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Summary

An intercentrosomal linker keeps the cell’s two centrosomes joined together until it is dissolved at 

the onset of mitosis. A second connection keeps daughter centrioles engaged to their mothers until 

they lose their orthogonal arrangement at the end of mitosis. Centriole disengagement is required 

to license centrioles for duplication. We show that the intercentrosomal linker protein Cep68 is 

degraded in prometaphase through the SCFβTrCP (Skp1-Cul1-F-box protein) ubiquitin ligase 

complex. Cep68 degradation is initiated by PLK1 phosphorylation of Cep68 on Ser332, allowing 

recognition by βTrCP. We also found that Cep68 forms a complex with Cep215/Cdk5Rap2 and 

PCNT/Pericentrin, two PCM (pericentriolar material) proteins involved in centriole engagement. 

Cep68 requires two different pools of Cep215. We propose that Cep68 degradation allows Cep215 

removal from the peripheral PCM preventing centriole separation following disengagement, 

whereas PCNT cleavage mediates Cep215 removal from the core of the PCM to inhibit centriole 

disengagement and duplication.

Introduction

Cells begin G1 phase with two centrosomes, each containing one centriole. During S phase, 

they produce a procentriole (or daughter centriole), which grows from the lateral surface of 
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the preexisting centriole. From G1 to late G2, the cell’s two centrosomes are joined by a 

flexible, loosely-organized, and dynamic intercentrosomal linker, allowing them to function 

as a single microtubule organizing center (MTOC)1–4. The intercentrosomal linker proteins 

Cep68, Rootletin, LRCC45, and Centlein localize to rootlets emanating from the proximal 

end of the parental centrioles through the tethering protein c-Nap1 (Refs.5–8). Depletion of 

any of these proteins results in loss of intercentrosome cohesion and premature centrosome 

separation in interphase5, 6, 9.

At the onset of mitosis, the intercentrosomal linker is disassembled, suggesting that 

centrosome separation requires the dissolution of the linker. For example, c-Nap1 and 

Rootletin dissociate from centrosomes during early mitosis in response to phosphorylation 

by the NEK2 kinase5, 10, 11. Cep68 is also removed from mitotic centrosomes6, but the 

mechanism of its removal is not known. Following linker disassembly, the microtubule-

dependent motor protein Eg5 facilitates centrosome migration to the opposite poles of the 

cell11–15.

In addition to the intercentrosomal linker between parental centrioles, each newly formed 

daughter centriole remains connected, or “engaged,” to its parent in an orthogonal 

arrangement through a poorly understood mechanism. Centriole engagement prevents the 

assembly of additional daughter centrioles16, until, in late mitosis, disengagement (the loss 

of the connection between the mother and daughter centrioles and loss of their orthogonal 

orientation) licenses centrioles for duplication in the subsequent S-phase17–19. Following 

disengagement, the two centrioles separate and move apart from each other, sometimes 

considerable distances20. Two temporally separate stages of centriole disengagement have 

been described18. The first stage occurs in early mitosis and requires PLK1 activity18. The 

second stage of disengagement occurs in late mitosis, when centriole pairs finally lose their 

orthogonal connection, and involves Separase-dependent proteolytic cleavage of PCNT 

(also known as Pericentrin)21, 22. Centriolar Cohesin is a second putative Separase substrate, 

although its cleavage may play a role in meiotic, rather than mitotic, disengagement18, 23–25.

Super-resolution microscopy studies have illustrated that the pericentriolar material (PCM) 

is organized into higher-order domains in both interphase and mitosis26–30. In interphase, 

PCNT localizes in a toroid around the proximal end of the mother centriole wall, where it 

acts as a scaffold for recruitment of outer matrix components of the PCM, including Cep215 

(also known as Cdk5RAP2)26, 27, 29, 31, 32. In G2/early mitosis, PLK1 promotes PCM 

maturation, or expansion, into a matrix-like structure that mediates microtubule nucleation. 

PLK1 is required for PCNT and Cep215 recruitment31, 33–35. Intriguingly, it has been 

suggested that PCM integrity contributes to centriole engagement25, 36. Accordingly, the 

PCM disassembles in late mitosis, coincident with centriole disengagement37.

In mammals, there are 69 distinct F-box proteins, each serving as substrate-specificity 

components of the multi-subunit Skp1-Cul1-F-box protein (SCF) family of ubiquitin ligase 

complexes38. SCF complexes have been shown to ensure that centrosome duplication only 

occurs once per cell cycle39–49, but whether SCFs regulate other aspects of the centrosome 

cycle (e.g., PCM disassembly, centriole disengagement and licensing, etc.) is not known.
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We identified the centrosome cohesion protein Cep68 as a target of PLK1 and SCFβTrCP and 

an interactor of both Cep215 and PCNT. The biological significance of these findings is 

presented herein.

Results

Cep68 is degraded in prometaphase in a βTrCP-dependent manner

Centrosome cohesion is maintained until late G2/M, when the two centrosomes separate to 

promote the formation of the bipolar mitotic spindle. Centrosome cohesion proteins, 

including Cep68, are lost from mitotic centrosomes (Refs.5, 6, 50 and Figure S1A), consistent 

with the idea that linker proteins must be removed from centrosomes to allow their 

separation. To establish if the decrease in the levels of centrosomal Cep68 during mitosis is 

due to proteolysis, Cep68 levels were analyzed in synchronized HeLa cells by 

immunoblotting. Whereas Cep68 levels were high in S and G2 cells, Cep68 was absent in 

prometaphase cells (Figure 1A–B). Specifically, Cep68 downregulation occurred between 

prophase and prometaphase, as judged by immunofluorescence staining to detect 

endogenous Cep68 in cells co-stained with DAPI and an antibody to Lamin B (Figure 1C). 

MG132 (a proteasome inhibitor) and MLN4924 [a cullin-RING ligase (CRL) inhibitor] 

prevented the decrease in Cep68 levels (Figure 1B), suggesting that one of approximately 

200 mammalian CRL complexes51, 52 is responsible for Cep68 degradation. Cep68 levels 

remained low throughout mitosis, and progressively increased through the next G1 phase, 

peaking in G2 (Figure S1B–C).

Analysis of immunopurified FLAG-tagged Cep68 by Multidimensional Protein 

Identification Technology (MudPIT) revealed that Cep68 interacted with βTrCP2, in 

addition to Cul1 and Skp1 (Figure S1D), suggesting that SCFβTrCP might regulate Cep68 

degradation. Mammalian cells express two paralogs of βTrCP [βTrCP1 (also known as 

FBXW1) and βTrCP2 (also known as FBXW11)], which are biochemically 

indistinguishable (and we use βTrCP when referring to both). We screened several 

additional F-box proteins for binding to Cep68 and found that only endogenous βTrCP1 

interacted specifically with Cep68 (Figure 1D). Furthermore, endogenous βTrCP1 also 

interacted with PLK4, and, to a lesser extent, PLK1, but not other centrosome proteins 

(Figures 1D and S1E). Lastly, depletion of βTrCP using distinct siRNAs resulted in the 

stabilization of both endogenous and exogenous Cep68 in mitosis (Figures 1B, 1E, S1C, and 

S1F). In contrast, depletion of Cdc20, the activator of the mitotic ubiquitin ligase APC/C 

(Anaphase Promoting Complex/Cyclosome), did not stabilize Cep68 in mitosis (Figure 

S1F).

PLK1 phosphorylates Cep68 on S332 and is required for Cep68 degradation

We mapped the βTrCP-binding domain in Cep68 using a series of Cep68 deletion 

constructs, establishing a 100 amino acid region required for binding (aa 300–400) (Figure 

S2A–B). βTrCP typically recognizes a consensus DpSGXX(X)pS degron sequence in 

substrates, where both serine residues are phosphorylated53. Cep68 does not possess a 

classical DSGXX(X)S motif, but it has a partial match within the region of interaction 

(DSGVDLD; aa 331-337 in human), which is also conserved in other species (Figure S2C). 
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Deletion of these seven amino acids prevented both binding to βTrCP1 (Figure S2D) and 

Cep68 downregulation in prometaphase (Figure 2A). Substituting Serine 332 to Alanine 

prevented both binding to βTrCP1 (Figures 1D and S2D) and downregulation of Cep68 

during mitosis (Figure 2A), demonstrating that this one amino acid is critical for Cep68 

degradation. Cep68(S332A) still exhibited a migration shift, suggesting that it is 

phosphorylated on other sites during mitosis. Mutation of Aspartic acid 337 to Alanine also 

reduced Cep68 binding to βTrCP1 significantly (Figure S2D), suggesting that this residue 

also contributes to the degron, possibly by mimicking the second phosphorylated Serine 

residue found within the consensus degron.

To identify the mitotic enzymes promoting Cep68 degradation, we tested a panel of small-

molecule inhibitors for their ability to prevent downregulation of Cep68 in prometaphase. 

Whereas an Eg5 inhibitor (Monastrol) and an Aurora kinase inhibitor (VX680) were 

ineffective at preventing Cep68 degradation, a PLK1 inhibitor (BI2536) completely 

prevented Cep68 downregulation (Figures 2B, 2D, S2E, S2G), suggesting that PLK1 

promotes Cep68 degradation. RNAi-mediated depletion of PLK1, but not NEK2, inhibited 

the degradation of Cep68 (Figure 2C). PLK1 was able to phosphorylate Cep68 on Ser332 in 

vitro, as detected by a phospho-specific antibody raised against a peptide containing 

phospho-Serine at position 332 (Figure S2F). In vivo, the phospho-specific Ser332 antibody 

recognized wild type Cep68 in prometaphase cells, particularly when Cep68 degradation 

was prevented by MLN4924 (Figures 2D and S2G). In contrast, when Cep68 was stabilized 

by inhibiting PLK1 with BI2536, the phospho-specific Ser332 antibody was unable to 

recognize Cep68 (Figures 2D and S2G). Finally, the phospho-specific Ser332 antibody did 

not recognize Cep68(S332A) under any of the above conditions (Figures 2D and S2G). We 

were also able to detect phosphorylation of Ser332 using mass spectrometry, and this 

modification was not detected after treatment with BI2536 (Table 1). Interestingly, PLK1 

interacted with Cep68 in cells treated with BI2536, but not in untreated cells (Figure S2H), 

suggesting that, when inhibited, PLK1 is trapped in complex with Cep68. Collectively, these 

results demonstrate that PLK1 phosphorylates Cep68 on S332 in vivo, and this event is 

required for binding to βTrCP in prometaphase.

Cep68 degradation is not required for c-Nap1 and Rootletin dissociation or centrosome 
separation at G2/M

Similar to endogenous Cep68, exogenous wild type Cep68 and Cep68(S332A) localized to 

the centrosome during interphase (3A–B). Cep68 degradation was complete by 

prometaphase, whereas Cep68(S332A) was present at the centrosome throughout mitosis 

(Figures 3C and 5A–B). Notably, both endogenous and exogenous Cep68 were detected on 

G2-phase and prophase centrosomes that were already separated (Figures 3B–C and 4), 

indicating that Cep68 degradation occurs after - and is therefore not required for - 

centrosome separation. Cells expressing non-degradable Cep68(S332A) successfully formed 

a bi-oriented spindle (Figures 3C and S3B). Moreover, cells expressing Cep68(S332A) 

accumulated centrosomal γ-tubulin (Figure 3C) and PCNT (see later Figure 5A) in 

metaphase, suggesting that centrosome maturation occurs in the presence of the non-

degradable Cep68(S332A) mutant. Similar to cells expressing wild-type Cep68, the majority 

of cells expressing Cep68(S332A) already exhibited centrosome separation in prophase and 
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prometaphase (Figure S3C), indicating that Cep68(S332A) did not slow the kinetics of 

centrosome separation. Furthermore, cells expressing non-degradable Cep68 progressed 

through mitosis with the same kinetics as cells expressing wild-type Cep68, as determined 

by time-lapse microscopy (Figure S3D).

Cep68 is required for the localization of Rootletin during interphase (Ref6 and Figure S4A), 

and Rootletin is removed, along with c-NAP1, in a NEK2-dependent manner upon mitotic 

entry5, 7, 10, 11. We found that the displacement of these intercentrosomal linker proteins 

occurred normally in cells expressing non-degradable Cep68(S332A) (Figure 4). Their 

removal started in prophase and was complete by prometaphase, with similar kinetics in 

cells expressing either Cep68 or Cep68(S332A). Thus, Cep68 degradation does not 

influence the dissociation of intercentrosomal linker proteins, c-Nap1 or Rootletin.

The Eg5 motor protein can overcome the holding forces of the intercentrosomal linker, 

allowing centrosome separation to occur in the absence of NEK2 activity11. To determine 

whether Cep68 degradation similarly becomes a limiting step for centrosome separation 

when Eg5 activity is inhibited, we monitored the distance between centrosomes in cells 

treated with a low dose of an Eg5 inhibitor (monastrol)11. We found that the average 

distance between centrosomes was the same in cells expressing Cep68 or Cep68(S332A) 

(Figure S3E), indicating that degradation of the Cep68-linker does not affect centrosome 

disjunction in mitosis. We also monitored the kinetics of mitotic progression in cells stably 

expressing Cep68 or Cep68(S332A) with and without low doses of monastrol. We found 

that, whereas monastrol inhibited the kinetics of mitotic progression, cells expressing Cep68 

or Cep68(S332A) passed through mitosis with similar kinetics (Figure S3D), suggesting that 

Cep68 degradation does not facilitate Eg5-independent bipolar spindle assembly. Overall, 

we concluded that Cep68 degradation does not facilitate and is not required for centrosome 

separation and bipolar spindle assembly.

Cep68 degradation and PCNT cleavage are required for the removal of different 
populations of Cep215 from centrosomes during late mitosis

We hypothesized that the degradation of Cep68 might result in the concomitant removal of 

its interacting proteins from mitotic centrosomes. Using immunopurification followed by 

MudPIT analysis, we identified Cep215 and PCNT as two interactors of Cep68 (Figure 

S1D). We confirmed that Cep68 co-immunoprecipitated with endogenous Cep215 and 

PCNT (Figures 1D, 2B, 5A, 5B, S2B), so we investigated whether Cep68 acts as a scaffold 

protein to localize these interacting proteins, as well as intercentrosomal linker proteins, 

during interphase. We silenced Cep68 expression and analyzed the localizations of Cep215, 

PCNT, Rootletin, and Cep135. In agreement with the role of Cep68 in Rootletin recruitment 

and intercentrosome cohesion6, depletion of Cep68 resulted in the loss of Rootletin from 

centrosomes (Figure S4A). We also observed that, in interphase, Cep215 levels were 

significantly reduced at the intercentrosomal linker in Cep68 depleted cells (Figures S4A), 

although not as severely as in PCNT depleted cells6, 32, 33, 54. Although Cep215 was largely 

displaced from the intercentrosomal linker after Cep68 depletion, total levels of Cep215 

remained unchanged (Figure S4B). Finally, the localizations of PCNT and Cep135 were not 

affected by Cep68 depletion (Figure S4A).
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Next, we tested whether the stabilization of Cep68 affected the temporal localization of 

these proteins in mitosis. The aberrant retention of Cep68(S332A) on metaphase 

centrosomes resulted in increased PCNT recruitment to the pericentriolar material (PCM), 

increasing the volume of PCNT-positive material from an average of 0.74 μm3 to 1.4 μm3 

during mitosis (Figure 5A). Moreover, whereas Cep68 and Cep68(S332A) faintly interacted 

with PCNT in interphase cells, non-degradable Cep68(S332A) showed a much more robust 

interaction with PCNT in mitosis (Figure 5B). Despite this increased recruitment and 

binding, by telophase, PCNT was barely detected on centrosomes in cells engineered to 

express either Cep68(S332A) or wild type Cep68 (Figure 5A) and, reflecting this, the 

biochemical interaction decreased as well (Figure 5B).

In contrast, in the presence of the non-degradable Cep68(S332A) mutant, a strong Cep215 

signal was visible in telophase, colocalizing with Cep68 at diffuse granules and fibers 

emanating from the PCM (Figure 6A). When Cep68 was degraded, Cep215 centrosomal 

localization was significantly reduced in telophase cells (Figure 6A), in agreement with 

previous reports36. We found that the Cep68(S332A) stable mutant co-immunoprecipitated 

Cep215 both in prometaphase and in late mitosis (Figure 5B), unlike PCNT, in support of 

the retention of Cep215 in mitosis observed by immunofluorescence. Similarly, when Cep68 

was stabilized in prometaphase using the PLK1 inhibitor BI2536, Cep68 still interacted with 

Cep215 (Figure 2B). The interaction between Cep215 and Cep68 was not mediated by 

PCNT since siRNA depletion of PCNT did not affect this interaction (Figure S5A). 

Likewise, the mitotic interaction between PCNT and Cep68(S332A) did not require Cep215 

(Figure S5A). Cep215 protein levels remained constant throughout mitosis, as judged by 

immunoblot analysis (Figures 2B and 5B), indicating that the inability to detect Cep215 by 

immunofluorescence is due to its dissociation from centrosomes in late mitosis rather than 

its degradation. These results indicate that the degradation of Cep68 is a prerequisite for the 

removal of Cep215 from the PCM in late mitosis.

In prometaphase and metaphase cells (when Cep68 is absent), Cep215 is still present on 

centrosomes, implying that a mechanism other than Cep68 degradation is required for 

Cep215 removal. PCNT also interacts with Cep215 and is required for Cep215 localization 

in interphase and mitosis6, 32, 33, 54. We tested whether PCNT retention in late mitosis, like 

that of Cep68(S332A), can result in the retention of Cep215. We transiently transfected cells 

with PCNT or non-cleavable PCNT(R2231A). Overexpression of PCNT or PCNT(R2231A) 

increased the size of the PCM in around 50% of cells (Figure 6B), as described 

previously16, 26. In all cases, Cep215 co-localized with PCNT and PCNT(R2231A). Like 

endogenous PCNT21, wild-type exogenous PCNT was reduced in late mitosis in ~ 70% of 

cells. In contrast, we found that PCNT(R2231A) remained on centrosomes in late mitosis in 

~ 80% of cells, until its levels eventually dropped in cells undergoing cytokinesis (Figure 

S5B). Moreover, we found that Cep215 colocalized with PCNT in all cases where PCNT 

was present in late mitosis (Figure 6B). Therefore, the aberrant retention of either PCNT or 

Cep68 in late mitosis is sufficient to retain Cep215. Notably, the pattern of Cep215 retention 

caused by stabilization of Cep68 differed from that caused by expression of non-cleavable 

PCNT. Cep68(S332A) recruited Cep215 to diffuse granules and fibers radiating away from 

the centrosome (Figure 6A), whereas PCNT(R2231A) recruited Cep215 to a dense, compact 
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lattice, in proximity to the proximal end of the centrioles [Figure 6B and Ref.26]. These 

findings, together with the fact that Cep68-Cep215 and PCNT-Cep215 interactions are 

independent from each other (Figures S5A and 5A), suggest the existence of two distinct 

pools of Cep215.

Cep215 removal promotes centriole disengagement and subsequent centriole separation

Cep215 maintains centrosome cohesion and centriole engagement in interphase6, 36, and we 

found that Cep215 removal in late mitosis requires Cep68 degradation and PCNT removal 

(Figure 6A,B). Therefore we investigated the role of Cep68 degradation in centriole 

disengagement and/or centriole cohesion after disengagement.

We found that centrioles separated from each other in late mitotic cells expressing wild-type 

Cep68, displaying widely variable distances (mean 3.2 μm; median 2.1 μm) (Figures 7A,B). 

In contrast, centrioles in cells expressing non-degradable Cep68(S332A) remained in closer 

proximity to each other in late mitosis (mean 1.4 μm; median 1 μm) (Figures 7A,B). Cep215 

depletion by siRNA reversed the phenotype caused by retention of Cep68(S332A) in late 

mitosis (Figures 7B). These results suggest that Cep68(S332A) and Cep215 prevent either 

centriole disengagement and/or centriole separation in late mitosis.

In immunofluorescence microscopy, c-Nap1 appears as one mark at the proximal end of the 

parent centriole in engaged centrosomes that is resolved into two populations when 

centrioles disengage and lose their orthogonal arrangement18. In contrast, distal centriole 

proteins, like Centrin 2, are detected as two separate signals in both engaged and disengaged 

configurations.

Thus, the appearance of c-Nap1 and Centrin 2 foci in a 2:2 ratio indicates successful 

centriole disengagement, whereas a 1:2 ratio indicates that centrioles are engaged. We 

observed that, compared with cells expressing wild type Cep68, there were significantly 

more cells containing c-Nap1 and Centrin 2 foci in a 1:2 ratio in the presence of non-

degradable Cep68(S332A) (Figure S6). One caveat to this assay is that, using standard light 

microscopy, it is difficult to distinguish between engaged centriole pairs and closely 

associated centrioles that are disengaged. Therefore, we used three-dimensional structured-

illumination microscopy (3D-SIM) to analyze centriole orientation in cells expressing 

Cep68(S332A). We observed that in the presence of non-degradable Cep68(S332A), at the 

resolution provided by 3D-SIM, in contrast to our results using standard light microscopy, 

we could distinguish two c-Nap1 populations in most cells (Figure 7C). As expected, the 

majority of cells expressing wild-type Cep68 displayed centrioles configurations that 

indicated successful disengagement and separation. In contrast, even by 3D-SIM, expression 

of non-cleavable PCNT prevented the resolution of c-Nap1 into two populations (Figure 

7C), corresponding with the established role of PCNT cleavage in centriole 

disengagement21, 22. Therefore, we concluded that expression of non-degradable 

Cep68(S332A) does, in fact, not interfere with the centriole disengagement process, but does 

affect the ability of centrioles to separate after this step.

To study whether Cep215 retention by PCNT(R2231A) contributes to its role in centriole 

disengagement and duplication21, 22, we looked at centriole duplication in S-phase. We 
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labeled cells with Edu to identify cells undergoing DNA replication and counted the number 

of centrioles in cells in different conditions. We categorized S-phase into different stages 

(early S-phase, mid S-phase or late S-phase) based on the incorporation pattern of Edu55 

(Figure 8A). We found that centriole duplication occurred normally in cells expressing 

Cep68(S332A) (Figure 8B). In contrast, as previously shown21, 22, expression of non-

cleavable PCNT prevented centriole duplication in early and mid S-phase, although 

centrioles eventually duplicated by late S-phase. Importantly, Cep215 depletion by siRNA 

could reverse the phenotype caused by PCNT(R2231A) (Figure 8B). Collectively, our 

results show that that PCNT(R2231A) inhibits centriole disengagement and licensing in a 

Cep215-dependent manner. In contrast, the stabilization of Cep68 during mitosis inhibits 

centriole separation in a Cep215-dependent manner.

Discussion

In this study, we have shown that PLK1 triggers the βTrCP-dependent degradation of Cep68 

in prometaphase. We identified PCNT and Cep215, both products of genes involved in 

microcephaly syndromes56, 57, as interactors of Cep68. PCNT and Cep215 play integral 

roles in PCM maturation and engagement22, 31, 33, 36, 58, 59 and interact with each 

other32, 54, 60, sharing a similar localization pattern in mitosis (i.e. increased in prophase and 

metaphase, and reduced by telophase, when the PCM disassembles and centriole 

disengagement occurs). Indeed, PCNT controls the localization of Cep215 in interphase and 

early mitosis6, 26, 29, 32, as well as late mitosis (shown here). Our study suggests that there 

are two pathways required for Cep215 removal from late mitotic centrosomes. One pathway 

involves the βTrCP- and PLK1-mediated degradation of Cep68 in prometaphase; the other 

the cleavage of PCNT at Arginine 2231 by Separase upon mitotic exit21, 22, after which the 

C-terminus of PCNT (which contains the Cep215-binding region) is subject to N-end rule 

mediated degradation22, 32. Moreover, our results are consistent with the notion that there 

are two pools of Cep215, a peripheral, granular PCM pool (interacting with Cep68), and 

proximal, dense centriolar pool (interacting with PCNT). When Cep215 is retained on the 

peripheral PCM by its interaction with Cep68(S332A), centriole separation following 

disengagement is inhibited. When Cep215 is retained at the core of the PCM by its 

interaction with non-cleavable PCNT, centriole disengagement and duplication are delayed 

(see model in Figure 8C).

Several different models of disengagement have been proposed. In one version, the 

orthogonal configuration of engaged centrioles is maintained by “glue proteins,” such as 

Cohesin23 and other, unidentified factors that may form a linker between mother and 

daughter centrioles. Although not mutually exclusive, an alternative model suggests a 

function for the PCM in trapping the mother-daughter centriole pair in their orthogonal 

configuration21, 22, 25, sterically inhibiting the disengagement process. We confirmed that 

lack of PCNT cleavage and removal inhibits centriole disengagement and licensing and 

further show that these events depend on the retention of Cep215 by PCNT. Our results 

suggest that PCM remodeling facilitates the processes of centriole disengagement and 

separation.

Pagan et al. Page 8

Nat Cell Biol. Author manuscript; available in PMC 2016 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Interestingly, other centrosomal proteins (including CP110, PLK4, cyclin E, and Sas6) are 

also degraded via SCF ligases (SCFcyclin F, SCFβTrCP, SCFFbxw7 and SCFFbxw5, 

respectively)39–48 to limit centriole duplication to once per cell cycle. In contrast, SCFβTrCP-

mediated degradation of Cep68 degradation does not inhibit centrosome overduplication 

and, instead, prevents Cep215 removal and centriole separation after centriole 

disengagement. As Separase is activated by APC/C, our study also highlights the crosstalk 

between SCF and APC/C ubiquitin ligase complexes in regulating PCM disassembly.

Materials and Methods

Antibodies

A rabbit polyclonal anti-Cep68 antibody was generated against GST-Cep681-355 (YenZym 

Antibodies, South San Francisco, CA) and affinity purified (used at 1:1000 dilution). A 

rabbit polyclonal antibody against phospho-S332-Cep68 (PADPVLQDpSGVDLD) was 

generated and affinity purified by YenZym Antibodies (used at 1:1000). The following 

commercial rabbit antibodies were used: pHH3-Ser10 (1:1000; D2C8; Cell signaling), γ-

tubulin (1:1000; T5192; Sigma), FLAG (1:1000 (IF), 1:5000 (WB); F7425; Sigma), βTrCP1 

(1:500; D13F10; Cell Signaling), Cep215 (Cdk5RAP2) (1:1000; A300-554A; Bethyl), 

Fbxo11 (1:1000; NB100-59825; Novus Biologicals), Fbxo5 (1:500; Invitrogen), Rootletin 

(CROCC) (1:100; Ab2; Sigma), Centrin 2 (1:100; N-17; Santa Cruz), PCNT (1:500; 

ab99342; Abcam), CP110 (1:100; 12780-1-AP; Protein Tech), Cdc20 (1:500; p55 CDC 

(H-175) sc-8358; Santa Cruz), and Cep135 (1:500; A302-250A; Bethyl). Antibodies to 

Fbxo18 (1:500) and Skp1 (1:5000) were generated in the Pagano laboratory61. The goat 

pericentrin 2 (N20) antibody was from Santa Cruz (1:1000 (IF)). The following mouse 

antibodies were used: HA.11 (Covance) (1:1000), γ-tubulin (1:1000; T5326; Sigma), 

Cdc25A (1:500; F6; Santa Cruz), GST (1:1000; 13-6700; Invitrogen), PLK1 (1:1000; F-8, 

Santa Cruz), Cdc27 (1:1000; AF3.1; Sigma), α-Tubulin (1:1000; T6199; Sigma), Nek2 

(1:200; 610593; BD Transduction Laboratories), Lamin B (1:1000; sc-365962; Santa Cruz), 

Centrin 3 (1:100; SS12; Santa Cruz), cNAP-1 (1:100: BD Transduction Labs) and c-NAP-1 

(1:50; F3; Santa Cruz).

Plasmids

Cep68 isoform 1 (KIAA0582) from the Kazusa DNA Research Institute or Cep68 isoform 2 

(BC004873.2) were amplified by PCR and subcloned into a variety of vectors: a modified 

pcDNA3 vector containing a FLAG tag (FLAG-pcDNA3), a modified pBABE construct 

containing 2×FLAG and 2×HA tags (FLAG-HA-pBABE), pGEX-4T-2 (Amersham), and 

pcDNA-FRT-FLAG-dest. Cep68 truncation mutants and phosphosite-mutants were 

generated by site-directed mutagenesis (QuikChange, Agilent Technologies). Cep68 isoform 

2 is used in figures 1b, 1d, 2a, s1b, s1c, s2b, s2d, s2e, s2f, and s2g. Both isoforms contain 

the βTrCP-degron and behave identically in our experiments. The FLAG-PCNTB-wt-MYC 

and FLAG-PCNTB-R2231A-myc in pLVX-IRES-PURO have been described previously22.

Cell culture procedures

HeLa and U-2 OS cells were propagated in Dulbecco’s modified Eagle’s medium containing 

10% fetal bovine serum (FBS). Stable cell lines expressing FLAG-HA-Cep68 or HA-Cep68 
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constructs (from a pBABE backbone) were generated by retroviral infection, as reported 

previously62. Cells expressing doxycycline-inducible FLAG-Cep68 and FLAG-

Cep68(S332A) were generated using Flippase (Flp) recombination target (FRT)/Flp-

mediated recombination technology in HeLa-T-rex Flp-in cells, described previously63. 

Cep68 was induced with 0.5 μg/ml doxycycline (Sigma). HEK293T cells were transfected 

with DNA using polyethylenimine (Polysciences). Cells were synchronized at G1/S using 

the double-thymidine block method. The following drugs were used: Nocodazole (Sigma; 

100 ng/ml), BI2536 (Selleck; 100 nM), VX680 (Selleck; 300 nM), Monastrol (Tocris; 50 

μM), Mg132 (Peptides International; 10 μM), and MLN4924 (Active Biochem; 0.5 μM).

siRNA oligonucleotides

The following siRNAs from Dharmacon were used: GUGGAAUUUGUGGAACAUC 

(βTrCP1/2, sequence 1), L-003463-00 and L-003490-00 (βTrCP1 and βTrCP2, sequence 2), 

ON-TARGETplus SMARTPOOL Cdc20 (L-015377-00-0005), 

GGAAAGUGAUGACGAGUAU (Cep68), and GCAAGGAUCUGAAUUUGUU 

(Cep215). The siRNA duplexes were transfected into cells using RNAiMax (Invitrogen) 

according to the manufacturer’s instructions.

Biochemical Methods, Purifications, and Mass-Spectometry

Cell lysis, immunoprecipitation, and immunoblotting have been previously described41. For 

purification and MudPIT analysis, HEK293T cells were transiently transfected with FLAG-

Cep68. Briefly, the method follows that of MacCoss, M. J. et al with modifications64. TCA-

precipitated proteins were urea-denatured, reduced, alkylated, and digested with 

endoproteinase Lys-C (Roche) followed by digestion with modified trypsin (Roche). 

Samples were loaded onto triple-phase 100 μm fused silica microcapillary columns and 

placed in-line with an LTQ Velos-Orbitrap Elite hybrid mass spectrometer equipped with a 

nano-LC electrospray ionization source (Thermo Fisher Scientific), coupled with a 

quaternary Agilent 1260 series HPLC. Each differently-digested sample was analyzed using 

fully automated 10-step chromatography run as described in Florens et al.65. Full MS 

spectra were recorded on the peptides over a 400 to 1,600 m/z range in the Orbitrap-elite at 

60K resolution, followed by fragmentation in the ion trap (at 35% collision energy) on the 

first to tenth most intense ions selected from the full MS spectrum. Dynamic exclusion was 

enabled for 90 seconds66, with an exclusion window of 0.03 to 1.03. Mass spectrometer scan 

functions and HPLC solvent gradients were controlled by the Xcalibur data system (Thermo 

Fisher Scientific). For data analysis, RAW files were extracted into .ms2 file format67 using 

RawDistiller v. 1.0 (Ref.67), in-house developed software. RawDistiller D(g, 6) settings 

were used to abstract MS1 scan profiles68. Tandem mass (MS/MS) spectra were interpreted 

using SEQUEST (Ref.69) with a peptide mass tolerance of 10 ppm and of +/− 0.5 amu for 

fragment ions. The data was searched against a database of 58614 sequences, consisting of 

29147 H. sapiens non-redundant proteins (downloaded from NCBI on 2011-8-16), 177 usual 

contaminants (such as human keratins, IgGs, and proteolytic enzymes), and, to estimate 

false discovery rates, 29307 randomized amino acid sequences derived from each non-

redundant protein entry.

Pagan et al. Page 10

Nat Cell Biol. Author manuscript; available in PMC 2016 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Kinase assay

GST-Cep68 or GST-Cep68-S332A were purified from Escherichia coli (BL-21) and 

incubated with purified PLK1 (Sigma) in a kinase reaction buffer (50 mM Tris-HCl pH 7.5, 

10 mM MgCl2, 0.6 mM DTT, 0.01% Triton X-100, and 2 mM ATP) at 30°C for one hour.

Immunofluorescence Microscopy

Cells were fixed with ice-cold methanol for 10 minutes, then blocked with 3% BSA in PBS 

prior to incubation with primary antibodies. Alexa-555, Alexa-647 or Alexa-488-conjugated 

secondary antibodies were from Life Technologies. Edu labeled DNA was detected using 

the Click-iT Edu Alexa Fluor 455 imaging kit from Life Technologies according to the 

manufacturer’s instructions. Slides were mounted in ProlongGold with DAPI (Invitrogen). 

Imaging was performed using a DeltaVision Elite inverted microscope system (Applied 

Precision), using a 100×/1.4NA Oil PSF Objective from Olympus. The system was 

equipped with a CoolSNAP HQ2 camera and SoftWorx imaging software version 5.0. Serial 

optical sections obtained 0.2-μm apart along the z-axis were processed using the SoftWorx 

deconvolution algorithm and projected into one picture using SoftWorx software (Applied 

Precision). Image J (http://rsb.info.nih.gov/ij) was used to measure fluorescence intensities 

from a defined area around the centrosome. Signal intensities were normalized against γ-

tubulin. Background intensity was substracted from each measurement. Images from each 

data set were acquired on the same day using the same exposure times. 3D-SIM images 

were acquired using a DeltaVision OMX V4/Blaze system (GE Healthcare) fitted with an 

Olympus 100x/1.40 NA UPLSAPO oil objective and Photometrics Evolve EMCCD 

cameras. 405, 488 and 568 nm laser lines were used for excitation and the corresponding 

emission filter sets were 436/31, 528/48 and 609/37 nm respectively. Image stacks were 

acquired with an optical section spacing of 125 nm. SI reconstruction and Image 

Registration were performed using softWoRx v. 6.1 software, using Optical Transfer 

Functions (OTFs) generated from Point Spread Functions (PSFs) acquired using 100 nm 

(green and red) or 170 nm (blue) FluoSpheres and alignment parameters refined using 100 

nm TetraSpeck beads (Invitrogen/Life Technologies).

Statistics

P values were derived from unpaired two-tailed t-tests using GraphPad Prism software. All 

immunoblot images and immunofluorescence images are representative of at least two 

independent experiments, except where specified in the figure legends.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Cep68 is degraded in prometaphase in a βTrCP-dependent manner
a) Cep68 protein levels are downregulated in prometaphase. HeLa cells were synchronized 

by double-thymidine arrest before release into fresh media. Seven hours after release, 

nocodazole was added to the media to accumulate cells in prometaphase, which were 

collected by mitotic shake-off. Cells were collected at the indicated times and lysed for 

immunoblotting as indicated. AS, asynchronous. PM, prometaphase.

b) Cep68 is degraded in prometaphase by a cullin-RING ligase. HeLa cells stably 

expressing Flag-HA-Cep68 were released from double-thymidine arrest. Seven hours after 

release, nocodazole was added to the media to accumulate cells in prometaphase. Where 

indicated, MG132 (a proteasome inhibitor) or MLN4924 (a cullin-RING ligase inhibitor) 

were also added to cells seven hours after release. Where indicated, cells were transfected 

with βTrCP siRNA. Cells were harvested either in G2 phase (eight hours after release from 

double-thymidine arrest) or prometaphase (twelve hours after release).
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c) Cep68 degradation occurs between prophase and prometaphase. U-2OS cells were fixed 

and stained with DAPI and antibodies recognizing Cep68 (green) and Lamin B (red). The 

areas in the white boxes are shown at higher magnification directly beside the corresponding 

image. The graph indicates the percentage of cells that were either Cep68 positive or 

negative in each stage of mitosis. Prophase: n=110; Prometaphase: n=130; Metaphase: 

n=102 (from one experiment).

d) Cep68 interacts specifically with βTrCP1. HEK293T cells were transfected with either 

empty vector (EV) or FLAG-tagged centrosomal proteins (CEPs). Cell lysates were 

immunoprecipitated with anti-FLAG resin, and immunoprecipitates were probed with the 

indicated antibodies. WCL, whole cell lysate.

e) Cep68 is stabilized in prometaphase by βTrCP depletion. HeLa cells were transfected 

with βTrCP siRNA. Cells were synchronized by double-thymidine arrest and released into 

fresh media for the indicated times, before processing as in Figure 1A.
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Figure 2. PLK1 phosphorylates Cep68 on Ser332 to promote βTrCP-mediated Cep68 
degradation
a) Ser332 is necessary for Cep68 degradation in prometaphase. HeLa cells expressing 

inducible FLAG-tagged Cep68, Cep68(Δ331-337), or Cep68(S332A) were synchronized by 

double-thymidine arrest. Cells were released and harvested at the G1/S transition, in G2 

phase (8 hours after release), or in prometaphase (PM). Cell lysates were immunoblotted as 

indicated.

b) PLK1 inhibition prevents the degradation of endogenous Cep68. HeLa cells were 

synchronized by double-thymidine arrest, treated with nocodazole seven hours after release, 

and incubated for a further five hours to allow cells to enter prometaphase (PM). Where 

indicated, cells were treated with PLK1 inhibitor (BI2536). Cep68 was immunoprecipitated 

from cell lysates and immunoblotted as indicated. Cep68 interacts with Cep215 both in 

asynchronous cells and when Cep68 is stabilized by PLK1 inhibition.

c) PLK1 depletion, but not Nek2 depletion, prevents the degradation of Cep68. HeLa cells 

expressing inducible FLAG-Cep68 were transfected with siRNAs to βTrCP, Nek2, or PLK1. 

Cells in prometaphase were harvested and imunoblotted as indicated.

d) PLK1 inhibition prevents phosphorylation of Cep68 on Ser332 in vivo. HeLa cells 

expressing either inducible FLAG-Cep68 or FLAG-Cep68(S332A) were released from a 

double-thymidine arrest. Seven hours after release, cells were treated with nocodazole and, 

where indicated, either BI2536 (a PLK1 inhibitor) or MLN4924 (a CRL inhibitor). Cells 

were then harvested at the indicated time points. Cep68 or Cep68(S332A) were 

immunoprecipitated from cell lysates using an anti-FLAG resin. Whole cell lysates (WCL) 

and immunoprecipitates were immunoblotted as indicated.
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Figure 3. Cep68 degradation is not required for centrosome separation in mitosis
a) Cep68(S332A) localizes to the intercentrosomal linker in interphase cells. Cells 

expressing inducible FLAG-tagged Cep68 or Cep68(S332A) were fixed and analyzed by 

immunofluorescence using anti-FLAG (red) and anti-PCNT (green) antibodies. The areas in 

the white boxes are shown at higher magnification directly beside the corresponding image. 

Scale bars represent 1 μm.

b) Centrosome separation occurs before the degradation of endogenous Cep68. HeLa cells 

were fixed and analyzed by immunofluorescence using antibodies recognizing Cep68 (red) 

and γ-tubulin (green). The areas in the white boxes are shown at higher magnification 

directly below the corresponding image. Scale bars represent 1 μm.

c) Centrosome separation and γ-tubulin recruitment occur normally in cells expressing 

Cep68(S332A). Cells expressing HA-tagged Cep68 or Cep68(S332A) were fixed and stained 

with anti-HA (green) and anti-γ–tubulin (red) antibodies. Cells in interphase, G2 phase, 

metaphase, and telophase were analyzed by immunofluorescence. The areas in the white 
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boxes are shown at higher magnification directly below the corresponding image. Scale bars 

represent 1 μm. This experiment was reproduced three times. For each experiment in this 

figure, approximately 30 cells per condition were analysed.
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Figure 4. Cep68 degradation is not required for the displacement of Rootletin or c-Nap1 from 
mitotic centrosomes
Cells expressing inducible FLAG-Cep68 or FLAG-Cep68(S332A) were stained with an 

anti-FLAG antibody (green) and either an anti-Rootletin or an anti-c-Nap1 antibody (red). 

Cells in interphase and mitosis were analyzed. The areas in the white boxes are shown at 

higher magnification directly beside the corresponding image. Scale bar represents 5 μm. 

This experiment was independently reproduced two times and each time approximately 30 

cells per condition were analysed.
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Figure 5. Cep68 stabilization increases the amount of PCNT at metaphase centrosomes, but does 
not affect its removal at the end of mitosis
a) Cep68(S332A) expression results in increased levels of PCNT on metaphase centrosomes. 

Cells expressing pBABE-HA-tagged Cep68 or Cep68(S332A) were fixed and stained with 

anti-HA and anti-PCNT antibodies. PCNT levels decrease in telophase centrosomes, as 

previously reported21, regardless of the expression of Cep68. The areas in the white boxes 

are shown at higher magnification directly above the corresponding image. This 

phenomenon was observed in >3 experiments. The graph on the right shows the volume of 

PCNT-positive material in metaphase cells expressing Cep68 or Cep68(S332A) measured 

using Volocity 3D image analysis software. Bars represent the mean ± standard deviation 

(S.D.). Cep68: n=32 centrosomes; Cep68(S332A):n=33 centrosomes. P< 0.0001.

b) The biochemical interaction between stable Cep68 and PCNT increases in metaphase, 

and decreases at the end of mitosis. In contrast, the interaction between stable Cep68 and 

Cep215 persists throughout mitosis. Cells expressing doxycycline (DOX)-inducible FLAG-

tagged Cep68 or Cep68(S332A) were collected from asynchronous conditions (AS), 

prometaphase (PM), or late mitosis/early G1 phase (the latter obtained by releasing cells 

from nocodazole arrest for two hours). Cep68 or Cep68(S332A) were immunoprecipitated 

from cell lysates with anti-FLAG resin, and whole cell lysates (WCL) and 

immunoprecipitates were immunoblotted as indicated. Total Cep215 levels do not change 

following release from mitosis. The asterisk denotes a non-specific band.
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Figure 6. Retention of Cep68 or PCNT in late mitosis prevents the removal of Cep215
a) Expression of non-degradable Cep68(S332A) results in the retention of Cep215 on 

centrosomes in late mitosis. Cells expressing Cep68 or Cep68(S332A) were fixed and 

stained with antibodies recognizing Cep68 (red) and anti-Cep215 (green) antibodies. Cells 

in interphase and metaphase expressing HA-tagged Cep68 constructs were analyzed by 

immunofluorescence. The localization of Cep215 in telophase in cells expressing FLAG-

tagged Cep68 constructs was analyzed by three-dimensional structured-illumination 

microscopy (3D-SIM). Scale bars represent 1 μm. The graph below shows the relative 

intensity of Cep215 quantified in metaphase and telophase cells expressing HA-tagged 

Cep68 or Cep68(S332A). The bars represent the mean ± standard deviation (S.D.). Cep68 

metaphase: n=30 centrosomes; Cep68(S332A) metaphase: n=26 centrosomes; Cep68 

telophase: n=30 centrosomes; Cep68(S332A) telophase: n=32 centrosomes. ****P < 

0.0001.

b) Expression of non-cleavable PCNT(R2231A) in late mitosis prevents Cep215 removal. 

HeLa cells were transiently transfected with FLAG-PCNT or FLAG-PCNT(R2231A). Cells 

were fixed and stained with antibodies to FLAG (red) and Cep215 (green). The localization 

Pagan et al. Page 23

Nat Cell Biol. Author manuscript; available in PMC 2016 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



of Cep215 in telophase cells expressing FLAG-tagged PCNT constructs was analyzed by 

3D-SIM. The areas in the white boxes are shown at higher magnification directly above the 

corresponding image. Scale bars represent 1 μm. This experiment was reproduced three 

times.
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Figure 7. Cep68 degradation promotes centriole separation in a Cep215-dependent manner
a) The distance between mother and daughter centrioles in late mitosis is restricted in cells 

expressing non-degradable Cep68(S332A). Cells expressing HA-Cep68 or HA-

Cep68(S332A) were synchronized by double-thymidine arrest and released into fresh media. 

Cells in metaphase or cytokinesis were analyzed by immunofluorescence using antibodies 

recognizing HA (green) or Centrin 2 (red). The areas in the white boxes are shown at higher 

magnification directly above the corresponding image. Scale bars represent 1 μm.

b) Measurement of the distance between mother and daughter centrioles in late mitosis. 

Cells expressing inducible FLAG-tagged Cep68 or Cep68(S332A) were transfected with 

Cep215 siRNA. Cells were synchronized by double-thymidine arrest and released into fresh 

media. Cells in metaphase or cytokinesis were analyzed by immunofluorescence. The 

distance between centrioles (CP110 foci) was measured using the SoftWorx measure tool 

and is displayed as a scatter plot. Bars represent the mean distance ± standard deviation 

(S.D.). The n value is pooled from at least three independent experiments.

c) Cep68 degradation is not required for centriole disengagement. In contrast, non-cleavable 

PCNT(R2231A) prevents centriole disengagement. Left panels: Cells expressing Cep68 or 
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Cep68(S332A) were synchronized by double-thymidine arrest and released into fresh media 

for 14 hrs. Cells in G1 phase were stained with for c-Nap1 (red) and CP110 (green) and 

analyzed by three-dimensional structured-illumination microscopy (3D-SIM). c-Nap1 can be 

resolved into two populations in cells expressing Cep68 and Cep68(S332A). Scale bars 

represent 1 μm. Right panels: Cells expressing wild-type FLAG-PCNT or non-cleavable 

FLAG-PCNT(R2231A) were synchronized by double thymidine arrest and released into 

fresh media until they entered G1 phase. Cells were stained with antibodies to FLAG (green) 

and c-Nap1 (red) and analyzed by 3D-SIM. The graph on the right shows the quantification 

of cells containing 2 c-Nap1 dots in cells expressing Cep68 or Cep68(S332A). > 10 cells per 

experiment were analysed per experiment. Bars represent the mean of three experiments ± 

standard deviation (S.D.). Non-cleavable PCNT served as the positive control in two out of 

the three experiments and is shown without error bars. ns= non-significant.
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Figure 8. Cep215 mediates the effects of non-cleavable PCNT(R2231A) on centriole duplication
a) Representative Edu incorporation patterns for early S-phase, mid S-phase, and late S-

phase cells. HeLa cells were incubated with Edu for one hour prior to fixation to identify 

cells that were actively undergoing DNA replication, then stained using the Click-it Edu 

imaging system (red) together with antibodies to CP110 (green) and FLAG (blue). The 

distinct stages of S-phase were identified according to the Edu incorporation pattern55. Cells 

were considered to be in early S-phase if they contained numerous small Edu foci, 

distributed evenly throughout the nucleus. Cells were considered to be in mid S-phase if the 

Edu was incorporated at perinuclear or perinucleolar sites. Late S-phase was scored if cells 
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contained very large Edu-positive foci. The areas in the white boxes are shown at higher 

magnification directly above the corresponding image. Scale bar represents 1 μm.

b) Cep215 depletion rescues the centriole duplication delay caused by expression of non-

cleavable PCNT(R2231A). HeLa cells expressing doxycycline-inducible FLAG-tagged 

Cep68 or Cep68(S332A) were induced for 48 hours with doxycycline. Where indicated, 

cells were transfected with Cep215 siRNA at the time of transient transfection of FLAG-

tagged PCNT(R2231A). Centriole numbers (CP110 foci) were scored. The average of three 

independent experiments is shown ± standard error of the mean (SEM). The n value is 

pooled over the three experiments. *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001.

c) Model. Top panel: Cep68 is degraded in a βTrCP- and PLK1-dependent manner in early 

mitosis. PCNT is cleaved by Separase in anaphase21, 22, after which the C-terminus of 

PCNT (which contains the Cep215-binding region) is degraded via the N-end rule22. 

Cep215 is subsequently removed from the centrosome. Middle panel: Stabilization of Cep68 

at the centrosome in mitosis is not required for centrosome separation and bipolar spindle 

assembly. Instead, Cep68 stabilization in late mitosis results in the retention of Cep215, 

which prevents centriole separation following disengagement. Bottom panel: Expression of 

non-cleavable PCNT results in the retention of a different population of Cep215, which 

prevents centriole disengagement and subsequent licensing.
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Table 1
Identification of Cep68 phosphorylation sites in vivo by mass spectrometry

FLAG-tagged Cep68 was immunoprecipitated from HEK293T cells that were either untreated or treated with 

BI2536 (a PLK1 inhibitor) for 16 hours. Note that PLK1 inhibition results in prometaphase arrest. The table 

lists the number of spectra matching phosphorylated peptides as a fraction of total spectra detected for 

peptides bearing each residue and their corresponding modification percentage. Ser332 was identified as a 

phosphorylated residue in untreated cells, but not in cells treated with BI2536.

Residue and modification Untreated PLK inhibition Surrounding Sequence

T106 1/664 0/972

S109 17/664 17/972

S126 1/128 3/286

S136 0/128 4/286

S186 0/279 1/482

S249 0/61 8/113

S268 3/50 6/40

Y273 0/50 8/40

S285 0/50 5/40

S332 1/147 0/215

S340 0/147 2/215

S342 9/147 12/215

S354 3/203 6/188

S374 0/144 1/89

S435 2/419 8/437

S472 4/37 2/47

S478 23/37 32/47
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