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Abstract

Motile cilia on the cell surface generate movement and directional
fluid flow that is crucial for various biological processes. Dysfunc-
tion of these cilia causes human diseases such as sinopulmonary
disease and infertility. Here, we show that Ccdc108, a protein
linked to male infertility, has an evolutionarily conserved require-
ment in motile multiciliation. Using Xenopus laevis embryos,
Ccdc108 is shown to be required for the migration and docking of
basal bodies to the apical membrane in epidermal multiciliated
cells (MCCs). We demonstrate that Ccdc108 interacts with the IFT-
B complex, and the ciliation requirement for Ift74 overlaps with
Ccdc108 in MCCs. Both Ccdcl08 and IFT-B proteins localize to
migrating centrioles, basal bodies, and cilia in MCCs. Importantly,
Ccdc108 governs the centriolar recruitment of IFT while IFT
licenses the targeting of Ccdc108 to the cilium. Moreover, Ccdc108
is required for the centriolar recruitment of Drgl and activated
RhoA, factors that help establish the apical actin network in MCCs.
Together, our studies indicate that Ccdc108 and IFT-B complex
components cooperate in multiciliogenesis.
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Introduction

Motile cilia are present on the epithelial cell surface to generate a
directional fluid flow that is crucial for various biological processes,
such as the establishment of left-right symmetry in the ventral
node, mucociliary clearance in airways, and cerebrospinal fluid
circulation in the brain (Fliegauf et al, 2007; Brooks & Wallingford,
2014). The axonemal structure of most motile cilia has a “9 +2”
arrangement with nine peripheral outer doublet microtubules
surrounding a central microtubule pair, however, motile nodal cilia
have an either “9 + 0” or “9 + 4” structure (Feistel & Blum, 2006;
Ishikawa & Marshall, 2011; Spassky & Meunier, 2017). The synchro-
nous ciliary motility is governed by protein appendages attached to
the axonemal microtubules, which include axonemal dyneins (inner
dynein arm [IDA] and outer dynein arm [ODA] complexes), radial
spokes, and nexin—dynein regulatory complexes (Teves et al, 2016).
Radial spokes interact with IDA and the central pair of microtubules
to coordinate the ciliary motility (Yang et al, 2006; Viswanadha
et al, 2017). Defects in the assembly and motility of motile cilia can
result in various human diseases such as sinopulmonary disease,
hearing impairment, hydrocephalus, situs inversus, and male infer-
tility (Nigg & Raff, 2009; Reiter & Leroux, 2017).

In Xenopus laevis epidermis and mammalian airways, the
commitment of MCC precursors is transcriptionally controlled by
GemCl1 and Multicilin (Stubbs et al, 2012; Ma et al, 2014; Kyrousi
et al, 2015; Arbi et al, 2016; Terre et al, 2016; Kim et al, 2018),
which are necessary and sufficient to induce MCC differentiation.
Upon activation of the transcriptional cascade, MCC precursors
undergo massive centriole amplification mostly through a
deuterosome-dependent pathway to produce hundreds of centrioles,
which sequentially dissociate from deuterosomes, migrate and dock
to the apical surface, and convert into basal bodies to initiate

1 Laboratory of Cellular and Developmental Signaling, Center for Cancer Research, National Cancer Institute, National Institutes of Health, Frederick, MD, USA
2 Cancer & Developmental Biology Laboratory, Center for Cancer Research, National Cancer Institute, National Institutes of Health, Frederick, MD, USA
3 Cancer Research Technology Program, Electron Microscopy Laboratory, Frederick National Laboratory for Cancer Research (FNLCR), Leidos Biomedical Research Inc.,

Frederick, MD, USA

4 Protein Characterization Laboratory (PCL) Mass Spectrometry Center, Center for Cancer Research, National Cancer Institute, National Institutes of Health, Frederick, MD, USA

*Corresponding author. Tel: +1 301 846 1667; E-mail: daari@mail.nih.gov

**Corresponding author (lead contact). Tel: +1 301 846 7594; E-mail: westlakecj@mail.nih.gov

"These authors contributed equally to this work

Published 2022. This article is a U.S. Government work and is in the public domain in the USA.

Published under the terms of the CC BY NC ND 4.0 license

EMBO reports 23: e52775(2022 1 of 22


https://orcid.org/0000-0003-2657-526X
https://orcid.org/0000-0003-2657-526X
https://orcid.org/0000-0003-2657-526X
https://orcid.org/0000-0001-7476-2014
https://orcid.org/0000-0001-7476-2014
https://orcid.org/0000-0001-7476-2014

EMBO reports

axoneme growth (Klos Dehring et al, 2013; Zhao et al, 2013; Brooks
& Wallingford, 2014; Spassky & Meunier, 2017). In order for centri-
oles to dock with the apical membrane they must develop distal
appendages following the deuterostome stage (Spassky & Meunier,
2017). MCCs also undergo remodeling of the subapical membrane
cytoskeleton, in particular the actin network, to accommodate
centriole membrane docking and motile cilium assembly (Antoni-
ades et al, 2014; Sedzinski et al, 2016; Kulkarni et al, 2018). The
establishment of the apical actin network involves focal adhesion
proteins and components of the planar cell polarity (PCP) pathway
including dishevelled (Dvl), Daaml1, and the Daam1/Dvl regulator
Drgl, which can stimulate the activation of RhoA, a Rho GTPase
that regulates the actin polymerization (Park et al, 2008; Antoniades
et al, 2014; Yasunaga et al, 2015; Lee et al, 2019).

Assembly and functional maintenance of the cilium require
intraflagellar transport (IFT) particles (Davenport et al, 2007;
Lechtreck, 2015; Zhu et al, 2017). IFT particles regulate the bidi-
rectional trafficking of ciliary proteins along the axonemal micro-
tubules, and can assemble into linear IFT train structures of
varying length (Pigino et al, 2009; Stepanek & Pigino, 2016; Yang
& Huang, 2019). The IFT particle is composed of two multiunit
subcomplexes, IFT-A and IFT-B. The IFT-A complex functions in
retrograde trafficking from the ciliary tip to the base powered by
the dynein-2 motor complex, whereas the IFT-B complex medi-
ates anterograde protein trafficking from the cell to the ciliary tip
through kinesin-2 motor proteins (Rosenbaum & Witman, 2002;
Ishikawa & Marshall, 2011; Sung & Leroux, 2013; Liang et al,
2014). Defects in anterograde trafficking mediated by the IFT-B
complex cause shortened or an absence of cilia (Pazour et al,
2000; Davenport et al, 2007; Lechtreck, 2015; Kubo et al, 2016).
IFT-B subunits IFT20, IFT25, IFT27, and IFT74 are also required
for sperm flagella formation in mice (Zhang et al, 2016, 2017; Shi
et al, 2019). In the primary cilium, IFT-B complex proteins accu-
mulate at the mother centriole following removal of the CP110/
CEP97 cap that blocks axoneme formation (Goetz et al, 2012; Lu
et al, 2015; Kanie et al, 2017). In spite of the important role of [FT
proteins in cilium assembly, little is known about how IFT-B
proteins are recruited to centrioles/basal bodies during early cili-
ogenesis and how this process is scaled/amplified in multicilio-
genesis.

CCDC108 (also known as CFAP65) is the ortholog of Akap240,
identified as an axonemal protein in Chlamydomonas reinhardtii
(Gaillard et al, 2001; Zhao et al, 2019b; Dai et al, 2020). Interest-
ingly, CCDC108 mutations cause abnormal sperm flagellum in
patients (Wang et al, 2019; Zhang et al, 2019; Li et al, 2020), and
its orthologs in mouse and chicken are essential for sperm motility
(Imsland et al, 2012; Li et al, 2020; Wang et al, 2021). These stud-
ies suggest that CCDC108 is involved in regulating motile ciliation
and/or movement. Here, we investigated the function of Ccdc108
in motile multiciliogenesis. We showed that Ccdc108 is required
for ciliation in frog, fish, and mouse multiciliated cells. In Xenopus
MCCs, Ccdc108 is needed for basal body migration/docking to the
plasma membrane and apical enrichment of F-actin during multi-
ciliogenesis. We demonstrated that Ccdc108 localizes to centrioles
as they migrate to the apical cell surface and in the cilium in Xeno-
pus MCCs. Loss-of-function and replacement experiments in vivo
demonstrated that the Ccdc108 interacts with the IFT machinery
during ciliogenesis and in the mature cilium, and this association
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is essential for the migration/docking of centrioles to the apical
membrane during cilium assembly in MCCs. Finally, we showed
that Ccdc108 and its interaction with IFT machinery are crucial for
the centriolar distribution of planar cell polarity-associated actin
cytoskeleton regulators Drgl and RhoA, which contribute to the
apical actin polymerization during multiciliation. Together, our
findings demonstrate that Ccdc108 and IFT-B complex components
function together in multiciliogenesis.

Results

Ccdc108 is essential for ciliation in multiciliated epidermis of the
Xenopus embryo

Previous studies indicate that Ccdc108 is important for proper
sperm motility in chicken, mouse, and human (Imsland et al,
2012; Wang et al, 2019, 2021; Zhang et al, 2019; Li et al, 2020). To
further investigate Ccdc108 association with motile cilia function,
we injected Xenopus laevis embryos with morpholino (MO)
oligonucleotides against the ccdc108 mRNA sequence to block the
translation of the protein. Morpholino efficiency was confirmed
using a GFP reporter RNA containing the MO target site of ccdc108
at the 5S’UTR (Fig EV1A) (Romaker et al, 2014). Since the motile
cilia of MCCs on the skin of Xenopus embryos generate a directed
fluid flow along the posterior ventral axis of the embryo epidermis
(Mitchell et al, 2007), fluorescent microbeads were used to visual-
ize the fluid flow. ccdc108 morphants displayed significantly
affected bead motility over the epidermis (Fig 1A and B; Movies
EV1-3). Importantly, this defect was rescued by co-injection of a
hemagglutinin (HA)-tagged ccdc108 mRNA, validating the speci-
ficity of the MO (Fig 1A and B; Movies EV1-3). Defects in fluid
flow may be caused by either reduction in cilia number or abnor-
mal cilia motility. To evaluate Ccdcl108 requirements in ciliary
bead flow in MCCs, we performed immunostaining to examine
cilia of epidermal MCCs by confocal and super-resolution struc-
tured illumination microscopy (SIM) and surprisingly found a > 4-
fold reduction in cilia levels upon depletion (Fig 1C and D). We
further confirmed that Ccdcl108 depletion resulted in fewer and
slightly shorter cilia in MCCs using scanning electron microscopy
(SEM) (Figs 1E and EV1B). Moreover, we confirmed ciliation
requirements for Ccdcl108 using CRISPR/Cas9 technology to
deplete the protein (Cong et al, 2013; Wang et al, 2015). Consistent
with our MO studies, ccdc108 CRISPR mutants displayed a signifi-
cant reduction in MCC cilia (Figs 1F and EV1C). Because the
Chlamydomonas reinhardtii ortholog of Ccdc108, Akap240, is asso-
ciated with the axoneme microtubule central pair which is impor-
tant for cilia motility (Rao et al, 2016; Teves et al, 2016), we
examined the ciliary beat pattern (CBP) and ciliary beat frequency
(CBF) of MCCs by high-speed video microscopy. MCCs of Ccdc108
morphants displayed an altered CBP and an increased CBF
(Fig EVID; Movies EV4-6). Importantly, ciliary defects were
restored by the expression of wild-type (WT) Ccdc108 (Figs 1C-E
and EV1D). This indicates that cilia present in Ccdc108 morphants
have impaired motility. Examination of Ccdcl08 expression in
Xenopus laevis embryos by in situ hybridization chain reaction
(HCR) combined with immunostaining for cilia confirmed that
cedc108 is highly expressed in MCCs but not in the neighboring
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Figure 1. Ccdc108 is essential for ciliogenesis in multiciliated epidermis of the Xenopus embryo.

A, B Depletion of Ccdc108 markedly affects bead movement by decreasing velocity (Movies EV1-3). Fluorescent beads were applied to the dorsal surface of Xenopus
embryos. Bead tracks every 500 ms over 2 s are shown (A). Plot of average bead velocity shows significantly reduced bead flow in ccdc108 morphants, which can
be fully rescued by co-injecting with Xenopus ccdc108 mRNA (B). A total of 150 beads from 15 embryos for each condition. Arrowheads (A) indicate beads that
showed no movement on the embryo surface through the recording.

C,D Defective cilia formation in ccdc108 morphants. Embryos at stage 27 were fixed and stained with the acetylated tubulin (Ac-tub) antibody and/or Cep164 antibody.
mRNA of a membrane-bound form of GFP (mGFP) was co-injected with each morpholino to indicate targeted cells. Representative confocal images (C) and 3D-SIM
images (D) of the epidermis for each condition and plots show significantly reduced cilia number in Ccdc108-depleted embryos. (C) Twenty images of 20 embryos
and (D) greater than 80 MCCs from six embryos for each condition.

E Scanning electron microscope images of Xenopus embryos display defective cilia formation in Ccdc108-depleted MCCs. White arrowheads mark MCCs with reduced
ciliation. Boxed areas are magnified to show the details.

F Defective cilia formation occurs in ccdc108 CRISPR mutants. Embryos at one-cell stage were injected with Cas9 protein with or without the sgRNA against ccdc108
(108sg) and fixed at stage 27. Representative 3D-SIM images and plot show significantly reduced cilia number in ccdc108 CRISPR mutants. Greater than 70 MCCs
from six embryos for each condition. Cell membranes (mGFP, purple), cilia (Ac-tub, green), and basal bodies (Cep164, yellow) were labeled with indicated
antibodies.

G In situ hybridization chain reaction (HCR) reveals that ccdc108 mRNA is specially detected in MCCs. Embryos at stage 35 were fixed and subjected to in situ HCR
(red). Embryos were then incubated with the Ac-tub antibody (cyan) and DAPI (gray).

Data information: Quantification data were collected from three independent experiments. Unpaired two-tailed t-test was performed (***P < 0.001). Mean =+ s.d. values
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are presented.
Source data are available online for this figure.

non-MCCs (Fig 1G). To further test if Ccdc108 is required for other
types of cilia formation, primary cilia of neural progenitors in the
neural tube and motile monocilia in the gastrocoel roof plate
(GRP) were examined (Schweickert et al, 2007; Toriyama et al,
2017). Notably, neither of these monocilia was affected by Ccdc108
depletion (Fig EV1E and F). Thus, our results indicate that Ccdc108
plays a crucial role in regulating multiciliation in epidermal MCCs.

Ccdc108 ciliation requirement is evolutionarily conserved in fish
and mouse cells

Since Ccdc108 plays an important role in multiciliation in Xenopus,
we asked whether this requirement is evolutionarily conserved. We
first examined Ccdc108 function in zebrafish. In situ HCR analysis
in zebrafish embryos at the long-pec stage (48 h post-fertilization)
showed that the ccdc108 mRNA was detected in the multiciliated
olfactory placode cells and neuromast hair cells, but not in the
surrounding cells (Fig 2A), suggesting a potential role of Ccdc108 in

these two cell types with 9 + 2 structure cilia (Song et al, 2016). To
investigate Ccdc108 ciliary requirements, we injected embryos with
a morpholino targeting the translation start site of zebrafish ccdc108.
ccdc108 morphants displayed hydrocephalus, a phenotype associ-
ated with ciliary motility dysfunction and excess cerebrospinal fluid
(CSF) in the brain, which could be rescued by Xenopus Ccdc108
(Fig 2B). Additionally, ccdc108 morphants displayed a reduced
number of acetylated tubulin-positive cilia in both olfactory placode
cells and neuromasts, which could be significantly restored by the
expression of Xenopus Ccdc108 protein (Fig 2C and D). Using SEM,
we confirmed ciliation was affected in olfactory placodes of ccdc108
morphants (Fig 2E). Collectively, these findings demonstrate that
Ccdc108 is required for the formation of MCC cilia and the neuro-
mast kinocilia and causes ciliopathy-like phenotypes upon depletion
in zebrafish.

Next, we evaluated CCDC108 function in motile multiciliated
mouse ependymal cells (mEPCs). During the course of ependymal
cell differentiation, MCC precursors can be serum starved to induce

Figure 2. The function of Ccdc108 in regulating multiciliogenesis is evolutionarily conserved across species.

A In situ HCR reveals that ccdc108 mRNA is specially detected in ciliated organs in zebrafish. Zebrafish embryos at the long-pec stage (48 h post-fertilization) were
fixed and subjected to in situ HCR (purple). Embryos were then incubated with the Ac-tub antibody (green).
B Representative images and plots show that ccdc108 morphants display severe hydrocephalus (white arrowhead) in zebrafish, which was rescued by expression of

Xenopus Ccdc108.

C, D Representative confocal images and plots show that ccdc108 morphants displayed ciliogenesis defects in neuromasts (C) and olfactory placodes (D). Zebrafish
embryos were fixed and stained with the Ac-tub antibody (green), phalloidin (purple), and Hoechst (blue).

E Scanning electron microscope images of zebrafish embryos display a failure in cilia formation in Ccdc108-depleted olfactory placodes.

F CCDC108 shows similar expression pattern to that of indicated cilia-related proteins in mEPCs. Cells were collected at the indicated day after serum starvation and
used for immunoblotting. IFT81 is an IFT complex protein, and RSPH1 is a component of the ciliary radial spoke structure. GAPDH was used as loading control.

G Four independent shRNAs (108-i1, -i2, -i3, and -i5) effectively depleted CCDC108 without affecting the indicated cilia-related proteins. GAPDH served as loading

control. Ctrl-i, a control shRNA.

H Representative 3D-SIM images and plot reveal that depletion of CCDC108 leads to a significant reduction in multiciliogenesis in mEPCs. mEPCs that were infected
with lentivirus expressing indicated shRNA were serum starved for 5 days and subjected to immunostaining. GFP-CETN1 (blue) marked mEPCs infected with
lentivirus. Basal bodies (CEP164, purple) and cilia (Ac-tub, green) were labeled with indicated antibodies. Greater than 60 MCCs from three independent repeats for

each condition were counted.

Data information: Quantitative data were from three independent repeats. Unpaired two-tailed t-test was performed (***P < 0.001; *P < 0.05). Mean =+ s.e.m. (B, C, and

D) and mean =+ s.d. (H) values are presented.
Source data are available online for this figure.
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differentiation and progressively undergo centriole amplification, functioning in ciliation are upregulated following serum starvation
centriole migration and docking to the plasma membrane, and in mEPCs such as the IFT-B protein IFT81 and the radial spoke
axoneme extension similar to Xenopus MCCs (Brooks & Walling- protein RSPH1 (Fig 2F) (Pigino et al, 2011; Bhogaraju et al, 2013;
ford, 2014; Spassky & Meunier, 2017; Zhao et al, 2019a). Proteins Kubo et al, 2016). Thus, we examined the expression pattern of
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CCDC108 in the differentiating mEPCs. Immunoblotting showed that
CCDC108 was gradually upregulated as mEPCs differentiated
(Fig 2F), suggesting a potential role in regulating ciliation. To inves-
tigate CCDC108 requirements in multiciliation, lentivirus-mediated
stable expression of specific short hairpin RNAs (shRNAs) that
decreased CCDC108 protein levels was utilized to deplete CCDC108

Ctrl MO

mGEPR

Ctrl MO~

Figure 3.
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in mEPCs (Fig 2G). Strikingly, multiciliation was significantly inhib-
ited by all four CCDC108-depleting shRNAs without affecting levels
of expression of other ciliary proteins (Fig 2G and H). Taken
together, our functional analysis in Xenopus, zebrafish, and mouse
cells indicates that Ccdc108 has an evolutionarily conserved require-
ment for multiciliation across species.
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Figure 3. Ccdc108 is required for apical trafficking of basal bodies and F-actin enrichment in MCCs of the Xenopus epidermis.

A Depletion of Ccdc108 causes disorganized basal body distribution in MCCs. Representative 3D-SIM images (x-y) and 3D reconstructions (x-z) of MCCs of embryos
show a failure of apical trafficking of basal bodies in Ccdc108-depleted cells. Cell membranes (mGFP, blue), basal bodies (Cetnl, green), and distal appendages
(Cep164, purple) were labeled with indicated antibodies. Select area of Cep164 channel was zoomed to show centriolar Cep164 accumulations. Orange arrowheads
and numbers mark individual centriole. Greater than 70 MCCs from six embryos for each condition were counted.

B Transmission electron microscopy images of Xenopus embryos displaying aberrant apical trafficking and docking of centrioles in Ccdc108-depleted MCCs. Orange
arrowheads mark centrioles. Percentage of centrioles docked to plasma membrane in each field was scored. At least seven cells for each sample were counted.

C Representative 3D-SIM images reveal that depletion of Ccdc108 has no effect on apical expansion in MCCs. Embryos treated as in Fig 1C were fixed and stained with
phalloidin (purple). Cilia (Ac-tub, gray) were also presented. Apical area of MCCs in each condition was measured as described in Methods and plotted. Greater than

80 MCCs from six embryos for each condition.

D Representative confocal images show a significant reduction in apical actin following depletion of Ccdc108. Cell boundaries and apical actin network were marked
with mGFP (green) and phalloidin (purple) and phalloidin intensity levels were measured and plotted. Greater than 80 MCCs from six embryos for each condition.

Data information: Quantitative data in (A, C, and D) were from three independent experiments. Unpaired two-tailed t-test was performed (***P < 0.001; **P < 0.01;

*P < 0.05). Mean = s.d. values are presented.
Source data are available online for this figure.

Ccdc108 is required for apical trafficking of centrioles and actin
assembly in MCCs of the Xenopus epidermis

Since fewer multicilia were observed in frog, fish, and mouse cells
following Ccdc108 depletion, we next investigated at what stage
Ccdc108 is required during multiciliogenesis. We first examined
whether ccdc108 morphants affected centriole amplification and
maturation in Xenopus MCCs (Balestra & Gonczy, 2014; Ma et al,
2014; Zhang & Mitchell, 2015; Yan et al, 2016; Spassky & Meunier,
2017; Loncarek & Bettencourt-Dias, 2018). Although our results
revealed a slight decrease in centriole numbers in ccdcl08
morphants (162 + 17 in control morphants vs. 153 + 17 in Ccdc108
morphants), this reduction does not explain the dramatic reduction
in motile cilia in ccdc108 morphants (Figs 1D and 3A). Moreover,
the majority of centrioles in Xenopus ccdc108 morphants and
CRISPR mutants displayed Cepl64 accumulation (Figs 1D and F,
and 3A), suggesting that distal appendages form and therefore
centriole maturation is unlikely to be affected by Ccdc108 depletion.
Likewise, Cepl64-positive structures were observed on the centri-
oles of mEPCs depleted of Ccdc108 (Fig 2H). Together, these results
indicate that Ccdc108 is dispensable for centriole amplification and
maturation during ciliogenesis.

Examination of centriole positioning in Xenopus ccdc108
morphants revealed defects in centriole migration and/or docking to
the apical membrane (Fig 3A and B). In comparison to controls,
ccdc108 morphants displayed centriole clustering in the cytoplasm
by fluorescence microscopy (Fig 3A). This finding was further con-
firmed by transmission electron microscopy (TEM) (Fig 3B). Only 4
centrioles of 30 from 13 different cells of control morphants were
observed in the cytosol, whereas most of the centrioles (71 centri-
oles of 75 from 12 cells) in ccdc108 morphants remained in the cyto-
plasm (Fig 3B). As expected, expression of WT Ccdcl108 rescued
this apical trafficking defect (Fig 3A and B). Together, these results
demonstrate that Ccdcl108 is important for the apical trafficking
and/or docking of basal bodies.

MCC progenitors originate from the basal layer ectoderm and
migrate apically before differentiating into MCCs. Once protruded out
of the superficial epithelium, the apical surface has to expand to
accommodate hundreds of motile cilia (Stubbs et al, 2006; Sedzinski
et al, 2016; Kulkarni et al, 2018). Thus, we next examined whether
Ccdc108 function in multiciliogenesis is associated with expansion of
the apical surface in MCCs. Compared to control MCCs, the area of the

Published 2022. This article is a U.S. Government work and is in the public domain in the USA.

apical surface was not affected in Ccdc108-depleted MCCs at ciliated
stage 27 (Fig 3C), indicating that Ccdc108 is dispensable for the apical
expansion at this stage in MCCs. However, we observed that the apical
enrichment of F-actin was significantly reduced in MCCs of ccdc108
morphants, while re-expression of exogenous Ccdc108 rescued the F-
actin levels (Fig 3D). Since there was a noticeable reduction in apical
F-actin but no obvious effect on the apical surface area at this stage,
we performed the same analysis with embryos at a later stage (stage
32), and we observed that in MCCs of ccdc108 morphants, centrioles
still failed to completely migrate/dock to the apical surface
(Fig EV2A). However, unlike MCCs of embryos at stage 27, stage 32
MCCs displayed a significantly reduced apical size with less F-actin
enrichment (Fig 3C vs. Fig EV2B), suggesting that ccdc108 morphants
fail to maintain the apical surface due to the reduction in the F-actin
network. Given these results, we conclude that Ccdc108 is required for
the apical migration and/or docking of centrioles and apical F-actin
enrichment in multiciliated Xenopus epidermis.

Ccdc108 localizes to the ciliary axoneme and basal body in fully
ciliated MCCs

To better understand Ccdc108 ciliary function, we investigated its
subcellular localization in Xenopus epidermal MCCs. GFP-Ccdc108
localized to the basal body and along the cilium in fully ciliated
MCCs of embryos at stage 27 (Fig 4A). Notably, in MCCs showing
higher expression levels, ciliary Ccdc108 was prominently detected
in a single punctum in most cilia and could be found along the
axoneme anywhere from the ciliary base to the tip, and cytosolic
Ccdc108 formed globular structures (Fig EV3A). To further examine
the punctate ciliary localization of Ccdc108, we performed immuno-
gold electron microscopy on the Xenopus epidermis using embryos
expressing GFP-Ccdc108, and found that gold particles labeled GFP-
Ccdc108 in electron-dense regions at the tip of the cilia and at bulges
along the axoneme (Fig EV3B), the latter resembling an IFT train-
like structure (Stepanek & Pigino, 2016; Vannuccini et al, 2016).
Given that singular Ccdc108 puncta are observed in different areas
of cilia, this suggested that Ccdc108 may be trafficked along the
axoneme via these IFT train-like structures. To examine Ccdc108
ciliary trafficking, we performed live cell imaging and found that
Ccdc108 puncta display bidirectional movement along the axoneme
(Fig EV3C; Movie EV7). Together, these results indicate that
Ccdc108 localizes to the basal body and the cilium; localizations
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Figure 4. Ccdc108 localizes to the ciliary axoneme and basal body in ciliated MCCs, and its ciliary accumulation is dependent on the Ccdc108-IFT interaction.

A Live imaging of MCCs shows the distribution of Ccdc108 in MCCs cilia and basal bodies. Embryos expressing GFP-Ccdc108 (green) and Cetn4-RFP (purple) were
imaged at stage 27. To better visualize ciliary structures, maximum intensity projections of images stacks for regions containing cilia and basal bodies are shown

separately.

B, C Ccdc108 interacts with IFT proteins. IFT candidate proteins were identified by Shotgun mass spectrometric analysis (B). Interactions were further determined by co-
immunoprecipitation of endogenous IFT proteins (C) from HEK293T cells with GFP-Trap agarose beads. The table lists unique peptide numbers of indicated IFT

proteins in the GFP and GFP-Ccdc108 samples.

D Live imaging of MCCs shows both Ccdc108 and Ift74 proteins localize to the ciliary axoneme and the basal bodies in MCCs. Embryos expressing mCherry-Ccdc108

(green) and GFP-Ift74 (purple) were imaged at stage 27.

E Identification of an evolutionarily conserved seven amino acid motif (dashed box) is essential for the Ccdc108 interaction with IFT-B proteins. Multiple protein
sequences were analyzed with Clustal Omega program (* indicates fully conserved residue positions; and ’ indicate strongly and weakly conserved residue
positions, respectively). Interactions were determined by co-immunoprecipitation of endogenous IFT74 and IFT81 from HEK 293T cells expressing GFP-luciferase,

GFP-Ccdc108, and mutant proteins.

F Live imaging of MCCs shows the inability of Ccdc108 mutant proteins lacking the seven amino acid IFT interaction domain to localize to cilia. Embryos expressing
GFP-tagged Ccdc108 mutant proteins (green) and Cetn4-RFP (purple) were imaged at stage 27.

Source data are available online for this figure.

consistent with Ccdc108 requirements in multiciliogenesis as well as
motile cilia structure and/or function.

The ciliary localization of Ccdc108 relies on the Ccdc108-IFT
interaction in MCCs

Given the similarity between IFTs and Ccdc108 in ciliary-associated
localization, we investigated whether overexpressed Xenopus
Ccdc108 may interact with IFTs using the non-motile ciliated
mammalian HEK293T cell line. Following co-immunoprecipitation
and subsequent Shotgun mass spectrometry, we identified seven of
the sixteen IFT-B complex components (Fig 4B; Dataset EV1)
(Nakayama & Katoh, 2018). To validate these potential IFT-B
complex interactions, we performed co-immunoprecipitation in
HEK293T cells expressing GFP-Luciferase (Luci) and GFP-
Ccdcl108 (108F) and confirmed that IFT-B complex proteins
IFT74, IFT81, and IFT56 interact with Ccdc108 (Fig 4B). We also
examined interactions with other IFT-B complex subunits not
identified by mass spectrometry and validated interactions
between GFP-Ccdc108 and IFT80, and IFT57 (Fig 4C). We next
examined mCherry—Ccdc108 association with the IFT-B complex
in the cilium of MCCs. Consistent with our biochemical observa-
tions, both Ccdc108 and Ift74 were located to the basal body and
ciliary axoneme (Fig 4D). In embryos injected with higher levels
of ccdc108 mRNA, where single prominent mCherry—Ccdc108
puncta were observed in cilia, the IFT-B complex proteins consis-
tently co-localized with these structures (Fig EV3D and E).

To identify the regions of Ccdc108 that are required for IFT-B
complex interactions, Ccdc108 truncation and deletion mutants
were generated (Fig 4E). Biochemical pull-down studies identified

a region between Ccdcl08 amino acids 1,408-1,459 needed for
IFT-B interactions. Analysis of Ccdc108 ortholog protein sequences
in this region identified a conserved seven amino acids motif (IFT-
binding motif—K/RYKTLPP) necessary for IFT binding (Fig 4E).
To further confirm the requirement for IFT association, the seven
amino acids of this motif were mutated to glycine. The Ccdc108-
IFT interactions were dramatically similarly weakened upon dele-
tion or glycine mutation of these seven amino acids (Fig 4E). Shot-
gun mass spectrometry analysis further confirmed that glycine
mutant Ccdc108 protein failed to pull down any IFT components
(Dataset EV1). Moreover, these residues were required for Ccdc108
axonemal localization but not for the basal body localization
(Figs 4F and EV3F). Together, these results demonstrate that
Ccdc108 ciliary localization requires the IFT-B complex interaction
domain.

The Ccdc108-IFT interaction and Ift-74 are essential for apical
trafficking of centrioles and actin assembly in MCCs

We next investigated Ccdc108-IFT interaction requirements in regu-
lating multiciliogenesis using mutations that ablate the interaction
of Ccdcl108 with the IFT machinery. We tested whether these
mutants rescue the loss-of-function phenotypes by co-injecting
either WT or IFT-binding motif mutant ccdc108 mRNA with ccdc108
MO. Strikingly, despite similar expression levels (Fig EV4A), both
IFT-binding motif deletion and glycine substitution constructs failed
to rescue the ciliogenesis defects induced by Ccdcl08 depletion
(Figs 5A and EV4B). Moreover, neither basal body migration/dock-
ing defects nor the apical enrichment of F-actin defects was restored
by the expression of mutant Ccdc108 proteins (Fig 5B and C). Thus,

Figure 5. The Ccdc108-IFT interaction is essential for proper multiciliogenesis in MCCs.

A-C The IFT interaction domain is required for Ccdc108 multiciliogenesis function in Xenopus embryos: (A) impaired multiciliogenesis, (B) defective apical
migration/docking of centrioles, and (C) reduced enrichment of apical F-actin. Embryos at stage 27 were fixed and stained with the acetylated tubulin (A; Ac-tub;
green), Cepl64 (B; purple) and Cetnl (B; green) antibodies, or phalloidin (purple). mRNA of a membrane-bound form of GFP was co-injected with each morpholino
to indicate targeted cells (A,B). Typical D-SIM images (A,B) and confocal images (C) are present.

Data information: Embryos were treated as described in Fig 1C and expressed mGFP or GFP-Ccdc108 mutants. Plots show results from three independent experiments.
(A) Greater than 70 MCCs from six embryos, and (C) > 70 MCCs from six embryos for each condition. Unpaired two-tailed t-test was performed (***P < 0.001;

**p < 0.01). Mean = s.d. values are presented.
Source data are available online for this figure.
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Figure 6. Ift74 regulates apical centriole migration and F-actin enrichment during multiciliation.

A, B ift74 CRISPR mutants display defective cilia formation. Embryos at one-cell stage were injected with two independent sgRNA-targeting ift74 and fixed at stage 27.
Representative confocal images (A) and 3D-SIM images (B) of the Xenopus epidermis, and plots display defective ciliation. (A) Greater than 60 MCCs from six
embryos and (B) greater than 70 MCCs from six embryos for each condition. Cell membranes (mGFP), cilia (Ac-tub, green), and basal bodies (Cep164) were labeled

with indicated antibodies.

C Ift74 depletion affects centriole apical migration in MCCs. Representative 3D-SIM images (x—y) and 3D reconstructions (x-z) of MCCs show failure of apical
trafficking of basal bodies. Basal bodies (Cetnl, green) and distal appendages (Cep164, purple) were labeled with indicated antibodies. Quantitative plot shows a
slight significant reduction in basal bodies by the depletion of Ift74. Greater than 70 MCCs from six embryos for each condition.

D Representative 3D-SIM images and plots reveal that apical expansion of MCCs is slightly affected by Ift74 depletion. Greater than 70 MCCs from six embryos for
each condition. Embryos were fixed and stained with phalloidin (purple). Cilia (Ac-tub, gray) were also presented.

E Representative confocal images and plot show a significant reduction in apical F-actin enrichment upon Ift74 depletion. Greater than 70 MCCs from six embryos
for each condition. Cell boundaries and apical actin network were marked with mGFP (green) and phalloidin (purple).

Data information: Quantitative data from three independent experiments were scored. Unpaired two-tailed t-test was performed (***P < 0.001; **P < 0.01). Mean =+ s.d.

values are also presented.
Source data are available online for this figure.

these findings demonstrate that the Ccdc108-IFT interaction domain
is essential for multiciliogenesis. Furthermore, these findings
suggest a previously undescribed role for the IFT-B complex in regu-
lating multiciliogenesis at the centriole apical migration/docking
stage via association with Ccdc108.

Having established that the IFT interaction domain of Ccdc108 is
required for multiciliogenesis, we tested whether the IFT-B complex
protein Ift74, which displayed the highest number of unique peptides
in the Ccdcl08 mass spectrometry analysis (Fig 4B), is associated
with Ccdc108 multiciliogenesis requirements. We were not able to
examine the effects of Ift74 knockdown in Xenopus MCCs using
morpholinos due to lethality of the two MOs we tested and unres-
cuable off-target effects. Moreover, since disruption of IFT function
affects primary cilia formation that is crucial for Xenopus embryogen-
esis (Park et al, 2016), we addressed this issue using CRISPR/Cas9-
mediated gene editing to deplete Ift74, which results in mosaicism
(Mehravar et al, 2019) that we anticipated would avert major
morphogenetic defects. We tested two different single-guide RNAs
(sgRNAs) that target different coding regions of ift74 and performed
functional analysis on embryos in which genome editing by CRISPR/
Cas9 was confirmed (Fig EVS). Both sgRNAs caused a significant
reduction in multiciliation in regions of the embryos (Fig 6A and B).
Further investigations of the centriole distribution revealed that Ift74
depletion affected centriole apical migration and/or docking, but not
centriole amplification (Fig 6C). We next examined the effects of
Ift74 depletion on expansion of the apical membrane of MCCs and
found only a modest but statistically significant effect on the apical
surface by one sgRNA against ift74 at stage 27 (Fig 6D). In contrast,
the levels of apical F-actin were reduced by both ift74 sgRNAs
(Fig 6E). Overall, these results indicate that Ift74 plays a crucial role
in regulating the apical migration and/or docking of centrioles and F-
actin enrichment in multiciliated Xenopus epidermis. Moreover, Ift74
requirements in multiciliogenesis are consistent with a function of
Ccdc108 in this process and provide a molecular explanation for why
Ccdc108 mutants that are unable to bind the IFT-B complex fail to
restore ciliation in ccdc108-depleted MCCs.

Ccdc108 governs the centriolar localization of IFT-B complex
proteins during centriole migration

Since both Ccdc108 and Ift74 function upstream of axoneme forma-
tion in centriole migration/docking to the apical surface, which

12 of 22 EMBO reports  23: e52775 | 2022

starts from earlier developmental stages (Kulkarni et al, 2021), we
set out to investigate the distributions of Ccdcl08 and IFT-B
complex proteins in MCCs of embryos at stage 18. Interestingly,
both Ccdc108 and IFT-B complex proteins displayed centriolar local-
ization when centriole migration to the apical surface is expected to
be occurring at this stage (Fig 7A and B), supporting involvement of
Ccdc108 and IFT-B proteins in regulating early steps of multicilia-
tion before axoneme elongation. Although Ccdc108 mutants failed
to localize to the cilium at later stages (Figs 4F and EV3F), both
mutant proteins were able to localize to the centrioles in MCCs of
embryos at stage 18 (Fig 7A), similar to what was observed at stage
27 (Fig 4F), confirming the Ccdc108-IFT interactions are dispens-
able for the centriolar localization of Ccdc108.

Next, we investigated if Ccdc108 depletion affects IFT-B centriole
localization during centriole migration at stages 18-20. Strikingly,
Ccdc108-depleted MCCs showed a significant decrease in centriolar
distribution of IFT-B proteins (Ift74, Ift80, and Ift88) relative to
control MCCs despite comparable protein expression levels between
control and morphant embryos (Fig 7C-E). Strikingly, in contrast to
WT Ccdc108 that can fully rescue the centriolar IFT-B protein levels,
neither of Ccdcl08-IFT interaction-deficient mutants can rescue
centriole accumulation of IFT-B proteins (Fig 7C-E). Together, these
findings indicate that IFT-B accumulation at the centrioles is depen-
dent on Ccdcl08, but the centriolar localization of Ccdcl08 is
not dependent on the IFT-B proteins (as evidenced by the A7 and
7G mutants).

Ccdc108 regulates centriolar planar cell polarity effectors during
centriole migration

In MCCs, centrioles are nucleated in the cytoplasm and trans-
ported to the apical surface through an actin cytoskeleton-
dependent mechanism, which involves components of the planar
cell polarity (PCP) pathway including Dvl and Dvl-associated
cytoskeletal regulators Drgl and RhoA (Park et al, 2006, 2008;
Yasunaga et al, 2015; Lee et al, 2019), as well as ciliary adhesion
complex-related proteins such as Fak and Cpl110 (Antoniades
et al, 2014; Walentek et al, 2016). Since Ccdc108 is required for
centriole migration/docking and establishing the apical actin
network (Fig 3), we considered if Ccdc108 would be associated
with the actin cytoskeletal regulators linked to the PCP pathway
and/or the ciliary adhesion complex during multiciliogenesis.

Published 2022. This article is a U.S. Government work and is in the public domain in the USA.
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Figure 7. Ccdc108 governs the centriolar localization of IFT-B complex proteins during centriole migration.

A Live imaging of MCCs shows the ability of wild-type Ccdc108 and mutant proteins lacking the seven amino acid IFT interaction domain to localize to migrating
centrioles. Embryos expressing GFP-tagged Ccdc108 proteins (green) and Cetn4-RFP (purple) were imaged at stage 18.
B Live imaging of MCCs shows the ability of IFT-B complex proteins to localize to migrating centrioles. Embryos expressing GFP-tagged IFT-B proteins (green) and

Cetn4-RFP (purple) were imaged at stage 18.

C-E Ccdc108 depletion affects centriolar distribution of IFT-B proteins during centriole migration in MCCs. Embryos were co-injected with GFP-IFTs (C: Ift74; D: Ift80; E:
1ft88; green), Cetn4-RFP (purple), and each morpholino, and imaged at stage 18. HA-tagged Ccdc108 proteins were co-expressed to test for the rescue of
phenotypic defects. Xenopus embryos were subjected to immunoblotting to evaluate the protein expression levels. a-tubulin (a-Tub) served as loading control.
Quantitative plots show that Ccdc108-depleted MCCs showed a significant decrease in centriolar distribution of IFT-B proteins (Ift74, 1ft80, and Ift88), and
Ccdc108-IFT interaction deficient mutants are unable to rescue the decreased centriolar accumulation of IFT-B proteins. Greater than 40 MCCs from six embryos

for each condition.

Data information: Quantitative data from three independent experiments were scored. Unpaired two-tailed t-test was performed (***P < 0.001). Mean = s.d. values are

also presented.
Source data are available online for this figure.

Thus, we examined the distributions of Drgl and RBD (the RhoA-
binding domain of rhotekin; an indicator of active RhoA (Benink
& Bement, 2005; Lee et al, 2019)), and ciliary adhesion complex-
related proteins, Fak and Cpl10, in MCCs of embryos at stage 18
(Fig 8). Our results showed that all GFP-tagged proteins localized
to the centrioles at this stage (Fig 8), which is consistent with
their functions in regulating actin network establishment needed
for centriole migration/docking. Next, we determined whether
Ccdc108 depletion affected the centriolar localization of these
factors. Interestingly, we observed that levels of centriolar Drgl
and active RhoA were significantly reduced in Ccdc108-depleted
MCCs (Fig 8C and D), while neither Fak nor Cp110 displayed a
decrease in centriolar distribution (Fig 8A and B). Together these
results indicate a role for Ccdc108 in regulating the accumulation
of cytoskeletal regulators linked to the PCP pathway but not
ciliary adhesion complex proteins during centriole migration.
Unlike WT Ccdc108, both Ccdcl108-IFT-binding mutant proteins
failed to rescue the reduction in centriolar Drgl and RBD in
Ccdc108-depleted cells (Fig 8C and D). Given the requirements for
Ccdc108-IFT interaction for IFT-B complex protein centriolar
localizations at the same stage (Fig 7), we speculate that Ccdc108
recruits IFT-B proteins to the centrioles. This in turn mediates the
centriolar accumulations of PCP-associated cytoskeleton regula-
tors to induce subsequent actin polymerization for the establish-
ment of the apical actin network and the proper apical migration
and docking of centrioles in MCCs.

Discussion

In this study, we utilize motile cilia models to assess Ccdc108 cilia-
tion function. Unlike later roles reported for CCCDC108 in the
central apparatus for motility, we discover novel requirements
specifically during earlier multiciliation, where it localizes to migrat-
ing centrioles, basal bodies, and cilia in ciliated Xenopus MCCs.
Functional analysis reveals that Ccdc108 is required for multicilia-
tion in Xenopus epidermis, zebrafish embryos, and mouse ependy-
mal cells. Our investigations in Xenopus MCCs demonstrate a
requirement of Ccdc108 for the docking of centrioles to the apical
membrane during ciliogenesis, but is dispensable for centriole
biogenesis and maturation. Moreover, Ccdc108 depletion prevents
apical enrichment of F-actin below the membrane surface, which
could explain the observed impairment in multiciliogenesis.

14 of 22 EMBO reports  23: €52775 | 2022

Remarkably, we demonstrate that Ccdc108 biochemically interacts
with components of the IFT-B complex via a conserved IFT-B inter-
action domain which is required for Ccdc108 ciliary localization and
ciliogenesis function, and depletion of the IFT-B complex protein
Ift74 causes similar multiciliogenesis defects. IFT-B complex
proteins also localize to the centrioles during the migration phase in
MCCs, and we demonstrate that IFT-B protein localization at this
migration stage requires the Ccdc108-IFTB interaction motif, but this
region is dispensable for Ccdcl08 centriole localization. Impor-
tantly, we find that Ccdc108 is required for the centriolar accumula-
tions of actin cytoskeletal regulators, which require the Ccdc108-
IFT-B interaction motif as well. Thus, based on these results, we
conclude that Ccdc108 regulates recruitment of centriolar IFT-B and
PCP-associated cytoskeletal proteins necessary for migration and
docking of centrioles to the cell surface during multiciliogenesis.
TEM studies of MCC morphants demonstrate requirements of
Ccdc108 for centriole targeting to the apical surface during ciliogen-
esis. This function is further supported by immunofluorescence-
based studies of centriole position in Ccdc108 and Ift74-depleted
MCCs, which in the former case cannot be rescued by Ccdcl08
mutant proteins that are incapable of interacting with IFT-B
proteins. Another striking feature of this study is that IFT-B complex
proteins are observed to localize to the centrioles during the apical
migration of centrioles to the cell surface, and their centriolar local-
izations require the Ccdc108-IFT-B interaction. To our knowledge
this is the first report implicating the IFT-B complex in the migration
and/or docking of centrioles during MCC multiciliogenesis. IFT
proteins have long been described as adapters between cargoes
and motors needed for ciliary transport, and also been linked to
organizing centriolar function, outside of ciliary roles, in mitotic
spindle formation (Vitre et al, 2020). However, unlike these IFT-
associated cellular transport functions, centriole migration to the
apical surface is thought to occur independently of microtubules
(Boisvieux-Ulrich et al, 1990; Brooks & Wallingford, 2014). Inter-
estingly, actin has been shown to regulate IFT accumulation in
Chlamydomonas reinhardtii flagella (Avasthi et al, 2014), and our
results showing both IFT-binding deficiency mutant proteins failed
to restore the centriolar localization of PCP-associated cytoskeletal
regulators in Ccdc108-depleted MCCs suggest a potential involve-
ment of IFT-B complex proteins in the regulation of actin dynamics
during multiciliogenesis. However, due to mosaic effects of
CRISPR/Cas9 system used in embryos (Mehravar et al, 2019), we
could not evaluate if IFT-B complex proteins are directly involved
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Figure 8. Ccdc108 and its interaction with the IFT-B complex is required for actin cytoskeleton regulator recruitment to centrioles for their apical membrane

migration in MCCs.

A, B Centriolar distribution of ciliary adhesion complex-related proteins Fak and Cp110 is not reduced following Ccdc108 depletion. Embryos were co-injected with
GFP-Cp110 (A), GFP-Fak (B), Cetn4-RFP (purple), and each morpholino, and imaged at stage 18. Greater than 30 MCCs from six embryos for each condition.

C,D Ccdc108 depletion affects centriolar distribution of PCP-associated actin cytoskeleton regulators important for centriole migration in MCCs. Embryos were co-
injected with GFP-Drgl (C) GFP-RBD (D), Cetn4-RFP (purple), and each morpholino, and imaged at stage 18. HA-tagged Ccdc108 proteins were co-expressed to test
for the rescue of phenotypic defects. Xenopus embryos were subjected to immunoblotting to evaluate the protein expression levels. a-tubulin (o-Tub) served as
loading control. Quantitative plots show that Ccdc108-depleted MCCs showed a significant decrease in centriolar distribution of Drgl and RBD, and neither of
Ccdc108-IFT interaction-deficient mutants can rescue the centriolar phenotypic defects. Greater than 30 MCCs from six embryos for each condition.

Data information: Quantitative data from three independent experiments were scored. Unpaired two-tailed t-test was performed (***P < 0.001; **P < 0.01). Mean =+ s.d.

values are also presented.
Source data are available online for this figure.

in regulating the centriolar recruitments of Drgl and RBD as was
done for Ccdc108. Taken together, our findings support a model
whereby a Ccdcl108-IFT-B complex regulates actin-dependent
centriole migration and/or apical F-actin accumulation needed for
ciliogenesis in MCCs.

There is little known about how the apical F-actin network is
established in multiciliogenesis. During MCC differentiation, progen-
itor cells migrate apically and protrude out of the superficial epithe-
lial, and the apical surface has to expand sequentially to
accommodate hundreds of basal bodies/motile cilia (Stubbs et al,
2006; Sedzinski et al, 2016; Kulkarni et al, 2018). Actin-generated
pushing forces have been reported to be important for driving emer-
gence of the apical membrane surface (Sedzinski et al, 2016).
Another study demonstrated that basal bodies are connected to the
actin cytoskeleton through ciliary adhesions (Antoniades et al,
2014). Like the chicken or the egg causality question, it is still not
clear which comes first: the centriole apical membrane docking or
the apical F-actin enrichment. One possibility is there may be two
sub-types or layers of the F-actin network associated with multicilio-
genesis (Werner et al, 2011; Antoniades et al, 2014; Mahuzier et al,
2018). The first generates pushing forces needed for apical surface
expansion, while the other is established later and contributes to
further enrichment of F-actin at the apical surface after basal body
docking. Our observations that Ccdc108 and the IFT-B complex are
dispensable for apical expansion and are implicated in regulating
the actin assembly through affecting cytoskeletal regulators linked
to the PCP-signaling pathway provide new clues into this poorly
understood ciliogenesis stage in MCCs.

Interestingly, we show that Ccdcl108, IFT-B complex proteins,
and actin cytoskeleton regulators all display centriolar localization
during centriole migration to the apical surface, and these proteins
are required for proper centriole migration during multiciliogenesis,
suggesting a complex protein network associated with centrioles
that regulates this process. Although Ift80 is not considered as a
IFT-B core complex protein (Taschner et al, 2012), this peripheral
IFT-B subunit was still located at the centriole and its centriole accu-
mulation was reduced by Ccdc108 depletion as well (Fig 7B and D).
These data suggest that both core and peripheral subunits of the
IFT-B complex might be implicated in centriole migration distinct
from their critical roles in formation and maintenance of ciliary
structures. Notably, we did not observe IFT-A complex proteins in
our Ccdc108 mass spectrometry results, however, this does not rule
out an involvement of IFT-A complex in this process. Consistent
with this idea, peripheral IFT-A complex proteins are recruited to
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basal bodies by the CPLANE complex which is required for MCC
ciliogenesis (Toriyama et al, 2016). Moreover, in contrast to
Ccdc108, the CPLANE complex associates with the IFT-A complex
but not the IFT-B complex (Toriyama et al, 2016). Although it is still
not clear how Ccdc108 itself is recruited to the centrioles, our find-
ings demonstrate that Ccdc108 governs the centriolar accumulations
of IFT-B complex proteins and Drgl and activated Rho, and the
Ccdc108-IFT interaction is also crucial for these factors’ centriolar
localization.

Consistent with the finding that the Chlamydomonas reinhardtii
ortholog of Ccdc108, Akap240, was reported to be required for
ciliary motility through affecting the structure of the axoneme
microtubule central pair (Rao et al, 2016; Teves et al, 2016; Zhao
et al, 2019b), the remaining motile cilia in Ccdc108-depleted MCCs
displayed an altered CBP and an increased CBF as well (Fig EV1D),
indicating a similar requirement of Ccdc108 in regulating the ciliary
motility as other axoneme microtubule central pair-related proteins
such as Hydin, Spefl, and Spef2 (Lechtreck & Witman, 2007;
Olbrich et al, 2012; Zheng et al, 2019; Cindric et al, 2020). Here, we
show Ccdc108 localizes to centrioles ahead of the docking of centri-
oles to the apical surface in MCCs, but whether other central pair
apparatus proteins such as Cfap70 are also present at this early stage
remains unknown. Nevertheless, this novel function of Ccdcl108 in
regulating centriolar accumulation of IFT-B and cytoskeletal regula-
tor proteins appears to be specific to multiciliogenesis, since forma-
tion of either primary cilia or motile monocilia was not affected by
Ccdc108 depletion in Xenopus embryos, although we note that
kinocilium formation in zebrafish plane-polarized hair cells was
affected by Ccdc108 depletion.

Our findings provide evidence that mutations in CCDC108 may
be associated with human ciliopathy. Studies examining patients
with primary infertility reveal that mutations in CCDC108 cause
abnormal sperm flagella and lead to male infertility (Wang et al,
2019; Zhang et al, 2019; Li et al, 2020). Recently, Ccdc108 knockout
mice were shown to affect sperm acrosome biogenesis and mito-
chondrial sheath assembly which prevented flagellar elongation
(Wang et al, 2021). Our results are consistent with their findings that
Ccdc108 localizes to the axoneme and has additional specific func-
tions upstream of axonemal formation. Although other cilia-type
functions were not investigated in this report, Ccdc108 knockout
mice were noted to have developmental delays and reduced body
size and weight, which are phenotypes also observed in knockout
mouse models of genes involved in human primary ciliary dyskine-
sia (PCD) (Lechtreck et al, 2008; Chiani et al, 2019). Considering our
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results in this context, Ccdc108 is likely to have downstream roles in
regulating cilia motility in addition to these novel and earlier func-
tions in multiciliogenesis required for axoneme assembly.

Materials and Methods

Plasmid constructs

Full-length ~ Xenopus ccdc108 (NM_001123490; MXT1765-
202715229) and fak (NM_001091540; MXL1736-202787211) were
obtained from Horizon Discovery. Xenopus ift74 (NM_001095800)
was amplified from a Xenopus cDNA library and human IFT88
(NM_175605) from a HEK293T cDNA library by polymerase chain
reaction (PCR). Xenopus cpl10, drgl, and RBD constructs were
previously described (Lee et al, 2019). Either full-length or relative
fragments were PCR-amplified and subcloned into the recombina-
tional donor vector pDONR221 to generate entry clones (Thermo-
Fisher, 11789100). LR recombination reactions between entry
clones and desired pCS2 gateway destination vectors (Addgene, Kit
#1000000107) were performed to generate the expression constructs
(ThermoFisher, 11791100).

To generate the bacterial expression constructs, mouse Ccdc108
fragment (CCDC108M: 601-1,200 aa; NM_001039495) was PCR
amplified from a mouse testis cDNA library and subcloned into
pDONR221. pDEST-15 (ThermoFisher, 11802014) and pDEST-
HisMBP (Addgene, Plasmid #11085) destination vectors were used
to create the His-MBP- and GST- Ccdc108M constructs.

To generate the lentiviral shRNA constructs, oligonucleotides
were synthesized, annealed, and inserted into a modified pLKO.1
vector in which the puromycin resistance gene was replaced with
GFP-Cetnl (Zhao et al, 2013). The four shRNA sequences used for
the functional studies have the following sequences: 108-i1 5'-
CGGCAACTGCACCCTCTATTA-3/; 108-i2  5-CAGGATCTGAAG
ACCATAATA-3"; 108-13 5'-CAGCATAGACTTGATATGCAA-3'; 108-i5
5-GGAGACTTGGTTCTGTCTGAA-3'.

All constructs were verified via Sanger sequencing analysis.

Xenopus and zebrafish embryo microinjections

Xenopus and zebrafish experimental procedures were performed in
accordance with the protocols (ASP #20-433 and ASP #20-416)
approved by the Animal Care and Use Committee of the National
Cancer Institute at Frederick in compliance with the Association
for Assessment and Accreditation of Laboratory Animal Care
(AAALAC) guidelines.

For Xenopus experiments, embryos were obtained by standard
methods (Sun et al, 2020). Capped mRNAs for microinjection were
in vitro transcribed with the mMessage mMachine SP6 Transcription
Kit (ThermoFisher, AM1340). sgRNA sequences were designed by
the ZiFiT Targeter program website (http://zifit.partners.org/ZiFiT/
ChoiceMenu.aspx), and evaluated for the specificity by the website
(https://www.crisprscan.org) (Nakayama et al, 2013). The 5
oligonucleotide sequence (5-GCAGCTAATACGACTCACTATA~20
nt~GTTTTAGAGCTAGAAATA-3') containing each specific sgRNA
sequence (20 nucleotides) and the 3’ common oligonucleotide
sequence (5-AAAAGCACCGACTCGGTGCCACTTTTTCAAGTTGAT
AACGGACTAGCCTTATTTTAACTTGCTATTTCTAGCTCTAAAAC-3')
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were synthesized, annealed, and PCR amplified. sgRNAs were
in vitro transcribed using the MEGAscript T7 Transcription Kit
(ThermoFisher, AM1334). Embryos were injected with morpholinos
into one ventral blastomere at four-cell stage, and sgRNAs with the
Cas9 protein (PNA Bio, CP01) at one-cell stage. Small portions of
embryos injected with sgRNAs were PCR genotyped and embryos
showing genome edited by CRISPR/Cas9 were further subjected to
functional analysis. The morpholinos were obtained from Gene
Tools with the following sequences: Ctrl MO 5'-
CTAAACTTGTGGTTCTGGCGGATA-3’ and 108 MO 5'-
CTAGCATCATACTGTCTTTTCTAAG-3’. The  sgRNA  target
sequences used are as follows: 108sg 5-GGCATTACATTGC
GGGCCAG-3'; Ift74sgl 5-GGAATGAAAACTGCAATGAA-3'; and
Ift74sg2 5-GTGGTCGCATTCCACTTGG-3'.

For zebrafish experiments, one-cell stage TAB-5 embryos were
micro-injected with morpholinos obtained from Gene Tools (Ctrl
MO 5-CCTCTTACCTCAGTTACAATTTAT-3' and z108 MO 5'-
ACCCTCTCAGTTCAGTTGTGTATTC-3').

Neither randomization nor blinding was applied for animal studies.

Whole-mount in situ hybridization chain reaction (HCR)

HCR probe sets targeting zebrafish ccdc108 (XM_002663322) and
Xenopus ccdc108 (XM_018235717) were designed and synthesized
by Molecular Instruments. Whole-mount in situ HCRs were
performed following the HCR v3.0 protocol for whole-mount zebra-
fish embryos and larvae provided by Molecular Instruments. Once
RNA signals are amplified by HCR, embryo samples are subjected to
further immunostaining treatment.

Antibodies

His-MBP- and GST-Ccdc108M proteins were expressed in BL21
CodonPlus (DE3) RIPL bacteria strain (Agilent, #230280), and puri-
fied with amylose resin (NEB, E8021S) or glutathione agarose beads
(Sigma, G4510). To generate the chicken polyclonal Ccdc108 anti-
body, His-MBP-Ccdc108 proteins were used to immobilize two
chickens and immobilization was carried out by Pocono Rabbit
Farm & Laboratory. Subsequent affinity purification was performed
with GST-Ccdc108M protein.

The following primary antibodies were used for immunostaining:
rabbit anti-CEP164 (Proteintech; 22227-1-AP; 1:300), mouse anti-
CETN1 (Sigma; 04-1624; 1:300), mouse anti-acetylated Tubulin (Sigma;
T6793; 1:500), rat anti-GFP (Biolegend; 338002; 1:300), rat anti-HA
(Sigma; 11867423001; 1:300), rat anti-mCherry (ThermoFisher;
M11217; 1:300), and chicken anti-GFP (Abcam; ab13970; 1:1,000).

The following primary antibodies were used for western
blot experiments: Rabbit antibodies against IFT81 (Proteintech;
11744-1-AP; 1:500), IFT80 (Proteintech; 25230-1-AP; 1:1,000), IFT74
(Proteintech; 27334-1-AP; 1:1,000), IFT57 (Proteintech; 11083-1-AP;
1:1,000), IFT56 (Novus; NBP1-84035; 1:1,000), GAPDH (Protein-
tech; 10494-1-AP; 1:5,000), Rsphl (generous gift from Xueliang Zhu;
1:4,000), mouse anti-a-Tubulin (Sigma; T9026; 1:5,000), chicken
anti-Ccdc108 (homemade; 1:1,000), and horseradish peroxidase
(HRP)-conjugated mouse anti-GFP (Miltenyi Biotec; 130-091-833;
1:3,000) and rat anti-HA (Sigma; 12013819001; 1:3,000).

The following secondary antibodies were used: DyLight 405
donkey anti-rabbit (Jackson ImmunoResearch; 711-475-152; 1:200),
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DyLight 405 donkey anti-mouse (Jackson ImmunoResearch; 715-
475-151; 1:200), Alexa Fluor 488 goat anti-rat (ThermoFisher; A-
11006; 1:1,000), Alexa Fluor 488 goat anti-chicken IgY (Thermo-
Fisher; A-11039; 1:1,000), Alexa Fluor 568 goat anti-rat (Thermo-
Fisher; A-11077; 1:1,000), Alexa Fluor 568 donkey anti-mouse
(ThermoFisher; A-10037; 1:1,000), Alexa Fluor 488 donkey anti-
mouse (ThermoFisher; A-32766; 1:500), Alexa Fluor 647 goat anti-
rabbit (ThermoFisher; A-21245; 1:1,000), and HRP-conjugated
donkey anti-rabbit (GE; NA934V; 1:5,000).

Immunofluorescent microscopy

Xenopus embryos or mEPCs grown on glass-bottomed dishes (Cel-
lvis, D29-14-1.5-N) were fixed with 4% fresh paraformaldehyde in
PBS for 15 min at room temperature (RT), followed by extraction
and penetration with 0.5% Triton X-100 in PBS for 15 min and
blocked with blocking buffer (4% BSA in TBST) for 1 h at RT. For
staining of endogenous Cetnl and Cepl64, Xenopus embryos were
fixed with Dent’s fixative (80% methanol and 20% dimethyl
sulphoxide) overnight at 4°C and were incubated in blocking buffer
(4% BSA in TBST) for 1 h at RT. For imaging motile monocilia, the
gastrocoel roof plate (GRP) was dissected and fixed with MEMFA
(0.1 M MOPS, pH 7.4, 2 mM EGTA, 1 mM MgSO,, and 3.7%
formaldehyde) at stages 18-19. For staining primary cilia in the
neural tube, embryos were fixed at stage 30 with MEMFA, followed
by methanol dehydration. Embryos were then embedded in 4% low
melting agarose gel and were sectioned at a thickness of 50 um with
the vibratome (LEICA VT 1200S). Primary and secondary antibodies
were prepared in blocking buffer and applied to samples at 4°C
overnight, respectively. Anti-GFP antibody and Alexa Fluor-488-
conjugated secondary antibody were used to enhance GFP fluores-
cent signals. Alexa Fluor 647-conjugated phalloidin (ThermoFisher;
A22287; 1:400) was co-incubated with secondary antibodies. Super-
resolution images were obtained with a 3D-structured illumination
microscope at 125 nm intervals (GE DeltaVision OMX SR imaging
system), and further processed for maximum intensity projection
with the SoftWoRx software and 3D reconstruction with the Imaris
(Bitplane). The confocal images were acquired using a Zeiss
LSM710 laser scanning confocal microscope with a 63x/1.4 NA oil
immersion objective. Optical sections were captured at 0.5 pm inter-
vals and z-stack images were obtained with maximum intensity
projections (Carl Zeiss Microimaging, Germany).

To normalize the intensity of acetylated tubulin and phalloidin,
the intensity values of control embryos from the same repeat were
averaged, and the intensity values of this repeat were normalized to
the average intensity of control morphants (Arnold et al, 2019). The
numbers of cilia and centrioles, and the apical area of individual
MCC were measured from 3D-SIM images. To count the number of
cilia, individual cilium was identified by observing the axoneme
staining (Ac-tub) and the distal appendage staining (Cep164) at the
cilia base. The measurements of fluorescence intensity and the
apical area of individual MCC were carried out using the image anal-
ysis module of Adobe Photoshop software. Due to the mosaic effects
when CRISPR/Cas9 system was used in embryo studies (Mehravar
et al, 2019), fields displaying phenotypic defects, gauged by reduced
cilia numbers or affected centriole positioning, in the crispant
samples were imaged, while similar defects were rarely observed in
control samples.
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Whole-mount zebrafish immunostaining was performed as
described previously (Cuenca et al, 2019; Insinna et al, 2019).
Briefly, embryos at 48 h post-fertilization (hpf) were fixed with
4% paraformaldehyde in PBS following a brief pre-permeation
incubation into a solution of 0.5% Triton X-100 and incubation
with blocking solution (PBS with 0.1% Triton X-100 and 5% goat
serum) for 30 min at RT. Primary and secondary antibodies were
applied to samples for 2 h at RT. Fluorophore-conjugated phal-
loidin (ThermoFisher; A22287; 1:400) and Hoechst (Immuno-
chemistry; #639; 1:200) were co-incubated with secondary
antibodies. Imaging was carried out on a spinning disk confocal
microscope with a Zeiss EC Plan-Neofluar 40x/1.30 (Intelligent
Imaging Innovations). Bright-field images of whole embryos were
performed using a 4x water immersion objective (0.13 NA) and a
Nikon Eclipse Ni-E upright microscope equipped with a DS-Ri2
camera.

Live cell fluorescence imaging

Live imaging of Xenopus epidermal MCCs was carried out on a spin-
ning disk confocal microscope with a Zeiss Plan-Apochromat 63x/
1.4 or 100%/1.46 oil immersion objective (Intelligent Imaging Inno-
vations) at RT. Xenopus embryos were mounted on a glass-bottom
dish in agarose. For imaging the IFT transport, single-layer image
acquisition was recorded every 2 s using a HAMAMATSU digital
CMOS camera (HAMAMATSU Photonics, C11440). Processing of
images was carried out using either ImageJ or SlideBook software.

Electron microscopy

For transmission EM, skins of Xenopus embryos injected with
morpholinos were dissected and fixed in 100 mM cacodylate buffer
containing 2.5% glutaraldehyde and 4% fresh paraformaldehyde for
15 min at RT and overnight at 4°C. Samples were then post-fixed in
1% aqueous osmium tetroxide for 1 h on ice, and incubated in 1%
uranyl acetate overnight at 4°C. Dehydration was performed
through an ethanol series. Samples were gradually infiltrated
through an ascending series of low viscosity ethanol-resin mixture
(25, 50, 75, and 100% Epon 812 resin) and polymerized at 60°C for
48 h. For immuno-EM, Xenopus embryos expressing GFP-tagged
Ccdc108 were fixed in PBS containing 4% paraformaldehyde and
0.25% glutaraldehyde for 15 min, and extracted with 0.5% Triton
X-100 in PBS for 15 min at RT. Embryos were then incubated with
the rat anti-GFP antibody (Biolegend; 338002; 1:300) for 16 h at 4°C
and 4 h at RT. The incubation with a goat anti-rat IgG-gold anti-
body (Sigma; G7035; 1:50) was carried out for 1 h at RT. The
samples were then subjected to TEM sample preparation. Ultrathin
sections of approximately 70 nm thickness were sectioned with a
Leica Ultracut UCT ultramicrotome and collected on copper mesh
grids for transmission EM. EM images were captured with a Hitachi
7600 transmission electron microscope.

For SEM, Xenopus and zebrafish embryos were fixed in 100 mM
cacodylate buffer containing 2.5% glutaraldehyde and 4% fresh
paraformaldehyde overnight at 4°C, post-fixed with 1% aqueous
osmium tetroxide in H,O on ice for 1 h, and dehydrated in an
ethanol series. Dehydrated samples were dried using tetramethylsi-
lane before sputter coating. SEM images were collected on a scan-
ning electron microscope (Hitachi $4500).
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Fluorescent bead assay and cilia beat analysis

The fluorescent bead assay was performed as described previously
(Lee et al, 2019). In brief, fluorescent beads (ThermoFisher, F8836)
were washed twice with 0.1x Modified Barth’s Saline (MBS), resus-
pended with 0.1x MBS containing 1.5% glycerol and loaded onto
anesthetized embryos at stages 26-28. The bead movement was
recorded using a dissecting scope equipped with a digital camera
(Canon PowerShot G10) at 30x magnification. The distance trav-
elled by each individual fluorescent bead moved in 500 ms was
measured to calculate the velocity. The average velocity of five
continuous tracks over 500 ms was determined for each individual
bead. Ten beads per embryo and 5 embryos per treatment were
scored in each independent repeat.

For cilia beat pattern and beat frequency analysis, Xenopus
embryos at stage 27 were imaged at room temperature in bright field
with a Plan Apo A 20x objective on a Nikon ECLIPSE Ti2 micro-
scope using a Hammamtsu ORCA-Fusion CMOS camera. Images
were captured at 2633 frames per sec for 1.5 s. The first 500 images
(0.1875 s) were analyzed using Fiji Kymograph-Reslice-Wide plugin
as described (Rachev et al, 2020). Cilia beat frequencies (Hz) were
determined by measuring time between cilia beat repeats (2 per
MCC) and plotted using the Prism 8 software (GraphPad Software).

Cell culture and transfection

HEK293T cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal bovine serum (R&D Systems,
S11150) and 1% penicillin/streptomycin (ThermoFisher, 15140122).
For lentiviral productions, HEK 293T cells were transfected with
lentiviral plasmid, pCMV-D8.9, and pCMV-VSVG at the ratio of 5:3:2
using the PolyJet In Vitro DNA Transfection Reagent (SignaGen Labo-
ratories, SL100688). mEPC precursors isolated from PO neonates were
cultured and infected with lentivirus particles as described previously
(Zhao et al, 2019a). Briefly, telencephala were digested with the
dissection solution containing 10 U/ml papain (Worthington,
LS003126), 0.2 mg/ml L-Cysteine, 0.5 mM EDTA, 1 mM CaCl,,
1.5 mM NaOH, and 0.15% DNase I (Sigma, D5025) for 30 min at
37°C. Released cells were collected by centrifugation, resuspended
with DMEM medium supplemented with 10% fetal bovine serum
(FBS) and 1% penicillin/streptomycin, and inoculated into the
laminin-coated flask (Sigma, L2020). After removing differentiated
oligodendrocytes and neurons mechanically by striking the flask
roughly, cells were trypsinized and inoculated into laminin-coated
glass-bottom dishes. FBS was removed from the medium to initiate
differentiation when cells had grown to full confluence.

Experiments involving mouse tissues were performed in accor-
dance with the protocol (ASP #17-041) approved by the animal care
and use committee of the National Cancer Institute at Frederick in
compliance with the Association for Assessment and Accreditation
of Laboratory Animal Care (AAALAC) guidelines.

Immunoprecipitation and mass spectrometry

HEK 293T cells expressing indicated proteins were harvested and
lysed with lysis buffer (20 mM Tris-HCl, pH 7.5, 150 mM KCl,
1 mM EDTA, 0.5% NP-40, 10% glycerol, 10 mM sodium pyrophos-
phate, 3 mM dithiothreitol, and 0.5 mM phenylmethyl sulphonyl

Published 2022. This article is a U.S. Government work and is in the public domain in the USA.

EMBO reports

fluoride [PMSF, ThermoFisher, 36978] and protease inhibitor cock-
tail [Sigma, 539134]). The cell lysates were cleared by centrifugation
at 14,000 g for 10 min at 4°C. GFP-Trap affinity resin (Chromotek,
gta-20) was used to immunoprecipitate GFP fusion proteins. After
washing four times with the lysis buffer, beads were either incu-
bated with 65 pl 2x SDS loading buffer or subjected to mass spec-
trometry analysis (Protein Characterization Laboratory [PCL] Mass
Spectrometry Center, NCI; Walia et al, 2019).

Statistical analysis

Quantification results are presented as mean =+ s.d. unless specified
in the figure legend. The unpaired two-tailed t-test was performed to
determine statistical significance using the Prism 8 software
(GraphPad Software). Differences were considered significant when
P was < 0.05.

Data availability
No data were deposited in a public database.
Expanded View for this article is available online.
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