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Centrioles assemble and segregate in link to the cell cycle. Daughter centrioles assemble at S phase, 
and become young mother centrioles after M phase. Since distal appendages (DAs) are installed to 
young mother centrioles at the second G2/M transition phase, it takes one and a half cell cycle for a 
daughter centriole to fully mature into an old mother centriole. Here, we investigated specific roles 
of centrobin on centriole maturation by tracing its centriole localization throughout the cell cycle. 
Centrobin instantly places at the nascent daughter centrioles during the S phase, maintains its 
localization through subsequent cell cycle as these daughter centrioles mature into young mother 
centrioles, and detaches from the young mother centriole during the G2 phase, prior to DA installation. 
Centrobin KO cells exhibit two DA-installed centrioles, due to premature DA installation in daughter 
centrioles, and can produce doublet cilia from two DA-installed basal bodies. We also present evidence 
that direct phosphorylation of Plk1 is crucial for centrobin attachment to centrioles during G2 and 
M phases. Finally, premature DA installation was also observed in centrobin KO mice. Our results 
collectively demonstrate that centrobin serves as a safeguard to guide timely centriole maturation 
during the cell cycle.
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The centrosome serves as the primary microtubule-organizing center in animal cells, playing a crucial role in 
cell division and ciliogenesis. It becomes a spindle pole in mitotic cells, and it becomes a basal body to generate a 
cilium in non-dividing cells. Structurally, the centrosome consists of a pair of centrioles surrounded by a protein 
matrix known as pericentriolar material (PCM). The core structure of centrioles exhibits a nine-fold radial 
symmetry of triplet microtubules with dimensions of approximately 250 nm in diameter and 500 nm in length1.

Centrioles assemble and segregate in a cell cycle-dependent manner. As the cell enters the S phase, a nascent 
centriole begins to form at the proximal end of a preexisting centriole at a perpendicular angle. These daughter 
centrioles continue to grow during the G2 phase and subsequently move to the spindle poles along with their 
associated mother centrioles. At the end of mitosis, the daughter centrioles disengage from the mother centrioles 
and transition into young mother centrioles in the progeny cells. This process, known as centriole-to-centrosome 
conversion, enables them to recruit their own PCM and acquire the ability to assemble nascent centrioles in 
the subsequent S phase2–4. However, the young mother centriole still lacks distal appendages (DAs), which are 
necessary for conversion into a basal body capable of cilium formation. Consequently, an interphase cell can 
protrude only a single primary cilium from an old mother centriole equipped with DAs. These DAs are installed 
during the G2/M phase transition of the second cell cycle, requiring one and a half cell cycle for a daughter 
centriole to fully mature into an old mother centriole5.

DAs play crucial roles in vesicle docking and intraflagellar transport during ciliogenesis, as well as in immune 
synapse formation6,7. The assembly of DAs occur through the sequential recruitment of the proteins Cep83, 
Cep89, Sclt1, Cep164, and Fbf18,9. This process is facilitated by centriolar proteins such as Cep90, Ofd1, and 
Mnr10,11. The timing of DA assembly is regulated by daughter centriole proteins (DCPs), like Cep120, centrobin 
and Neurl412–14. Overexpression of these proteins inhibits DA assembly, highlighting their regulatory role15. 
Critical regulators for the removal of DCPs, such as C2cd3 and Talpid3, add another layer of control over DA 
assembly15. Indeed, mutations in C2cd3 are linked to ciliopathies, including severe microcephaly and cerebral 
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malformations16. Additionally, C2cd3 and Talpid3 are essential for regulating centriole length, suggesting a close 
connection between centriole length regulation and DA assembly16–17.

Centrobin was initially identified as a daughter centriole-specific protein12. In human cells, centriole 
duplication occurs at G1/S transition phase, during which centrobin localizes to nascent daughter centrioles18. 
In Drosophila neuroblasts, centrobin disappears from the mother centrioles and simultaneously accumulates on 
daughter centrioles during the M phase19. The multifunctional nature of centrobin has been studied in various 
cell types. First, centrobin is involved in centriole duplication and elongation. It is essential for maintaining the 
triplet microtubule structure of centrioles and stabilizing Cpap, a protein critical for centriole elongation20,21. 
Second, centrobin functions as a positive regulator of microtubule organization in both Drosophila and human 
cells22–24. This activity is important for determining the functional asymmetry between mother and daughter 
centrioles in larval neuroblasts and type I sensory neurons23. Finally, centrobin regulates centriole maturation, 
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as its ectopic expression inhibits the installation of DAs at mother centrioles, reinforcing its role as a daughter 
centriole-specific protein15.

To elucidate the functions of centrobin in the centriole maturation process, we carefully observed its 
localization during the cell cycle. Our results revealed that centrobin is consistently localized to centrioles, from 
daughter centrioles through to young mother centrioles in the subsequent cell cycle. Based on these findings, 
we propose that the spatiotemporal localization of centrobin serves as a safeguard for premature centrioles, 
preventing untimely maturation.

Results
Transient localization of centrobin at young mother centrioles in S and G2 phases
We began our study determining the centriole localization of centrobin during the cell cycle. Mitotic HeLa cells 
were collected using the mitotic shake-off method and synchronously cultured through the G1 and S phases. As 
expected, cells in the G1 phase possessed two centrioles, and their numbers increased to four as the cells entered 
S phase at 10 h (Fig. 1a). The number of centrobin signals was one per cell at the beginning of the G1 phase, but 
it gradually increased to two even before procentriole assembly (Fig. 1a and Supplementary Fig. 1a). Notably, 
centrobin signals were detected at both mother centrioles in late G1 phase cells. In contrast, the number of 
Cep164 signals remained constant at one throughout the G1 and S phases, indicating that DAs are present only 
at the old mother centrioles during these phases (Fig. 1a and Supplementary Fig. 1a).

We counted the number of centrioles in HeLa cells as they synchronously progressed from the S to M phases 
using the double thymidine block and release method. Our findings showed that most cells possessed four 
centrioles, with the number of centrobin signals being two or three at the beginning (Fig. 1b and Supplementary 
Fig.  1b). Coimmunostaining analyses revealed that centrobin signals were present at two nascent daughter 
centrioles and at one of the two mother centrioles (Supplementary Fig.  1b). Meanwhile, number of Cep164 
signals remained constant at one per cell until the M phase (Fig. 1b and Supplementary Fig. 1b).

At mitosis, most cells possessed four centrioles and two DAs, as determined by centrin2 and Cep164 signals, 
respectively (Fig. 1c and Supplementary Fig. 1c). This was expected, as each spindle pole consists of a daughter 
centriole paired with a DA-installed mother centriole. The number of centrobin signals was three or four in most 
prophase cells, but gradually reduced to two by the end of mitosis (Fig. 1c and Supplementary 1c). The centriole 
signals of centrobin and Cep164 were mutually exclusive, indicating that centrobin is limited to daughter 
centrioles, which will become young mother centrioles in the subsequent G1 phase (Fig. 1d and Supplementary 
Fig. 1c).

Centrobin was initially known as a daughter centriole protein12,18. However, it is evident that centrobin signals 
are also present at mother centrioles, particularly during the S and G2 phases19,25 (Fig. 1a-c and Supplementary 
Fig. 1a-c). Using the Cep164 antibody to distinguish between young and old mother centrioles, we determined 
the localization of centrobin at mother centrioles during the cell cycle. Since young mother centrioles install 
DAs at the G2/M phase transition, Cep164-positive centrioles during G1, S and G2 phases must be old mother 
centrioles. Our results showed that centrobin was prominently detected at young mother centrioles during the 
G1 and S phase, but began to leave these centrioles and switched its localization to old mother centrioles by the 
G2 phase (Fig. 1d, e). In summary, centrobin is initially recruited to newly assembled daughter centrioles during 
the S phase, and remains there until they acquire DAs and transition to old mother centrioles in the next cell 
cycle (Fig. 1f).

We have experimental evidence that Cep215, a major PCM protein, is involved in centrobin localization 
at the centrioles. We found that the number of centrobin signals increased in the Cep215 KO HeLa cells at M 
and G1 phase cells, suggesting that PCM proteins may be involved in centrobin behavior during the cell cycle 
(Supplementary Fig. 2).

Precocious DA formation at daughter centrioles in centrobin KO cells
We generated centrobin KO HeLa cell lines in a Tp53 KO background, using the CRISPR/Cas9 method. 
Immunostaining and immunoblot analyses confirmed the absence of centrobin signals in the Tp53KO;centrobinKO 
HeLa cells (Fig. 2a,b). We observed that the number of Cep164 signals abnormally increased throughout the 
cell cycle, indicating that centrobin KO cells possess additional DAs on their centrioles (Fig. 2c,d). Precocious 
installment of DAs at M phase was clearly visualized in the Pcnt KO background where mother and daughter 
centrioles are separated26 (Supplementary Fig. 3a, b). It is known that DAs are installed at mother centrioles with 

Fig. 1.  Centriolar localization of centrobin during the cell cycle (a) HeLa cells at G1 phase were prepared with 
the mitotic shake-off method, and synchronously cultured for up to 16 h to reach to the S phase. (b) HeLa cells 
at S phase were prepared with the double thymidine block and release method, and cultured for up to 8 h to 
reach to the M phase. (c) HeLa cells at M phase were enriched with the thymidine-RO3306 release method. 
Mitotic stages of the individual cells were determined with the DAPI staining. (a–c) The cells at indicated time 
points were coimmunostained with centrin2, centrobin and Cep164 antibodies. Representative images of the 
staining patterns are shown in Supplementary Fig. 1. The number of centriole signals per cell was counted. (d) 
The cells were arrested at G1/S transition phase with the double thymidine block method, and synchronously 
released for 2, 6 and 8 h to reach to S, G2 and G1 phases, respectively. The cells were coimmunostained with 
centrobin (green) and Cep164 (red) antibodies. Scale bar, 10 μm. (e) The number of cells with centrobin signals 
at young and old mother centrioles was counted. Statistical significance was determined using paired t-test. *, 
P < 0.05. (a-c, e) More than 90 cells per group were counted in 3 independent experiments. (f) Summary of the 
centriolar localization of centrobin during the cell cycle.
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sequential recruitment of a group of proteins8,9, and Cep90 is responsible for the centriolar localization of Cep83, 
an upstream factor in the DA complex10. We observed that centriolar localization of Cep90 was unaffected in 
centrobin KO cells, suggesting that centrobin functions at the level of the DA complex assembly (Supplementary 
Fig. 3c-e). We also generated centrobin KO cell lines in RPE1 cells (Fig. 2e, f), and assessed DA formation using 
the Cep83 antibody27. The results showed that the Cep83 signals increased in centrobin KO RPE1 cells, regardless 
of the presence or absence of p53 (Fig. 2g,h).

Fig. 2.  Precocious installation of DAs in the centrobinKO centrioles (a) The Tp53KO;centrobinKO HeLa cells were 
arrested at G1 and M phases, and coimmunostained with centrin2 (red) and centrobin (green) antibodies. (b) 
Several lines of the Tp53KO;centrobinKO HeLa cells were subjected to immunoblot analyses with centrobin and 
Gapdh antibodies. (c) The Tp53KO;centrobinKO HeLa cells at G1 and M phases were coimmunostained with 
the centrin2 (green) and Cep164 (red) antibodies. (d) The number of centriolar Cep164 signals per cell was 
counted in the Tp53KO;centrobinKO HeLa cells. (e) The centrobinKO and TP53KO;centrobinKO RPE1 cells were 
coimmunostained with centrin2 (red) and centrobin (green) antibodies. (f) Several lines of the centrobinKO and 
Tp53KO;centrobinKO RPE1 cells were subjected to immunoblot analyses with centrobin and Gapdh antibodies. 
(g) The centrobinKO RPE1 cells at G1 and M phases were coimmunostained with centrin2 (green) and 
Cep83 (red) antibodies. (h) The number of centriolar Cep83 signals per cell was counted in the centrobinKO 
RPE1 cells. (a, c,e, g) Scale bars, 10 μm. (d, h) More than 90 cells per group were counted in 3 independent 
experiments. Statistical significance was determined using paired t-test. *, P < 0.05.
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We examined the integrity of precociously formed DAs in centrobin KO centrioles using super-resolution 
microscopy. In control G1-phase cells, a crown-like arrangement of Cep164 signals was observed only on one 
out of two centrioles (Fig.  3a). In contrast, additional Cep164 staining was detected on the other centriole 
in centrobin KO cells (Fig.  3a). Approximately 20% of these additional Cep164 signals displayed an intact 
configuration, while the remainder exhibited partial forms (Fig.  3b). These results suggest that centrobin 
prevents the precocious formation of DAs on immature centrioles. In the absence of centrobin, DAs are formed 
prematurely in either intact or partial forms.

Cilia formation in centrobin KO cells
The primary cilium originates from a mother centriole with DAs7. We assessed the rate of cilia formation in 
centrobin KO RPE1 cells. The results indicated a significant reduction in the rate of cilia formation in centrobin 
KO RPE1 cells, regardless of the presence or absence of p5328 (Fig. 4a, b). These results indicate that centrobin is 
required for proper cilia formation at the centrioles.

Conversely, it has been reported that centrobin-deleted sensory neurons in Drosophila can form two cilia 
from both centrioles29. We rarely detected ciliary doublet in centrobinKO RPE1 cells (Fig.  4a. b). However, 
the Tp53KO;centrobinKO RPE1 cells showed a slight but statistically significant increase (about 15%) in the 
population of doublet cilia (Fig. 4a, b). The observed phenotype of the ciliary doublet structure was revalidated 
by the absence of CP110 cap from both centrioles (Supplementary Fig. 3f, g). These findings suggest that the p53 
pathway may play a role in removing cells with doublet cilia.

Plk1 regulation of centrobin localization at mother centrioles
Plk1 is a multifunctional kinase that regulates various mitotic events, including DA assembly at mother 
centrioles30. To investigate whether Plk1 regulates the centriole localization of centrobin, we coimmunostained 
Plk1-depleted HeLa cells with centrobin and Cep164 antibodies during the S and G2 phases (Fig.  5 and 
Supplementary Fig. 4a, b). Our results showed that the number of centrobin-positive centrioles was minimally 
affected by Plk1 depletion during the S and G2 phases, but significantly reduced at the M phase (Fig. 5a,b). Similar 
results were obtained in cells treated with BI2536, a Plk1 inhibitor, suggesting that the Plk1 activity is required 
for centriole localization of centrobin during the M phase (Fig. 5d,e). Since Cep164 signals prevails at mother 
centrioles for a short period after BI2536 treatment, we coimmunostained the M phase cells with centrobin 
and Cep164 antibodies. The results revealed that centrobin is predominantly placed at daughter centrioles in 
M phase cells, suggesting that Plk1 activity is required for centrobin localization at mother centrioles during M 
phase (Supplementary Fig. 4c, d).

To investigate if centrobin repositioning is regulated by Plk1, we further examined the relative localization of 
centrobin and Cep164. Our results demonstrated that the attachment of centrobin to old mother centrioles was 
significantly diminished in Plk1-depleted cells (Fig. 5c). Cells treated with BI2536 exhibited similar reductions, 
suggesting that Plk1 activity is essential for the repositioning of centrobin among mother centrioles (Fig. 5f). 
These findings collectively indicate that Plk1 activity is required for centrobin repositioning to old mother 
centrioles during the G2 and M phases.

Fig. 3.  Observation of DAs in centrobinKO cells with super-resolution microscopy (a) The Tp53KO;centrobinKO 
HeLa cells were coimmunostained with acetylated α-tubulin (green) and Cep164 (red) antibodies, and 
observed with super-resolution microscopy. Scale bar, 1 μm. (b) The number of centriolar Cep164 signals per 
cell was counted. More than 30 cells per group were counted in 3 independent experiments.
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Plk1 phosphorylation of centrobin for its centriole localization at M phase
Plk1 is known to phosphorylate specific residues of centrobin23,31. To investigate whether the centriole 
localization of centrobin is controlled by direct phosphorylation of Plk1, we stably rescued p53KO;CbnKO HeLa 
cells with the wild-type (GFP-Cbn) and Plk1 phosphorylation-resistant (GFP-CbnPlk1R) centrobin proteins. 
We then coimmunostained these cells with centrobin and Cep164 antibodies. Our results showed that both 
ectopic GFP-CbnWT and GFP-CbnPlk1R proteins were localized to centrioles in S and G2 phase cells, similar to 
endogenous centrobin (Fig. 6a, c). However, the number of GFP-CbnPlk1R-positive centrioles was significantly 
reduced in M phase cells, suggesting that Plk1 phosphorylation is necessary for the centriole localization of 
centrobin during M phase (Fig. 6a). Consistent with these findings, the number of Cep164-positive centrioles 

Fig. 4.  Cilia formation in centrobinKO RPE1 cells (a) The centrobinKO and Tp53KO;centrobinKO RPE1 cells were 
cultured in a serum-deprived medium for 48 h, and coimmunostained with centrin2 (green) and acetylated 
α-tubulin (red) antibodies. Scale bar, 10 μm. (b) The number of cells with singlet and doublet cilia were 
counted. More than 90 cells per group were counted in 3 independent experiments. Statistical significance was 
determined using unpaired t-test. *, P < 0.05; **, P < 0.01.
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Fig. 5.  Plk1 regulation of centrobin localization at mitosis (a) Plk1-depleted HeLa cells were arrested at S, G2, 
and M phases, and coimmunostained with centrobin (green) and Cep164 (red) antibodies. (b) The number 
of centrobin signals per cell was counted at indicated cell cycle stages. (c) The number of cells with centrobin 
signals at young and old mother centrioles was quantified. (d) HeLa cells at S, G2, and M phases were treated 
with BI2536 for 6 h, and coimmunostained with centrobin (green) and Cep164 (red) antibodies. (e) The 
number of centrobin signals were counted in cells at indicated cell cycle stages. (f) The number of cells with 
centrobin signals at young and old mother centrioles was quantified. (a, d) Scale bars, 10 μm. (b, c,e, f) More 
than 90 cells per group were counted in 3 independent experiments. Statistical significance was determined 
using paired t-test. *, P < 0.05; **, P < 0.01.
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Fig. 6.  Plk1 phosphorylation of centrobin for its localization at mitosis Tp53KO;centrobinKO HeLa cells were 
stably rescued with the wild type (GFP-centrobin) and Plk1-phospho-resistant mutant centrobin (GFP-
CbnPlk1R). (a, b) The cells were arrested at S, G2, and M phases and coimmunostained with centrobin and 
Cep164 antibodies. The number of centrobin (a) and Cep164 (b) signals per cell was counted. (c) The cells 
were arrested at G1/S transition phase with the double thymidine block method, and synchronously released 
for 2 and 6 h to reach to S and G2 phases, respectively. The cells were coimmunostained with centrobin (green) 
and Cep164 (red). Scale bar, 10 μm. (d) The number of cells with centrobin signals at young and old mother 
centrioles was counted. (a, b, d) More than 90 cells per group were counted in 3 independent experiments. 
Statistical significance was determined using paired t-test. *, P < 0.05; **, P < 0.01.
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increased in CbnKO cells during M phase, which was rescued by expression of GFP-CbnWT (Fig. 6b). However, 
GFP-CbnPlk1R expression failed to rescue the number of Cep164-positive centrioles in M phase cells, suggesting 
Plk1-mediated centriolar localization of centrobin is crucial for precise DA formation (Fig. 6b).

We also determined centrobin repositioning in the rescued cells. As expected, GFP-CbnWT-expressing cells 
relocated their centrobin signal from the young mother centriole to the old mother centriole during the S and 
G2 phases (Fig. 6c, d). However, in cells expressing GFP-CbnPlk1R, the population of centrobin at old mother 
centriole did not significantly increase even at the G2 phase (Fig. 6c, d). These results strongly suggest that direct 
phosphorylation of Plk1 regulates the repositioning of centrobin to old mother centrioles during the G2 and M 
phases.

Nek2 phosphorylation of centrobin for its localization during interphase
Nek2 is a serine/threonine kinase which phosphorylates centrosome proteins, such as C-NAP1 and centrobin18. 
Furthermore, we identified Nek2-specific phosphorylation sites at the N-terminal region of centrobin31. Here, 
we examined involvement of Nek2 phosphorylation on centrobin localization using the HeLa cells whose 
endogenous centrobin was rescued with a Nek2-phospho-resistant centrobin mutant (GFP-CbnNek2R). The cells 
were synchronized, and coimmunostained with centrobin and centrin2 antibodies. The results revealed that 
the number of centrobin signals was significantly reduced in GFP-CbnNek2R-rescued cells in interphase, and an 
abnormal increase in Cep164 signal numbers was accompanied (Fig. 7). On the other hand, the effects of GFP-
CbnPlk1R-rescued cells were minimal (Fig. 7). These results suggest that Nek2 phosphorylation may be involved 
in centrobin localization on the young mother centrioles during interphase.

Analysis of the centrobin KO mice
We generated centrobin KO mice by targeting exon 10 in fertilized mouse eggs obtained from C57BL/6NTac 
mice with the CRISPR/Cas9 method. From the founder mice with diverse indel mutations, we established 
a mouse line harboring a 111-bp deletion mutation destroying the junctional region of exon 10 and intron 
10 (Supplementary Fig.  5). Centrobin deficiency was confirmed with the PCR and immunoblot analyses 
(Supplementary Fig. 6a, b). Initially, we isolated primary mouse embryonic fibroblasts (MEFs) and examined 
effects of centrobin deletion on their centriole phenotypes. We observed that the absence of centrobin signals 
in centrobin KO MEFs (Supplementary Fig. 6c, d). Concurrently, the number of Cep164 signals on interphase 
centrioles increased in centrobin KO MEFs, revealing precocious centriole maturation (Fig. 8a, b). Furthermore, 
cilia formation rates were reduced in centrobin KO MEFs, similar to observations in centrobin KO RPE1 cells 
(Fig. 8c, d). However, we hardly observed doublet cilia in centrobin KO MEF cells, probably due to the existence 
of p53 (data not shown).

Centrobin KO mice are viable but exhibited male sterility. The testes of adult centrobin KO mice were notably 
reduced in size (Fig.  8e,f). Histological analyses revealed a significant decrease in the population of post-
meiotic male germ cells in both the testes and epididymis of adult centrobin KO mice (Fig. 8g–j). Similarly, 
immunostaining of the testes and epididymis with acetylated tubulin antibody revealed severe reduction of 
sperm with intact flagella (Supplementary Fig. 7a–j). Given that kidney tubular cells are well-known for their 
ciliation, we performed immunohistochemistry on kidney tissues. The results revealed that cilia formation rates 
are reduced in the kidney tubular cells of centrobin KO mice, confirming the importance of centrobin in cilia 
formation (Supplementary Fig. 7k, l). Notably, the kidneys of centrobin KO mice appear normal and do not 
exhibit cysts which are typical pathological features of ciliopathies (Supplementary Fig. 7m). We propose that 
residual ciliated cells may help prevent kidney cyst formation, even if their numbers are significantly reduced.

Discussion
In this study, we traced centriole localization of centrobin throughout the cell cycle. We observed that centrobin 
initially associates with nascent daughter centrioles during the S phase and maintains its localization through 
subsequent cell cycle as these daughter centrioles mature into young mother centrioles. Notably, centrobin 
detaches from the young mother centriole during G2 phase of the second round, prior to their full maturation 
(Fig. 9). We also detected centrobin signals on DA-installed mother centrioles during the M phase, as reported 
by Le Roux-Bourdieu and colleagues25. However, most young mother centrioles at the G2 phase lose centrobin 
signals before acquiring DAs (Fig.  1d, e). This centriole localization pattern of centrobin aligns with the 
hypothesis that centrobin displacement is a prerequisite for DA installation on young mother centrioles.

Additional evidence supporting centrobin as a critical safeguard for timely DA installation comes from 
studies involving centrobin KO cells. Many centrobin KO cells exhibit two DA-installed centrioles during the 
G1 phase, indicating premature DA installation in daughter centrioles from the previous mitotic stage (Fig. 2 
and Supplementary Fig. 3d). The presence of DAs in both young and old mother centrioles suggest the potential 
formation of doublet cilia in centrobin KO cells. Indeed, in Drosophila sensory neurons, depletion of centrobin 
enables two daughter centrioles to dock on the cell membrane and template ectopic axonemes29. However, 
contrary to expectations, cilia formation rates were reduced and no doublet cilia were observed in centrobin KO 
RPE1 cells28. We also observed a significant reduction in the cilia formation rate in our centrobin KO RPE1 cells. 
Interestingly, about 15% of cilia were doublet when Tp53 was co-deleted in centrobin KO cells, suggesting that 
young mother centrioles with precocious DAs retain the ability to assemble additional cilia (Fig. 4).

The presence of incomplete forms of DAs at young mother centrioles may contribute to the reduced number of 
cells with doublet cilia. However, excess cilia may be detrimental to cells. We propose that PIDDosome might be 
involved in removal of the cells with doublet cilia in centrobin KO RPE1 cells. The PIDDosome is a multiprotein 
complex composed by PIDD1, RAIDD and Caspase-2, and its activation results in cleavage of MDM2, a key 
inhibitor of p5332. A recent study proposed that the PIDDosomes are recruited to the DAs of mature centrioles 
and activate the p53 signaling cascade in response to extra centrosomes resulting from cytokinesis failure32. 
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Given that centrobin KO cells exhibit an abnormally increased number of DAs, this could lead to elevated levels 
of PIDDosomes at additional DAs, potentially activating the p53 pathway. Cells with partial DA formation in 
centrobin KO cells may survive with reduced PIDDosome levels. However, cells with two intact DAs may be 
capable of forming doublet cilia but become susceptible to p53-mediated cell death triggered by additional 
PIDDosomes. Deletion of Tp53 may reduce this p53-dependent cell death, allowing the formation of double 
cilia. Consistent with this, we confirmed that less than 20% of Tp53;centrobin double KO cells have doublet cilia, 
which corresponds to the proportion of cells with intact DAs on both centrioles (Fig. 3).

Centrobin undergoes significant repositioning twice during the cell cycle: firstly, at the G1/S phase transition 
when daughter centrioles are nascently formed, and secondly, at the G2/M phase transition when DAs are 
installed on young mother centrioles. During these transition phases, transient localization of centrobin at old 
mother centrioles is observed, although its biological impact remains to be fully elucidated. Plk1 is recognized 
as a key regulator for centrobin repositioning19,25. However, the mechanisms through which Plk1 controls 
centriolar localization of centrobin are not yet fully understood. In Drosophila neuroblasts, Polo, Drosophila 
homologue of Plk1, accumulates at daughter centrioles where centrobin is robustly localized, suggesting that 
Plk1 enhances centrobin attachment to centrioles19. Consistent with this view, we observed that the number of 

Fig. 7.  Nek2 phosphorylation of centrobin for its localization at interphase Tp53KO;centrobinKO HeLa cells 
were stably rescued with the wild type (GFP- Cbn), Nek2-phospho-resistant mutant centrobin (GFP-CbnNek2R), 
and Plk1-phospho-resistant mutant centrobin (GFP-CbnPlk1R). (a) Mitotic cells were isolated using the shake-
off method and re-plated to allow synchronous entry into the G1 phase. (b) The cells were arrested at G1/S 
transition phase with the double thymidine block method and synchronously released to S phase. (a, b) The 
cells were collected at 2-hour intervals and coimmunostained with centrin2, centrobin, and Cep164 antibodies. 
The numbers of centrin2, centrobin, and Cep164 signals per cell were counted at each time point. More than 
90 cells per group were counted in 3 independent experiments.
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Fig. 8.  Analysis of centrobin KO mice (a) Centrobin KO MEF lines were coimmunostained with centrin2 
(green) and Cep164 (red) antibodies. (b) The number of centriolar Cep164 signals per cell was counted. (c) 
Centrobin KO MEF lines were coimmunostained with Arl13b (green) and centrin2 (red) antibodies. (d) The 
number of cells with cilia was counted. (e, f) The sizes of testes from the wild-type and centrobin KO mice were 
measured. At least three mice per group were used. (g–j) Testes and epididymis of the wild type and centrobin 
KO mice were subjected to H&E staining analyses. Scale bars, 100 μm. (a, c) Scale bars, 10 μm. (b, d) More 
than 90 cells per group were counted in 3 independent experiments. Statistical significance was determined 
using paired t-test. *, P < 0.05; **, P < 0.01.
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centrobin-positive centrioles was reduced in Plk1-deficient cells (Fig. 5). Furthermore, our data indicate that 
direct phosphorylation of Plk1 may be crucial for centrobin attachment to centrioles during M phases (Fig. 6). 
Polo is known to regulate the retention of PCM and to organize an aster at the centrobin-positive daughter 
centriole, which is critical for determining the orientation of cell division23. Our findings also suggest that 
Cep215 and Nek2 may be candidate players of centrobin detachment during G2 phase. Future experiments aim 
to elucidate detailed mechanisms how centrobin detachment is regulated by Plk1, Nek2 and Cep215.

Defects in cilia formation were observed in the sperm of centrobin KO mouse. The rate of cilia formation in 
MEF from centrobin KO mice was significantly reduced. However, unlike centrobin-depleted zebrafish28, typical 
ciliopathy phenotypes were not observed in the centrobin KO mice, probably because a substantial number 
of cells still retained cilia in diverse tissues. Male germ cells of centrobin KO mice failed to develop functional 
sperm with flagella, reminiscent of the phenotypes observed in hd/hd rat33. The microtubule stabilizing activity 
of centrobin may be especially crucial for the formation of functional flagella in sperm18,22,28.

Materials and methods
Cell culture and cell line generation
HeLa cells were cultured in DMEM (Welgene, LM001-05) supplemented with 10% FBS (Welgene, S101-01) 
and plasmocin (Invivogen, ANT-MPT) at 37°C. hTERT RPE1 cells were cultured in DMEM/F-12 medium 
(Welgene) and plasmocin (Invivogen) at 37°C. The p53, Pcnt, and Cep215-deleted cell lines were generated as 
previously described26,34. Centrobin KO cell lines were generated using CRISPR/Cas9 method with the guide 
RNAs (5’-CAC CGT TTG CGC CTC AGC CGG CAG G-3’ and 5’-CAC CGC AAA GAA GCA TAG AGC 
TGG G-3’) and selected with 0.5 mg/ml puromycin (Calbiochem, 540222). Plk1-phospho-resistant mutant (T3, 
S4,21,22 A) and Nek2-phospho-resistant mutant (T35, S36,41,54 A) of centrobin were previously described31. 
For generation of centrobin-substituted stable cell lines, centrobin KO HeLa cells were transfected with the wild-
type and phospho-resistant mutant GFP-centrobin plasmids and selected with 500 µg/ml of hygromycin (Takara 
Bio, 631309). For Plk1 inhibition, 100 nM of BI2536 (Selleck chemicals, S1109) was treated.

Cell cycle regulation
To obtain synchronous populations of G1 and S phase cells, mitotic cells were collected with the mitotic shake-
off method and cultured for up to 16 h. The double thymidine block and release method was adopted to obtain 
synchronous populations of S and G2 phase cells. HeLa cells were treated with 2mM thymidine (Sigma, T9250) 
for 18 h, washed with PBS and cultured for 9 h, treated with thymidine again for 16 h, released to fresh medium, 
and fixed at indicated time points. To obtain mitotic cells, the cells were treated with 2 mM thymidine for 18 h, 

Fig. 9.  Summary Once centrobin is placed at nascent daughter centrioles, it lasts at the centrioles for one 
and a half cell cycle stages, and released before the time when DAs are about to be installed. Indeed, DAs 
are prematurely installed at daughter centrioles in centrobin KO cells. Centriole localization of centrobin is 
regulated by Plk1.
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transferred to a fresh medium with 5 µM RO3306 (MCE, 872573-93-8), cultured for 8 h, and released into a fresh 
medium. Representative S and G2 phase cells were obtained in 2 and 6 h culture after release from the thymidine 
treatment. Mitotic cells at early, middle and late stage of mitosis were obtained in 10, 30 and 50 min after the 
release from the RO3306-containing medium.

Primary cilia induction
hTERT RPE1 cells were cultured for 24 h at DMEM/F-12 medium with the supplement of 10% FBS, washed with 
PBS for 3 times, cultured in serum-deprived medium (0.1% FBS in DMEM/F-12) for 48 h, placed on ice for 2 h 
to depolymerize cytoplasmic microtubules, and fixed with cold methanol for 10 min. The cells were subjected to 
immunostaining analysis with Arl13b or acetylated α-tubulin antibodies.

Antibodies
The antibodies specific to CEP9035 (ICC 1:500), CEP21536 (ICC 1:2000, immunoblot (IB) 1:500), PCM137 
(ICC 1:1000), PCNT35 (ICC 1:2000, IB 1:2000), CP11038 (ICC 1:100), centrobin18 (ICC 1:200) was previously 
described. Antibodies specific to acetylated α-tubulin (Sigma, T-6793; ICC 1:200), acetylated α-tubulin (Cell 
signaling, 5335 S; ICC 1:100), Arl13b (Proteintech, 17711-1-AP; ICC 1:1000), Cep215 (Millipore, 06-1398; ICC 
1:1000), centrin2 (Millipore, 04-1624; ICC 1:1000), centrobin (Abcam, ab70448; ICC 1:500), Cep83 (Sigma, 
HPA038161; ICC 1:200), Gapdh (Life Technologies, AM4300; IB 1:20000), Plk1 (Abcam, ab17057; ICC 1:100), 
γ-tubulin (Abcam, ab11316; ICC 1:1000), and γ-tubulin (Abcam, ab11317; ICC 1:1000) were purchased. 
Secondary antibodies conjugated with fluorescent dye (Alexa Fluor 488, 594, and 647; Invitrogen; ICC 1:1000), 
and Zenon IgG2a Alexa fluor 555 (Invitrogen, Z25105) were purchased.

Immunostaining analysis
The cells were fixed with cold methanol for 10 min, and washed with PBS for 3 times. Cells were permeabilized by 
incubation with PBST (PBS with 0.1% Triton X-100) for 10 min, blocked with 3% BSA (bovine serum albumin) 
in PBST for 30 min, incubated with the primary antibodies for 1 h, washed with PBST for 3 times, incubated 
with the secondary antibodies for 30 min in the absence of light, washed with PBST for 3 times, stained with 
DAPI (4’,6-diamidino-2-phenylindole; Sigma, D9542), and mounted with the Prolong Gold antifade reagent 
(Life Technologies, P36930).

Immunoblot analysis
The cells were lysed with the RIPA buffer and centrifuged in 12,000 rpm for 10 min at 4 °C to obtain supernatants. 
The samples (20 µg protein) were subjected to SDS-PAGE and transferred to nitrocellulose membranes. The 
membranes were blocked with TBST (Tris-buffered saline with Tween 20) with 5% skim milk, incubated with 
the primary antibodies for overnight at 4 °C, washed 3 times with TBST, incubated with the secondary antibodies 
for 1 h, and treated with the ECL reagents (ABfrontier, LF-QC0101). The luminescence signals were detected 
with the X-ray films (Agfa, CP-BU NEW).

Centrobin KO mice
The animal experiments in this study were permitted by Institutional Animal Care and Use Committee at Asan 
Institute for Life Sciences (Approval number: 2021-12-185) and at Seoul National University (SNU-211112-
3). All animal experiments were done following the guidelines reviewed by the Institutional Animal Care and 
Use Committee of Asan Institute for Life Sciences and Seoul National University. All animal experiments were 
performed in accordance with ARRIVE guidelines (https://arriveguidelines.org). Mice were maintained in the 
specific pathogen–free (SPF) facility of the Laboratory of Animal Research in Asan Medical Center. C57BL/6NTac 
(OrientBio, Korea) and ICR (DBL, Korea) mice were used as embryo donors and foster mothers, respectively. 
Centrobin KO mice were generated by targeting the exon 10 of the centrobin gene (Supplementary Fig. 4). Cas9 
mRNA and sgRNAs (RG1 and RG2) were microinjected into the pronuclei of the mouse zygotes as described 
previously39. To prepare the in vitro transcription templates of sgRNAs, a pair of complementary oligomers 
(5′−taggTGAGAGCCAGCGGATCCAGA−3′ and 5′−aaacTCTGGATCCGCTGGCTCTCA−3′ for RG1, and 
5′−taggCAGGGACCATCACAGGTACT−3′ and 5′−aaacAGTACCTGTGATGGTCCCTG−3′ for RG2) were 
annealed and subcloned into pUC57-sgRNA vector (Addgene plasmid #51132) according to the manual39. 
The mutations of the centrobin mutant founder and the F1 progenies were confirmed by Sanger sequencing 
as described previously40. PCR genotyping was conducted for the breeding using the following primer pair: 
5’-cgttggtccttcaggcagat-3’ and 5’-ctgtgtgcctgtccataagc-3’.

Germ cell isolation and sperm analysis
Germ cell isolation process was performed as previously described41. Mice were sacrificed with the carbon 
dioxide (CO2) inhalation method in a manual chamber. Testes from adult mouse (8 weeks-old) was harvested 
and incised with the razor blade. Seminiferous tubules were squeezed out from the incised testis and incubated 
in the cold hypotonic extraction buffer (HEB; 30mM Tris-Cl, 50mM sucrose, 17mM trisodium citrate dehydrate, 
5mM of EDTA, and 0.5mM of DTT in 50 ml of distilled water) for 1 h. Placed the tubules at the petri dish and 
100mM sucrose solution (pH 8.2) was added. Tubules were minced by forceps and homogenously mixed with 
pipetting. 100 µl of the mixture was placed at the tip of pre-incubated slide with 1% PFA fixative and tilted to 
allow it to spread evenly.

For the Computer Assisted Sperm Analysis (CASA), sperms were collected from the cauda epididymis of 
10-week old adult mice and were examined using IVOS II automated sperm analyzer (Hamilton Thorne Inc.) 
according to the manufacturer’s instructions.
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Histology and immunohistochemistry
Mice were perfused with PBS, and tissues were dissected and fixed with 4% paraformaldehyde in PBS. Tissues 
were paraffinized with tissue processor (Leica, ASP300S) and sectioned (Leica, Leica 818). For H&E staining, 
the sections were deparaffinized and stained with Autostainer XL (Leica). Slide glasses were mounted with 
Limonene mounting solution (EMC, 17987-01).

For immunohistochemistry, sectioned tissues were deparaffinized with xylene and gradient concentration 
of ethanol. After boiling with Tris-EDTA solution (10mM Tris, 1mM EDTA, pH 9.0) for antigen retrieval, the 
sections were permeabilized with 3% BSA blocking solution in PBST for 10 min, washed with PBST for 3 times, 
incubated with primary antibodies overnight in a humidified chamber, washed with PBST for 3 times, incubated 
with secondary antibodies, washed with PBST for 3 times, stained with DAPI, and mounted with the Prolong 
Gold antifade reagent (Life Technologies, P36930).

Statistical analysis
For statistical analysis, experiments were repeated three times independently, and the p-values were measured 
by unpaired two-tailed t test using GraphPad Prism 5.

Data availability
All data generated or analysed during this study are included in this published article and its supplementary 
information files.
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