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Summary 

Centrioles are the main components of cilia and centrosomes, which play a central role in cell 

proliferation and signalling. Their number is strictly regulated. Centriole amplification, or the 

presence of extra centrioles, often occurs in tumours and leads to aneuploidy and altered 

signalling and has been associated with cancer development and malignancy. Negative 

selection of cells with extra centrioles prevents numerical errors from expanding in the 

population, resulting in an overproduction-selection balance. However, how chronic 

perturbation of key centriolar regulators affect centriole number dynamics is poorly described. 

 

PLK4, a key regulator of centriole biogenesis, is often overexpressed in cancer and is 

associated with worse prognosis in breast cancer. Here we show that centriole amplification 

cannot be sustained in cultured MCF10A breast cells exposed to low and high levels of chronic 

PLK4 overexpression. We observed a short-term response in which negative selection and 

reduction in PLK4 mRNA limit centriole amplification. This was followed by long-term 

adaptation in which a rise in PLK4 mRNA levels was decoupled from accumulation of the 

protein at the centrosome. Furthermore, adaptation was dose-dependent. Populations 

evolved in low-overexpression conditions retained the ability to generate extra centrioles when 

PLK4 was further overexpressed, whereas centriole overproduction was irreversibly inhibited 

in populations evolved under high PLK4 overexpression. Taken together, our data reveal a 

two step mode of centriole number regulation and suggest that differences in the level of PLK4 

overexpression may condition cancer evolution. 
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Introduction 

The centrosome, found in most animal cells, plays a key role in organising microtubules, cell 

polarity, signalling, and proliferation. The canonical centrosome consists of two centrioles and 

a surrounding pericentriolar matrix that nucleates microtubules. During the cell cycle, each 

centriole duplicates once, so that in mitosis, each pair of centrioles migrates to opposite poles 

of the cell and directs the organisation of a bipolar mitotic spindle1–5. Abnormal centriole 

numbers can induce several changes in cell physiology. During mitosis they can cause mitotic 

defects that lead to chromosome segregation errors and aneuploidy and can affect cell cycle 

progression and viability6–10. In interphase, they are associated with altered secretion and 

signalling which can promote invasiveness11–13. Centriole amplification is known to be 

widespread in human tumours and has been associated with poor prognosis in several types 

of cancer, including breast cancer14–17. Moreover, centriole amplification is already present in 

pre-malignant conditions suggesting a possible role in early cancer development18. 

Furthermore, centriole amplification was shown to promote tumour initiation in mouse 

models19,20. Understanding the causes of centriole amplification and how cells respond to this 

perturbation is therefore vital for exploring its role in cancer development. 

Centriole number is highly controlled in most cells. Even cancer-derived cell lines, which show 

different baseline levels of centriole amplification21, usually display a characteristic distribution 

of centriole numbers per cell. When these levels are transiently altered, centriole numbers 

usually revert to their original distribution10,22–25. This suggests that the processes that lead to 

an increase or decrease in the number of centrioles eventually balance each other out, 

producing a stable equilibrium26. 

Centriole amplification can occur through various mechanisms, such as changes in the 

concentration or activity of centriolar components27–31, or due to failure in cytokinesis32. Cells 

with too many centrioles might divide abnormally and/or undergo cell cycle arrest, leading to 

reduced proliferation or even cell death. Thus, centriole numbers appear to be maintained at 

an equilibrium by a balance of centriole overproduction and negative selection acting on cells 

with extra centrioles26,33. However, most studies are limited to investigating short-term effects 

and transient centriole number alterations. The long-term dynamics of centriole numbers, 

especially in cancer where centriole-related proteins are often overexpressed34,35, remain 

poorly understood. Thus, understanding these dynamics in scenarios of chronic perturbation 

is crucial for a comprehensive view of centrosome regulation. 

PLK4, an essential centriole biogenesis regulator, plays a significant role in centriole number 

dynamics. Several studies showed that overexpressing PLK4 leads to centriole amplification, 

whereas reducing its expression can prevent centriole duplication27,28. In cultured cells, short-

term chronic PLK4 overexpression leads to proliferation defects that limit the proliferation of 

cells bearing extra centrioles6,36. In mice, it was proposed that mild PLK4 overexpression is 

associated with persistent centriole amplification and cancer development19,20. In contrast, it 

was suggested that cells with high levels of expression are negatively selected36–38. However, 

this hypothesis has not been tested. Although PLK4 overexpression is common in cancers 

like breast cancer and acute myeloid leukaemia39–41, where centriole amplification has been 

observed, the impact of these gene expression changes on centriole number dynamics is not 

known. This study aims to explore how different PLK4 overexpression levels affect centriole 

number dynamics and cell population fitness over time. 
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We used MCF10A cells carrying a doxycycline-inducible system to trigger PLK4 

overexpression11 at different levels. Over two months we monitored centriole numbers, 

conducted competition assays for fitness and proliferation, and tracked PLK4 levels. We found 

that cell populations overexpressing PLK4 eventually returned to normal centriole numbers. 

However, whereas populations evolved under high PLK4 overexpression, irreversibly lost their 

ability to form more centrioles in response to doxycycline, this was not the case for low PLK4 

overexpression, which could still respond to higher concentrations, suggesting different 

evolutionary trajectories. Moreover, while PLK4 mRNA levels decreased initially, they later 

matched or exceeded those in the initial population. Our results support a model in which cells 

respond to PLK4 overexpression in a two-step regulatory process: a short-term phase with 

negative selection and transcriptional regulation limiting the proliferation of cells with extra 

centrioles, and a long-term phase in which high PLK4 levels are prevented from accumulating 

at the centrosome. 
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Results     

An experimental framework for addressing the evolution of cell populations 
experiencing different levels of centriole amplification  

In this study, we established an experimental framework for addressing the long-term 

overproduction-selection dynamics of populations with centriole amplification. We made use 

of overexpression of PLK4, as the trigger for centriole amplification. We chose to use 

MCF10A-PLK4, a cell line derived from non-transformed breast tissue11, where PLK4 

overexpression is induced by adding doxycycline (Dox) to the culture medium. This system is 

widely used to study the implications of altered centrosome number in cell physiology and 

breast cancer11,13,21,42,43, widening the implications of our study. 

We first sought to obtain cell populations with different initial degrees of centriole amplification. 

Tetracycline/doxycycline-inducible systems are known to display a sigmoidal dose response - 

i.e. the expression of target gene(s) rises sharply for intermediate levels of induction lead and 

plateaus when higher doses are applied44. This behaviour led us to search for optimal 

intermediate doses, which would lead to different levels of centriole amplification. Previously, 

we had observed that 24h treatment with doxycycline concentrations between 0.1 μg/mL and 

the typically used 2 μg/mL, yielded similar levels of centriole amplification (data not shown). 

Thus, we investigated the effect of treating MCF10A-PLK4 populations with concentrations of 

Dox ranging between 0 and 0.1 μg/mL for 24h (Fig. 1A, B). Since centriole numbers change 

along the cell cycle, we analysed mitotic cells, which are expected to have four centrioles, 

allowing us to estimate the degree of centriole number abnormalities more accurately. We 

observed a significant and dose-dependent increase in the relative frequency of mitotic cells 

with extra centrioles in Dox-treated populations compared to the control without Dox. 

Treatment with 0.001 μg/mL of Dox resulted in approximately 29% of cells with extra 

centrioles. Between 0.005 and 0.1 μg/mL of Dox, the relative frequency of mitotic cells with 

extra centrioles plateaued at around 60-70% (Fig. 1B). Given that we observed significant 

differences in the level of centriole amplification in populations treated with Dox at 0, 0.001, 

and 0.1 μg/mL, we selected these concentrations for further investigation. We will refer to them 

hereafter as Dox0, Dox0.001 and Dox0.1. 

To assess the consequences of long-term chronic PLK4 overexpression and centriole 

amplification, we designed an experimental evolution setup (Fig. 1C).  Experimental evolution 

aims at characterising how evolutionary forces, such as natural selection or genetic drift, 

shape populations because of the established test conditions45. We were interested in testing 

if and how cell populations subject to chronic PLK4 overexpression adapt to centriole 

amplification and how this might occur. MCF10A-Plk4 is a polyclonal cell line, thus containing 

genetic and phenotypic variation that may allow cells to cope with PLK4 overexpression or 

centriole amplification. Second, we evolved cells for two months (approximately 90 

generations according to published doubling times for regular MCF10A in control conditions), 

which is sufficient for selection to act while preventing excessive accumulation of mutations. 

Third, we passaged cells every three days at a high seeding density (2.2x106 cells) and 

allowed them to reach a large population size (~2x107 cells in control conditions). This setup 

provided us control over the population growth dynamics and enabled us to minimise genetic 

drift. 
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Given that both Dox alone46 and PLK4 catalytic activity47 may induce physiological effects 

beyond centrosome amplification we added different controls to our experiment. We controlled 

for other consequences of expressing PLK4 and adding Dox using two different cell lines: 1) 

MCF10A-PLK41−608, which carries a Dox-inducible truncated form of PLK4, which includes the 

kinase domain but not its C-terminus necessary to locate it to the centriole. Thus, its 

overexpression does not result in centriole overproduction11,48 and 2) MCF10A-TetR, the 

parental cell line of MCF10A-PLK4 and MCF10A-PLK41−608, which carries the Dox-inducible 

system but not a target transgene. Thus, our setup included three different cell lines in three 

different cell culture media (containing 0, 0.001, or 0.1 μg/mL of Dox), which we evolved for 

two months (Fig. 1C). 

This setup allowed us to assess a variety of cellular parameters over time. We sampled 

MCF10A-TetR, MCF10A-PLK41−608, and MCF10A-PLK4 populations grown with 0, 0.001, or 

0.1 μg/mL of Dox at days 1, 3, 16, 31, 46, and 64 for centriole number counting and RNA 

extraction. In addition, we performed competition assays in the beginning (starting at day 1), 

middle (starting at day 31) and at the end of the experiment (starting at day 64). This enabled 

us to estimate population fitness over time, as well as to assess cell proliferation, cell death, 

and cell cycle profiles using flow cytometry. Finally, we monitored population growth using 

automated cell counting during passaging.   

 

Figure 1. Experimental framework for addressing the evolution of cell populations experiencing 

different levels of centriole amplification. A - Example of mitotic cells with wild-type (left) and 
abnormally high (right) centriole numbers. Cells were stained for CEP135 (magenta), Centrin (green), 
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and DNA (blue). Scale bar is 10 nm. B - Relative frequency of mitotic cells with more than four centrioles 
following 24h treatment with the indicated doses of doxycycline. Symbols represent different replicates. 
62-100 mitotic cells were analysed in each of the two independent experiments. C- Experimental 

evolution setup and conditions. MCF10A-TetR, MCF10A-PLK41−608 and MCF10A-PLK4 populations 

were grown for two months in media containing doxycycline at 0, 0.001, or 0.1 μg/mL and sampled for 
centriole number counting, competition assays, and pellets for RNA extraction and western blots, at the 
indicated time points.  

 

Centriole number dynamics depend on the initial centriole amplification levels 
in MCF10A-PLK4 

We first asked how centriole numbers change in cell populations chronically treated with 

different doses of doxycycline. As expected, the relative frequency of cells with extra centrioles 

showed no significant differences over time in the negative controls MCF10A-TetR and 

MCF10A-Plk41−608, regardless of Dox (Fig. 2A-B, Fig. S1), and in non-induced MCF10A-PLK4 

(Fig. 2C). In contrast, the relative frequency of mitotic cells with centriole amplification in 

Dox0.001- and Dox0.1-treated MCF10A-PLK4 reached an average of 28±4% and 91.5±5.5% 

after 24h, respectively, compared with 7±2% for the non-induced population, and steadily 

decreased in subsequent days (Fig. 2C). The number of centrioles per mitotic cell was highest, 

on average, and most variable at day 1 (mean centriole number: Dox 0 - 4.18±0.02, Dox0.001 

- 5.24±0.26 , Dox0.1 - 12,84±2.14; Fig. 2D-F). Over time, both the mean and variance of 

centriole numbers per cell reverted to basal levels for both Dox concentrations (Fig. 2D-E). 

Finally, centriole amplification decreased more rapidly at higher Dox concentrations (Dox0 - 

0.00173, p-value=0.97653, Dox0.001 - -0.23567, p-value=0.00128, Dox0.1 - -0.864769, p-

value<2e-16). This suggests that different PLK4 overexpression levels/incidence of cells with 

extra centrioles can elicit different selective pressures. We concluded that both low and high 

chronic Plk4 overexpression ultimately result in loss of centriole amplification, but with different 

dynamics. These results suggest that populations under chronic induction of PLK4 

overexpression adapted by inhibiting overproduction or that continuous negative selection 

eliminated cells with extra centrioles, leading to a reduction in population fitness. Therefore, 

we investigated the fitness of these populations.  
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Figure 2: Centriole number dynamics depend on the initial centriole amplification levels in 

MCF10A-PLK4. A-C - Relative frequency of mitotic cells with more than four centrioles at the indicated 

time points of Dox treatment for MCF10A-TetR (A), MCF10A-PLK41−608 (B), and MCF10A-PLK4 (C). 

Data points correspond to populations grown in the presence of doxycycline at 0 (light grey), 0.001 (light 
blue), or 0.1 μg/mL (dark blue), dashed lines represent the average relative frequency of cells with more 
than four centrioles at each time point for populations grown in Dox0 (grey), Dox0.001 (light blue), or 
Dox0.1 (dark blue) and different shapes represent independent experiments. Statistical analysis were 
performed using a generalised linear model with the presence/absence of extra centrioles in a cell as a 
binomial response variable and taking Dox concentration and time point as independent categorical 
predictors, plus their interaction. Significant differences between the indicated condition and the one 
treated with Dox0 at the same time point are represented with ** (p-value < 0.01) or *** (p-value < 
0.001). D-F - Centriole number distributions in MCF10A-PLK4 populations growth in Dox0 (D), 
Dox0.001 (E), and Dox0.1 (F). 72-100 mitotic cells were analysed for each condition in each of the two 
independent experiments.   

  

MCF10A-PLK4 populations adapted to centriole amplification in a dose-
dependent manner 
Estimating competitive fitness requires a setup that allows populations to be distinguished in 

co-culture. To accomplish this, we labelled these populations with proliferation dyes, CellTrace 

CFSE and CellTrace Far Red49. 

 

To monitor population fitness over time, we performed competition assays in which we co-

cultured MCF10A-PLK4 or the control MCF10A-PLK41−608 with the parental cell line, MCF10A-

TetR. Each co-cultured population was labelled with a different proliferation dye and grown for 

three days (Fig. 3A). This time window allows for a clear separation of both sub-populations 

by flow cytometry and encompasses sufficient cell divisions for detecting fitness differences 

(Fig. S2). As technical controls, we performed replicate co-cultures stained with the opposite 
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combination of dyes, controlling for the effect of the dye on proliferation. Finally, we calculated 

the competitive index for each co-culture, a standard measure of competitive fitness50 (see 

Methods). 

 

Importantly, for all data points, we observed a good correlation between replicates and 

between different proliferation dye combinations (Fig. S2). Additionally, we observed no effect 

of the initial frequency of each co-cultured sub-population on competitive index estimates (Fig. 

S2). Together these suggest that the calculated index reflects changes in fitness and not 

experimental artefacts. As expected, control line MCF10A-PLK41−608 showed no significant 

fitness differences between different Dox concentrations when co-cultured with MCF10A-TetR 

at any time point (Fig. 3B Left panel). This is coherent with previous reports, in which short 

term overexpression of truncated PLK4 did not affect population growth11. However, we 

observed that Dox treatment imparted a significant and dose-dependent fitness cost in 

MCF10A-PLK4 relative to MCF10A-TetR at days 1-3 (Fig. 3B right panel). At days 31-33, the 

fitness cost associated with both Dox concentrations was highly reduced and we found it to 

be undetectable at days 64-66 (Fig. 3B right panel). These results suggest that the fitness cost 

observed in the induced MCF10A-PLK4 populations depends on the overexpression of full-

length PLK4 and/or the presence of centriole amplification. 

 

Our results led us to ask if the evolved populations, i.e. from the end point of the experiment, 

had adapted to the presence of Dox. Adaptation can be defined as a relative increase in fitness 

of the evolved populations compared with the ancestral populations, in the conditions in which 

they evolved51. To address this, we co-cultured the evolved MCF10A-PLK4 populations with 

the ancestral population in media with different Dox concentrations. Moreover, to ask whether 

Dox concentration led to differently adapted populations, we co-cultured each pair of evolved 

populations in different combinations of media (Fig. 3C). 

 

As controls, we co-cultured each evolved and ancestral populations with themselves, and 

observed no significant fitness differences (Fig. 3C). The population evolved in Dox0.001 did 

not show significant fitness differences compared with the ancestral population in any media, 

indicating no significant adaptation in this condition (Fig. 3C). On the other hand, the 

population evolved in Dox0.1 outcompeted all the others at this concentration, suggesting it 

had adapted (Fig.3C).  

 

Adaptation to an environment often involves molecular changes that can have a fitness cost if 

cells return to the ancestral environment52. Interestingly, when we co-cultured each of the 

three evolved populations with the ancestral population, or the population evolved without Dox, 

in media without Dox, we observed no significant fitness differences (Fig. 3C). These results 

suggest a negligible fitness cost of Dox adaptation. 

 

In summary, (1) MCF10A-Plk4 populations adapted to high (Dox0.1) but not low levels 

(Dox0.001) of chronically-induced PLK4 overexpression; (2) there was no cost of adaptation; 

(3) exposing the populations evolved in Dox0 and Dox0.001 to higher doses of Dox still bears 

a fitness cost. Therefore, since adaptation to centriole amplification/PLK4 overexpression was 

dose-dependent, we hypothesised that populations grown in different doses of Dox may have 

developed distinct mechanisms that allow them to cope with PLK4 overexpression/centriole 

amplification (e.g. regulating PLK4 expression, or even completely silencing transgene, as 
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previously observed37). Notwithstanding, these putative mechanisms both resulted in the 

decrease of extra centrioles from the population. 

 

Since our competition results suggest that the fitness depends on the level of centriole 

amplification, we asked if this could also explain the observed fitness differences between 

evolved populations. To address this, we quantified centriole numbers in each of the evolved 

populations treated with Dox0, 0.001, and 0.1 for 24h. Moreover, we tested if they could 

produce extra centrioles when treated with higher concentrations of Dox (2 μg/mg). As 

controls, we treated ancestral populations with the same range of Dox concentrations.  

 

We observed that the ancestral MCF10A-PLK4 populations showed a proportional increase 

in the relative frequency of mitotic cells with extra centrioles when treated with 0.001 and 0.1 

μg/mL of Dox for 24h (Fig. 4A, B), as observed above. Treatment with 2 μg/mL of Dox yielded 

no significant differences compared with 0.1 μg/mL. The populations that evolved in Dox0 

showed an identical trend compared with the ancestral population but reached lower levels of 

amplification for each respective treatment. Populations evolved in Dox 0.001 did not show a 

response when grown in that medium or without Dox. However, they showed an increase in 

the relative frequency of cells with extra centrioles when exposed to 0.1 and 2 μg/mL of Dox. 

Concerning the population that evolved in Dox 0.1, none of the tested treatments yielded a 

significant increase in the relative frequency of mitotic cells with extra centrioles (Fig. 4A, B). 

This suggests that the mechanism of inhibition of centriole overproduction may be specific to 

the level of PLK4 overexpression. 

 

 

Together with the previous competition assays, these results indicate that fitness differences 

between co-cultured populations could be explained by the level of centriole amplification. 

Indeed, we observed a significant correlation between the relative frequency of mitotic cells 

with extra centrioles and average competitive index (Fig 4C). We also observed a significant 

correlation between mean centriole number and average competitive index, albeit slightly 

weaker (Fig 4D). These results show that the level of centriole amplification, in particular, the 

relative frequency of cells with extra centrioles, can explain most of the observed variation in 

the competitive index. 

 

In summary, our results suggest that evolution of cells in Dox0.1 leads to a loss of the ability 

to amplify centrioles in response to the tested concentrations of Dox. This is not observed in 

the population evolved in Dox0.001, where cells do not amplify centrioles in low Dox but 

maintain that ability in higher Dox concentrations. These results suggest the existence of 

different regulatory mechanisms or the same mechanism operating at different magnitudes, 

that counteract centriole amplification at low Dox and high Dox.  
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Figure 3. Induced MCF10A-PLK4 adapted over time to chronic PLK4 overexpression. A - Timeline 
for competition assays. Cells were labelled with different fluorescent dyes (CellTrace CFSE or Far Red) 
and co-cultured at the indicated time points. The competitive index was used as a proxy for competitive 
fitness based on the relative frequencies of each co-cultured population at the initial and final time points 
(see Methods). B - Competitive index of MCF10A-PLK41-608 (B) or MCF10A-PLK4 (C) relative to 
MCF10A-TetR at the indicated time points. Note that for each experimental situation there are 4 data 
points (independent experiments and swapping of the dye). The dashed lines connect the average 
competitive index corresponding to each Dox concentration and dye combination in two independent 
experiments. See table S1 and S2 for statistical analyses. C - Competitive index of evolved and 
ancestral MCF10A-PLK4 populations competing in the indicated combinations. Cell populations were 
co-cultured in medium with Dox0, Dox0.001, or Dox0.1. The points in the plots correspond to the 
competitive index of the cell line in bold. Circles correspond to populations labelled with CellTrace CFSE 
and triangles to populations labelled with CellTrace Far Red. Note that when a given population was 
co-cultured with itself, one sub-population was labelled with CellTrace CFSE and the other with 
CellTrace Far Red, i.e. there is only one combination of dyes. Data were modelled using a linear model 
(ANOVA) taking experimental conditions as a grouping variable. Significant differences between the 
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indicated conditions and their controls (ancestral versus ancestral and evolved versus evolved) are 
represented with *** (p-value<0.001). 

  

 

Figure 4. The fitness cost in ancestral and evolved populations is correlated with the level of 

centriole amplification. A - Relative frequency of mitotic cells with extra centrioles in ancestral and 
evolved MCF10A-PLK4 populations treated with Dox at the indicated concentrations for 24h. B - 
Centriole number distributions in ancestral and evolved MCF10A-PLK4 populations treated with Dox at 
the indicated concentrations for 24h. 95-100 cells were analysed for each condition in two independent 
experiments. Statistical analyses were performed using a generalised linear model with the 
presence/absence of extra centrioles in a cell as a binomial response variable and taking Dox 
concentration and population (ancestral, evolved in Dox0, evolved in Dox0.001, and evolved in Dox0.1) 
as independent categorical predictors, plus their interaction. Significant differences between the 
indicated condition and the one treated with Dox0 within the same population are represented with *** 
(p-value < 0.001). C - Correlation between average competitive index of the two dye combinations and 
the difference in the relative frequency of mitotic cells with more than four centrioles between co-
cultured MCF10A-PLK4 and MCF10A-TetR. D - Correlation between average competitive index of the 
two dye combinations and the difference in mean centriole number in mitotic cells between co-cultured 
MCF10A-PLK4 and MCF10A-TetR. Data points include competitive indices calculated for three time 
points (at days 1-3, 31-33, and 64-66) and the corresponding centriole number data (at days 1, 31, and 
64). The best fitting linear regression is indicated as a solid line. The dashed lines indicate the 95% 
confidence interval. 
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Slower proliferation explains the fitness cost of centriole amplification 

Differences in competitive fitness can be due to changes in population growth. Centriole 

amplification can lead to defects in cell proliferation, cell cycle arrest and cell death5,23. Thus, 

we monitored the population size of the evolving populations by automated cell counting and 

calculated their relative growth rate compared with the Dox0-treated population. As expected, 

Dox treatment did not significantly affect the growth rate of control MC10A-TetR (Fig. S3A) 

and MCF10A-PLK41−608 (Fig. S3B), when compared with Dox0 over time. In addition, we 

observed no significant change in the growth of MCF10A-PLK4 grown in Dox 0.001, whereas 

in Dox 0.1, the relative growth rate of the population decreased up to day 8 and progressively 

returned to basal levels (Fig. S3C). These results suggest that fitness differences can be 

attributed to changes in population growth.  

 

Population growth depends on the balance between cell proliferation and death. We first 

assessed cell death in our competition assay setup by flow cytometry using propidium iodide 

staining, which labels dead or dying cells. The relative frequency of viable cells was not 

affected by Dox treatment in any of the cell lines, at any time point (Fig. 5A-B) suggesting that 

the fitness cost in induced MCF10A-PLK4 populations cannot be explained by differences in 

cell death.  

 

Secondly, we assessed cell proliferation by measuring the decay rates of CellTrace CFSE and 

CellTrace Far Red in our competition assay setup. After labelling, each daughter cell inherits, 

on average, half of the dye molecules present in the mother cell following mitosis. Thus, the 

rate of dye decay can be used as a proxy for the rate of cell division. 

 

As a control, we found no effect of the proliferation dye or initial frequency of each population 

on relative dye decay rates. Moreover, the two replicates were well correlated, validating the 

methodology (Fig. S4). As expected, control MCF10A-PLK41-608 showed no significant 

differences in relative dye decay at any time point, regardless of Dox treatment (Fig. 5C). At 

days 1-3, the dye decay rate of induced MCF10A-PLK4 was significantly lower than MCF10A-

TetR and was more affected by higher Dox concentration. This result suggests slower 

proliferation of cell populations with higher levels of centriole amplification (Fig. 5D). 

Importantly, over time, the relative dye decay rate of Dox0.001 and Dox0.1-treated MCF10A-

PLK4 recovered at days 31-33, at which point only the population evolved in Dox0.1 showed 

significantly reduced decay rates. At days 64-66 (Fig. 5D) the relative dye decay rate of both 

Dox-treated populations was equal to MCF10A-TetR (relative dye decay close to 1). These 

results suggest that proliferation is the main factor impinging on fitness.  

 

Several papers have now reported a potential non-cell-autonomous effect of centriole 

amplification. It was suggested that cells with centriole amplification secrete factors that 

promote invasion in neighbouring cells that do not show centriole amplification, thus 

contributing to changes in the microenvironment9,23. It is thus possible that cell proliferation is 

also sensitive to cell non-autonomous effects in the co-cultures. We tested this by performing 

mono-cultures and assessing for cell proliferation and comparing with the results in the co-

cultures (Fig. 5E). We observed a good correlation between co-cultured and mono-cultured 

populations (Fig 5E), suggesting that potential non-cell-autonomous interactions between 

cells with and without centriole amplification did not affect their proliferative capacity.  
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Figure 5: Slower proliferation explains the fitness cost of centriole amplification. A, B - 

Percentage of PI-negative MCF10A-PLK41-608 (A) or MCF10A-PLK4 (B) co-cultured with MCF10A-TetR 
at the indicated time points. Data corresponding to co-cultures are represented as circles (MCF10A-
PLK41-608/MCF10A-PLK4 labelled with CellTrace CFSE) or triangles (MCF10A-PLK41-608/MCF10A-
PLK4 labelled with CellTrace Far Red). C, D - Relative dye decay rate of MCF10A-PLK41-608 (C) or 
MCF10A-PLK4 (D) co-cultured with MCF10A-TetR at the indicated time points. The relative dye decay 
rate was calculated as a proxy for the rate of cell division. Data corresponding to co-cultures grown in 
Dox0 (light grey), Dox0.001 (blue), or Dox0.1 (dark blue) are represented as circles (MCF10A-PLK41-
608/MCF10A-PLK4 labelled with CellTrace CFSE) or triangles (MCF10A-PLK41-608/MCF10A-PLK4 
labelled with CellTrace Far Red). The dashed lines connect the average relative dye decay rate for 
each Dox concentration and dye combination in two independent experiments. See table S3 and S4 for 
statistical analyses. E - Correlation between dye decay rates of co-cultured (with MCF10A-TetR) and 
mono-cultured MCF10A-PLK4 populations at D1-3, D31-33, and D64-66. Data are represented as 
circles (MCF10A-PLK4 labelled with CellTrace CFSE) or triangles (MCF10A-PLK4 labelled with 
CellTrace Far Red). The best fitting linear regression is indicated as a solid line. The dashed lines 
indicate the 95% confidence interval. 
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The fitness cost of centriole amplification is correlated with G1 delay and p53 
activation  
Changes in proliferation resulting from centriole amplification were previously associated with 

cell cycle delays resulting from p53 activation6,53–55. We next tested whether the changes in 

fitness observed were associated with those alterations. 

 

We analysed the cell cycle profiles, by staining cells with Hoechst 33342, in our competition 

assay setup. As expected, control MCF10A-TetR and MCF10A-PLK41−608 displayed no 

changes in their cell cycle profiles over time and for all Dox concentrations, either in mono-

culture or in co-culture (Fig. 6A, Fig. S5). However, in MCF10A-PLK4 populations induced 

with Dox0.1 we observed that G1 cells were significantly overrepresented at day 3, both in 

mono-cultures and co-cultures (Fig. 6B, Fig. S5). Conversely, no significant differences were 

observed in the cell cycle profiles at days 31, 33 and 64, 66 consistent with the increase in 

fitness and dye decay rates observed at that time point, apart from a small reduction in the 

percentage of G1 cells at day 66 in the Dox0.1-treated population (Fig. 6B). No significant 

differences were observed in Dox0.001, in accordance with the reduced fitness costs 

observed for this condition. In summary, our data suggest that the initial fitness and 

proliferation deficit in Dox0.1 induced MCF10A-PLK4 populations results from a delay/arrest 

in G1. 

 

We next assessed p53 activation in our setup in the MCF10A-PLK4 cell line at different time 

points and levels of Dox. Activation of p53 is usually associated with an increase in its 

abundance and nuclear translocation56. We analysed p53 levels by western blot (Fig. 6C, D) 

and p53 nuclear localisation by immunofluorescence as a proxy for its activation (Fig. 6E, F). 

Our western blot data showed an increase in p53 levels that was higher at high Dox 

concentration in the first three days of treatment compared to non-induced MCF10A-PLK4. 

Whereas this change was also observed at Dox0.001 it was faster in Dox0.1, starting on day 

1 and was more pronounced in day 2 and 3 (Fig. 3C, D). At days 31 and 64, when we observed 

no effects in cell cycle (Fig. 6B) or proliferation (Fig. 5D), p53 levels in induced MCF10A-PLK4 

at all Dox concentrations were similar to those of the non-induced population (Fig. 6C, D). 

 

Consistently with total protein levels, we observed an increase in the relative frequency of 

interphase cells with nuclear p53 over the first three days of induction, which correlated 

positively with the concentration of Dox. At days 31 and 64, p53 nuclear localisation reverted 

to basal levels despite continuous Dox treatment (Fig. 6F). Thus, p53 was activated over the 

first three days of induction, correlating with the observed cell cycle arrest/delay and the 

strongest fitness cost, and its activation decreased as the populations adapted. Interestingly, 

the results show that both p53 activation and cell cycle changes recovered more rapidly than 

population fitness, which was still significantly reduced at D31-33, suggesting that other factors 

may have contributed to the observed fitness differences. In conclusion, we observed short 

term proliferation defects, p53 activation and cell cycle delay/arrest following chronic PLK4 

overexpression, as previously observed6,10, but these defects gradually disappeared over 

time, as the levels of centriole amplification decreased. This supports the idea that adaptation 

to long term induction of PLK4 overexpression occurred by suppression of centriole 

overproduction. We next tested potential molecular mechanisms associated with this 

adaptation. 
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Figure 6: Cell populations with centriole amplification showed cell cycle defects and p53 

activation. A, B - Relative frequency of cells in G1 (dark green), S (light green), and G2/M (white) for 
MCF10A-PLK4 (A) and MCF10A-PLK4 (B) in co-cultures at the indicated time points. Average relative 
frequencies of co-cultured populations in the respective cell cycle stage. The error bars represent the 
mean +- standard deviation. C - Representative immunoblot for p53 in MCF10A-PLK4 populations 
grown with the indicated Dox concentration, at the indicated time points. D - Quantification of p53 
relative to GAPDH by immunoblotting in MCF10A-PLK4 populations treated with the indicated dose of 
Dox, at the indicated time points. E - Representative images of interphase cells containing p53-negative 
and positive nuclei. F - Relative frequency of p53-positive nuclei in MCF10A-PLK4 populations treated 
with the indicated dose of Dox, at the indicated time points. The bars indicate the average of two 
independent experiments. Symbols in D and F represent independent experiments. Statistical analyses 
in D and F were performed using a linear model with relative p53 intensity (by immunoblotting or by 
immunofluorescence) in a cell as a response variable and taking Dox concentration and time point as 
independent categorical predictors, plus their interaction. Significant differences between the indicated 
condition and the one treated with Dox0 at the same time point are indicated with *** (p-value < 0.001). 
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Centrosomal PLK4 levels were restored in evolved MCF10A-PLK4 populations 
despite its mRNA levels remaining elevated 

In the previous sections, we dissected the processes underlying the fitness cost correlated 

with increased centriole numbers. This could have occurred by inhibition or loss of PLK4 

overexpression, for example through loss of the transgene or hypermethylation of the 

promoter57, or inhibition of centriole overproduction. 

 

We asked if the reduction in centriole amplifications could be explained by loss/down-

regulation of PLK4 exogenous and/or endogenous expression. We first quantified PLK4 

exogenous and endogenous expression by RT-qPCR. In MCF10A-PLK41-608 populations, the 

PLK4 transgene was consistently overexpressed (Fig. S7). For MCF10A-PLK4 populations 

treated with Dox0.001, the levels of the exogenous PLK4 mRNA were not significantly 

elevated across the experiments (Fig. 7A). This is comparable to previous studies, which 

showed that small increases in PLK4 mRNA lead to centriole amplification19,31,58. Intriguingly, 

in MCF10A-PLK4 Dox 0.1-treated populations, we observed significant overexpression of the 

PLK4 transgene at days 1, 3, 46, and 64, but not at days 16 and 31 (Fig. 7A). Then, we 

measured the expression levels of the endogenous PLK4 gene. Expression levels were not 

altered in any of the cell lines, Dox concentrations and time points with exception of a decrease 

in endogenous PLK4 expression in the Dox 0.1 MCF10A-PLK4 population at day 3 (Fig. 7B, 

S7). We validated these results with a different set of primers targeting the exogenous or both 

the exogenous and endogenous PLK4 genes, and observed similar results (Fig S7). Thus, the 

PLK4 transgene was significantly overexpressed at Dox0.1, despite an apparent decrease at 

days 16 and 31. This suggests that transcriptional silencing may have contributed to the 

decrease in relative frequency of mitotic cells with extra centrioles at those stages. However, 

this cannot explain the loss in the capacity of evolved MCF10A-PLK4 populations in Dox0.1 

to amplify centrioles at days 46 and 64 (Fig. 2C). 

 

STIL and SAS-6 are two key proteins for proper centriole assembly and their recruitment to 

the centrosome is dependent on PLK429,30,59–61. Therefore, we asked if downregulation of STIL 

or SAS-6 could be compensating for PLK4 overexpression. However, we did not observe any 

significant differences in the expression levels of STIL or SAS-6 in induced versus non-

induced MCF10A-PLK4 at any time point (Fig. S8). Thus, the reduction of centriole 

amplification observed could not be explained by down-regulation of these genes. 

 

Despite PLK4 remaining overexpressed, other regulatory mechanisms could be preventing 

centriole overproduction, such as inhibition of translation, increase in protein degradation, 

decrease in kinase activity, or impaired centrosomal recruitment. Thus, we performed 

immunostaining of PLK4 and measured its levels specifically at the centrosome by 

immunostaining. For MCF10A-PLK4 populations in Dox0.1 we observed an increase in the 

centrosomal PLK4 over the first three days, which returned to basal levels at days 31 and 64 

(Fig. 7C,D). At days 31 and 64 there were no significant differences between populations 

grown and the corresponding non-induced populations (Fig. 4D). Thus, PLK4 overexpression 

levels as measured by RT-qPCR were correlated with an accumulation of centrosomal PLK4 

at the first time points. However elevated PLK4 mRNA did not translate into higher levels of 

PLK4 at the centrosome in the later stages of the experiments. These results suggest that the 

long-term suppression of centriole amplification could be explained by a reduction in the levels 

of centrosomal PLK4. Thus, whereas initially centriole amplification is countered by reduced 
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proliferation of cells with extra centrioles and down-regulation of PLK4 overexpression, at later 

stages, a different mechanism may block PLK4 biosynthesis or centrosomal recruitment 

irrespective of high RNA levels. 
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Figure 7: Centrosomal PLK4 levels were restored in evolved MCF10A-PLK4 despite its mRNA 

levels remaining elevated. A, B - PLK4 mRNA levels analysed by RT-qPCR. The primer sets used 
are specific for exogenous (A) and endogenous PLK4 (B). Dashed line corresponds to the average RQ 
in two independent experiments measured in RNA extracted from MCF10A-PLK4 populations grown 
with Dox0 (grey), Dox0.001 (blue), Dox0.1 (dark blue) μg/mL at the indicated time points. Statistical 
analyses were performed using linear mixed models taking Dox concentration and day as independent 
predictors, plus their interaction, and experiment as a random effect, with RQ as a response variable. 
C - Representative image of cells stained for PLK4 (green), gamma-tubulin (magenta) and DNA (blue). 
D - Levels of centrosomal PLK4 in MCF10A-PLK4 populations grown in Dox0, Dox0.001, and Dox0.1 
at the indicated time points. 50 to 100 cells were quantified per condition for each of the two independent 
experiments. Colours (grey and green) represent independent experiments. Statistical analyses were 
performed using generalised linear models taking Dox concentration and day as independent 
predictors, plus their interaction, with the natural logarithm of the mean raw integrated density as a 
response variable. Significant differences between the indicated conditions in A, B, and D and the Dox-
0 control at the respective day are represented with * (p-value<0.05), ** (p-value<0.01), and *** (p-
value<0.001). 

 

Suppression of centriole amplification in evolved MCF10A-PLK4 populations 
treated with Dox is irreversible  

We showed that loss of centriole amplification was correlated with an increase in relative 

fitness and reduction in the levels of centrosomal PLK4 despite its continued overexpression, 

suggesting a long-term inhibition of the production of extra centrioles in MCF10A-PLK4 

evolved in Dox0.1 at all Dox levels and in MCF10A-PLK4 evolved in Dox0.001 in 0.001 Dox. 

This suggests some degree of irreversibility of evolution. So, we next asked if this reduction in 

centriole amplification capacity was reversible. We cultured evolved MCF10A-PLK4 

populations without Dox for 20 days. Then, we treated them with different concentrations of 

Dox for 24h and analysed centriole numbers. We observed that cell populations that evolved 

without Dox experienced a dose-dependent increase in the relative frequency of mitotic cells 

with extra centrioles when they were treated with Dox at 0.001 or 0.1 μg/mL (Fig. 8A Left). In 

contrast, evolved populations grown with Dox0.001 or 0.1 μg/mL did not show an increase in 

centriole amplification when treated with those concentrations, respectively (Fig. 8A, Center 

and Right). Similarly, when as a control, these populations were maintained at the respective 

concentration of Dox, we observed no significant differences in the relative frequency of mitotic 

cells with extra centrioles.  

 

Therefore, the repression of centriole amplification in these populations was stable over time 

despite induction having been relieved. We concluded that chronic Dox treatment induced a 

potentially irreversible loss in the capacity of MCF10A-PLK4 to generate extra centrioles. 

Finally, we analysed the level of PLK4 overexpression in these populations (Fig 8B). 

Treatment with Dox0 and Dox0.001 did not significantly affect the expression of the PLK4 

transgene in any condition. In contrast, treatment with Dox0.1 induced significant 

overexpression of the PLK4 transgene in Dox0.1-evolved populations grown for 20 days with 

or without Dox, without resulting in centriole amplification. Intriguingly, the Dox0-evolved 

population grown for 20 days without Dox and treated with Dox0.1 showed a non-significant 

increase in the expression level of the PLK4 transgene. We observed similar trends of PLK4 

expression using a different primer set for the transgenic mRNA and primers targeting both 
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the exogenous and endogenous PLK4 transcripts. These results suggest that evolved 

populations were generally less sensitive to induction of PLK4 overexpression by Dox. 

Moreover, these results might explain the less extreme levels of centriole amplification in 

Dox0-evolved populations when treated with Dox compared with the ancestral population. 

 

 

 

Figure 8: Suppression of centriole amplification in evolved MCF10A-PLK4 populations treated 

with Dox is irreversible. A - Relative frequency of mitotic cells with more than four centrioles in 
populations evolved in 0, 0.001 or 0.1 μg/mL of Dox, grown for additional 20 days without Dox and 
treated with the indicated doses of Dox for 24h. As controls, cells were grown in parallel with the same 
dose of Dox as during experimental evolution. At least 50 cells were analysed per condition for each of 
the two independent experiments. Symbols represent independent experiments. B - PLK4 mRNA levels 
analysed by RT-qPCR. The primer sets used are specific for exogenous (PLK4 (B). Dashed line 
corresponds to the average RQ in two independent experiments measured in RNA extracted from 
MCF10A-PLK4 populations grown with Dox at 0 (grey), 0.001 (blue), and 0.1 (dark blue) μg/mL at the 
indicated time points. 
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Discussion 

In this study, we conducted the first systematic assessment of how cell populations evolve in 

response to different levels of centriole amplification induced by chronic PLK4 overexpression. 

More specifically, we quantified fitness, cell proliferation, centriole numbers, and PLK4 

dynamics and how these parameters correlate and change over time. We showed that 

MCF10A-Plk4 populations that evolved under chronic PLK4 overexpression inhibited centriole 

amplification in a dose-dependent way. We observed a fitness cost associated with slower 

proliferation, cell cycle alterations, and p53 activation that was proportional to the level of 

centriole amplification. Adaptation to chronic PLK4 overexpression depended on the level of 

centriole amplification, with populations evolved at a low concentration of Dox retaining the 

capacity to amplify centrioles when treated with higher concentrations, whereas cells evolved 

at higher Dox were irreversibly blocked from responding. Cells initially responded to high 

chronic induction by down-regulating PLK4 overexpression. This was followed by a long-term 

response that was independent of PLK4 transcriptional regulation but prevented the 

accumulation of excess PLK4 at the centrosome. In summary, our work is indicative of a dose-

dependent, two-step response to chronic PLK4 overexpression that reduces long-term 

centriole amplification. 

 

Centriole number dynamics and the role of selection 

Several studies have looked into the effect of transiently or chronically overexpressing PLK4, 

but they were focused on a short window of time, not allowing for a complete understanding 

of the potential factors that can regulate centriole number dynamics over long periods of time, 

as it occurs in cancer. The centriole number dynamics we observed following chronic PLK4 

overexpression are reminiscent of those previously reported following transient centriole 

numbers perturbations10,22–25. In brief, the initial distribution of centriole numbers per cell was 

recovered following transient centriole number increases, as we observed following chronic 

PLK4 overexpression. However, our results differ in a few key aspects. First, the dynamics of 

centriole number loss in our populations were significantly slower than those reported in other 

studies. Whereas centriole number increases following PLK4 overexpression or treatment with 

cytokinesis-blocking drugs were resolved within 12 days in RPE10 or RPE p53-KO24 cell lines, 

respectively, in our experimental setup, populations showed elevated levels of centriole 

amplification for up to 46 days of chronic PLK4 overexpression. Secondly, whereas negative 

selection against cells bearing supernumerary centrioles appears sufficient to govern centriole 

number dynamics following transient perturbation10, our results indicate that that is insufficient 

for explaining the long-term dynamics as cells continue to express high PLK4 mRNA levels. 

Our results highlight a more complex form of overproduction-selection balance in these 

conditions than what was previously reported following transient centriole number alterations. 

 

Although centriole amplification is widely regarded as deleterious, it is not known if the number 

of extra centrioles aggravates these effects. We previously inferred that in many cell lines, 

selection acts uniformly regardless of the number of extra centrioles per cell26. In other words, 

population fitness may depend on the relative frequency of cells with centriole amplification. 

regardless of the number of extra centrioles they contain. Since the relative frequency of cells 

with centriole amplification and mean centriole number are correlated in our experiments, we 
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could not verify this prediction experimentally, although the former was a better predictor of 

fitness.  

 

Loss of centriole amplification in previous studies was attributed to p53 limiting the growth of 

cells with extra centrioles6,36. However, we did not observe p53 activation in the evolved 

populations. This suggests other mechanisms may be responsible for suppressing chronic 

centriole amplification. It is possible that p53 merely delays the decrease in the number of 

cells with extra centrioles rather than enabling chronic centriole amplification. In the future, it 

would be interesting to perform experimental evolution of p53-null cells and assess how 

centriole number dynamics differ in that case. 

 

 

Adaptation to chronic PLK4 overexpression involved a two-step regulatory 
process 
Aside from selection, the short-term response to centriole amplification was characterised by 

down-regulation of PLK4, which probably decreased the rate of centriole overproduction. 

Importantly, another study also reported a reduction in PLK4 mRNA abundance in mouse 

embryonic fibroblasts following chronic centriole amplification over short time periods, though 

this was not followed up19. However, at later time points, we observed that PLK4 was 

overexpressed at similar levels to the initial condition, despite the absence of significant 

centriole amplification. Similarly, it was previously observed in vivo that several tissues 

showed elevated PLK4 mRNA levels following chronic induction despite lacking centriole 

amplification, although the authors did not track these dynamics19. Our results reconcile these 

two observations, and we propose that chronic PLK4 overexpression triggers a two-step 

regulatory response. 

 

Notwithstanding, it was not known how long-term PLK4 overexpression affected protein 

abundances at the centrosome. Here, we showed that PLK4 did not over-accumulate at the 

centrosome in evolved populations, despite increased mRNA levels. This suggests that some 

mechanism downstream of transcription, possibly at the level of protein degradation or 

recruitment inhibits centriole overproduction. Mutations in the PLK4 transgene are unlikely to 

explain the results at Dox 0.001 since we observed centriole amplification in the populations 

evolved in Dox0.001 when treated with higher Dox concentration to a similar extent as the 

population evolved in Dox0. Given that the ability to generate extra centrioles did not revert 

after 20 days of growth without Dox, this mechanism should be heritable. Identifying its 

molecular underpinnings, including how long it can be sustained, might help understanding of 

how centriole amplification is maintained in cancer. Moreover, if the molecular mechanism of 

adaptation depends on changes in other molecules besides PLK4, those alterations could 

potentially be an Achilles heel of tumours that overexpress PLK4. 

 

Whereas our data seem to indicate that the alterations observed in induced MCF10A-PLK4 

populations are due to elevated centriole numbers, by comparison with control MCF10A-

PLK41−608, it is pertinent to note that our study does not completely rule out that our results 

may be specific of PLK4 overexpression. In the future, it will be important to conduct additional 

experiments chronically overexpressing other centriolar genes, such as (e.g. STIL or SAS-6), 
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to better clarify the role of centriole amplification in cellular evolution. These approaches will 

be important to assess if there are common adaptive mechanisms to centriole overproduction 

or if these responses are protein-specific. 

 

 

Implications for cancer cell biology 
Our measurements of the competitive index showed that populations with low levels of 

centriole amplification imparted a less severe fitness cost. This suggests that cells displaying 

a phenotype which leads to modest centriole amplification, i.e. some cells produce extra 

centrioles and others contain wild-type centriole numbers, can potentially escape selection 

purely by chance. If that is the case, mechanisms that render cells more tolerant to centriole 

amplification might not be necessary to maintain cells with extra centrioles in cancer. On the 

other hand, it might be necessary to disrupt mechanisms that regulate centriole overproduction 

in order to sustain chronic centriole amplification. 

 

We showed that adaptation to chronic PLK4 overexpression was partly due to the inhibition of 

centriole amplification. Unlike what is commonly observed in experimental evolution, for 

example, with respect to antibiotic resistance52, we observed no cost of adaptation to Dox 

treatment. Thus, temporary centriole amplification, despite its known role in generating 

aneuploidies, did not seem to affect the evolution of these populations with respect to their 

general capacity to proliferate. It was previously proposed that low levels of centriole 

amplification are pro-tumorigenic whereas high levels of centriole amplification do not favour 

tumour formation19. This implies that low levels of centrosome amplification can be retained 

for longer periods of time and/or accelerate cancer evolution, for instance, by generating less 

severe aneuploidies, compared with high levels of centrosome amplification. Whereas our 

results indicate that low levels of centriole amplification are better tolerated, which would 

support this idea, the populations that evolved did not outcompete the ancestral populations 

without Dox. It would be interesting to assess the fitness of these populations in other 

scenarios; for example, in the presence of drugs used in cancer treatment or within the context 

of the tumour in the animal. 

 

Centriole amplification has been associated with non-cell-autonomous promotion of invasion 

and migration11,12 in MCF10A cells in 3D culture setups. Our results indicate that centriole 

amplification does not affect the growth dynamics of other cells in the population.  As cell 

proliferation depends on the physical interactions between cells in a population, it would be 

interesting to test if centriole amplification may affect proliferation of neighbouring cells in 3D 

cultures and also in vivo. 
 

Centriole number is known to vary along cancer progression18. The source of these changes 

remains poorly understood but is usually attributed to gene expression changes or genetic 

mutations. Interestingly, we observed that the response of the evolved populations was 

tailored to the level of PLK4 overexpression they experienced. Whereas populations evolved 

under high levels of chronic PLK4 overexpression suffered irreversible inhibition of centriole 

amplification, populations evolved under low levels of chronic PLK4 overexpression remained 

permissive to centriole amplification when challenged with stronger induction. Our results 

indicate that cells capable of centriole amplification are not necessarily eliminated from the 
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population and remain sensitive to higher levels of PLK4 overexpression. This may explain 

how extra centrioles are maintained in cancer, and how their numbers may vary along disease 

progression. Furthermore, several cancer types are known to overexpress PLK4, being an 

attractive therapeutic target, for which drugs have been developed62. Our work suggests that 

there is a mechanism that allows PLK4-overexpressing cells to evade chronic centriole 

amplification. Targeting this mechanism in tumours that overexpress PLK4 could be an 

interesting therapeutic strategy for potentially selectively eliminating these cells. 
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Methods  

Cell culture 

We cultured MCF10A-TetR, MCF10A-PLK41−608, and MCF10A-PLK4 as described 

previously11. We cultured the cells in DMEM (Gibco) and F-12 (Gibco) at 1:1 ratio, 

supplemented with horse serum at 5%, L-glutamine (Thermo Scientific) at 0.5 μg/mL, penicillin 

and streptomycin (Thermo Scientific) at 100 U/mL, insulin (Sigma) at 10 μg/mL, hydrocortisone 

(Sigma) at 100 ng/mL, cholera toxin (Sigma) at 1 μg/mL, epidermal growth factor (Sigma) at 

20 ng/mL, and maintained them at 37◦ C in a 5% CO2 atmosphere. All cell lines were tested 

for the presence of mycoplasma. 

For the evolution experiment, we passaged cells every 72h and subcultured them in 150 mm 

dishes ensuring that cells were sub-confluent at the time of passaging, such that they 

predominantly spent time in exponential growth. The medium for doxcycyline-treated 

populations was further supplemented with doxycycline to a final concentration of 0.001 or 0.1 

μg/mL. During passaging, cells were counted using a Scepter 2.0 Handheld Automated Cell 

Counter (Merck Millipore) and 60 μm Sensors (Merck Millipore). The growth rate of each 

condition was calculated taking the number of cells at passaging, Npass, and the initial seeding 

cell number, Nseed, which we fixed at 2.2x106 cells, according to: 

Npass=Nseed er(t_pass-t_seed) 

where r is the exponential growth rate (per day), t_pass is the day of passaging, and t_seed 

is the day when the population was seeded. Relative growth rates were then obtained by 

taking the growth rate for a given condition, at a given time point t_pass, and dividing it by the 

growth rate of the Dox0-treated population of the same cell line at the respective time point. 

Competition assays and flow cytometry 

We seeded 1.5x106 cells at days -1, 29, and 62 of each experimental evolution replicate in two 

T-25 flasks per condition, such that confluency was not reached in the next day and cells 

maintained exponential growth. At day 0 of each competition assay, CellTrace CFSE (Thermo 

Scientific) or CellTrace Far Red (Thermo Scientific) staining was performed according to 

manufacturer instructions. In brief, we replaced the cell culture medium in the flasks with 3 mL 

of 10 μM CellTrace CFSE or 2 μM CellTrace Far Red in PBS and incubated the cells at 37ºC 

for 20 minutes. After staining, we washed the flasks with an equal volume of medium 

supplemented with 5% horse serum to remove unbound dye molecules. Then, we detached, 

centrifuged and resuspended the cells in the corresponding media. Co-cultures were prepared 

by mixing populations stained with CellTrace CFSE and CellTrace Far Red at 1:1 ratio. We 

seeded monocultures and co-cultures such that the confluency at the time of harvest was 

approximately 70-80%. At days 1 through to 3, cells were stained with 5 μg/mL Hoechst 33342 

(Invitrogen) in cell culture medium for 30 minutes at 37ºC, before detaching them. Finally, we 

resuspended the cells in 1 μg/mL propidium iodide (PI, Sigma) staining solution and incubated 

them at 37ºC for 10 minutes. Mono- and/or co-cultures were then analysed by flow cytometry. 

Flow cytometry analysis was conducted using a BD Fortessa X-20 cytometer and BD 

FACSDiva software. The cell population was gated based on their forward- and side-scatter 
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area parameters (FSC-A and SSC-A, respectively) and doublets were excluded by plotting 

the area against the width of the forward-scatter parameter. Exclusion of dead cells was 

performed by gating out PI-positive cells. Finally, we gated live single-positive CellTrace CFSE 

and CellTrace FarRed cells for competition, proliferation analysis, and cell cycle analysis. Live 

cells in each cell cycle stage were manually gated. For viability analysis, we identified 

CellTrace CFSE- and CellTrace Far Red-positive singlets and excluded PI-positive cells in 

each sub-population. We acquired approximately 20,000 live cells for each sample during the 

evolution experiment and around 10,000 live cells for the remaining competition assays. Flow 

cytometry data was analysed using FlowJo.  

   

Quantification of competitive index, and dye decay rate 

As mentioned in the previous section, we first gated single-positive CellTrace CFSE and 

CellTrace Far Red populations. We observed a small population of double-positive cells, as 

reported in the literature, which we excluded from further analysis. The relative frequency, p, 

of each sub-population labelled with each dye i, at day t was calculated according to the 

following expressions:      

pFarRed(t) = NCFSE(t) / (NCFSE(t) + NFarRed(t))     

where Ni(t) is the total number of single-positive cells for CellTrace CFSE or CellTrace Far 

Red. As a proxy for fitness, we employed the competitive index, given by: 

w = ln(pCFSEi(3) / pFarRed(3) / pCFSE(1) / pFarRed(1))  

To calculate the mean rate of dye decay, as a proxy for the mean cell division rate, we first 

computed the average CFSE/Far Red intensity in single-positive cells at each day of the 

competition assay. As above, double-positive cells were excluded. As a simplification, we 

assumed constant dye decay and estimated the mean decay rate by performing a linear 

regression on the logarithm of the differences of average dye intensity. 

Estimation of competitive index and mean dye decay rate was performed using R. 

 

Immunofluorescence and microscopy  

For staining and imaging of centriolar proteins, cells were grown on 13 mm coverslips in 24-

well plates, using the appropriate cell culture medium and fixed with 100% methanol at -20ºC 

for 10 minutes. For immunostaining, we started by incubating cells with blocking solution (10% 

FBS in 1X PBS) for 30 minutes at room temperature. Samples were incubated with primary 

antibody dilutions (prepared in blocking solution) for 1 hour at room temperature or overnight 

at 4ºC. Cells were then washed with 1X PBS and incubated with secondary antibody dilutions 

for 1 hour at room temperature. DNA staining was performed by incubating the cells with 1 

μg/mL Hoechst 33342 for 15 minutes at room temperature. Alternatively, cells were stained 

with DAPI during secondary antibody incubation. For immunostaining of p53, cells were 

incubated with a solution containing the p53 primary antibody and nanobody which were 
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previously incubated together for 1 hour at room temperature, prepared according to 

manufacturer instructions. Finally, we mounted coverslips on microscopy slides, using 

Vectashield mounting medium (Vector Laboratories). Primary antibodies used: anti-CEP135 

1:500 (rabbit, Abcam), anti-Centrin 1:500 (mouse, clone 20H5, Millipore); anti-PLK4 1:500 

(rabbit, Metabion REF paper), anti-p53 1:500 (mouse, Millipore), anti-gamma-tubulin (mouse, 

clone GTU88, Sigma). Secondary antibodies used were: goat/donkey anti-mouse Alexa Fluor 

488 1:500 (Molecular Probes), donkey anti-rabbit Rhodamine Red 1:500 (Jackson 

Immunireasearch), donkey anti-rat Alexa Fluor 647 (Molecular Probes). Nanobody (Atto 542 

FluoTag-X2 anti-Mouse Kappa light chain, Nanotag). Images of mitotic cells for assessing 

centriole numbers and interphase cells for quantification of PLK4 levels and nuclear p53 were 

acquired using an Eclipse Ti-2 inverted microscope with 3i Marianas spinning-disk using a 

100X objective and Andor Dragonfly spinning-disk, respectively.      

 

Image analysis 

Microscopy images were analysed using Fiji/ImageJ. Centriole number counting was 

performed on 3D stacks. Each Centrin focus co-localising with a CEP135 focus was scored 

as a centriole. To assess centrosomal PLK4 levels, we applied a threshold (Triangle) in the 

gamma-tubulin channel to define ROI corresponding to the centrosome. Then, we used these 

ROI to measure PLK4 intensity (Raw Integrated Density) in its sum projections. To quantify 

presence/absence of nuclear p53, we adjusted the histograms of the p53 channel to a fixed 

range in order to compare between images and scored p53-positive nuclei. 

 

Western blotting 

Cells lysis was performed by incubating cells in lysis buffer (Tris 10 mM pH7.4, EDTA 5 mM, 

NaCl 100 mM, Triton X-100 1%, Na3VO4 0,2 mM, NaF 50 mM, DTT 1 mM, Protease inhibitors 

(Roche)) on ice for 30 min. Then, samples were centrifuged at 13 500 rpm for 15 min at 4ºC 

and the supernatant was transferred to a new tube. Protein extracts were quantified using the 

Bradford method and 60 μg of total protein (per sample) were run and separated on sodium 

dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred onto 

nitrocellulose membranes. For western blotting, the membranes were blocked with 5% milk in 

TBS 1X, following incubation with the primary antibodies anti-p53 (1:500, mouse, (Ab-6) 

Pantropic OP43 Sigma-Aldrich) and anti-GAPDH (1:1000, rabbit, 14C10 Cell Signaling) for 1h 

at room temperature. Then, membranes were washed with TBS 1X, incubated with secondary 

antibodies IRDye 800CW Goat anti-Mouse (1:10 000, #926-32210, Li-cor) and IRDye 680RD 

Goat anti-Rabbit (1:10 000, #926-68071, Li-cor) for 1h at room temperature. Membranes were 

then washed and developed in Odyssey (Li-cor). Band intensity was quantified using 

Fiji/ImageJ. 

      

RNA extraction and RT-qPCR  

RNA extraction was performed using the RNeasy Mini Kit (Qiagen) according to manufacturer 

instructions. For each sample, we performed on-column DNA digestion using RNase-free 
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DNAse (Qiagen) as specified by the kit. RNA quantity and purity were assessed using 

NanoDrop 2000 (Thermo Scientific). We performed cDNA synthesis using the High Capacity 

RNA-to-cDNA kit (Applied Biosystems), according to manufacturer instructions.  

For the RT-qPCR reactions we used iTaq SYBR Green (BioRad) according to kit instructions. 

Samples were prepared in triplicate in 384-well plates. The qPCR run and data analysis were 

performed using QuantStudio (Applied Biosystems). The following primers were used for 

quantifying the mRNA levels of GAPDH, exogenous PLK4 *truncated or full-length), 

endogenous PLK4, total PLK4 (i.e. primers anneal to both the exogenous and endogenous 

sequences), STIL, and SAS-6. 

 

Target Sequence Orientation Reference 

 GAPDH #1 5′ -TTAAAAGCAGCCCTGGTGAC-3′  

Forward Godinho et al. 201411 

GAPDH #1 5′ -CTCTGCTCCTCCTGTTCGAC-3′  

Reverse Godinho et al. 201411 

 
GAPDH #2 5′-ACATCGCTCAGACACCATG-3′  

Forward Cabrera et al. 201863 

 
GAPDH #2 5′ -TGTAGTTGAGGTCAATGAAGGG-3′  

Reverse Cabrera et al. 201863 

Exogenous PLK4 #1 

5′-TTTCCGAGGAGGATTTGCCC-3′  

Forward This paper 

Exogenous PLK4 #1 

5′ -ACCAGTGTGAATGGACTCAGC-3′  

Reverse This paper 

Exogenous PLK4 #2 

5′-CAGGATTTGCCCGGGATGGCG-3′  

Forward Godinho et al. 201411 

Exogenous PLK4 #2 

5′-AACCAGTGTGAATGGACTCAGCTCT-
3′  

Reverse Godinho et al. 201411 

Endogenous PLK4 

5′-CTAATCCGGAGAACCCAGGC-3′  

Forward This paper 

Endogenous PLK4 

5′ -ACCAGTGTGAATGGACTCAGC-3′  

Reverse This paper 

.CC-BY-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted February 17, 2024. ; https://doi.org/10.1101/2024.02.15.580424doi: bioRxiv preprint 

https://doi.org/10.1101/2024.02.15.580424
http://creativecommons.org/licenses/by-nd/4.0/


 

30 
 

Total PLK4 

 5′-AGACCACCCTTCGACACTGA-3′  

Forward Sala et al. 202010 

Total PLK4 

5′ -GTCCTTGGCCTCTATTGACAAA-3′ 

Reverse Sala et al. 2020 

STIL 
5′-AATGAAGTCACAAGTCTTCCAGG-3′  

Forward This paper 

STIL 

5′ -CACAACTAGAGAAGAGCTGTTGG-3′ 

Reverse This paper 

SAS-6 

5′ -GAATGGGCGTCACATACAGC-3′  

 

Forward This paper 

SAS-6 

5′ -TTGATATTGAACCTGTGCCTGC-3′ 

Reverse This paper 

      

      

Data visualisation and statistical analyses    

Plots were produced using Graphpad Prism. Statistical analyses were performed in R and 

Graphpad Prism.       
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