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ABSTRACT

Motile cilia are critical for diverse cellular activities, affecting the survival and development of most

eukaryotic organisms. Central microtubules (MTs), which are located in the lumen of ciliary axonemes, are

non-centrosomal MTs that are crucial for motile cilia beating. However, the formation mechanism of central

MTs remains elusive. Here, by using a Drosophila model, we identify Ccdc13 as a novel regulator for the
assembly of central MTs. We show that Ccdc13 localizes along the central MTs and is essential for its
formation in sperm flagella, with its deletion consequently affecting the sperm motility and the fertility of

male flies. Mechanistically, we demonstrated that Ccdc13 directly interacts with Spefl, acting upstream of

Spefl to regulate central MT elongation. Remarkably, we demonstrated that the role of Ccdc13 in ciliary

central MT formation is conserved in mammals. Cedc13 deficiency in mice leads to the loss of central MTs
in motile ependymal cilia, resulting in abnormal cilia motility and hydrocephalus. Our results mark the
discovery of Ccdc13 as a novel regulator for ciliary central MT assembly and reveal that the Ccdc13-Spefl

complex is an evolutionarily conserved module that is critical for central MT formation in motile cilia of

both flies and mammals.
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INTRODUCTION

Motile cilia/flagella are highly conserved organelles
that are found in various organisms, ranging from
unicellular protozoa to humans. These structures can
beat and have the ability to generate directional fluid
flow to drive cell movement or transport materials
over cells [1]. In mammals, motile cilia are mainly
found in sperms and epithelial cells that line the res-
piratory tract, the oviduct and brain ventricles, ex-
erting functions such as sperm motility, mucus clear-
ance, ovum transfer and circulation of cerebrospinal
fluid [2-5]. Defects in motile cilia result in primary
ciliary dyskinesia (PCD) in humans—a rare genetic
disorder with symptoms such as chronic rhinosinusi-
tis, chronic bronchitis, infertility and hydrocephalus
[6,7].

Motile cilia typically possess a ‘9 + 2" axoneme
structure that consists of nine peripheral micro-
tubule (MT) doublets and a central pair (CP) of
MT singlets [8]. The motility of cilia relies on pro-
tein complexes that are associated with axonemal

MTs [8]. These include outer doublet-associated
outer dynein arms (ODAs), inner dynein arms
(IDAs), Nexin-Dynein regulatory complexes (N-
DRCs) and radial spokes (RS) [1,9-11]. ODAs and
IDAs are responsible for generating the main me-
chanical force required for axoneme beating [12],
which is regulated by N-DRCs and the RS [13,14].
The central apparatus (CA), which comprises the
CP and numerous associated proteinous projections
[15], makes contact with the RS and plays a vital role
in maintaining the planar cilia-beating pattern [16-
19]. A missing CP causes a shift in the ciliary beat
pattern from planar to rotary [4,20,21], resulting in
PCD [6,22,23].

The basal body (BB)/centriole serves as a tem-
plate for the formation of the outer doublet MTs,
whereas the CP MTs are non-centrosome MTs and
lack a known template for their formation. How CP
MTs form remains largely unknown but emerging
evidence suggests that a short template is first as-
sembled by initial seeds at the base of the axoneme
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lumen, followed by elongation and stabilization of
the two CP MTs [4]. The formation mechanism of
these initial seeds appears to vary across species. In
protozoa, self-assembly or y-tubulin-mediated nu-
cleation is proposed as a mechanism for seed for-
mation [24,25]. In Drosophila, the centrosome pro-
tein Cep135 has been implicated in CP formation
initiation [26-28]. In sperm flagella of Drosophila,
CP formation starts with the nucleation of a sin-
glet MT within the distal BB lumen during the
spermatocyte stage, followed by the assembly of
CP during flagella formation in the spermatid stage
[27,29]. Cep13S s crucial for singlet MT initiation in
the spermatocyte stage. In mammals, a cooperative
action between Wdr47, Camsaps and Katanin has
been implicated in initiating CP formation [4,30].
Katanin generates MT seeds from peripheral MTs,
which are stabilized at their minus ends by Cam-
saps and then recruited to the central lumen at
the ciliary base through Wdr47 [4,31]. However,
no pathway has been universally confirmed across
species. It remains unclear, for instance, whether y -
tubulin-mediated nucleation plays a role in CP for-
mation in Drosophila and mammals. The functional
conservation of Wdr47, Camsaps and Katanin in
Drosophila and protozoa is also not fully understood
and there is no evidence to suggest that Cep135
plays a role in CP formation in mammals. There-
fore, the initiation mechanism for CP MT forma-
tion is likely to vary across species. Furthermore,
the mechanism that underlies the CP elongation re-
mains largely unknown. Spefl (Sperm Flagellar 1),
also called CLAMP (CaLponin-Homology and MT-
Associated Protein) [32-34], is considered a crit-
ical protein that is involved in the elongation of
CP MTs [21]. Spefl is an evolutionarily conserved
MT-bundling protein that possesses an MT-binding
calponin-homology (CH) domain at its N-terminus
and a coil-coiled (CC) region at its C-terminus [21].
Recent studies have shown that Spefl is associated
with the CP MT seam, where it may crosslink and
stabilize the CP MTs [35]. However, it is still uncer-
tain whether Spefl plays a similar role in CP forma-
tion in invertebrates. The evolutionary conservation
and mechanisms of CP MT formation remain largely
unclear.

Drosophila sperm flagella provide an excellent
model for studying CP MT formation due to the
well-understood processes involved in flagellar de-
velopment. In Drosophila, sperm flagella formation
begins in early spermatocytes and can originate from
both mother and daughter centrioles. In the initial
stage, during the stage of early spermatocytes, the
V-shaped centriole pair recruits transition fiber and
transition zone proteins, docks to the plasma mem-
brane and forms a short primary cilia-like cap struc-
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ture [36,37]. As meiosis progresses, the primary cilia
are internalized along with the BB, which is criti-
cal for spindle assembly [38]. Following meiosis, the
ciliary cap migrates away from the BB and the flag-
ella elongation begins [36]. Interestingly, it has been
demonstrated that the CP formation is initiated dur-
ing the spermatocyte stage, in which a singlet central
MT is nucleated within the distal BB lumen. As flag-
ellar elongation proceeds during the spermatid stage,
an additional central MT assembles, resulting in the
formation of the CP. To date, Cep13S is the only pro-
tein confirmed to be involved in CP formation in
Drosophila, so much remains to be understood about
the full molecular mechanisms that underlie CP for-
mation.

In this study, we initially aimed to understand
the function of Ccdcl3 in cilia formation by using
a Drosophila model. Unexpectedly, we found that
Ccdcl3 is specifically required for CP MT forma-
tion in sperm flagella. Subsequent studies revealed
that Ccdc13 localizes on CP, where it interacts with
Spefl to facilitate CP MT assembly. Interestingly, we
furthermore demonstrated that the role of Ccdc13
in CP MT formation is conserved in mammals, as
Ccdcl3 deficiency in mice also leads to CP loss.
Therefore, we have identified Ccdc13 as a newly dis-
covered CP protein that is essential for CP MT for-
mation in both Drosophila and mammals.

RESULTS

Drosophila Ccdc13 is essential for sperm
motility

Although Ccdc13 is implicated in ciliogenesis [39],
its molecular function remains poorly understood.
Phylogenetic analysis suggested that potential or-
thologs of Ccdc13 exist in species that possess motile
cilia (Fig. S1), implying a conserved role in motile
cilia throughout the evolution. To elucidate the
molecular function of Ccdcl3 by using a Drosophila
model, we performed a protein homology search
by using BLAST and identified CG13032 as the
sole Drosophila homolog of mammalian Ccdcl3
(Fig. S2). We then used the CRISPR-Cas9 tech-
nique to generate a Ccdc13 deletion mutant and ob-
tained two mutant alleles: ccdc13! (c.516-1427Del)
and ccdc13? (c.511-1444DelinsAAG). ccdc13! is pre-
dicted to be an in-frame deletion, leading to a mu-
tant Ccdc13 that lacks the middle segment (aa 172
476) (Fig. laand b). Western blot analysis confirmed
that the full length of Ccdc13 was absent in ccdc13
mutant flies (Fig. 1c). ccdc13? is predicted to cause a
frameshift that results in a truncation with only the
N-terminal 170 amino acids remaining (Fig. 1a and

b).
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Figure 1. Ccdc13 is essential for CP MT formation in Drosophila. (a) Generation of Ccdc13 deletion mutant (ccdc13') flies. Schematics display the
genomic structure (upper panel) and protein structure (lower panel) of Ccdc13. The gRNA target sites are shown. Ccdc13" has a deletion in its cDNA
from nt 516 to 1427, leading to an in-frame deletion of 305 aa (aa 172 to 476) from Ccdc13. Cede 137 mutant has a deletion in cDNA from nt 511 to 1444,
resulting in a reading-frame shift. (b) Genotyping of the ccdc 13" mutant and cede?3? mutant using PCR. The PCR products are 1980 bp long for wild type
(WT)and 1065 bp long for the mutant. (c) Western blot analysis of the testes showed the presence of a truncated protein product of Cedc13 inthe Cedc 13!
mutant. e-tubulin was used as the loading control. The asterisk indicates the target band. (d) Cede73" mutant flies had normal negative geotaxis and
hearing. (e) Ccdc 13" males were infertile due to the immobility of their sperms. Note that the infertility defect was rescued by expressing GFP—Ccdc13.
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Figure 1. (Continued) (f) The sperm flagella in ccdc13’ testes showed no defects in elongation compared with those in WT testes. The Nexin-Dynein
regulatory complex (N-DRC) protein Gas8 was used to label flagella. (g, h) ccdc13 flagella lacked the CP. In electron microscopy (EM) images of testis
(g) cross sections and (h) longitudinal sections, both WT and ccdc 73’ mutants had 64 spermatids in each cyst. The arrowheads denote representative
central MTs in the WT cross sections; the central MT was completely lost in ccde?3’ mutants. The quantification data (i) were obtained from >300
flagella in three flies. Scale bars: 200 wm (f), 0.5 um (g, full-scale images), 100 nm (g, zoomed-in areas). Quantification results are presented as
mean £ SD, unless stated otherwise. Student’s +test: ns, no significance; ***P < 0.001.

cedc13! mutants were viable and exhibited nor-
mal walking and flying abilities (Fig. 1d). No obvious
defects were observed in sensory neuron cilia-related
behaviors, such as climbing and hearing (Fig. 1d).
However, we observed that the males were com-
pletely infertile—a phenotype that was effectively
rescued by the expression of exogenous Ccdcl3
(Fig. 1e). Further examination revealed that the mu-
tation resulted in a severe defect in sperm motility
(Fig. 1e), explaining the infertility that was observed
in the flies.

The homozygous ccdcI3* mutant flies failed
to eclose, for unknown reasons. However, when
crossed with the chromosome deficiency line
Df(3L)BSC561, which carries a deletion on chro-
mosome 3L that spans the 73A2-73C1 region,
including the Ccdc13 gene, ccdc13%/Df(3L)BSCS61
flies were viable. As this deficiency removes Ccdcl3,
ccdc13%/Df(3L)BSCS61 flies essentially represent a
null mutant for Ccdcl3. Interestingly, like ccdc13,
these flies showed no obvious behavioral defects,
but males were infertile. Due to the similar pheno-
type and easier genetic manipulation, we chose the
ccdc13! mutant for our subsequent studies.

CP MTs were lost in ccdc13’ sperm
flagella

We examined the testes and observed normal
morphology and size of testes in ccdc13' mutants
with normally elongated sperm cysts (Fig. 1f).
We thus reasoned that Ccdcl3 might affect the
motility-related structures of sperm flagella. Im-
munofluorescence examination of the localization
of the ODA component CG6971/Dnalil, IDA
component CG1571/Dnai2, RS component Rsphl
and N-DRC component Gas8 indicated that they
all normally localized on sperm flagellar axoneme in
ccdc13! mutants (Fig. S3). Interestingly, our trans-
mission electron microscopy (TEM) analysis of the
flagella ultrastructure revealed a complete loss of the
CP in ccdc13' mutants, whereas the number of flag-
ella and the organization of the doublet MTs were
overall normal (Fig. 1g-i). Therefore, Drosophila
Ccdc13 is essential for CP formation.

Ccdc13 is a CP-associated protein

Given the importance of Ccdcl3 in CP forma-
tion, we were curious as to whether it is associ-
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ated with CP. To investigate this, we generated trans-
genic flies that expressed GFP-Ccdcl3 driven by
the ubiquitin promoter and analysed its subcellular
localization.

Live imaging of GFP-Ccdc13 in testes revealed
that Ccdc13 was not present in cilia in spermatocytes
but was specifically localized to the flagella of sper-
matids (Fig. S4A and B). Notably, the intensity of
the GFP-Ccdc13 was lower in the MT growth zone
at the tail end of the flagella than in the MT sta-
ble zone (Fig. S4B). Further investigation revealed
that Ccdc13 gradually appeared on the spermatid ax-
oneme in early-round spermatids as the axoneme ini-
tiated elongation (Fig. 2a). In late-round spermatids
and elongating spermatids, as the sperm axoneme ex-
tended farther, Ccdc13 was distributed along the en-
tire sperm axoneme (Fig. 2a).

CP formation has been reported to be defective
in cep135-deficient Drosophila [26,27]. To determine
whether Ccdcl3 is associated with CP, we examined
the GFP-Ccdc13 signal in cep13S mutants and ob-
served the absence of GFP-Ccdc13 in their sperm
flagella (Fig. 2a). Additionally, we analysed Cep13S
localization in ccdc13 mutants and found that it re-
mains normal in both spermatocytes and spermatids
(Fig. 2b). Therefore, Ccdc13 is a CP-localized pro-
tein that functions downstream of Cep135.

Ccdc13 interacts with Spef1 in
Drosophila

To uncover how Ccdcl3 contributes to CP for-
mation, we conducted a screening for Ccdcl3-
interacting proteins in testes by using yeast two-
hybrid assays. For this purpose, a ¢cDNA library
that was derived from Drosophila testes was used
and our screening yielded 11 candidate genes, in-
cluding two encoding Drosophila homologs of Spefl
(Fig. 3a and b, and Table S2). Given that Spefl has
been shown to play a critical role in CP formation
in mammals [21], we hypothesized that Drosophila
Spefl might also be involved in CP formation, lead-
ing us to focus on these two candidates for further
characterization.

In the Drosophila genome, the two homologous
genes of Spefl are known as CG12395 and CG16719,
which we refer to as Spefla and Speflb, respec-
tively. Spefla is situated on the X chromosome
whereas Spef1b is located on the 3rd chromosome.
A sequence alignment analysis showed that the
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Figure 2. Ccdc13 localizes to the CP in Drosophila. (a) Cedc13 displayed CP-dependent axonemal localization. In WT testes, Ccdc13 first appeared along
the axoneme of the flagella in early-round spermatids and the localization persisted in late-round spermatids and elongating spermatids. In testes of
cep135 mutants, whose flagella lacked the CP, Ccdc13 no longer displayed axonemal localization. The flagella were labeled by using AC-tubulin (red).
The white asterisk indicates the leaf-blade-shaped mitochondria region in early-round spermatocytes. The arrowhead represents the microtubule-like
GFP—Ccdc13 signal in the cytosol of the cep?35 mutant. (b) Ccdc13 was not required for the basal body localization of Cep135. The basal body was

labeled by using y-tubulin (red).

encoded proteins, Spefla and Speflb, share only
~45% similarity (Fig. SSA and B). Notably, Spefla
exhibited a higher degree of similarity to human
Spefl compared with Spef1b (Fig. SSB).

To validate the physical interaction between
Ccdc13 and Spefl, we conducted glutathione-S-
transferase (GST) pull-down assays and found that
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Ccdcl3 indeed interacts with both Spefla and
Speflb. Both Spefla and Speflb comprise an N-
terminal MT-binding CH domain and a C-terminal
CC domain. Notably, Ccdc13 exhibited a specific in-
teraction with their C-terminal CC domain, while
showing no interaction with their N-terminal CH
domain (Fig. 3aand b).
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Figure 3. Ccdc13 interacts with CP protein Spef1 in Drosophila. (a) Ccdc13 exhibited direct interaction with Spefla in both the Y2H assay
(lower left panel) and the GST pull-down assay (lower right). The upper panel displays the schematics of the Spefla constructs. In the Y2H
assay, the interaction of Ccdc13 with Spefla was evidenced by colony growth on the SD-Ade—Leu—Trp—His plates. In the GST pull-down
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Figure 3. (Continued) H: His, A: Ade. (b) Ccdc13 exhibited direct interaction with Spef1b in both the Y2H assay (lower left panel) and the GST pull-down
assay (lower right). The upper panel displays the schematics of the Spef1b constructs. In the Y2H assay, the interaction of Ccdc13 with Speflb was
evidenced by colony growth on the SD—Ade—Leu—Trp—His plates. In the GST pull-down assay, Ccdc13 directly interacted with the C-terminal of Spef1h
whereas no interaction was observed with its N-terminal. L: Leu, W: Trp, H: His, A: Ade. (c) Subcellular localizations of Spef1a during spermiogenesis. In
early-round spermatids, Spef1a was not observed on the axonemes of the flagella. In late-round spermatids, Spef1a began to appear on the axonemes
of the flagella. In cep735 mutants, the Spefia signal on the axoneme was notably impaired, exhibiting abnormal signal distribution in the cytosol.
The right panels depict zoomed-in views of the axonemes (white dotted rectangles) to highlight specific details. Line scans were performed to show
correlations between axonemes and Spefia. (d) Spef1b—GFP localizes to the sperm flagella starting from late-round spermatids and this localization

relies on Cep135.

Conserved role of Drosophila Spefia
in CP formation

Next, we investigated the subcellular localization of
Spefla and Speflb. By utilizing transgenic flies that
were expressing Spefla—GFP or Speflb—GFP under
the ubiquitin promoter, we observed robust colocal-
ization of both proteins with the axoneme marker
Ac-tub on sperm flagella in wild type flies. However,
this colocalization was significantly compromised in
cepl3S mutants, showing abnormal cytosolic MT-
like signals that surrounded the axoneme (Fig. 3c
and d). As Spefla is known to directly bind MTs
through its N-terminal CH domain, we propose that,
in cepl3S mutants, the absence of central MTs in
sperm flagella leads to an accumulation of Spefla on
cytosolic MTs. The loss of Spefla—GFP and Speflb—
GFP signals from sperm flagella in cep13S mutants
indicates that they are indeed localized to the CP.
It is noteworthy that the presence of Spefla and
Speflb on flagella occurs slightly later than that of
Ccdc13. Cedcl3 is evident in the early-round sper-
matids stage (Fig. 2a) whereas Spefla and Speflb
emerge at a later stage (Fig. 3c and d). This tim-
ing difference was further confirmed by co-staining
GFP-Ccdc13 and Speflb-tdTomato, as shown in
Fig. S6, in early-round spermatids, which showed
that Ccdcl3 is present along the flagella whereas
Speflb remains undetectable.

To clarify the role of Spefl in Drosophila, we ob-
tained spefla’ (c.376-383Del) and speflb! (c.31-
136DelinsAACTCC) deletion mutants by using the
CRISPR-Cas9 technique (Fig. 4a and Fig. S7A and
B). In the spefla’ mutant, the C-terminal half of
Spefla was lost due to a frameshift that was caused
by the mutation. In the speflb! mutant, almost the
entire Speflb (aa 11 to the end at 271) was lost
due to a frameshift that was caused by the deletion.
Both spefla’ and spef1b’ flies were viable and did not
exhibit apparent defects in cilia-related sensory be-
haviors (Fig. S8A and B). Interestingly, the spefla’
males were infertile and their sperms were immotile
(Fig. 4b). In contrast, the loss of Speflb did not af-
fect male fertility or sperm motility (Fig. 4b). After
examining the ultrastructure of sperm flagella by us-
ing TEM, we found that the spef1b’ mutants exhib-
ited normal CP formation whereas the spefla’ mu-
tants showed either the loss of both CP MTs (55.8%)
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or the loss of one CP MT (44.2%) in the sperm ax-
oneme (Fig. 4cand Fig. S8C). These findings suggest
that Spefla plays a crucial role in CP formation in
Drosophila. To investigate the potential functional re-
dundancy between Spefla and Spef1b in CP forma-
tion, we generated spefla; speflb double mutants, In-
terestingly, we found that CP MTs were almost com-
pletely absent in the double mutants (Fig. 4c and
Fig. S8C), indicating that Speflb has a redundant
role in CP formation in the absence of Spefla.

Next, we investigated the relationship between
Ccdc13 and Spefla. In ccdc13 mutants, Spefla—GFP
was lost from the axoneme, which instead showed
a MT-like signal in the cytosol between the ax-
oneme and the flagellar membrane (Fig. 4d). In
Spefla’ mutants, the axonemal localization signal
of GFP-Ccdc13 was significantly diminished at the
late-spermatid stage (Fig. 4e). However, a reduced
but still detectable Ccdcl3 signal was observed on
axonemes in early-round spermatids (Fig. 4e). No-
tably, the remaining axonemal Ccdc13 signal was still
detectable in spefla; speflb double mutants (Fig. 4e),
possibly because Ccdcl3 appears on the axoneme
slightly earlier than Spefla/b (Figs 2a and 3c and d).

Taken together, our studies, through using the
Drosophila model, demonstrated that Ccdc13-Spefl
is a key complex for CP formation. We propose that
the CP formation in the sperm flagella of Drosophila
is initiated in the spermatocyte stage, in which a sin-
glet central MT is nucleated with the involvement
of Cep135 [27]. In the early-round spermatid stage,
Ccdc13 is initially recruited, potentially stabling the
singlet central MT and/or initiating the formation
of the second central MT. Subsequently, Spefl is re-
cruited to facilitate the CP elongation and stabiliza-

tion (Fig. 4f).

Mammalian Ccdc13 localizes to CP of
motile cilia and is required for their
planar beat pattern

To understand whether the role of Ccdc13 in CP for-
mation is conserved in mammals, we first examined
its subcellular localization in the cilia of mammalian
cells. We observed that both endogenous mouse
Ccdc13 and exogenous GFP-tagged mouse Cedcl3
(GFP-Ccdcl3) were localized to the motile cilia
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Figure 4. (Continued) 376 to 382, resulting in a frameshift and deletion of the C-terminal half of the protein (aa 126 to the end at 254). spef1b’ had a
deletion in cDNA from nt 31 to 136, introducing a stop codon and resulting in the deletion of almost the whole protein (leaving only 10 aa). (b) spefTawas
essential for male fertility and sperm motility. Quantification results are presented as mean &+ SD. Student’s #-test: ns, no significance; ***P < 0.001.
(c) Representative EM images of flagellar cross sections from wild type (WT), spef1b’, spefia’ and spefia’; spef1b’ fly mutants. The quantification
results are presented on the right. (d) Spef1a failed to colocalize with the axoneme in ccde 13’ flagella. Arrows indicate typical flagella. Axonemes in
dotted rectangles are zoomed-in in the right-hand panels to show details. Line scans were performed to show correlations between axoneme and Spef1a.
(e) Axonemal localization of Ccdc13 was detected in only early-round spermatids of speffa’ flies and spefia’; spef1b’ double-mutant flies, albeit with
a compromised signal compared with that in WT flies. Arrows and asterisks, respectively, indicate typical Ccdc13-positive and Ccdc13-negative flagella
in spefia’ and spefia’; spef1b’ testes. Axonemes in white dotted rectangles are zoomed-in in the right-hand panels to show details. (f) A model for
the role of Cedc13 and Spef1a in the CP MT formation in sperm flagella of Drosophila. In spermatocytes, Cep135 initiates the formation of a singlet
central MT. In early-round spermatids, Ccdc13 emerges on the CP, potentially stabilizes the singlet central MT and/or initiates the formation of the
second central MT. Following this, Spefia is recruited and, together with Ccdc13, promotes the elongation and stabilization of CP MTs.

of multiciliated mouse ependymal cells (mEPCs)
(Fig. Sa and Fig. S9). In contrast, Ccdcl3 was de-
tected at the BB region but not in the primary cilia of
human retinal pigment epithelium (hTERT-RPE1)
cells (Fig. Sa). Furthermore, when Hydin and acety-
lated tubulin were respectively used as a CP marker
and an axoneme marker, super-resolution 3D struc-
tured illumination microscopy (3D-SIM) clearly re-
vealed the localization of Ccdcl13 in the axonemal
central lumen (Fig. Sb). Therefore, Ccdcl3 is also a
CP-associated protein in mammals.

Next, we generated Ccdcl3 knockout mice by
crossing Cedc13"9%/Fo* mice with Cag-Cre mice
[40], resulting in a deletion of Exon 3, predicting a
frameshift and leaving only 74 amino acids at the N-
terminal (Fig. Scand d). Immunofluorescence stain-
ing showed complete loss of Ccdcl3 from the ax-
onemes of motile cilia in Cedc13™/~ mEPCs (Day
15) (Fig. Se).

Although CcdcI3™/~ mice were born normally,
most of them died at 2-4 weeks old due to severe hy-
drocephalus, evidenced by dome-shaped heads and
abnormally enlarged ventricles (Fig. Sfand g). Given
that hydrocephalus can be induced by the immobil-
ity of ependymal cilia [41], we examined the motil-
ities of ependymal cilia through live imaging of the
brain ventricles. While ependymal cilia in the con-
trol mice displayed regular coordinated planar beat-
ing, those in the Ccdc13™/~ mice exhibited unco-
ordinated and rotatory beating (Fig. Sh and Supple-
mentary Movies S1-S3), which is typically observed
in animals with CP defects [4].

Mammalian Ccdc13 is required for the CP
formation

To determine whether the deletion of Ccdcl3 re-
sults in defective CP formation in mice, we first ex-
amined the localization of known CP proteins in
Day-15 mEPCs of CcdcI3™/~ mice. As expected,
Spefl was no longer located in the cilia of Cedc137/~
mEPCs (Fig. 6a). In addition, ciliary localizations of
Hydin—a protein that is associated with the C2 MT
[42,43] and Spagl6, which localizes to the bridge
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between C1 and C2 [44]—were also markedly re-
duced in Cedc13~/~ mEPCs (Fig. 6a). These results
suggest a loss of the CP in the cilia of Cedc13™/~
mEPCs. However, we observed that Wdr47—the
critical factor for CP-assembly initiation [4]—could
still localize to the proximal region of the cilia in
Cedc137/~ mEPCs, although its signal was almost
absent in the upper segment (Fig. 6b). This sug-
gests that Ccdc13 may not be involved in the initia-
tion of CP assembly, but rather in its elongation and
maintenance.

Subsequently, we performed TEM on brain
ependymal cilia and found that the CP was lost in
90% of the cilia of ccdc13™/~ cells (Fig. 6c), indi-
cating that Ccdcl13 is indeed critical for CP forma-
tion in mammals. Additionally, we performed TEM
analysis on the respiratory cilia of Ccdcl3 global
knockout mice and observed three distinct pheno-
types (Fig. 6d): (i) a small percentage of cilia either
lacked central MTs or had a single central MT, in-
dicating that Ccdc13 is also involved in CP forma-
tion in tracheal cilia; (ii) about half of the cilia exhib-
ited two central M Ts, but these appeared unbundled
compared with wild-type, with associated structures
missing, suggesting abnormalities; (iii) about 40% of
the cilia contained more than two central MTs, sug-
gesting that Ccdc13 may have a tissue-specific role in
regulating the number of central MTs. These results
suggest that Ccdcl3 is not only crucial for CP MT
formation, but also has a tissue-specific function in
controlling the number of central MTs.

Mammalian Ccdc13 interacts with Spef1

Next, we wondered whether the interaction be-
tween Ccdcl3 and Spefl is conserved in mam-
mals. By using in vitro GST pull-down and in
vivo co-immunoprecipitation assays, we confirmed
that mammalian Ccdc13 also interacted with Spefl
(Fig. 7a and b). Furthermore, we demonstrated that
Cecdcl13 specifically co-immunoprecipitated with the
Spefl C-terminal CC domain, but not its N-terminal
CH domain, indicating that mammalian Ccdcl3,
similarly to its Drosophila homolog, interacts with
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the Spefl CC domain. Consistently with these Cedc13 binds and bundles MTs
biochemical results, the immunofluorescence assay Given the critical role of Cedel3 in CP MT for-
showed robust colocalization between Ccdcl3 and
the CC domain of Spefl when exogenously ex-
pressed in mammalian cells, but no colocalization
was observed between Ccdc13 and the CH domain
of Spefl (Fig. 7¢).

mation and its close association with MT-bundling
Spefl, we wondered whether Ccdcl3 also pos-
sesses MT-binding or -bundling abilities. To this
end, we performed in vitro MT-bundling assays.
As a positive control, Spefl significantly enhanced
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the MT bundling in our assay (Fig. 7d). Inter-
estingly, we observed that purified His-Ccdc13, at
various concentrations, induces MT bundling in a
concentration-dependent manner (Fig. 7d). More-
over, we pinpointed the N-terminal 1-300 amino
acids of Ccdcl13 as the region that was responsible
for this activity, while its C-terminal region showed
no response in the MT-bundling assay. Next, we
conducted the MT pellet assay and found that the
Ccdc13 (1-300) effectively co-sedimented with the
MT pellet fraction (Fig. 7e), indicating that Ccdc13
(1-300) could bind to MTs. As a result, Ccdc13 has
emerged as a novel MT-associated protein with the
capacity to stabilize and bundle MTs.

DISCUSSION

CP MTs are critical for the proper beating of motile
cilia, yet the mechanisms that underlie their forma-
tion remain poorly understood. In this study, we
identified Ccdc13 as an evolutionarily conserved key
regulator of CP MT assembly. We demonstrated that
Ccdc13 localizes to the CP in both Drosophila and
mice. Disruption of Ccdcl3 in Drosophila results
in the complete loss of CP MTs in sperm flagella,
leading to male infertility due to immotile sperm.
Similarly, knockout of Ccdcl3 in mice causes de-
fects in the CP of brain ependymal cilia, resulting
in abnormal ciliary beating and hydrocephalus. Ad-
ditionally, we showed that Ccdc13 directly interacts
with the MT seam-binding protein Spefl in both
Drosophila and mammals. While the role of Spefl
in mammalian CP formation has been previously
documented [21 ], we further validated its conserved
function in Drosophila CP assembly. Taken together,
our findings uncover an evolutionarily conserved
Ccdcl13-Spefl complex that is crucial for CP MT
formation across species.

As a type of non-centrosomal MT, the assembly
of CP MTs lacks templates. Their formation involves
initiation by tubulin seeds, followed by elongation
and stability maintenance [4]. In Drosophila, CP M'T
formation initiates at the spermatocyte stages with
the formation of a single central MT [27]. Given that
Ccdc13 emerges on a CP from the early-round sper-
matid stages when paired MTs begin to emerge, it is
conceivable that Ccdcl3 is not involved in the ini-
tiation of CP MT singlets, but rather functions in
CP MT elongation and/or maintenance. As Cedc13
appears slightly earlier than Spefla/b, we propose
that Ccdcl3 may stabilize the singlet central MT
and/or initiate the formation of the second central
MT. Following this, Spefla is recruited and, together
with Ccdcl3, they collaborate to facilitate the elon-
gation and stabilization of CP MTs. A recent study
has demonstrated that Spefl1 binds specifically to the
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MT seam in both CI and C2 and stabilizes MTs
[35]. Interestingly, we also revealed that Ccdc13 has
the ability to bind and promote MT bundles. The
molecular mechanism by which Ccdcl3 and Spefl
promote CP MT assembly and maintenance requires
further investigation. Future exploration of the func-
tions and interactions of Ccdcl3 and Spefl by us-
ing Drosophila and mammalian models will provide
valuable insights into the mechanisms that govern
the elongation and stability of CP MT formation.
CP MTs are conserved structures in motile cilia,
but the mechanisms of their formation likely vary
significantly across species. As we highlighted in the
introduction, the initiation mechanism of CP MT
assembly varies across species. Our findings in both
Drosophila and mammals underscore the conserva-
tion of the Ccdc13-Spefl module in CP elongation
and stability, which highlights the significance of
our discovery and its potential broader implications
for understanding CP assembly. However, our study
also reveals a fascinating complexity: unlike in motile
mEPC cilia, the loss of Ccdc13 in tracheal cilia leads
to the formation of additional central MT singlets,
suggesting that variations in the mechanisms of CP
MT formation or dynamics can occur even within
the same organism. We hypothesize that these differ-
ences may be related to structural diversity. The ax-
onemes of motile epithelial cilia (mEPCs) and respi-
ratory cilia exhibit notable structural diversity, as re-
cently demonstrated by Leung ef al. [45]. Therefore,
an understanding of how Ccdc13 and Spefl interact
with species-specific proteins and other regulatory
factors in various ciliated cells is crucial for compre-
hending the diversity of CP-assembly mechanisms.
Our study has important clinical implications,
particularly in understanding the ciliopathies asso-
ciated with defects in motile cilia. Impairments in
the CP of motile cilia can lead to various severe con-
ditions in humans, including PCD, hydrocephalus,
male infertility, chronic rhinosinusitis and chronic
bronchitis. By uncovering the role of the Ccdc13-
Spefl complex in CP formation, our findings offer
valuable insights into the molecular mechanisms
that may underlie these disorders. Given the critical
involvement of Ccdcl3 and Spefl in motile cilia
function, it would be of great interest to explore
whether mutations in these genes contribute to
ciliopathies. Investigations into their potential as
candidate genes for such conditions, especially in
patient populations, could help to identify novel
genetic causes of these diseases. Furthermore, un-
derstanding how Ccdcl3 and Spefl interact with
other ciliopathy-related proteins could reveal deeper
insights into the molecular basis of motile cilia
dysfunction, with significant implications for the
development of targeted clinical therapies.
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MATERIALS AND METHODS
Fly stocks

w8 (FBal0018186) flies were wused as
wild-type.  Cep135<°*®®  [PBac(PB)c04199,
BDSC85047],  Cep135™%5![PBac(WH)f01951]
and Df(3L)BSCS561 were obtained from Blooming-
ton Drosophila Stock Center. The Cepl135-GFP
transgene was a gift from Prof. J. Fu (China Agricul-
tural University). Transgenic flies of GFP-Ccdc13,
Spefla—GFP,  Speflb-GFP, Speflb-tdTomato,
CG6971-GFP, CG1571-GFP, Gas8-GFP and
Rsph1-GFP, and mutant flies of ccdc13’, spefla’ and
spef1b’ were all generated in this study. All flies were
kept at 25°C.

To create the transgenetic flies, cDNAs were
cloned into the modified PJFRC2 vector that con-
tained an ubiquitin promoter. These plasmids were
then used to generate transgenic flies.

Mutants of ccdc13!, cedc13?, spefla’ and speflb!
were generated by using a CRISPR/Cas9 system. To
create the guide RNA (gRNA) expression plasmids,
gRNAs were inserted into the PU6-BbsI-chiRNA
vector through polymerase chain reaction (PCR).
These plasmids were then injected into Vasa:: Cas9
embryos. Mutations were confirmed by using ge-
nomic PCR and sequencing. To confirm the muta-
tions, genomic DNA was extracted from flies. PCR
primers that flanked the gRINA target sites were used
to amplify the region of DNA. The PCR products
were then analysed by using gel electrophoresis to
identify potential mutations, such as point mutations
or large deletions. Finally, sequencing of the PCR
product was performed to precisely determine the
specific mutations within the gene. The mutant fly
was backcrossed with w!!8 before use.

The primers that were used for generating and
identifying the transgenetic flies and mutants are
listed in Table S1.

Immunofluorescence staining

For flies, 36-48 h after puparium formation, the
testes of the pupae were dissected by using forceps
and transferred to a coverslip. The coverslip was then
covered with a slide and rapidly frozen in liquid ni-
trogen for 30 s, allowing the tissues to adhere to the
slide. The tissues were first treated with methanol
(=20°C) and acetone (-20°C) for fixation. Then,
they were blocked with the blocking buffer (0.1%
Triton X-100, 3% bovine serum albumen in phos-
phate buffered saline (PBS)). Next, the tissues were
incubated with primary antibodies in a moisture
chamber at 4°C overnight, followed by incubation
with secondary antibodies for 3 h at room tempera-
ture. Images were acquired by using a laser scanning
confocal microscope (Leica).
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mEPCs that were grown on glass-bottomed
dishes were pre-extracted with 0.5% Triton X-100
in PBS for 30 s, followed by fixation with 4%
paraformaldehyde in PBS for 15 min at room tem-
perature. After fixation, the cells were permeabi-
lized with 0.5% Triton X-100 in PBS for 15 min and
blocked with blocking buffer (4% Bovine Serum Al-
bumin (BSA) in Phosphate buffered saline with Tri-
ton X-100) for 1 h at room temperature. Next, the
mEPCs were incubated overnight at 4°C with pri-
mary antibodies in a moisture chamber and then
were washed with 1 x PBS followed by 1 h of in-
cubation with secondary antibodies at room temper-
ature. Finally, the mEPCs were counterstained with
4,6-diamidino-2-phenylindole (DAPI) for 20 min to
label the nuclei.

Additional details on the Materials and Methods
can be found in the Supplementary File.

SUPPLEMENTARY DATA

Supplementary data are available at NSR online.
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