule, CEP104 may effectively span the terminal
B-tubulin surface, creating a molecular cap that inhibits longi-
tudinal interactions between the lattice and soluble tubulin
dimers, thereby halting elongation.

Facilitation of slow tubulin incorporation
The third essential feature of slowly growing microtubules is
controlled, attenuated incorporation of tubulin into the plus
ends. Occlusion of protofilament ends and possibly also their
blunt configuration, observed for slowly growing microtubule
plus ends in vitro (Iyer et al., 2025; Saunders et al., 2025), may be
unfavorable for tubulin binding. Furthermore, the reduction or
loss of GTP cap associated with pausing ends can disfavor growth
reinitiation (Wieczorek et al., 2015). These obstacles are likely to
be overcome by specialized microtubule polymerases (Fig. 3).
In the centriolar cap complex, CPAP acts as a microtubule
polymerase that can bind to soluble tubulin. The polymerase
activity is attributed to the PN2-3 domain, followed by the pos-
itively charged unstructured MBD. The MBD is essential for
centriolar biogenesis, as overexpression of mutant CPAP lacking
the MBD impairs procentriole formation (Sharma et al., 2016).
The combined action of MBD and PN2-3 positions CPAP at the
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microtubule plus end (Sharma et al., 2016), where, as discussed
above, PN2-3 acts as a leaky lid that transiently associates with
the solvent-exposed surface of the terminal B-tubulin. When
bound, the leaky lid blocks longitudinal interactions; when re-
leased, it can capture a free tubulin dimer, thus bringing it closer
to the protofilament tip and promoting polymerization. Thus,
CPAP promotes slow yet processive growth and inhibits cata-
strophes in vitro.

Within the ciliary tip module, TOGARAMI is the microtubule
polymerase, which similar to CPAP overcomes growth inhibition
imposed by other proteins (Saunders et al., 2025). It contains an
array of TOG domains and linker regions that bind to both sol-
uble tubulin and microtubules. The number of TOG domains in
TOGARAMI is species-specific, ranging from two in Chlamydo-
monas to four in mammals (Das et al., 2015). Structural analysis
of the TOG2 domain of TOGARAMI reveals it has a canonical
TOG fold that binds soluble tubulin preferentially in a bent
conformation (Das et al., 2015). Isolated TOG2 and TOG4 of
TOGARAM promote tubulin polymerization into microtubules
in vitro (Das et al., 2015). However, in vitro studies using full-
length TOGARAMI indicated that regulation of microtubule
dynamics depends on TOG3 and TOG4, whereas TOG2 mediates
binding to ciliary partners (Saunders et al., 2025) (Fig. 3).

In the centriolar cap complex, CPAP has a dual function, as
the PN2-3 coordinates the slow incorporation of tubulin with the
inhibition of longitudinal interactions. In the ciliary tip module,
these two functions appear to be distributed between TO-
GARAMI and CEP104, which can bind to each other. When
combined in vitro, the two proteins can induce episodes of slow
microtubule plus-end growth, suggesting that they can coordi-
nate the inhibition of polymerization with tubulin incorporation
(Saunders et al., 2025). Moreover, when TOGARAMI and
CEP104 are combined with CSPP1 and other ciliary module
components, this results in uniform, processive slow microtu-
bule growth and correlates with the formation of distinct
electron-dense “corks” at microtubule plus ends (Saunders et al.,
2025). In this reconstitution, TOGARAMI is essential for po-
lymerization, whereas leaving out one of the other components
of the module has no major effect on the rate of slow growth, but
makes this dynamic state less robust (Saunders et al., 2025). This
might explain why, when the individual components of the
ciliary tip module are mutated, cilia still form but have structural
abnormalities, which in turn can cause defects in Hedgehog
signaling and developmental aberrations.

Conclusions and outlook

Genetics, proteomics, and cell biological studies generated an
inventory of proteins controlling microtubule growth in cen-
trioles and cilia, and recent biochemical reconstitutions have
provided the first glimpses of how these proteins work together.
A common feature of microtubule regulation in all cell com-
partments seems to be the formation of complex and flexible
protein interaction networks, which have some organelle-specific
factors, such as CP110 or TOGARAM], and some general com-
ponents, including the EB proteins, that recruit different fac-
tors, and kinesin-13 depolymerases, which curb growth or
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trigger disassembly (Akhmanova and Steinmetz, 2008). In-
terestingly, proteins that regulate the dynamics of cytoplasmic
or kinetochore microtubules—which typically undergo rela-
tively rapid growth and shortening—predominantly bind to
the outer microtubule surface. In contrast, centriolar and ciliary
regulators span both surfaces and form luminal accumulations.
Binding to the luminal side appears to be a general mechanism
for generating stable microtubules, as seen in MAP6-dependent
cold-stable microtubules in neurons (Cuveillier et al., 2020) and
in axonemes of motile cilia (Leung et al., 2025; Ma et al., 2019).
Because diffusion within the microtubule lumen is limited
(Odde, 1998), luminal binding sites are likely used primarily
in contexts where dynamics are slow, such as in cilia and
centrioles.

The next challenge for the field is twofold: to increase the
complexity of biochemical reconstitution assays—by, for ex-
ample, combining stabilizing and destabilizing factors—and to
perform quantitative measurements in cells to define the dy-
namics and copy numbers of regulatory proteins at individual
microtubule tips. Multivalent protein interaction networks, in-
cluding those formed by microtubule tip-binding proteins, are
prone to condensate formation at elevated concentrations (re-
viewed in Volkov and Akhmanova [2024]), a property that may
in some cases underlie their collective behavior. Yet, many
centriolar and ciliary tip regulators are strikingly potent, with as
few as two to three molecules sufficient to profoundly alter
microtubule growth or shortening. Only precise quantitative
measurements in cells will reveal which concentration regimes
and mechanisms are physiologically relevant.

Reconstitution of ciliary microtubule regulators needs to take
into consideration a potentially limiting supply of tubulin dim-
ers, a topic extensively discussed in the context of ciliary length
control (Craft Van De Weghe et al., 2020; Marshall, 2023), and
the fact that microtubules elongate in a close proximity to a
membrane barrier, which would exert a force on the microtu-
bule plus end, potentially inhibit its growth, and affect its
structure (Dogterom et al., 2005; Janson et al., 2003). Both fac-
tors can be taken into account in reconstitution assays, by
varying tubulin concentration and by placing physical barriers
in the path of microtubule growth (Janson et al., 2003). Another
important challenge is to incorporate into in vitro reconstitutions
microtubule substrates that are representative of centriolar and
ciliary microtubules. A key limitation of the in vitro studies de-
scribed above was that they were focused on singlet micro-
tubules prepared from brain tubulin. However, in cells, centriole
and ciliary proteins regulate growth and length of microtubule
doublets and triplets built from specific tubulin isotypes and
bearing specific posttranslational modifications. Recent ad-
vances have enabled the in vitro reconstitution of doublet-like
microtubules using various approaches (Gopal et al., 2025;
Khuntsariya et al., 2025, Preprint; Li et al., 2025a, Preprint; Li
et al., 2025b; Schmidt-Cernohorska et al., 2019). These studies
set the stage for mechanistic studies that would examine the
effects of the centriolar cap and the ciliary tip proteins on more
complex microtubule substrates. Ultimately, such complex
reconstitutions will need to be combined with advanced
structural analyses, simulations, and modeling. Together, these
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approaches will reveal how cooperative conformational tran-
sitions at microtubule tips integrate regulatory activities that
govern microtubule growth dynamics to generate the unique
architecture of centrioles and cilia.

Online supplemental material

Table S1 provides an overview of the proteins discussed in the
review and shows their domain organization, interactions with
microtubules, tubulin and other proteins, effects on microtubule
dynamics in vitro, function during centriole and cilia biogenesis
and disease relevance.
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Supplemental material

Provided online is Table S1. Table S1 provides an overview of the proteins discussed in the review and shows their domain
organization, interactions with microtubules, tubulin and other proteins, effects on microtubule dynamics in vitro, function during
centriole and cilia biogenesis and disease relevance.
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