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Introduction

A centriole pair is surrounded by pericentriolar matrix (PCM) 
within the centrosome.1 An accurate control of centriole num-
ber is critical for genomic stability, since abnormality in centriole 
number might cause defects in bipolar spindle formation during 
mitosis. In fact, amplified centrioles are detected in many cancer 
cells.2

The centriole is duplicated once per cell cycle during S phase.1 
The duplicated procentriole is engaged with the mother centriole 
until M phase. The centrioles are disengaged at the end of mito-
sis, and this is considered an essential step for licensing a new 
round of centriole duplication in the next cell cycle. First, centri-
ole duplication is inhibited in cells whose centrioles are not disen-
gaged even at G

1
 phase.3 Second, a laser ablation of the engaged 

procentriole induces reduplication of the mother centriole.4 
Third, premature centriole disengagement is observed in cells 
whose cell cycle is arrested at S or G

2
 phase, and centriole redu-

plication is accompanied.5 These observations indicate that cen-
triole disengagement is a precondition for centriole duplication.

Centriole disengagement is regulated by the protease activity 
of separase.3,6 When endogenous separase is depleted or replaced 
with an inactive form, centriole disengagement is inhibited at G

1
 

phase. Nonetheless, the centrioles in separase-depleted cells are 
eventually disengaged at a later stage of the cell cycle. Separase 
is known to cleave Scc1, a cohesin component for sister chro-
matid separation during mitosis.7 It was reported that cohesin 
is an essential factor for centriole engagement, and it is cleaved 
by separase during mitosis.8 However, there is a contradictory 
report in which the cleavage of Scc1 is not required for centriole 
disengagement.3

Centriole disengagement is considered an essential step for licensing a new round of centriole duplication in the next 
cell cycle. Separase is critical for centriole disengagement. Here, we showed that pericentrin B (PCNTB) is specifically 
cleaved by separase at the exit of mitosis. The cleavage-resistant PCNTB mutant blocks the centriole disengagement and 
duplication. We also observed that an artificial cleavage of PCNTB during M phase induced premature disengagement 
of centrioles. Based on these results, we concluded that the separase-dependent cleavage of PCNTB is necessary and 
sufficient for centriole disengagement during mitosis.
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Pericentrin (PCNT) is a centrosomal protein that functions 
as a scaffold for recruiting a number of centrosomal proteins.9-12 
Mutations in the PCNT gene are associated with several human 
disorders, including primordial dwarfism.13-16 It is known that 
PCNT plays an important role in spindle pole formation along 
with other PCM proteins, such as CEP215 and CEP192.9,11,12 
We previously reported that PLK1-mediated phosphorylation of 
PCNT initiates centrosome maturation by organizing the spin-
dle pole-specific PCM lattice.9

In this paper, we showed that PCNTB is specifically cleaved 
by separase. Our results indicate that PCNTB is a separase sub-
strate that is responsible for centriole disengagement during the 
mitotic exit.

Results

PCNTB is specifically cleaved by separase during mitotic exit. 
Immunoblot analyses with the pericentrin antibody revealed 
specific bands corresponding to A and B isoforms of pericentrin 
and an additional band 340 kDa in size.9 This additional band is 
likely a cleaved fragment of pericentrin B (PCNTB), because it 
disappears with the siRNAs specific to PCNTB.9 We determined 
the PCNTB protein levels in synchronized cell populations. The 
results showed that the full-length PCNTB levels significantly 
decreased, and the fragmented PCNTB levels simultaneously 
increased at 12 h after the double thymidine block and release 
(Fig. 1A). These results suggest that PCNTB is fragmented dur-
ing the mitotic exit. We examined PCNTB degradation in detail 
with HeLa cells synchronized with nocodazole. The full-length 
PCNTB levels were significantly reduced within 1 h after the 
nocodazole release, and the fragmented PCNTB levels were 
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A consensus sequence for separase cleavage (S/T-x-E-x-x-R↓) 
was well defined.19,20 Among the six potential separase cleavage 
sites, the one near R2231 was the most promising, based on the 
predicted size of the fragmented PCNTB. Furthermore, R2231 of 
PCNTB is conserved among selected vertebrates (Fig. 2D). The 
molecular size of FLAG-GFP-PCNTB1–2231 is identical to that 
of the fragmented form of the wild type FLAG-GFP-PCNTB-
Myc (Fig. 2E). Finally, we determined specific cleavage at R2231 
with a cleavage-resistant mutant of PCNTB. The results showed 
that the PCNTBR2231A mutant was not cleaved during the mitotic 
exit, indicating that separase specifically cleaves next to R2231 of 
PCNTB during the mitotic exit (Fig. 2F).

The C-terminal fragment of PCNTB is rapidly degraded 
after cleavage. Once PCNTB was cleaved during mitosis, the 
N-terminal fragment of PCNTB was readily detected in immu-
noblot analysis, but the C-terminal fragment was not. We 
hypothesized that the C-terminal fragment is degraded rapidly 
after cleavage. The C-terminal fragment of PCNTB was able 
to be detected with immunoprecipitation followed by immu-
noblotting with the PCNTB antibody generated from GST-
PCNTB2628–2969 (Fig. 3A). When the cells were forced to exit 
mitosis with ZM447439, an Aurora B inhibitor, the C-terminal 
fragment disappeared as soon as it is formed (Fig. 3A). The 

simultaneously induced (Fig. 1B). Identical results were observed 
with FLAG-GFP-PCNTB-Myc, which was stably expressed in 
HeLa cells (Fig. 1C). Based on these results, we concluded that 
PCNTB is specifically cleaved during the mitotic exit.

We tried to identify a protease that is responsible for PCNTB 
cleavage. Previous papers reported that separase localizes at the 
centrosome and functions for procentriole disengagement from 
the mother centriole during mitotic exit.3,17 In fact, we observed 
reduction of the cleaved PCNTB levels in the separase-depleted 
cells (Fig. 2A). Immunoblot analysis of PCNTB was performed 
in the separase-depleted cells, which synchronously entered mito-
sis with the thymidine-nocodazole block and release. The results 
showed that the amount of the fragmented PCNTB was signifi-
cantly reduced in separase-depleted mitotic cells, but those of 
the full-length PCNTB remained constant (Fig. 2B). It is well 
known that separase becomes active after securin is degraded 
by anaphase-promoting complex during mitosis.7,18 Therefore, 
we determined the PCNTB protein levels in cells expressing 
nondegradable securin. The results showed that the fragmented 
PCNTB is significantly reduced during mitosis in cells express-
ing the nondegradable securin (Fig. 2C). Based on these results, 
we concluded that separase is essential for the PCNTB cleavage 
during mitotic exit.

Figure 1. PCNTB is cleaved during mitotic exit. (A) HeLa cells were accumulated at G1/S phase with a double thymidine block and synchronously 
released. The cells were harvested at indicated time points and subjected to immunoblot analysis with antibodies specific for PCNT, cyclin B1 and 
GAPDH. Asynchronous cells were used as a control. (B) HeLa cells were accumulated at M phase with a nocodazole treatment for 16 h. The mitotic cells 
were shaken off for a synchronous release. The cells were harvested at indicated time points and subjected to immunoblot analysis with antibodies 
specific for PCNT, cyclin B1, phospho-histone H3 (pHH3) and GAPDH. Asynchronous cells were used as a control. (C) A stable cell line expressing FLAG-
GFP-PCNTB-Myc was accumulated at M phase with a nocodazole treatment for 16 h. The mitotic cells were shaken off for a synchronous release. At 
indicated time points, the cells were harvested and subjected to immunoblot analysis with antibodies specific for FLAG, cyclin B1, phospho-histone H3 
(pHH3) and GAPDH. Asynchronous cells were used as a control.
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Figure 2. Determination of the specific separase cleavage site within PCNTB. (A) HeLa cells were infected with the lentiviruses with 3 different shRNAs 
(shSeparase) for separase and a control shRNA (shCTL). The infected cells were harvested at indicated days and subjected to immunoblot analysis 
with antibodies specific for PCNT, separase and GAPDH. (B) HeLa cells were infected with the lentiviruses expressing shCTL or shSeparase-2. Forty-
eight hours later, the cells were accumulated at M phase with a thymidine-nocodazole block and synchronously released. The cells were harvested at 
indicated time points and subjected to immunoblot analysis with antibodies specific for PCNT, separase, cyclin B1, phospho-histone H3 (pHH3) and 
GAPDH. (C) HeLa cells were transfected with expression vectors for the wild type (WT) and nondegradable (ND) forms of securin. Forty-eight hours 
later, the cells were treated with doxycycline, accumulated at M phase with a thymidine-nocodazole block and synchronously released. The cells were 
harvested at indicated time points and subjected to immunoblot analysis with antibodies specific for PCNT, cyclin B1, FLAG, separase and GAPDH. 
(D) Sequence alignment near the separase cleavage site of PCNTB among representative vertebrates. (E) The transiently expressing FLAG-GFP-
PCNTB1–2231 protein was compared with the stably expressing FLAG-GFP-PCNTB-Myc protein. The immunoblot was performed with the FLAG antibody. 
(F) Stable cell lines expressing the wild-type or R2231A point mutant of FLAG-PCNTB-Myc were accumulated at M phase with a thymidine-nocodazole 
block and synchronously released. The cells were harvested at indicated time points and subjected immunoblot analysis with antibodies specific for 
PCNT, cyclin B1 and GAPDH.
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(Fig. 3C). We generated a PCNTB point mutant, in which lysine 
at 2232 was substituted to methionine, and tested the stability of 
the C-terminal fragment. The results showed that the C-terminal 
fragment with M2232 becomes stabilized after the forced mitotic 
exit (Fig. 3D). This indicates that the C-terminal fragment of 
PCNTB is rapidly degraded by the N-end rule pathway.

The PCNTB cleavage is essential for timely centriole dis-
engagement and duplication. It is known that the separase 
activity is essential for centriole disengagement.3,6 Therefore, we 
examined whether the separase cleavage of PCNTB is required 
for centriole disengagement or not. The centriole disengagement 
was determined in the PCNTB-depleted cells rescued with the 
cleavage-resistant PCNTB mutant. Skp2 was used to distinguish 
G

1
 phase cells from S and G

2
 phase cells, since it is expressed 

endogenous PCNTB was depleted with shRNA and rescued with 
the wild type or cleavage-resistant PCNTB (Figs. S1 and S3B). 
The C-terminal fragment was detected only in the cells rescued 
with the wild type PCNTB, confirming that the short-lived 
C-terminal fragment is formed by the separase-directed cleavage 
during mitotic exit (Fig. 3B).

When a protein is cleaved by a protease at a specific site, the 
stability of the cleaved C-terminal fragment depends on the 
new N-terminal residue, which is known as the N-end rule.21 
Since PCNTB in a mitotic cell is cleaved next to arginine 2231, 
the C-terminal fragment of PCNTB should start from lysine 
2232, which may be easily ubiquitinated and degraded follow-
ing the N-end rule (Fig. 3C). In support of our prediction, the 
C-terminal fragment of PCNTB was stabilized with MG132 

Figure 3. The C-terminal fragment of PCNTB is immediately degraded after cleavage. (A) HeLa cells were accumulated at metaphase with a thymidine-
taxol block and then treated with ZM447439 to force exiting mitosis. The cells were harvested at indicated time points and subjected to immunoblot 
analysis with antibodies specific for PCNT, separase, cyclin B1, phospho-histone H3 and GAPDH. For detection of the C-terminal fragment of PCNTB, 
the cell lysates were immunoprecipitated and subsequently immunoblotted with the PCNTB antibody. (B) The same scheme of experiments was 
performed with the cells in which endogenous PCNTB is depleted and rescued with the wild type (WT) or cleavage-resistant mutant (R2231A) of FLAG-
PCNTB. (C) The same scheme of experiments was performed except MG132 was added 0.5 h after the ZM447439 treatment. (D) The same scheme of 
experiments was performed with the cells in which endogenous PCNTB is depleted and rescued with the wild type (WT) or K2232M point mutant of 
FLAG-PCNT-Myc.
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that centriole disengagement was inhibited in most of the cells 
with the cleavage-resistant PCNTBR2231A mutant but not in cells 
with the wild type or PCNTBK2232M mutant (Fig. 4A). We also 
observed the centriole disengagement in a synchronized popula-
tion. The FACS analysis revealed that most of the cells are at 

from S phase and degraded by the anaphase-promoting complex 
during mitosis.22 In accordance, centrioles in most of the Skp2-
negative cells were not duplicated yet (Fig. S2). We determined 
centriole disengagement in the Skp2-negative cells by counting 
the number of centrin and C-NAP1 signals. The results showed 

Figure 4. For figure legend, see page 6.
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established a stable cell line in which PCNTB is cleaved only 
with the ectopic TEV protease (PCNTBR2231A-TEV). The cen-
triole disengagement and duplication was inhibited in this cell, 
because PCNTBR2231A-TEV is not cleaved during the mitotic 
exit (data not shown). The levels of the transiently expressed 
TEV protease were very low (Fig. S4). Therefore, we indi-
rectly confirmed TEV protease expression with the GFP pro-
tein which was coexpressed by the bidirectional promoter in the 
pRTS vector (Fig. 5A). The immunoblot analysis confirmed that 
PCNTBR2231A-TEV is specifically cleaved with transient expres-
sion of the TEV protease (Fig. 5A). As expected, the TEV pro-
tease induction resumed centriole disengagement at G

1
 phase 

and centriole duplication at S phase in PCNTBR2231A-TEV-
expressing cells (Fig. 5B and C).

Next, we tested whether the cleavage of PCNTB is suffi-
cient for centriole disengagement and reduplication in mitotic 
cells. Centriole disengagement was determined by CEP135 
instead of C-NAP1, which is not detectable in mitotic cells.25 
CEP135 is localized at proximal end of centriole, so that it is 
detected as a single dot in the engaged centrioles like C-NAP1.26 
PCNTBR2231A-TEV was artificially cleaved in S phase-arrested 
cells, and the cells were allowed to proceed to prometaphase. 
The results showed that artificial cleavage of PCNTBR2231A-TEV 
prematurely induced centriole disengagement (Fig. 5D and F). 
At the same time, the centrioles were overduplicated (Fig. 5E 
and F). On the other hand, neither premature centriole disen-
gagement nor duplication occurred when PCNTBR2231A-TEV 
was artificially cleaved by TEV protease in S phase-arrested cells 
(Fig. 5G). These results indicate that PCNTB cleavage is suf-
ficient for centriole disengagement in cells at M phase but not in 
those at S phase.

Discussion

We observed that PCNTB is specifically cleaved by separase 
at the end of mitosis. PCNTB cleavage is significantly reduced 
in separase-deficient cells. Furthermore, the cleavage-resistant 
PCNTB mutant blocks the centriole disengagement and dupli-
cation. We also observed that an artificial cleavage of PCNTB 
during M phase induced premature disengagement of centrioles. 
Based on these results, we concluded that PCNTB is a substrate 

G
1
 phase when they are cultured for 12 h after the double thy-

midine block and release (Fig. 4B). The results confirmed that 
centriole disengagement occurred at most of the cells rescued 
with the wild type PCNTB but not with the cleavage-resistant 
PCNTBR2231A mutant (Fig. 4B). It is known that centrioles in 
the separase-deficient cells are eventually disengaged during S 
phase with an unknown mechanism.3 We tested whether centri-
oles in the PCNTBR2231A-expressing cells are disengaged during S 
phase or not. We subdivided S phase into four stages based on the 
staining patterns of proliferating cell nuclear antigen (Fig. S3).23 
The results showed that the PCNTBR2231A-expressing cells were 
gradually disengaged during the S phase progression (Fig. 4C).

Centriole disengagement is considered a precondition for 
centrosome duplication, so that centriole duplication as well 
as disengagement is blocked in the separase-deficient cells.3 
Centriole duplication was eventually observed at a late cell cycle 
stage, when centrioles are disengaged.3 We determined centri-
ole duplication in the PCNTB-depleted cells rescued with the 
cleavage-resistant PCNTBR2231A. The results show that centriole 
duplication was inhibited in the PCNTBR2231A-expressing cells 
(Fig. 4D). However, centriole duplication slowly occurred when 
the PCNTBR2231A-expressing cells progress to M phase (Fig. 4D). 
These results indicate that the PCNTB cleavage is not required 
for a delayed centriole disengagement and duplication, which 
occurs during S phase.

The centriole disengagement was determined in the PCNTB-
expressing cells without depletion of endogenous PCNTB using 
pRTS, an episomal-inducible vector.24 The results showed that 
the centriole disengagement and duplication was inhibited 
in the PCNTBR2231A-expressing cells, but not in wild type or 
PCNTBK2232M-expressing cells (Fig. 4E and F). These results 
indicate that the separase cleavage of PCNTB is a necessary 
event for centriole disengagement duplication. We also observed 
that overexpression of FLAG-PCNTB2232–3336 does not affect 
the centriole disengagement and duplication (Fig. 4G and H). 
These results suggest that the linkage rather than presence of the 
C-terminal fragment of PCNTB is critical for centriole disen-
gagement and duplication.

PCNTB cleavage is sufficient for centriole disengagement 
during mitosis. In order to test whether the PCNTB cleavage 
is sufficient for centriole disengagement and duplication, we 

Figure 4. PCNTB cleavage is essential for centriole disengagement and duplication. (A) The PCNTB-depleted cells were stably rescued with the ectopic 
PCNTB (wild-type, R3321A or K2232M) and immunostained with antibodies specific for centrin (red), C-NAP1 (green) and Skp2. The numbers of centrin 
and C-NAP1 dots were counted at the Skp2-negative, G1 phase cells. The scale bar indicates 1 μm. (B) The HeLa cells stably rescued with wild-type or 
R2231A PCNTB were synchronized with the double thymidine block and release, and harvested at indicated time points. FACS analysis was performed 
to determine the cell cycle stage. Twelve hours after the release, the numbers of centrin and C-NAP1 dots were counted to determine centriole disen-
gagement. (C) The HeLa cells rescued with the wild type or R2231A mutant of FLAG-PCNTB-Myc were coimmunostained with the antibodies specific 
for C-NAP1, PCNA and Skp2. Cell cycle stages of the individual cells were determined based on the staining patterns of Skp2 or PCNA. The number of 
C-NAP1 dots was counted to determine centriole disengagement. (D) HeLa cells rescued with FLAG-PCNTB, FLAG-PCNTBR2231A and FLAG-PCNTBK2232M 
were coimmunostained with the antibodies specific for C-NAP1 and centrin. Cell cycle stages of the individual cells were determined based on the 
staining patterns of Skp2 or PCNA. (E) HeLa cells expressing FLAG-PCNTB-Myc, FLAG-PCNTBR2231A-Myc and FLAG-PCNTBK2232M-Myc were coimmunos-
tained with antibodies specific for centrin, C-NAP1 and Skp2 to determine centriole disengagement at G1 phase. (F) The same set cells were coimmu-
nostained with antibodies specific for centrin and PCNA to determine centriole duplication. (G) HeLa cells expressing FLAG-PCNTB-Myc and FLAG-
PCNTB2232–3336 were coimmunostained with antibodies specific for centrin, C-NAP1 and Skp2 to determine centriole disengagement at G1 phase. (H) 
HeLa cells expressing FLAG-PCNTB-Myc and FLAG-PCNTB2232–3336 were coimmunostained with antibodies specific for centrin and PCNA to determine 
centriole duplication at mid S phase. All experiments in this figure were repeated twice with more than 100 cells per experimental group. The values 
are means and standard deviations.
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Figure 5. For figure legend, see page 8.

of separase, which is responsible for centriole disengagement. 
Furthermore, PCNTB cleavage is sufficient for centriole disen-
gagement during M phase.

It was previously reported that Scc1, a cohesin component, 
is a target of separase for centriole disengagement as well as for 
sister chromatid separation during mitosis.8 In fact, cohesin 
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Materials and Methods

Cell culture and stable cell line establishment. HeLa and 293T 
cells were cultured in DMEM supplemented with 10% FBS 
and antibiotics. FLAG-PCNTB-Myc was subcloned into p3x 
FLAG-CMV10 (Sigma) or pLVX-IRES-Puro (Clonetech) and 
transfected into HeLa cells by Fugene HD (Roche). The cells 
were subcultured into 96-well dish and treated with neomycin 
(500 μg/ml) or puromycin (0.5 μg/ml). Two or three weeks 
later, drug-resistant cells were harvested, cloned and expanded 
for future experiments.

Lentiviral infection. For lentivirus production, pLKO.1 
(puro or hygro), pCMV-dR8.2 dvpr and pCMV-VSVG were 
transfected into 293T cells with polyethylenimine (Sigma, 
408727). Two days later, the media were harvested and cen-
trifuged for 15 min at 4,000 g. For lentivirus infection, the 
harvested media were added into the same volume of nor-
mal culture media with polybrene (9 μg/ml), cultured for 18 
h and replaced with a normal culture medium. Puromycin 
(0.5 μg/ ml) or hygromycin (200 μg/ml) was treated after 1 
day after infection for selection. pLKO.1-hygro was obtained 
from Dr. Robert A. Weinberg via Addgene Inc., (Addgene 
plasmid 24150). pLKO.1-puro, pCMV-dR8.2 dvpr and pCMV-
VSVG were gifted by Dr. Kyung S. Lee.

Cell cycle synchronization. The double thymidine block 
was performed by treating HeLa cells with thymidine (2 mM) 
for 19 h, a release for 8 h with thymidine again for 17 h. For 
a thymidine-nocodazole block, HeLa cells were incubated with 
thymidine for 19 h, washed out, then incubated with nocodazole 
(50 ng/ml) for 12 h. The mitotic cells were shaken off, washed 
out with PBS and replated. For forced mitotic exit by ZM447439, 
the cells were treated with thymidine for 19 h, washed out and 
treated with paclitaxel (5 μM) for 12 h. The mitotic cells were 
shaken off and treated with ZM447439 (2 μM).

shRNA sequence. shRNA sequences used in this study are 
shCTL (GCA ATC GAA GCT CGG CTA CAT), shSeparase-1 
(GGT TTA TGA CTT TGC CCA AGG), shSeparase-2 (GCA 
GGT TCT GTT CTT GCT TGA), shSeparase-3 (AAG CTT 
GTG ATG CCA TCC TGA) and shPCNTB (GGA CGT CAT 
CCA ATG AGA AAG).

Antibodies. The CEP215, PCNT, C-NAP1 and CEP135 anti-
bodies were as described previously.31-34 The PCNTB antibody 
was generated from rabbit with GST-PCNTB2628–2969. Antibodies 

components were detected at the centrosome.8 A non-cleavage 
form of Scc1 blocked the centriole disengagement. Furthermore, 
when endogenous Scc1 is replaced by artificially cleavable Scc1, 
the corresponding site-specific protease triggers centriole disen-
gagement.8 We currently do not have an explanation how cohesin 
and PCNTB cooperate for maintaining centriole engagement. 
Both Scc1 and PCNTB may be involved in maintaining topo-
logical linkage between centrioles and simultaneously cleaved by 
separase during mitosis.8

Centrioles in the cells with the cleavage-resistant PCNTB 
may not be disengaged at G

1
 phase but eventually are disengaged 

later at S phase. Delayed centriole disengagement was observed 
in separase-depleted cells.3 The centriole disengagement at later 
stage of cell cycle may be independent of the separase activity. 
PCNTB cleavage is important only in separase-dependent dis-
engagement during M phase. In accord, artificial cleavage of 
PCNTB did not induce centriole disengagement during the pro-
longed S phase (Fig. 5G).

It remains to be determined how PCNTB cleavage induces 
centriole disengagement. We believe that the absence of the 
C-terminal fragment of PCNTB is a critical event for centriole dis-
engagement. The C-terminal fragment of PCNTB includes func-
tional domains for centriole localization and for interaction with 
CEP215.10,27,28 Once PCNTB loses those functional domains, the 
centriole would be disengaged. In fact, it is known that CEP215 
is involved in centriole engagement.29 The C-terminal fragment 
of PCNTB should be linked to the N-terminal end for its func-
tion, because the centriole disengagement still occurs in cells 
with the ectopic C-terminal fragment (Fig. 4E–H). It is likely 
that the N-terminal fragment of PCNTB also includes a func-
tional domain with unknown centrosomal component. PCNTB 
might link the N-terminal domain with the C-terminal domain, 
and this is critical for maintenance of centriole engagement.

While preparing this manuscript, we learned that Matsuo et 
al. (2012) reported that PCNT is a substrate of separase.30 They 
also concluded that PCNTB cleavage is involved in the licens-
ing centriole duplication. Our observation is basically identical 
to their report. However, we additionally report that C-terminal 
fragment of PCNTB is degraded by N-end rule pathway rap-
idly after PCNTB cleavage. Furthermore, PCNTB cleavage is 
sufficient for centriole disengagement in M phase. Future work 
should focus on how the PCNTB cleavage induces centriole 
disengagement.

Figure 5 (See previous page). A TEV protease-directed cleavage of PCNTB induced the premature centriole disengagement and duplication during 
mitosis. (A) The inducible pFLAG-TEV protease expression vector was transfected into stable lines expressing the wild-type, R2231A and R2231A-TEV 
PCNTB. TEV protease expression was induced by doxycycline for 6 h and the cells were subjected to immunoblot analysis with antibodies specific for 
FLAG, GFP and γ-tubulin. (B) The centriole disengagement at G1 phase was determined by coimmunostaining the same set of cells with antibodies 
specific for C-NAP1, centrin and Skp2. In this experiment, TEV protease expression was induced for 48 h. (C) The centriole duplication at S phase was 
determined by coimmunostaining the same set of cells with antibodies specific for C-NAP1, centrin and PCNA. (D and E) The inducible pFLAG-TEV 
protease expression vector was transfected into the wild-type, R2231A and R2231A-TEV PCNTB-rescued cells. The cells were accumulated S phase with 
the thymidine treatment for 30 h and the TEV expression was induced by doxycycline 20 h after the thymidine treatment. The cells were released from 
the thymidine block, accumulated at M phase with STLC for 8 h and then immunostained with antibodies specific for centrin and CEP135. (F) The coim-
munostaining pattern with the centrin (green) and CEP135 (red) antibodies. The scale bar indicates 1 μm. (G) The same set of cells were fixed before 
thymidine release and coimmunostained with the antibodies specific for centrin and CEP135 to determine centriole disengagement. More than 100 
cells per experimental group were analyzed in two independent experiments. The values are means and standard deviations.
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stable cell lines. FLAG-PCNTB-Myc was also subcloned into 
pRTS-puro.24 Securin-WT and ND (EN10-11AA, R61A) were 
subcloned into pRTS-puro. TEV protease was subcloned into 
pRTS-Neo.24 pRTS-puro and pRTS-Neo is obtained from Dr. 
Georg Bornkamm. The human securin cDNA was obtained 
from Dr. Mark W. Kirschner.35 The TEV protease cDNA was 
obtained from Dr. David Waugh via Addgene Inc., (Addgene 
plasmid 8827).36
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for FLAG (Sigma, F3165), Aurora A (Cell signaling, 3092), 
CyclinB1 (Santa Cruz, sc-245), phospho-histone H3 (Ser10) 
(Upstate, 06-570), PCNA (Dakocytomation, PC10), GAPDH 
(Ambion, AM4300), centrin (Millipore, 20H5), γ-tubulin 
(Sigma, GTU-88), separase (Abcam, ab16170), Skp2 (Cell sig-
naling, 4358), GFP (Santa Cruz, sc-9996) were purchased. 
Anti-mouse IgG-HRP (Sigma, A9044), anti-rabbit IgG-HRP 
(Calbiochem, DL03L) and Alexa 488, 555 and 647 (Invitrogen) 
were used as secondary antibodies for immunoblot and immu-
nostaining analyses.

Immunofluorescence, microscopy. Immunofluorescence and 
microscopy were previously described.32 Cells were fixed with 
cold methanol for 10 min or 4% PFA for 15 min. The cells were 
blocked, permeabilized by 3% BSA in 0.3% PBST, incubated 
with primary antibodies in the blocking solution for 1 h, washed 
out with 0.3% PBST three times and treated with the secondary 
antibodies in the blocking solution for 30 min and with DAPI 
for 3 min. Secondary antibodies and DAPI were washed out with 
0.3% PBST, and the cells were mounted onto a slide glass. The 
cells were observed with a fluorescence microscope (Olympus 
IX51) with a 60x/1.25 oil Iris (UFlanFl) objective lens. The 
images were analyzed with a CCD camera (Qicam fast 1394, 
Qimaging) and ImagePro 5.0 (Media Cybernetics, Inc.).

DNA constructs and transfection. FLAG-GFP-PCNTB-
Myc was previously described.9 FLAG-PCNTB-Myc was sub-
cloned into pLVX-IRES-Puro (Clonetech) and used for generating 
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