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Abstract
Multiple morphological abnormalities of the flagella (MMAF) is a severe disease of male infertility, while the pathogenetic 
mechanisms of MMAF are still incompletely understood. Previously, we found that the deficiency of Ccdc38 might be 
associated with MMAF. To understand the underlying mechanism of this disease, we identified the potential partner of this 
protein and found that the coiled-coil domain containing 146 (CCDC146) can interact with CCDC38. It is predominantly 
expressed in the testes, and the knockout of this gene resulted in complete infertility in male mice but not in females. The 
knockout of Ccdc146 impaired spermiogenesis, mainly due to flagellum and manchette organization defects, finally led to 
MMAF-like phenotype. Furthermore, we demonstrated that CCDC146 could interact with both CCDC38 and CCDC42. It 
also interacts with intraflagellar transport (IFT) complexes IFT88 and IFT20. The knockout of this gene led to the decrease 
of ODF2, IFT88, and IFT20 protein levels, but did not affect CCDC38, CCDC42, or ODF1 expression. Additionally, we 
predicted and validated the detailed interactions between CCDC146 and CCDC38 or CCDC42, and built the interaction 
models at the atomic level. Our results suggest that the testis predominantly expressed gene Ccdc146 is essential for sperm 
flagellum biogenesis and male fertility, and its mutations might be associated with MMAF in some patients.
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Background

Infertility is a widespread human health issue, affecting 
10–15% of couples worldwide, and male factors account 
for around 50% of these cases [1, 2]. Male infertility is clini-
cally diagnosed as absence of spermatozoa in the ejaculate 
(azoospermia), decreased sperm concentration (oligozoo-
spermia), lower sperm motility (asthenozoospermia), or 
reduced percentage of morphologically normal sperm (tera-
tozoospermia) [3–5]. MMAF is a subtype of asthenoterato-
zoospermia characterized by immotile spermatozoa present-
ing severe flagellar malformations [6]. Asthenozoospermia 
and teratozoospermia usually come from some defects of 
spermiogenesis.

Spermiogenesis is the final stage of development that 
involves complex and highly ordered differentiation of 
spermatids. This process is characterized by reshaping 
spermatids, including elongation and condensation of the 
nucleus, and the development of specific structures such as 
the acrosome, the transient manchette, the flagellum, and the 
shedding of the cytoplasm [7, 8]. Spermatozoa are highly 
specialized cells with a head containing genetic information 

and a tail that moves vigorously to reach eggs. The axoneme, 
a motility apparatus composed of “9 + 2” microtubules, is 
the core structure of tails. The sperm tail can be divided 
into three parts, including the midpiece, principal piece, 
and endpiece [9, 10] according to the accessory structures 
surrounding the axoneme. Mitochondrial sheath surrounds 
outer dense fibers (ODFs) in the midpiece, whereas fibrous 
sheath (FS) surrounds and replaces ODF 3 and ODF 8 in the 
principal piece, and the end piece consists of the axoneme 
only [11, 12].

Abnormalities of the axoneme and accessory structures 
mainly result in asthenozoospermia, associated with mor-
phological flagellar defects such as abnormal tails, irregu-
lar mitochondrial sheaths, and irregular residual cytoplasm 
[13]. Previous studies have identified about 43 MMAF-
related genes [14, 15], mainly from the DNAH protein fam-
ily [16–21], coiled-coil domain containing (CCDC) protein 
family [22–24], cilia- and flagella-associated protein (CFAP) 
family [25–36] and other flagellum biogenesis and morpho-
genesis related proteins [37–54]. Mutations in these genes 
cause MMAF, characterized as sperm without flagella or 
with short, coiled, or irregular flagella [55]. Although an 
increasing number of studies explore the genetic etiology 
of MMAF, the pathogenetic mechanisms of MMAF are still 
not completely elucidated.

The coiled-coil domain-containing (CCDC) proteins have 
been investigated in the last decade for their multifunctional 
roles in general and male reproductive physiology [56–66]. 
CCDC proteins essentially contain the coiled-coil domain, 
a highly conserved superhelical protein motif characterized 
by one or more alpha-helical peptides wrapped around each 
other in a superhelical fashion [67, 68]. About 10% of an 
organism’s proteome is estimated to comprise the coiled-
coil-forming sequences [69]. CCDC proteins are expressed 
in various tissues, their localizations in cells are varied, and 
they play functional roles in most physiological processes 
[70]. Most of the CCDC proteins in the male reproductive 
system are expressed in the testis, epididymis, seminal vesi-
cle, or prostate [56]. In the testis, CCDC proteins are local-
ized in the seminiferous duct cells, Leydig cells, and matur-
ing spermatocytes [56]. Knockout of Ccdc42 causes sterility 
in male mice with malformation of the head-to-tail coupling 
apparatus (HTCA) and the sperm tail [71]. CCDC38 is also 
essential for spermiogenesis and flagellum biogenesis [72]. 
The knockout of Ccdc38 results in an MMAF-like phe-
notype in mice. Besides, CCDC42 and CCDC38 mediate 
ODF2 transport during flagellum biogenesis [72, 73]. Both 
proteins are essential for flagellum biogenesis and fertil-
ity in male mice, suggesting mutations of these two genes 
might be associated with male infertility in humans [71–73]. 
Understanding the molecular causes of MMAF requires 
identifying the components of these complex molecular 
machines in spermiogenesis.

Fig. 1  The knockout of Ccdc146 leads to male infertility. A 
CCDC146 was related to CCDC38 predicted by the STRING data-
base. B CCDC146 interacted with CCDC38. pCSII-MYC-Ccdc146 
was transfected into HEK293T cells with pEGFP-C1-Ccdc38, 48 
hours after transfection, cells were collected for immunoprecipita-
tion with anti-MYC, and detected by anti-GFP or anti-MYC anti-
bodies, respectively. C CCDC146 co-localized with CCDC38 and 
γ-TUBULIN in Hela cells. pCSII-MYC-Ccdc146 and pEGFP-C1-
Ccdc38 were co-transfected into Hela cells. 24  h after transfection, 
cells were fixed and stained with anti-MYC and anti-γ-TUBULIN or 
anti-GFP  antibodies, and the nucleus was stained with DAPI. Scale 
bar: 5 μm. D The expression of Ccdc146 in different tissues of adult 
mice. GAPDH was used as a loading control. E The expression of 
Ccdc146 on different days. TUBULIN was used as a loading con-
trol. F The schematic illustration of the knockout strategy for gen-
erating Ccdc146−/− mice lacking exon 3–7. Primer-F1, Primer-R1, 
and Primer-R2 were used as the genotyping primers. G Genotyping 
of Ccdc146−/− mice. H Western blotting of CCDC146 indicated the 
depletion efficiency in Ccdc146−/− male mice. I Ccdc146−/− male 
mice were infertile. The Y axis represents the average number of 
offspring per litter. Data are presented as means ± SEM. two-tailed 
Student’s t test; ***P < 0·001. J The number of pups per litter of the 
different crossing possibilities. Data are presented as means ± SEM. 
two-tailed Student’s t test; ns: no significance; ***P < 0.001. K The 
sex ratio of the pups of the different crossing possibilities. Data are 
presented as means ± SEM. two-tailed Student’s t test; ns: no signifi-
cance; ***P < 0.001. L The size of the Ccdc146+/+ and Ccdc146−/− 
mice testes were unaffected. M Testis from Ccdc146+/+ and 
Ccdc146−/− male mice had no obvious difference in weight (n = 5). 
Data are presented as means ± SEM. two-tailed Student’s t-test; ns: 
no significance. N The body weight of Ccdc146+/+ and Ccdc146−/− 
male mice had no obvious difference (n = 5). Data are presented as 
means ± SEM. two-tailed Student’s t-test; ns: no significance. O The 
testis/body weight ratios in Ccdc146+/+ and Ccdc146−/− male mice 
were consistent (n = 5). Data are presented as means ± SEM. two-
tailed Student’s t-test; ns no significance
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Here, we identified CCDC146, which is highly expressed 
in the testis, can interact with CCDC38 and CCDC42. 
Importantly, Ccdc146−/− male mice show an abnormally 
elongated manchette and a MMAF-like phenotype. We 

found that the CCDC146 might interact with CCDC42 and 
CCDC38 to facilitate the transportation of some proteins via 
the IFT pathways during flagellum biogenesis. Additionally, 
all these proteins are essential for flagellum biogenesis and 
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fertility in male mice, suggesting mutations of these genes 
might be associated with male infertility in humans.

Results

Ccdc146 is predominantly expressed in the testis

Recently, we found that the knockout of a testis-specific 
expressed gene Ccdc38 results in an MMAF-like pheno-
type [72]. To further understand the molecular mechanisms 
underlying MMAF, we tried to identify its potential interact-
ing partners which might also be associated with this dis-
ease. We analyzed the potential interaction networks by the 
Search Tool for the Retrieval of Interacting Genes/Proteins 
(STRING), and found that CCDC146 might be related to 
CCDC38 in human beings (Fig. 1A). Both of these two pro-
teins were defined as centrosome-associated proteins during 
the assessment of bovine sperm samples [74]. To detect if 
there were real interaction or not, we constructed pEGFP-
C1-Ccdc38 and pCSII-MYC-Ccdc146 plasmids. They were 
cotransfected into human embryonic kidney 293 express-
ing SV40 large T antigen (HEK293T) cells, then followed 
by reciprocal immunoprecipitation with either anti-MYC 
or anti-GFP antibody, and found that both of them can be 
immunoprecipitated by the other one (Fig. 1B). Addition-
ally, pCSII-MYC-Ccdc146 and pEGFP-C1-Ccdc38 were 
transfected into HeLa cells respectively. After immunofluo-
rescence with anti-MYC antibodies and anti-γ-TUBULIN 
or anti-GFP antibodies, we found that CCDC146 colocal-
ized with γ-TUBULIN and CCDC38 (Fig. 1C), suggesting 
that CCDC146 indeed interacts with CCDC38. Then we 

examined its expression pattern in different tissues and found 
that it was predominantly expressed in the testis (Fig. 1D). 
Further immunoblotting of mouse testis lysates prepared 
from different days after birth was carried out. CCDC146 
was detected in the testis at postnatal day 21 (P21), and the 
level increased continuously from postnatal P28 onward, 
with the highest levels detected in the adult testes (Fig. 1E). 
This time course corresponded with the onset of spermio-
genesis, suggesting that CCDC146 might participate in this 
process.

Ccdc146 knockout leads to male infertility

To characterize the potential functions of CCDC146 during 
spermiogenesis, Ccdc146−/− mice were created using the 
CRISPR-Cas9 system from Cyagen Biosciences. Exon 3 to 
exon 7 of the Ccdc146 gene was selected as the target site 
(Fig. 1F). The founder animals were genotyped by genomic 
DNA sequencing and further confirmed by polymerase 
chain reaction. Two primers were designed to identify the 
Ccdc146−/− mice (Fig. 1F); the size of the Ccdc146 locus 
in Ccdc146+/+ mice was 740 bp, while the size of the locus 
in Ccdc146−/− mice was 554 bp (Fig. 1G). To confirm the 
knockout of this gene, we generated a rabbit anti-CCDC146 
antibody following its purification, it was verified by stain-
ing the Hela cells, which were transfected with pCSII-MYC-
Ccdc146 plasmid. We found that both anti-MYC and anti-
CCDC146 antibodies colocalized to each other (Supplement 
Fig. S1A), suggesting the anti-CCDC146 antibody is specific 
to this protein. Furthermore, immunoblotting detection of 
CCDC146 indicated that the CCDC146 protein was success-
fully eliminated in the testis of Ccdc146−/− mice (Fig. 1H). 
Hence, we next examined the fertility of Ccdc146+/+ and 
Ccdc146−/− mice. Ccdc146−/− male mice exhibited normal 
mounting behaviors and produced coital plugs but failed to 
produce offspring after mating with WT adult female mice 
(Fig. 1I–K), while the fertility of Ccdc146 knockout female 
mice appeared normal (Fig. 1J, K). However, the knockout 
of Ccdc146 did not affect either testis size (Fig. 1L) or the 
ratio of testis weight to body weight (Fig. 1M–O). Taken 
together, the knockout of Ccdc146 leads to male infertility.

Ccdc146 knockout leads to MMAF in male mice

To further explore the cause of male infertility, we observed 
the transverse sections of the Ccdc146−/− cauda epididymis 
by hematoxylin and eosin (H&E) staining and found that 
there was a complete lack of spermatozoa or only a few 
spermatozoa in the epididymal lumen of Ccdc146−/− mice 
(Fig. 2A). We examined the spermatozoa released from the 
caudal epididymis and found that the sperm count in the 
Ccdc146−/− mice was significantly decreased compared with 
Ccdc146+/+ mice (Fig. 2B). To determine the morphological 

Fig. 2  Ccdc146 knockout results in MMAF. A H&E staining of the 
caudal epididymis of Ccdc146+/+ and Ccdc146−/− mice. B Sperm 
number obtained from Ccdc146+/+ and Ccdc146−/− mice (n = 5). 
Data are presented as means ± SEM. two-tailed Student’s t test; 
***P < 0.001. C Scanning electron microscopy analysis of sper-
matozoa from the epididymis of Ccdc146+/+ and Ccdc146−/− mice. 
Six abnormal sperm phenotypes were observed: short tail, curly tail, 
and tailless with normal or abnormal head. D The percentage of dif-
ferent spermatozoa observed in Ccdc146+/+ and Ccdc146−/− cau-
dal epididymis. E Motile sperm in Ccdc146+/+,  Ccdc146+/-  and 
Ccdc146−/− mice (n = 3). Data are presented as means ± SEM. two-
tailed Student’s t test; ns: no significance; ***P < 0.001. F Progres-
sive sperm in Ccdc146+/+, Ccdc146+/- and Ccdc146−/− mice (n = 3). 
Data are presented as means ± SEM. two-tailed Student’s t test; ns: 
no significance; ***P < 0.001. G The straight-line velocity of sperm 
from Ccdc146+/+, Ccdc146+/- and Ccdc146−/− mice (n = 3). Data are 
presented as means ± SEM. two-tailed Student’s t test; ns: no sig-
nificance; ***P < 0.001. H The curvi  linear velocity of sperm from 
Ccdc146+/+, Ccdc146+/- and Ccdc146−/− mice (n = 3). Data are pre-
sented as means ± SEM. two-tailed Student’s t test; ns: no signifi-
cance; ***P < 0.001. I The amplitude of lateral head displacement of 
sperm from Ccdc146+/+, Ccdc146+/-  and Ccdc146−/− mice. (n = 3). 
Data are presented as means ± SEM. two-tailed Student’s t test; ns: no 
significance; ***P < 0.001

◂



 Y. Ma et al.

1 3

    1  Page 6 of 20

characteristics of the spermatozoa, we performed scanning 
electron microscopy (SEM) of single-sperm, further reveal-
ing the morphological abnormalities of Ccdc146−/− sper-
matozoa (Fig. 2C). The Ccdc146−/− caudal epididymis only 
contained malformed spermatozoa exhibiting the promi-
nent MMAF phenotype of short, coiled, or absent flagella, 
compared with Ccdc146+/+ mice. In addition to the flagella 
abnormality, Ccdc146−/− mice had abnormal sperm heads as 
well (Fig. 2C, D). The ratio of spermatozoa with abnormal 
heads and flagella is shown in Fig. 2D. Abnormal sperm 
heads with short tails and normal sperm heads with curly 
tails were the major defect categories. Using the computer-
assisted semen analysis (CASA) system, the Ccdc146 knock-
out male mice exhibited a significant decrease in sperm 
motility as compared to Ccdc146+/+ and Ccdc146+/- mice 
(Supplementary Movie 1–3). The percentage of motile 
spermatozoa of the Ccdc146+/+ mice was 87.67% and 
the progressive spermatozoa of the Ccdc146+/+ mice was 
25%, while no motile spermatozoa were observed in the 
Ccdc146−/− mice (Fig. 2E, F). We further observed signifi-
cant differences in sperm motility parameters, such as VSL, 
VCL, and ALH, between Ccdc146+/+ and Ccdc146−/− mice. 
(Fig. 2G–I). We also detected the cilia mobility of the res-
piratory tract cilia [26] and found that there was no dif-
ference in the beating of trachea cilia for Ccdc146+/+and 
Ccdc146−/− mice. The movies were provided in Supplemen-
tary Movie 4 and 5. These results indicate that Ccdc146 
is important for sperm motility. Therefore, the knockout 
of Ccdc146 results in an MMAF together with an astheno-
spermia-like phenotype in mice.

CCDC146 is required for spermiogenesis

To address the rationale of knockout of Ccdc146 caus-
ing MMAF, we conducted Periodic acid–Schiff (PAS) 
staining to determine the stages of spermiogenesis in 
Ccdc146−/− and Ccdc146+/+ testes. The most prominent 
defects were observed in the spermatids at the stages of 
spermiogenesis, where abnormally elongated and con-
stricted sperm head shapes were identified (Fig. 3A). 
Spermatid elongation is characterized by the formation 
of a transient microtubular structure, the manchette. The 
manchette microtubules (MTs) are connected to the peri-
nuclear ring, which is closely associated with the acroso-
mal border, and extend progressively towards the caudal 
region, thus forming a skirt-like structure surrounding the 
nucleus [75, 76]. The manchette is essential for nuclear 
reshaping and is considered as a track for delivering car-
gos to assemble HTCA and sperm tail [77]. To clarify 
the detailed morphological effects of the Ccdc146 muta-
tion on the structure of sperm heads, we analyzed the 
process of sperm head shaping between Ccdc146−/− and 
Ccdc146+/+ mice (Fig. 3B). Notably, the acrosome and 

nucleus morphology in Ccdc146−/− spermatids was normal 
compared with Ccdc146+/+ spermatids from step 1 to step 
8, Head shaping started at step 9 to step 10, and the mor-
phology of the elongated Ccdc146−/− spermatid heads was 
normal, compared with that of Ccdc146+/+ mice, whereas 
abnormal club-shaped heads were seen in step 11 sperma-
tids in Ccdc146−/− mice. This phenomenon became more 
apparent between step 11 and step 16 (Fig. 3B). In conclu-
sion, these results indicate that CCDC146 is required for 
normal spermiogenesis.

CCDC146 is required for sperm flagellum biogenesis 
and manchette function

H&E staining was used to further observe the morpho-
logical changes of the seminiferous tubules. The semi-
niferous tubules of Ccdc146+/+ mice had a tubular lumen 
with flagella appearing from the developing spermatids. 
In contrast, the flagella were abnormal in the seminifer-
ous tubules of Ccdc146−/− mice (Fig. 4A). These obser-
vations suggest that CCDC146 plays a vital role in flagel-
lum biogenesis. To determine the causes of the flagellum 
defects in Ccdc146−/− mice, we investigated the effect 
of Ccdc146 knockout on flagellum biogenesis using the 
antibody against acetylated tubulin, a flagellum-specific 
marker [78]. Unlike the well-defined flagellum of the con-
trol group, the axoneme was absent in step 2–3 spermatids 
in Ccdc146−/− mice (Fig. 4B). In step 4–6, abnormally 
formed flagella were found in Ccdc146−/− testis sections 
(Fig. 4B). The presence of long and abnormal sperma-
tid heads suggested defects in the function of the man-
chette, which is involved in sperm head shaping. Immu-
nofluorescence staining for α/β-tubulin antibody showed 
that manchette formation was normal in step 8 to step 10 
spermatids in Ccdc146−/− mice, while the manchettes 
of Ccdc146−/− mice spermatids were abnormally longer 
than WT controls during step 11 to step 13 (Fig.  4C, 
D). We performed transmission electron microscopy to 
study the organization of the sperm manchette in detail 
in Ccdc146−/− mice. During the chromatin condensation 
period starting from step 11 spermatids, the manchette 
of Ccdc146−/− mice appeared abnormally long, and the 
perinuclear ring constricted the sperm nucleus, causing 
severe defects in sperm head formation (Fig. 4C, D). The 
SOX9 staining [79] showed that the Sertoli cells were not 
affected by Ccdc146 knockout (Supplement Fig. S2A). 
We also detected the trachea cilia in Ccdc146−/− mice, 
and we found that it is similar to that of the Ccdc146+/+ 
mice (Supplement Fig. S3A). Thus, Ccdc146 knockout 
causes severe defects in sperm flagellum biogenesis and 
manchette function.
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Fig. 3  Impaired spermiogenesis in Ccdc146−/− mice. (A) PAS-
hematoxylin staining of Ccdc146−/− testis sections showed abnormal 
sperm nuclear shape. rSt round spermatid, spt spermatozoa, M mei-
otic spermatocyte, eSt elongating spermatid. The asterisk indicates 

abnormally elongated spermatids at stage XI in Ccdc146−/− mice. 
(B) PAS-hematoxylin staining of spermatids at different steps from 
Ccdc146+/+ and Ccdc146−/− mice. Scale bars: 10 μm (A); 2·5 μm (B)
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ODFs and axonemes were abnormally organized 
in the Ccdc146−/− spermatozoa

To dissect the mechanism underlying the defects of flagellum 
biogenesis, we sought to investigate whether the knockout 
of Ccdc146 affected the internal structure of mature sperm 
flagella. We performed transmission electron microscopy in 
the epididymis and observed that the ODFs and axonemes 
were abnormally organized in the Ccdc146−/− spermatozoa. 
Intriguingly, we noticed that there were several extra ODFs 
in the flagellum of Ccdc146−/− mice (Fig. 5A). Then, we 
used immunofluorescence to analyze the localization of 
ODF2 and tubulin in epididymal spermatozoa. ODF2 co-
localized with α-tubulin in the midpiece and principal piece 
of Ccdc146+/+ sperm tails. In contrast, it displayed abnor-
mal signals in the short tails of Ccdc146−/− spermatozoa 
(Fig. 5B, white arrow).

To reveal how CCDC146 affects ODF transport, we co-
transfected with pCSII-MYC-Ccdc146, pEGFP-C1-Odf1, 
pCDNA-HA-Odf2, and pEGFP-C1-Odf4 in HEK293T cells. 
Interestingly, we found that ODF1 and ODF2 were not co-
immunoprecipitated with CCDC146-, nor the ODF family 
protein ODF4 (Supplement Fig. S4A–D). The above find-
ings reveal that CCDC146 may be involved in ODF assem-
bly through indirect ways. This raises a fundamental ques-
tion of whether CCDC146 indirectly causes ODF assembly 
abnormalities by affecting other proteins interacting with 
ODFs.

Previous studies have indicated that CCDC38 inter-
acts with IFT88 and ODF2, and the knockout of Ccdc38 
reduces the transport of ODF2 to the flagellum [59]. We also 
detected the interaction between the intraflagellar transport 
(IFT) complexes and CCDC146. Our findings indicated that 
CCDC146 can interact with IFT88 and IFT20, suggesting 
its potential involvement in the IFT pathways. (Supplement 
Fig. S4E, F). In addition, it has been reported that CCDC42 
can interact with ODF1 and ODF2, and is involved in 

sperm flagellum biogenesis [71, 73]. We wondered whether 
CCDC146 affects ODF transportation by interacting with 
CCDC38 and CCDC42.

CCDC146 interacts with CCDC38 and CCDC42

pCSII-MYC-Ccdc146 was then expressed in HEK293T cells 
and followed by immunoprecipitation experiments using 
the anti-MYC antibody, demonstrating that CCDC146 co-
immunoprecipitated with CCDC38 and CCDC42 (Fig. 1B, 
Fig. 6A). The interaction between CCDC146 and CCDC38 
or CCDC42 can also be detected in the mice testes (Fig. 6B). 
To further examine their relationship, we performed immu-
noblotting of CCDC42, CCDC38, ODF2, IFT88, IFT20, 
and ODF1 in the Ccdc146+/+ and Ccdc146−/− mice testes 
(Fig. 6C, Supplement Fig. S5).

We found that ODF2, IFT88, and IFT20 expression 
levels were significantly reduced in Ccdc146−/− testicular 
lysate (Fig. 6C, D) compared to that of the Ccdc146+/+. 
Notably, we did not observe any significant changes in 
CCDC38, CCDC42, and ODF1 levels in the Ccdc146−/− tes-
ticular lysate. These results indicated that CCDC146 might 
participate in the ODF2 transport via the IFT pathways.

To further examine the relationship between CCDC146 
and CCDC38 or CCDC42, we performed a docking experi-
ment using HDOCK [80] to investigate the binding mode 
between CCDC146 and CCDC38 or CCDC42. The R547 
and D541 of CCDC146 formed hydrogen-bonding inter-
actions with E144 and R24 of CCDC38, respectively 
(Fig. 6E). Moreover, the Y245 and L232 of CCDC146 
were also able to form hydrogen-bonding interactions with 
L289 and K252 of CCDC42, respectively (Fig. 6F). To 
explore the relationship between them, we combined the 
two docking modes using Chimera [81]. We found that 
the binding region of CCDC146 and CCDC38 is inde-
pendent of the binding region of CCDC42 and CCDC146. 
Additionally, with regard to their spatial relationship, the 
binding of CCDC42–CCDC146 will not interfere with 
the binding of CCDC38–CCDC146 in the 3D structure 
(Fig. 6G). To elucidate the role of interaction residues on 
CCDC146, we changed the properties of the aforemen-
tioned binding sites to validate the interactions between 
CCDC146 and CCDC38 or CCDC42 by generating point 
mutations in CCDC146. We replaced leucine with arginine 
(L232R), tyrosine with aspartic acid (Y245D), aspartic 
acid with arginine (D541R), and arginine with aspartic 
acid (R547D), respectively. CCDC38 and CCDC146 muta-
tions (D541R, R547D) were expressed in HEK293T cells 
and followed by immunoprecipitation experiments using 
the anti-MYC antibody, demonstrating that CCDC146 
cannot co-immunoprecipitate with CCDC38 when the 
hydrogen-bonding interactions were disrupted (Fig. 6H, I). 
Co-IP assays also showed no interaction between CCDC42 

Fig. 4  Disorganized flagellum and manchette in Ccdc146−/− sperma-
tids. A The histology of the seminiferous tubules from Ccdc146+/+ 
and Ccdc146−/− male mice. B Immunofluorescence analysis of Ac-
TUBULIN (red) and PNA lectin (green) to identify sperm flagellum 
biogenesis. C Abnormal manchette elongation in Ccdc146−/− sper-
matids. Spermatids from different manchette-containing steps were 
stained with α/β-TUBULIN antibody (red) to visualize the man-
chette. Ccdc146−/− spermatids displayed abnormal elongation of 
the manchette. D Statistical analysis of the length of the manchette. 
The color columns indicate the manchette length of the Ccdc146−/− 
spermatids in different steps, while the black columns indicate the 
manchette length of the Ccdc146+/+ spermatids. Data are presented 
as means ± SEM. two-tailed Student’s t test; ns no significance; 
***P < 0.001. E TEM revealed that the manchette of elongating sper-
matids (steps 9–11) from Ccdc146.−/− mice were ectopically placed. 
The red arrowhead indicates the abnormal manchette. Scale bars: 
100 μm (A); 50 μm (A); 20 μm (B); 15 μm (A); 10 μm (B); 5 μm (C); 
2·5 μm (E)
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Fig. 5  Impaired ODF transportation in Ccdc146−/− spermatids. A 
Cross-sections of Ccdc146−/− sperm tails revealed the disorganization 
of axonemal microtubules and tail accessory structures. Red arrow-
heads indicate an increase in outer dense fibers. B Immunofluores-

cence of ODF2 (green) and α-TUBULIN (red) in spermatids from 
Ccdc146+/+ and Ccdc146−/− mice. Nuclei were stained with DAPI 
(blue). Scale bars: 250 nm (A); 10 μm (B)
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Fig. 6  CCDC146 interacts with CCDC38 and CCDC42. A CCDC146 
interacted with CCDC42. pCSII-MYC-Ccdc146 were transfected 
into HEK293T cells with pEGFP-C1-Ccdc42 48 hours after transfec-
tion; cells were collected for immunoprecipitation with anti-MYC, 
and detected by anti-GFP or anti-MYC antibodies, respectively. B 
CCDC146 interacted with CCDC38 and CCDC42 in testis. Co-IP 
of CCDC38 and CCDC42 with FLAG-CCDC146 from testis lysate 
using anti-FLAG magnetic beads, followed by western blotting 
with anti-CCDC38, anti-CCDC42, anti-CCDC146 and anti-FLAG 
(CCDC146) antibodies. C, D Western blots showing CCDC38, 
CCDC42, ODF2, IFT88, IFT20, and ODF1 protein levels in lysates 
from Ccdc146+/+ and Ccdc146−/− mice testes. GAPDH served as a 
loading control. ODF2, IFT88, and IFT20 protein levels were reduced 
in Ccdc146−/− testes compared with Ccdc146+/+ testes. Data are 
presented as means ± SEM. two-tailed Student’s t test; ns: no sig-

nificance; *P < 0·1; **P < 0·01. E Binding mode of CCDC38 on 
the CCDC146 predicted by docking. Detailed interaction network 
between CCDC38 and CCDC146. Key residues of CCDC146 (blue) 
and CCDC38 (light red) are displayed as sticks. H-bonds are dis-
played in dash lines. F Binding mode of CCDC42 on the CCDC146 
predicted by docking. Detailed interaction network between CCDC42 
and CCDC146. Key residues of CCDC146 (blue) and CCDC38 (light 
yellow) are displayed as sticks. H-bonds are displayed in yellow 
dashed lines. G Alignment of the mode of CCDC38 and CCDC42 
on the CCDC146 predicted by docking. H–I Interactions between 
CCDC38 and WT or D541, or R547 mutants of truncated CCDC146 
were detected by Co-IP assays. J–K Co-IP assays detected interac-
tions between CCDC42 and WT or L232, or Y245 mutants of trun-
cated CCDC146
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and the CCDC146 mutations (L232R, Y245D), confirming 
that L232R and Y245D on the CCDC146 were essential 
for binding CCDC42 (Fig. 6J, K).

Further, we investigated the sequence and structural 
characteristics of CCDC146. We found that CCDC146 is 
evolutionarily conserved from bony fish to human beings 
(Supplement Fig. S6A, B). Only one potential functional 
domain of CCDC146 (150–920) was predicted by the 
NCBI’s Conserved Domain Database (CDD), whereas 
the other parts of CCDC146 remained unknown (Supple-
ment Fig. S6C). For this reason, MEME was employed to 
predict the conserved motifs of CCDC146 in seven species 
(Homo sapiens, Xenopus laevis, Salmo salar, Alligator 
sinensis, Danio rerio, Mus musculus, Acanthaster planci). 
Though the pairwise similarities of some species were low 
(Supplement Fig. S6D), 10 motifs were identified. It is 
worth noting that motif 8 (E213-D271) was conserved in 
all species and overlapped with the interaction region of 
CCDC42 and CCDC146 (L232 and Y245), while motif 
6 (K493-I591), which contains the interaction region of 
CCDC38 and CCDC146 (D541R, R547D), was only con-
served in Homo sapiens, Xenopus laevis, Alligator sinen-
sis, Mus musculus and Acanthaster planci (Supplement 
Fig. S6E).

CCDC146 mediated ODF2 transportation by CCDC42 
and CCDC38 in different ways

To reveal how CCDC146 influences CCDC42 and CCDC38, 
we performed immunofluorescence co-staining of them. We 
used NIH3T3 cells to explore the relationship of CCDC146, 
CCDC42, and CCDC38 during ciliogenesis because the anti-
body against CCDC42 does not function for immunofluores-
cence. Near the centrosome, an overlapping immunostain-
ing pattern was seen in NIH3T3 cells transiently expressing 
GFP-CCDC38, MYC-CCDC146, and GFP-CCDC42 
(Fig. 7A–C, Supplement Fig. S7A–C). After serum starva-
tion, CCDC38 co-localized with Ac-TUBULIN in the cilia, 
while CCDC146 and CCDC42 still localized to the base of 
cilia (Fig. 7D–F, Supplement Fig. S7D–F). It demonstrated 
that CCDC38 would be transported to cilia during ciliogen-
esis. CCDC146 and CCDC42, on the other hand, would not 
be transported to the cilia.

It was reported that CCDC38 localized to the manchette, 
the sperm connecting piece, and the sperm tail during sper-
matogenesis [72], while CCDC146 was localized to the 
sperm connecting piece and sperm tail during spermiogen-
esis. (Fig. 7G, Supplement Fig. S7G) and the flagellum in 
spermatozoa from cauda of the epididymis (Fig. 7H, Sup-
plement Fig. S7H). To further investigate the localization of 
CCDC146 in the sperm flagellum, we purified FLAG-tagged 
CCDC146 protein and performed Co-IP of sperm flagellum 
proteins with FLAG-CCDC146 using anti-FLAG magnetic 
beads. We found that CCDC146 may interact with micro-
tubule proteins (α-TUBULIN and β-TUBULIN) and micro-
tubule inner proteins (TEKT2 and SPACA9) [82] (Fig. 7I). 
However, CCDC146 can not immunoprecipitated some 
known radial spoke proteins (DYNLL2, PPIL6, NME5) 
[83, 84] or central-pair proteins (SPAG6 and SPAG16) [85, 
86] (Fig. 7I). Previous studies have shown that the Ccdc42 
homolog localizes to the base of motile cilia in T. thermoph-
ila [71]. Loss of Ccdc42 in mice is associated with male 
infertility, and an odd number and positioning of the HTCA, 
and the mutant sperm lack an attached flagellum [71]. There-
fore, we speculate that CCDC146 may play essential roles in 
gate and cargo transportation during flagellum biogenesis.

Discussion

In this study, we have identified the essential role of 
CCDC146 in spermiogenesis and male fertility by gen-
erating Ccdc146–/– mice. Our study demonstrated 
that the Ccdc146–/– mice display MMAF phenotype. 
Ccdc146–/– mice sperm showed abnormal morphology, 
including a misshapen head and flagella assembly failure. 
The fact that Ccdc146 is not expressed until about 21 days 
of age suggests that the gene is not necessary for early cell 

Fig. 7  CCDC146 may facilitate ODF2 transportation by interact-
ing with CCDC42 and CCDC38. A-C CCDC146 co-localized with 
γ-TUBULIN, CCDC38, and CCDC42 in NIH3T3 cells before serum 
starvation. pCSII-MYC-Ccdc146 and pEGFP-C1-Ccdc38 or pEGFP-
C1-Ccdc42 were co-transfected into NIH3T3 cells. 24 h after trans-
fection, cells were fixed and stained with anti-MYC and anti-GFP 
antibodies, and the nucleus was stained with DAPI. D CCDC42 can-
not co-localize with Ac-TUBULIN in NIH3T3 cells during ciliogen-
esis. pEGFP-C1-Ccdc42 were transfected into NIH3T3 cells. After 
serum starvation, cells were fixed and stained with anti-GFP and anti-
Ac-TUBULIN antibodies, and the nucleus was stained with DAPI. 
E CCDC38 co-localized with Ac-TUBULIN in NIH3T3 cells dur-
ing ciliogenesis. pEGFP-C1-Ccdc38 were transfected into NIH3T3 
cells. After serum starvation, cells were fixed and stained with anti-
GFP and anti-Ac-TUBULIN antibodies, and the nucleus was stained 
with DAPI. F CCDC146 cannot co-localize with Ac-TUBULIN in 
NIH3T3 cells during ciliogenesis. pCSII-MYC-Ccdc146 were trans-
fected into NIH3T3 cells. After serum starvation, cells were fixed 
and stained with anti-MYC and anti-Ac-TUBULIN antibodies, and 
the nucleus was stained with DAPI. G The immunofluorescence of 
CCDC146 in Ccdc146+/+ and Ccdc146−/− mice. Testis germ cells 
were stained with anti-CCDC146 antibody, and the nucleus was 
stained with DAPI. H The immunofluorescence of CCDC146 in 
Ccdc146+/+ and Ccdc146−/− mice. Spermatozoa from cauda of the 
epididymis were stained with anti-CCDC146 antibody, and the 
nucleus was stained with DAPI. Scale bars: 2·5 μm (A-F); 5 μm (G); 
10 μm (A-F, H). I CCDC146 may interact with microtubule proteins 
and microtubule inner proteins. Co-IP of sperm flagellum proteins 
with FLAG-CCDC146 from testis lysate using anti-FLAG magnetic 
beads, followed by western blotting with anti-α-TUBULIN, anti-β-
TUBULIN, anti-TEKT2, anti-SPACA9, anti-DYNLL2, anti-PPIL6, 
anti-NME5, anti-SPAG6, anti-SPAG16, and anti-FLAG (CCDC146) 
antibodies. MT microtubule; MIP microtubule inner protein; RS radial 
spoke; CPA central-pair apparatus
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division but instead plays a role in morphogenesis in form-
ing mature sperms (Fig. 1E).

Proper assembly of the sperm axoneme and accessory 
structures is essential for sperm motility and fertilization 
[55, 87–89]. Several genes have been recently reported to 
be associated with defective sperm flagellum development. 
For example, subtle ultrastructure disorganizations were 
reported in Tektin4 knockout mice [90]. Axoneme defects 
were observed in Odf2 null mice [91]. Akap4, Fsip2, and 
Cabyr deficiency in mice resulted in a lack of fibrous sheath 
[92–94]. The ablation of Ropn1 impaired the structure of 
the sperm principal piece [95]. However, there are few 
studies on ODF assembly and transport, and the molecu-
lar mechanisms causing the failure of ODF transportation 
remain largely unknown. Previous studies have indicated 
that CCDC38 interacts with IFT88 and ODF2, and the 
knockout of Ccdc38 influences the transportation of ODF2 
to the flagellum [59]. In addition, it has been reported that 
CCDC42 can interact with ODF1 and ODF2 and is involved 
in sperm flagellum biogenesis [71, 73]. It has been reported 
that CCDC38 localizes to the manchette, the sperm connect-
ing piece, and the sperm tail during spermiogenesis [59]. 
Loss of Ccdc42 in mice is associated with male infertility 
due to absent flagellum. Our study found that CCDC146 
was located in the sperm connecting piece and sperm tail 
at step 13–16 during spermatogenesis. We further validated 
the interaction between CCDC146, CCDC38, and CCDC42 
(Fig. 1B, Fig. 6A–B). CCDC146 was also detected to inter-
act with intraflagellar transport (IFT) complexes IFT88 and 
IFT20. Additionally, we found that the levels of ODF2, 
IFT88, and IFT20 were significantly reduced (Fig. 6C), 
while CCDC38, CCDC42, and ODF1 were not affected 
(Fig. 6D). These results indicated that CCDC146 might 
participate in the transportations of some proteins via IFT 
pathways.

Assembly of sperm flagellum structures requires intra-
manchette transport (IMT) and intraflagellar transport (IFT) 
to the assembly sites [75, 96, 97]. Cargo proteins are trans-
ported through the manchette by IMT to the base of the 
sperm flagellum, and the developing sperm flagellum by 
IFT [98]. Formation of HTCA and sperm tail requires many 
proteins that are presumably transported by manchette. The 
manchette is crucial to nuclear remodeling and is believed 
to be the cargo transport rail for assembling the HTCA and 
sperm tails [71]. The previous study has posed that Ccdc42 
may be a passenger protein transported along the manchette 
from the acrosome-acroplaxome complex to the HTCA. It 
may then determine the correct number, placement, and 
stability of the HTCA. Our study found that CCDC38 and 
CCDC42 could interact with different conserved motifs of 
CCDC146. In this scenario, we speculate that CCDC146 
cooperating with both CCDC38 and CCDC42 facilitates 
the transportation of some proteins along the intraflagellar 

transport (IFT) pathway, promoting their assembly into the 
flagella.

To examine the conservation of CCDC146, we obtained 
its homologues from several representative species, such 
as Mammals, Bird, Reptile, Amphibian, Chondrichthyan, 
and Bony fish, then constructed the phylogenetic tree of 
CCDC146 with MEGA [99] (Supplement Fig. S6A) and 
calculated the evolutionary rate (ω) per codon sites of 
CCDC146 using HyPhy (Supplement Fig.  S6B) [100]. 
According to the phylogenetic tree, we found that CCDC146 
is highly conserved in vertebrate species. Thus, the func-
tion of CCDC146 might also be conserved in these spe-
cies. Recently, a study found that there are two patients 
with homozygous truncating variants in the CCDC146 
(coiled-coil domain containing 146) gene [101], which fur-
ther proved that CCDC146 is conservative in physiological 
function. Besides, that study also found CCDC146 localized 
to the flagellum of mature spermatozoa in both humans and 
mice. However we found that the Ccdc146 gene is highly 
expressed in the testis in mice. The homologue of this gene 
(CCDC146) is also expressed in other tissues or organs in 
human beings, such as the respiratory system, liver, ovary, 
and other tissues according to the human protein atlas 
(https:// www. prote inatl as. org). The phylogenetic tree analy-
sis also showed that this protein is diversified from mouse 
to human. These results suggest that the function of human 
CCDC146 may not be similar to mouse Ccdc146. If there 
were CCDC146 mutations in human beings, the patients 
might have more syndromes rather than MMAF only in 
mice. In addition, the harmful allele had a higher chance 
of being passed on to the next generation than those genes 
that affect both male and female fertility, because Ccdc146 
knockout female mice showed no defects in fertility (Fig. 1J, 
H). Our results suggest that the testis highly expressed gene 
CCDC146 is essential for sperm flagellum biogenesis and 
male fertility.

Methods

Plasmids

Mouse Ccdc146 were obtained from mouse testis cDNA 
and were cloned into the pCSII-MYC vector using the Clone 
Express Ultra One Step Cloning Kit (C115, Vazyme). Mouse 
Ccdc38, Ccdc42, Odf1, Odf4, and Ift88 were obtained from 
mouse testis cDNA, and it was cloned into the pEGFP-C1 
vector. Mouse Odf2 was obtained from mouse testis cDNA, 
and it was cloned into the pCDNA-HA-3.0 vector. Mouse 
Ift20 was obtained from mouse testis cDNA, and it was 
cloned into the pRK vector. pCDNA-HA-3.0vector was 
obtained from Addgene (128034). pCSII-MYC, pRK and 
pEGFP-C1 vectors were obtained from BioVector NTCC.

https://www.proteinatlas.org


CCDC146 is required for sperm flagellum biogenesis and male fertility in mice  

1 3

Page 15 of 20     1 

Animals

The mice Ccdc146 gene is 2934 bp and contains 19 exons. 
The knockout mice of Ccdc146 were generated by the 
CRISPR-Cas9 system from Cyagen Biosciences. The gen-
otyping primers for knockout were: F1: 5’-TCT TAC CCT 
CTG TCA GGT CTCC-3’, R1: 5’-TGG GTT TTA GAA TCA 
CCA CTG CTC -3’, and for WT mice, the specific primers 
were: F1: 5’-TCT TAC CCT CTG TCA GGT CTCC-3’, R2: 5’ 
GCT GGG TAT CAC AGA GTA GTTCC-3’.

All the animal experiments were performed according 
to approved institutional animal care and use committee 
(IACUC) protocols (# 08–133) of the Institute of Zoology, 
Chinese Academy of Sciences.

Antibodies

The following primary antibodies were used for immuno-
fluorescence (IF) and western blotting (WB): mouse anti-
GFP (M20004, Abmart; 1:1000 for WB), rabbit anti-MYC 
(BE2011, EASYBIO; 1:1000 for WB), anti-ODF2 (12058-
1-AP, Proteintech; 1:500 for WB, 1:200 for IF), anti-ODF1 
(24736-1-AP, Proteintech; 1:1000 for WB), mouse anti-
α-Tubulin antibody (AC012, ABclonal; 1:1000 for WB, 
1:100 for IF), rabbit anti-β-Tubulin antibody (10068-1-
AP, Proteintech; 1:1000 for WB), mouse anti-α/β-Tubulin 
antibody (ab44928, Abcam; 1:100 for IF), mouse anti-
GAPDH antibody (AC002, ABclonal; 1:10,000 for WB), 
mouse anti-Ac-Tubulin antibody (T7451, Sigma-Aldrich; 
1:200 for IF), mouse anti-NME5 antibody (12923-1-AP, 
Proteintech; 1:1000 for WB), rabbit anti-DYNLL2 anti-
body (16811-1-AP, Proteintech; 1:1000 for WB), rabbit 
anti-TEKT2 antibody (13518-1-AP, Proteintech; 1:1000 
for WB), rabbit anti-SPACA9 antibody (26034-1-AP, 
Proteintech; 1:1000 for WB), rabbit anti-PPIL6 antibody 
(17452-1-AP, Proteintech; 1:1000 for WB), rabbit anti-
NME5 antibody (12923-1-AP, Proteintech; 1:1000 for 
WB), mouse anti-SPAG6 antibody (H00008382-M04, 
Abnova; 1:1000 for WB), mouse anti-SPAG16 antibody 
(H00079582-M01, Abnova; 1:1000 for WB), rabbit anti-
CCDC38 (generated by Dia-an Biotechnology, Wuhan, 
China; 1:500 for WB), rabbit anti-CCDC146 (generated 
by Dia-an Biotechnology, Wuhan, China; 1:200 for WB, 
1:50 for IF). The Alexa Fluor, 488 conjugate of lectin PNA 
(1:400, L21409, Thermo Fisher Scientific), was used for 
immunofluorescence. The following secondary antibod-
ies were used: goat anti-rabbit FITC (1:200, ZF-0311, 
http:// www. zsbio. com/), goat anti-rabbit TRITC (1:200, 
ZF-0316, Zhong Shan Jin Qiao), goat anti-mouse FITC 
(1:200, ZF-0312, Zhong Shan Jin Qiao), and goat anti-
mouse TRITC (1:200, ZF0313, Zhong Shan Jin Qiao).

Western blotting

As previously reported [102], the tunica albuginea of the tes-
tis was peeled and added to RIPA buffer supplemented with 
1 mM phenylmethylsulfonyl fluoride (PMSF) and protease 
inhibitor cocktail (PIC; Roche Diagnostics, 04693132001). 
The solution was sonicated transiently and then placed on 
ice for 30 min. The samples were centrifuged at 13,523 g 
for 15 min at 4 °C. Next, the supernatants were collected in 
new tubes. Protein lysates were electrophoresed and elec-
trotransferred to a nitrocellulose membrane. The membrane 
was then incubated with a primary antibody followed by 
a secondary antibody. Finally, the membrane was scanned 
using an Odyssey infrared imager (LI-COR Biosciences; 
RRID: SCR_014579).

Co‑immunoprecipitation

Transfected cells were lysed in a lysis buffer (50  mM 
HEPES, PH 7·4, 250 mM NaCl, 0·1% NP-40 containing 
PIC and PMSF) on ice for 30 min and centrifugated at 
12,000 rpm at 4℃ for 15 min, cell lysates were incubated 
with primary antibody overnight at 4℃, next incubated with 
protein A for 2 h at 4℃, then washed three times with lysed 
buffer and subjected to immunoblotting analysis.

Co‑immunoprecipitation of endogenous proteins

The purified FLAG-CCDC146 proteins were incubated with 
Anti-FLAG M2 Magnetic Beads(Sigma, M8823) in ELB IP 
buffer at 4 °C for 3 h. The beads were washed 3 times with 
ELB IP buffer. Then, testis lysates were added to the washed 
FLAG-CCDC146-bound beads and 3xFLAG bound beads, 
incubating at 4 °C overnight. The beads were washed at least 
5 times with ELB IP buffer. The bound proteins were eluted 
by adding SDS loading buffer, followed by SDS-PAGE and 
western blotting with antibodies against FLAG, CCDC146, 
CCDC38, and CCDC42, as well as α-Tubulin, β-Tubulin, 
TEKT2, SPACA9, DYNLL2, PPIL6, NME5, SPAG6, and 
SPAG16.

Protein expression and purification

The mouse Ccdc146 open reading frame fusion with FLAG 
tag on its N-terminal was subcloned between the EcoRI and 
SalI sites of the pET28a vector, and then the resulting plas-
mid was introduced into BL21 Rosetta (DE3) competent 
cells and grown in Terrific Broth at 37 °C to an optical den-
sity of 0.8. The temperature of the culture was then shifted 
to 16 °C and cells were induced with 1 mM isopropyl-D-
thiogalactoside (IPTG) for 20 h. Cells were collected by cen-
trifugation at 4℃ and resuspended in ice-cold lysis buffer 
(pH 7.4, 20 mM Tris, 300 mM NaCl, 10 mM imidazole, 

http://www.zsbio.com/
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and 20% glycerol for hexahistidine (6xHis)-tagged fusion 
protein) with 1 mM Phenylmethylsulfonyl fluorid (PMSF) 
and 1 × Protease Inhibitor Cocktail. After lysis by sonication 
for 10 min on ice and high-speed centrifugation of lysates 
for 40 min at 4℃, the supernatant was incubated with Ni 
Sepharose 6 Fast Flow (GE Healthcare) for 2 h at 4 °C. The 
resin was washed and the protein was eluted using the lysis 
buffer supplemented with 500 mM imidazole. Purified pro-
teins were dialyzed in the ELB IP buffer (50 mM HEPES, 
PH 7·4, 250 mM NaCl, 0·1% NP-40).

Sperm motility and sperm count assays

The cauda epididymis was isolated from 8 weeks of mice. 
Sperm were released in phosphate-buffered saline (PBS, 
Gibco, C14190500BT) from the incisions of the cauda 
epididymis for 10 min at 37 ℃. And then the swim-up sus-
pension was used for the analysis of sperm motility with a 
microscope through a 20 × phase objective. Viewing areas 
in each chamber were imaged using a CCD camera. The 
samples were analyzed via computer-assisted semen analysis 
(CASA) using the Minitube Sperm Vision Digital Semen 
Evaluation System (12,500/1300, Minitube Group, Tie-
fenbach, Germany) and were also analyzed by a computer-
aided semen analysis system (CASA, Song Jing Tian Lun 
Biotechnology Co., Ltd., Nanning, China). The incubated 
sperm solution was then diluted 1:100 and sperm number 
was counted with a hemocytometer.

Tissue collection and histological analysis

As previously reported [102], the testes were dissected after 
euthanasia, and fixed with Bouin’s fixative for 24 h at 4 ℃, 
the testes were dehydrated with graded ethanol and embed-
ded in paraffin. The 5 μm sections were cut and covered on 
glass slides. Sections were stained with H&E and PAS for 
histological analysis after deparaffinization.

Transmission electron microscopy

The methods were as reported previously with some modi-
fications [102]. The testis from WT and Ccdc146 depletion 
mice testis and epididymis were dissected and fixed in 2·5% 
glutaraldehyde in 0·1 M cacodylate buffer at 4℃ overnight. 
After washing in 0·1 M cacodylate buffer, samples were cut 
into small pieces and immersed in 1% OsO4 for 1 h at 4℃. 
Samples were dehydrated through a graded acetone series 
and embedded in resin for staining. Ultrathin sections were 
cut and stained with uranyl acetate and lead citrate; images 
were acquired and analyzed using a JEM-1400 transmission 
electron microscope.

Scanning electron microscopy

The sperm were released from epididymis in HTF at 37℃ 
15 min, centrifugated for 5 min at 500 g, then washed twice 
with PB, fixed in 2·5% glutaraldehyde solution overnight, 
and dehydrated in graded ethanol, subjected to drying and 
coated with gold. The images were acquired and analyzed 
using SU8010 scanning electron microscope.

Immunofluorescence

The testis albuginea was peeled and incubated with colla-
genase IV and hyaluronidase in PBS for 15 min at 37℃, then 
washed twice with PBS. Next, fixed with 4% PFA for 5 min, 
then coated on slide glass to dry out. The slides were washed 
with PBS three times, treated with 0.5% TritonX-100 for 
5 min, and blocked with 5% BSA for 30 min. Added the 
primary antibodies and incubated at 4℃ overnight, followed 
by incubating with second antibody and DAPI. The images 
were taken using LSM880 and Sp8 microscopes.

Protein–protein docking

3D structures of CCDC146, CCDC38 and CCDC42 were 
obtained from UniPort (AF-E9Q9F7-F1, AF-Q8CDN8-
F1, and AF-Q5SV66-F1). Protein–protein docking for 
CCDC146 and CCDC38, as well as CCDC146 and 
CCDC42, were performed using the HDOCK webserver 
(http:// hdock. phys. hust. edu. cn/) [80]. The details related to 
the interaction are supplemented by pyMOL [103].

Domain and conserved motifs analysis

The NCBI’s Conserved Domain Database (CDD) (https:// 
www. ncbi. nlm. nih. gov/ Struc ture/ cdd/ wrpsb. cgi) was used 
to predict protein domains of CCDC146. MEME (Multiple 
EM for Motif Elicitation) motif discovery tools[104] (http:// 
meme- suite. org/ tools/ meme) were employed to predict con-
served motifs of CCDC146 including seven species, Homo 
sapiens (NP_065930.2), Mus musculus (NP_083471.1), 
Xenopus laevis (XP_018108171.1), Salmo salar 
(XP_014010955.1), Alligator sinensis (XP_025048306.1), 
Danio rerio (NP_001076522.1) and Acanthaster planci 
(XP_022081518.1). Each motif’s minimum and maximum 
width were set to 30 aa and 100 aa, respectively. Each motif 
must be recognized in at least two sequences [105].

Statistical analysis

All data are presented as the mean ± SEM. The statistical 
significance of the differences between the mean values for 
the various genotypes was measured by Student’s t-tests 
with paired, 2-tailed distribution. The data were considered 

http://hdock.phys.hust.edu.cn/
https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi
https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi
http://meme-suite.org/tools/meme
http://meme-suite.org/tools/meme
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significant when the P-value was less than 0.05(*), 0.01(**), 
or 0.001(***).

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00018- 023- 05025-x.
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