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ABSTRACT

Supernumerary centrioles are frequently observed in diverse types of cancer cells. In this study, we
investigated the mechanism underlying the generation of supernumerary centrioles during the
M phase. We generated the TP53;PCNT;CEP215 triple knockout (KO) cells and determined the
configurations of the centriole during the cell cycle. The triple KO cells exhibited a precocious
separation of centrioles and unscheduled centriole assembly in the M phase. Supernumerary
centrioles in the triple KO cells were present throughout the cell cycle; however, among all the
centrioles, only two maintained an intact composition, including CEP135, CEP192, CEP295 and
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CEP152. Intact centrioles were formed during the S phase and the rest of the centrioles may be
generated during the M phase. M-phase-assembled centrioles lacked the ability to organize
microtubules in the interphase; however, a fraction of them may acquire pericentriolar material
to organize microtubules during the M phase. Taken together, our work reveals the heterogeneity

of the supernumerary centrioles in the triple KO cells.

Introduction

The centrosome is a subcellular organelle that
functions as a major microtubule-organizing cen-
ter in animal cells. The centrosome comprises
a pair of centrioles surrounded by pericentriolar
material (PCM). Duplication and separation of
centrioles are closely linked to the cell cycle.
When a cell enters the S phase, the daughter cen-
trioles start assembling at a perpendicular angle to
the mother centrioles and undergo elongation.
Upon entering mitosis, the daughter centrioles
disengage from the mother centrioles and remain
associated until the end of mitosis [1-3]. Centriole
separation is initiated at anaphase when separase
cleaves pericentrin (PCNT), a major PCM protein
[4,5]. Cleavage of PCNT induces disintegration of
the mitotic PCM, resulting in the release of daugh-
ter centrioles from the mother centrioles at the
mitotic exit [6].

When a cell exits the M phase, the daughter
centriole becomes a young mother centriole.
Daughter-to-mother centriole conversion is
a process by which a centriole acquires PCM
for performing the microtubule organization

activity [7]. In addition, a young mother cen-
triole functions as a template for the assembly
of a new daughter centriole in the subsequent
S phase [7]. One of the important events in this
conversion may be the accumulation of
CEP152, an adaptor of PLK4, in the young
mother centriole [7,8]. CEP135, CEP295, and

CEP152 accumulate sequentially into the
daughter  centrioles during the conver-
sion [9,10].

PLK4 is a central regulator of centriole duplica-
tion and therefore, the levels and activity of PLK4
are tightly regulated during the cell cycle [11-13].
Centriole assembly cannot start at the G1 phase
because PLK4 activity is maintained at a low level
in this phase. Once PLK4 activity is induced near
the S phase, the daughter centrioles assemble using
the mother centrioles as templates. Upon binding
to STIL, PLK4 1is activated via trans-
autophosphorylation and subsequently phosphor-
ylates STIL, triggering the centriolar recruitment
of SAS6 for cartwheel formation [14-18]. Mother
centrioles are not allowed to form new daughter
centrioles in the G2 and M phases, as long as they
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are associated with daughter centrioles in their
vicinity [19,20].

Supernumerary centrioles are frequently observed
in diverse types of cancer cells [21,22]. Several
mechanisms causing centriole amplification have
been suggested, including centriole
duplication, de novo centrosome formation, frag-
mentation of overly elongated centrioles, and cyto-
kinesis  failure [23]. Most  importantly,
overexpression of PLK4 generates multiple daughter
centrioles during the S phase [13,24]. Genetic var-
iants near the PLK4 gene are closely associated with
aneuploidy [25] and PLK4 overexpression has been
reported in a variety of tumor cells [26]. Moreover,
the involvement of PLK1 in centriole amplification
has been reported. PLK1 is a novel regulator of
centriole elongation in human cells [27] and pro-
longed activity of PLK1 leads to mitotic centriole
over-elongation [28]. Over-elongated centrioles can
also contribute to centrosome amplification via frag-
mentation or formation of multiple procentrioles
along their elongated walls [22,29].

PCM is organized as a toroid around mature
centrioles in the interphase and expands into an
amorphous structure during mitosis [30-32].
PCNT and CEP215, two major PCM proteins in
the human centrosome [33-36], specifically interact
with each other in both interphase and mitosis and
act as scaffolds for the y-tubulin ring complex [37].
Previous reports have suggested that CEP215 muta-
tions cause autosomal recessive primary microce-
phaly [38]. Likewise, PCNT mutations were
reported to cause microcephalic osteodysplastic pri-
mordial dwarfism, as well as other diseases, such as
cancers and mental disorders [39,40].

In the present study, we investigated the role of
PCM in centriole configuration during mitosis.
When the cells were treated with mitotic drugs,
such as S-trityl-L-cysteine (STLC) and nocodazole,
for an extended period, the centrioles are liberated
from the PCM [1,3]. Based on these observations, we
previously proposed that PCM might be important
for centriole association within the centrosome dur-
ing mitosis [3]. We also reported that centrioles
prematurely separate and eventually amplify when
PCNT is deleted and interpreted that the absence of
PCNT generates defects in mitotic PCM, which
holds the mother and daughter centrioles together
[41]. In this study, we generated the TP53, PCNT,
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and CEP215 triple knockout (KO) cells and deter-
mined the centriole configurations during mitosis.
We also followed the fate of supernumerary cen-
trioles in these triple KO cells.

Results

Deletion of CEP215 leads to premature centriole
separation during mitosis

To investigate the role of CEP215 in centriole
engagement, we generated CEP215-deletion cells
using the CRISPR/Cas9 method. CEP215 was
deleted in the TP53 knockout HeLa cells, because
the p53-dependent checkpoint pathway is fre-
quently activated in cells devoid of centrosome
proteins [42,43]. The absence of CEP215 was con-
firmed by immunoblotting and immunostaining
analyses (Supplemental Figure S1). We determined
centriole configurations during mitosis in the
CEP215-deleted HeLa cells. The cells were arrested
at prometaphase with STLC, an Eg5 inhibitor, and
coimmunostained with centrin2 (CETN2) and
CEP135 antibodies. The control cells revealed
two centriole pairs with a 2:1 ratio of CETN2
and CEP135, indicating centriole engagement
[4,41] (Figure 1(a-c)). As previously reported,
85% of the PCNT-deleted cells had a 1:1 ratio of
CETN2 and CEP135, indicating that the mother
and daughter centrioles were precociously sepa-
rated at the M phase [41] (Figure 1(a-c)). About
half of the centriole pairs in the CEP215-deleted
cells disengaged but remained within the same
centrosome, suggesting that CEP215 is partly
involved in centriole engagement [44,45]
(Figure 1(a-c)).

We rescued CEP215-deleted cells with ectopic
Flag-CEP215 to determine centriole configurations
in M phase-arrested cells. As expected, centriole
engagement was restored with Flag-CEP215, but
not with Flag-CEP215%¢ which lacks the CM2
domain for interaction with PCNT and other cen-
trosome proteins [37,46] (Figure 1(d,e)). Centriole
engagement was not restored with Flag-
CEP215%“*PACT " whose centrosome localization
was enforced with the PACT domain [47]
(Figure 1(d,e)). This result suggests that CEP215
and PCNT cooperatively regulate the centriole
configuration during mitosis.
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Figure 1. Precocious centriole separation in CEP215-deleted cells during mitosis (a) The CEP215- or pericentrin (PCNT)-deleted
Hela cells were arrested at prometaphase with STLC and subjected to coimmunostaining analysis with centrin-2 (CETN2; green) and
CEP135 (red) antibodies. Scale bar, 10 um. (b) Engaged centrioles were determined with 2:1 ratio of the CENT2 and CEP135 signals
(Type 1). Centriole separation was determined with 1:1 ratio (Type Ill). Type Il indicates that the centrioles separated but remained
within the same centrosome. (c) The number of cells with three types of centrioles were counted. (d) The CEP275-deleted cells were
stably rescued with ectopic FLAG-CEP215 (WT, AC, WT + PACT and AC + PACT). The cells were arrested at prometaphase and
subjected to coimmunostaining analysis with the CETN2 (green) and CEP135 (red) antibodies. Scale bar, 10 um. (e) The number of
cells with three types of centrioles were counted. (c, e) Greater than 30 cells per group were analyzed in three independent
experiments. Values are means and SEM. The statistical significance was analyzed using t-test compared to the control within the

same group (¥, P < 0.05).



Generation of the TP53;PCNT;CEP215 triple
knockout cell lines

To determine the cooperative functions of CEP215
and PCNT in centriole configurations during
mitosis, we generated TP53, PCNT, and CEP215
triple KO cells. During the selection step, we rea-
lized that the triple KO cells failed to form a stable
cell line due to low proliferation activity and cell
death (data not shown). Therefore, triple KO cells
were generated in the presence of the ectopic
PCNT gene with a destabilization domain (DD-
PCNT), whose expression can be induced by dox-
ycycline and shieldl [41]. Immunoblot analysis
revealed that PCNT and CEP215 levels were
below the detection limit in the triple KO cells
(Figure 2(a)). Immunostaining analysis also con-
firmed that the PCNT and CEP215 signals were
absent in the centrosomes of the triple KO cells
(Figure 2(b-d)). These results indicated that TP53,
PCNT, and CEP215 triple KO cell lines were prop-
erly generated.

Precocious centriole separation and
amplification in the triple KO cells during the
M phase

We examined the precocious separation and
amplification of centrioles in the M phase in
TP53, PCNT, and CEP215 triple KO cells. The
cells were arrested at prometaphase using STLC,
and centriole engagement was determined
(Figure 3(a)). The absence of PCNT and CEP215
was confirmed by immunoblot analysis (Figure 3
(b)). Precocious centriole separation and supernu-
merary centrioles were observed in approximately
85% and 30% of the PCNT-deleted cells, respec-
tively (Figure 3(c—e)). Precocious centriole separa-
tion was observed in about half of the CEP215-
deleted cells, but supernumerary centrioles were
not detected in these cells (Figure 3(c,d)). In the
case of the triple KO cells, precocious centriole
separation was evident and centriole amplification
was fortified in up to 70% of them (Figure 3(c-e)).
Indeed, some of the triple KO cells included up to
30 extra centrioles (data not shown). These results
reveal a cooperative function of PCNT and
CEP215 in the prevention of precocious centriole
separation and amplification during mitosis.
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The knockout phenotypes were also determined
in cells during the M phase without a mitotic drug
(Figure 3(f)). Precocious separation of centrioles
was detected in most of the naturally dividing
triple KO cells (Figure 3(gh)). Supernumerary
centrioles were also detected, although, the inci-
dence was reduced to 40% (Figure 3(g,i)). It is
likely that the triple KO phenotypes are stronger
in the M phase-arrested cells than in the naturally
dividing cells. Nonetheless, it is evident that pre-
cocious centriole separation and amplification do
not result from the mitotic drug treatment but
from the absence of CEP215 and PCNT.

Supernumerary centrioles in the triple KO cells
during the cell cycle

To investigate the fate of supernumerary centrioles
in triple KO cells, we traced the centrioles
throughout the cell cycle. Since the PLK4-
overexpressing cells also generate extra centrioles,
they were wused as a control [13,48].
Supernumerary centrioles were generated by the
induction of PLK4 overexpression using doxycy-
cline (Figure 4(a)). The M-phase populations of
the PLK4-overexpressing cells and the triple KO
cells were collected using the mitotic shake-off
method. The cells synchronously entered the G1
phase and were cultured for the indicated time
periods of up to 24 h (Figure 4(a)). In control
cells, two centrioles were observed after 2 h of
mitotic shake-off, which increased to four after
17 h when most of the cells entered the S phase
(Figure 4(c)). The centriole number eventually
reduced to two after 24 h of completion of the
next mitotic cycle (Figure 4(b,c)). The PLK4-
overexpressing cells included extra centrioles at
the beginning of the culture, and 60% of them
had five or more centrioles at 17 h, indicating
that daughter centrioles were newly assembled
during the S phase (Figure 4(b,c)). The triple KO
cells also included multiple centrioles in the Gl
phase (Figure 4(b,c)). However, unlike the PLK4-
overexpressing group, the number of centrioles in
the triple KO cells only slightly increased during
the S phase (Figure 4(b,c)). These results suggest
that supernumerary centrioles in the triple KO
cells might survive, but do not duplicate during
the interphase.



1504 e G. I. JUNG AND K. RHEE

TP53 - - - - - -

KO genes PCNT + + - - -
CEP215 + + + + - -

Ectopic |  DD-PCNT - - + + + +
Drugs | Dox & SHLD1 + - + - + -

TP53%0

2 R I
= 1 T T T

/CETN2/

/1 CETN2/

a a a b a
3
0> o o°
5 :
'ED' ® .
CEZ °
7] L] .
< £ .
£ o ° )
23
.2:1
=1
55
© o
1“5 ¢ ®e
T

“711%

P53 -
KO genes PCNT + + - -

CEP215 +  + + + -

Ectopic | DD-PCNT - - + + +

Drugs | Dox & SHLD1 + - + - +

- 0

a a a b b

oo
. oo
é :
. é
IR TP
-
P53 - - - - - -
PCNT + + - -
CEP215 + + + +

DD-PCNT - - + + + +
Dox&SHLD1 + -+ -+

N
Y

0e® ¢ o
e

Relative intensities
of centrosomal CEP215
s
L]

Figure 2. Generation of the TP53;PCNT;CEP215-deleted cells (a) The TP53, PCNT, and CEP215 genes were deleted in Hela cells
using the CRISPR/Cas9 method. Endogenous PCNT was deleted in the presence of the ectopic DD-PCNT gene whose expression is
induced by doxycycline (Dox) and shield1 (SHLD1). The deletions were confirmed via immunoblotting analysis with antibodies
specific to PCNT, CEP215, and GAPDH. (b) The KO cells were coimmunostained with antibodies specific to CETN2 (green), PCNT (red),
and CEP215 (red). Nuclei were stained with DAPI (blue). Scale bar, 10 um. (c, d) Relative intensities of the centrosomal PCNT (c) and
CEP215 (d) signals were determined. Greater than 30 cells per group were analyzed in three independent experiments. Relative
intensities of the centrosome signals are presented with the box and whisker plots. The statistical significance was analyzed using
one-way ANOVA and indicated using lower case alphabets (P < 0.05).

To determine the PLK4-dependent centriole
assembly in the triple KO cells during S phase,
we used centrinone, a PLK4 inhibitor [49]. As
expected, centriole assembly was significantly
reduced in the control and PLK4-overexpressing

cells during the S phase (Figure 4(d)). In contrast,
centrinone had little effect on the centriole assem-
bly in the triple KO cells, confirming that centriole
assembly in the triple KO cells was very limited
during the S phase (Figure 4(d)).
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Figure 3. Precocious centriole separation and amplification of the triple KO cells during M phase (a) Timeline for preparation
of prometaphase cells. The KO cells were treated with thymidine for 24 h followed by STLC for 10 h. (b) Immunoblot analyses were
performed with antibodies specific to PCNT, CEP215, cyclin B1, and GAPDH. (c) The cells were subjected to coimmunostaining
analysis with the CETN2 (green) and CEP135 (red) antibodies. Nuclei were stained with DAPI (blue). Scale bar, 10 um. (d) The number
of cells with separated centrioles were counted. (e) The number of centrioles per cell were counted. (f) Timeline for the preparation
of naturally dividing prometaphase cells. The triple KO cells were treated with thymidine for 24 h, followed by RO3306 for 8 h, and
released for 20 min. (g) The cells were subjected to coimmunostaining analysis with the CETN2 (green) and CEP135 (red) antibodies.
Nuclei were stained with DAPI (blue). Scale bar, 10 pm. (h) the number of cells with separated centrioles were counted. (i) The
number of centrioles per cell were counted (D, E, H, I). Greater than 30 cells per group were analyzed in three independent
experiments. Values are means and SEM. The statistical significance was analyzed using one-way ANOVA (d, h) and t-test compared
to the control within the same group (e, i). (P < 0.05).
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Figure 4. Centriole numbers throughout the cell cycle in the triple KO cells (a) Timeline for preparation of synchronous
interphase cells. Cells were treated with doxycycline for 24 h to induce ectopic PLK4 expression, washed out and cultured for another
24 h. After the mitotic shake-off, the cells were cultured for up to 24 h. (b) The PLK4-overexpressing and KO cells were subjected to
coimmunostaining analysis with the CETN2 (green) and CEP152 (red) antibodies. Scale bar, 2 pm. (c) The number of CETN2 dots were

counted at indicated time points. (d) After the mitotic shake-off, the

PLK4-overexpressing and KO cells were cultured in the presence

of centrinone for 2 h and 17 h, and immunostained with the CETN2 antibody. The number of CETN2 dots per cell were counted. (c,
d) Greater than 30 cells per group were analyzed in three independent experiments. Values are means and SEM. The statistical
significance was analyzed using t-test between the indicated groups (n.s., not significant; *, P < 0.05).

Nascent centriole formation in the triple KO cells
during mitosis

To determine the unscheduled centriole assem-
bly during mitosis, we used cells transfected with
the CETN2-Dendra2 plasmid. Dendra2 is
a photoconvertible fluorescent protein that can
be activated by ultraviolet light [50].
Photoactivation induces the red fluorescent sig-
nals in addition to the green fluorescent signals
in the centrioles with CETN2-Dendra2 [50].
When the CETN2-Dendra2-expressing, control
cells were photoactivated during the M phase,

two pairs of centrioles were marked with both
green and red fluorescence (Figure 5(a)). The
triple KO cells had multiple centrioles with
both red and green fluorescence, but also
included centrioles with green-only fluorescence
(Figure 5(a)). Therefore, we recorded live images
of CETN2-Dendra2-expressing cells to deter-
mine the M-phase assembly of centrioles in the
triple KO cells. Toward this goal, we arrested the
CETN2-Dendra2-expressing cells at G2 phase
with  RO3306 and photoactivated them
(Figure 5(b)). After the cells were liberated
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Figure 5. Centriole assembly during M phase in the triple KO cells (a) CETN2-Dendra2 was stably expressed in the triple KO cells.
The cells were treated with thymidine for 24 h followed by STLC for 7 h, and light-activated. The CETN2-Dendra2 signals were
observed for up to 2 h after the activation. Light activation makes CETN2-Dendra2 detected with both 448 and 594 nm fluorescent
light (green and red). Scale bar, 4.42 um. (b) The triple KO cells stably expressing CETN2-Dendra2 were treated with thymidine for
24 h, followed by RO3306 for 8 h, and light-activated. Thirty minutes after the release, mitotic cells were collected by the shake-off
method, and cultured for 3 h. (c) We recorded the fluorescent signals of the cells, and fixed them for coimmunostaining analysis with
antibodies specific to CETN2 and CEP152. Scale bar, 10 pum. (d) The number of cells with green-only centrioles were counted. (e) The
number of cells with CEP152-negative centrioles were counted. (d, e) Greater than 20 cells per group were analyzed in three
independent experiments. The statistical significance was analyzed using t-test (* P < 0.05). (f) The PLK4-overexpressing and KO cells
were treated with STLC for 10 h and subjected to coimmunostaining analysis with the CETN2 (green) and SAS6 (red) antibodies.
Scale bar, 10 um. (g) The number of SAS6-positive (orange) and -negative (gray) CETN2 dots were counted. Greater than 30 cells per
group were analyzed in three independent experiments. Values are means and SEM.
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from the G2 arrest, passed the M phase, and
reached the G1 phase, they were recorded for
the fluorescent signals and subsequently fixed
for coimmunostaining analysis (Figure 5(b)).
We observed that the control cells included
a pair of centrioles with both green and red
fluorescent signals (Figure 5(c)) The centriole
pairs were also coimmunostained with the
CETN2 and CEP152 antibodies, indicating that
they are mother centrioles which had been
assembled during the previous S phase
(Figure 5(c)). In the case of the triple KO cells,
multiple centrioles were observed in approxi-
mately 35% of the cells, and they included
green-only fluorescent centrioles (Figure 5(c,d)).
Some of the multiple centrioles in the triple KO
cells were not immunostained with the CEP152
antibody (Figure 5(c,e)). These results support
the notion that, in triple KO cells, unscheduled
centriole assembly occurs in the M phase.

SASG is present only in the daughter centrioles
immediately after assembly and disappears dur-
ing mitosis. Since the SAS6 signal is absent in the
mother centriole, it can be used as an indicator to
distinguish daughter centrioles from the mother
centrioles [49]. Prometaphase-arrested cells were
coimmunostained with SAS6 and CETN2 antibo-
dies (Figure 5(f)). As expected, there were two
SAS6-negative signals in the control cells, indicat-
ing the presence of two mother centrioles. In the
case of the PLK4-overexpressing cells, more than
four SAS6-negative signals were detected, indicat-
ing the presence of multiple mother centrioles in
mitotic cells (Figure 5(g)). The same number of
SAS6-positive signals were also detected, suggest-
ing that multiple daughter centrioles were gener-
ated from approximately the same number of
mother centrioles (Figure 5(g)). In the case of
the triple KO cells, approximately two SAS6-
negative centrioles were detected, indicating that
there were two mother centrioles (Figure 5(g)).
However, the number of SAS6-positive signals
exceeded that of SAS6-negative centrioles
(Figure 5(g)) indicating that one or more daugh-
ter centrioles may be formed from a single
mother centriole in the triple KO cells.
Furthermore, nascent daughter centrioles in the
triple KO cells may be assembled in a SAS6-
dependent manner during mitosis.

Mother-to-daughter centriole conversion in the
precociously amplified centrioles

We determined the intactness of supernumerary
centrioles in triple KO cells. CEP152 is a mother
centriole protein that functions as an adaptor for
PLK4 [51]. In control cells, there were two
CEP152-positive centrioles throughout the cell
cycle (Figure 6(a)). In contrast, approximately
40% of the PLK4-overexpressing cells included
three or more CEP152-positive centrioles at the
beginning of the culture, and this proportion was
maintained throughout the cell cycle (Figure 6(a)).
This observation is consistent with a previous
report that PLK4-overexpressing cells include mul-
tiple mother centrioles [48]. Interestingly, the tri-
ple KO cells had only two CEP152-positive
centrioles out of multiple centrioles, and this num-
ber was maintained throughout the cell cycle
(Figure 6(a)). These results suggest that, in the
triple KO cells, only a single daughter centriole
converts to a mother centriole during mitotic
exit. These results also indicate that only a pair
of centrioles may exclusively recruit PLK4 to gen-
erate new daughter centrioles during the S phase.
To examine the intactness of the centrioles in
the triple KO cells, we performed coimmunostain-
ing analyses with CEP152 and CETN2, along with
selected centrosome proteins in the early G1 phase
(Figure 6(b)). As expected, most of the centrioles
in the control cells were CEP152-positive and
coimmunostained with antibodies specific to
CEP295, CEP192, CEP135, and y-tubulin
(Figure 6(b)). Likewise, over 90% of the multiple
centrioles in the PLK4-overexpressing cells coim-
munostained with all the antibodies mentioned
above (Figure 6(b)). However, only two centrioles
in the triple KO cells were positive for CEP152
(Figure 6(b)). Furthermore, CEP295, CEP192,
CEP135, and y-tubulin were detected almost
exclusively in the CEP152-positive centrioles
(Figure 6(b)). These results strongly suggest that
only a pair of CEP152-positive centrioles were
intact mother centrioles in the triple KO cells,
whereas the others were defective centrioles.
Since CEP152 is an adapter protein for PLK4,
its recruitment is considered as a critical event for
daughter-to-mother centriole conversion
[10,51,52]. Centriolar localization of CEP295
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Values are means and SEM.

precedes that of CEP152 [9,10,53]. To determine
when the daughter-to-mother centriole conversion
occurs in the triple KO cells, we coimmunostained
M-phase-arrested cells with the CEP295 and
CEP152 antibodies (Figure 6(c)). The results
showed that less than half of the control and

CEP215-deleted cells included more than three
CEP295 signals (Figure 6(c,d)), and a few of
them contained more than three CEP152 signals
(Figure 6(c,e)). Contrastingly, multiple CEP295
signals were detected in majority of the PCNT-
deleted cells (Figure 6(c,d)). Multiple CEP152



1510 e G. I. JUNG AND K. RHEE

signals were also detected in half of them (Figure 6
(c,e)). These results suggested that daughter cen-
trioles readily converted to mother centrioles even
in the M phase, as soon as they departed from the
mother centrioles.

Defective microtubule organization in the triple
KO cells

To determine PCM accumulation in the supernu-
merary centrosomes, we coimmunostained the
interphase and mitotic cells with CEP192 and y-
tubulin antibodies (Figure 7(a)). Consistent with
the previous results, 95% of the control and KO
cells had only two centrosomes positive for
CEP192 and y-tubulin in the interphase (Figure 7
(a,b)). In mitotic control cells, both CEP192 and y-
tubulin signals were detected in two centrosomes
(Figure 7(a,b)). However, both the CEP192 and y-
tubulin signals were also detected in many of the
separated and amplified centrioles of the KO cells
during mitosis (Figure 7(a,b)). This result suggests
that precociously separated and amplified cen-
trioles may occasionally have an ability to organize
microtubules during mitosis.

We performed microtubule regrowth assays to
determine the biological activities of the centro-
somes in the PLK4-overexpressing and the triple
KO cells. In control cells, microtubules started to
become organized from both the centrosomes pre-
sent in the G1 phase (Figure 7(c,d)). About six
centrosomes were present in the PLK4-
overexpressing cells, and 91% of them were able
to organize microtubules (Figure 7(c,d)). However,
in the tripled KO cells, only 73% of the centro-
somes organized microtubules, leaving 27% of
them without an activity (Figure 7(c,d)). These
results suggest that a significant proportion of the
centrosomes in the triple KO cells have functional
defects in microtubule organization during
interphase.

Next, we determined spindle configurations in
mitotic cells of PLK4-overexpressing and triple
KO cells. Spindle phenotypes were categorized
into five groups: lagging chromosomes, chromo-
some misalignment, monopole, bipole, and multi-
pole [54] (Figure 7(e)). As expected, approximately
80% of the mitotic control cells formed bipolar
spindles (Figure 7(f)). In PLK4-overexpressing

cells, approximately 60% of the mitotic cells
formed multipoles (Figure 7(f)). In contrast, the
proportion of monopoles significantly increased
by up to 40% in the triple KO cells (Figure 7(f)).
These results suggest that many of the separated
centrioles in the triple KO cells have a limited
ability to function as spindle poles during mitosis.

Discussion

We previously reported that the centriole pairs in
PCNT-deleted cells were prematurely separated
and occasionally amplified during mitosis [41]. In
this study, we observed that centriole amplification
was significantly fortified in mitotic cells lacking
both PCNT and CEP215. These results strongly
support the notion that PCM is essential for main-
taining centriole pairs within mitotic centrosomes.
Otherwise, the centrioles are liberated from the
inhibitory environment and start to function as
templates for centriole assembly during mitosis
[1,3] (Figure 8).

It was previously suggested that CEP215 is
required for proper centriole configuration within
the centrosomes. Centrioles are detached from the
spindle poles in CEP215-depleted mitotic cells
[55,56]. The incidence of abnormal centriole con-
figurations and occasional amplification has been
reported in embryonic fibroblasts of CEP215
mutant mice [44]. Consistent with previous
reports, half of the centrioles disengaged in the
CEP215-deleted cells, but they were still retained
within the centrosomes. Centrioles in CEP215-
deleted cells may not become templates for cen-
triole assembly because of short-range inhibitory
signals from each other [1]. However, centrioles
are actively generated when both CEP215 and
PCNT are deleted simultaneously. It is likely that
PCNT and CEP215 cooperatively constitute mito-
tic PCM for proper centriole configuration during
the M phase. PCNT may be important for mitotic
PCM formation, while CEP215 may be critical for
the prevention of unscheduled centriole amplifica-
tion in the M phase.

It is known that PLK4 activity increases in the
S phase and remains high until the end of mitosis
[57]. Nonetheless, centrioles in the triple KO cells
were not amplified in the S and G2 phases
(Figure 4(c,d)). We observed that the centriole
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pairs in the G2 phase were surrounded by other  that the interphase PCM maintains an intact tor-
PCM proteins, such as y-tubulin and CEP192, oid structure even without PCNT and CEP215.
even in the absence of CEP215 and PCNT  Another possibility may be that the daughter cen-
(Supplemental Figure S2). These results reveal triole is physically linked to the mother centriole
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even without PCM until the initiation of mitosis so
that precocious centriole amplification does not
occur.

When we traced the fate of the supernumerary
centrioles during the cell cycle, we found that only
two out of many centrioles maintained an intact
composition in the triple KO cells (Figure 6). In
contrast, most of the multiple centrioles were
intact in the PLK4-overexpressing cells, which
doubled during the subsequent S phase
(Figure 4). It remains to be investigated why the
triple KO cells included only two CEP152-positive
centrioles in the interphase. We suspect that two
CEP152-positive centrioles might have been gen-
erated in the previous S phase, while the other

centrioles were assembled at the M phase.
M phase centrioles may be formed following
a general assembly process with the SAS6 cart-
wheel structure. However, centriole assembly may
not be completed within the short duration of the
M phase. The M-phase-assembled centrioles may
be smaller than the S-phase-assembled centrioles,
as evidenced by the observation that the newly
made M phase centrioles had smaller CETN2 sig-
nals than the others in the live image analysis. As
a result, M-phase-assembled centrioles may not
contribute to the formation of spindle poles during
mitosis. Furthermore, the M-phase-assembled cen-
trioles may not be able to recruit a series of cen-
trosome proteins necessary for daughter-to-



mother centriole conversion at the end of mitosis
[7]. Triple KO cells often form monopolar spindles
during mitosis, possibly due to the absence of
a critical factor, such as CEP192, for bipolar spin-
dle formation [58]. The factors that are critically
absent in M-phase-assembled centrioles for spin-
dle pole formation and mother-to-daughter cen-
triole conversion remain to be identified.

Supernumerary centrioles are common in can-
cer cells [21,22]. Many cells with supernumerary
centrioles may complete mitosis by forming
a bipolar spindle with clustered centrosomes [59].
Nonetheless, bipolar spindle formation via centro-
some clustering is associated with an increased
frequency of lagging chromosomes during ana-
phase, thereby explaining the link between super-
numerary  centrosomes and  chromosomal
instability [59]. In this work, we report the hetero-
geneity of supernumerary centrioles in TP53;
PCNT;CEP215-deleted cells. Although supernu-
merary centrioles were found in triple KO cells,
only two of them appeared intact. The M-phase-
assembled centrioles in the triple KO cells might
not be as active as the S-phase-assembled cen-
trioles. Nonetheless, they still have a chance to
organize microtubules and disturb the spindle for-
mation during mitosis. Future studies are needed
to determine the heterogeneity of the centrioles in
diverse cancer cells.

Materials and methods

Cell culture, generation of deleted cell lines, and
synchronization

The deleted cell lines were generated in the Flp-In
T-Rex HeLa cells [41]. CEP215 was deleted using
CRISPR/Cas9 in TP53-deleted cells. The guide
RNA (gRNA) sequences for CEP215 deletion
were  (5-CTGCAGCCGCTGAGCGTCCCAGG
-3";). The triple KO cell was generated in the
PCNT;TP53 double-deleted cells expressing DD-
PCNT [41]. The gRNA sequences for CEP215
deletion were (5%-
CCAGGGACGGTGACGTCCTCTTC-3%) and
(5;-CTGCAGCCGCTGAGCGTCCCAGG-3").

For mitotic synchronization, the cells were sequen-
tially treated with 2 mM thymidine (T9250; Sigma-
Aldrich, St. Louis, USA) and 5 pM STLC (2191;
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Tocris Bioscience, Bristol, UK). For the time-
course experiment, the cells were treated with
doxycycline for 24 h after seeding to induce ecto-
pic expression of PLK4. They were then washed
out and cultured for another 24 h. Mitotic cells
were obtained with a gentle shake-off from asyn-
chronous cell plates and cultured up to the indi-
cated time points.

Microscopy for live imaging

The coherent anti-stokes raman 167 scattering
microscope (TCS SP8 CARS microscope, Leica
Microsystems, Wetzlar, Germany) with a 100X
objective was used for the live observation of
CETN2-Dendra2 cells. The CETN2-Dendra2 plas-
mid [50] was stably transfected into the cells.
Then, the cells were synchronized at the M phase
with sequential treatments of thymidine (T9250;
Sigma-Aldrich, St. Louis, USA) and STLC, acti-
vated at 405 nm wavelength for 3 min, and cap-
tured at wavelengths of 488 nm and 561 nm for up
to 2 h. For the live and immunostaining observa-
tion of cells, confocal laser scanning microscope
(LSM 700-2, Carl Zeiss, Baden-Wurtte, Germany)
was used. The cells were synchronized at the end
of G2 phase with sequential treatments of thymi-
dine and RO3306, activated at 405 nm wavelength
for 3 min, and released for 30 min. The mitotic
cells were shaken off from the plate and moved to
a 96-well glass-bottom plates (655090; Greiner
Bio-One, Kremsmunster, Austria), stabilized for
2 h, and captured at 488 nm and 561 nm wave-
lengths. The same cells were fixed and coimmu-
nostained with CETN2 and CEP152.

Microtubule regrowth assay

Mitotic cells were obtained via mitotic shake-off
and cultured for 2 h to reach the early G1 phase.
The cells were treated with 5 pM nocodazole
(M1404; Sigma-Aldrich, St. Louis, USA) at 37°C
for 2 h, placed on ice for 1 h, and then transferred
to a fresh medium for microtubule growth. The
cells were fixed with PEM buffer [80 mM
1,4-Piperazinediethanesulfonic acid (PIPES) pH
6.9, 1 mM magnesium chloride (MgCl2), 5 mM
ethyleneglycol-bis (beta-aminoethylether)-N, N’-
tetraacetic acid (EGTA), and 0.5% Triton X-100)]
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at room temperature for 10 min, incubated in
phosphate-buffered saline with 0.5% Triton
(PBST) for 5 min to increase permeability, and
subjected to immunostaining with antibodies spe-
cific to a-tubulin and centrin-2.

Antibodies

Antibodies specific to CETN2 (ICC 1:1000; 04-
1624; Merck Millipore, Billerica, MA), CEP295
(ICC 1:500; 122490; Abcam, Cambridge, MA),
CEP192 (ICC 1:1000, IB 1:500; A302-324A;
Bethyl Laboratories, Montgomery, TX), CEP152
(ICC 1:500, IB 1:100; 183911; Abcam), GAPDH
(IB 1: 20000; AM4300; Life Technologies,
Carlsbad, CA), SAS6 (ICC 1:200, IB 1:100; sc-
376836; Santa Cruz Biotechnology, Dallas, TX,
USA), a-tubulin (ICC 1:2000, IB 1: 20000;
ab18251; Abcam, Cambridge, MA), y-tubulin
(ICC 1:1000, IB 1:2000; 11316; Abcam,
Cambridge, MA), and PARP-1 (IB 1: 1000; 9542;
Cell Signaling Technology, Danvers, USA) were
purchased. Antibodies specific to CEP215 [55]
(ICC 1:2000, IB 1:500), PCNT [60] (ICC 1:2000,
IB 1:2000), CEP135 [61] (ICC 1:2000), and CPAP
[62] (ICC 1:100; IB 1:500) have been previously
described. Secondary antibodies conjugated with
fluorescent dyes (ICC 1:1000; Alexa Fluor 488,
594, and 647; Life Technologies) and horseradish
peroxidase (IB 1:10000; Sigma-Aldrich, St. Louis,
USA) were purchased.

Immunostaining analysis

Cells on a cover glass (0117520; Paul Marienfeld,
Lauda-Konigshofen, Germany) were fixed with
cold methanol for 10 min, washed with cold PBS,
and blocked with blocking solution (3% bovine
serum albumin and 0.3% Triton X-100 in PBS)
for 30 min. The samples were incubated with
primary antibodies for 1 h, washed with 0.1%
PBST, incubated with secondary antibodies for
30 min, washed, and treated with 4,6-diamidino-
2-phenylindole (DAPI) (D9542-5 MG; Sigma-
Aldrich, St. Louis, USA) solution for up to
2 min. The cover glasses were mounted on
a glass slide with ProLong Gold Antifade Reagent
(P36930; Life Technologies, Carlsbad, USA).
Images were observed using a fluorescence

microscope with a digital camera (Olympus IX51,
Olympus, Tokyo, Japan) equipped with QImaging
QICAM Fast 1394 and processed in ImagePro 5.0
(Media Cybernetics, Rockville, USA). ImagePro
50 (Media Cybernetics, Rockville, USA),
Photoshop CC (Adobe, California, USA), and
Image] 1.51k (National Institutes of Health,
Maryland, USA) were used for image processing.
All images were obtained in an identical setting
with the same exposure time to measure the fluor-
escence intensities at the centrosome. Image] was
used for measurement and the background signals
were subtracted from the centrosome signals.

Immunoblotting analysis

Cells were washed with PBS, lysed on ice for
10 min with radioimmune precipitation (RIPA)
buffer [1% Triton X-100, 150 mM sodium chloride
(NaCl), 0.5% sodium deoxycholate, 0.1% sodium
dodecyl sulfate (SDS), 50 mM Tris-HCI at pH 8.0,
1 mM sodium orthovanadate (Na3VO4), 10 mM
sodium fluoride (NaF), 1 mM ethylenediaminete-
traacetic acid (EDTA), and 1 mM EGTA] contain-
ing a protease inhibitor cocktail (P8340; Sigma-
Aldrich, St. Louis, USA), and centrifuged at 4°C
for 10 min. A fraction of the supernatant was used
for the Bradford assays and the rest was mixed
with 4x SDS sample buffer (250 mM Tris-HCI at
pH 6.8, 8% SDS, 40% glycerol, and 0.04% bromo-
phenol blue) and 10 mM dithiothreitol (DTT)
(0281-25 G; Amresco, Ohio, USA). The mixture
was then boiled for 5 min. For PCNT, CEP215,
and CEP152, 3% stacking gel and 4% separating
gel were used with 20 mg of each of the protein
samples. For SAS6 and CPAP, 5% stacking gel and
8% separating gel were used with 20 mg of each of
the protein samples. The remaining samples were
loaded in a 5% stacking gel and 10% separating gel
with 10 mg of protein samples. Proteins in the gels
were then transferred to Protran BA85 nitrocellu-
lose membranes (10401196; GE Healthcare,
Chicago, USA). The membranes were blocked
with a blocking solution (5% nonfat milk in 0.1%
Tween 20 in TBS or 5% bovine serum albumin in
0.1% Tween 20 in TBS) for 2 h, incubated with
primary antibodies, diluted in blocking solution
overnight at 4°C, washed with TBST (0.1%
Tween 20 in TBS), incubated with secondary



antibodies in blocking solution for 30 min, and
washed again. Enhanced chemiluminescence
(ECL) reagent (LF-QCO0101; ABfrontier, Seoul,
Korea) and X-ray films (CP-BU NEW; Agfa,
Mortsel, Belgium) were used to detect the signals.
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