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ABSTRACT The centriole duplication cycle normally ensures that centriole number is main-
tained at two centrioles per G1 cell. However, some circumstances can result in an aberrant
increase in centriole number—a phenotype that is particularly prevalent in several types of
cancer. Following an artificial increase in centriole number without tetraploidization due to
transient overexpression of the kinase PLK4, human cells return to a normal centriole number
during the proliferation of the population. We examine the mechanisms responsible for this
return to normal centriole number at the population level in human retinal pigment epithelial
cells. We find that the return to normal centriole number in the population of induced cells
cannot be explained by limited duplication of centrioles, instability of extra centrioles, or by
grossly asymmetric segregation of extra centrioles in mitosis. However, cells with extra cen-
trioles display heterogenous phenotypes including extended cell cycle arrest, longer inter-
phase durations, and death, which overall results in a proliferative disadvantage relative to
normal cells in the population. Although about half of cells with extra centrioles in a popula-
tion were able to divide, the extent of the disadvantages conferred by other fates is sufficient
to account for the observed rate of return to normal centriole number. These results suggest
that only under conditions of positive selection for cells with extra centrioles, continuous
generation of such centrioles, or alleviation of the disadvantageous growth phenotypes
would they be maintained in a population.

Monitoring Editor
Manuel Thery
CEA, Hépital Saint-Louis

Received: Apr 5, 2019
Revised: Sep 8, 2020
Accepted: Sep 15, 2020

INTRODUCTION

The centrosome is the main microtubule organizing center in animal
cells, participates in the formation of the mitotic spindle, and pro-
vides the platform for primary cilium formation (Nigg and Raff, 2009;
Conduit et al., 2015). Cells normally have one centrosome (two cen-
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trioles) during G1, which duplicates during S-phase to result in two
centrosomes (four centrioles) in G2/mitosis (Nigg and Stearns, 2011;
Nigg and Holland, 2018). In cycling cells, centriole number is strictly
regulated by the centriole duplication cycle, which allows the forma-
tion of a single new centriole (pro-centriole) from an already existing
one (Nigg and Stearns, 2011; Nigg and Holland, 2018). Extra centri-
oles are commonly found in human cancers and have been linked to
advanced tumor grade, poor prognosis, and metastasis (Chan,
2011). In tissue culture cells, transient overduplication of centrioles
in a cell population after initial centriole depletion by drug treat-
ment is followed by a return to the normal number of centrioles per
cell within a few generations at the population level (Wong et al.,
2015), which occurs through an uncharacterized mechanism.
Overexpression of PLK4, the kinase necessary for canonical cen-
triole duplication (Bettencourt-Dias et al., 2005; Habedanck et al.,
2005), is sufficient to generate extra centrioles in diploid human
cells (Kleylein-Sohn et al., 2007), a condition known as centriole am-
plification (CA), without inducing tetraploidy as CA generated
through cytokinesis failure does. Both overexpression of a PLK4
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mutant unable to be autophosphorylated—a process which leads to
its ubiquitination and destruction—and CA due to induced cytoki-
nesis failure lead to p53-dependent cell cycle arrest (Holland et al.,
2012; Fava et al., 2017). Furthermore, p53 negatively regulates
PLK4 activity and thus acts to prevent CA (Nakamura et al., 2013).

While previous work supports p53 activation in populations of
cells with extra centrioles (CA-cells), it remained unanswered if
there is heterogeneity in response to CA in individual CA-cells, that
is, whether every CA-cell undergoes p53-dependent arrest in the
next cell cycle. In addition to immediate and irreversible cell cycle
arrest, we consider four different, not mutually exclusive, mecha-
nisms that could facilitate the return to a normal number of centri-
oles following amplification. First, that not all extra centrioles are
able to duplicate in a single cell cycle. This would limit duplication
to a subset of centrioles and reduce the number by segregation
over time. Second, that extra centrioles are eliminated. Such elimi-
nation could be specific, as in oocytes of most animals (Delattre
and Gonczy, 2004), or due to instability of centrioles caused by a
defect in their structure (Wang et al., 2011, 2017). Third, that centri-
oles are segregated asymmetrically at mitosis. Extra centrioles are
typically clustered at the poles of a bipolar spindle (Ring et al.,
1982; Kwon et al., 2008), and they could be clustered asymmetri-
cally at spindle poles, generating daughter cells with different num-
bers of centrioles. This might occur with some specificity, creating
one cell with the correct centriole number in a single division, or
might occur stochastically, yielding such a normal cell by chance.
Fourth, a small number of cells in the population with normal cen-
triole number could have a proliferation advantage over CA-cells
and overtake the population.

By examining the fate of individual cells and of extra centrioles
produced by transient overexpression of PLK4, we found that all
extra centrioles are able to duplicate, that they are retained during
division cycles when cells do not arrest, and that the majority of mi-
toses results in relatively symmetric segregation of the centrioles to
the two daughter cells. Our results show that the main drivers to the
return to a normal number of centrioles are heterogeneous pheno-
types that disadvantage cells with extra centrioles, resulting in re-
duced proliferation and allowing the cells with a normal number in
the population to predominate over time.

RESULTS AND DISCUSSION

To generate diploid cells with extra centrioles, we induced overex-
pression of the centriole duplication regulator PLK4 in a clonal human
hTERT-RPE-1 GFP-Centrin-2 tetON-PLK4 cell line (Hatch et al., 2010).
These cells constitutively express a centriole marker, GFP-Centrin-2,
to allow visualization of centrioles in living cells and express hPLK4
under control of doxycycline, in addition to the endogenous PLK4.
After 48 h of treatment with 1 pug/ml doxycycline, PLK4 transcript
levels were elevated 238 + 9.8% in these cells in comparison to con-
trol cells of the same genotype treated with DMSO as measured by
RT-gPCR. We first determined a suitable time course of induction of
extra centrioles and characterized the return to normal centriole
number, shown in Figure 1A. Cells were treated with either doxycy-
cline or DMSO as a control for 48 h, followed by drug washout, and
centriole number was analyzed on subsequent days via immunofluo-
rescence staining of CP110 and endogenous Centrin-2-GFP fluores-
cence (Figure 1B). Cells were classified as having either normal cen-
triole numbers (2-4) or extra centrioles (5+). Induction of PLK4 for 48
h resulted in the generation of extra centrioles in more than 90% of
cells, as opposed to less than 10% of control cells with extra centri-
oles (Figure 1C). Following doxycycline washout, centriole number
returned to normal over the course of about 10 d (Figure 1C), in ac-
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cordance with previous results documenting centriole reduction after
amplification (Wong et al., 2015; Baudoin et al., 2020; Galofré et al.,
2020). Centriole number remained constant following DMSO wash-
out (Supplemental Figure S1), with the starting population showing
5% CA that never increased throughout the time course. The cells
were seeded at a low density after washout and were reseeded as
they became confluent, such that control cells could go through ap-
proximately 12 generations over the course of the experiment. Fur-
thermore, PLK4 protein level returned to normal between 48 and 72
h after washout of doxycycline (Figure 1, D and D).

A simple mechanism to explain the ability of cells to return to a
normal number of centrioles would be limited or no duplication of
centrioles, such that the number would decline after each cell divi-
sion. The formation of nascent daughter centrioles, termed procen-
trioles, is marked by the presence of SASS6, a component of the
centriole cartwheel that is present only in procentrioles (Strnad
etal., 2007). Cells with extra centrioles were analyzed 5 d after doxy-
cycline washout for the presence of paired centrioles with two cen-
triole markers, GFP-Centrin-2 and CP110, which label the distal
ends of centrioles (Chen et al., 2002). We found that cells either had
all centrioles as unpaired singlets (as in G1 cells) or had all centrioles
as paired doublets, and that SASS6 was associated with one of the
two centrioles in each doublet (94% + 2 of cells, N = 3 experiments,
n=791 cells in total), consistent with these representing a centriole
and a procentriole (Figure 2A). Furthermore, centriole rosettes were
not observed, which would have indicated ongoing PLK4 overex-
pression (Lopes et al., 2015). These results demonstrate that all cen-
trioles in a cell can be competent for duplication under the condi-
tions tested, which suggests that cycling cells have a greater
capacity for centriole duplication than is normally exercised in a
single cycle and thus that there is no limiting component within the
range of centriole numbers we have observed.

Another mechanism that could account for the restoration of the
normal number of centrioles is elimination of extra centrioles. We
used live imaging of cells after doxycycline washout to observe the
fate of centrioles through mitotic divisions. If the extra centrioles
induced by PLK4 overexpression are stable, then their number
should be equal in a mother cell and the two resulting daughter
cells. In contrast, if centriole elimination occurs, then the number of
centrioles in the daughter cells will be less than in the mother cell.
Figure 2B shows a sequence derived from a maximum projection of
a confocal stack of images (more frames are shown in Supplemental
Figure S2) in which the mother cell has eight GFP-Centrin-2 foci;
since this cell divides soon afterward and thus is presumably in G2,
these likely represent a bright centriole and an engaged (Tsou and
Stearns, 2006) dimmer procentriole not resolvable at this point in
the cell cycle. The two daughter cells that result from division also
have a total of eight foci, one having six and the other two. The in-
sets in Figure 2B show that after the disengagement that occurs in
mitosis (Tsou and Stearns, 2006), each of the foci in the daughter cell
can be seen to consist of two centrioles, one bright and one dim;
thus, one daughter inherited 12 centrioles and the other 4—both
states of CA for G1 cells.

We then analyzed 32 such dividing cells over the course of 3 d
using an automated widefield fluorescence microscope and found
no evidence for selective elimination or loss of centrioles (Figure 2C).
The majority of the analyzed cells (83%) underwent one mitotic divi-
sion during the course of the imaging session; the remaining 17%
comprises cells that underwent two subsequent divisions, as well as
cells that completed a first division giving rise to two cells, one of
which divided once again and the other which never divided while
imaged. The adopted resolution does not allow the discrimination
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FIGURE 1: Centriole number returns to normal after initial amplification. (A) Schematic representation of experimental
treatment of hTERT-RPE-1 GFP-centrin-2 tetON-Plk4 cells. Cells were treated with 1 pg/ml doxycycline or

1:1000 (vol/vol) DMSO for 48 h. Drugs were subsequently washed out, and cells were analyzed at time points afterward.
(B) Representative images of hTERT-RPE-1 GFP-centrin-2 tetON-Plk4 DMSO-treated cells (Control, left) and doxycycline-
treated cells (DOX, right). Cells were stained for CP110, and GFP-centrin-2 was visualized by endogenous fluorescence.
Nuclear DNA was visualized with DAPI in the merged low-magnification image. In the merged insets, CP110 is shown in
red and GFP-centrin-2 in green. Scale bar = 20 pm. Insets 1-4 show enlargements of the selected areas. Scale bar is

2 pm. (C) Centriole number over time after doxycycline washout. The graph shows calculated means from seven
independent experiments with SEM (n > 150 for each experiment). (D) Western blot of PLK4 and actin protein levels
after washout of doxycycline or DMSO in hTERT-RPE-1 GFP-centrin-2 tetON-Plk4 cells. (D) Quantification of D. PLK4 is
normalized to total protein. Error bars represent the SEM from two independent experiments.

between cells that entered S phase by the end of the imaging ses-  dividing cells, all centrioles could be accounted for pre- and post-
sion. Nonetheless, we quantified the number of centrioles in the re-  division. In those cells in which there was a difference, there were
sulting daughter cells and compared it to the original cell at the  most often more centrioles in the daughter cells; we consider it likely
beginning of the session (Figure 2C). These data show that in most  that this difference is attributable to the inherent variation of cell
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Extra centrioles are competent for duplication and are not subject to elimination.
(A) Representative image of a cell with extra centrioles 5 d after washout of doxycycline showing
doublets with associated SASS6 and other centriole markers, as indicated. GFP-centrin-2 is
shown as endogenous fluorescence and SASS6 and CP110 by antibody staining. DAPI staining
of nuclear DNA is also shown in the merged low-magnification image. In the merged inset,
CP110 is shown in cyan and SASS6 in red. SASS6 was associated with one centriole in each
doublet in 94% + 2 of cells. N = 3 experiments for a total of n=791 cells. Scale bar = 10 pm; 5
pm for inset. (B) Maximum intensity projection of selected images from Supplemental Figure S2
showing a dividing hTERT-RPE-1 GFP-centrin-2 tetON-PIk4 cell in which segregation of
centrioles (GFP-centrin-2) is observed after doxycycline washout. Live imaging was performed
on a spinning-disk confocal microscope. Z-stack = 0.5 pm. Scale bar = 20 pm. Insets scale bar =2
pm. (C) Graph of the change (A) in centriole number in daughter cells compared with the mother
cell from which they were derived. Cells were imaged live over 3 d, and centrioles were counted
at the beginning and the end of the imaging session. To calculate the A value, the centriole
number in the mother cell was subtracted from the summed centriole number in daughter cells
divided by 2 to account for duplication. The graph represents the mean from four independent
experiments with SEM, and n numbers are reported on top of each bar for each category as a

total from all five independent experiments.
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cycle time and initiation of centriole duplica-
tion following division. Our conclusion re-
garding the lack of elimination is further sup-
ported by our experiment looking at
microtubule nucleation from the extra cen-
trioles (Figure 3A). Loss of microtubule nu-
cleation can in fact be a cause of centriole
loss during division (Godinho and Pellman,
2014). Our results concur with those of
Baudoin et al. (2020), who also did not ob-
serve centriole elimination during mitosis in
tetraploid cells (Baudoin et al., 2020).

A third possible mechanism that could
account for restoration of centriole number
is asymmetric segregation of centrioles in
mitosis. Centrioles segregate as part of cen-
trosomes on the mitotic spindle in most ani-
mal cells, and this segregation requires that
centrioles acquire pericentriolar material in
a centriole-centrosome conversion step
(Wang et al., 2011). In Drosophila epithelial
cells, extra centrioles can become inacti-
vated, losing microtubule nucleation capac-
ity (Sabino et al., 2015), which might result in
failure to segregate accurately. Based on the
timeline of our experiments (Figure 1A), we
would expect that most of the extra centri-
oles generated would have had the oppor-
tunity to undergo the centriole-centrosome
conversion. We tested this by assessing
their ability to nucleate microtubules in a mi-
crotubule regrowth assay. We found that in
most cases, all centrioles nucleated microtu-
bules, showing that they are active as cen-
trosomes (95% =+ 3 of analyzed cells; n =
2922 cells). Figure 3A shows a typical cell
with extra centrioles, in which all centrioles
were active for nucleation. This suggests
that selective inactivation is unlikely to be a
factor in restoration of centriole number.
Our result is in accordance with the findings
by Rhys et al. (2018) which showed that am-
plified centrosomes in MCF10A cells do not
lose Y-tubulin and pericentrin (Rhys et al.,
2018), as occurs with centrosome inactiva-
tion in Drosophila (Basto et al., 2008; Sabino
et al., 2015).

We next examined centriole segregation
directly, quantifying segregation into daugh-
ter cells following synchronization of cells in
mitosis by mitotic shake-off. Daughter cells
from a recent division were identified by the
presence of a midbody, and centrioles were
counted in each cell (Figure 3B). The data
were quantified as the absolute difference in
centriole number between two daughter
cells. Centrioles were segregated symmetri-
cally in approximately 70% of the analyzed
cells (Figure 3C). The remaining 30% show
asymmetric segregation, with decreasing
frequency with more uneven segregation
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Extra centrioles are competent for nucleating microtubules and are mostly segregated symmetrically in
mitosis. (A) Representative image of microtubule regrowth at 2.5 min postnocodazole washout in an hTERT-RPE-1
GFP-centrin-2 tetON-Plk4 cell with extra centrioles. Cells were treated with doxycycline for 48 h, and analysis was
carried out from 1 d following washout. Cells were incubated with 2 pg/ml nocodazole for 1 h, then incubated without
nocodazole for 2.5 min. Cells were stained for o-tubulin (red) and CP110 (cyan), and GFP-centrin-2 (green) was visualized
by endogenous fluorescence. Nuclear DNA was visualized with DAPI in the merged image. Of the 2922 analyzed cells,
95% = 3 of analyzed cells showed microtubule nucleation from all centrosomes. Scale bar = 10 pm. (B) Centriole
segregation in recently divided pairs of daughter cells, as identified by presence of midbody (arrowheads). The left
panel shows an example of asymmetric division (11 + 5 centrioles). The right panel shows an example of symmetric
division (5 + 6 centrioles). Cells were stained for o~ and ¢-tubulin, and GFP-centrin-2 was visualized by endogenous
fluorescence. DAPI staining of nuclear DNA and a-tubulin are only shown in the merged low-magnification image. Scale
bar = 20 pm; 2 um for insets. (C) Quantification of symmetry of centriole segregation in hTERT-RPE-1 GFP-centrin-2
tetON-Plk4 cells fixed 1 h after mitotic shake-off. The A centriole # refers to the absolute difference in centriole number
between the two daughters identified by the presence of the midbody. The results are pooled from eight independent
experiments for a total of more than 1000 analyzed cells. n numbers for each category are included on top of each bar.
(D) Quantification of symmetric and asymmetric segregation of centrioles. Calculations were obtained from the same
experiments as in C, and centrioles numbers were rounded to the next even number when odd centrioles were
counted. Centrioles # refers to the total number of centrioles in the two daughter cells identified by the presence of the
midbody. Symmetric refers to an equal number of centrosomes in each daughter cell £ 2. Asymmetric refers to
situations in which a daughter cell inherited >2 centrosomes compared with the sister cell. Overall frequency refers to
the frequency of symmetric or asymmetric segregation over the total number of cells that showed symmetric or
asymmetric segregation, respectively; n numbers are reported at the top of each bar.

that is best described as a Poisson distribution centered on A = 1.3 Given that none of the direct mechanisms of centriole number
(R? = 0.93). Furthermore, the frequency of asymmetric segregation ~ homeostasis were consistent with our observations, we considered
increased with centriole number (Figure 3D). the possibility that cells with extra centrioles might have a selective
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FIGURE 4: CA results in increased cell cycle length. (A) Growth curves of hTERT-RPE-1 GFP-centrin-2 tetON-Plk4 cells
either treated with 1 pg/ml doxycycline (DOX washout) for 48 h followed by washout or treated with DMSO as a control
followed by washout (DMSO washout). Each point represents the mean + SEM of three independent experiments.
Significance was calculated by one-way ANOVA; p < 0.0001. (B) DNA replication at times after CA. DNA replication was
assayed by EdU incorporation. The top panel shows a schematic of the experiment; EdU incubation was initiated at the
indicated time and continued until fixation at 24 or 48 h after addition. The bottom panel shows EdU* vs. EAU- cells along
with centriole number (2-4 (normal) vs. 5+ (amplified)) as mean + SEM of three independent experiments. (C) Observed
events in live imaging of hTERT-RPE-1 GFP-centrin-2 tetON-Plk4 cells. Cells were observed over 3 d, and cells that are
indicated as “no divisions” did not divide in the observed period; 5+ refers to cells with amplified centrioles, and 24 refers
to cells with the normal number of centrioles. Total number of cells in each category is indicated above each bar.

(D, E) Duration of mitosis and interphase in hTERT-RPE-1 GFP-centrin-2 tetON-Plk4 cells with normal number (2-4)
centrioles vs. those with amplified centrioles (5+). Time of cell cycle phase was calculated from live-imaging sequences. The
graph shows mean values; significance was assessed by unpaired two-tailed t test; for mitosis, p < 0.0001; for interphase,
p < 0.0005. (F) Immunoblot of p53 and actin (loading control) in TP53”~ cells, \TERT-RPE-1 GFP-centrin-2 tetON-Plk4 cells
without doxycycline, and hTERT-RPE-1 GFP-centrin-2 tetON-Plk4 cells with 48 h 1 pg/ml doxycycline pretreatment. Cells
were treated with Nutlin3a as a positive control for p53 activation. See Supplemental Figure S3A for the uncropped blot.
Error bars represent SEM from three independent experiments. Significance was determined via a Welch's t test;

***p < 0.0001. (G) Quantification of cells with visible nuclear enrichment of p53 after washout of doxycycline following 48 h
treatment. Shown are the percentages of p53+ cells within the population of cells with normal (2-4, teal line) centriole
numbers or amplified centrioles (5+, purple line). Data were pooled from three independent experiments.
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growth disadvantage relative to normal cells. Consistent with previ-
ous work (Holland et al., 2012), we found that hTERT-RPE-1 GFP-
Centrin-2 tetON-PLK4 cells induced to have extra centrioles prolif-
erated more slowly as a population than control-treated cells
(Figure 4A, p < 0.001). To further understand the nature of this re-
duced-growth phenotype, we employed several single-cell-level as-
says of proliferation. EAU incorporation into DNA was used as a
measure for cell cycle progression into S phase. The top two panels
in Figure 4B show the time course of labeling and analysis. In cells
that experienced doxycycline treatment but had the normal number
of centrioles, the percent of cells entering S phase reached approxi-
mately 65% after 24 h of EdU incubation at all three assay time-
points. In contrast, the percent of cells with extra centrioles entering
S phase was similar to normal cells on day 1, but decreased when
assayed on subsequent days, falling to 36% on day 3 (Figure 4B).
This increased with longer incubation in EJU to account for a poten-
tially longer cell cycle but did not reach the same level as in normal
cells. Thus, the fraction of cells with extra centrioles that enter the
cell cycle declines over time.

We next used time-lapse imaging to observe cell division histo-
ries in cells with extra centrioles. hnTERT-RPE-1 GFP-Centrin-2 tetON-
PLK4 cells were imaged over 3 d, recording both phase and GFP
fluorescence at 5 min intervals in cells that experienced doxycycline
treatment but had the normal number of centrioles (n = 51) and
those with extra centrioles (n = 214). These sequences revealed
several features of cell division of cells with extra centrioles (Figure
4C). First, only 51% of the cells with extra centrioles divided over 3
d of observation, whereas 100% of normal cells divided. Second, of
those cells with extra centrioles that divided, only 3% divided into
more than two cells, consistent with previous reports of centrosome
clustering in CA-cells (Ring et al., 1982; Kwon et al., 2008), whereas
none of the normal cells underwent a multipolar division. Lastly, 8%
of the cells with extra centrioles died at some point during imaging,
assessed by dramatically increased blebbing and detachment from
the substrate, whereas none of the normal cells suffered this fate.

We also used the live-cell imaging sequences to determine the
length of mitosis (Figure 4D) and interphase (Figure 4E) in cells with
normal or extra centrioles within the same treated population. The
duration of mitosis was measured as the time from the beginning of
rounding up to the appearance of two distinctly separate cell bodies.
Mitotic duration was significantly longer in cells with extra centrioles,
45.5 £ 1.5 min (n = 104), compared with cells with normal centrioles,
29.9 £ 1.2 min (h=51); p < 0.0001. This is in accordance with previ-
ous results in both Drosophila and mammalian cells where increased
mitosis time was observed (Basto et al., 2008; Kwon et al., 2008;
Yang et al., 2008). Interphase duration was also significantly longer in
cells with extra centrioles, 1405 + 52.3 min (n = 27), compared with
cells with normal centrioles, 1151 £ 26.5 min (n = 21); p < 0.0005.
Although we have not characterized the mechanism of the cell cycle
arrest and/or delay that many CA-cells undergo, we note that previ-
ous findings by other groups showed that CA-cells divide aberrantly
to generate aneuploidy at higher frequency than cells without extra
centrioles (Ganem et al., 2009; Nicholson et al., 2015) which can re-
sult in cell cycle arrest or cell death (Nicholson et al., 2015),

Because of previous reports of p53 stabilization in centrosome-
amplified cells (Holland et al., 2012; Fava et al., 2017), we quantified
p53 protein levels hTERT-RPE-1 GFP-Centrin-2 tetON-PLK4 with or
without doxycycline treatment. TetON-PLK4 cells treated with doxy-
cycline for 48 h followed by 3 d washout showed 33% increased
level of p53 protein compared with DMSO-treated cells. These cells
are able to stabilize p53 to much higher levels; treatment with the
MDM1 inhibitor Nutlin3a increased the p53 level more than 8-fold.
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As a negative control, no p53 was detected in RPE-1-TP537~ cells.
(Figure 4F). Due to the only modest stabilization of p53, especially
in comparison to published results from cells overexpressing an au-
toregulation deficient PLK4, we quantified presence of nuclear p53
in individual TetON-PLK4 cells treated with doxycycline for 48 h fol-
lowed by washout. A higher percentage of cells with amplified (5+)
centrioles had visible nuclear p53 than cells with normal (2-4) centri-
oles; however, not all cells with extra (5+) centrioles showed nuclear
p53 (Figure 4G), which is in agreement with the only modest in-
crease in p53 level we observed via Western blot. It's important to
note that WT RPE-1 cells without the TetON-PLK4 insert showed
increases in nuclear p53 in the initial days after doxycycline washout,
suggesting that doxycycline treatment itself leads to some nuclear
p53 accumulation (Supplemental Figure S3B), which has been previ-
ously reported (Fujioka et al., 2004). Some cells with CA do show
nuclear p53, but the nuclear accumulation does not occur in all cells
simultaneously after overexpression of WT PLK4.

An important question is how the results we describe in cultured
cells may relate to cancer cells in vivo. Despite the disfunction of the
p53 pathway in many human cancers (Mantovani et al., 2019), some
cancers have an intact p53 pathway, like the RPE-1 model system
that we employ in this work. To predict cancers to which our obser-
vations might apply, we assessed alterations (including mutation,
fusion, amplification, deep deletion, or multiple alterations) of the
p53 pathway genes TP53, CDKN1A, CDKN2A, MDM2, MDM4, and
RB1 across 32 cancer types from the Pan-Cancer project from The
Cancer Genome Atlas (TCGA; Supplemental Figure S4A). Next, we
examined PLK4 mRNA levels across the same 32 cancer types from
the same Pan-Cancer project (Figure 5A). The three cancer types
with the highest median PLK4 mRNA expression were cervical can-
cer, testicular germ cell cancer, and AML, which all had less than
20% of cases with genomic alterations in TP53, CDKN 1A, CDKNZ2A,
MDM2, MDM4, and RB1 (Figure 5A; Supplemental Figure S4A).
Furthermore, these cancer types also showed above-average SASS6
and STIL mRNA levels (Supplemental Figure S4, B and C), each of
which can cause centriole overduplication when overexpressed in
tissue culture cells (Leidel et al., 2005; Tang et al., 2011) and to-
gether are transcript signatures of CA in cancer cells (De Almeida
etal., 2019).

In the case of cervical cancer, many such cancers have a p53
pathway that is inactivated by HPV viral proteins Eé and E7 (Zur
Hausen, 2002); therefore, although mutations in the p53 pathway
in the cancer cells themselves are not common, we discounted
these cancers as likely to have nonfunctional p53 pathways. The
negative regulators of p53, MDM2 and MDM4 are frequently over-
expressed in AML (Supplemental Figure S4D; Bueso-Ramos et al.,
1993). However, there was no significant correlation between tran-
script levels of PLK4 with either MDM2 or MDM4 in AML (Supple-
mental Figure S4, E and F). Testicular germ cell cancers typically
retain wild-type p53, and centrosome amplification has been re-
ported in these tumors (Mayer et al., 2003). Furthermore, TP53
mRNA levels did not correlate with PLK4 mRNA levels in testicular
germ cell cancer (Supplemental Figure S4G), and the small subset
of p53-deficient tumors did not show higher PLK4 than the majority
with predicted functional p53 (Figure 5B). In addition to its rele-
vance to population-level centriole number homeostasis, our work
may also be relevant to testicular germ cell cancer and other can-
cers in which PLK4 overexpression and CA occur in cells with an
intact p53 pathway.

Our results suggest that a population containing cells with extra
centrioles returns to normal numbers via proliferation of cells with
normal centriole numbers preexisting within the population or
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RNASeqV2. Percentages of cancers with altered p53 pathway transcripts (TP53, COKN1A, CDKN2A, MDM2, MDM4,
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¢ represents the death rate in the population. See Experimental Procedures for details. (D) Schematic to summarize

fates of cells with CA.

generated by relatively rare divisions that asymmetrically segregate
centrioles. A simple mathematical description matching the param-
eters of division and proliferation that we characterized in Figure 4
would be sufficient to explain the change in the population shown
in Figure 1C. These equations take into consideration the difference
in cell cycle length, the fraction of cells that die each generation,
and the fraction of cells that enter the cell cycle. Using the parame-
ters determined in Figure 4, we find that this description accurately
recapitulates the population dynamics of the experimental cultures
(Figure 5C). Through examination of single cells rather than popula-
tions, we found that individual cells with amplified centrioles do not
all arrest immediately in the next cell cycle. Instead, cells showed
heterogeneity in response to CA (Figure 5D). Recent reports by
Baudoin et al. (2020) and Galofré et al. (2020) focused on the fates
of extra centrosomes in tetraploid or near-tetraploid cells generated
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through cytokinesis failure (Baudoin et al., 2020) or naturally occur-
ring in cancer cells (Galofré et al., 2020). Baudoin et al. (2020)
observed a loss of extra centrosomes from a population of cells and
concluded that asymmetric divisions are the main factor leading to
the return to normal number of centrosomes. In our experiments,
we did not observe frequent asymmetric divisions, although we did
observe these events rarely. However, we need to take into account
the two different experimental systems employed by our study and
those of Baudoin et al. (2020) and Galofré et al. (2020). Cytokinesis
failure as a method to generate CA also causes tetraploidy, which
itself has been reported to cause whole-chromosome missegrega-
tion and chromosomal rearrangements, p53-dependent cell cycle
arrest, and/or cell death (Fujiwara et al., 2005; Ganem et al., 2014).
The generation of extra centrioles by PLK4 overexpression as we
used here leads to variable centriole numbers, as opposed to the

2653

Centrosome number homeostasis |



exact number found in cells that failed cytokinesis, but does not di-
rectly alter ploidy. Additionally, we conducted our experiments in
p53-proficient cells, as opposed to the RPE-1 p53~~ or cancer cells
employed in the other experiments. Nonetheless, both works share
similar overall observations regarding the return to a normal num-
ber of a population with extra centrosomes.

In summary, we have found that CA in populations of human
RPE-1 cells is resolved by selection against cells with amplified
centrioles based on their growth disadvantage and not by centri-
ole elimination, centriole duplication failure, or grossly asymmetric
centriole segregation. These results suggest that only under
conditions of positive selection for cells with extra centrioles,
continuous generation of such centrioles, or alleviation of the dis-
advantageous growth phenotypes would they be maintained in a
population.

EXPERIMENTAL PROCEDURES

Cell lines and cell culture

hTERT-RPE-1 GFP::CETNZ2 TetON::PLK4 (Hatch et al., 2010) and
hTERT-RPE-1 TP53~ were a gift from Meng-Fu Bryan Tsou (Memo-
rial Sloan Kettering Cancer Center). All RPE-1 cells were cultured in
DMEM/F-12 (with 15 mM HEPES, phenol red, and L-glutamine;
Corning) supplemented with 10% Cosmic calf serum (CCS;
HyClone). Cells were maintained at 37°C under 5% CO,. For the
PLK4TetO cells, single clones were isolated via fluorescence-acti-
vated cell sorting and characterized for centrioles amplification ca-
pabilities. One single clone was selected for further analysis.

Cells were routinely tested for mycoplasma contamination using
pooled  forward primers: 5-CGCCTGAGTAGTACGTTCGC,
5-CGCCTGAGTAGTACGTACGC, 5-TGCCTGAGTAGTACATTCGC,
5-TGCCTGGGTAGTACATTCGC, 5-CGCCTGGGTAGTACATTCGC,
5-CGCCTGAGTAGTATGCTCGC; and pooled reverse primers:
5-GCGGTGTGTACAAGACCCGA, 5-GCGGTGTGTACAAAACC-
CGA 5-GCGGTGTGTACAAACCCCGA.

Immunofluorescence

Cells were grown on poly-L-lysine-coated #1.5 glass coverslips
(Electron Microscopy Sciences). Cells were washed with phos-
phate-buffered saline (PBS), then fixed with 20°C methanol for 15
min. Coverslips were then washed with PBS and blocked with
PBS-BT (3% bovine serum albumin, 0.1% Triton X-100, 0.02% so-
dium azide in PBS) for 30 min. Coverslips were incubated with
primary antibodies diluted in PBS-BT for 45 min, washed with
PBS-BT, and incubated with secondary antibodies, and DAPI was
diluted in PBS-BT for 45 min and then washed again. Samples
were mounted using Mowiol (Polysciences) in glycerol containing
1,4,-diazobicycli-[2.2.2] octane (Sigma-Aldrich) antifade. For EAU
staining, the Click-iT Cell Reaction Kit (Thermo Fisher; Cat. No.
C10269) was used according to the manufacturer’s instructions.
Images were acquired on a Zeiss Axiovert 200 M microscope
(Carl Zeiss, Jena, Germany) with Plan Apo Chromat 63x/1.4 NA
objective and CCD camera (Orca ER; Hamamatsu Photonics,
Hamamatsu, Japan).

Antibodies for immunofluorescence

Primary antibodies used for immunofluorescence: rabbit anti-CP110
(1:200, Proteintech); mouse IgG2b anti-SASS6 (1:200, Santa Cruz
Biotech); rabbit IgG anti-gamma-tubulin, clone AK-15 (1:200,
Sigma-Aldrich); mouse IgG1 anti-alpha-tubulin, clone DM1A
(1:1000, Sigma-Aldrich); mouse IgG2a anti-p53, clone DO-1 (1:1000,
Santa Cruz); mouse IgG1 anti-polyglutamylated-tubulin, clone
GT335 (1:1000, Sigma-Aldrich); mouse IgG2b anti-centrin3, clone
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3E6 (1:1000, Novus Biological). For immunofluorescence, Alexa
Fluor—conjugated secondary antibodies (Thermo-Fisher) were di-
luted 1:2000.

SDS-PAGE and Western blot

Samples were lysed directly into 1x Laemmlli buffer, boiled, and
reduced with BME (p53) or not reduced (PLK4), then separated
by 12% (p53) or 7.5% (PLK4,) SDS-PAGE resolving (5% stacking)
gels and transferred to nitrocellulose membrane at 100V for 1.5 h
at 4°C in 20% ethanol-containing transfer buffer. When used, Re-
vert total Protein Stain (Li-Cor) was used as instructed by manu-
facturer before blocking. Blots were blocked in 5% nonfat dried
milk (Safeway) in TBST (Tris-buffered saline + 1% Tween-20) for
1 h, shaking at RT. Primary and secondary antibody staining was
performed in blocking solution for 2 h each, shaking at RT, or
overnight, shaking at 4 °C (PLK4). Blots were imaged using a
Li-Cor Odyssey.

Primary antibodies used for Western blot: anti-Bt-actin, clone
AC-74 (1:10,000, Sigma-Aldrich); anti-p53, clone DO-1 (1:5000,
Santa Cruz); anti-PLK4, clone 6H5 (1:2500, EMD Millipore). Second-
ary antibodies used for Western blot: donkey anti-mouse IgG (H+L),
IRDye 800CW conjugated (1:15,000, Li-Cor Biosciences); donkey
anti-rabbit IgG, IRDye 800CW conjugated (1:15,000, Li-Cor Biosci-
ences). Ladders shown in uncropped blots are Precision Plus Dual
Color Standards (Bio-Rad).

Cell treatments and assays

To induce centrosome amplification, hTERT-RPE-1 GFP-Centrin-2
TetON-PIk4 were treated with 1 pug/ml doxycycline hydrochloride
(DOX; Thermo Fisher Scientific; Cat. No. BP2653) in DMSO for 48 h.
For washout experiments, the medium was removed, and cells were
washed 3x with PBS before adding fresh medium.

For microtubule regrowth, 1 d prior to the experiment cells were
seeded on poly-L-lysine-coated #1.5 glass coverslips. Cells were
treated with 2 ug/ml nocodazole for 1 h, washed with cold PBS, in-
cubated with warm complete medium, and fixed in methanol at in-
dicated time points.

For mitotic shake-off, cells were grown in 10-cm plates. Medium
was removed, and plates were subjected to gentle shaking.
Medium was added to collect detached cells and discarded. After
30 min, the procedure was repeated to plate cells on poly-L-lysine-
coated #1.5 glass coverslips. Cells were fixed with methanol and
stained.

To assay proliferation, 10* cells from each condition were seeded
in 24-well plates after doxycycline washout. Three wells were
counted with a hemocytometer each day until the end of the
experiment.

For stabilization of p53 treatment, 10 pM Nutlin3a (Selleckchem)
was added to cells 48 h before lysis in 1x Laemmlli buffer.

Time-lapse imaging

hTERT-RPE-1 GFP-Centrin-2 tetON-PLK4 cells were diluted 1:10
with WT hTERT-RPE-1 cells to facilitate long-term tracking of
the fluorescent cells as they migrated and divided. The cells
were seeded onto glass-bottom dishes (World Precision Instru-
ments) 1 d prior to imaging; 30 min prior to imaging, the me-
dium was changed to phenol-free DMEM-F12 (Life Technolo-
gies) supplemented with 10% CCS. Images were acquired every
5 min on a Keyence digital optical microscope (Keyence) with a
Nikon S Plan Fluor ELWD 20x/0.45 NA objective. Still images
were taken using a Nikon Plan Apo 60x/1.40 NA objective.
Cells were maintained in a humidified chamber at 37°C under
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5% CO, during image acquisition. Alternatively, cells were
imaged every 15 min as 0.5-ym Z-stacks using a Zeiss Axio
Observer microscope with a confocal spinning-disk head
(Yokogawa), Plan Apo Chromat 63x/1.4 NA objective, and a
Cascade I1:512 EM-CCD camera (Photometrics) run with Micro-
Manager software (Edelstein et al., 2014). Statistical analyses
were performed using GraphPad Prism.

Determination of single cell p53 status

After 48 h treatment with DMSO or doxycycline, cells were washed
3x in PBS and then fixed on the indicated day after washout. Fixed
cells were stained for p53 and centriole markers (centrin, polyglu-
tamylated-tubulin) as well as DAPI. Cells with visible p53-labeled
nuclei were considered p53+ and cells without a distinct nuclear
outline in the p53 channel were considered p53-. Centriole number
was determined by counting the centrin/polyglytamylated-tubulin
copositive foci.

RT-gPCR

After 48 h treatment with DMSO or doxycycline, RNA was extracted
using Trizol (Invitrogen) following the manufacturer’s instructions.
cDNA was synthesized using Maxima First Strand Synthesis (Thermo)
following the manufacturer’s instructions. RT-qgPCR was performed
using SYBR Green (Bio-Rad) following the manufacturer’s instruc-
tions. Primers used were:

GAPDH (forward) 5'-ACATCGCTCAGACACCATG
GAPDH (reverse) 5-TGTAGTTGAGGTCAATGAAGGG
PLK4 (forward) 5-AGACCACCCTTCGACACTGA
PLK4 (reverse) 5-GTCCTTGGCCTCTATTGACAAA

Reactions were performed in triplicate on N = 2 samples per
condition.

Theoretical calculations

Theoretical population dynamics were considered under a discrete
model, since we experimentally measured cell number per day. Cal-
culations were performed where cell populations are represented
by the generalized equation:

N(t)=N;_1(1+ 03— 0)

in which N is the population size, t > 1is the time in days, o is the
proportion of cells that divide, & is the division rate per day, and ¢ is
the rate of death in the population. Values for o.,8, and ¢ were de-
rived form the live imaging data:

o 3

1.219 0
0.993 0.08

Normal centrioles (n) 1

Amplified centrioles (ca) 0.51

d was calculated for each population using the averages of inter-
phase, i, and mitosis, m lengths:

5 24
60(m+1)

Conversion from CA-cells to normal cells was considered negli-
gible since centrioles in CA-cells duplicated. Consideration of the
empirical values results in the generalized equation for the popula-
tion of cells with normal centriole numbers, N,,:
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Nn (t) = Nn,t—1 (1 + 0('nsn)
and, for the population of CA-cells, N,:

Nca (t) = Nca,t—1 (1 + 0(casca - q)ca)
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