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A B S T R A C T

Recently, cilia defects have been proposed to contribute to scoliosis. Here, we demonstrate that coiled-coil

domain-containing 57 (Ccdc57) plays an essential role in straightening the body axis of zebrafish by

regulating ciliary beating in the brain ventricle (BV). Zygotic ccdc57 (Zccdc57) mutant zebrafish developes

scoliosis without significant changes in their bone density and calcification, and the maternal-zygotic

ccdc57 (MZccdc57) mutant embryos display curved bodies since the long-pec stage. The expression of

ccdc57 is enriched in ciliated tissues and immunofluorescence analysis reveals colocalization of Ccdc57-

HA with acetylated a-tubulin, implicating it in having a role in ciliary function. Further examination reveals

that it is the coordinated cilia beating of multiple cilia bundles (MCB) in the MZccdc57 mutant embryos that

is affected at 48 hours post fertilization, when the compromised cerebrospinal fluid flow and curved body

axis have already occurred. Either ccdc57 mRNA injection or epinephrine treatment reverses the spinal

curvature in MZccdc57 mutant larvae from ventrally curly to straight or even dorsally curly and significantly

upregulates urotensin signaling. This study reveals the role of ccdc57 in maintaining coordinated cilia

beating of MCB in the BV.

Copyright © 2023, Institute of Genetics and Developmental Biology, Chinese Academy of Sciences, and

Genetics Society of China. Published by Elsevier Limited and Science Press. All rights reserved.
Introduction

Coiled-coil domain-containing (CCDC) proteins essentially

contain the highly conserved coiled-coil domain, a superhelical pro-

tein motif consisting of one or more alpha-helical peptides wrapped

around each other (Burkhard et al., 2001). The canonical coiled-coil is

characterized by a heptad repeat of seven-residue periodicity, and

the hydrophobic amino acids at positions a and d are conserved. The

noncanonical motifs are also formed from repeating hydrophobic

residues spaced apart by insertions of extra amino acids (1, 2, 3, 4, or

6). Usually, the insertions result in discontinuities in the heptad repeat

and local structural deformations in the coiled coil. Alpha-helices of

the same chain or different chains may form homo- or hetero-
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oligomers in parallel or antiparallel orientations (Lupas, 1996;

Harbury et al., 1998; Stetefeld et al., 2000; Truebestein and Leonard,

2016; Lupas et al., 2017).

CCDC proteins are widely expressed in nearly all kinds of tissues

and function in most physiological processes, including ciliogenesis

(Rose et al., 2005; Rackham et al., 2010; Priyanka and Yenugu, 2021).

Cilia are evolutionarily conserved structures, and their axoneme

consists of nine doublet microtubules with or without a pair of single

microtubules in the center (Malicki et al., 2011; Ishikawa, 2017). They

play key roles in diverse cell types, and defects in motile cilia cause

the most prominent ciliopathy known as primary ciliary dyskinesia

(PCD). The clinical manifestations of PCD patients include pulmonary

disease, chronic or recurrent ear infection, infertility, situs inversus

and heterotaxy (Escudier et al., 2009).

A series of mutations in CCDC proteins have been identified as

the cause of PCD with iron deficiency anemia (IDA) defects and

axonemal disorganization, and these patients develop infertility, situs
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inversus and heterotaxy (Mahjoub et al., 2010; Becker-Heck et al.,

2011; Blanchon et al., 2012; Horani et al., 2013; Knowles et al.,

2013a; Onoufriadis et al., 2013; Wu and Singaraja, 2013; Hjeij

et al., 2014; Sui et al., 2016; Li et al., 2019; Cannarella et al., 2020;

Chen et al., 2020, 2021; Deng et al., 2020; Ochi et al., 2020; Pizon

et al., 2020). There are more than 28 mutations of CCDC39 and

CCDC40 reported so far, representing the major cause of PCD

(Becker-Heck et al., 2011; Blanchon et al., 2012; Sui et al., 2016;

Cannarella et al., 2020; Chen et al., 2021).

Among these CCDC proteins, eight members (CCDC39,

CCDC40, CCDC65, CCDC104, CCDC114, and CCDC151) colocalize

with the axoneme of cilia. CCDC39 and CCDC40 are required for the

assembly of the inner dynein arm and the dynein regulatory complex.

The absence of either CCDC39 or CCDC40 causes axonemal

disorganization and abnormal ciliary beating (Becker-Heck et al.,

2011; Merveille et al., 2011). CCDC65 forms the “base plate” of the

nexin-dynein regulatory complex (N-DRC), which makes extensive

connections with the outer doublet microtubules, radial spokes, and

inner dynein arms (Austin-Tse et al., 2013; Horani et al., 2013).

CCDC96 and CCDC113 are positioned parallel to N-DRC and form a

connection between radial spoke 3, dynein g, and N-DRC (Bazan

et al., 2021). CCDC104 is an ARL3-interacting protein and is

enriched at the base of the cilium (Lokaj et al., 2015). CCDC114 is an

ODA microtubule-docking complex component and is required for

microtubular attachment of ODAs to the axoneme (Onoufriadis et al.,

2013). CCDC151 plays important roles in the control of intraflagellar

transport (IFT)-dependent dynein arm assembly (Jerber et al., 2014).

In addition, another seven members (CCDC11, CCDC41,

CCDC61, CCDC68, CCDC120, CCDC113, and CCDC57) were

identified as centrosome-associated proteins. Centrosomes function

as basal bodies for cilia formation and are essential for nucleating the

axoneme (Joo et al., 2013; Silva et al., 2016; Huang et al., 2017;

Gurkaslar et al., 2020; Pizon et al., 2020; Bazan et al., 2021).

CCDC11, CCDC57, and CCDC113 are components of centriolar

satellites and are required for ciliogenesis (Firat-Karalar et al., 2014;

Silva et al., 2016). CCDC41 specifically localizes to the distal end of

the mother centriole and recruits IFT protein 20 to the centrosome

(Joo et al., 2013). CCDC61, CCDC68, and CCDC120 have been

identified as subdistal appendage components and are required for

centrosome microtubule anchoring (Huang et al., 2017; Pizon et al.,

2020). Knockdown of CCDC57 and CCDC61 causes a delay in cilia

formation in RPE-1 cells, which suggests they have a role in pro-

moting ciliogenesis (Gurkaslar et al., 2020; Ochi et al., 2020).

CCDC57 is minimally characterized and is associated with bovine

milk fat composition and uterine leiomyomata in several studies using

genome-wide research (Bouwman et al., 2014; Aissani et al., 2015;

Alleyne and Bideau, 2019; Bohlouli et al., 2022). The function of

CCDC57 has been investigated only in mammalian cell lines. CCDC57

localizes to the centrosome andmicrotubules through distinct domains

and is required for centriole duplication through the recruitment of

centrosomal protein 63 (CEP63) andCEP152. The absence ofCCDC57

causes defects in cilium assembly, centriolar satellite distribution,

mitotic progression, and microtubule nucleation (Gurkaslar et al.,

2020). However, the function of CCDC57 in vivo remains unclear.

Zebrafish is an ideal model to investigate ciliary function due to their

transparent embryos. Based on zebrafish models, cilia defects have

been reported to cause scoliosis in protein-tyrosine kinase-7 (ptk7 )

mutant patients and zebrafish (Hayes et al., 2014). The ptk7 mutant

zebrafish develops scoliosis and exhibits defective cilia development

and cerebrospinal fluid (CSF) flow. In addition, the spinal curve pro-

gression of c21orf59TS mutant zebrafish could be blocked by the

restorationofciliamotility (Grimeset al., 2016).Otherstudies suggested

that adrenergic signals transported by CSF flow are essential to
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straighten the body axis by activating urotensin signaling and pro-

moting fiber contraction on the dorsal smite (Zhang et al., 2018).

In this study, we established a ccdc57 knockout zebrafish model

to characterize the function of Ccdc57 in vivo. It was found that

ccdc57 deficiency resulted in scoliosis in zebrafish. The distribution of

ccdc57 mRNA was restricted to ciliated organs, such as the brain

ventricle (BV), otic vesicles, and inner nuclear layer, during the em-

bryonic stage and was especially enriched in the BV, which is filled

with cilia attached to ependymal cells around the surface to drive CSF

flow. Then, Ccdc57-HA was found to associate with acetylated a-
tubulin on the axoneme of cilia. Maternal depletion of ccdc57 caused

a curved body axis accompanied by an abnormal cilia beat pattern

and compromised CSF flow. The defective CSF flow could further

lead to hydrocephalus and cilia defects. Additionally, treatment with

epinephrine or injection with wild-type (WT) ccdc57 mRNA could

revise the curved body axis into straight and even dorsally curly and

upregulated urotensin signaling. Taken together, our study strongly

demonstrates that Ccdc57 plays an essential role in straightening the

body axis by regulating ciliary motility in the BV of zebrafish.

Results

Depletion of ccdc57 causes scoliosis in zebrafish

ccdc57-depleted zebrafish were generated using the CRISPR/

Cas9 targeting technique. The 20 bp target sequences were

designed against the first exon of ccdc57 based on the sequence

information got from NCBI. Two independent mutant lines were ob-

tained with 10- or 4-base pair deletions in the target region of ccdc57

(Fig. 1A). The WT-ccdc57 mRNA is translated into a protein with 979

amino acids, while the mutant Ccdc57 retains only 92 and 94 amino

acids due to early termination of translation, containing 63 and 65

correct amino acids, respectively (Fig. S1).

Raised under the same conditions, the WT and ccdc57 mutant

zebrafish consisted of both female and male individuals without

obvious growth differences. In contrast to WT zebrafish with a

straight body axis, all ccdc57 mutants displayed scoliosis, charac-

terized by three-dimensional spinal curvature at three months post

fertilization (mpf) (Fig. 1B). At the protruding-mouth stage, the end of

the spine became ventrally curly in most maternal-zygotic ccdc57

(MZccdc57) mutants, but the WT embryos displayed a straight body

axis at the same stage. When raised up to 20 days post fertilization

(dpf), the curved spine developed into scoliosis in MZccdc57 mu-

tants, but theWT larvae maintained a straight body axis (Fig. 1C). The

rate of spinal curvature was extremely low in WT embryos and

became zero in WT adults. However, the rate reached nearly eighty

percent in MZccdc57 mutant embryos and reached one hundred

percent in MZccdc57 mutant adults (Fig. 1D).

High-resolution microscale computed tomography (micro-CT)

was performed to examine the vertebral bone density and structure

in Zygotic ccdc57 (Zccdc57)-depleted zebrafish. Six replicates of

WT and Zccdc57 mutant zebrafish assayed by micro-CT revealed

different types of three-dimensional spinal malformations in

ccdc57-depleted zebrafish. Except for the curvature, the spines of

the mutants were rather normal without deletion or fracture of the

vertebrae. Based on the direction of curvature, the ccdc57-

depleted zebrafish were classified into three types (Fig. 2A), and the

three types accounted for 22%, 51%, and 27% respectively

(Fig. S2). The vertebral bone densities of WT and ccdc57-depleted

zebrafish were also assayed by micro-CT, which revealed no sig-

nificant differences between them (Fig. 2B). The bone formation of

WT and MZccdc57-depleted zebrafish was examined using calcein

staining at 11 dpf and 14 dpf, respectively, when some of the



Fig. 1. Depletion of ccdc57 results in scoliosis in zebrafish. A: The target in the first exon of ccdc57 and two mutant lines with 10- and 4-bp deletions were established. B: Repre-

sentative body axis of wild type (WT) and ccdc57 mutant zebrafish at 3 mpf. Both female and male WT zebrafish exhibited straight body axes in lateral and dorsal views. Female and

male zebrafish of the two mutant lines exhibited scoliosis in lateral and dorsal views. C: Representative body axis of WT and MZccdc57 mutant zebrafish at early stages. WT larvae and

juveniles exhibited straight body axes at 3 dpf and 20 dpf. The MZccdc57 mutant larvae showed ventral curvature at the end of the tail at 3 dpf, and the mutant juveniles developed

scoliosis at 20 dpf. D: Statistical analysis of the rates of curvature or scoliosis at 3 dpf and 3 mpf. Scale bars, 1 cm (B); 1 mm (C). dpf, days post fertilization; mpf, months post

fertilization.
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MZccdc57 mutants displayed scoliosis, and the results suggested

that they shared the same vertebral patterning (Fig. 2C).

Ccdc57 localizes to microtubules

To explore the in vivo role of ccdc57, its expression pattern during

embryonic development was examined. As shown by RT-PCR anal-

ysis, ccdc57 was expressed throughout embryogenesis (Fig. S3A).

qPCR analysis identified higher ccdc57 expression at 12 h and 24 h

than in the other stages examined (Fig. S3B). Whole-mount in situ

hybridization analysis was carried out to characterize the spatial

expression of ccdc57 at the one-cell, two-cell, high, 6-somite, prim-5,

long-pec, and protruding mouth stages. The expression of ccdc57

wasubiquitous from the one-cell to 6-somite stage (Fig. S3CeS3F). At

the prim-5 stage, the expression of ccdc57 was restricted to the BV,

otic vesicle, and inner nuclear layer, and was especially higher in the

hind BV (Fig. 3A). At the long-pec stage, ccdc57 mRNA was mainly

located in theBV, otic vesicle, andbranchial primordium (Fig. S3Gand

S3H). These ccdc57-expressing regions, including the BV, otic

vesicle, and inner nuclear layer, are known as cilia-enriched tissue. At

the adult stage, ccdc57 mRNA was enriched in ciliary organs,

including the eye, brain, kidney, testis, and ovary (Fig. 3B).

Due to the absence of a working antibody, an HA-tag was added

to the C-terminal end of Ccdc57 to investigate its subcellular

localization. The HA-tagged ccdc57 mRNA was transcribed and

injected into one-cell stage embryos at a concentration of 15 ng/mL.
Then, the injected embryos were fixed, and whole-mount immu-

nofluorescence was carried out with a mouse anti-acetylated a-
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tubulin antibody and a rabbit anti-HA antibody to label the cilia

axoneme. Surprisingly, in both BV and otic vesicles, HA-Ccdc57

was associated with acetylated a-tubulin on the axoneme

(Fig. 3Ce3H). In order to avoid the cross-reactivity of the anti-

acetylated a-tubulin antibody with the anti-HA antibody, the

whole-mount immunofluorescence was also carried out individually

with the anti-acetylated a-tubulin antibody or the anti-HA antibody

and the results showed similar signals (Fig. S3I and S3J). These

results suggested a ciliary role of ccdc57 in zebrafish.

Ccdc57 deficiency leads to BV cilia defects and hydrocephalus

in adult zebrafish

To explore the ciliary role of Ccdc57, ciliogenesis in BV was

examined by immunofluorescence. The cilia in BV were much

shorter than cilia in the spinal canal at 48 hpf, but no obvious dif-

ferences in lengths and morphology were found between WT and

MZccdc57 mutant embryos (Fig. 4A). Furthermore, the analysis of

cilia densities revealed no significant differences (Fig. 4B). Cilia cil-

iogenesis was not affected in MZccdc57 mutant embryos at 48 hpf

when the curved body axis had occurred. It is easy to speculate that

ciliary motility defects may be responsible for the curvature of the

spine. However, examination of cilia in adult BV by scanning elec-

tron microscopy suggested severe cilia defects in ccdc57 mutant

zebrafish. The cilia in these mutants were sparse, curly, and disor-

derly, while those in WT zebrafish were dense, organized, and

polarized (Fig. 4Ce4H). The cilia density in ccdc57 mutant zebrafish

was significantly lower than in WT zebrafish (Fig. 4I). In addition, the



Fig. 2. ccdc57 mutants develop three-dimensional spinal curvature without defects in calcification and bone density. A: Three-dimensional image of the skeletal system reconstructed

from micro-CT scans of adult WT and Zccdc57 mutant zebrafish from lateral and dorsal views. Type 1 represents scoliosis in the vertical dimension. Type 2 represents scoliosis curving

leftward to rightward in the horizontal dimension. Type 3 represents scoliosis curving rightward to leftward. B: No significant difference in vertebral bone densities between WT and

Zccdc57 mutant zebrafish assayed by micro-CT. C: Live calcein staining of WT zebrafish and MZccdc57 mutants at 11 dpf and 14 dpf. Data were presented as mean ± SD. Statistical

analysis was performed by Student’s t-test. NS, no significant difference. Different types in (A) indicate different shapes of curvature. Scale bars, 1 cm (A); 1 mm (C). micro-CT,

microscale computed tomography; dpf, days post fertilization; SD, standard error.
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ccdc57 mutant zebrafish also displayed severe hydrocephalus

characterized by an enlarged BV (Fig. 4J and 4K), a typical pheno-

type associated with cilia dysfunction.

Ccdc57 deficiency results in abnormal ciliary beat patterns

and compromised CSF flow

Since Ccdc57 is not required for ciliogenesis, hydrocephalus

could be resulted from defects in ciliary motility. Thus, the CSF flow

was assayed by tracking the movement of fluorescent dye along the

spinal canal of the embryos. The distance that dextran conjugated to

rhodamine moved was imaged at 5 min, 10 min, 20 min, and 30 min

after injection. The images revealed that the movement of dextran

dye was compromised in ccdc57 mutant embryos (Fig. 5A). Statis-

tical analysis suggested that the dextran dye in WT embryos moved

significantly farther than in ccdc57 mutant embryos at 30 min

(Fig. 5B).

To observe the cilia motility vividly, the cilia were labeled with RFP

by injecting arl13b-RFP mRNA into one-cell stage embryos, and

ciliary beating in BV was observed and recorded using a dragonfly

microscope. It was found that the ciliary beat frequency was

increased in MZccdc57mutant embryos (Fig. S4A), and the rhythmic

beating of multiple cilia bundles (MCB) on ependymal cells was

disrupted in MZccdc57 mutants. The MCB of the WT zebrafish beat

in phase (Fig. 5C; Movie S1), but the beating of MCB was out of sync

in MZccdc57 mutant zebrafish (Fig. 5D; Movie S2). The ccdc57

mRNA-injected embryos of both WT and MZccdc57 mutant zebra-

fish displayed coordinated ciliary beating (Fig. 5E and 5F; Movies S3
256
and S4). These results suggested that ccdc57 was required for the

coordinated beating of MCB.

Because flagellar has the same structure and function as motile

cilia and ccdc57 mRNA was enriched in the testis of zebrafish, sperm

motility was also examined and analyzed by computer-assisted

sperm analysis (CASA). The motile sperm of WT males displayed

forward directional movement, and the trajectories were smooth,

long, and nearly straight; however, the moving paths of most ccdc57

mutant sperm were kinked and circular (Fig. 5G and 5H). The CASA

also provided spermmotility parameters. The ratio of the straight-line

velocity (VSL) and the curvilinear velocity (VCL) reflected the curva-

ture of the sperm trajectory. The statistical analysis indicated that the

sperm VSL/VCL was significantly lower in ccdc57 mutant males, but

the flagellum beat frequency was not affected (Figs. 5I and S4B).

Further examination of the flagellar ultrastructure revealed no

detectable changes in MZccdc57 mutant zebrafish (Fig. S4C and

S4D). These results demonstrated that ccdc57 was required for the

normal cilia beat pattern.

ccdc57 regulates the body axis through urotensin signaling in

zebrafish

To determine whether the curved body axis of MZccdc57 mutant

larvae resulted from Ccdc57 deficiency, mRNA transcribed from WT

ccdc57 CDS was injected into both WT and ccdc57mutant embryos

at the one-cell stage, and their body axis was imaged at 48 hpf. In

contrast to the MZccdc57 mutant, parts of the injected WT and

ccdc57 mutant embryos developed dorsal curvature (Fig. 6A). This



Fig. 3. Spatial expression and subcellular localization of Ccdc57 in zebrafish. A: ccdc57 expression, detected by whole mount in situ hybridization, was restricted to FBV, MBV, HBV,

OV, and INL in zebrafish embryos at 24 hpf. B: Relative expression of ccdc57 in different tissues of adult zebrafish. Data were presented as mean ± SD. CeH: Ccdc57 is localized to

ciliary axonemes in BVs and otic vesicles. The axoneme was labeled with acetylated a-tubulin antibody (green). The localization of Cccd57-HA was visualized by staining with an

antibody against the HA tag (red). Nuclei were stained with DAPI (blue). Scale bars, 100 mm (A); 10 mm (CeH). FV, forebrain ventricle; MV, midbrain ventricle; HV, hindbrain ventricle; INL,

inner nuclear layer; OV, otic vesicle; hpf, hours post fertilization.

L. Li, J. Li, Y. Ou et al. Journal of Genetics and Genomics 50 (2023) 253e263
was regarded as a result of the overexpression of ccdc57, as the

injected groups showed significantly higher expression of ccdc57

than the uninjected groups by qPCR (Fig. 6B). The angle between the

straight line along the yolk sac extension and the line joining the end

of yolk sac extension to the tip of the tail was measured to evaluate

the curvature degree of the body axis during the embryonic stage.

When the spine was curved ventrally, the angle was greater than

180�; otherwise, it was less than 180� (Fig. S5A). The injected groups

had significantly smaller degrees than the uninjected groups

(Fig. S5B).

CSF flow can regulate urotensin neuropeptide expression by

transporting adrenergic signals to neurons along the spinal cord to

activate urotensin signaling, contributing to straightening of the body

axis (Zhang et al., 2018). To verify this theory, epinephrine treatment

was conducted to restore urotensin signaling. Excitingly, epinephrine

treatment resulted in dorsal curvature in both WT and ccdc57mutant

embryos, the same effect as ccdc57 mRNA injection (Fig. 6C). The

angles of each group were measured with ImageJ and arranged into

graphics. The angles of WT, epinephrine-treated WT, and epineph-

rine-treated MZccdc57 mutants were all basically less than 180�,
while the angles of MZccdc57 mutants without epinephrine treat-

ment were mostly greater than 180�. Some embryos treated with

epinephrine even showed smaller degrees than theWT zebrafish as a

result of their dorsal curvature (Fig. S5C). Furthermore, epinephrine

treatment significantly induced urp2 and uts2r expression in

MZccdc57 mutant embryos (Fig. 6D). Urotensin signaling-related
257
genes, including urp1, urp2, uts2r, and uts2ra, which were down-

regulated due to ccdc57 depletion, were dramatically upregulated in

ccdc57 mutant embryos, corresponding to the effect of ccdc57

overexpression by mRNA injection (Fig. 6E). In addition to the same

dorsal curvature effect, both ccdc57 overexpression and epinephrine

treatment resulted in pericardial edema in zebrafish embryos

(Fig. S6A and S6B). These results strongly suggested that Ccdc57

regulated the body axis through epinephrine-urotensin signaling in

zebrafish.
Discussion

CCDC57 belongs to the family of coiled-coil domain-containing

proteins, and other members in this family are associated with cilia

development (Panizzi et al., 2012; Horani et al., 2013; Hjeij et al.,

2014; Sui et al., 2016; Benjamin et al., 2020; Chen et al., 2021).

CCDC57 has been demonstrated to be a pleiotropic regulator of

centriole duplication, ciliogenesis, and microtubule stabilization in

mammalian cells (Gurkaslar et al., 2020). In this study, we established

two ccdc57 knockout zebrafish strains with frameshift mutations,

and both strains displayed the same scoliosis phenotype. The

MZccdc57 mutants displayed ventral curvature at the embryonic

stage, and this phenotype could be rescued with ccdc57 mRNA in-

jection. These results strongly demonstrate that ccdc57 is required

for straightening the body axis in zebrafish.



Fig. 4. Examination of cilia in the BV of embryos and adult zebrafish. A: Observations of cilia in the BV of WT and MZccdc57 mutant embryos by immunofluorescence analysis. The

white boxes indicate the magnified region. The white arrows indicate the cilia in the BV (short). The white arrowheads indicate the cilia in the spinal cord (long). B: Analysis of ciliary

densities in the BV of WT and MZccdc57 mutant embryos at 48 hpf. CeH: Observation of cilia in the BV of adult WT and MZccdc57 mutant zebrafish by scanning electron microscopy.

The red boxes indicate the magnified region. I: Analysis of cilia densities in adult BV reveals significant differences between WT and mutant zebrafish. J and K: Observation of BV by

scanning electron microscopy revealed severe hydrocephalus in ccdc57 mutant zebrafish. Data were presented as mean ± SD. Statistical analysis was performed by Student’s t-test.

***, P < 0.001. Scale bars, 10 mm (A, D, E, G, H); 100 mm (C and F); 1 mm (J and K). BV, brain ventricle; FV, forebrain ventricle; MV, midbrain ventricle; HV, hindbrain ventricle.
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In zebrafish, cilia are well known to exist in the olfactory placode,

eye, otic vesicle, BV, pronephros, and spinal canal. Mutants with cilia

defects are usually associated with left-right asymmetry defects and

kidney cysts (Malicki et al., 2011). Interestingly, the distribution of

ccdc57 mRNA was ubiquitous before the 6-somite stage and then

was restricted to specific tissues, such as the BV, otic vesicles, and

inner nuclear layer, but not the pronephros and spinal canal. By

observation of cilia labeled with fluorescence, we found that the cilia

in the BV and otic vesicles were much shorter than the cilia in the

pronephros and spinal canal at the embryonic stage. Ccdc57 is likely

to play special roles in the shorter cilia of zebrafish during the em-

bryonic stage.

Dysfunction of cilia has been implicated in idiopathic scoliosis

(Grimes et al., 2016). Thus, ciliogenesis and ciliary function in BV

were examined in our study. Although the ccdc57 mutant adults
258
displayed severe ciliary abnormalities, we thought that ciliogenesis in

BV was not affected at the embryonic stage, as the cilia density and

morphology were not changed in ccdc57 mutant embryos at 48 hpf,

when the phenotype of body curvature and compromised CSF flow

had occurred. Combined with the fact that ccdc57mutant adults also

developed hydrocephalus, the adult cilia abnormality was thought to

be degenerative results caused by hydrocephalus. Both hydro-

cephalus and scoliosis are typical phenotypes associated with a loss

of EC cilia function (Lee, 2013; Olstad et al., 2019). Since ccdc57 is

not required for ciliogenesis, it is tempting to speculate that ccdc57

deficiency is associated with ciliary motility defects. This hypothesis

was confirmed preliminarily by the compromised CSF flow in ccdc57

mutant embryos.

Ciliary motility is generated by the outer and inner dynein arms,

which control the cilia beat frequency and waveform, respectively



Fig. 5. Ccdc57 deficiency results in compromised CSF flow and an abnormal ciliary beat pattern. A: The moving paths of Texas Red-dextran in the spinal canal of WT and

MZccdc57 mutant embryos at 72 hpf. B: Statistical analysis of the distance traveled by fluorescent beads in WT and MZccdc57 mutant embryos at different time points after

injection (n ¼ 12). CeF: Cilia beat pattern in the BV of WT, MZccdc57 mutant, ccdc57 mRNA-injected, WT, and MZccdc57 mutant embryos detected by confocal microscopy. G

and H: Observation of the swimming paths of WT and MZccdc57 mutant sperms by CASA. I: Analyzing the curved degrees of sperm swimming paths based on the ratios of VSL

and VCL. Data were presented as mean ± SD. Statistical analysis was performed by Student’s t-test. *, P < 0.05; ***, P < 0.001. Scale bars, 100 mm (A); 5 mm (CeF); 50 mm (G and

H). BV, brain ventricle; hpf, hours post fertilization; CASA, computer-assisted sperm analysis; VSL, straight-line velocity; VCL, curvilinear velocity.
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(Walczak and Nelson, 1994; Oda et al., 2014; King, 2016). Mutations

in genes encoding proteins of the ODAs or in the ODA docking

complex system (ODA-DC), including DNAH5, DNAH11, CCDC114,

DNAL1, DNAI1, DNAI2, and ARMC4, generally cause outer dynein

arm deficiency (Pennarun et al., 1999; Bartoloni et al., 2002; Olbrich

et al., 2002; Loges et al., 2008; Mazor et al., 2011; Hjeij et al., 2013;

Knowles et al., 2013a). Mutations in genes encoding cytoplasmic

proteins, such as SPAG1, DNAAF1, DNAAF2, DNAAF3, HEATR2,

DYX1C1, ZMYND10, LRRC6, C21orf59, and CCDC103, cause

combined outer and inner dynein arm deficiency (Omran et al., 2008;

Loges et al., 2009; Horani et al., 2012; Kott et al., 2012; Mitchison

et al., 2012; Panizzi et al., 2012; Austin-Tse et al., 2013; Knowles

et al., 2013b; Tarkar et al., 2013; Zariwala et al., 2013). Both

CCDC39 and CCDC40 localize to motile cilia, and their mutations

result in an isolated inner dynein arm absence (Becker-Heck et al.,

2011; Merveille et al., 2011). These outer and inner dynein arm de-

fects result in compromised ciliary beating and PCD.

In this study, the cilia motility and axoneme ultrastructure of both

BV cilia and sperm flagellum were examined. The beat frequency of

MCB in BV was increased, but the sperm flagellum beat frequency

was not affected in ccdc57 mutant zebrafish. However, the beat

pattern of both BV cilia and sperm flagellum was changed due to

Ccdc57 deficiency. The swimming path of most mutant sperm was

changed into a helicoid or circle instead of a smooth curve

approaching a straight line. The abnormal swimming path indicated

an asymmetrical beat amplitude in the flagellum/cilia. Furthermore,

the rhythmic beating of MCB in the ccdc57 mutant was disrupted,

and it is easy to speculate that the abnormal beat pattern of each

cilium disrupts the coordinated beating of MCB. These results are

similar to those of a previous study suggesting that knockdown of

cyb5d1 in zebrafish impaired coordinated ciliary beating, with an
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increased beat frequency, and cyb5d1 mutant Chlamydomonas

exhibited short and kinked tracks (Zhao et al., 2021). We think that

the increased beat frequency of MCB cilia in the ccdc57mutant may

be a result of an uncoordinated beat pattern. Our results suggest that

ccdc57 is essential for maintaining the normal ciliary beating pattern

and coordinated beating of MCB in zebrafish.

To determine how Ccdc57 regulates ciliary beating, the ultra-

structure of the axoneme was investigated by transmission electron

microscopy (TEM). Unfortunately, TEM observation of the BV cilia

failed, and the ultrastructure of the flagellar axoneme in ccdc57

mutant sperm appeared normal. It is proposed that changes in the N-

DRC are subtle and not detectable using standard TEM (Horani et al.,

2013). Thus, the ultrastructural defects in ccdc57 mutants might be

missed due to the detection limits of standard TEM.

The epinephrine signal transported by CSF flow is important to

straighten the body axis in zebrafish. Epinephrine signals are trans-

ported to nerve cells around the spinal canal and induce the

expression of urotensins, which then bind to their receptors,

expressed on slow-twitch muscle cells, to promote contraction

supporting body axis extension (Zhang et al., 2018). In this study,

urotensin signals were significantly downregulated in ccdc57 mutant

embryos that finally developed ventral curvature. While treated with

epinephrine, the curved body axis of ccdc57 mutants was reversed,

even into a dorsal curvature. With its one-directional flow, the speed

of CSF flow reflects the total CSF production and the amounts of

materials transported. The disrupted cilia beating in ccdc57 mutants

resulted in compromised CSF flow and less epinephrine delivered.

Thus, the ccdc57 mutants finally developed ventral curvature

accompanied by downregulated urotensin signaling. However, when

treated with an overdose of epinephrine, the epinephrine signal was

increased significantly through permeation, and the treated embryos



Fig. 6. Rescue experiment by ccdc57 mRNA injection and epinephrine treatment. A: External phenotypes of WT and MZccdc57 mutant embryos and WT and MZccdc57 mutant

embryos with ccdc57 mRNA injection. B: Examination of ccdc57 mRNA levels by qPCR in WT and MZccdc57 mutant embryos and MZccdc57 mutant embryos with ccdc57 mRNA

injection. C: External phenotypes of WT and MZccdc57mutant embryos and WT and MZccdc57mutant embryos treated with epinephrine. D: Relative expression of urotensins and their

receptors in MZccdc57 mutant embryos and mutants treated with epinephrine. E: Relative expression of urotensins and their receptors in WT, MZccdc57 mutant embryos and

MZccdc57mutant embryos injected with ccdc57 mRNA. Data were presented as mean ± SD. Statistical analysis performed by one-way ANOVA. Results marked with different letters (a,

b, or c) are significantly different (P < 0.05). *, P < 0.05. Scale bar, 1 mm (A and C).
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could even develop dorsal curvature. Interestingly, overexpression of

ccdc57 could also reverse the body axis of embryos dorsally into the

curly phenotype. Observations of ciliary beating revealed coordi-

nated ciliary beating of MCB in ccdc57-overexpressing embryos.

Thus, it was speculated that the coordination of MCB in WT zebrafish

was not saturated and that ccdc57 overexpression could induce

enhanced CSF flow and transport more epinephrine signals. This

speculation was confirmed by upregulated urotensin signaling with

increased expression of urotensins and their receptors. In addition,

both epinephrine treatment and ccdc57 overexpression led to dorsal

curvature effects, as well as edema, in the cardiac cavity. These

results strongly demonstrate that ccdc57 regulates the body axis

through epinephrine and urotensin signaling.

In this study, we revealed that dysfunction of ccdc57 could

disrupt the coordinated beating of MCB in BV by changing the cilia

beat pattern, resulting in scoliosis in zebrafish. However, the mech-

anism by which Ccdc57 regulates the cilia beat pattern remains

unclear. The precise ultrastructure of the axoneme and the location of

the Ccdc57 protein in the axoneme need to be investigated further.

Materials and methods

Zebrafish maintenance

All zebrafish (AB strain) were maintained on a 14-h light and 10-h

dark cycle at 28.5�C in a circulated water system and fed newly

hatched brine shrimp. All fish experiments were conducted in

accordance with the Guiding Principles for the Care and Use of
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Laboratory Animals and were approved by the Animal Care Com-

mittee of Hunan Normal University (Permit Number: 4236). The fish

were deeply anesthetized with 0.016% tricaine (Sigma‒Aldrich, St.
Louis, MO, USA) before dissection.

Generation of the ccdc57 knockout line

ccdc57 was knocked out via the CRISPR/Cas9 strategy. The

target in the first exon of ccdc57 was: GGAGGAAAGGGACAAA-

GAGC. The gRNA was transcribed with a TranscriptAid T7 High Yield

Transcription Kit (K0441, Thermo Scientific Fermentas, Waltham,

MA, USA). Cas9 mRNA was synthesized using the T3 mMESSAGE

mMACHINE Kit (AM1348, Ambion, Austin, TX, USA). A mixture with

gRNA and Cas9 mRNA at 50 ng/mL and 100 ng/mL, respectively, was

injected into one- or two-cell stage embryos. The target region was

amplified using the primers listed in Table S1. The genotype of the

mutant zebrafish was identified through Sanger sequencing in the F1

population. The homozygotes were obtained by crossing F1 mutants

with the same genotype. Groups with different genotypes in the F2

population were identified using DNA PAGE gel electrophoresis.

Calcein staining

Immersion solutions (0.2%) were prepared by dissolving 2 g of

calcein powder (Sigma Chemical, St. Louis, MO) in 1 L of deionized

water with an appropriate amount of NaOH (0.5 N) added to restore

the pH to neutral. Zebrafish embryos were immersed in the solution in

Petri dishes for 10 min and then rinsed twice in fresh water for 5 min
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each to eliminate nonspecific binding. The embryos were then placed

in 1% methylcellulose in confocal dishes, and observations were

carried out using a Leica M205 FCA microscope.
Micro-CT

Adult zebrafish were fixed in 4% paraformaldehyde overnight at

4�C. Fixed specimens were mounted in 1% low-melt agarose

(Sigma) in a plastic vial. Samples were scanned for 1 h using a

SkyScan1172 high resolution Micro-CT scanner (Bruker Micro-CT,

Belgium) with X-ray power at 45 kVp and 218 mA. All three-

dimensional micro-CT datasets were reconstructed with 18 mm
isotropic resolution. The images were then analyzed using Amira

software (TGS Inc., Berlin, Germany).
ccdc57 mRNA injection

The ccdc57 cDNA sequence was amplified from the embryo-

stage cDNA and cloned into the pCSII vector with the primers lis-

ted in Table S2. The constructed plasmid was linearized and tran-

scribed using the Sp6 mMessage mMachine kit (Invitrogen, USA).

Purified ccdc57 mRNA was collected from the reaction system after

LiCl precipitation and injected into one-cell-stage embryos at a

concentration of 20 ng/mL.
Whole-mount in situ hybridization

Fragments of ccdc57 cDNA from 2681 to 3127 base pairs were

amplified with the primers listed in Table S3. The ccdc57 fragment

was cloned into the pGEM-T vector, linearized and then transcribed

into antisense probes labeled with digoxigenin-UTP. The procedure

was carried out as described previously (Thisse and Thisse, 2008).
Fluorescent dye injection

Embryos were anesthetized with 0.2 mg/mL tricaine at 3 dpf and

then incubated with 20 mM 2,3-butanedione monoxime (BDM,

Sigma) for 5 min to stop the heartbeat. Next, they were placed in the

groove of a 1% agarose plate in a drop of egg water as previously

described (Lowery and Sive, 2005). The anterior ventricle was

microinjected with 2 nLe10 nL dextran conjugated to rhodamine (5%

in 0.2 mol/L KCl, Sigma). The fluorescent molecules then diffused

through the brain cavities, and micrographs were taken at 5 min,

10 min, 15 min, 20 min, and 30 min with a Leica M205 FCA micro-

scope after injection. The distance that the dye traveled was

measured using ImageJ software.
Immunofluorescence of whole embryos

The cilia were visualized by immunofluorescence with a mouse

anti-acetylated a-tubulin antibody (T6793; Sigma) and a goat anti-

mouse secondary antibody, performed as described previously

(Jaffe et al., 2010). An HA-tagged version of ccdc57 mRNA was

injected into the embryos to investigate the localization of Ccdc57,

and immunofluorescence was performed with a rabbit anti-HA anti-

body (3724T, CST) and a goat anti-rabbit secondary antibody.

Confocal images of the cilia in the embryonic brains were taken with

an FV1200 microscope (Olympus, Japan) under 100� objective

lenses, with the head of the embryo squashed onto slides. The

lengths of the brain cilia were measured by using ImageJ software.

Statistical analysis was performed using Student’s t-test.
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Scanning electron microscopy (SEM)

Adult zebrafish were decapitated, and the brains were removed

from the skull and surrounding tissue. Isolated whole brains were

immediately fixed by immersion in 2.5% glutaraldehyde for 1 h and

then sliced on the sagittal plane along the midline and fixed in 2.5%

glutaraldehyde overnight at 4�C. The samples were then rinsed in

0.1 M sodium cacodylate buffer with 0.2 M sucrose (pH 7.3) and

gradually dehydrated in an ethanol gradient. The samples were

mounted on aluminum stubs, vacuum dried, coated with gold, and

then imaged on a JSM-6360 LV SEM (Japan).
Transmission electron microscopy (TEM)

Zebrafish testes were collected and fixed in 2.5% glutaraldehyde,

postfixed with 1% OsO4 in the presence of potassium ferricyanide,

dehydrated through an ethanol series, transitioned to propylene ox-

ide and embedded in epoxide resin. Ultrathin sections were picked

up on 300-mesh copper grids, poststained with 6.25% uranyl acetate

in 50% methanol, and examined with an HT7800 transmission

electron microscope (Japan).
Ciliary beating observation

The cilia axoneme of zebrafish was labeled with Red Fluores-

cence Protein by injecting arl13b-RFP mRNA into one-cell stage

embryos at a concentration of 150 ng/mL. Then, the injected embryos

at 24 hpf were observed, and ciliary motility was recorded using a

dragonfly microscope (Dragonfly, Andor Technology, UK) at a speed

of 100 frame/s.
Computer-assisted sperm analysis (CASA)

The semen of WT and ccdc57 mutant males was collected and

stored in Hanks’ solution. Then, the sperm were activated by adding

fresh water, and the sperm motility parameters were calculated

through CASA. The value of each parameter was determined using

the Sperm Quality Analyzer according to the manufacturer’s in-

structions (CEROS II, Australia). Statistical analysis was performed

using Student’s t-test.
Epinephrine treatment

WT and mutant embryos from the bud stage (10 hpf) were treated

with epinephrine (Sigma E4642) at a final concentration of 10 mg/mL

in the egg water. The epinephrine was refreshed every 4 h during the

daytime. After treatment, images were captured using an M165FC

microscope equipped with a Leica DFC450C camera.
RT-PCR and qPCR

Total RNA was purified from embryos using TRIzol reagent (Invi-

trogen, Carlsbad, CA, USA) according to standard protocols. The

cDNAs were synthesized using the Reverse Aid First-Strand cDNA

Synthesis Kit (K1622, Thermo Scientific, Waltman, MA, USA) ac-

cording to the manufacturer’s instructions. PCR primers spanning

the introns were designed based on the National Center for

Biotechnology Information (NCBI) database, as listed in Table S4.

The qPCR was performed using PowerUp SYBR Green Master Mix

on an ABI QuantStudio™ 5 Real-Time PCR System (Life Technolo-

gies, USA).
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