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Abstract
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Population dynamics of centrosome amplification

by Marco António DIAS LOURO

Living organisms are fundamentally composed of cells and sub-
ject to evolutionary change. These are perhaps two of the most
general concepts in biology. An integrative framework that en-
compasses both evolutionary and cell biology is necessary for
understanding how cellular features change and diversify. Such a
framework is crucial for understanding a plethora of phenomena,
ranging from how cellular components expand and disappear
across the tree of life to human disease. In this thesis, I make
use of evolutionary and cell biological principles to address the
causes and consequences of centriole number abnormalities.

Centrioles are the core structure of cilia and the eukaryotic cen-
trosome. As centrosomal components, centrioles play a key role
in organising the microtubule cytoskeleton and thus, are central
to a multitude of subcellular processes, such as the establishment
of cell polarity and chromosome segregation during mitosis. Typ-
ical healthy cells contain two centrioles, which are duplicated
once and only once per cell cycle. This is crucial for ensuring
genome integrity and cell viability. Anomalous centriole
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numbers induce a variety of cellular defects and have been im-
plicated in human disease, most notably in cancer.

Cancer cells usually display abnormally high numbers of cen-
trioles, or centrosome amplification. These numbers tend to be
very heterogeneous within and between cancer cell populations,
but their distribution appears to be stable. It is thought that neg-
ative selection of cells with extra centrioles balances out errors in
centriole biogenesis, thus leading to an equilibrium. However,
how these dynamics are generated and their consequences for
cellular physiology were poorly understood.

In chapter II, we developed mathematical models inspired by
mutation-selection processes for inferring patterns of centriole
overproduction and negative selection in a broad panel of cancer
cell lines. Our results indicated that multi-step overproduction
events as well as constant selection against cells with any number
of extra centrioles can explain most empirical distributions of
centriole numbers per cell.

In chapter III, we propose an extended model that explicitly ac-
counts for how extra centrioles are segregated at mitosis and how
centriole numbers change along the cell cycle. We provide com-
putational support for the notion that asymmetric segregation
of centrioles can allow cells to tolerate centrosome amplification
and could potentiate cancer development for modest rates of
centriole overproduction. Our models further predict that the
distribution of centriole numbers per cell is sensitive to when se-
lection acts, which can lead to different degrees of underscoring
of centriole number anomalies in interphase cell populations.

In chapter IV, we devise a long-term cell culturing setup for as-
sessing centriole number and fitness dynamics in human cell
lines chronically overexpressing a key regulator of centriole bio-
genesis. We found that chronic overexpression of this protein at
different levels did allow for sustained centrosome amplification.
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We further report that centrosome amplification imparts a pro-
liferation deficit that is proportional to the relative frequency of
cells with extra centrioles.

Taken together, our work yielded novel insights on the processes
that govern the dynamics of anomalous centriole numbers and
how they may affect cancer development.

Keywords: centrosome amplification, mutation-selection bal-
ance, cancer, Plk4, cell cycle
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Grau de Doutor

Dinâmica populacional da amplificação de centrossomas

por Marco António DIAS LOURO

Os organismos vivos são fundamentalmente compostos por célu-
las e estão sujeitos a alterações evolutivas. Estes conceitos são
dois dos mais gerais em biologia. Uma perspetiva integrativa da
biologia evolutiva e da biologia celular é necessária para com-
preender como determinadas características celulares se modifi-
cam e diversificam. Esta perspetiva é crucial para compreender
uma variedade de fenómenos, desde a expansão ou o desapareci-
mento de componentes celulares ao longo da árvore da vida, à
doença humana. Nesta tese, utilizo princípios da biologia evolu-
tiva e da biologia celular para abordar as causas e consequências
de anomalias no número de centríolos.

Os centríolos são as estruturas principais dos cílios e do cen-
trossoma eucariótico. Enquanto componentes centrossomais, os
centríolos têm um papel-chave na organização do citosqueleto de
microtúbulos e, portanto, são centrais numa multitude de proces-
sos subcelulares, como o estabelecimento de polaridade celular
e a segregação de cromossomas durante a mitose. Tipicamente,
as células saudáveis contêm dois centríolos, que são duplicados
uma e só uma vez a cada ciclo celular. Isto é crucial para garantir
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a integridade do genoma e viabilidade das células. Números
anómalos de centríolos induzem uma variedade de defeitos celu-
lares e têm implicações em doenças humanas, nomeadamente,
no cancro.

As células cancerígenas normalmente possuem um número anor-
malmente alto de centríolos, denominado amplificação de cen-
trossomas. Estes números tendem a ser extremamente heterogé-
neos dentro de e entre populações de células cancerígenas, mas a
sua distribuição na população tende a ser estável. Pensa-se que a
seleção negativa de células com centríolos extra equilibre erros
na biogénese de centríolos, levando a um estado de equilíbrio.
Contudo, sabe-se pouco como esta dinâmica é gerada e quais as
suas consequências para a fisiologia das células.

No capítulo II, desenvolvemos modelos matemáticos inspirados
em processos de mutação-seleção para inferir padrões de sobre-
produção de centríolos e seleção negativa num painel alargado
de linhas celular de cancro. Os nossos resultados indicam que
eventos de sobre-produção em múltiplos passos e uma pressão
selectiva constante contra células com centríolos extra, indepen-
dentemente do número, explicam a maioria das distribuições
empíricas de números de centríolos por célula.

No capítulo III, propomos um modelo mais extenso que inclui
explicitamente segregação de centríolos extra durante a mitose
e alterações do número de centríolos ao longo do ciclo celular.
Fornecemos suporte computacional para a noção de que a seg-
regação asimétrica de centríolos pode permitir que as células
tolerem a amplificação de centrossomas e poderá potenciar o de-
senvolvimento de cancro para taxas modestas de sobre-produção
de centríolos. Os nossos modelos preveem também que a dis-
tribuição do número de centríolos por célula é sensível ao mo-
mento em que a seleção actua, o que pode levar a diferentes
graus de subestimação de anomalias no número de centríolos em
populações de células interfásicas.
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No capítulo IV, delineámos um sistema de cultura de células
a longo prazo para avaliar dinâmicas de número de centrío-
los e "fitness" em linhas celulares humanas a sobre-expressar
cronicamente um regulador-chave da biogénese de centríolos,
a Plk4. Descobrimos que diferentes níveis de sobre-expressão
crónica desta proteína não permitem a amplificação sustentada
de centrossomas. Reportamos também que a amplificação de
centrossomas induz um défice proliferativo que é proporcional à
frequência relativa de células com centríolos extra.

No cômputo geral, o nosso trabalho gerou novas perspectivas so-
bre os processos que governam a dinâmica de números anómalos
de centríolos e como os mesmos podem afetar o desenvolvimento
do cancro.

Palavras-chave: amplificação de centrossomas, equilíbrio mutação-
seleção, cancro, Plk4, ciclo celular
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Errata
Chapter II
Page 74 - Fig. 6 legend "Black dots indicate the median estimated
value and the green dot indicates the input value used in the
simulations."

The legend should read: "Black dots indicate the input value used
in the simulations and red squares indicate the median estimated
value."

Chapter IV
In this chapter, we chronically overexpressed PLK4, a key regula-
tor or centriole biogenesis, in the breast cell line MCF10A-PLK4.
Initially after PLK4 overexpression, MCF10A-PLK4 acquired ex-
tra centrioles in a dose-dependent manner. However, we ob-
served a reduction in the relative frequency of cells with extra
centrioles over time, approaching basal levels after two months.

These evolutionary dynamics of MCF10A-PLK4 could poten-
tially be explained by cells bearing centriole amplification being
outcompeted by a mutant already present in the ancestral popula-
tion that could not generate extra centrioles, or by the appearance
of a mutant during the evolution experiment. We addressed this
hypothesis by performing bulk RNA-seq of cells sampled at days
1, 3, 31, and 64 (final time point) of experimental evolution. We
started by performing variant analysis of PLK4 that could inhibit
centriole overproduction. If this hypothesis was correct, we ex-
pected that such a variant would be observed at low frequencies
or not detected in the ancestral population, and rise in frequency
over time.

As expected, we did not detect variants displaying such a pat-
tern in MCF10A-TetR and MCF10A-PLK41−608. For MCF10A-
PLK4, we detected reads containing a SNP which results in a stop
codon yielding the truncation of the exogenous PLK4 present
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in MCF10A-PLK41−608. We detected this SNP at days 31 and
day 64 in both evolution experiments for the populations treated
with Dox 0.1., being higher in the latter time point. The SNP was
not detected in MCF10A-PLK4 evolved in Dox 0- or Dox0.001.
At this time we propose that the ancestral MCF10A-PLK4 pop-
ulation was contaminated with a small proportion of MCF10A-
PLK41−608 and that with higher Dox concentration imposing a
stronger selective pressure against cells with centrosome ampli-
fication, the cells overexpressing the truncated version of Plk4
became more abundant over time.

It is possible that in cancer evolution different variants of PLK4
are expressed and compete as truncated forms were recently iden-
tified in cancer1. Thus, our results may be relevant for shedding
light on the evolutionary dynamics of cell populations with and
without centrosome amplification, in particular during cancer de-
velopment. We are currently quantifying the relative frequency
of MCF10A-PLK41−608 cells in MCF10A-PLK4 along experimen-
tal evolution and will update the data and its interpretation in
this chapter accordingly.

An updated version can be found in:
https://www.biorxiv.org/content/10.1101/2024.02.15.580424v2

References
1. Kasera, H., Singh, P. PLK4 homodimerization is required
for CEP152 centrosome localization and spindle organization.
bioRxiv 2023.11.06.565834; doi: https//doi.org/10.1101/2023.11.06.565834



xv

Contents

Declaration iii

Abstract v

Resumo ix

Errata xiii

1 Introduction 1

2 Patterns of selection against centrosome amplification 61

3 A cell cycle-structured model of centriole number dy-
namics 89

4 Short-term evolution of cells with centrosome amplifica-
tion 143

5 Discussion 207

Acknowledgements 231

* References are included at the end of each chapter.





xvii

List of Abbreviations

ANKRD6 Ankyrin repeat domain 6
BRCA1 Breast cancer type 1 susceptibility protein
BRCA2 Breast cancer type 2 susceptibility protein
CA Centrosome amplification
Cep97 Centrosomal protein of 97 KDa
Cep135/Bld10 Centrosomal protein of 135 KDa
Cep152 Centrosomal protein of 152 KDa
Cep192 Centrosomal protein of 192 KDa
CFSE Carboxyfluorescein succinimidyl ester
CP110 Centriolar coiled-coil protein of 110 kDa
CPAP Centrosomal P4.1-associated protein
DLD-1 Human colorectal adenocarcinoma cell line
DNA Deoxyribonucleic acid
EGF Epidermal growth factor
ESPL-1 Extra spindle pole bodies like 1, separase
IAA Indole-3-acetic acid
MAPK Mitogen-activated protein kinase
MCF10A Human non-transformed mammary epithelium cell line
Mdm2 Murine double minute 2
mRNA Messenger ribonucleic acid
ODF2 Outer dense fiber of sperm tails 2
PI Propidium iodide
Plk1 Polo-like kinase 1
Plk4 Polo-like kinase 4
NFκB Nuclear factor κ-light-chain-enhancer of activated

B cells



xviii

p53 Tumour protein 53
qPCR Quantitative polymerase chain reaction
RPE Retinal pigment epithelium
RKO Human colorectal cancer cell line
SAS6 Spindle assembly abnormal protein 6
STIL SCL/Tal-1 interrupting locus
U2OS Homo sapiens bone osteosarcoma



xix

For ’salinda, Maria, and Carolina.
For "avô João" and "avó Linda".





1

Chapter 1

Introduction
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Foundations and challenges of evolutionary cell
biology

Evolution has long been concerned with explaining how diverse
lifeforms come to be. Darwin and Wallace’s theory of evolution
through natural selection provided a powerful conceptual idea
of how evolution could operate (Darwin, 1859). It was grounded
on three core premises. First, natural selection requires naturally
occurring variation in species traits. Second, some traits should
lead to differential reproduction, i.e. individuals with a certain
characteristic should generate more offspring than others. Third,
advantageous traits should be heritable. Thus, individuals with
advantageous heritable characteristics would pass them on to
their descendants, which would become more abundant in the
population. However, the original theory of natural selection
was agnostic to the vehicle of heredity and how phenotypic vari-
ation could be produced, notwithstanding Darwin’s hypothesis
on the matter, which was later disproved (Darwin, 1859). The
modern synthesis brought about in the beginning of the 20th cen-
tury by the likes of Ronald Fisher (Fisher, 1922), Sewall Wright
(Wright, 1938), J. B. S. Haldane (Haldane, 1927), reconciled and
expanded upon Mendelian genetics and evolution by natural
selection, marking the advent of population genetics. Following
the discovery of DNA as the molecule of heredity, population
genetics recognised mutations as the principal source of variation
in natural populations. Incorporating other novel concepts such
as allelic variation and genetic drift, population genetics founded
a quantitative theory of evolution (Huxley et al., 2010). To this
day, evolutionary theory has been hailed as the closest example
in biology of a unified theory (Smocovitis, 1992). This idea was
famously encapsulated in a quote by Theodosius Dobzhansky,
"nothing in biology makes sense except in the light of evolution"
(Dobzhansky, 1973).
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Cell biology has been chiefly interested in describing the form,
diversity, and function of cells and their components. The history
of cell biology is closely linked to the invention of the micro-
scope and pioneering observations from various researchers. The
term "cell" was coined by Hooke when he observed that plants
appeared to be composed of minuscule honeycomb-like com-
partments. Later, Anton van Leeuwenhoek provided the first
description of microorganisms, which he dubbed "animalcules".
The realisation that all living organisms seemed to be composed
of cells formed the basis of the cell theory, championed by Schlei-
den and Schwann. As microscopes became increasingly refined,
and novel chemical methods became available, the intracellu-
lar medium - the cytosol, originally named "protoplasm" - and
various subcellular constituents, such as mitochondria and the en-
doplasmic reticulum were characterised (Mazzarello, 1999). The
development of cell culture methods, genetic manipulation tools,
electron and fluorescence microscopy techniques in the past cen-
tury turned cell biology into a fully-fledged experimental science
(Cooper, 2000). The focus of research shifted from observation
and description of different cell types to engineering principles
underlying cellular architecture. Cytoskeletal dynamics, biosyn-
thesis of subcellular structures, regulation of gene expression and
protein abundance, among others are central questions in the
field. Nowadays, cell biology is progressing from being a largely
empirical science to a markedly quantitative field, with impor-
tant contributions from biophysics and introgression of novel,
if controversial, concepts in our understanding of cells, such as
the role of phase separation in cellular compartmentalisation
(Boeynaems et al., 2018; Hyman et al., 2014).

The field of evolutionary cell biology aims at unifying cell and
evolutionary biology in order to understand how cellular fea-
tures evolve. Historically, it was grounded on comparative cell
biology, as well as comparative genomics i.e. the comparison of
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cells or cellular features across different organisms, seeking to de-
scribe how certain structures expanded or disappeared across the
tree of life (Islas-Morales et al., 2021). More recently, there have
been calls for a more comprehensive approach (Islas-Morales
et al., 2021; Lynch et al., 2014; Lynch et al., 2022). Cell biology can,
in principle, fuel evolutionary biology with detailed mechanistic
insights on specific biological systems, whereas evolutionary bi-
ology can provide cell biology with a broader quantitative frame-
work for explaining how these mechanisms arose and evolved
(Lynch et al., 2022). Whereas evolutionary biology is grounded
on a well-developed mathematical theory, it suffers from a high
degree of abstraction and, potentially, over-simplification. Pop-
ulation genetics often disregards the intricacies of specific bio-
logical systems, which might limit its predictive power (Welch,
2017). Cell biology, on the other hand, lacks a foundational math-
ematical theory, despite some well established general principles
(Islas-Morales et al., 2021). The limitations of both fields suggest
a high degree of complementarity but a quantitative framework
linking the two is still lacking.

Recently, a proposal centred on energy budget of subcellular
structures such as organelles and cilia has been put forward as
an attempt at a unified framework of evolutionary cell biology
(Lynch et al., 2022). The core premise of this proposal lies in the
fact that cells spend resources on building and maintaining such
structures via biosynthetic processes. Since cells cannot access
unlimited resources, investing them into biosynthesis deems that
the cell is not allocating them for other activities, such as regulat-
ing osmotic pressure or pH. Therefore, the selective advantage
conferred by possessing a certain structure must compensate its
energy cost in order for said structure to be maintained or expand.
A bioenergetics-centred approach has the potential to be univer-
sal since living organisms utilise similar energy sources (e.g. ATP)
and it can provide a mechanistic baseline for understanding the
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patterns of gains and loss of certain subcellular features across
evolution (Lynch et al., 2022). However, the predictive power of
this theory is yet to be tested.

Conversely, others have combined evolutionary principles with
simple molecular notions to explain, for instance, the evolution of
gene regulatory networks. For example, Friedlander et al. investi-
gated the evolution of gene regulation following gene duplication
of a given transcription factor (Friedlander et al., 2017). They de-
veloped a mathematical model taking into account the biophysics
transcription factor binding depending on the number of mis-
matches between its consensus sequence and genomic binding
site. Gene expression of target genes depended on the efficiency
of binding and on two environmental signals, which could be
correlated or anti-correlated in time. The expression level of
said target genes determined fitness. This approach provided
a more realistic scenario to study how each of the transcription
factor gene copies evolved depending on the selective pressure
on gene expression and the degree of correlation between the
two environmental inputs.

Delving on the same topic, Lynch (Lynch, 2007) provided a neu-
tral expectation for the ratio of gains versus losses of transcription
factor binding sites as a function of the population size, muta-
tion rate, and genome size. Making use of available estimates
for these parameters in a variety of prokaryotic and eukaryotic
lineages, the author concluded that gains of transcription factor
binding sites should be favoured in groups with larger genomes,
such as vertebrates, whereas the gene regulatory networks of
prokaryotes should be more streamlined. The key insight in this
study is that complexity in gene regulation networks or lack
thereof can be explained without invoking the action of selec-
tion. This contrasts with the near-ubiquitous assumption that
adaptive processes drove the evolution of complexity. Therefore,
a population genetics approach can offer new perspectives on
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classical problems in biology.

Overall, evolutionary biology and cell biology are two disciplines
are becoming increasingly intertwined. Although a consensual
unifying framework is still lacking, the examples above serve
to demonstrate how the molecular inner workings of a cell can
constrain evolution, and how evolutionary biology can offer
novel perspectives on cell biological problems.

Thesis outline

In this thesis, we apply classical concepts of population genetics
to the problem of copy number regulation of subcellular struc-
tures. Our subject of focus is the centriole, a protein complex
present in several eukaryotes. Centriole number in typical cy-
cling cells displays dynamics similar to those of DNA replication
(Brito et al., 2012) - each of the two centrioles is precisely dupli-
cated and each daughter cell inherits a pair of centrioles after
mitosis. Whereas centriole number is almost invariant in healthy
tissues, it is widely variable in cancer (Lopes et al., 2018; Marteil
et al., 2018, reviewed in Chan, 2011; Godinho and Pellman, 2014).
However, how this heterogeneity is generated and the role it
plays in cellular physiology is poorly understood.

In the following sections I briefly describe centriolar structure
and the canonical duplication/segregation cycle. Then, I explore
the impact of centriole numeric anomalies in cancer development.
Next, we review how errors in centriole duplication are gener-
ated and counter-selected, and their resulting temporal dynamics.
Based on these studies, we propose that centriole number dy-
namics can be likened to a mutation-selection process and that
the presence of extra centrioles can act as a mutator phenotype. I
conclude the chapter by presenting an overview of the research
work conducted for this thesis, and how we used mathematical
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modelling and experimental evolution to study the causes and
consequences of centriole number alterations over time.

The centriole duplication and segregation cycle

Centrioles are diminutive protein-based structures that occur in
a variety of eukaryotic lineages. They are generally composed of
nine microtubule triplets arranged radially, although variations
to this organisation are found across the tree of life (reviewed in
Jana, 2020; Nabais et al., 2018; Nabais et al., 2020). Centrioles have
two main roles inside the cell. First, centrioles can mature into
basal bodies, laying the groundwork for cilia assembly. Second,
centrioles can organise the centrosome by recruiting an intricate
matrix of proteins called the pericentriolar material (PCM). This
thesis is particularly focused on centrioles as core structures of the
centrosome. The centrosome is the main microtubule-organising
centre (MTOC) in cycling vertebrate cells. As the terminology
implies, it is responsible for creating a favourable environment
for microtubule nucleation. Thus, centrosomes are especially
relevant for any cellular process involving the microtubule cy-
toskeleton, such as the establishment of cell polarity, signalling,
and the formation of the mitotic spindle (reviewed in Breslow
and Holland, 2019; Brito et al., 2012; Gomes Pereira et al., 2021;
Gönczy, 2015).

In many types of proliferating cells, the G1 centrosome contains
two centrioles which are duplicated through a self-organising
process starting at the G1-S transition (reviewed in Gomes Pereira
et al., 2021; Karsenti, 2008; Nigg and Holland, 2018). It begins
with the recruitment and local accumulation of three key pro-
teins: Polo-like kinase 4 (Plk4), SCL/TAL-1-interrupting locus
(STIL), and Spindle assembly abnormal protein 6 (SAS-6). Plk4,
is a serine-threonine kinase recruited to the wall of the mother
centriole at the onset of biogenesis (Bettencourt-Dias et al., 2005;
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Habedanck et al., 2005). This is accomplished through the ac-
tion of Cep192 and Cep152, together with centriole tethering
proteins, which assemble into a cylinder surrounding the entire
centriole and into a proximal torus, respectively (Kim et al., 2019;
Sonnen et al., 2013; Wei et al., 2020). At first, Plk4 appears to
form a discontinuous ring around the mother centriole, which
rapidly coalesces into a single focus (Ohta et al., 2014; Park et
al., 2019; Takao et al., 2019a; Yamamoto and Kitagawa, 2019).
Plk4-dependent phosphorylation of STIL is required for the re-
cruitment of SAS-6 (Kratz et al., 2015; Moyer et al., 2015; Ohta
et al., 2018; Park et al., 2020),reviewed in Arquint and Nigg,
2016, which forms the hub of a scaffolding cartwheel structure
(Guichard et al., 2017; Kitagawa et al., 2011). The cartwheel is
the first identifiable structure by electron microscopy which can
be mapped to a budding procentriole (reviewed in Guichard
et al., 2018). The concerted action of Plk4, STIL, and SAS-6 thus
establishes the site of centriole biogenesis.

Afterwards, the cartwheel directs the nucleation of centriolar
microtubules. This highly organised structure consists of ring-
like subunits stacked on top of each other (Guichard et al., 2013;
Nazarov et al., 2020; van Breugel et al., 2011). Each ring is com-
posed of nine SAS-6 homodimers which interact laterally via
their N-terminal head domains (Banterle et al., 2020; Kitagawa et
al., 2011; Nievergelt et al., 2018) and project outwards as spokes,
giving the cartwheel its distinctive appearance. The distal part
of the spokes is probably composed of Cep135/Bld-10, which
connects the inner cartwheel hub to the microtubule triplets
(Guichard et al., 2017; Guichard et al., 2013; Hiraki et al., 2007)).
The cartwheel is an important determinant of centriolar archi-
tecture. Indeed, mutations to SAS-6 or to its binding partner
Cep135/Bld-10 can generate centrioles with different symmetries
or destabilise the centriolar structure, with some slight variations
between species (Hiraki et al., 2007; Nakazawa et al., 2007; Noga
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et al., 2022; Roque et al., 2012). In humans, the cartwheel is nec-
essary for procentriole formation but its degradation at mitosis
indicates it is not necessary for long-term stability of the centri-
ole (Izquierdo et al., 2014; Vorobjev and Chentsov, 1980). Thus,
cartwheel formation is a pivotal event in centriole assembly.

Centriole duplication yields two nascent procentrioles positioned
orthogonally to the preexisting ones. During S-phase, the mi-
crotubule triplets in the newly formed procentrioles elongate
slowly via the microtubule-binding protein CPAP (Sharma et al.,
2016; Tang et al., 2009). The capping proteins CP110 and Cep97
localise to the distal end of the procentrioles and limit their elon-
gation (Schmidt et al., 2009, reviewed in Sharma et al., 2021).
During G2, centriole elongation is maximal and the centrosome
recruits further PCM proteins through the action of Polo-like
kinase 1 (Plk1), or Polo in the fruit fly, in preparation for mito-
sis (Alvarez-Rodrigo et al., 2019; Cabral et al., 2019; Lane and
Nigg, 1996; Lee and Rhee, 2011; Woodruff et al., 2015). Centriole
maturation also involves the acquisition of distal and subdistal
appendages, which play a role in tethering the centriole/basal
body to the plasma membrane and microtubule anchoring, re-
spectively (Kobayashi and Dynlacht, 2011).

At this point in the cell cycle, both preexisting centrioles are
bound by a linker, which is disassembled via an elusive mech-
anism at the onset of mitosis (reviewed in Agircan et al., 2014).
Centrosome separation then occurs as each pair of centrioles,
containing the preexisting mother centriole and the fully devel-
oped procentriole - or daughter centriole - , migrates to opposite
poles of the cell via the action of motor proteins such as Eg5
and dynein (Gaglio et al., 1996; Gönczy et al., 1999; Smith et al.,
2011; Tanenbaum et al., 2008). The distance between each mi-
grating centriolar pair peaks during anaphase, at which point
the spindle microtubules grow out from the poles and attach to
kinetochores; chromosome segregation then ensues. At the end
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of mitosis, the mother-daughter pair disengages and the linker is
rebuilt (reviewed in Agircan et al., 2014). After cytokinesis, the
cycle is restored with each daughter cell inheriting a single pair
of centrioles.

The centriole duplication and segregation cycle ensures that cen-
triole number is conserved across cell division in healthy cells.
Numeric anomalies in centrioles tend to be deleterious at the cell
and organismal levels, and have been associated with several
human diseases, such as ciliopathies and cancer (reviewed in
Bettencourt-Dias et al., 2011; Godinho et al., 2014). For the pur-
poses of this thesis, I will focus on numeric anomalies resulting
in supernumerary centrioles, or centrosome amplification.

Centriole number anomalies and cancer

Ever since the first characterisation of the centrosome and centri-
oles, the presence of extra centrioles was associated with cancer.
Over a century ago, Boveri observed that tumour cells tended to
possess extra centrosomes (reviewed in Godinho and Pellman,
2014). These cells could undergo multipolar divisions generating
catastrophic aneuploidies, which might trigger tumourigenesis.
Nowadays, it is widely accepted there is a strong association
between the presence extra centrioles and cancer. First, excess
centrioles have been widely reported in cancer tissues and cancer
cell lines (Lopes et al., 2018; Marteil et al., 2018,reviewed in Chan,
2011). Second, extra centrioles have been correlated with worse
prognosis for a variety of solid and liquid cancers (reviewed
Chan, 2011). Third, numeric abnormalities in centrioles have
been shown to vary along cancer development in the case of gas-
troesophageal adenocarcinoma (Lopes et al., 2018). Fourth, extra
centrioles have been linked with a variety of cancer-associated
phenotypes, such as increased invasiveness and migration in
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both cell-autonomous and non-cell-autonomous fashion (Arnan-
dis et al., 2018; Godinho et al., 2014). The question still remains if
centriole number abnormalities arise as a consequence of other
oncogenic alterations of if they can drive tumourigenesis per se.
Nevertheless, it is generally accepted that if centrosome amplifi-
cation can initiate cancer development, it is probably because it
promotes chromosomal instability and aneuploidy (reviewed in
Godinho and Pellman, 2014).

Aneuploidy, understood as deviations in number of chromo-
somes to the reference karyotype, is a hallmark of cancer (Weaver
and Cleveland, 2008). In contrast with the number of extra centri-
oles, which is highly heterogeneous within a population of cells
and between tumours of the same type, cancer karyotypes tend
to feature some recurring aneuploidies. In other words, certain
types of tumours tend to display gains or losses of specific chro-
mosomes, despite some variation in the population. Aneuploidy
can arise via chromosomal instability, which can be defined as er-
rors leading to the missegregation of entire chromosomes. Such
segregation errors can lead to the amplification of oncogenes
or to the loss of tumour suppressors, both of which have been
commonly observed in cancer (reviewed in Klaasen and Kops,
2022; Nicholson and Cimini, 2015).

The observation that multipolar divisions can induce massive
degrees aneuploidy led Boveri to theorise that these erroneous
cell divisions could trigger cancer development (reviewed in
Godinho and Pellman, 2014). More recent studies indicate that
multipolar divisions are extremely lethal (Kwon et al., 2008).
These results argue against Boveri’s initial hypothesis and it is
unlikely that cancer can arise from multipolar divisions. How-
ever, chromosome segregation errors in cells carrying extra centri-
oles do not stem solely from multipolar divisions. In fact, many
cells can avoid lethal multipolar divisions by undergoing centro-
some clustering (Ganem et al., 2009; Kwon et al., 2008). When
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a cell with extra centrioles enters mitosis, a multipolar spindle
can arise. This may lead to syntelic microtubule-kinetochore
attachments, in which both sister chromatids attach to the same
spindle pole. These incorrect attachments can be detected by the
spindle-assembly checkpoint, which delays anaphase until these
errors are resolved. This allows supernumerary spindle poles
to come together through the action of motor proteins, such as
dynein and the kinesin KIFC1, thus reinstating spindle bipolar-
ity. However, merotelic microtubule-kinetochore attachments,
in which single chromosome is attached to both spindle poles,
can also form during the transient multipolar phase. These at-
tachments are not detected by the spindle assembly checkpoint
and can result in lagging chromosomes, which are likelier to be
incorrectly segregated (Ganem et al., 2009; Kwon et al., 2008).
Moreover, the probability of chromosome segregation errors in
cells with clustered centrosomes is correlated with the difference
in centriole numbers between the two spindle poles. A pole in
which there are more centrioles can potentially nucleate more mi-
crotubules, and this imbalance favours chromosome segregation
errors (Cosenza et al., 2017). Therefore, cells with extra centrioles
can generate progeny carrying mild levels of aneuploidy and
suppress lethal multipolar divisions via centrosome clustering.

Centrosome clustering has been observed in a variety of cancer
cell lines (Moreno-Marin et al., 2023). In addition, inhibition of
centrosome clustering can induce massive amounts of cell death,
such that it is frequently held as a survival mechanism. There
may be some caveats to this notion. First, whereas the offspring
of cells with clustered centrosomes tends to be viable, it has
been reported that they cannot survive subsequent cell divisions
(Cosenza et al., 2017). Thus, centrosome clustering may be insuf-
ficient to fully protect cells against centrosome amplification.

Nonetheless, it is still possible that chromosome missegregation
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events resulting from centrosome clustering lead to tumour ini-
tiation. Cancer can be understood as a process of somatic cell
evolution, and as every evolutionary process, it is a game of
chance (Ní Leathlobhair and Lenski, 2022). Even if most cells
with extra centrioles are eventually purged, there is still some
probability that chromosome missegregation leads to the loss of a
tumour suppressor or to the amplification of an oncogene. Either
of these events can potentially induce cancer development.

Whereas the causal link between extra centrioles and cancer initi-
ation has been repeatedly tested, the subject is still contentious
(Coelho et al., 2015; Kulukian et al., 2015; Levine et al., 2017;
Serçin et al., 2016; Shoshani et al., 2021; Vitre et al., 2015. Centro-
some amplification seems to promote the appearance of certain
types of tumours, such as lymphomas and sarcomas, but only
in specific contexts (Levine et al., 2017; Shoshani et al., 2021).
Although the source of centriole number abnormalities in cancer
remains to be characterised, mutations or expression changes in
key centriolar genes have been commonly reported. Moreover,
certain oncogenes, such as BRCA1 and BRCA2, and other genes
that are frequently altered in cancer, such as the master regulator
of inflammation NFκB, are known to affect centriole numbers
(Ledoux et al., 2013; Starita et al., 2004; Wang et al., 2011). Al-
terations to such genes could presumably affect centriole over-
production. In addition, mutations in putative "error-correctors"
such as p53, which can allow cells with centrosome amplification
to survive (Lopes et al., 2018). In order to identify the conditions
in which centrosome amplification can lead to tumourigenesis,
first it is necessary to understand how extra centrioles are gen-
erated and eliminated from the population, and how these two
processes interact.
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Processes affecting centriole numbers in prolif-
erating cell populations

In this section, I describe the processes affecting centriole num-
bers in proliferating cell populations. Ensuring fidelity in the
centriole duplication and segregation cycle requires that the ap-
pearance of numeric anomalies (gain or loss of centrioles) is rare
and that any anomalies that arise are "corrected". To do so, the
cell depends mainly on tight regulation of centriole biogenesis
and negative selection against cells with extra centrioles. I focus
on these two processes, with emphasis on how their deregulation
can lead to centrosome amplification but briefly discuss other
mechanisms that can lead to altered centriole numbers.

Regulation of centriole biogenesis

Although precise estimates of the error rate of centriole dupli-
cation are still lacking, it presumably occurs with high fidelity,
since cells with atypical centriole numbers are seldom observed
in vivo (Marshall, 2007). In human cells, centriole number control
depends critically on the abundances of Plk4, STIL, and SAS-6
across space and time. Depletion of either protein efficiently
inhibits centriole biogenesis and their overexpression tends to
induce centriole overproduction (Arquint et al., 2012; Bettencourt-
Dias et al., 2005; Kleylein-Sohn et al., 2007; Strnad et al., 2007).
Sufficiently high levels of Plk4 can even trigger de novo centriole
biogenesis, i.e. centriole biogenesis unassisted by preexisting
centrioles (Lopes et al., 2015). Therefore, the levels of these pro-
teins must be regulated in order to ensure fidelity in centriole
duplication.

Whereas there is some evidence of transcriptional regulation of
Plk4 in proliferating cells (Li et al., 2005; Nakamura et al., 2013),
these key factors seem to be mostly regulated at the protein level.
Several of the identified regulatory mechanisms emerge from the
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action of Plk4, STIL, and SAS-6 themselves. For instance, Plk4
can catalyse its own proteasomal degradation by phosphorylat-
ing the SCF-Slimb/βTrCP E3 ubiquitin ligase (Cunha-Ferreira et
al., 2013; Cunha-Ferreira et al., 2009; Guderian et al., 2010; Rogers
et al., n.d.). Indeed, mutations in the Plk4 phosphodegron can
prevent its self-destruction, leading to centriole overproduction
(Cunha-Ferreira et al., 2013; Guderian et al., 2010). On the other
hand, Plk4 can be stabilised through its interaction with STIL
(Kratz et al., 2015; Ohta et al., 2018) and, possibly, SAS-6 (Takao
et al., 2019a). Plk4 also regulates the abundance of SAS-6 through
FBXW5 (Puklowski et al., 2011). In summary, the complex in-
teractions in the Plk4-STIL-SAS-6 network can affect their own
abundances.

Differential activity of regulatory mechanisms along the cell cycle
allows the cell to restrict centriole biogenesis to S-phase. A recent
study found that Plk4, STIL, and SAS-6 levels peak during G1
phase, directly preceding the onset of centriole assembly (Takao
et al., 2019a). However, earlier study found that Plk4 reaches
it maximum abundance during mitosis (Rogers et al., n.d.). No
explanation for this discrepancy has been provided but it may be
related with differences in cell types. Furthermore, Plk4 levels at
the centrosome undergo similar oscillations during the rapid cell
divisions in the Drosophila embryo (Aydogan et al., 2018; Nabais
et al., 2021). Therefore, the data suggest that the central players
of centriole assembly are temporally controlled. At the molec-
ular level, the regulation of Plk4, STIL, and SAS-6 abundance
and activity along the cell cyle depends on several components.
For example, STIL is degraded by anaphase-promoting com-
plex/cyclosome (APC/C), which inhibits centriole assembly in
G2 (Arquint et al., 2012). Furthermore, CDK1 sequesters STIL
during late G2 and mitosis, competitively inhibiting its binding
to Plk4 (Zitouni et al., 2016).

Taken together, these results indicate the existence of multiple
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intrinsic and extrinsic mechanisms that fine-tune the protein
abundances of Plk4, STIL, and SAS-6 in space and time. It should
be noted that while the cell cycle machinery can restrict centriole
assembly, centriole duplication is not indispensable for cell cycle
progression. For instance, cells can progress through S-phase
even if mother centrioles are laser ablated or if Plk4 is chemically
inhibited (Uetake et al., 2007; Wong et al., 2015). Cells completely
devoid of centrioles, however, can undergo an irreversible p53-
dependent cell cycle arrest (Lambrus et al., 2015; Wong et al.,
2015).

The above-mentioned studies convincingly demonstrated the
importance of regulating the levels of Plk4, STIL, and SAS-6 for
ensuring correct centriole duplication. On a finer scale, however,
the issue of centriole number control cannot be reduced to pro-
tein homeostasis. The main reason for this lies in the observation
that the centrosomal levels of the key regulators of centriole bio-
genesis are notoriously low (Bauer et al., 2016). Low-abundance
proteins tend to be susceptible to noise in gene expression or
protein-protein interactions. Therefore, additional mechanisms
are required to ensure high fidelity in centriole duplication.

The issues associated with low molecular abundances can be
overcome by locally concentrating the key players of centriole
biogenesis. For example, concentrating Plk4 at an ectopic lo-
cation, such as the peroxisome, is sufficient for promoting its
self-activation, which is necessary for centriole biogenesis (Lopes
et al., 2015). At physiological conditions, the mother centriole
has been regarded to act as a concentrator for Plk4 and other
components (Nabais et al., 2018). Indeed, when daughter cen-
trioles are laser-ablated or when procentrioles are prematurely
disengaged, centrioles are efficiently reduplicated. Contrarily, if
the mother centriole is laser-ablated, centrioles are incapable of
reduplication (Uetake et al., 2007). In addition to being recruited
to the centrosome, centriolar components are concentrated at



17

a single site around mother centrioles at the onset of centriole
biogenesis (Kratz et al., 2015; Ohta et al., 2014; Ohta et al., 2018).
As previously mentioned, Plk4 first localises the centrosome as a
ring surrounding the mother centriole. Afterwards, the Plk4 ring
is resolved to a single dot. The dynamics of this "ring-to-dot"
transition are poorly understood but depend on Plk4 kinase activ-
ity (Kratz et al., 2015; Ohta et al., 2018; Yamamoto and Kitagawa,
2019).

Two mathematical models were proposed to explain this phe-
nomenon. The first model depicted Plk4 reaction kinetics like a
classical Turing reaction-diffusion system: a slowly-diffusing ac-
tivator (non-phosphorylated Plk4) promotes its own recruitment
generates a rapidly-diffusing inhibitor (phosphorylated Plk4),
which depletes the activator. Thus, any local increase in non-
phosphorylated Plk4 can self-reinforce and generate phospho-
rylated Plk4, which prevents its accumulation in neighbouring
regions (Takao et al., 2019b). The second model achieved a similar
result based on two-positive feedback loops: the first, in which
accumulation of non-phosphorylated Plk4 can promote the ac-
cumulation of labile phosphorylated Plk4, and a second one, in
which phosphorylated Plk4 phosphorylates STIL, which in turn
stabilises Plk4 (Leda et al., 2018). Both models can robustly repro-
duce the observation that key centriolar components accumulate
in a single focus albeit invoking different mechanisms. Further-
more, the different mathematical approaches complicate compar-
isons between the two. Encouragingly, a yet unpublished study
has attempted to reconcile both models and could potentially
shed light on this matter (Wilmott et al., 2023). Notwithstanding,
and although the precise molecular mechanism remains undis-
closed, it is clear that spatial regulation of centriole biogenesis
depends on Plk4 self-activation and self-degradation, as well as
Plk4-dependent recruitment of STIL and SAS-6, which in turn,
stabilise Plk4.
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Control of centriole duplication ultimately requires that this sin-
gle focus is converted into a single procentriole. The studies
above solved this issue by assuming that the space around the
preexisting centriole is discretised into separate compartments.
Thus, if Plk4, STIL, and/or SAS-6 are stably concentrated into
one of these compartments, a single procentriole would arise. It
was proposed that these compartments could be established by
Cep152 but broad evidence for their evidence is lacking (Takao
et al., 2019b). In the absence of these compartments, other mech-
anisms would be required to ensure that a single procentriole
is formed. We addressed this issue previously by proposing
a model of cartwheel assembly in which the formation of new
cartwheels, and thus, new procentrioles, can be inhibited by
elongating the one that formed first. This mechanism could po-
tentially buffer fluctuation in local protein concentrations and
allow a single procentriole to arise (Dias Louro et al., 2021).

In conclusion, the regulation of centriole biogenesis depends on
the expression levels and intricate reaction dynamics of a small
group of proteins. The cell can enact control over spatial and
temporal dimensions such that centriole duplication occurs once
and only once per cell cycle. The detailed molecular mechanism
underlying this process is still poorly understood and existing
explanations are not consensual. Notwithstanding, these studies
yield some important considerations. First, centriole biogen-
esis is highly regulated, such that correct duplication should
be favoured in most healthy proliferating cells. Second, Plk4,
STIL, and SAS-6 determine the number of procentrioles that
form in a dose-dependent way. Third, centriole overproduction
is a stochastic process leading to a randomly distributed number
of newly generated procentrioles depending on the abundance
of its building blocks.

While centrosome amplification is typically regarded as an "er-
ror" for most proliferating cells, it is part of the developmental
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process of certain specialised cell types. For example, terminally
differentiated multicilliated cells produce high numbers of centri-
oles in characteristic structures called deuterosomes (reviewed in
Nabais et al., 2018). In addition, mouse olfactory neuron progeni-
tors generate extra centrioles in rosette-like structures commonly
observed upon overexpression of Plk4, STIL, and SAS-6. Indeed,
these genes were found to be up-regulated during regular brain
development, correlating with the increase in centriole numbers
(Ching and Stearns, 2020).

It should also be mentioned that there are pathways to centro-
some amplification which are not necessarily stochastic nor re-
lated to alterations in the levels of key regulators of centriole
biogenesis. First, if an otherwise "normal" cell fails to divide, it
can restart the cell cycle with four centrioles (reviewed in Nor-
mand and King, 2010). Thus, cytokinesis failure can lead to
deterministic or quasi-deterministic centriole number increases.
Second, DNA damage can lead to a prolonged G2-phase and
centrosome amplification (Dodson et al., 2004). Cell cycle arrest
following hydroxyurea treatment has also been known to lead
to a premature, Plk1-dependent, centriole disengagement, and
reduplication in U2OS cells (Lončarek et al., 2010). Therefore,
there are other processes aside from random centriole overpro-
duction caused Plk4, STIL, and SAS-6 overexpression that can
alter centriole numbers in proliferating cells.

Negative selection against cells with extra centrioles and
down-regulation of centriole overproduction

However low the error rate of centriole biogenesis may be, centri-
ole number anomalies can still arise. Maintaining constant centri-
ole numbers requires the existence of so-called "error-correcting
mechanisms" to enforce a stable equilibrium state (Marshall,
2007). One such mechanism is negative selection against cells
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bearing extra centrioles. As previously mentioned, extra centri-
oles can induce lethal multipolar cell divisions in the absence
of compensatory mechanisms, such as centrosome clustering.
Even in the presence of efficient centrosome clustering, as men-
tioned earlier, cells may not be viable in subsequent cell divisions
(Cosenza et al., 2017). Thus, severely aneuploid cell divisions
are a form of negative selection acting against cells with extra
centrioles.

Whereas the processes listed above arise as a "passive" conse-
quence of centrosome amplification, cells possess mechanisms
which can monitor their internal state and respond adequately
in the presence of errors. For example, cell cycle checkpoints are
intricate pathways that prevent cell cycle progression until cer-
tain requirements are met. If detected errors are not repaired, the
cell may instead undergo irreversible cell cycle arrest or trigger
programmed cell death (Hartwell and Weinert, 1989). For in-
stance, the aforementioned spindle assembly checkpoint delays
anaphase until erroneous attachments of chromosomes to spin-
dle poles are resolved (Lara-Gonzalez et al., 2012). In many cases,
p53 is responsible for integrating a multitude of stress signals,
including DNA damage and genomic instability, and trigger a
downstream response (Ozaki and Nakagawara, 2011). The levels
of p53 are usually kept in check, most notably, by the Mdm2
ubiquitin ligase (Haupt et al., 1997). When a stress response is
triggered, p53 becomes stabilised and activates by translocating
to the cell nucleus, where it modulates the expression of tar-
get genes, either directly or indirectly (Ozaki and Nakagawara,
2011). Thus, p53 has a near-ubiquitous role in ensuring cellular
and organismal homeostasis and it is one of the most commonly
mutated genes in cancer. It has been widely reported that p53
becomes active in response to Plk4 overexpression or centrosome
amplification both in cell lines and in vivo, leading to cell cycle
arrest or programmed cell death (Coelho et al., 2015; Holland
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et al., 2012; Kulukian et al., 2015; Levine et al., 2017; Serçin et al.,
2016; Tkach et al., 2022). Thus, cells with extra centrioles elicit a
p53-dependent mechanism which stymies their proliferation.

Recent studies have shed some light on how centriole numeric
anomalies lead to p53 activation. In the case of excess centrioles,
this response is dependent on the PIDDosome, a protein complex
composed of PIDD1, RAIDD1, and its effector protein caspase-2.
Following centrosome amplification, PIDD1 is recruited to the
centrosome, depending the subdistal appendage protein ODF-
2 and the distal appendage protein ANKRD26. This leads to
caspase-2 activation, which degrades MDM2. Stabilisation of
p53 triggers an irreversible cell cycle arrest (Burigotto et al., 2021;
Fava et al., 2017). Loss of extra centrioles on the other hand
prevents 53BP1 and USP28 degradation of p53. In turn, this
allows p53 to become stabilised and trigger cell cycle arrest via
p21 (Fong et al., 2016). Thus, excess centrioles or loss of centrioles
can trigger multiple pathways which prevent degradation of p53
and arrest cell proliferation.

In cells harbouring centrosome amplification, it is not known
if the strength of negative selection increases with the number
of extra centrioles. Several authors have suggested that cells
might tolerate low numbers of extra centrioles whereas extremely
high numbers may be deleterious (Bloomfield and Cimini, 2023;
Levine et al., 2017). It seems plausible that the mechanisms listed
above should be more effective in cells carrying extremely high
numbers of extra centrioles. For example, a higher number of
centrioles could potentially result in a greater number of spindle
poles and facilitate multipolar divisions. However, Levine et al.
reported a significant proliferation defect in cells where Plk4 was
mildly overexpressed and most cells contained only a few extra
centrioles (Levine et al., 2017). So, it is possible that centrosome
amplification induces a fitness cost which is independent of ab-
solute centriole numbers. The data is ultimately insufficient to
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support this conclusion.

Aside from negative selection, the cell can theoretically deploy
other mechanisms for countering centrosome amplification. For
example, negative feedback loops can down-regulate the levels
of centriolar proteins and hinder sustained centriole overproduc-
tion. An example of this is the self-catalysed instability of Plk4
and its role in regulating the abundances of other centrosomal
components (Cunha-Ferreira et al., 2013; Cunha-Ferreira et al.,
2009; Puklowski et al., 2011). Several studies also suggest that
p53 might repress Plk4 transcription in response to centrosome
amplification, but this is yet to be definitively shown (Li et al.,
2005; Nakamura et al., 2013). Overall, the data seem to indicate
that centrosome amplification and Plk4 overexpression might
be ultimately self-inhibitory but experimental backing of this
hypothesis is still missing.

In conclusion, there are two main mechanisms that counteract
centrosome amplification: negative selection of cells carrying
centriole number abnormalities and negative regulation of cen-
triole assembly regulators. Whereas centrioles can be de facto
eliminated in some contexts, such as during oogenesis (Pimenta-
Marques et al., 2016; Łuksza et al., 2013), to the best of our knowl-
edge, this does not seem to occur in typical proliferating cells
(Sala et al., 2020). In contrast, several mechanisms can ame-
liorate the fitness cost of extra centrioles, such as centrosome
clustering, as previously discussed. Others such as centrosome
inactivation can also prevent multipolar divisions by suppressing
microtubule nucleation from additional spindle poles, although
their prevalence in cancer is still debatable (Moreno-Marin et al.,
2023,reviewed in Sabat-Pośpiech et al., 2019). Finally, asymmetric
segregation of extra centrioles can allow one daughter cell to in-
herit wild-type centriole numbers, allowing it to partially avoid
the deleterious effects of centrosome amplification (Baudoin et al.,
2020). Therefore, whereas there is pressure in normally cycling
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cells to oppose centrosome amplification, several mechanisms
can allow cells to tolerate the presence of extra centrioles.

Temporal dynamics of centriole numbers in pro-
liferating cell populations

In healthy human cells, centriole duplication is tightly controlled.
In cancerous tissues and derived cell lines, on the other hand, cen-
triole number anomalies are common. Despite these anomalies,
cancer cell lines usually display characteristic distributions of
centriole numbers per cell (Bettencourt-Dias et al., 2011; Lopes et
al., 2018; Marteil et al., 2018), which appear to be maintained by a
balance between centriole overproduction and negative selection
acting on cells with centrosome amplification, or overproduction-
selection balance. This observation suggests centriole numbers
are at an equilibrium in proliferating cell populations. In this sec-
tion I review the literature on centriole number dynamics when
this equilibrium is transiently or chronically perturbed, and its
consequences for cancer development.

Transient centriole number perturbations

Several lines of evidence indicate that centriole numbers in pop-
ulations of proliferating cultured cells are recovered upon exper-
imental induction of transient centriole number changes. This
observation has led to the proposal that centriole number dynam-
ics are governed by a balance between centriole (over)production
and negative selection acting against cells with extra centrioles,
which culminates in a population-level equilibrium. In the fol-
lowing I briefly describe studies in which the dynamics of centri-
ole numbers were tracked upon (1) transient Plk4 inhibition (2)
transient Plk4 degradation, (3) transient Plk4 overexpression, (4)
transient induction of cytokinesis failure.
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Transient Plk4 inactivation

Wong et al. reported that centriole numbers are kept at equilib-
rium in a variety of cell lines (Wong et al., 2015). The authors de-
veloped centrinone and centrinone B, two drugs that selectively
inhibit Plk4 phosphorylation and inhibit centriole duplication.
Thus, centrioles were progressively "diluted" as the cells under-
went successive rounds of division without centriole duplication.
Indeed, when treated with either drug for several generations,
centrioles were efficiently depleted from a variety of cell lines.
After drug washout, extra centrioles arose de novo before the
population seemingly resolved back to the initial distribution of
centriole numbers per cell. These dynamics were observed in
cell lines lacking wild-type p53. Conversely, cell lines containing
wild-type p53 underwent irreversible cell-cycle arrest upon cen-
triole loss. This mechanism was found to be independent from
DNA damage, chromosome segregation errors, aberrant mitotic
duration, or signalling from the Hippo pathway. Thus, centriole
number was found to be stable to transient centriole depletion,
provided that the cells were capable of proliferation due to loss
of wild-type p53 activity.

Transient Plk4 degradation

A caveat of the previous approach was that Plk4 inhibition pre-
vents its own phosphorylation, which targets the protein for
proteasomal degradation. Thus, centrinone treatment led to an
accumulation of Plk4, which could be responsible for the initial
bout of centriole overproduction (Wong et al., 2015). Another
study employed a different strategy to deplete cells of centrioles
(Lambrus et al., 2015). The authors generated an RPE cell line
in which both Plk4 alleles were tagged with an auxin-inducible
degron. Upon treatment with indole-3-acetic acid (IAA), Plk4
was rapidly depleted from the centrosome, leading to centriole
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duplication failure and an irreversible cell cycle arrest. The ob-
served defect in population growth was partially rescued by
p53 knockdown. In cell populations in which p53 expression
was down-regulated, Plk4 returned to wild-type levels after IAA
washout and, eventually, the distribution of centriole numbers in
the population returned to equilibrium. Strikingly, there was an
initial excess of centriole overproduction which could scarcely
be attributed to higher Plk4 levels. Instead, de novo centriole pro-
duction appeared to be less regulated than canonical duplication,
leading to numeric errors, as observed in other studies (Wang
et al., 2015).

Transient Plk4 overexpression

To investigate the forces ensuring equilibrium in the distribu-
tion of centriole numbers per cell, Sala et al. (Sala et al., 2020)
employed an RPE cell line containing a tetracycline-inducible
Plk4 overexpression system. After 48h of induction, a signifi-
cant increase in cells with extra centrioles was observed. The
initial distribution of centriole numbers per cell was recovered
12 days after doxycycline washout. The authors proposed four
hypotheses that could explain the observation: (1) failure of ex-
tra centrioles to undergo centriole duplication, which would
lead to their disappearance from the population; (2) asymmetric
inheritance of extra centrioles, which could lead to one of the
daughter cells inheriting wild-type-like numbers; (3) elimination
of extra centrioles; (4) selection against cells containing extra
centrioles. Live- and fixed-cell imaging revealed that extra cen-
trioles reliably underwent centriole duplication, that centriole
segregation occurred randomly with no particular bias towards
asymmetric segregation, and that extra centrioles were stable
across cell division, providing evidence against the first three
hypotheses. However, the authors observed a strong cell cycle
delay/arrest in interphase, which correlated with stabilisation



26

of nuclear p53, but not a significant increase in cell death. These
results suggested that selection was the major force responsible
for the observed centriole number dynamics. Notwithstanding,
Plk4 levels dropped quickly after doxycycline washout, such that
a decrease in the rate of centriole overproduction could also have
contributed to the observed behaviour.

Along these lines, another study by Serçin et al. (Serçin et al.,
2016) investigated the role of Plk4 overexpression in epidermal
tumour development. They generated mice conditionally ex-
pressing Plk4-mCherry as previously employed for assessing the
consequences of Plk4 overexpression during brain development,
which was activated by Cre-induced recombination during em-
bryonic development of the skin epidermis. They observed this
system generated cells with extra centrioles in vitro after trans-
gene activation. In vivo, Plk4 overexpression led to apoptosis via
p53-dependent and independent pathway. Moreover, whereas
cells robustly recombined the transgene either during embryo-
genesis or in surviving adults, the levels of Plk4 overexpression
were progressively reduced, suggesting transcriptional silencing
of the transgene. Concomitantly, the levels of p53 expression and
cell death, as well as centriole numbers, returned to basal levels.
Thus, cells carrying an active transgene were counter-selected,
but the return to wild-type-like centriole numbers also depended
on transcriptional silencing of Plk4, which could be interpreted
as a reduction of the overproduction rate. Indeed, extra centrioles
disappeared even in p53-knockout mice, suggesting that Plk4
silencing occurred via a different mechanism.

Interestingly, Levine et al. (Levine et al., 2017) transfected mice
with a single Plk4 transgene, which leads to a modest Plk4 in-
crease when induced with doxycycline. They observed that when
mice were transiently fed with doxycycline for one month, tu-
mours containing cells with extra centrosomes arose. Although
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these mice accumulated further errors during tumour develop-
ment, including some abnormalities indicative of impaired p53
activity, that could have enabled extra centrioles to be maintained
in the tumours, these results suggested that there are conditions
in which transient Plk4 overexpression can lead to persistent
centriole number abnormalities, rather than a return to wild-
type numbers. Conversely, a subsequent study employed mice
carrying the same transgene and induced transient Plk4 over-
expression for two days. This was sufficient to induce a robust
increase in the penetrance of cells harbouring extra centrin foci,
but these were rapidly lost after doxycycline removal. Taken to-
gether, these studies suggested that the level and duration of Plk4
overexpression were critical factors in inducing long-standing
centriole number abnormalities.

Transient cytokinesis failure

Finally, I focus on two studies which induced transient centriole
number increases using drugs which induce cytokinesis failure.
Baudoin et al. (Baudoin et al., 2020) sought to answer how wild-
type centriole numbers were recovered after polyploidization.
They treated RPE-1 p53-null cells with di-hydrocytochalasin B
for 20h, which blocks cytokinesis, thus generating tetraploid cells
with extra centrioles. After drug washout, they observed that
the initial distribution of centriole numbers was recovered, as
previously reported, while tetraploid cells were maintained. The
authors reported that both RPE-1 p53-bull and DLD-1 cells that
inherited wild-type centriole numbers following an asymmetric
division were likelier to survive than the offspring of a sym-
metric division, where both daughter inherited abnormally high
centriole numbers. In contrast, these cells which inherited extra
centrioles were prone to undergoing multipolar divisions, cell
cycle arrest, or cell death. Although higher sample sizes would
be convenient for better estimation of the probability of survival
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of cells emerging from asymmetric or symmetric centriole seg-
regation, these results suggest p53-dependent cell cycle arrest
is not the sole mechanism responsible for maintaining centriole
numbers at a population-level equilibrium.

Similarly, Galofré et al. (Galofré et al., 2020) observed an increase
in centrin foci in DLD-1 polyploid cells generated from treat-
ment with di-hydrocytochalasin B and knockdown of ESPL-1
(separase), as well as RKO. The number of centrin foci decreased
over four days, regardless of treatment. These dynamics were
observed despite a significant fraction of the population main-
taining a polyploid state. Therefore, the distribution of centriole
numbers per cell in this system was seemingly recovered as ob-
served in other studies.

Taken together, these results support the idea that transient centri-
ole number perturbations are almost invariably resolved towards
some preestablished equilibrium. Whereas this phenomenon has
been observed for a variety of experimentally-induced perturba-
tions (i.e. Plk4 overexpression, induction of cytokinesis failure,
etc.), most of the employed cell lines displayed mostly wild-type-
like centriole numbers, initially. Finally, there is data suggest-
ing that negative selection operates to eliminate cells with extra
centrioles, through p53-dependent or independent mechanisms.
Together with the observation that centriole numbers appear to
be characteristic of specific cell lines, these results corroborate
the hypothesis that the distribution of centriole numbers per
cell is maintained at an equilibrium by overproduction-selection
balance.

Chronic centriole number perturbations

Whereas the equilibrium distribution of centriole numbers per
cell tends to be reinstated following transient centriole num-
ber perturbations, the case with chronic perturbations is more
complex. The data on this subject is also more scarce. Below, I
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describe several studies where chronic Plk4 overexpression was
induced in multiple in vitro and in vivo systems and its effects on
centriole numbers.

Vitre et al. (Vitre et al., 2015) produced mice carrying a Cre-
inducible Plk4 overexpression system. When mouse embryonic
fibroblasts were infected with adenoviruses harbouring the Cre-
recombinase, the authors observed a significant increase in cells
with extra centrioles for up to one month. The percentage of
these cells in the population peaked five days after infection and
plateaued thereafter at 30-40%. Since this system was embryon-
ically lethal, another construct was developed which allowed
overexpression of Plk4 when tamoxifen was added to the mice
food. After dietary supplementation with tamoxifen for two
months, mice exhibited elevated Plk4 mRNA levels but no centri-
ole number abnormalities in the lung or kidney. Skin fibroblasts
also showed a reduction in the relative frequency of cells with ex-
tra centrioles over 8 days in culture after tamoxifen-induced Cre
activation. In contrast, an increase of cells with extra centrioles
was observed in the liver. Knockout of one or two p53 alleles
allowed cells with extra centrioles to emerge in vitro, although a
downward trend in their relative frequency was observed over
eight days after induction of Plk4 overexpression, and produced
cells with extra centrioles two months after tamoxifen supple-
mentation in the kidney. Interestingly, Plk4 expression correlated
with the number of knocked-out p53 alelles, indicating that p53
could directly or indirectly affect Plk4 expression, as previously
reported. Regardless, neither p53-proficient nor p53-null mice
experienced increased tumour formation in the following chronic
Plk4 overexpression. In summary, lack of p53 rendered cells more
permissive to the occurrence of extra centrioles in vivo. However,
the trends of reduction in the relative frequency of cells with
extra centrioles might indicate p53 loss is insufficient to maintain
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centriole number anomalies indefinitely. In addition, was inter-
esting to note that extra centrioles were robustly maintained over
time in the first system but not in the second one, suggesting
specific behaviours depending on the cell line or overexpression
system. However, the matter was not discussed in the paper.

To study the effects of Plk4 overexpression and extra centrioles
on epidermal development, Kulukian et al. (Kulukian et al., 2015)
developed mice bearing a Cre-inducible construct which enabled
Plk4 overexpression by around embryonic day 14.5, which coin-
cides with the onset of skin development. In contrast to Serçin et
al. (Serçin et al., 2016), the authors observed that extra centrioles
persisted in the skin, but their relative frequency in the popula-
tion decreased over time. Similarly to Serçin et al. (Serçin et al.,
2016), however, the occurrence of extra centrioles was concurrent
with an increase in p53 expression levels and higher levels of cell
death. The results suggested that extra centrioles could persist in
the skin even in the presence of active p53.

In contrast, Coelho et al. generated mice carrying a tetracycline-
inducible Plk4 overexpression system and reported accelerated
formation of sarcomas and lymphomas in the absence of p53.
Mice solely overexpressing Plk4 did not suffered from increased
tumourigenesis. In both cases, Plk4 overexpression induced cen-
trosome amplification in the pancreas and the epidermis. In
contrast to other studies, this did not seem to cause cell death or
cell cycle arrest but rather an increase in cell proliferation in pan-
creatic islets, the suprabasal layer of the epidermis and derived
keratinocytes. These effects were potentiated by knocking out
p53. Furthermore, the architectural defects in the epidermis were
similar to those reported in other studies (Kulukian et al., 2015;
Serçin et al., 2016). However, a higher incidence of tumours in
Plk4-overexpressing p53-null mice in this study compared to the
previous might reflect differences in genetic backgrounds of the
mice lines or in the genetic constructs that were used.
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In the aforementioned paper by Levine et al. (Levine et al., 2017),
Plk4 overexpression was also chronically induced. In mouse
embryonic fibroblasts, chronic Plk4 overexpression yielded a
significant increase in the relative frequency of cells with extra
centrioles over 14 days, albeit decreasing over time. In addi-
tion, cell populations chronically overexpressing Plk4 exhibited
a proliferation deficit. In mice carrying the Plk4 overexpression
system, the authors observed a significant increase in Plk4 ex-
pression and centrosome number when doxycycline was added
to the food for one and eight months. This effect was observed in
the skin, spleen, and thymus. No obvious trend between one and
eight-months induction was reported. In a model for intestinal
tumour formation, lacking APC, chronic Plk4 overexpression
induced a steady increase in the relative frequency of mouse
embryonic fibroblasts with extra centrioles, in contrast to the
downward trend observed previously. Finally, mice carrying the
Plk4 over- expression system chronically fed with doxycycline
developed lymphomas and sarcomas where cells containing ex-
tra centrioles were widespread. In summary, unlike the paper
by Vitre et al., chronic Plk4 overexpression produced persistent
occurrence of cells with extra centrioles in various tissues. One
of the reported differences between the two studies is the fact
that in the study by Vitre et al. (Vitre et al., 2015), induction of
the overexpression system yielded extreme levels of Plk4 overex-
pression and, consequently, extreme centriole number anomalies,
whereas in the paper by Levine et al., a lower level of Plk4 over-
expression was observed, leading to cells with only a few extra
centrioles. Therefore, it is possible that the level of Plk4 overex-
pression and the rate of centriole overproduction determines the
long-term centriole number dynamics. Finally, and in contrast
to Serçin et al. and Coelho et al. (Coelho et al., 2015; Serçin et
al., 2016), Plk4 overexpression was sufficient to promote cancer
development in mice with proficient p53. Possibly, this is also
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due to a lower level of Plk4 overexpression/centrosome ampli-
fication. In summary, chronic Plk4 overexpression may or may
not lead to chronic centrosome amplification. There is evidence
that tissue specificity and the level of Plk4 overexpression might
affect these dynamics. Similarly, centrosome amplification per
se seems to favour formation of sarcomas and lymphomas only
in specific contexts. Ultimately, the data are inconclusive and
demand further investigation.

In brief, the above studies can allow us to draw the following
conclusions: (1) Plk4 overexpression per se can induce tumour
initiation, namely of sarcomas and lymphomas; (2) induction
of tumourigenesis may depend on the level of Plk4 overexpres-
sion/penetrance of extra centrioles in the tissues; (3) both chronic
and transient Plk4 overexpression (and centriole overproduction)
can potentially lead to tumourigenesis; (4) the resulting tumours
typically show abnormal karyotypes; (5) tissues show different
sensitivities to the presence of extra centrioles; (6) extra centrioles
can accelerate the development of skin and intestinal tumours
in the presence of additional defects. It is important to note that
these results are all pertaining to Plk4 overexpression during
early embryogenesis. Investigating other sources of centriole
overproduction is crucial to disentangling the effect of overex-
pressing a particular gene and that of extra centrioles. It would
also be important to study the consequences of centriole over-
production during adulthood, which could arguably be a more
relevant scenario for assessing tumour formation.

The "population genetics" of centriole numbers

For cells with extra centrioles to play a role in cancer evolution,
they must arise, rise in frequency to some extent and remain in
a population of cells for some time. Concerning the former, the
source of centrosome amplification in tumours or pre-cancerous
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lesions remains unknown. Unravelling the molecular basis of
centrosome amplification is necessary for understand how it may
lead to certain types of tumours rather than others. Concerning
their dynamics, however, the studies above indicate that tran-
sient centriole number increases and/or low penetrance of cen-
trosome amplification may promote cancer development (Levine
et al., 2017; Shoshani et al., 2021). In this regard, evolutionary
theory provides a powerful approach for quantifying centriole
number dynamics and assessing how the probability of cancer
development changes with the relative frequency of cells with
centrosome amplification.

Centriole number dynamics are akin to mutation-selection
processes

Mutation and selection are regarded as two of the most signif-
icant microevolutionary forces in classical evolutionary theory.
In population genetics, mutation is a random process which
can alter wild-type alleles, thus introducing new variants in a
population of individuals. Selection, on the other hand, acts on
existing genetic variation, allowing beneficial alleles to increase
in frequency while purging deleterious ones. The principle of
mutation-selection balance was motivated by observations that
in many circumstances mutations are rare and tend to be dele-
terious. In these conditions, alleles generated by mutation are
eliminated by natural selection. When these two forces balance
each other out, the relative frequency of mutant alleles in the
populations reaches an equilibrium (Hill, 2002).

Mutation-selection processes received extensive mathematical
treatment in the advent of population genetics (Fisher, 1930;
Haldane, 1937). Of particular interest, the conditions in which
mutation-selection balance can hold were derived in simple sys-
tems containing few segregating loci. The general intuition is
that if mutation rates are too high relative to the fitness cost they
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impart, mutations would keep accumulating in the population
instead of reaching some stable equilibrium frequency. When
this mutation accumulation occurs, the population may experi-
ence Muller’s ratchet (Muller, 1932), in which the fitness of the
population progressively decreases, or mutational meltdown, in
which the increased mutational load drives the population to
extinction (Lynch et al., 1993). Thus, mutation-selection balance
can only be verified under certain conditions - broadly, when
selection is strong enough to counter the influx of mutations.

Later, Moran proposed a model of haploid populations featuring
an arbitrary number of loci and offered a generalisation of the
conditions which allow for mutation-selection balance (Moran,
1977). Independently of Moran, Eigen developed a mathematical
model of self-replicating molecules to determine the limits to
information transmission at the origin of life (Eigen, 1971). If
said molecules were either too large or under sufficiently strong
mutational pressure, they would experience too many errors
in replication and fail to pass their genetic information to their
offspring. The critical value at which genetic information is lost
was dubbed the error threshold and it is comparable to the condi-
tions which break mutation-selection balance. In fact, the models
proposed by Moran and Eigen were nearly identical, despite
stemming from wholly different backgrounds, and allowed for
a comprehensive understanding of the dynamics of mutation-
selection processes.

Centriole number dynamics bear some similarities to mutation-
selection processes. First, the presence of extra centrioles tends
to be deleterious. Secondly, centriole overproduction can occur
randomly due to stochasticity in gene expression or reaction
dynamics. Third, individual cells in a population can potentially
harbour variable numbers of centrioles. Therefore, the interaction
between centriole overproduction and selection against cells with
extra centrioles can be interpreted as a mutation-selection process.
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Finally, cell lines tend to have a characteristic distribution of
centriole numbers per cell, which is recovered upon transient
perturbation. Thus, centriole numbers tend to be kept at an
equilibrium, resembling mutation-selection balance.

Based on this analogy with mutation-selection processes, the
equilibrium distribution in centriole numbers per cell depends
on the centriole overproduction rate and the strength of selec-
tion against extra centrioles. Changes in the expression level of
centrosomal genes could potentially increase the rate of centriole
overproduction, as previously discussed. The establishment of
coping mechanisms, such as centrosome clustering, can reduce
the fitness cost associated with extra centrioles. Indeed, knocking
down or mutating p53 in metaplasia-derived Barrett’s oesoph-
agus cell lines improved the viability of cells with centrosome
amplification. The relative frequency of cells with extra centrioles
rose to the level observed in the succeeding dysplasia stage, in
which wild-type p53 activity is compromised (Lopes et al., 2018).
Thus, increased rates of centriole overproduction and/or reduced
selective pressure against cells with extra centrioles can explain
sustained centrosome amplification during cancer development.

In summary, centriole number dynamics are reminiscent of mutation-
selection processes. In theory, changes to the equilibrium distri-
butions of centriole numbers per cell in different systems could
be explained by changes to the rate of centriole overproduction
or to the strength of selection against cells with centrosome am-
plification. I propose that models of mutation-selection processes
can quantitatively explain centriole number variation within and
between different populations of cells.

Centrosome amplification is a mutator phenotype

A mutator phenotype is defined as a phenotype which leads to
an increased mutation rate. It is typically associated with faulty
DNA replication or defects in DNA repair, both of which are
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commonly observed in cancer (Loeb et al., 1974). In addition
to alterations which increase the mutation rate for point muta-
tions, aneuploidy and chromosomal instability have also been
labelled as a mutator phenotype (Holland and Cleveland, 2012).
Chromosomal instability refers to certain conditions which po-
tentiate chromosome segregation errors, leading to aneuploidy.
Modest levels of chromosome instability allow cells to "explore"
the karyotypic space and settle on chromosomal configurations
which favour cancer development. Severe chromosomal instabil-
ity, on the other hand, suppresses tumour formation because
it leads to an excessive amount of deleterious copy number
changes or because it breaks apart potentially advantageous
karyotypes (Nicholson and Cimini, 2015; Weaver and Cleveland,
2008; Weaver et al., 2007).

Since centrosome amplification can induce chromosomal instabil-
ity it can be considered, by extension, a mutator phenotype. Like
chromosomal instability, it has been suggested that low levels
of centrosome amplification can favour tumourigenesis whereas
high levels hinder tumour formation (Levine et al., 2017) but this
hypothesis has not been systematically tested. Moreover, the
relationship between centrosome amplification and chromoso-
mal instability is complex and may result in intricate mutator
dynamics. First, chromosome segregation errors seem to be
favoured when centrioles are unequally distributed by spindle
poles, as previously mentioned (Cosenza et al., 2017). Second,
even if aneuploidy does arise, the presence of extra centrioles
in the daughter cells may inhibit further cell proliferation. As
discussed above, this fitness penalty can be seemingly bypassed
if the mother cell divides asymmetrically and one daughter cell
inherits wild-type centriole numbers (Baudoin et al., 2020). This
mechanism allows tetraploid cells to be maintained following
cytokinesis failure. Therefore, it is plausible that asymmetric
divisions can also allow aneuploid progeny to be maintained.
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Taken together, these observations suggest that the number of
extra centrioles in a cell and how they are segregated at mitosis
might have a crucial role in centrosome amplification-mediated
chromosomal instability. To the best of our knowledge, these
dynamics were yet to be quantitatively described.

In conclusion, centriole number dynamics share various proper-
ties with well-known evolutionary processes. Mutation-selection
balance and mutator theories provide a powerful conceptual and
quantitative tools for quantifying the forces that affect centriole
numbers and their consequences for cell physiology, namely in
the generation of aneuploidy. In order to uncover the ultimate
implications of centrosome amplification for cancer evolution,
it is paramount to understand how the proximal dynamics of
centriole numbers in dividing cells. Doing so requires knowledge
on how selection acts and on the probability of chromosome seg-
regation errors depend on the number of extra centrioles/level
of Plk4 overexpression.

Overview of research work

This thesis revolves around the population dynamics of cells con-
taining abnormally high numbers of centrioles. In the chapter II,
we developed mathematical models based on mutation-selection
processes and assessed whether or not they can explain quanti-
tatively the observed centriole number distributions in a broad
panel of human cancerous and non-cancerous cell lines. We in-
ferred the overproduction rate and strength of selection in our
study set and discussed the limitations of parameter estimation
based on available data. In chapter III, we extended our previous
modelling approach to study how centriole number dynamics
depended on centriole segregation and the centrosome cycle.
We quantified the probability of asymmetric centriole segrega-
tion, in which one daughter cell inherits all extra centrioles, and
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explored how the equilibrium centriole number distributions
were affected depending on the cell cycle stage at which selec-
tion acted. In chapter IV, we devised an experimental evolution
setup to answer how the level of centriole overproduction, under
chronic induction of Plk4 overexpression, affected the temporal
dynamics of centriole number, and other aspects of cell physi-
ology, such as fitness and growth rates. In the final section, we
discuss our results in the broader context of centriole number
abnormalities in cancer, and the link between cell biology and
evolution.
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Sabat-Pośpiech, D., Fabian-Kolpanowicz, K., Prior, I. A., Coulson,
J. M., & Fielding, A. B. (2019). Targeting centrosome am-
plification, an Achilles’ heel of cancer. Biochemical Society
Transactions, 47(5), 1209–1222. https://doi.org/10.1042/
BST20190034

Sala, R., Farrell, K., & Stearns, T. (2020). Growth disadvantage as-
sociated with centrosome amplification drives population-
level centriole number homeostasis. Molecular Biology of
the Cell, mbc.E19–04–0195. https://doi.org/10.1091/mbc.
e19-04-0195

Schmidt, T. I., Kleylein-Sohn, J., Westendorf, J., Le Clech, M.,
Lavoie, S. B., Stierhof, Y.-D., & Nigg, E. A. (2009). Control
of centriole length by cpap and cp110. Current Biology,
19(12), 1005–1011. https://doi.org/https://doi.org/10.
1016/j.cub.2009.05.016

Serçin, Ö., Larsimont, J. C., Karambelas, A. E., Marthiens, V., Mo-
ers, V., Boeckx, B., Le Mercier, M., Lambrechts, D., Basto,
R., & Blanpain, C. (2016). Transient PLK4 overexpression
accelerates tumorigenesis in p53-deficient epidermis. Na-
ture Cell Biology, 18(1), 100–110. https://doi.org/10.1038/
ncb3270

Sharma, A., Aher, A., Dynes, N., Frey, D., Katrukha, E., Jaussi, R.,
Grigoriev, I., Croisier, M., Kammerer, R., Akhmanova, A.,
Gönczy, P., & Steinmetz, M. (2016). Centriolar cpap/sas-
4 imparts slow processive microtubule growth. Devel-
opmental Cell, 37(4), 362–376. https : / / doi . org / https :
//doi.org/10.1016/j.devcel.2016.04.024

Sharma, A., Olieric, N., & Steinmetz, M. O. (2021). Centriole
length control [Centrosomal Organization and Assem-
blies Folding and Binding]. Current Opinion in Structural

https://doi.org/10.1242/jcs.113506
https://doi.org/10.1242/jcs.113506
https://doi.org/10.1042/BST20190034
https://doi.org/10.1042/BST20190034
https://doi.org/10.1091/mbc.e19-04-0195
https://doi.org/10.1091/mbc.e19-04-0195
https://doi.org/https://doi.org/10.1016/j.cub.2009.05.016
https://doi.org/https://doi.org/10.1016/j.cub.2009.05.016
https://doi.org/10.1038/ncb3270
https://doi.org/10.1038/ncb3270
https://doi.org/https://doi.org/10.1016/j.devcel.2016.04.024
https://doi.org/https://doi.org/10.1016/j.devcel.2016.04.024


55

Biology, 66, 89–95. https://doi.org/https://doi.org/10.
1016/j.sbi.2020.10.011

Shoshani, O., Bakker, B., de Haan, L., Tijhuis, A. E., Wang, Y.,
Kim, D. H., Maldonado, M., Demarest, M. A., Artates, J.,
Zhengyu, O., Mark, A., Wardenaar, R., Sasik, R., Spier-
ings, D. C. J., Vitre, B., Fisch, K., Foijer, F., & Cleveland,
D. W. (2021). Transient genomic instability drives tumori-
genesis through accelerated clonal evolution. Genes Dev.,
35(15-16), 1093–1108.

Smith, E., Hégarat, N., Vesely, C., Roseboom, I., Larch, C., Stre-
icher, H., Straatman, K., Flynn, H., Skehel, M., Hirota,
T., Kuriyama, R., & Hochegger, H. (2011). Differential
control of eg5-dependent centrosome separation by plk1
and cdk1. The EMBO Journal, 30(11), 2233–2245. https:
//doi.org/https://doi.org/10.1038/emboj.2011.120

Smocovitis, V. B. (1992). Unifying biology: The evolutionary syn-
thesis and evolutionary biology. Journal of the History of
Biology, 25(1), 1–65. Retrieved September 9, 2023, from
http://www.jstor.org/stable/4331201

Sonnen, K. F., Gabryjonczyk, A.-M., Anselm, E., Stierhof, Y.-D., &
Nigg, E. A. (2013). Human Cep192 and Cep152 cooperate
in Plk4 recruitment and centriole duplication. Journal of
Cell Science, 126(14), 3223–3233. https://doi.org/10.1242/
jcs.129502

Starita, L. M., Machida, Y., Sankaran, S., Elias, J. E., Griffin, K.,
Schlegel, B. P., Gygi, S. P., & Parvin, J. D. (2004). BRCA1-
dependent ubiquitination of gamma-tubulin regulates
centrosome number. Mol. Cell. Biol., 24(19), 8457–8466.

Strnad, P., Leidel, S., Vinogradova, T., Euteneuer, U., Khodjakov,
A., & Gönczy, P. (2007). Regulated HsSAS-6 Levels Ensure
Formation of a Single Procentriole per Centriole during
the Centrosome Duplication Cycle. Developmental Cell,
13(2), 203–213. https://doi.org/10.1016/j.devcel.2007.07.
004

https://doi.org/https://doi.org/10.1016/j.sbi.2020.10.011
https://doi.org/https://doi.org/10.1016/j.sbi.2020.10.011
https://doi.org/https://doi.org/10.1038/emboj.2011.120
https://doi.org/https://doi.org/10.1038/emboj.2011.120
http://www.jstor.org/stable/4331201
https://doi.org/10.1242/jcs.129502
https://doi.org/10.1242/jcs.129502
https://doi.org/10.1016/j.devcel.2007.07.004
https://doi.org/10.1016/j.devcel.2007.07.004


56

Takao, D., Watanabe, K., Kuroki, K., & Kitagawa, D. (2019a). Feed-
back loops in the Plk4–STIL–HsSAS6 network coordinate
site selection for procentriole formation. Biology Open,
8(9). https://doi.org/10.1242/bio.047175

Takao, D., Yamamoto, S., & Kitagawa, D. (2019b). A theory of
centriole duplication based on self-organized spatial pat-
tern formation. Journal of Cell Biology, 218(11), 3537–3547.
https://doi.org/10.1083/jcb.201904156
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Abstract

The presence of extra centrioles, termed centrosome amplification, is a hallmark of cancer.

The distribution of centriole numbers within a cancer cell population appears to be at an

equilibrium maintained by centriole overproduction and selection, reminiscent of mutation-

selection balance. It is unknown to date if the interaction between centriole overproduction

and selection can quantitatively explain the intra- and inter-population heterogeneity in cen-

triole numbers. Here, we define mutation-selection-like models and employ a model selec-

tion approach to infer patterns of centriole overproduction and selection in a diverse panel of

human cell lines. Surprisingly, we infer strong and uniform selection against any number of

extra centrioles in most cell lines. Finally we assess the accuracy and precision of our infer-

ence method and find that it increases non-linearly as a function of the number of sampled

cells. We discuss the biological implications of our results and how our methodology can

inform future experiments.

Author summary

Human cells possess small structures called centrioles, which need to be duplicated and

properly segregated to ensure cell viability. Paradoxically, cells with a variable number of

excess centrioles are commonly found in cancer. It is thought that these cells arise from

centriole overproduction and are subsequently eliminated by selection, such that their fre-

quency is stable in the population. However, it is not known if this overproduction-selec-

tion balance is sufficient to explain the observed intra- and inter-population variation in

centriole numbers.

In this study, we model the cell population dynamics of abnormal centriole numbers

inspired by classical evolutionary theory, and infer overproduction and selection parame-

ters from a panel of 67 human cell lines. Surprisingly, our results indicate that the

observed variability in most cell lines can be best explained by models assuming a single

penalty against extra centrioles, regardless of their number, and complex overproduction

“rules”, where multiple centrioles can be gained in a single event. Furthermore, we esti-

mate that selection against extra centrioles is generally very strong. Our work presents a

novel quantitative approach to analyse centriole number variation and to further our

understanding of the role of centriole number abnormalities in cancer development.
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Introduction

Centrioles are microtubule-based structures that organise the centrosome and thereby orches-

trate microtubule nucleation in vertebrate cells [1, 2]. Centriole number abnormalities are a

source of phenotypic heterogeneity in cancer cells. Indeed, centriole numbers show variability

both within cancer cell populations and between different cancers [3–5]. The causes and conse-

quences of this heterogeneity are still poorly understood. Moreover, to the best of our knowledge,

there exists no quantitative description of how centriole numbers are distributed in cancer cells.

In a proliferating cell population, cells start the cell cycle with two centrioles, which dupli-

cate once and only once during S-phase. After cytokinesis, both daughter cells inherit two cen-

trioles each. This centriole duplication and segregation cycle ensures that centriole number is

kept constant across generations [3, 6, 7].

In stark contrast with most proliferating cells, centriole numbers are often de-regulated

during cancer development. In particular, cells with abnormally high numbers of centrioles

are common in tumors and cancer-derived cell lines, and have been recently identified in pre-

neoplastic tissues [3, 8–12]. Interestingly, within a single population of cancer cells, individual

cells often carry different numbers of centrioles. However, the number of centrioles per cell in

the population seems to display a specific distribution depending on the cell type [9–12]. The

source of this variability within and between cell populations is still poorly understood and

calls for the development of quantitative approaches.

The occurrence of extra centrioles, termed centrosome amplification, tends to bear deleteri-

ous consequences for the cell by triggering multipolar divisions, cell cycle arrest, and/or by

promoting chromosome missegregation [13–16]. Thus, excess centrioles are typically counter-

selected and rarely observed in healthy tissues. However, some mechanisms are known to pro-

vide protection against centrosome amplification. For example, centrosome clustering mecha-

nisms allow cells to group extra centrioles in two spindle poles, thus improving the viability of

daughter cells [13, 14, 16]. Thus, cancer cell lines are generally regarded as being more tolerant

to centrosome amplification than normal cells.

Recent data suggest that centriole numbers are maintained at an equilibrium in cell line

populations. For instance, it has been observed that after transient centriole elimination,

p53-deficient cell populations can seemingly recover their initial distribution of centriole num-

bers [17, 18]. Similarly, there are reports of extra centrioles being lost over time in cell popula-

tions after induction of cytokinesis failure [19, 20]. Since centrosome amplification is typically

deleterious for cells, it is likely that centriole numbers in these populations are maintained by a

balance of centriole (over)production and negative selection. These dynamics are similar to an

evolutionary mutation-selection process, where the de novo appearance of deleterious variants

in a population is counteracted by natural selection, eventually converging to so-called muta-

tion-selection balance [21].

The dynamics of centriole (over)production and selection are currently unresolved. For

instance, extra centrioles may be gained “smoothly” in a dose-dependent fashion through

overexpression of key centriole biogenesis regulators, such as Plk4, STIL, and SAS-6 [22–25].

Alternatively, extra centrioles may be gained in sharp transitions—if an otherwise normal cell

undergoes cytokinesis failure, it may restart the cell cycle with at least double the normal num-

ber of centrioles (as suggested in [26]). Similarly, it is not known if selection strength varies

with the number of centrioles. For example, it is possible that centriole clustering is less effi-

cient in resolving multipolar spindles if the cell contains a high number of extra centrioles. In

the absence of protective mechanisms, it is possible that the presence of extra centrioles is dele-

terious, regardless of absolute centriole numbers. Thus, it is not a trivial question how centriole

(over)production and selection can generate equilibrium distribution of centriole numbers,
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and if these two processes are sufficient to explain the observed centriole number heterogene-

ity within and between cell populations.

Here, we develop mathematical models of centriole overproduction and selection against

centrosome amplification that are predicated on different assumptions on how supernumerary

centrioles are produced and how selection operates. We use these models to analyse recently

published data on representative cell lines of the progression from Barrett’s esophagus to gas-

troesophageal adenocarcinoma [9] and the NCI-60 panel of cancer cell lines [10]. These two

data sets provide us with the opportunity to study how centriole number distributions vary

along cancer progression, from pre-malignant to malignant stages, in the case of the Barrett’s

esophagus data set, and between different cancer types, in the NCI-60 data set.

Employing a model selection approach, we found that models featuring a constant cost of

centrosome amplification, irrespective of the number of centrioles in a cell, best explain the

empirical distributions for most of the cell lines. Moreover, our results suggest that the distri-

bution of centriole numbers is generally super-exponential, which could be indicative of

multi-step centriole number increments. We identified a general trend in the parameter esti-

mates indicating strong selection against extra centrioles but we did not detect significant dif-

ferences between cell lines. Using simulations, we show that our parameter estimation method

is accurate and we predict that its precision increases non-linearly with the number of sampled

cells. In summary, our work presents the first quantitative description of how centriole num-

bers evolve in proliferating cell populations with persistent centrosome amplification and pro-

vides a statistical tool for further dissecting the processes that generate within- and between-

population variation in centriole numbers.

Results

A model of centriole number dynamics in proliferating cell populations

To study how centriole number distributions in proliferating cell populations are generated,

we developed a general mathematical model grounded in mutation-selection theory. Our sub-

ject of focus is a population of proliferating cells subject to centriole overproduction and selec-

tion against extra centrioles. For the purpose of data analysis, we consider that individual cells

are in mitosis and fully characterised by their number of extra centrioles, i, which can range

from zero to an arbitrarily high upper bound, imax. Thus, the population can be split by centri-

ole numbers into subpopulations such that, for example, the zeroth subpopulation (i = 0) rep-

resents all cells containing wild-type centriole numbers (four centrioles). Each subpopulation i
has an intrinsic growth rate ri. Centriole overproduction occurs at a rate μi,j from subpopula-

tion i to subpopulation j, where j> i. Thus, we assume that there is no loss of centrioles across

cell division (which would be given by a transition from i to j where j< i). Centriole overpro-

duction events can be interpreted as gain of j − i centrioles. Since in these cell lines there is a

net increase in the number of centrioles compared to the wild-type situation, we make the

simplifying assumption that there is no loss of centrioles. Cells that contain fewer than wild-

type numbers were rarely observed in the analysed data sets; for simplification purposes, we

disregard them in our model and in our analysis. Finally, our model is deterministic and all

subpopulation frequencies Pi are continuous variables; i.e., we assume an effectively infinite

population size. Taken together, the temporal rate of change in the relative frequency of cells

containing i centrioles is given by the following ordinary differential equation:

dPi

dt
¼ ri �

Ximax

j¼0

rjPjðtÞ

 !

PiðtÞ þ
Xi

k¼0

mk;iPkðtÞ �
Ximax

l¼iþ1

mi;lPiðtÞ ; for all i � imax: ð1Þ
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The dynamics of the population are thus described by a system of imax + 1 differential equa-

tions. This model is the continuous-time equivalent of the model proposed by Moran [27], in

the absence of back mutation, and included in the framework of the original quasispecies

model [28–30]. As previously mentioned, several lines of evidence suggest that centriole num-

bers in proliferating cell populations follow a stable equilibrium distribution when unper-

turbed [17–20, 31]. We propose the following expression that describes a fully polymorphic

equilibrium distribution, i.e. allowing cells of any subpopulation to occur (see S1 Fig for

a numerical example and a test of convergence from random initial conditions; see also

Materials and methods), for an arbitrary value of imax:

P�i ¼
Zi

Pimax
j¼0
Zj

; P0ð0Þ > 0 ð2Þ

Zi ¼
Yimax

j¼iþ1

f ðjÞ
X

ao2AðiÞ

�Y

k2ao

f ðkÞ
YjFði;kÞj� 1

m¼1

m�m ;�mþ1

�
 !

ð3Þ

where

f ðiÞ ¼ r0 �
Ximax

j¼1

m0;j � ri þ
Ximax

n¼iþ1

mi;n for all i � imax; ð4Þ

and

AðjÞ ¼ ðaoÞo2PðSjÞ ð5Þ

is the sequence containing all elements of the power set PðSjÞ. The set Sj is defined as

Sj ¼ y 2 N : 0 < y � j � 1 : ð6Þ

Finally, we define

Fðj; kÞ ¼ ð�mÞm 2 ff0g
S
faj:kgg; ð7Þ

with aj corresponding to the elements of A(j) from the definition in Eq (5).

This set of equations determines the equilibrium balance of centriole overproduction and

selection in a cell population, i.e., it determines the predicted proportion of cells with i extra

centrioles in an unperturbed cell population, given an arbitrary set of overproduction rates

and fitness functions. This general solution allows for the computation of analytical expres-

sions for the equilibrium distributions and their (log-)likelihood under more specific centriole

overproduction and selection scenarios, as shown below.

Distributions of centriole numbers in cell populations tend to be heavy-

tailed

Our goal is to infer the balance between selection and centriole overproduction from the shape

of the distribution of centriole numbers in samples from 67 cell lines [9, 10]. In these data sets,

between 35 and 82 mitotic cells were sampled from a population of cultured cells, and centri-

oles were identified and counted by co-immunostaining of two centriolar markers.

As a first step, we characterised which type of distribution most likely underlies these data;

this is helfpful for identifying more specific models for parameter inference. For example, con-

sider a simple model where extra centrioles are produced at a constant rate μ and extra centri-

oles induce a uniform reduced growth rate r. This model can be obtained in our general

PLOS COMPUTATIONAL BIOLOGY Centriole number variation in cancer

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1008765 May 12, 2021 4 / 22

65



framework by substituting μi,j = μ for j = i+1 and 0 otherwise, and ri = r. Under these assump-

tions, Eq (2) can be written as

P�i ¼
ð1 � r � mÞmi

ð1 � rÞiþ1
; P0ð0Þ > 0 ð8Þ

It can be readily seen by substitution that this equilibrium is formally equivalent to the geo-

metric distribution:

PðX ¼ iÞ ¼ ð1 � pÞip; ð9Þ

where p represents the probability of success in i trials (roughly, the probability of observing

an extra centriole in our model). If an analogue to the classical mutation-selection model is

sufficient to explain the data, then the data should be geometrically distributed. In contrast, we

observed an overrepresentation of cells with high centriole numbers (S2 Fig) compared to a

geometric distribution. This is a coarse indication that the distribution of centriole numbers in

cell populations is heavy-tailed. If that is the case, then more complex centriole overproduction

and/or selection dynamics are required to explain the data.

To test this at the level of individual empirical distributions for each of the 67 cell lines, we

fitted geometric and Waring-Yule distributions to each of the empirical population-level dis-

tributions of centriole numbers. Here, the Waring-Yule distribution represents a generalised

discrete distribution that can potentially account for heavy tails. Then, we calculated the value

of the X2 statistic as a measure of goodness-of-fit for both distributions. Finally, we determined

the difference between the value of the X2 statistic, ΔX2, under the geometric and Waring-Yule

models, such that positive values indicate a better fit of the Waring-Yule distribution. Con-

versely, if the geometric distribution is a better fit, we expect that both distributions should

converge and yield a ΔX2 of approximately 0.

Visual inspection of model fits suggests the Waring-Yule (heavy-tailed) distribution is a

better fit to the represented empirical distributions (Fig 1A–1C). In addition, our results indi-

cate positive values of ΔX2 for the majority of cell lines, suggesting a better fit of the Waring-

Yule (heavy-tailed) distribution (Fig 1D). For 16 out of 67 cell lines, we obtained values of ΔX2

� 0 (more accurately,�1), indicating exponential-like and not heavy tails. Although the con-

trol cell lines used in the NCI-60 study rank in the bottom half of cell lines ordered by ascend-

ing ΔX2 value, apart from HaCat, they are not clearly separated from the remaining cell lines.

Thus, our results suggest that a simple model reminiscent of classical mutation-selection bal-

ance, yielding a geometric distribution of centriole numbers in the population, fails to explain

the data for most cell lines. However, it should be noted that some of the 16 cell lines included

in the group with near-zero ΔX2 values contain few cells with centrosome amplification in the

sampled population (e.g. OACP4—1 out of 61 cells with centrosome amplification; IGROV1

—1 out of 58 cells with centrosome amplification), in which case there is little information to

distinguish between geometric and Waring-Yule distributions.

Ultimately, we are interested in relating the distribution of centriole numbers in the popula-

tion to the processes that generate it. If the distributions are indeed heavy-tailed, this could be

achieved either by weak selection against cells with high centriole numbers or by more com-

plex centriole overproduction mechanisms. For example, since centrioles duplicate in most

healthy cells, it is possible that centriole overproduction also occurs in multiples of two (which

we will refer to as overduplication). Similarly, after cytokinesis failure, a cell may restart the

cell cycle and reduplicate all four centrioles, gaining four extra [26]. Intuitively, overduplica-

tion or cytokinesis failure could produce cells with multiples of two and/or four centrioles.
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Fig 1. Distributions of centriole numbers in cell populations tend to be heavy-tailed. A-C—Examples of empirical distributions for three cell lines

(grey bars) and the predicted relative frequencies under geometric (blue) and Waring-Yule distributions (orange), which are representative of

distributions with exponential-like and heavy tails, respectively. Number of sampled cells: (A) n = 57; (B) n = 78; (C) n = 51. D—Difference between the

calculated X2 value under geometric and Waring-Yule distributions. Cell lines were ranked in ascending order according to the ΔX2 value. The control

cell lines used in [10] are highlighted in red. Higher positive values indicate a better fit of the Waring-Yule distribution to the corresponding empirical

distribution, suggesting heavier-than-exponential tails.

https://doi.org/10.1371/journal.pcbi.1008765.g001
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Coherently, it can be seen in both individual and pooled distributions that cells with four and

eight extra centrioles are particularly abundant in the data (S2 Fig).

In summary, a model parameterised by a single centriole overproduction rate and a single

intrinsic growth rate of cells with extra centrioles is not sufficient to explain the data. By visu-

ally inspecting the empirical distributions, we hypothesised that including more complex cen-

triole overproduction events in the models, such as centriole overduplication, may provide

better fits.

A candidate set of models based on centriole biology

The general model described in (1) provides a powerful starting point for inferring the distri-

bution of centriole numbers in proliferating cell populations but it is overparameterised with

respect to the data under consideration. Moreover, we are interested in comparing different

hypotheses regarding specific fitness functions and overproduction parameters that could

generate said centriole number distributions. To avoid overfitting and to inspect relevant

biological scenarios, we generated 12 candidate models by imposing a set of constraints on

centriole overproduction and on selection, based on the previous analysis of the tail of the

distributions.

Several cellular processes are known to yield supernumerary centrioles [19, 20, 22–25] but

we still lack a quantitative description of their contribution to the generation of cells with extra

centrioles. We reasoned that these processes may be parameterised as the rate of gain of a

given number of centrioles. As a universal scenario across all models, we considered that extra

centrioles can be gained one at a time, at rate μ1. Since centrioles typically duplicate in number

and since we observed an excess of multiples of two and four centrioles in the data, we rea-

soned that centriole overproduction could also be thought of in terms of extra duplication

events. Thus, we considered two additional overproduction “rules”, which state two and four

extra centrioles can be gained at rates μ2 and μ4, respectively.

Similarly, how strongly selection acts depending on the number of extra centrioles remains

unknown. We focused on two main possibilities: first, that any abnormal number of centrioles

is equally deleterious (resulting in a flat fitness function for all i> 0), and second, that the dele-

terious effect of extra centrioles increases with their number in a cell. Regarding the latter, we

assume either an additive or power-law relationship between the number of extra centrioles

and intrinsic population growth rate. In all models, we set the intrinsic growth rate for cells

with wild-type centriole numbers, r0, to be maximal and equal to 1; i.e., cells that contain no

excess centrioles always have maximum fitness. Otherwise, a fully polymorphic equilibrium

(i.e. where cells with any number of extra centrioles could, in theory, be observed) would not

be reached under these models. The intrinsic growth rates for cells with abnormal centriole

numbers (i> 0) are defined as (1) ri = r for all i> 0 (“flat” model), (2) ri ¼ 1 � c�i
imax

for all i> 0

(“linear” model), and (3) ri ¼ 1 �
logðiþ1Þ

l logðimaxþ1Þ
for all i> 1 (“power-law” model). In effect, all

these functions represent a fitness landscape in which wild-type-like cells reside on a single fit-

ness peak and all cells with extra centrioles suffer some form of fitness penalty.

The full combinatorial set of the above-fitness functions and “overproduction” rules yields

12 different models, in the following named using the initial of the fitness function and the

overproduction steps (Fig 2). For example, F1- - refers to the model featuring a flat fitness

function (parameterised by r) and single centriole overproduction events (parameterised by

μ1). Note that the models with fewer parameters are nested within the more parameter-heavy

models and can be obtained by setting excluded centriole overproduction rates to zero. For

instance, F124 yields identical equilibria to F1- - if μ2 = 0 and μ4 = 0.
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In addition, the 12 models in our candidate set can be obtained by modifying Eq (2) accord-

ing to the specified centriole overproduction and intrinsic growth rate “rules”. In the case of

model F124 and by extension all models nested in it simplify to a more concise form that is

independent of imax (see supplementary Mathematica Notebook), therefore bypassing the

need to assume a potentially artificial upper bound for the number of centrioles per cell.

We note that our focal set of models is neither an exhaustive nor systematic exploration of

all possibilities. However, it includes models of different complexity, depending on the number

of centriole overproduction parameters. Moreover, it incorporates different biological hypoth-

eses with respect to fitness, and results in both exponential and heavy-tailed equilibrium distri-

butions as described above (see also S3 Fig).

Models assuming a flat fitness function best explain the data for most cell

lines

As a first approach we tested if the most complex models in our candidate set (i.e. the models

assuming all three overproduction events) are a good fit to the data. First, we fitted the models

to each empirical distribution. Then, we performed a Monte Carlo multinomial test to distin-

guish between predicted and empirical distributions (Fig 3). We considered that the models

were a poor fit if the test yielded a significant p-value (p-value�0.05/67, adjusted according to

Fig 2. Centriole overproduction and fitness functions in the candidate models. A—Single-step centriole overproduction at rate μ1. B

—single- and double-step centriole overproduction events at rates μ1 and μ2, C—single- and quadruple-step centriole overproduction

events at rates μ1 and μ4, D—and all three centriole overproduction events. Circles represent the subpopulation of cells containing i extra

centrioles (green cylinders, i indicated by the numbers in blue). Green arrows represent transitions between subpopulations, which

correspond to centriole overproduction, occurring at rates μ1, μ2 or μ4. Overproduction events can occur for all i up to imax. (E-G) The

value of ri for cells with i centrioles under the (E) flat, (F) linear, and (G) power-law fitness functions, evaluated at the indicated

parameter values.

https://doi.org/10.1371/journal.pcbi.1008765.g002
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a Bonferroni correction). Our models showed a good fit for a majority (56 for the “flat” model,

52 for the “linear” model, 57 for the “power-law” model) of cell lines.

Thus, we concluded that the most complex models are a good fit to the data. For 10 out of

67 cell lines, all three models were a poor fit to the corresponding empirical distributions.

These cell lines tended to display some proportion of cells with extremely high centriole

Fig 3. The most complex models are a good fit to the majority of empirical distributions. A—Procedure for determining goodness-of-fit.

The significance value was set to α = 0.05, and adjusted according to the Bonferroni correction for 67 tests. Note that under the null hypothesis,

the predicted distribution under a given model is identical to the empirical distribution. B-C—Experimentally observed frequencies of centriole

numbers per cell (grey bars) and the predicted frequencies under model F124—flat fitness function, single-, double-, and quadruple-step

overproduction parameters (red triangles). The two examples include cases in which we obtained non-significant (good fit) and significant (bad

fit) p-values. Number of sampled cells: B—n = 82. C—n = 63. D—Goodness-of-fit of the three most complex models for each cell line.

https://doi.org/10.1371/journal.pcbi.1008765.g003
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numbers (�15), which are very rare under all our models. We took a conservative approach

and excluded these cell lines from further analysis.

Next, we asked which of the 12 models best explains the observed data. We generated 200

bootstrap distributions for each cell line by drawing a random sample with replacement from

each empirical distribution, and fitted each of the 12 models. Then, we calculated the Bayesian

Information Criterion (BIC) score from the resulting maximum log-likelihood value. The

model that minimised the BIC for the largest number of bootstrap distributions was selected

as the best for each cell line (Fig 4). Strikingly, the best models for 41 out of 57 cell lines

assumed the flat fitness function, including all six lung and kidney cell lines in the NCI-60

panel, and the two metaplasia and one dysplasia cell lines in the Barrett’s esophagus data

set (see S4 Fig for model selection results grouped by tissue of origin). 16 cell lines are best

explained by models assuming the linear fitness function; these cell lines are not associated to

any specific tissue types or developmental stages. No cell line is best explained by models with

a power-law fitness function. In contrast, there is more variability with respect to the best set

of centriole overproduction parameters.

Next we analysed the number of bootstrap distributions that was selected for each cell line

(S5 Fig). We observed that the best models for each cell line were selected for a maximum of

198 (99%) and a minimum of 40 (20%) bootstrap distributions, with a median of 110.5

(55.25%) bootstrap distributions (S5(B) Fig). In addition, in some cases, the BIC score was

equal for models assuming the flat and power-law fitness functions (see supporting code). This

means that the decision for the most appropriate model is sometimes not clear, which can be

either due to the models yielding indistinguishable distributions, or the data not being suffi-

ciently informative to distinguish between models (see also below).

Then we examined models sharing the same fitness function as the best model. In total, the

same fitness function was selected for a maximum of 199 (99.5%) and a minimum of 78 boot-

strap distributions (39%), with a median of 150 (75%) (S5(C) Fig). Therefore, the same fitness

function was selected more consistently than individual models.

Fig 4. Models assuming a flat fitness function best explain the data for most cell lines. A—Procedure for model selection. B—

Models with a flat fitness function explain the data for most cell lines. Number of cell lines for which the corresponding model was

selected as the best. The fitness function of the models is indicated in red (flat) or blue (linear).

https://doi.org/10.1371/journal.pcbi.1008765.g004
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Despite some uncertainty in model selection, we concluded that most empirical distribu-

tions are best explained by models assuming a flat fitness function, whereas a smaller subset of

cell lines was best explained by models with a linear fitness function.

Parameter estimates indicate strong selection against excess centrioles

We next tested if we could distinguish between different cell lines based on their parameter

estimates. Following our model selection results, we focused on model F124, which includes a

constant fitness function and allows for all possible overproduction rules. First, we tested the

sensitivity of the fitting as a function of the parameters by evaluating the log-likelihood expres-

sion at values around the maximum, and looked for correlations between pairs of parameters.

We observed that all parameters are uncorrelated for model F124, and thus can be indepen-

dently estimated from the data (S6 Fig).

Second, we analysed the maximum-likelihood r and μ1 estimates obtained for the previ-

ously generated non-parametric bootstrap distributions, under model F124 (Fig 5). We

observed globally negative median estimates of the intrinsic growth rate r, indicating strong

selection against cells with extra centrioles. The median estimates for the single-step overpro-

duction rate μ1 were relatively low but more variable than those of the intrinsic growth rate r.
Indeed, for most cell lines, the median estimate of μ1 fell within the range of 0-0.423, with two

cell lines scoring over 0.7 (SE268 and HT19). However, the confidence intervals for both

parameters were considerably wide, spanning almost the whole parameter range in the case of

the intrinsic growth rate r, such that we could not identify significant differences between cell

lines or by tissue of origin. Thus, our results indicate a pattern of low to moderate centriole

overproduction rates and intrinsic growth rates for cells with extra centrioles.

Fig 5. Parameter estimates indicate strong selection against excess centrioles but there is considerable uncertainty in parameter estimation.

Median estimates (black dots) of r and μ1 obtained from 200 non-parametric bootstrap distributions for each empirical distribution. Lines indicate 95%

confidence intervals (0.025 to 0.975 inter-quantile distance) for the intrinsic growth rate r (blue) and the single-step overproduction rate μ1 (light

green).

https://doi.org/10.1371/journal.pcbi.1008765.g005
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Next, we addressed the accuracy and precision of our inference method. If our method is

accurate, parameter estimates from model simulations should converge to the input parame-

ter values. In addition, we expected that errors in parameter estimation should be similar

between model simulations and the ones obtained in the non-parametric bootstrap, for sam-

ples of the same size. To test this, we performed parametric bootstrapping, where we resam-

pled the expected distributions under model F124 instead of resampling the empirical

distributions as in the non-parametric bootstrap. As input values, we used the previously cal-

culated median r, μ1, μ2, and μ4 values from the 200 non-parametric bootstrap distributions

for each cell line. We assumed a sample size, i.e. number of sampled cells, equal to that

obtained in the corresponding data set and generated 200 parametric bootstrap distributions.

Then, we fitted model F124 to each parametric distribution and analysed the estimated

parameter values.

Our results show that the median parameter estimate obtained from the parametric mostly

agrees with the input value (S7 Fig), indicating that our method is accurate. Moreover, confi-

dence interval lengths were similar to those obtained from the non-parametric bootstrap dis-

tributions. For some cell lines, the errors obtained for the intrinsic growth rate r differed

between the non-parametric and parametric bootstrap distributions. This is likely due to the

lower sensitivity of the maximum likelihood values to changes in r compared to μ1 (S6 Fig).

We concluded that parameter estimation accuracy and precision are similar when data is

simulated either from the empirical or predicted distributions. Since the confidence interval

length is influenced by sample size and we did not detect systematic biases in our inference

method, it is likely that the precision of our parameter estimates mainly depended on the num-

ber of sampled cells per cell line.

Accuracy and precision of the inference method increase non-linearly with

the number of sampled cells

To provide statistical guidance for future experiments, we asked how much the precision of

the parameter estimates and accuracy of model selection could be improved by increasing the

sample size, within experimentally feasible limits. To address this question, we reasoned that

the estimated values from the median expected distribution would provide a useful test case.

We identified the median expected distribution by measuring the Euclidean distance between

the vector whose elements are the four estimated parameter values for a given bootstrap distri-

bution to the vector of the lowest possible values for each parameter (equating to [−1, 0, 0, 0]

for r, μ1, μ2, and μ4, respectively).

We used the parameter values corresponding to the median Euclidean distance as input for

model F124 and simulated 200 parametric bootstrap distributions in a range of sample sizes.

For comparison purposes, we assumed a sample size of 35 and 83, which correspond respec-

tively to the lowest and the highest number of cells obtained experimentally in our data sets. In

addition, we considered realistic sample sizes of 50, 100, 150, 200, and 250 cells. Finally, we

simulated parametric bootstrap distributions with a sample size of 1000 to analyse the proper-

ties of our inference method if larger sample sizes were attainable.

Subsequently, we fitted the three most complex models. We counted the number of times

each model maximised the log-likelihood function out of the 200 bootstrap distributions for

each simulated sample size. Note that the BIC is unnecessary because the three models have

the same number of parameters. In addition, we analysed the parameter estimates of model

F124 from the simulated distributions.

Since we performed simulations under model F124, this model should fit best most of the

bootstrap distributions. It is also trivial that errors in parameter estimation will become smaller
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for larger sample sizes. Regardless, we were interested in quantifying how often model F124

is identified as the best model and how confidence interval length varies with the number of

sampled cells.

Fig 6 shows the results for model selection from simulated data. We observed that within

the range of experimentally obtained sample sizes, model F124 is correctly identified in 81

(40.5%), 112 (56%), and 110 (55%), out of 200 parametric bootstrap distributions, for a sample

size of 35, 50, and 83 simulated cells, respectively. Model F124 is only marginally outperformed

by model L124 for a sample size of 35 (selected for 81 and 82 bootstrap distributions, respec-

tively). Nevertheless, we observed that the number of bootstrap distributions for which the

true model is selected increases to 129 (59.5%) for a sample size of 100, and to 137 for a sample

size of 250 (67.5%). For the maximum sample size tested, the true model was selected for 189

(94.5%) bootstrap distributions.

Next, we inspected how the distributions of parameter estimates vary with sample size. We

observed that the input value always falls within the confidence interval but we noted that the

median intrinsic growth rate r was consistently overestimated with respect to the input value

(Fig 6C). Nevertheless, parameter estimation was fairly accurate for higher sample sizes. We

also observed a near two-fold decrease in confidence interval length between the minimum

(35) and maximum (83) experimentally obtained sample sizes, and a further 1.55, 1.91, 2.02

and 2.01-fold decrease between the maximum experimentally obtained sample size (83) and

examples containing 100, 150, 200, and 250 simulated cells, respectively. For 1000 simulated

cells, we obtained confidence intervals with a length of 0.109, corresponding to a 2.43-fold

decrease compared to the maximum experimentally obtained sample size.

Unlike for intrinsic growth rates, we obtained extremely accurate median estimates for μ1

regardless of sample size (Fig 6D). Thus, it is possible that the overestimation of the intrinsic

growth rate r is because the estimated values lie close to the lower bound (-1), and not an

inconsistency generated by the model. We observed that the confidence interval for the single-

step overproduction rate μ1 decreased from 0.194 to 0.138 (1.41-fold decrease), for sample

sizes of 35 and 83, respectively, and further to 0.114 for a sample size of 100 (1.21-fold decrease

Fig 6. Accuracy and precision of the inference method increase non-linearly with the number of sampled cells. A—Number of bootstrap

distributions for which model F124 (red), L124 (blue), and E124 (purple) fitness functions were selected as the best in simulations of model F124 as a

function of bootstrap sample size. Input parameter values for the simulations: r = −0.940, μ1 = 0.062, μ2 = 0.096, μ4 = 0.288. B-C—Bootstrap distribution

of parameter estimates for intrinsic growth rate r (B) and single-step overproduction rate μ1 (C) as a function of bootstrap sample size. Black dots

indicate the median estimated value and the green dot indicates the input value used in the simulations.

https://doi.org/10.1371/journal.pcbi.1008765.g006
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compared to a sample size of 83) and 0.083 for a sample size of 250 (1.66-fold decrease com-

pared to a sample size of 83). For 1000 simulated cells, confidence interval lengths were as low

as 0.0412.

In conclusion, both model selection accuracy and parameter estimation precision increased

non-linearly with sample size. Importantly, we predict that increasing the number of sampled

cells within a feasible range (between 100 and 200) can greatly improve our inference power.

However, it should be stated that these results may change depending on the number of cells

with centrosome amplification. For example, if there are few abnormal cells in the population,

it is probably harder to distinguish between models. Conversely, if cells with extra centrioles

are more frequent, it is expected that models become easier to distinguish. In addition, the

range of parameter values should be taken into account to avoid estimation biases, such that

estimated values do not fall close to the bounds.

Discussion

We here combined analytical and statistical methods to characterise abnormal centriole num-

ber distributions in populations of human cell lines. Adopting classical mutation-selection

balance theory from population genetics, we developed a set of mathematical models for ana-

lysing a broad panel of cell lines, which are representative of the diversity along cancer devel-

opment and between different cancer types. Using a model selection approach, we found that

a constant and heavy cost of excess centriole numbers is a common feature of the best approxi-

mating models for the majority of cell lines. In addition, we quantified how uncertainty in the

model selection and parameter estimation procedures can be reduced by obtaining larger sam-

ple sizes in the future. We show that integrating statistical information into experimental set-

ups could reveal potential differences between cell lines in the mechanisms that cause

abnormal centriole number distributions. Importantly, our population-level approach recog-

nises and quantifies the variation in centriole numbers that has recently been observed in

experimental data.

Dynamics of centriole numbers in proliferating cell populations

To the best of our knowledge, we provide the first quantitative description of centriole number

dynamics in populations of proliferating cells. Past studies, both experimental and theoretical,

on the population-level response to supernumerary centrioles investigated how wild-type

numbers are recovered after perturbation [17, 18], and also highlighted the role of negative

selection in driving this process. These previous studies have mainly focused on distinguishing

cells with wild-type centriole/centrosome numbers from cells with abnormal numbers. Here,

we explored the full centriole number variation that has been observed in experimental studies.

We described the heterogeneity in centriole numbers per cell within and between cell popula-

tions, and we evaluated which type of underlying fitness function is most likely to generate the

observed variation within the population. Interestingly, our analysis suggests that selection

acts strongly against any number of excess centrioles in most cell lines. This means that delete-

rious effects arise as soon as excess centrioles are produced, whereas the actual number does

not seem to matter for selection, and that the shape of the distribution is determined chiefly by

the mechanism(s) of centriole overproduction.

Implications for the biology of centrosomes

Our results show that the centriole number distribution within a population carries important

biological information. First, as we argued above, we inferred a constant and heavy cost of

abnormal centriole numbers. Whereas understanding variation has long been a staple of
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evolutionary studies, it has often been overlooked in cell biology. However, on a similar sub-

ject, it has been reported that different mechanisms of organelle biosynthesis, such as de novo
assembly or fusion, display specific signatures that can be identified by relating the mean and

the variance in their distributions [32]. Thus, valuable insight can be gained from a broader

quantitative description of the data.

Second, simple models incorporating single-centriole overproduction events and a constant

fitness function (i.e. akin to the classical formulation of mutation-selection balance in popula-

tion genetics and widely explored in quasispecies models as reviewed in [33]) were sufficient

to explain the shape of the centriole distribution in a few cell lines, whereas in others a more

complex relationship between selection and overproduction improved the fitting. In the latter

case, our analysis indicates that the shape of the distribution depends more on how supernu-

merary centrioles are acquired rather than on how they are eliminated—i.e. model fits are less

sensitive to changes in intrinsic growth rates than to the mode of overproduction. This raises

the hypothesis that various cellular mechanisms might lead to overproduction whereas selec-

tion “punishes” the presence of any number of excess centrioles.

The biological processes associated with our postulated single-, double- and quadruple-step

centriole overproduction events may be entirely different. For example, overproduction of two

centrioles could occur due to centriole re-duplication after premature disengagement [34] in

wild-type cells. Quadruple overproduction could be a consequence of cytokinesis failure fol-

lowed by reduplication of all four centrioles [26].

We identified models with a flat fitness function as the best for most cell lines, suggesting

that centrosome amplification per se is deleterious, regardless of the number of extra centrioles.

Intuitively, one could expect that a higher number of centrioles would induce stronger selec-

tion because the mechanisms that eliminate cells with centrosome amplification seem to

involve some form of “counting”. For example, one of the main sources of cell death in cells

with extra centrioles is multipolar divisions [13, 14]. It is possible that it is harder for cells to

cluster extra centrioles if there are more of them. Thus, one could expect that the probability

that a cell undergoes a multipolar division increases with the number of extra centrioles. Like-

wise, it has been recently proposed that a molecular complex called the PIDDosome triggers

p53-dependent cell cycle arrest by “counting” excess mother centrioles [15]. Thus, it seems

likely that the efficacy of the PIDDosome in detecting extra centrioles should increase with the

number of extra centrioles. If the probability of multipolar divisions and PIDDosome-depen-

dent cell cycle arrest increases with the number of extra centrioles, this could imply a linearly

decreasing fitness function as the one we inferred for some cell lines. However, it is still not

clear how these or other mechanisms respond to the number of extra centrioles.

We anticipate that future experimental work will address these mechanisms in greater

detail, upon which our models can be refined to integrate mechanistic details of overproduc-

tion rather than the current general overproduction rates. That could, in turn, allow for a

more specific statistical inference of when and how centriole overproduction occurs in differ-

ent cell lines. Ideally, our modeling and inference approach will eventually link experimental

information about centriole distributions with genomic inference of cancer-line and -stage

specific molecular alterations.

Limitations of this study

The observation that cells with extra centrioles are relatively rare in the analysed data sets is a

major determinant of the uncertainty of our model selection and parameter estimation proce-

dures. However, we showed that a modest increase in the number of analysed cells can poten-

tially mitigate these issues. In addition, mapping model parameters to the biological system
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may not be trivial. Importantly, one of the aspects we simplified is how extra centrioles are

allocated to the daughter cells after mitosis, or centriole segregation. Whereas after correct cen-

triole duplication, each daughter cell inherits a single centriolar pair, it is still unclear how

extra centrioles are distributed. However, while this manuscript was in review, Sala et al.

reported that the degree of asymmetry in centriole segregation increases with the number of

extra centrioles in RPE-1 cells transiently overexpressing Plk4 [31]. Since most cells with cen-

trosome amplification in the samples we have analysed contain only a few extra centrioles, it

can be expected that centriole segregation is predominantly symmetrical. Moreover, this study

reports that extra centrioles are capable of duplication. Thus, cells should have the same num-

ber of centrioles as their mothers on average. In light of these results, we conclude that our

deterministic approximation is reasonable.

Furthermore, the fact that cells in the data sets are mitotic is convenient for the inference

of centriole overproduction and selection parameters because allowed us to eliminate con-

founding variables related to the cell cycle. First, it means that centriole number variations

along the cell cycle, which would be expected in an asynchronously dividing population, need

not be considered. Second, it allowed us to disregard differences in cell cycle progression

within and between cell lines. Altogether, characterising centriole number distributions along

cell cycle progression is an entirely different problem. From a purely theoretical standpoint, it

requires a more detailed implementation of the timing of centriole duplication and the length

of each cell cycle phase. This would be desirable in the broader context of characterising centri-

ole number distributions in proliferating cell populations but is beyond the scope of our cur-

rent analysis.

Towards unraveling the causes and consequences of centriole number

changes in cancer

Numeric aberrations of centrioles and their putative link to cancer formation have long been

described [3], although accurate quantifications of centriole numbers in tumor biopsies and

cancer-derived cell lines have emerged only recently [9–12]. To this day, the contribution of

centrosomal anomalies to cancer development remains controversial, with some studies show-

ing that higher numbers, via Plk4 overexpression, can initiate or aggravate tumorigenesis [35,

36], and others showing that it is not sufficient and may even slow down progression [37, 38].

On the other hand, extra centrioles are associated with other cancer hallmarks, such as aneu-

ploidy [14, 39] and invasion [40–42], and often correlate with a more aggressive cancer pheno-

type [3, 7]. The widespread occurrence of centriole number abnormalities in a cancer setting

makes them attractive as prospective biomarkers and as therapeutic targets [43]. Thus, under-

standing the underlying causes of these abnormalities is important for biomedical research.

Here, we adopted evolutionary theory to quantify the variation in centriole numbers within

cancer cell populations. That is because ultimately, centriole number abnormalities are highly

heterogeneous both within and between cancer cell populations. In order to predict how these

abnormalities evolve during cancer development, and how they may interweave with other

cancer hallmarks, it is crucial to have a quantitative understanding of how extra centrioles

emerge in these cells, and how the cells cope with them. For example, in the case of the Bar-

rett’s esophagus progression model, the increase in centriole numbers from the metaplasia to

the dysplasia stages can be explained by loss of p53 [9]. This can be interpreted as a reduction

in the strength of negative selection, since p53 can lead to cell-cycle arrest or cell death in the

presence of extra centrioles. If this was true, it would be interesting to quantify how strong the

decrease in selective pressure and if it is sufficient, by itself, to account for the shift in centriole

number distributions.
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We showed that, pending an increase in statistical power, our modelling framework can be

used to infer these changes and further our understanding of the relationship between extra

centriole numbers and cancer development.

Materials and methods

Experimental data

For our analysis, we considered two recently published data sets. The first data set corresponds

to 13 cell lines derived from different tissues in the Barrett’s esophagus cancer progression

model. These include pre-malignant (metaplasia and dysplasia) and malignant stages (adeno-

carcinoma and lymph node metastasis). The second data set corresponds to 53 cell lines from

the NCI-60 panel, a group of cell lines that spans multiple cancer types (leukemia, melanoma

and lung, colon, brain, ovary, breast, prostate, and kidney, cancers), as well as five non-cancer-

ous cell lines. In both cases, the data correspond to centriole number counts in mitotic cells.

Out of the 71 cell lines, four were discarded from the analysis: for three of the cell lines, we

could not compute the equilibrium expression, due to high imax); for the remaining cell line,

no cells with centrosome amplification were recorded, under which conditions the models can

be trivially solved by setting μ1, and/or μ2, and/or μ4 to zero. As previously stated, we do not

take into account any cell with less than four centrioles (which represent approximately 1.9%

of the total). Additional experimental details can be found in the corresponding publications

[9, 10].

Mathematical analysis

Eq (1) describes the rate of change in the equilibrium frequency of the subpopulation of cells

containing i centrioles. To obtain the equilibrium solution in Eq (2), we solved
dPi
dt ¼ 0 for all

i, for imax = {3, 4, 5}, using Wolfram Mathematica, and proposed a general expression for

increasing imax. Then, we verified if the expression was correct by comparing it to the steady-

state obtained from numerical integration of Eq (1), and further confirmed that the system

converges to the same equilibrium for random initial conditions (S1 Fig).

To ensure Eq (2) yields exclusively non-negative values for all i, we added the following

constraint:

mi;j > 0 ^ r0 >
Ximax

j¼0

m0;j þ ri �
Ximax

k¼i

mi;k: ð10Þ

The first term indicates that centriole overproduction rates μi,j are strictly positive, other-

wise higher centriole numbers would not be reachable. The second term indicates that the

intrinsic growth rate of wild-type cells must exceed the sum of the intrinsic growth rates of

cells with i extra centrioles and the rate at which their frequency increases as a function of cen-

triole overproduction. Breaking this constraint would lead to the depletion of cells with wild-

type centriole numbers, which is not observed in any of the data in our analysis.

Model fitting and selection

To fit the models, we first derived a general (log-)likelihood expression:

lnLðyMjpiÞ ¼
Ximax

i¼0

pi ln ðP
�

i jyMÞ ð11Þ

where θ is the tuple of parameters in model M, Pi is the equilibrium solution derived in (2), pi
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is the observed relative frequency of cells containing i centrioles, and imax indicates the sub-

population of cells harboring the maximum observed number of centrioles. For ease of com-

parison, we assumed imax to be the maximum overall number of extra centrioles per cell in

the data (30). We fitted the models by numerical maximisation of the log-likelihood function,

according to model parameters and the indicated range of values (Table 1).

The Bayesian Information Criterion (BIC) was calculated according to:

BIC ¼ ln ðnÞk � 2 ln L̂ðyMjpiÞ; ð12Þ

where L̂ is the maximum likelihood estimator for a given model, κ is the number of parame-

ters in the model and n is the sample size (number of cells observed in a given cell line). The

BIC accounts for sample size and the number of model parameters, such that more complex

models are penalised. When compared to another frequently used model selection criterion,

the Akaike Information Criterion (AIC), the added sample size penalty is useful given that the

number of sampled cells per cell line is limited. We selected the best model for each cell line by

finding the one that minimises the BIC score. We performed model fitting and selection using

Wolfram Mathematica. The results for model selection based on the empirical distributions

alone (as opposed to the bootstrap samples) were confirmed in Python to check for numerical

inconsistencies in log-likelihood values.

Bootstrapping

Non-parametric bootstrap samples were generated by drawing data points, with replacement,

from the empirical distribution for each cell line. The sample size for each bootstrap distribu-

tion was equal to the one obtained experimentally. Parametric bootstrap samples were gener-

ated by drawing, with replacement, from each predicted distribution. In other words, we fitted

the models to the empirical distributions in question to obtain an expected distribution under

the respective models, and sampled from this distribution.

Statistical analyses and data visualisation

After obtaining expected distributions under geometric and Waring-Yule models, using Wol-

fram Mathematica built-in functions, we calculated the value of the X2 statistic for each pair of

empirical and expected distributions. It should be noted that the X2 statistic has limited power

for analysing the data at hand, such that we used it only for comparative purposes.

When testing goodness-of-fit of the most complex candidate models, we first determined

the expected distribution under each of the models, for each cell line, and then performed

Monte Carlo multinomial tests between the expected distribution and the corresponding

empirical distribution. The Monte Carlo step consisted of 10,000,000 simulations under the

expected distribution. We determined (approximated) p-values based on the proportions of

Table 1. Model parameters. The indicated ranges were used as constraints when estimating parameters.

Parameter Range

r ]−1, 1[

c ]0, 2[

λ ]0, 2[

μ1 [0, 1[

μ2 [0, 1[

μ4 [0, 1[

https://doi.org/10.1371/journal.pcbi.1008765.t001
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simulations that yielded more extreme results than the data. The significance level was set to

0.05, and adjusted according to the Bonferroni correction for multiple testing (one for each of

the 67 cell lines).

All plots were produced in Wolfram Mathematica or R. Also see the supplementary code in

the accompanying repository: https://gitlab.com/madlouro/centriole-number-variability.

Supporting information

S1 Fig. The solutions of the system of ordinary differential equations converge to the

expected equilibrium value. A—Comparison between numeric integration of the general

model and the corresponding equilibrium expression (2), evaluated at the same parameter val-

ues. We assumed imax = 15 and generated pseudo-random parameter values for all ri and μi,j. B

—Comparison between numeric integration of the general model from different initial condi-

tions and the corresponding equilibrium expression. We generated a set of pseudo-random

parameter values for all ri and μi,j and initial conditions. Note that the y-axis is in log-scale.

(TIF)

S2 Fig. Cells with high number of centrioles occur frequently across all data sets. Best fit-

ting geometric distribution (blue) to the pooled distribution of centriole numbers in all sam-

pled populations. Number of sampled cells: n = 3746.

(TIF)

S3 Fig. Models in the candidate set can produce both geometric and heavy-tailed distribu-

tions. Best fitting geometric (blue) and Waring-Yule (orange) distributions to 1,000,000 simu-

lated data points (relative frequencies indicated as grey bars). A—Data simulated from model

F1- - (r = −0.3, μ1 = 0.6). B—Data simulated from model F124 (r = −0.5, μ1 = 0.2, μ2 = 0.1, μ4 =

0.1). Data points were generated by multinomial sampling from the equilibrium distributions

evaluated at the indicated parameter values. Note that the y-axis is in log-scale.

(TIF)

S4 Fig. Best fitness functions per tissue type. Models sharing the fitness function of the best

model for each cell line in the data sets. A—Barrett’s esophagus data set, grouped by develop-

mental stage. B—NCI-60 data set, grouped by tissue type (including cancer and non-cancer

cell lines). “Other” refers to an RPE cell line that was used as a control.

(TIF)

S5 Fig. Bootstrap support of the candidate models. A—Number of bootstrap distributions

(out of the 200 generated for each cell line) explained by each model. We obtained indistin-

guishable BIC scores for multiple models in 381 bootstrap distributions spread across 26 dif-

ferent cell lines (“Mult.”). C—Number of bootstrap distributions explained by models sharing

the same fitness function as the best model for each cell line. The fitness functions of the mod-

els are indicated in red (flat), blue (linear), purple (power-law), and green (multiple models).

(TIF)

S6 Fig. Model parameters are not correlated and the likelihood value shows little sensitiv-

ity to r. We fitted the model to a random empirical distribution from the analysed data sets

and calculated the likelihood values centered around the maximum as a function of pairwise

combinations of parameter values. A—r and μ1; B—r and μ2; C—r and μ4; D—μ1 and μ2; E—

μ1 and μ4; F—μ2 and μ4. Note that the scale for r is different from that of the centriole overpro-

duction parameters μ1,μ2, and μ4.

(TIF)

PLOS COMPUTATIONAL BIOLOGY Centriole number variation in cancer

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1008765 May 12, 2021 19 / 22

80



S7 Fig. Parameter estimation is accurate and estimation errors are likely due to small sam-

ple sizes. Difference between the median value of the parametric bootstrap distribution for

each parameter value and the input value for the simulated data (in black) and difference

between the confidence interval length of the non-parametric and parametric bootstrap distri-

butions (in yellow). A—r. B—μ1. C—μ2. D—μ4.

(TIF)
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20. Galofré C, Asensio E, Ubach M, Torres IM, Quintanilla I, Castells A, et al. Centrosome reduction in

newly-generated tetraploid cancer cells obtained by separase depletion. Scientific Reports. 2020; 10

(1). https://doi.org/10.1038/s41598-020-65975-1 PMID: 32499568

21. Hill W. The Mathematical Theory of Selection, Recombination and Mutation. R. Burger. vol. 79. Chich-

ester: Wiley; 2002.

22. Bettencourt-Dias M, Rodrigues-Martins A, Carpenter L, Riparbelli M, Lehmann L, Gatt MK, et al. SAK/

PLK4 is required for centriole duplication and flagella development. Current Biology. 2005; 15

(24):2199–2207. https://doi.org/10.1016/j.cub.2005.11.042 PMID: 16326102

23. Lopes CAM, Jana SC, Cunha-Ferreira I, Zitouni S, Bento I, Duarte P, et al. PLK4 trans-Autoactivation

Controls Centriole Biogenesis in Space. Developmental Cell. 2015; 35(2):222–235. https://doi.org/10.

1016/j.devcel.2015.09.020 PMID: 26481051

24. Arquint C, Sonnen KF, Stierhof YD, Nigg EA. Cell-cycle-regulated expression of STIL controls centriole

number in human cells. Journal of Cell Science. 2012; 125(5):1342–1352. https://doi.org/10.1242/jcs.

099887

25. Strnad P, Leidel S, Vinogradova T, Euteneuer U, Khodjakov A, Gönczy P. Regulated HsSAS-6 Levels
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S1 Fig.: The solutions of the system of ordinary differential equa-
tions converge to the expected equilibrium value

S2 Fig. Cells with high number of centrioles occur frequently across
all data sets.

S3 Fig. Models in the candidate set can produce both geometric and
heavy-tailed distributions.



86

S4 Fig. Best fitness functions per tissue type.

S5 Fig. Bootstrap support of the candidate models.
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S6 Fig. Model parameters are not correlated and the likelihood
value shows little sensitivity to r.
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S7 Fig. Parameter estimation is accurate and estimation errors are
likely due to small sample sizes.
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Abstract

Regulating the abundance of subcellular constituents is crucial
for proper cell and organismal physiology. Centrioles are a spe-
cial case in this regard because their copy numbers are exquisitely
controlled. In typical proliferating cells, centrioles are duplicated
once and only once per cell cycle and cells in which erroneous
centriole biogenesis occurred are duly eliminated. This is essen-
tial to ensure a variety of processes which depend on centrioles,
such as proper chromosome segregation. Deregulation of this
copy number control has been widely associated with human
disease. In particular, the occurrence of extra centrioles, or cen-
trosome amplification, causes chromosome segregation errors
and may lead to cancer development.

Several lines of evidence support the idea that centriole numbers
in cancer cell populations are at an equilibrium emerging from
the balance between centriole overproduction and selective elim-
ination of cells with centrosome amplification. We previously
showed that overproduction-selection balance can quantitatively
explain a multitude of empirical distributions of centriole num-
bers per cell. However, centriole number dynamics depend on
other processes, namely, centriole segregation at mitosis and cell
cycle progression. Uncovering these dynamics is paramount for
accurately scoring centriole number abnormalities and assessing
their consequences for cellular physiology.

In this study, we developed a novel mathematical model of
centriole number dynamics to assess how they depend on cen-
triole segregation and the cell cycle. First, we confirmed that
this model yields equilibrium distributions of centriole num-
bers per cell similar to the ones that were previously reported.
Second, we quantified how model parameters affect centriole
numbers at equilibrium and population fitness. As expected
from overproduction-selection balance, the relative frequency of
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cells with extra centrioles at equilibrium increases with the over-
production rate, whereas the fitness of the population decreases.
Opposite trends were observed for increasing selective pressure
against centrosome amplification. We observed that centriole
segregation could increase fitness when it led to the asymmet-
ric inheritance of extra centrioles, as experimentally observed,
but only if selection acted in G1. Our model suggests that these
asymmetric divisions are likelier for intermediate rates of centri-
ole overproduction. Finally, we assessed how centriole numbers
changed along the cell cycle. We observed that abnormal centri-
ole numbers in interphase can be underscored when compared
to mitosis, as commonly reported. However, our results suggest
that the extent of this underscoring depended on the cell cycle
stage at which cells with extra centrioles were eliminated. Taken
together, our work allowed for a more thorough understanding
of centriole number dynamics and their implications for human
disease.

Keywords: centrosome amplification, modelling, centriole segre-
gation, cell cycle

Introduction

How do cells regulate the copy number of their constituents?
The abundance of organelles, such as mitochondria and plastids,
depends on their rate of biogenesis, fusion, and fission. Such pro-
cesses tend to lead to a steady-state distribution of organelle copy
numbers in proliferating cell populations (Marshall, 2007, 2016;
Mukherji and O’Shea, 2014). This process can be deregulated in
diseases, such as cancer.

Centrioles represent an interesting case study in this regard.
These intricate protein complexes are the core structures of the
centrosome, the major centre for microtubule nucleation in many
eukaryotic cell types. The canonical centrosome cycle proceeds as
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follows: in G1, cells contain one centrosome with two centrioles,
which undergo a single round of duplication during S-phase.
After cell division, each daughter cell inherits a single centro-
some with a pair of centrioles (Breslow and Holland, 2019; Brito
et al., 2012; Gomes Pereira et al., 2021; Gönczy, 2015). Thus, the
steady-state distribution of centriole numbers in healthy prolif-
erating cells shows little variation - cells tend to possess two to
four centrioles depending on the cell cycle stage. Notably, this is
not true for cancer cell populations, in which centriole copy num-
ber tends to be abnormally high but extremely variable (Chan,
2011; Godinho and Pellman, 2014; Lopes et al., 2018; Marteil
et al., 2018). Deviations to the wild-type number of centrioles
generally impart a fitness cost for cells that bear them, trigger-
ing p53-dependent cell cycle arrest or multipolar cell divisions,
which usually result in cell death (Burigotto et al., 2021; Coelho
et al., 2015; Fava et al., 2017; Ganem et al., 2009; Holland et al.,
2012; Kulukian et al., 2015; Kwon et al., 2008; Levine et al., 2017;
Serçin et al., 2016; Tkach et al., 2022; Vitre et al., 2015; Wong et al.,
2015).

Notwithstanding, even these abnormal distributions of centriole
numbers per cell appear to be at equilibrium. Several studies
reported that the initial distribution of centriole numbers per
cell was recovered after transient perturbation. For instance,
transient overexpression of an essential centriole biogenesis reg-
ulator, Plk4, treatment with cytokinesis-blocking drugs followed
by their washout, or transient inhibition/degradation of Plk4,
produced short-term centriole number change which rapidly
revert to the initial state, as long as cell proliferation was not irre-
versibly halted (Baudoin et al., 2020; Galofré et al., 2020; Lambrus
et al., 2015; Sala et al., 2020; Wong et al., 2015). These reports
suggest that centriole copy number is maintained by a balance be-
tween centriole (over)production and negative selection against
cells carrying abnormal centriole numbers. Here, we refer to this
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phenomenon as overproduction-selection balance.

Previous work in our lab found that empirical distributions of
centriole numbers per cell at mitosis can be explained by quanti-
tative models of overproduction-selection balance. We inferred
generally strong selection against extra centrioles and complex
overproduction events in which multiple centrioles can be gained
in a single-step. Our results indicated that any number of extra
centrioles was equally deleterious, whereas intuitively one might
expect that a higher number of extra centrioles equals lower fit-
ness (Dias Louro et al., 2021). This raised the possibility that for
quantifying centriole number dynamics it is sufficient to consider
wild-type-like and abnormal cells.

However, our previous work made some simplifications. First, it
ignored how extra centrioles were segregated after cell division.
The data on this subject is scarce but seems to suggest that extra
centrioles are segregated randomly (Sala et al., 2020; Wang et al.,
2011). This can lead to both asymmetric and symmetric divisions,
in which daughter cells can inherit, different or identical numbers
of extra centrioles, respectively. Asymmetric divisions facilitate
chromosome segregation errors and aneuploidy (Cosenza et al.,
2017). In some cases, asymmetric divisions can result in one
daughter cell inheriting all extra centrioles present in the mother
cell, whereas the other will enter the new cell cycle with two cen-
trioles. These cells tend to be more viable compared to cells which
have inherited extra centrioles. Indeed, asymmetric divisions
were found to improve population fitness following transient
centrosome amplification caused by cytokinesis failure (Baudoin
et al., 2020). Whereas asymmetric divisions can be advantageous
for cells undergoing malignant transformation as they might fa-
cilitate the survival of aneuploid progeny, it is not known how
often they occur under random centriole segregation and if their
benefits hold under constant centriole overproduction.

Secondly, since the data set we previously analysed included
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only mitotic cells, there was no need to take centriole number
dynamics along the cell cycle into consideration. As previously
mentioned, centriole biogenesis tends to occur at a specific point
in the cell cycle. Conversely, the selective mechanisms responsi-
ble for culling cells carrying abnormal centriole numbers can act
at different time points along the cell cycle. Some mechanisms,
such as p53-dependent cell cycle arrest and cell death followed
by multipolar divisions, tend to occur in interphase. Others occur
during mitosis, such as spindle assembly checkpoint-dependent
delay of anaphase (Ganem et al., 2009; Sala et al., 2020). Thus, cen-
triole overproduction can affect the rate of cell cycle progression.
Conversely, changes to the distribution of cell cycle phases may
affect the distribution of centriole numbers per cell in the popu-
lation. This can lead to a complex interaction between centriole
overproduction and cell cycle dynamics which lacks quantitative
understanding.

Here, we extended our previous modelling approach to account
for post-mitotic centriole inheritance and centriole number changes
during the eukaryotic cell cycle. The basic structure of the model
was rooted in the traditional representation of the eukaryotic cell
cycle, consisting of four phases: G1 (gap-1), S, G2 (gap-2), and
M (mitosis). Centriole duplication and random overproduction
were assumed to occur at the transition between G1 and S. Af-
ter mitosis, each daughter cell inherited a random number of
extra centrioles. First, we confirmed that the model produced
heavy-tailed distributions as previously observed in a broad
data set. Second, we explored the consequences of biased centri-
ole segregation, yielding asymmetric divisions exclusively, and
unbiased, or random centriole segregation under constant centri-
ole overproduction. Our results indicated that biased centriole
segregation marginally improved the growth rate of simulated
populations only for extreme centriole overproduction rates. In
addition, our model predicts that the probability of extremely
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asymmetric divisions is maximised for intermediate centriole
overproduction rates. Third, we investigated the interplay be-
tween centriole overproduction and the cell cycle. We showed
that the timing of selection may lead to systematic underscor-
ing of centriole number abnormalities in interphase cells, which
requires knowledge of the underlying cell cycle-associated pro-
cesses to correct. Finally, we discuss the implications of this work
for the role of centrosome amplification in tumourigenesis and
for the use of centriole numbers as biomarkers for cancer.

A model of centriole number dynamics along
the cell cycle

We developed a new model for describing centriole number dy-
namics along the cell cycle to extend our previous formalism (Fig-
ure 3.1). Crucially, this model explicitly differentiates between
centriole biogenesis and post-mitotic inheritance. Our subject of
focus is a population of proliferating human cells growing in an
unlimited environment. Each cell is fully characterised by the
number of extra centrioles i = 0, 1, 2... it harbours and its current
cell cycle stage at time t.

Based on classical mathematical models models of the eukaryotic
cell cycle (Ritter et al., 1994; Weber et al., 2014; Yanagisawa et al.,
1985), we posit that cells can progress through G1, S, G2, and M,
at which point they divide, yielding two daughter cells in G1.
The mean residence time of each cell cycle stage is given by τG1,
τS, τG2, and τM. It can be shown that such a model eventually
yields a population undergoing exponential growth, with the
relative frequency of cells in each cell cycle stage being at an
equilibrium, for a non-zero initial population size. We assume
perfect centriole duplication, which occurs instantaneously as
cells progressed from G1 to S-phase. After cell division, each
daughter cell inherits at least two centrioles. Perfect duplication
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and segregation of wild-type centriole numbers ensures that cells
contain at least two or four centrioles depending on the stage of
the cell cycle.

We consider that centriole overproduction occurs via two concur-
rent "pathways". First, all extra centrioles present in G1 undergo
duplication as the cell transitions into S-phase. Second, we as-
sume random centriole overproduction according to a Poisson
distribution with mean/rate β - meaning that a cell produces
β extra centrioles, on average. Heretofore, β will be referred
to as the centriole overproduction rate. While β can take any
non-negative value, we consider a range of [0, 1]. In the lower
bound (β=0), cells do not produce any extra centrioles. In the
upper bound (β=1), cells produce one extra centriole on average.
For practical purposes, we assume that cells could attain at most
imax centrioles, which was necessary for analysing the models
numerically.

Concerning post-mitotic centriole inheritance, we assume that
each extra centriole was segregated randomly, with probability α.
If α = 0.5, an extra centriole can be inherited by either daughter
cell with equal probability. If α = 0 or α = 1, said extra centri-
ole would be always inherited by the same daughter cell. This
allowed us to study model dynamics under unbiased ("random",
α = 0.5) or biased centriole segregation (α = 0).

Finally, we assume that negative selection acted on cells carrying
extra centrioles, such that they experience a cell cycle delay pro-
portional to wG1, wS, wG2, and/or wM, depending on the stage at
which selection acts. These parameters are correctly interpreted
as the fraction of cells that "arrested" in the respective cell cycle
stage, in a given time-window. Alternatively, they can be inter-
preted as a proportional increase in the mean residence time at
each cell cycle stage, e.g. as wG1 increases, cells with extra centri-
oles take longer to progress through G1. Based on our previous
work, we made the simplifying assumption that selection did
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not change with the number of extra centrioles. We focus on two
extreme selection regimes (Dias Louro et al., 2021). First, we refer
to cell cycle stage-specific selection when only one of wG1, wS,
wG2 or wM has a non-zero value, i.e. cells are delayed/arrested
only in that stage. Second, we refer to cell cycle-unspecific selec-
tion when. w = wG1 = wS = wG2 = wM), i.e. selection is equally
strong in each cell cycle stage. Note that if the value of these
parameters is too low relative to the centriole overproduction
rate β, centriole number will increase indefinitely (or up to the
maximum number of extra centrioles per cell, imax. Thus, we
varied wG1, wS, wG2 and/or wM in the range [0.4, 0.9], which is
sufficient to ensure an equilibrium state.

We describe the temporal dynamics of the relative frequencies of
each sub-population in an infinitely-sized population, contain-
ing i extra centrioles, which we solved numerically. Additional
biological and mathematical information on this model can be
found in the 3 and 3 sections.
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FIGURE 3.1: Model representation. A - The human cell cycle was
assumed to comprise four distinct stages - G1, S, G2, and M (mitosis).
Cells progress through each cell cycle stage at a rate 1/τG1, 1/τS,
1/τG2, and 1/τM. When exiting mitosis, two daughter cells are pro-
duced. B - Selection against extra centrioles is envisioned as triggering
cell cycle delay/arrest. In practice, the rate of cell progression in cells
with extra centrioles is proportional to fraction the fraction of cells
with wild-type centriole numbers, equal to 1 − wG1, 1 − wS, 1 − wG2,
and 1 − wM. C - Centriole duplication is depicted as an instantaneous
and simultaneous process at the G1-S transition. We posit that all
preexisting centrioles duplicated with perfect fidelity. We include
random centriole overproduction as a Poisson process with mean
value β. D - Upon cell division, we assume that each daughter cell
inherits at least two centrioles. Extra centrioles, on the other hand,
segregate randomly as a Bernoulli trial, with probability α - i.e. they
are either inherited by one daughter cell or the other.
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Results

The model can generate heady-tailed distributions of cen-
triole numbers per cell at mitosis

A peculiar feature observed in previous experimental studies
was that the distribution of centriole numbers per cell was heavy-
tailed. Such distributions could be generated by multi-step over-
production events (Dias Louro et al., 2021). Heavy-tailed dis-
tributions are probability distributions in which extreme values
are overrepresented compared to an exponential distribution, for
continuous data, or to a geometric distribution, for discrete data.
In the context of this study, a distribution is heavy-tailed if cells
with high numbers of centrioles are more frequent than what
would be expected from a geometric distribution.

To test if this model could generate heavy-tailed distributions,
we computed equilibrium distributions of centriole numbers per
cell at mitosis and compared them to geometric distributions
(Fig. 3.2). We assumed that centriole inheritance to be unbiased
(α = 0.5) and strong, uniform, negative selection against extra
centrioles in all cell cycle stages (wG1 = wS = wG2 = wM). The
results showed that the model can, indeed, generate heavy-tailed
distributions (Fig. 3.2B and C). Moreover, these distributions
display a characteristic pattern in which even numbers of ex-
tra centrioles are likelier than the nearest odd numbers. This
pattern was previously observed in empirical data. Increasing
the centriole overproduction rate β produced a right-shift in the
equilibrium distributions, i.e. centriole number increased, on
average, but they remained heavy-tailed.

Since we previously showed that heavy-tailed distributions could
be generated by multi-step centriole overproduction events (Dias
Louro et al., 2021), we asked if duplication of all preexisting cen-
trioles was sufficient to elicit the same behaviour in this model.
To test this, we simplified the model such that only a single pair of
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centrioles could duplicate (Fig. 3.2D). Thus, extra centrioles arose
exclusively from Poisson-distributed overproduction events. In
this case, the model yielded distributions with light-tailed distri-
butions, i.e. cells with extremely high centriole numbers were
rarer than in a geometric distribution (Fig. 3.2D and E)). As be-
fore, higher values of the centriole overproduction rate, β, the
distribution was shifted to the right without affecting its tailed-
ness. We concluded that this model can generate heavy-tailed
equilibrium distributions of centriole numbers per cell when all
preexisting centrioles are allowed to duplicate, recapitulating
previous empirical observations.

Fitness and extra centriole abundance showed unexpected
dependencies on model parameters

Next, we proceeded by evaluating the sensitivity of model be-
haviour to three key parameters: the centriole overproduction
rate, β, the unspecific cell cycle delay, w, and the inheritance prob-
ability, α. We were especially interested in tracking two response
variables: the relative equilibrium frequency of extra centrioles
at mitosis, which is in indicate of the extent of centrosome ampli-
fication, and the exponential growth rate of the population, as a
proxy for fitness.

As expected, the relative frequency of mitotic cells at equilibrium
increased with the centriole overproduction rate β and tended
towards 1 (i.e. all mitotic cells containing extra centrioles, Fig.
3.3B). Concomitantly, the mean number of extra centrioles in
mitotic cells also increased at an faster rate - a consequence of
the heavy-tailedness of the distributions (Fig. S1A). However,
increasing the strength of selection (higher w) had little effect in
the relative abundance of extra centrioles in the population (Fig.
3.3B), but greatly affected their mean number (Fig. S1B). In turn,
the exponential growth rate decreased linearly with both the cen-
triole overproduction rate β and relative cell cycle delay, w (Fig.
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FIGURE 3.2: Duplication of all extra centrioles was sufficient to
generate heavy-tailed distributions of centriole numbers per cell
at mitosis. Depiction of centriole biogenesis with duplication of
all extra centrioles (A) and only wild-type centriole numbers (D).
Simulated distributions of centriole numbers per cell at mitosis (blue
bars) compared to the best fitting geometric distribution (orange
points/line) assuming low (B, E) and high rates of overproduction (C,
F). The default parameter values were w = 0.9 and α = 0.5.

3.3A). In summary, the relative frequency of extra centrioles was
especially sensitive to the rate of overproduction but selection
was inefficient in purging cells with extra centrioles from the
population. Nevertheless, selection against extra centrioles con-
siderably limited population growth and reduced mean centriole
numbers in mitotic cells at equilibrium.

As mentioned above, asymmetric divisions can improve popu-
lation fitness by allowing one daughter cell to inherit wild-type
centriole numbers. This phenomenon observed in populations
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of cells treated with a cytokinesis-blocking drug, which led to
a transiently doubling of centriole numbers in the affected cells
(Baudoin et al., 2020). However, in most experimental systems,
cells are subject to different degrees of centriole overproduction
(Lopes et al., 2015; Lopes et al., 2018; Marteil et al., 2018). There-
fore, it is pertinent to ask if asymmetric divisions can confer a
selective advantage to cells in this context. In our model, the prob-
ability of asymmetric divisions for cell survival can be modulated
by varying the inheritance probability, α. When α = 0.5, centriole
segregation is entirely random or unbiased, such that each ex-
tra centriole can be inherited by either daughter cell with equal
probability. In contrast, α = 0 or α = 1 represents completely
biased segregation, in which a single daughter cell inherits all
extra centrioles. In other words, all cell divisions are completely
asymmetrical. Values in between 0 and 0.5 (or between 0.5 and 1)
can represent as intermediate degrees of bias.

Our results showed that neither the relative frequency of mitotic
cells with extra centrioles at equilibrium nor the exponential
growth rate were nearly insensitive to α for low centriole over-
production rates (Fig. 3.3E,F). For high centriole overproduction
rates, the relative frequency of mitotic cells with extra centrioles
decreased slightly and the exponential growth rate suffered a
modest increased as centriole segregation became more biased,
i.e. when asymmetric divisions were favoured. In contrast, mean
number of extra centrioles at equilibrium decreased monotoni-
cally as α increased (Fig. S1C). These results seem to suggest that
asymmetric divisions are not an effective coping mechanism for
centrosome amplification under constant centriole overproduc-
tion, except perhaps for extreme centriole overproduction rates.
To understand this, note that we assumed that selection acted
uniformly all throughout the cell cycle. Thus, these results can
be due to the fact that asymmetric divisions can only "relieve"
G1 cells from the burden of extra centrioles, which might still
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suffer a fitness penalty if they undergo overproduction in the
subsequent S-phase.

To better understand how the timing of selection affected model
behaviour, we asked how the exponential growth rate and the
equilibrium relative frequency of extra centrioles at mitosis changed
with the parameter values when selection acted specifically on G1
(Fig. S2, S (Fig. S4), G2 (Fig. S6), and M (Fig. S8), respectively).
We observed qualitatively similar trends when we varied the
centriole overproduction rate and each of the stage-specific rela-
tive cell cycle delays - higher overproduction rates increased the
relative equilibrium frequency of mitotic cells with extra centri-
oles and decreased the exponential growth rate whereas stronger
selection reduced both. Mean centriole number also showed
similar trends compared to the unspecific selection case (Fig. S3,
Fig. S5, Fig. S7, S9). However, the results differed concerning
the inheritance probability. In particular, when selection acted
in G1, we observed that the exponential growth rate increased
when centriole segregation was more biased and the overproduc-
tion rate was high (Fig. S2E). In this case, one daughter cell was
guaranteed to escape the full effects of selection, regardless if it
acquired extra centrioles in the following S-phase. Thus, asym-
metric divisions can be beneficial for the population if selection
against centrosome amplification acts specifically in G1.

In summary, the centriole overproduction rate was the key pa-
rameter for determining the equilibrium frequencies of mitotic
centriole numbers, and their mean. Selection could effectively
decrease the rate of proliferation of cells carrying extra centrioles
but it could not eliminate them - only decrease the mean number
of extra centrioles. Strikingly, the inheritance probability, ranging
from entirely random/unbiased to biased centriole segregation,
had minimal impact on the relative frequency of extra centrioles,
mean centriole number, or fitness if selection was not specific
to any cell cycle stage. However, biased centriole segregation,
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yielding mostly asymmetric divisions could be a viable adaptive
strategy if selection acted specifically in G1. This is likely to be
the case in a variety of conditions, namely, in the presence of
active p53.

FIGURE 3.3: The exponential growth rate and degree of centriole
number anomalies depended chiefly on the overproduction rate.
Biparametric heatmaps of the exponential growth rate (A, C, E) and
relative frequency of mitotic cells with extra centrioles at equilibrium
(B, D, F) as a function of each pair of parameters. A, B - Centriole
overproduction rate versus unspecific relative cell cycle delay; C, D
- Centriole overproduction rate versus inheritance probability; E, F -
Inheritance probability versus unspecific relative cell cycle delay. The
default parameter values were β = 0.2, w = 0.9, α = 0.5.

Asymmetric divisions were more frequent for intermedi-
ate overproduction rates

The results above suggested that asymmetric divisions can be
advantageous in a specific selective regime. In addition, there is



106

data indicating that asymmetric divisions increase the frequency
of chromosome missegregation events, leading to aneuploid off-
spring (Cosenza et al., 2017. Therefore, asymmetric divisions
can potentially contribute to cancer development. Since centri-
ole segregation tends to occur randomly, we asked how likely
it is for a cell to undergo an asymmetric division in this setting.
Note that we refer to asymmetric divisions as a bipolar mitosis in
which a cell with centrosome amplification yields one daughter
cell with wild-type centriole numbers and another containing
all preexisting extra centrioles. Per this definition, a cell contain-
ing wild-type centriole numbers cannot undergo an asymmetric
division in this model.

We started by calculating the probability that a mother cell con-
taining i extra centrioles at mitosis generates a daughter cell with
wild-type centriole numbers. Under random/unbiased centriole
segregation, the probability of undergoing an asymmetric divi-
sion decreases exponentially as the number of extra centrioles
in the mother cell increases (Fig. 3.4B). This can be intuitively
understood because the more extra centrioles there are, the less
likely it is that all of them are randomly segregated into the same
daughter cell. Such a phenomenon has been experimentally ob-
served (Sala et al., 2020). Conversely, if centriole segregation is
completely biased, the probability of undergoing an asymmetric
division is equal to 1, regardless of the number of extra centrioles
(Fig. 3.4B).

Next, we calculated the relative frequency of wild-type-like
daughter cells stemming from an asymmetric division in a popu-
lation of cells at equilibrium. When the centriole overproduction
rate, β, increased the relative frequency of cells containing wild-
type centriole was maximised for some intermediate value of β.
This trend can be explained by the fact that for lower values of the
overproduction rate, there were few cells with extra centrioles in
the population. Therefore, as the overproduction rate increased,
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so too did the probability of undergoing an asymmetric division.
To understand the decrease, it should be noted that asymmet-
ric divisions were likelier for cells with low numbers of extra
centrioles (Fig. 3.4B). Thus, after a certain threshold, increasing
the overproduction rate led to cells containing, on average, a
high number of extra centrioles, which were less likely to un-
dergo an asymmetric division. Coherently, this threshold shifted
to the right as the strength of unspecific selection, w increased
(Fig. 3.4C). If selection was weaker, extra centrioles accumulated
more easily in the population, and thus, cells with low numbers
of extra centrioles were more common for low overproduction
rates. If selection was stronger, then higher overproduction rates
were necessary to increase the relative frequency of cells with
low numbers of extra centrioles.

For comparison, when centriole segregation and inheritance were
biased (α = 0, Fig. 3.4D), the relative frequency of wild-type
daughter emerging from asymmetric divisions increased with
the overproduction rate (Fig. 3.4F). Trivially, if all cells in the
population contained extra centrioles, all cell divisions would
yield one daughter with wild-type centriole numbers and another
one which inherited all extra centrioles (Fig. 3.4E). As previously
observed, selection counteracted centriole overproduction by
reducing the equilibrium frequency of cells with extra centrioles
(Fig. 3.4F).

The cell cycle profile changed even if the timing of selec-
tion was unspecific

Centrosome amplification can trigger cell cycle delay or arrest in
different stages of the cell cycle (Burigotto et al., 2021; Fava et al.,
2017; Ganem et al., 2009; Holland et al., 2012). This process can
lead to altered cell cycle profiles in proliferating cell populations.
The extent of these alterations should be proportional to the
frequency of cells with centrosome amplification. To explore this
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FIGURE 3.4: Asymmetric divisions were maximised for intermediate
rates of centriole overproduction. A - Cell division outcomes under
unbiased (random) centriole segregation. Note that cells with two
extra centrioles can generate three types of daughter cells - containing
either zero, one, or two extra centrioles. B - Probability of asymmetric
divisions under unbiased centriole segregation as a function of the
number of centrioles in the mother cell. C-Relative frequency of asym-
metric divisions as a function of the overproduction rate, assuming
weak (light red), moderate (red), and strong (dark red) unspecific
relative cell cycle delays and unbiased centriole segregation. D - Cell
division outcomes under biased centriole segregation. Note that the
mother cell can only yield a daughter cell with zero extra centrioles
and another one containing all extra centrioles. D - Probability of
asymmetric divisions under biased centriole segregation as a function
of the number of centrioles in the mother cell. E - Relative frequency of
asymmetric divisions as a function of the overproduction rate, assum-
ing weak (light red), moderate (red), and strong (dark red) unspecific
relative cell cycle delays and biased centriole segregation.

phenomenon, we asked how the underlying cell cycle dynamics
changed as a function of model parameters. We computed the
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equilibrium cell cycle profiles assuming unspecific selection and
selection acting specifically on G1, S, G2, and M and studied how
they varied with model parameters (Fig. 3.5).

When selection acted non-specifically along the cell cycle, the
relative frequencies at equilibrium of G1- and S-phase cells exhib-
ited antagonistic behaviours as the centriole overproduction rate,
β, increased (Fig. 3.5A). Initially, G1-phase cells became rarer
with increasing overproduction rates, and S-phase cells rose in
abundance. At a critical value of the overproduction rate, the
trend reversed - cells in G1 increased in frequency and cells in
S decreased. This behaviour can be understood by considering
extreme cases - if the overproduction rate is zero, all cells would
have wild-type centriole numbers. If it is high enough, nearly all
cells would have extra centrioles. When selection acts equally
across all stages, the equilibrium cell cycle profiles will be iden-
tical in these two cases. For intermediate overproduction rates,
some cells would have extra centrioles whereas others would
not. Cells with extra centrioles are instantly delayed in S-phase
as soon as overproduction occurs, leading to an accumulation of
cells in that stage. Since cell cycle delay would lead to fewer cell
divisions, G1 cells are depleted. We also observed accumulation
of S-phase cells with increasing strength of selection, i.e. stronger
cell cycle delay (Fig. 3.5B). In contrast, changing the inheritance
probability, ranging from unbiased (random) segregation to bi-
ased segregation had little effect in the equilibrium cell cycle
profile (Fig. 3.5C).

When selection against extra centrioles acted specifically at a
certain cell cycle stage, we observed that the relative frequency
of cells in the stage at which selection operated increased as a
function of the overproduction rate and the strength of selection,
and when centriole segregation was more biased (Fig. 3.5D-O).
whereas the others decreased. For instance, if selection acted
only in G1, cells tended to accumulate in that stage.
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In conclusion, increasing the rate of centriole overproduction or
the strength of selection led to shifts in the equilibrium cell cycle
profile. More specifically, the population was overrepresented in
the cell cycle stage at which selection acted, or at the stage of cen-
triole biogenesis in the case of unspecific selection. Concerning
the latter, we observed an excess of S-phase cells only for interme-
diate overproduction rates. In contrast, the equilibrium cell cycle
profile was identical when comparing populations experiencing
no centriole overproduction or extremely high centriole overpro-
duction rates. Interestingly, changing the inheritance probability
affected equilibrium cell cycle profile only when selection against
extra centrioles was stage-specific.

The timing of selection can lead to unpredictable under-
estimation of centriole number anomalies

We have established that the rate of centriole overproduction,
the strength of selection, and the timing of selection could affect
both the equilibrium distributions of centriole numbers per cell
in mitosis and the equilibrium cell cycle profile. What could be
the consequences for an interphase cell population? We were
motivated to answer this question because centriole number ab-
normalities have often been scored in non-mitotic cells, especially
in tumour biopsies (Bettencourt-Dias et al., 2011). An interphase
cell population consists of a mix of cells in G1, S, and G2 (i.e.
non-mitotic), whose precise cell cycle stage is often not known.
Since centriole biogenesis took place at the onset of S-phase in
our model, if the distribution of cell cycle stages changes, then
the distribution of extra centrioles per cell should also change.

In the absence of additional markers specific to a given cell cy-
cle stage, one can only assure that a cell containing more than
four centrioles is abnormal (Bettencourt-Dias et al., 2011). This
criterion leads to underscoring, since a G1 cell containing three
or four centrioles is abnormal too. It can be readily seen in our
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model that the relative frequency of G1 cells containing three
or four centrioles increased with the overproduction rate (Fig.
3.5A-B). This suggests that the degree of underscoring depends
on the degree of errors in centriole biogenesis.

To address this possibility systematically, we calculated the dif-
ference between equilibrium frequencies of cells with more than
four centrioles at mitosis and interphase (Fig. 3.5). For unspe-
cific selection, the underscoring of interphase cells with centriole
number anomalies increased with the strength of selection and
with moderate overproduction rates (Fig. 3.5C). For extreme
overproduction rates, the difference between mitotic and inter-
phase cells decreased because most interphase cells harboured
more than four centrioles.

These results were qualitatively similar to the case when selec-
tion acted specifically in G1. When selection acted specifically
in S-phase or G2, the difference between mitotic and interphase
cells was greater when the overproduction rate was moderate
and the relative cell cycle delay was weak to moderate but the
effect was significantly smaller than in the other cases. Inter-
estingly, if selection acted specifically in mitosis, the difference
between mitotic and interphase cells was maximal for low over-
production rates and strong selection. This is due to cells with
low numbers of extra centriole accumulating in mitosis, which
remain undetected in the ensuing stages. In the whole range of
parameter values that we studied, centriole number anomalies
were systematically underscored in interphase. Taken together,
we conclude that centriole number anomalies can be severely
underscored in interphase. To correct this underscoring, it is
necessary to know when selection against extra centrioles tends
to occur.
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FIGURE 3.5: The equilibrium cell cycle profiles changed depending
on the timing of selection Relative equilibrium frequencies of cells
in G1 (light blue), S (purple), G2 (turquoise), and M (dark blue) as
a function of the overproduction rate (A, D, G, J, M), relative cell
cycle delay (B, E, H, K, N), and inheritance probability (C, F, I, L, O).
Negative selection was assumed to affect all cell cycle stages equally
(A-C) or acted exclusively in G1 (D-F), S (G-I), G2 (J-L), or M (M-O).
The default parameter values were β = 0.2,w = 0.9 (A-C) wG1 = 0
(G-O), wS = 0 (D-F,J-O), wG2 = 0 (D-I,M-O), wM = 0 (D-L), and
α = 0.5.
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FIGURE 3.5 (previous page): The timing of selection can lead to un-
predictable underestimation of centriole number anomalies. A,
B: Histograms of centriole numbers per cell in each cell cycle stage
at equilibrium (G1 - light blue; S - blue; G2 - blue-green; M - dark
blue). The red line indicates that abnormally high centriole numbers
can only be reliably scored in interphase cells if those cells contain
more than four centrioles. The red arrow indicates G1 cells with extra
centrioles (3) that would not be scored as abnormal according to the
empirical criterion. A - Centriole overproduction rate β = 0.05. B -
Centriole overproduction rate β = 0.5. The default parameter values
were w = 0.9, α = 0.5. C-G - Biparametric heatmaps of the differ-
ence in relative frequency of mitotic cells with extra centrioles and
interphase cells with extra centrioles as a function of the overproduc-
tion rate and relative cell cycle delay assuming unspecific selection
(C, wG1 = wS = wG2 = wM), selection acting specifically in G1 (D),
selection acting specifically in S (E), selection acting specifically in G2
(F), and selection acting specifically in M (G). The default parameter
values were α = 0.5, wG1 = 0 (D, E, F), wS = 0 (C, E, F), wG2 = 0 (C,
D, F), and wM = 0 (C, D, E).
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Discussion

Here, we developed a novel mathematical model for quantifying
the effects of centriole biogenesis and centriole segregation along
the cell cycle. Our main goal was to foster a quantitative under-
standing of how multiple factors, such as the rate of centriole
overproduction and the timing of selection, could affect empir-
ical distributions of centriole numbers per cell and cell cycle
profiles at equilibrium. To this end, we sought to inspect biologi-
cally plausible scenarios based on assumptions with extensive
empirical backing. Indeed, we confirmed that our model can
recapitulate the general properties of observed distributions of
centriole numbers per cell - a stable equilibrium state and heavy
tailed distributions of centrioles numbers in mitotic cells.

Our main findings can be summarised as follows: (1) centriole
number abnormalities were particularly sensitive to the rate of
centriole overproduction, and less so to the strength of selection;
(2) asymmetric segregation of extra centrioles after mitosis can
improve fitness if selection against cells with centrosome amplifi-
cation occurs in G1; (3) the probability of asymmetric divisions is
maximised for intermediate centriole overproduction rates; (4)
cell cycle profiles at equilibrium depended on when selection
acted; (5) centriole number anomalies in interphase cells can be
underscored to different extents depending on the timing of selec-
tion. In the following, we discuss the implications of the results
for a quantitative understanding of centriole number dynamics
and their consequences.

Limitations of this model

The modelling framework here presented addressed some im-
portant simplifications of our previous approach. Namely, this
model fully encompassed centriole segregation and cell cycle dy-
namics. In addition, the focus on a population-level description
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allowed us to rely on solid parameter estimates for the rates of
cell cycle progression, centriole segregation, and selection against
extra centrioles.

As discussed above, the centriole assembly pathway is consid-
erably complex, even though to the best of our knowledge, it
revolves around a small number of molecular species (Arquint
et al., 2012; Bettencourt-Dias et al., 2005; Kleylein-Sohn et al.,
2007; Strnad et al., 2007). Thus, summing up centriole biogenesis
as random centriole overproduction together with duplication
of all extra centrioles may appear somewhat artificial, as both
processes are bound to be linked. However that may be, this
approach can be duly justified by existing data Marshall, 2007;
Sala et al., 2020). Random overproduction with each preexisting
centriole enacting a positive feedback might be a more natural
way to implement the same process, but additional data is neces-
sary to verify such an assumption. Whichever the case, we expect
that a positive feedback on centriole overproduction or explicitly
assuming duplication of all extra centrioles and random centri-
ole overproduction should yield similar results in most relevant
conditions.

Finally, our model did not consider multipolar divisions or cy-
tokinesis failure. Whereas the former might have circumstantial
importance, since most multipolar divisions tend to be lethal,
the latter might be more relevant. In fact, a significant amount
of cancers experience whole-genome duplication, which might
stem from cytokinesis failure (Lau and Poon, 2023). In the context
of our modelling approach, cytokinesis failure could produce: (1)
no changes in population size, i.e. a cell would simply transition
from M to G1; (2) a precisely determined change in centriole num-
bers, i.e. a cell in M-phase containing i extra centrioles would
give rise to a G1 cell with i extra centrioles. If cytokinesis fail-
ure is rare and confers no other selective advantage to cells, its
importance should be diminished in an exponentially growing
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population because the afflicted cells cannot expand their num-
bers. Conversely, if all cells undergo cytokinesis failure, centriole
number would change predictably depending on the rules of
centriole overproduction. It would definitely be pertinent to con-
sider what could happen if cytokinesis failure conferred either a
fitness advantage or changed the rules of centriole overproduc-
tion but the diversity of possible scenarios is so rich that it would
merit its own, separate, investigation.

Implications for cancer evolution

Whether or not extra centrioles can lead to tumourigenesis re-
mains a controversial topic in the field. The diversity of studies
and disparaging results seem to indicate that the causal link be-
tween centriole number abnormalities and cancer formation is
context-dependent at best (Coelho et al., 2015; Kulukian et al.,
2015; Levine et al., 2017; Serçin et al., 2016; Shoshani et al., 2021;
Vitre et al., 2015).

It has been proposed that low numbers of extra centrioles can be
tumourigenic whereas high numbers might be too deleterious
to allow cancer to develop (Bloomfield and Cimini, 2023; Levine
et al., 2017). However, cells with low numbers of extra centrioles
still suffer a significant fitness cost (Levine et al., 2017). Fur-
thermore, our previous work supports the idea that selection is
insensitive to the absolute number of extra centrioles (Dias Louro
et al., 2021). Instead, the most important statistic to consider
might be the relative frequency of cells carrying extra centrioles
rather than their absolute, or mean, numbers.

Whereas we observed that empirical distributions of centriole
numbers per cell at mitosis tend to be heavy-tailed, this was not
true for all analysed data sets (Dias Louro et al., 2021). With this
model, we observed light-tailed distributions when only a single
pair of centrioles was allowed to duplicate. When all preexisting
centrioles were allowed to duplicate, we obtained heavy-tailed
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distributions. Both scenarios are probably unrealistic but they
suggest that the fidelity of extra centriole duplication can control
the tailedness of the distribution. If most extra centrioles are
capable of duplication, the distributions should me more heavy-
tailed, and vice-versa if fewer extra centrioles are capable of
duplication. Experimental observations seem to indicate that
the former is likelier (Marshall, 2007; Sala et al., 2020), but these
were conducted in a limited number of systems. Based on our
model predictions, it would be interesting to test if the cell lines
in which heavy-tailed distributions were not observed duplicate
extra centrioles less efficiently than others.

There is some evidence suggesting that asymmetric segregation
of extra centrioles can improve the survival of daughter cells
inheriting wild-type centriole numbers (Baudoin et al., 2020).
Thus, asymmetric divisions could provide an elegant solution
for coping with centrosome amplification. Our model supports
this hypothesis if selection acts predominantly in G1 and the
rate of centriole overproduction is high. If these conditions are
met, cells might be under pressure to segregate centrioles asym-
metrically. If not, we predict there is no particular advantage of
predominantly asymmetric divisions over random centriole seg-
regation. Existing data on centriole segregation was obtained in
cell populations following experimental induction of centrosome
amplification (Sala et al., 2020; Wang et al., 2011). It would be
interesting to test if asymmetric divisions are more frequent in
systems where cells with high centriole numbers are naturally
observed and to precisely time when selection acts.

Furthermore, our models predict that asymmetric divisions are
likelier to occur in cells with low numbers of extra centrioles.
Asymmetric segregation of centrioles can favour chromosome
missegregation (Cosenza et al., 2017). Thus, it is possible that cells
with low numbers of extra centrioles optimise the probability of
generating viable aneuploid progeny. Taken together, our models
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seem to suggest that tumour development may be favoured
for low centriole overproduction rates - yielding few cells with
centrosome amplification, which impart a modest fitness cost
for the population, and low numbers of extra centrioles, which
promote asymmetric divisions. Indeed, live tumours and those
generated following Plk4 overexpression tend to possess a low
number of cells containing only a few extra centrioles (Levine
et al., 2017). Thus, our results are coherent with current models of
tumourigenesis initiated by centrosome amplification. However,
it should be stressed that these models are still heavily debated.

Exploring the evolutionary dynamics of extra centrioles in the
context of cancer formation was beyond the subject of this work.
Ultimately, a definitive answer for the link between extra centri-
oles and cancer remains elusive. Regardless, our work shed new
light on the conditions in which this might happen and hopefully
can provide guidance for future research.

Interpreting centriole number abnormalities in interphase

It has been long established that screening centriole number
abnormalities in interphase is subject to underscoring if the un-
derlying cell cycle phase is not known (Bettencourt-Dias et al.,
2011; Godinho and Pellman, 2014). While understanding the
sources of underscoring might appear superfluous at first, if this
underscoring was consistent, then it could be easily corrected
when analysing data. Our modelling approach suggested that
if one lacks the knowledge of when selection acts or the underly-
ing distribution of cell cycle stages, this underscoring cannot be
reliably corrected.

Scoring interphase cells does have practical advantages because
mitotic cells tend to be relatively rare. In this regard, we could
observe that, for low overproduction rates, which roughly cor-
respond to low penetrance of centrosome amplification, empir-
ically, scoring interphase cells did not lead to significant errors.



120

Thus, when screening low-abundance centriole number anoma-
lies, opting for interphase cells might be adequate. Secondly,
one might not need to know the precise stage of the cell cycle
of each analysed cell. Rather, knowing the distribution of cell
cycle stages, which can be readily attained by DNA staining and
flow cytometry might be sufficient. Both these observations need
further empirical validation.

The same can theoretically apply to tumour biopsies, although in
that respect there are additional problems. Firstly, biopsies may
section out significant portions of cells, such that centrioles might
be left out altogether (Lopes et al., 2018; Wang et al., 2019). Sec-
ondly, the biology of live tissues is considerably more complex.
In particular, exponential growth is unlikely to reflect the under-
lying proliferation dynamics - many cells may be quiescent, i.e.
non-dividing, a biopsy may include multiple cell types, the 3D
environment might affect cell division. Quantifying and properly
assessing centriole number anomalies in patient samples thus
requires correcting for these additional factors. Encouragingly,
there are examples in which these abnormalities were found to
be proportional to the ones found in representative cell lines
(Lopes et al., 2018). Overall, a more detailed understanding of
tumour cell biology might be necessary to correctly evaluate
centriole number abnormalities, which may be crucial for prog-
nosis. It would be interesting to assess how these factors could
be accounted for to improve cancer prognosis.

Methods

The model described in this paper was implemented in Python as
an individual-based stochastic model, using the package gillespy2,
and a system of ordinary differential equations, in conjunction
with the associated transition rate matrix. Numeric solutions
were obtained by simulating the individual-based model and
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integrating the system of ordinary differential equations, and
compared to the computed dominant eigenvalues/eigenvectors.
After verifying that the three implementations produced the
same results, all analyses of the paper were conducted by finding
the dominant eigenvalues and eigenvectors of the transition rate
matrix using built-in functions.

Supplementary material

Preliminary analyses

Before conducting our analyses, we addressed the limitation of
considering a finite maximum number of extra centrioles per
cell, imax. High centriole overproduction rates, β or low strength
unspecific selection, w, could, for instance generate cells with
extremely high centriole numbers. If imax was not sufficiently
high, it could generate artefacts in the distributions and lead
to erroneous interpretations of model behaviour. We generated
equilibrium distributions for extreme values of these parameters,
as well as the inheritance probability α, while varying imax. We
observed that indeed, for low values of imax (imax = 20), the
distributions looked considerably different from higher values.
However, there was little difference in the distributions for higher
values (imax = 60, 100). Thus, for all subsequent analyses, we set
the maximum number of extra centrioles per cell, imax to 100.

Detailed model formulation

To extend our previous formalism on centriole number dynamics
in proliferating cell populations, we developed a new model that
accounted for cell cycle progression and explicitly differentiated
between centriole biogenesis and inheritance of centrioles post-
mitosis.



122

Our subject of focus was a population of cycling cells growing
in an unlimited environment. We assume each cell was charac-
terised by their current cell cycle stage, and the number of extra
centrioles they harboured, at time t. As with previous modelling
efforts, we assumed that cells could progress from G1, through
to S, to G2, and M (mitosis). We assumed that centriole dupli-
cation occurred at least once and only once instantly when cells
transitioned from G1 to S and that each daughter cell inherited at
least two centrioles after mitosis. Thus, it was sufficient to track
the number of extra centrioles, i = 0, 1, 2... it contained.

To parameterise cell cycle progression, we assumed that G1, S,
and G2 and M followed exponentially-distributed waiting times
with mean τG1, τS, τG2, and τM, respectively, resulting in hypo-
exponentially/gamma-distributed generation times. Other dis-
tributions (e.g. delayed exponential) have been used to model
the waiting times of each cell cycle phase (Weber et al., 2014); we
opted for exponential distributions because they offered an easily
tractable solution which was adequately suited for our study. In
the model, a cell divided after exiting M, yielding two daughter
cells in G1. For simplification, we did not consider the possibility
of a cell undergoing a multipolar division or failing to divide.

Although centriole assembly is yet to be precisely timed, it is gen-
erally accepted that centriolar precursors accumulate near the
walls of preexisting centrioles during the G1-S transition, with
biogenesis continuing through S-phase. The process of establish-
ing a centriole assembly site and seeding of a new procentriole
typically is negligibly small when compared to the length of
the cell cycle. Therefore, we made the simplifying assumption
that centriole biogenesis occurred instantaneously and simultane-
ously when cells transitioned from G1 to S. It is widely regarded
that canonical centriole duplication occurs with extremely high
fidelity. There is some data indicating that extra centrioles can
also duplicate with comparable degrees of efficiency (Marshall,
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2007; Sala et al., 2020). Thus, we assumed that each centriole in
a G1 was at least duplicated once and only once. Overexpres-
sion of key molecules that trigger centriole assembly, such as
Plk4, STIL, and SAS-6, is sufficient to induce overproduction
of centrioles (Arquint et al., 2012; Bettencourt-Dias et al., 2005;
Kleylein-Sohn et al., 2007; Strnad et al., 2007). Although the ki-
netics of de novo centriole assembly have been recently explored
(Nabais et al., 2021, the kinetics of canonical centriole biogenesis
(i.e. in close proximity to preexisting centrioles) remain poorly
understood. As a simplifying assumption, we posited that extra
centrioles could be produced following a Poisson distribution
with mean β, which is equal to the centriole overproduction rate.
This means that each centriole biogenesis event is independent
of the previous one, implying no component limitations within
the cell/centrosome or any spatiotemporal restrictions. This as-
sumption is justified for the following reasons: first, there does
not seem to exist a limiting cytoplasmic pool for several centriole
duplication factors Drosophila embryos (Steinacker et al., n.d.).
In human cells, centrioles can reduplicate after the procentri-
ole is laser-ablated, could indirectly indicate that centrosomal
components are not limited (Uetake et al., 2007). Second, the
cell is many orders of magnitude larger than a centriole, such
that significant spatial constraints are unlikely to affect centriole
biogenesis, unless in extreme cases such as in multicilliated cells
(Mercey et al., 2019). Even in the case of what is commonly re-
ferred to as centriole overduplication, at least seven procentrioles
can emerge in a rosette-like configuration around a preexisting
one (Lopes et al., 2018); so, even local spatial constraints may
only be relevant in extreme cases of centriole overproduction.
Third, and as previously mentioned, the duration of the cell cycle
is considerably longer than the stage the cell is permissive to cen-
triole biogenesis, such that cell cycle length is unlikely to affect
centriole overproduction. Thus, in the absence of extreme rates of
centriole overproduction, Poisson-distributed centriole assembly
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events provided us with a straightforward implementation of
this process with no need for currently unverifiable assumptions
on its biophysical underpinnings. The rate at which a cell con-
taining i extra centrioles generated a cell with j extra centrioles,
assuming perfect duplication of all extra centrioles, is given by:

Bi,j =
e−ββ(j−2i)

(j − 2i)!
(3.1)

As with canonical centriole duplication, centriole segregation
in cells with wild-type centriole numbers is nearly determinis-
tic. Segregation of extra centrioles, on the other hand, has been
described as being random (Nakamura et al., 2013; Sala et al.,
2020). Indeed, it has been reported that the distribution of differ-
ences in centriole number between daughter cells as a function
of the number of centrioles in the mother cell was approximately
Poisson-distributed, i.e. each extra centriole is independently
segregated from the others (Sala et al., 2020). Based on these
observations, and since our population was sub-divided into cat-
egories with finite centriole numbers, we assumed that centriole
segregation followed a binomial distribution, such that any of
the i centrioles in the mother cell can be inherited by one of the
daughter cells with probability α.

Thus, both daughter cells will inherit i extra centrioles according
to:

Ai,j =

(
j
i

)
αi(1 − α)j−i +

(
j
i

)
(1 − α)iαj−i (3.2)

As the last component of our model, we implemented selection
against extra centrioles. Multiple studies have showed that extra
centrioles can efficiently trigger cell cycle delay during interphase
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or mitosis, cell cycle arrest, and/or apoptosis (Coelho et al., 2015;
Ganem et al., 2009; Holland et al., 2012; Kulukian et al., 2015;
Sala et al., 2020; Serçin et al., 2016; Vitre et al., 2015). Moreover,
our previous work suggested that these mechanisms may be
equally efficient regardless of the number of extra centrioles
(Dias Louro et al., 2021). We assumed that cells with i extra
centrioles experienced a cell cycle delay wG1

i , wS
i , wG2

i , and wM
i

in the corresponding cell cycle stage. We assumed that {wG1
i ,

wS
i , wG2

i , wM
i }={0,0,0,0} if i = 0 (i.e. if a cell harbours no extra

centrioles); if i > 0, {wG1
i , wS

i , wG2
i , wM

i }={wG1, wS, wG2
i ,wM

i }.

The rate of change in the population size for each sub-population,
NG1

i , NS
i ,NG2

i ,NM
i , containing a certain number of extra centrioles,

i, in either of the four cell cycle stages, can thus be approximated
by the following system of ordinary differential equations.

∂NG1
i

∂t
= ∑

j=i
Ai,j

1
τM

(1 − wM
i )NM

j (t)− 1
τG1

(1 − wG1
i )NG1

i (t)

(3.3)

∂NS
j

∂t
=

j

∑
i=0

Bi,j
1

τG1
(1 − wG1

i )NG1
i (t)− 1

τS
(1 − wS

i )NS
j (t) (3.4)

∂NG2
j

∂t
=

1
τS

(1 − wS
i )NS

i (t)−
1

τG2
(1 − wG2

j )NG2
i (t) (3.5)

∂NM
j

∂t
=

1
τG2

(1 − wG2i)NG2
i (t)− 1

τM
(1 − wM

j )NM
i (t) (3.6)

The relative frequencies of each sub-population at time t can then
be obtained by dividing their population size by the total popu-
lation size ∑i NG1

i +NS
i +NG2

i +NM
i . As previously mentioned, for

practical reasons, we assumed that a cell can contain a maximum
number of centrioles, imax.

Our model was similar to previous models of the eukaryotic
cell cycle, with the addition of an arbitrary number of centriole
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number classes. Such models cannot be solved analytically but
can be solved numerically. Notwithstanding, it can be shown
they tend asymptotically towards "balanced exponential growth",
i.e. an exponentially growing population in which the relative
abundances of cells in each cell cycle stage are at a stable equi-
librium. We were particularly interested in these conditions as
an extension of the aforementioned centriole overproduction-
selection balance. With that in mind, the exponential growth
rate and equilibrium frequencies of each sub-population could
be obtained by calculating the highest real-valued eigenvalue
and corresponding normalised eigenvector of the transition rate
matrix associated with the system of ordinary differential equa-
tions above. We performed these calculations numerically as
described in the Methods sections.

Supplementary figures

FIGURE S1: Mean equilibrium centriole number in mitotic cells
as a function of model parameters under unspecific selection. Bi-
parametric heatmaps of mean centriole numbers at equilibrium in
mitotic cells as a function of each pair of model parameters. A - Cen-
triole overproduction rate versus unspecific relative cell cycle delay;
B - Centriole overproduction rate versus inheritance probability; C -
Inheritance probability versus unspecific relative cell cycle delay. The
default parameter values were β = 0.2, w = 0.9, α = 0.5.
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FIGURE S2: Exponential growth rate and relative frequency of mi-
totic cells as a function of model parameters when selection acts
specifically in G1. Biparametric heatmaps of the exponential growth
rate (A, C, E) and relative frequency of mitotic cells with extra centri-
oles at equilibrium (B, D, F) as a function of each pair of parameters.
A, B - Centriole overproduction rate versus G1-specific relative cell
cycle delay; C, D - Centriole overproduction rate versus inheritance
probability; E, F - Inheritance probability versus G1-specific relative
cell cycle delay. The default parameter values were β = 0.2, w = 0.9,
α = 0.5.
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FIGURE S3: Mean equilibrium centriole number in mitotic cells as a
function of model parameters when selection acts specifically in G1.
Biparametric heatmaps of mean centriole numbers at equilibrium in
mitotic cells as a function of each pair of model parameters. A - Cen-
triole overproduction rate versus G1-specific relative cell cycle delay;
B - Centriole overproduction rate versus inheritance probability; C
- Inheritance probability versus G1-specific relative cell cycle delay.
The default parameter values were β = 0.2, w = 0.9, α = 0.5.
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FIGURE S4: Exponential growth rate and relative frequency of mi-
totic cells as a function of model parameters when selection acts
specifically in S. Biparametric heatmaps of the exponential growth
rate (A, C, E) and relative frequency of mitotic cells with extra centri-
oles at equilibrium (B, D, F) as a function of each pair of parameters.
A, B - Centriole overproduction rate versus S-specific relative cell
cycle delay; C, D - Centriole overproduction rate versus inheritance
probability; E, F - Inheritance probability versus S-specific relative
cell cycle delay. The default parameter values were β = 0.2, w = 0.9,
α = 0.5.
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FIGURE S5: Mean equilibrium centriole number in mitotic cells as a
function of model parameters when selection acts specifically in S.
Biparametric heatmaps of mean centriole numbers at equilibrium in
mitotic cells as a function of each pair of model parameters. A - Cen-
triole overproduction rate versus S-specific relative cell cycle delay;
B - Centriole overproduction rate versus inheritance probability; C -
Inheritance probability versus S-specific relative cell cycle delay. The
default parameter values were β = 0.2, w = 0.9, α = 0.5.
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FIGURE S6: Exponential growth rate and relative frequency of mi-
totic cells as a function of model parameters when selection acts
specifically in G2. Biparametric heatmaps of the exponential growth
rate (A, C, E) and relative frequency of mitotic cells with extra centri-
oles at equilibrium (B, D, F) as a function of each pair of parameters.
A, B - Centriole overproduction rate versus G2-specific relative cell
cycle delay; C, D - Centriole overproduction rate versus inheritance
probability; E, F - Inheritance probability versus G2-specific relative
cell cycle delay. The default parameter values were β = 0.2, w = 0.9,
α = 0.5.
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FIGURE S7: Mean equilibrium centriole number in mitotic cells as
a function of model parameters. Biparametric heatmaps of mean
centriole numbers at equilibrium in mitotic cells as a function of
model parameters when selection acts specifically in G2. A - Centriole
overproduction rate versus G2-specific relative cell cycle delay; B
- Centriole overproduction rate versus inheritance probability; C -
Inheritance probability versus G2-specific relative cell cycle delay.
The default parameter values were β = 0.2, w = 0.9, α = 0.5.
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FIGURE S8: Exponential growth rate and relative frequency of mi-
totic cells as a function of model parameters when selection acts
specifically in M. Biparametric heatmaps of the exponential growth
rate (A, C, E) and relative frequency of mitotic cells with extra centri-
oles at equilibrium (B, D, F) as a function of each pair of parameters.
A, B - Centriole overproduction rate versus M-specific relative cell
cycle delay; C, D - Centriole overproduction rate versus inheritance
probability; E, F - Inheritance probability versus M-specific relative
cell cycle delay. The default parameter values were β = 0.2, w = 0.9,
α = 0.5.
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FIGURE S9: Mean equilibrium centriole number in mitotic cells as a
function of model parameters when selection acts specifically in M.
Biparametric heatmaps of mean centriole numbers at equilibrium in
mitotic cells as a function of each pair of model parameters. A - Cen-
triole overproduction rate versus M-specific relative cell cycle delay;
B - Centriole overproduction rate versus inheritance probability; C -
Inheritance probability versus M-specific relative cell cycle delay. The
default parameter values were β = 0.2, w = 0.9, α = 0.5.
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Abstract

The population-level processes that regulate the abundance of
subcellular structures and their physiological consequences re-
main poorly understood. Centrioles are diminutive structures
that organise the centrosome in various eukaryotes. The number
of centrioles in healthy proliferating cells is usually kept constant
through a tightly regulated duplication and segregation cycle.
Centrosome amplification, or the gain of an excess number of
centrioles, tends to be negatively selected but is commonly ob-
served in cancer. It has been proposed that a modest increase
in centriole numbers can be pro-tumourigenic whereas severe
centrosome amplification is too deleterious to promote cancer
development. However, how different degrees of centrosome
amplification affect the physiology and evolution of proliferating
cells remains undisclosed.

In this study we asked how populations of non-transformed cells
respond when centriole numbers were chronically perturbed to
different extents. Making use of non-transformed breast epithe-
lial cell line where the levels of Plk4, the master regulator of
centriole biogenesis, could be manipulated in a dose-dependent
way through the addition of doxycycline, we devised a long-term
cell culturing setup to answer this question and tracked a variety
of cell physiological parameters over two months. Initially, we
observed a dose-dependent increase in the relative frequency
of cells with extra centrioles following the addition of doxycy-
cline, which steadily decreased over time. Eventually, these cell
populations approached basal levels of centrosome amplification
but the rate of decrease in the relative frequency of cells with
extra centrioles was positively correlated with doxycycline con-
centration. In addition, we found that relative fitness of these
populations increased over time and was negatively correlated
with the level of centrosome amplification. The fitness cost asso-
ciated with abnormally high centriole numbers was caused by
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slower proliferation and/or cell cycle arrest but not by increased
cell death. Plk4 mRNA levels in doxycycline-treated populations
were initially elevated before experiencing a transient decrease
and returning to the original degree of overexpression. Similarly,
the fluorescence signal intensity of centrosomal Plk4 increased
following doxycycline addition but was indistinguishable from
non-induced populations after one and two months. These re-
sults suggest a complex regulatory response that allowed cells
to adapt to chronic Plk4 overexpression by suppressing centri-
ole overproduction transcriptionally and post-transcriptionally.
Taken together, our results suggest that chronic centrosome am-
plification is countered by negative selection and by inhibition of
Plk4-mediated centriole overproduction.

Keywords: centrosome amplification, cell culture, fitness, Plk4

Introduction

Quantifying the forces that shape the abundances of subcellular
components is a fundamental problem in cell biology. Whereas
a significant body of research has delved into the biochemi-
cal underpinnings of biosynthetic control of organelle numbers
(Karsenti, 2008), how population-level processes affect the abun-
dance of cellular structures remains poorly understood. This
aspect is particularly relevant because variation in the numbers
of subcelullar structure is a source of phenotypic heterogeneity
between cells, which can be targeted by selection. In addition,
organelle copy number changes have been documented in a va-
riety of tumour types and play key roles in altering cancer cell
physiology (Vyas et al., 2016) Thus, dissecting the causes and con-
sequences of variation in the numbers of subcellular structures is
determinant for understanding cancer development.

In many proliferating cells of vertebrates and other eukaryotes,
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centrioles are the core structures of the main microtubule organis-
ing centre, the centrosome. During the G1 phase of the cell cycle,
most healthy cells contain two centrioles encased in a complex
matrix of proteins called the pericentriolar material. During S-
phase, the two original centrioles duplicate once and only once
through a biosynthetic process that is rate-limited by a small
number of key proteins, such as Plk4, STIL, and SAS-6 (Arquint
et al., 2012; Cunha-Ferreira et al., 2013; Cunha-Ferreira et al.,
2009; Lopes et al., 2015; Ohta et al., 2014; Ohta et al., 2018; Strnad
et al., 2007; Takao et al., 2019a; Takao et al., 2019b). In late G2, the
two centriole pairs, each containing a recently duplicated procen-
triole and its associated mother, separate and begin migrating
to opposite poles of the cell, generating two independent centro-
somes. During mitosis, each centrosome directs the organisation
of the mitotic spindle and facilitates equal segregation of genetic
material. Following cytokinesis, both daughter cells inherit a
single centrosome with two centrioles, thus concluding the cycle
(Breslow and Holland, 2019; Brito et al., 2012; Gomes Pereira
et al., 2021; Gönczy, 2015).

The canonical centriole duplication and segregation cycle can
be maintained by two synergistic regulatory mechanisms. First,
centriole biogenesis is tightly regulated and cells rarely generate
an "incorrect" number of centrioles. Secondly, cells with aberrant
centriole numbers are heavily counter-selected. The expansion
of cells with extra centrioles can be limited via the induction
of cell death following aneuploid multipolar or pseudo-bipolar
divisions (Kwon et al., 2008) or cell cycle arrest/delay (Fava et
al., 2017; Holland et al., 2012; Sala et al., 2020). These processes
reduce the relative growth rate of such cells in the population
and limit the propagation of numerical errors in centrioles. Thus,
regulation of biogenesis and selective elimination of cells carry-
ing centriole number anomalies allows centriole number to be
kept constant across cell divisions.
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More generally, the percentage of cells carrying centriole number
anomalies in populations of human cell lines tends to be idiosyn-
cratic (Bettencourt-Dias et al., 2011), suggesting that centriole
numbers kept at equilibrium. There are several lines of evidence
suggesting that the original distribution of centriole numbers
per cell is recovered upon transient perturbation, for example,
through induction of cytokinesis failure (Baudoin et al., 2020;
Galofré et al., 2020, overexpression of Plk4 (Sala et al., 2020), or
inactivation/degradation of Plk4 (Lambrus et al., 2015; Wong
et al., 2015), providing that the cells can continue proliferating.
Therefore, centriole numbers appear to be maintained at an equi-
librium between centriole overproduction and negative selection
against cells with extra centrioles.

A quantitative understanding of this purported overproduction-
selection balance is paramount for unravelling the still contentious
role of extra centrioles, or centrosome amplification, in cancer
development. Whether or not extra centrioles facilitate tumouri-
genesis seems to be highly context-dependent (Coelho et al.,
2015; Kulukian et al., 2015; Levine et al., 2017; Serçin et al., 2016;
Shoshani et al., 2021; Vitre et al., 2015). It has been proposed that
modest levels of (transient or chronic) Plk4 overexpression can
promote the appearance of certain cancer types whereas high
levels lead to generalised tissue anomalies without malignant
transformation (Levine et al., 2017). If this hypothesis is correct,
then one could expect that: 1) relative fitness of a population
of cells decreases as a function of the frequency of cells with
extra centrioles/mean centriole number and/or; 2) populations
exposed to a modest centriole number increase become more
cancer-like over time compared to populations with canonical
or extremely high numbers of centrioles. However, the how the
level of Plk4 overexpression and, consequently, the degree of cen-
trosome amplification in the population, affect cell physiology or
evolution was yet to be tested.
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In this study we asked how populations of non-transformed
human cells respond to different levels of chronic Plk4 overex-
pression. Making use of a breast epithelial cell line carrying
a doxycycline-inducible Plk4 transgene (Godinho et al., 2014),
we cultured cell populations in the presence of different con-
centrations of doxycycline for over two months. Cells initially
experienced centrosome amplification at different penetrances,
proportional to the dose of doxycycline. However cells with
extra centrioles gradually decreased in frequency and returned
to their original numbers. We observed that cell populations
bearing extra centrioles suffered a fitness penalty depending
on level of centrosome amplification. This fitness penalty was
caused by reduced proliferation and cell cycle delay/arrest. As
wild-type centriole numbers were recovered, cell populations
recovered their initial growth rate. In addition, we observed
continuous Plk4 overexpression, despite a transient reduction in
mRNA levels, and a decrease in centrosomal Plk4 levels. These
results suggest that centriole overproduction was suppressed by
a complex transcriptional and/or post-transcriptional regulation
of Plk4 levels. We concluded that negative selection and down-
regulation of Plk4 prevent extra centrioles from being maintained
in proliferating cell populations, the dynamics of which were
positively correlated with the initial levels of centrosome amplifi-
cation.

Results

Setup to investigate the evolution of cells with extra cen-
trioles

We were interested in addressing how cell populations respond
when centriole numbers are chronically perturbed. To answer
this question we devised a cell-culturing setup using the non-
transformed human breast cell line MCF10A-Plk4 as a model
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system (Godinho et al., 2014). Our choice was based on cer-
tain key properties of this cell line: 1) MCF10A-Plk4 allows ex-
perimental manipulation of centriole numbers via overexpres-
sion of a doxycycline-inducible Plk4 transgene; 2) the effects of
doxycycline-induced Plk4 overexpression per se can be partially
controlled by using a related cell line, MCF10A-Plk41−608, carry-
ing a truncated form of Plk4. Overexpression of the truncated
Plk4 does not affect centriole number as it lacks a critical part of
the protein required for its centrosomal localisation (Guderian
et al., 2010); 3) the effects of doxycycline treatment per se can be
controlled for by using the parental cell line of MCF10A-Plk4 and
MCF10A-Plk41−608, MCF10A-TetR, which does not contain the
target Plk4 transgene (Godinho et al., 2014).

Treating MCF10A-Plk4 with doxycycline at a concentration of 2
µg/mL for 24-72h results in approximately 70% of cells with ex-
tra centrioles at mitosis, compared to approximately 10% in non-
induced populations (Godinho et al., 2014). To test if we could
obtain populations with different initial levels of centrosome am-
plification, we grew MCF10A-Plk4 in cell culture medium supple-
mented with doxycycline at a range of concentrations from 0 to
0.1 µg/mL for 24h. We manually scored the number of centrioles
in mitotic cells by immunostaining based on the co-localisation
of two centriolar proteins, centrin and Cep135 (1A). Mitotic cells
were visually identified based on DNA staining. Analysing mi-
totic cells allowed us to more accurately estimate the degree of
centriole number abnormalities, since healthy mitotic cells are
expected to have four centrioles. Interphase cells, on the other
hand, typically harbour two to four centrioles. Thus, only in-
terphase cells with more than four centrioles can be accurately
assessed as abnormal, which leads to their underscoring.

We observed that the relative frequency of mitotic cells with ex-
tra centrioles increased in an approximately monotonic fashion
with the dose of doxycycline, eventually reaching a plateau 1B.
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Our results indicated significant differences between populations
grown with doxycycline at 0 µg/mL compared with and 0.001
or 0.1 µg/mL (relative frequency of mitotic cells with extra cen-
trioles: 0 µg/mL - 0.0786 ± 0.040; 0.001 µg/mL - 0.300 ± 0.099,
p-value=0.020849, 0.1 - the 0.633 ± 0.047, p-value=0.000264; data
were modelled using ANOVA), which we selected for further
investigation (Figure 1.

Continuous induction of MCF10A-Plk4 did not enable
chronic centrosome amplification

The cell culturing setup consisted of three cell lines, MCF10A-
Plk4,MCF10A-Plk41−608, and MCF10A-TetR), each treated with
doxycycline at 0, 0.001, 0.1 µg/mL (Figure 1D. We started by
growing populations of the three cell lines for 14 days without
doxycycline, after which they were sub-sampled and frozen -
these were considered to be the ancestral population. We per-
formed two independent experiments using this setup. At the
start of an experiment, we thawed one vial for each cell line and
seeded cells in 150 mm dishes so they could grow to a large
population size ( 20 × 106 cells). After growing the cells for four
days, each population was split into three 150 mm dishes. After
24h, we started the long term experiment by replacing the cell
culture medium with medium supplemented with doxycycline
at 0, 0.001, or 0.1 µg/mL). We passaged cells every 72h into new
150 mm dishes and added fresh cell culture medium with the
appropriate dose of doxycycline. In order to keep a constant bot-
tleneck size, we seeded 2.2x106 cells at every passage. This also
ensured that population size did not decrease drastically, thus
improving the efficiency of natural selection. Each experiment
ran until day 62 after doxycycline addition (20 passages) 1E.

First, we asked how centriole number changed over time. We
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FIGURE 1: Chronically induced MCF10A-Plk4 recovered wild-type-
like centriole numbers. A-B. Example of mitotic cells with wild-type
(A) and abnormally high centriole numbers (B). Cells were stained for
Cep135 (red), centrin (green), and DNA (blue). Scale bar is 10 nm. C -
Relative frequency of mitotic cells with more than four centrioles after
24h treatment with doxycycline at the indicated concentrations. D -
Variables in the long-term cell culturing setup. We grew each cell line
(MCF10A-TetR, MCF10A-Plk41−608 at three different concentrations
of doxycycline (0, 0.001, and 0.1 µg/mL) for 64 days. E - Long-term
cell culture setup. The ancestral population of each cell was thawed
and grown for four days, and then split. Doxycycline was added after
24h. Populations were passaged every 72h at a seeding cell number of
2.2x106 for 63 days. F-H - Relative frequency of cells with more than
four centrioles at the indicated time points after doxycycline addition
for MCF10A-TetR (F), MCF10A-Plk41−608 (G), and MCF10A-Plk4 (H).
Data points correspond to populations grown in the presence of doxy-
cycline at 0 (light grey, hollow squares), 0.001 (grey, hollow circles), or
0.1 µg/mL (black, hollow diamonds).
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hypothesised that overexpressing Plk4 with higher doses of doxy-
cycline would lead to a chronic increase in the rate of centri-
ole overproduction. Under overproduction-selection balance,
we expected that the equilibrium frequency of cells with ex-
tra centrioles and/or mean centriole number per cell would in-
crease. To test this hypothesis, we sampled each population at
specific time points and scored centriole number mitotic cells
as described above. As expected, MCF10A-TetR and MCF10A-
Plk41−608 showed little differences in relative frequency of cells
with extra centrioles or mean centriole number per cell at days
1, 31, and 64 and independently of doxycycline concentration
(Figure 1F and G, S1 and S2). In contrast, the relative frequency
of mitotic cells with extra centrioles in induced MCF10A-Plk4 in-
creased initially in a dose-dependent way but decayed exponen-
tially over time. At the final time point, the degree of centrosome
amplification in doxycycline-treated MCF10A-Plk4 populations
was similar to that of the non-induced populations (Figure 1H).
Mean centriole number decreased in similar fashion (Figure S3).

Next, we performed quantitative analysis of these these dy-
namics. If the processes leading to the disappearance of cells
with extra centrioles in MCF10A-Plk4 populations acted identi-
cally regardless of doxycycline concentration, we expected that
the relative frequency of cells with centrosome amplification
decayed at the same rate. As previously noted, for MCF10A-
TetR (0 µg/mL - 0.002867 ± 0.007527, 0.001 µg/mL - -0.008709
± 0.012636, 0.1 µg/mL - -0.008101 ± 0.016310), or MCF10A-
Plk41 − 608 (0 µg/mL - -0.007135 ± 0.015619, 0.001 µg/mL -
-0.015172 ± 0.0040690.1 µg/mL - -0.01841 ± 0.01077) the results
indicated little or no decay. However, for MCF10A-Plk4, the rate
of decay increased with doxycycline concentration (0 µg/mL -
−0.0004987± 0.0069862, 0.001 µg/mL - −0.013021± 0.002672, 0.1
µg/mL - −0.034105 ± 0.001985, Figure 1H). Thus, these dynam-
ics indicate different underlying processes in the disappearance
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of cells with extra centrioles or that the same processes acted at
different magnitudes depending on the dose of doxycycline. In
summary, our results indicated that chronic centrosome amplifi-
cation could not be maintained despite continuous induction of
Plk4 overexpression.

The disappearance of cells with extra centrioles was cor-
related with an increase in relative fitness of induced
MCF10A-Plk4 populations

For centriole overproduction-selection balance to hold, both the
overproduction rate of centrioles and the strength of negative
selection should remain constant. Since induced MCF10A-Plk4
populations seemingly recovered their initial centriole numbers,
it is that the selective pressure against cells with extra centrioles
increased over time.

To address this hypothesis, we first estimated the intrinsic growth
rate of MCF10A-TetR, MCF10A-Plk41−608 and MCF10A-Plk4 rel-
ative to the respective population growing without doxycycline.
We did not observe significant differences over time in relative
growth rate for MCF10A-TetR and MCF10A-Plk41−608 treated
with doxycycline compared to populations grown in the absence
of doxycycline (Fig 2A and B, MCF10A-TetR: 0.001 µg/mL -
0.02429± 0.01763, p-value= 0.171; 0.1 µg/mL - 0.01409± 0.01763,
p-value=0.426; MCF10A-Plk41−608: 0.001 µg/mL - 0.004093 ±
0.02087, p-value= 0.707; 0.1 µg/mL - −0.003494 ± 0.01087, p-
value=0.749,data modelled with a linear model), suggesting min-
imal effect of doxycycline and/or overexpression of the truncated
form Plk4. Conversely, MCF10A-Plk4 experienced a doxycycline-
dependent growth defect (Fig. 2C, 0.001 µg/mL - −0.02652 ±
0.02415, p-value= 0.274; 0.1 µg/mL - −0.1181 ± 0.02415, p-
value=3.08 × 10−6) in the first few passages but eventually con-
verged with non-induced populations. The recovery of wild-type-
like intrinsic growth rates in induced MCF10A-Plk4 occurred
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FIGURE 2 (previous page): MCF10A-Plk4 suffered a centriole
amplification-dependent fitness cost. A-C: Growth rate of MCF10A-
TetR (A), MCF10A-Plk41 − 608 (B), and MCF10A-Plk4 (C) at each
passage of the evolution experiment relative to the non-induced pop-
ulation for each cell line. We estimated relative growth rate by cal-
culating the natural logarithm of the difference between population
size at passaging and seeding cell number, and dividing it by the
growth rate of the population grown with doxycycline at 0 µg/mL.
Data correspond to the population grown with doxycycline at 0 (light
gray squares), 0.001 (grey circles), and 0.1 µg/mL (black diamonds).
nexperiment = 2, npassages = 20 D - Competition assay setup. In brief,
we sampled each population at days 0, 29, and 62 after doxycycline
addition and seeded 1.5x106 cells in T-25 flasks. After 18h, cells were
stained with either CellTrace CFSE or CellTrace Far Red, detached,
and mixed at 1:1 ratio. Co-cultures were then seeded and harvested
after 1-4 days and analysed using flow cytometry. E-F: Relative fit-
ness (competitive index) of MCF10A-Plk41−608 (E) and MCF10A-Plk4
(F) co-cultured with MCF10A-TetR at days 1-3, 31-33 and 64-66 af-
ter doxycycline addition. Relative fitness was calculated using the
competitive index (see 4). Data points represent co-cultured popula-
tions grown with doxycycline at 0 (squares), 0.001 (circles), and 0.1
(diamonds) µg/mL in which MCF10A-Plk41−608 or MCF10A-Plk4
were stained with either CFSE (green, hollow) or Far Red (red, cross).
G-H: Correlation between relative fitness averaged across the two
proliferation dyes and the difference (G) in relative frequencies of mi-
totic cells with more than four centrioles between MCF10A-Plk4 and
MCF10A-TetR or the difference between mean centriole numbers (H).
Relative fitness data include D1-3, D31-33, and D64-66 and centriole
number data correspond to D1, D31, and D64. The linear regression
is shown as a black line.
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concomitantly with the decrease in the relative frequency of cells
with extra centrioles.

To gain better insight into the adaptive dynamics of these popula-
tions, we performed competitive fitness assays (Fig 2D). In brief,
we sampled MCF10A-TetR, MCF10A-Plk41−608, and MCF10A-
Plk4 populations at days 0, 30, and 63 after doxycycline addition
and grew them for 24h. Afterwards, we stained the cells with
either CellTrace CFSE or CellTrace Far Red. CFSE and Far Red
are dyes that are stably incorporated by cells, which allows them
to be tracked in mono- or co-culture. We then detached and co-
cultured each MCF10A-Plk41−608 and MCF10A-Plk4 populations
with MCF10A-TetR populations grown in the same conditions. In
each pair, one of the populations was stained with CFSE and the
other one with Far Red, or vice-versa. Co-cultured populations
were then harvested at days 1-3. In addition, we seeded each
population stained with either dye in monoculture. As a proxy
for competitive fitness, we determined the relative frequency of
each CFSE/Far Red single-positive population at each time point
and calculated the competitive index (see 4). Essentially, if the
relative frequency of one sub-population increased over time we
considered it had a competitive fitness advantage over the other,
or a disadvantage if it decreased (Figures S4 and S5).

First, we asked if either combination of proliferation dyes af-
fected the outcome of competition. We found a strong correlation
in competitive fitness estimates using both dye combinations,
suggesting the choice of proliferation dye had little effect in the
results for either of cell line pairs (Figure S5A and B; MCF10A-
Plk41−608: Pearson’s r ≈ 0.55, p-value≈ 0.018, MCF10A-Plk4:
Pearson’s r ≈ 0.97, p-value≈ 1.18x10−11). Moreover, we found
good correlation between replicates (Figure S5C and D; MCF10A-
Plk41−608: Pearson’s r ≈ 0.50, p-value≈0.037, MCF10A-Plk4:
Pearson’s r ≈ 0.93, p-value≈ 1.82x10−8) and little effect of the
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initial frequency of MCF10A-Plk41−608 or MCF10A-Plk4 on rel-
ative fitness estimates (Figure S5E and F; MCF10A-Plk41−608:
β InitFreq,CFSE = -0.06±0.13, p-value ≈ 0.59; β InitFreq,FarRed=0.046±0.10,
p-value ≈ 0.65;, MCF10A-Plk4: β InitFreq,CFSE = -0.27±0.35, p-
value ≈ 0.47; β InitFreq,FarRed=-0.21±0.27, p-value≈ 0.46).

At days 1-3, 31-33, and 64-66, we inferred a slight intrinsic fit-
ness disadvantage of MCF10A-Plk4 compared to MCF10A-TetR
but not MCF10A-Plk41−608. We observed a strong negative ef-
fect of the interaction between MCF10A-Plk4 and either dose of
doxycycline at days 1-3, which diminished at days 31-33, and
was non-significant at days 64-66 (Fig. 2E and F, Table 4.2 and
4.3). These results indicated that induced MCF10A-Plk4 popu-
lations suffered an initial doxycycline-dependent fitness disad-
vantage that improved over time. Finally, we found a strong anti-
correlation between competitive fitness and relative frequency of
cells with extra centrioles at D1 of the corresponding competition
assay (Figure 2G; MCF10A-Plk41−608, Pearson’s r ≈ 0.97, p-value
≈ 1.47 × 10−11). Competitive fitness similarly correlated with
mean centriole number but the trend was less linear (Figure 2H).
Taken together, doxycycline-treated MCF10A-Plk4 populations
suffered a fitness cost proportional to the level of centrosome
amplification. However, competitive fitness and intrinsic popu-
lation growth rates increased over time, suggesting that negative
selection against extra centrioles did not play a role in repressing
chronic centrosome amplification in the evolved populations.

The fitness cost of extra centrioles depended on slower
proliferation

Having inferred a fitness cost associated with extra centrioles, we
sought to dissect its underlying causes. In general, we expected
cells to be sub-confluent for the duration of the competition assay,
such that they should have spent most of the time in exponential
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growth. Under exponential growth, fitness differences should
depend mostly on cell division and cell death rates.

To quantify the rate of cell division, we took advantage of the
chemical properties of the dyes we used to label each co-cultured
population. CellTrace CFSE and CellTrace bind covalently to
amine groups in cellular proteins. When the cell divides each
daughter inherits, on average, half of the dye molecules of its
mother. Thus, dye intensity dilutes over time at a rate which
is proportional to the rate of cell division. In other words, if
the the dye dilutes faster, more cell divisions should have taken
place. If it dilutes more slowly, cells should have proliferated
less. To determine the rate of dye decay as a proxy for the mean
cell division rate, we first calculated the average intensity of
CFSE/Far Red in mono- an co-cultured populations at days 1-3
of the competition assay. Then, we performed a linear regression
on the logarithm of mean proliferation dye intensity over time
(Figures S6 and S7).

We first asked if there was an effect of proliferation dye and
replicate on the mean dye decay rate. Our results showed good
correlation between the mean dye decay rates obtained with
CFSE or Far Red for MCF10A1−608 and MCF10A-Plk4 (Figure
S7A and B; MCF10A-Plk41−608: Pearson’s r ≈ 0.52, p-value≈
0.011, MCF10A-Plk4: Pearson’s r ≈ 0.69, p-value≈ 3.21x10−6), as
well as between replicates (Figure S7C and D; MCF10A-Plk41−608:
Pearson’s r ≈ 0.48, p-value≈ 0.028, MCF10A-Plk4: Pearson’s r
≈ 0.77, p-value≈ 3.32x10−8). In addition, we asked if there was a
difference between mono- and co-cultures and found and either
no correlation or good correlation between culture conditions
(Figure S7G and H; MCF10A-Plk41−608 (CFSE): Pearson’s r ≈
0.29, p-value≈ 0.72; MCF10A-Plk41−608 (Far Red): Pearson’s r
≈ 0.17, p-value≈ 0.51, MCF10A-Plk4 (CFSE): Pearson’s r ≈ 0.85,
p-value≈ 6.98x10−6; MCF10A-Plk4 (Far Red): Pearson’s r ≈ 0.75,
p-value≈ 3.8x10−4). The lack of correlation between culture
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FIGURE 3: The fitness penalty of induced MCF10A-Plk4 was caused
by slower proliferation. A-B: Relative dye decay rate (proxy for cell
division rate) of MCF10A-Plk41−608 (A) and MCF10A-Plk4 stained
with CFSE (green) or Far Red (red) and co-cultured with MCF10A-
TetR (B) in medium with 0 (squares), 0.001, and 0.1 µg/mL of doxy-
cycline. Relative dye decay rate was estimated by fitting a linear
model to the logarithm of the average dye intensity at D1-3 of the
competition assay. Data correspond to two independent experiments.
C-E - Cell cycle profiles of monocultured MCF10A-TetR (C), MCF10A-
Plk41−608 (D), and MCF10A-PLK4 (E) at the indicated time points.
The relative frequency of cells in each cell cycle phase (G1 - light blue;
S - blue; G2/M - dark blue) was obtained by flow cytometry and
manual gating of cells stained with Hoechst 33342. Data correspond
to two independent experiments. F-G: Correlation between relative
fitness and relative dye decay rate for MCF10A-Plk41−608 (G) and
MCF10A-Plk4 (G). Regression lines were obtained by fitting linear
models to population labelled with CFSE (green) or Far Red (red).
H-I: Correlation between relative fitness and the relative frequency
of G1-gated cells for MCF10A-Plk41−608 (G) and MCF10A-Plk4 (H).
Regression lines were obtained by fitting linear models to population
labelled with CFSE (green) or Far Red (red). Data indicate mono- and
co-cultured populations grown with doxycycline at 0 (squares), 0.001
(circles), and 0.1 (diamonds) µg/mL in which MCF10A-Plk41−608 or
MCF10A-Plk4 were stained with either CFSE (green, hollow) or Far
Red (red, cross)

. Data correspond to two independent experiments.
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conditions for MCF10A-Plk41−608 is probably due to the limited
range of variation in mean dye decay rates. Finally, we found
no significant effect of the initial frequency of MCF10Aˆ1 − 608
and MCF10A-Plk4 on mean dye decay rate estimates (Figure
S7E and F; MCF10A-Plk41−608 (CFSE): β InitFreq,CFSE=-0.21 ± 0.16,
p-value≈ 0.19; MCF10A-Plk41−608 (Far Red): β InitFreq,FarRed=-0.18
± 0.13,p-value ≈ 0.19, MCF10A-Plk4 (CFSE): β InitFreq,CFSE=-0.17
± 0.14,p-value ≈ 0.24).

The results wd obtained followed a similar trend to those of
relative fitness. In quantitative terms, we did not observe an
effect of cell line when comparing MCF10A-Plk4 with MCF10A-
Plk41−608, or any dose of doxycycline, but we observed an ef-
fect of the interaction between MCF10A-Plk4 and both doses
of doxycycline at days 1-3 after doxycycline addition; we did
not observe an effect at days 31-33 and days 64-66 (Figure 3A
and B and Table 4.4 and 4.5). The observed relative fitness dif-
ferences at days 31-33 and lack thereof in mean dye decay rate
are probably to differences in sensitivity in measuring either pa-
rameter. Indeed, we observed either no correlation or a positive
correlation for MCF10A-Plk41−608 (4F; Pearson’s r (CFSE) = 0.28,
p-value=0.25; Pearson’s r (Far Red)=0.67,p-value=0.0022) but a
significant linear correlation between mean dye decay rate and
relative fitness for MCF10A-Plk4 3G; Pearson’s r (CFSE) = 0.82, p-
value=2.61x105; Pearson’s r (Far Red) = 0.89, p-value=6.88x10−7).
These results suggested that the observed fitness cost could be at
least partly explained by slower proliferation.

We hypothesised that this proliferation deficit could be due to a
delay in the cell cycle. To test this, we stained each population
with Hoechst 33342. It allowed us to monitor the state of the cell
cycle because its fluorescence intensity increases linearly with
DNA concentration. For MCF10A-TetR and MCF10A-Plk41−608

there was little difference in the cell cycle profile depending on
doxycycline concentration, dye (CFSE or Far Red) and culture
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condition, at days 3, 33, and 66 after doxycycline addition (Figure
3C and D). Conversely, for MCF10A-Plk4, we observed a relative
increase in the frequency of G1 cells, with increasing doxycy-
cline concentration at day 3. This trend disappeared at day 33
and day 63 after doxycycline addition (Figure 3E). Finally, we ob-
served that the relative frequency of cells in G1 was not correlated
or showed a slight negative correlation with mean dye decay
rate for MCF10A-Plk41 − 608 (3F; Pearson’s r (CFSE) = 0.28, p-
value=0.25; Pearson’s r (Far Red)=0.67,p-value=0.0022), but anti-
correlated for MCF10A-Plk4 (3G; Pearson’s r (CFSE) = -0.70, p-
value=2.04x10−6; Pearson’s r (Far Red) = -0.54, p-value=0.00077).
Taken together, these data indicated that the proliferation disad-
vantage of induced MCF10A-Plk4 populations was due to cell
cycle delay/arrest.

To assess if there were gross differences in cell death rates, we
performed an additional staining with propidium iodide (PI).
Cells labelled with PI in our competition assay were dead or
dying. We found no gross differences in the mean percentage of
PI-negative cells across days 1-3 of the competition assay between
cell line, doxycycline concentration, CFSE or Far Red staining, or
culture conditions at each time point (Figures S8 and S9). Since
we did not collect the growth medium of the populations during
the competition assay, it is possible that part of the dead cell
population that detached from the cell culture plate was lost,
such that our assay likely underestimated the effects of cell death.
Notwithstanding, our results indicated that a strong effect of
extra centrioles on cell death was unlikely.

In conclusion, the fitness deficit induced by extra centrioles was
correlated with slower proliferation and cell cycle delay or ar-
rest. The observed increase in both relative intrinsic growth
rates and relative fitness over time support adaptation to chronic
Plk4 overexpression via the reduction of centrosome amplifica-
tion in induced MCF10A-Plk4 populations. Ultimately, the data
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suggest that the decrease in the relative frequency of cells with
extra centrioles in these populations could not be explained by
an increasing selective pressure against cells with centrosome
amplification.

Plk4 was overexpressed over time but was eventually
depleted from the centrosome in induced MCF10A-Plk4
populations

Since the results suggest that induced MCF10A-Plk4 popula-
tions adapted to doxycycline addition, we hypothesised that a
decrease in the rate of centriole overproduction could explain the
decrease in the relative frequency of cells with extra centrioles.
Centriole overproduction could be inhibited by transcriptional
down-regulation of the exogenous or endogenous Plk4 genes. Al-
ternatively, it is possible that cells lacking the overexpression sys-
tem could have been present at the beginning of the experiment
at low frequencies. To address these possibilities, we quantified
relative Plk4 mRNA levels at different time points by quantita-
tive PCR, using specific primers for the exogenous and endoge-
nous transcripts. We observed that the relative mRNA levels of
endogenous Plk4 were relatively constant over time in MCF10A-
TetR, MCF10A-Plk41 − 608, and MCF10A-Plk4, regardless of
doxycycline concentration (Figure 4A). In contrast, the levels of
exogenous Plk4 increased with doxycycline concentration at each
time point in MCF10A-Plk41 − 608 and MCF10A-Plk4 (MCF10A-
Plk41 − 608: 0.001 - 1.302358 ± 0.332829, p-value= 0.00242; 0.1 -
2.065466 ± 0.332829, p-value= 6.66 × 10−5; MCF10A-Plk4: 0.001
- 0.22453 ± 0.57398, p-value= 0.70387; 0.1 - 2.26653 ± 0.57398,
p-value= 0.00274, linear model with doxycycline concentration
and day as predictors) Figures 4B and C). Note that MCF10A-
TetR lacks the exogenous transgene. On average, we observed
a transient reduction in the abundance of exogenous Plk4 tran-
scripts at days 16 and 31 in MCF10A-Plk4 compared to the other
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FIGURE 4: Centrosomal Plk4 levels in evolved MCF10A-Plk4 were
reduced despite elevated mRNA levels. A-B - Exogenous Plk4
mRNA levels in MCF10A-Plk41−608 (A) and MCF10A-Plk4, measured
by qPCR (B). Note that MCF10A-TetR lacks the Plk4 transgene. C-
E - Endogenous Plk4 mRNA levels in MCF10A-TetR (C), MCF10A-
Plk41−608 (D), and MCF10A-Plk4, measured by qPCR. Data refer to
populations grown with doxycycline at 0 (squares), 0.001 (circles), and
0.1 (diamonds) µg/mL of the indicated cell line and at the indicated
time point. F - Representative image of Plk4 staining. Centrioles were
scored based on Cep135 (magenta) and centrin (green) co-localisation.
DNA was labelled with Hoechst 33342 (grey). Plk4 foci were identi-
fied using automated thresholding and quantified if they co-localised
with Cep135/Centrin foci (see Methods). Scale bar is 10 µm. Insets
show Cep135 (top), centrin (middle), and Plk4 (bottom) staining. G -
Quantification of mean centrosomal Plk4 per cell in MCF10A-Plk4 at
D1, D31, and D64. 21-100 cells were scored in one experiment.

.
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time points, despite considerable variation within experiments.
In MCF10A-Plk41 − 608, this trend was less pronounced and
there was less variation between experiments. Nevertheless, ex-
ogenous Plk4 was overexpressed in induced MCF10A-Plk4 at
days 46 and 64. We observed similar results using a different set
of primers specific for exogenous Plk4, as well as primers that
recognise both the exogenous and endogenous transcripts (Fig.
S10). Therefore, transcriptional silencing of Plk4 or expansion
of cells lacking the overexpression system could not explain the
steady decrease in the penetrance of centrosome amplification in
induced MCF10A-Plk4 populations. Further data is required to
assess if the reduction in the levels of Plk4 overexpression at days
16 and 31 could have lowered the rate of centriole overproduc-
tion rate at those time points. Next, we asked if the expression
of other key centriolar genes could have been affected over time
in induced MCF10A-Plk4 populations. As mentioned above,
centriole numbers are sensitive to the levels of STIL and SAS-6
(Arquint et al., 2012; Strnad et al., 2007). However, we found no
striking differences in the expression of either gene over time,
regardless of cell line or doxycycline concentration (Fig. S11.

Having discarded down-regulation of Plk4 mRNA as a possible
mechanism for suppressing chronic centrosome amplification,
we asked if Plk4 was affected at the protein level. Plk4 is known
to localise to the vicinity of mother centrioles, at their proximal
end, during the G1-S transition. This event is required to trigger
centriole biogenesis (Bettencourt-Dias et al., 2005; Kleylein-Sohn
et al., 2007). To test this, we thawed MCF10A-Plk4 cell popu-
lations from different time points and stained for Plk4 in order
to assess its centrosomal location. Bona fide centrioles and the
centrosome were identified by Cep135 and centrin staining as
described abova. We observed that Plk4 formed foci in the centro-
some that co-localised more closely with Cep135, coherent with
its described position at the proximal end of centrioles (Figure
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4F). We manually scored these centrosomal foci and obtained a
readout of centrosomal Plk4 levels by summing over all such foci
in the cell. Due to technical issues concerning the microscope,
we could only obtain measurements of Plk4 signal intensity for
one of the replicates of the long-term cell culturing setup so the
following results are preliminary. In MCF10A-Plk4 populations,
the mean intensity of centrosomal Plk4 increased with doxycy-
cline concentration after 24h of induction, as expected (Fig. 4F,
0.001 µg/mL vs. 0 µg/mL: adjusted p-value≈ 1, 0.1 µg/mL
vs. 0 µg/mL: adjusted p-value= 1.398335 × 10−4, Dunn′s test).
However, this effect diminished at day 31 and we observed no
significant differences between induced and non-induced popu-
lations at day 64 (0.001 µg/mL vs. 0 µg/mL: adjusted p-value≈
1, 0.1 µg/mL vs. 0 µg/mL: adjusted p-value= 3.038647 × 10−2,
Dunn′s test) and 64 (0.001 µg/mL vs. 0 µg/mL: adjusted p-
value= 1.315159 × 10−2, 0.1 µg/mL vs. 0 µg/mL: adjusted p-
value= 1.604683 × 10−1, Dunn′s test), consistent with the de-
crease in the degree of centrosome amplification. These results
suggest that post-transcriptional down-regulation of Plk4 or im-
paired centrosomal recruitment was responsible for preventing
chronic centrosome amplification. However, the low sample
sizes prevent us from drawing definitive conclusions. In the
future, it will be important to repeat this experiment to confirm
these results, as well as quantify Plk4 intensity in MCF10A-TetR
and MCF10A-Plk41−608 over time as additional controls.

Discussion

With this study, we provided the first systematic assessment of
different degrees of chronic perturbation to centriole overproduction-
selection balance. Whereas others have reported the effects of
chronic Plk4 overexpression at an organismal level (Coelho et al.,
2015; Kulukian et al., 2015; Levine et al., 2017; Vitre et al., 2015),
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centriole number dynamics and the temporal response to differ-
ent levels of expression had been sparsely described. To the best
of our knowledge, this work is the first example where several
cell physiological parameters relative to the level of centrosome
amplification were accurately tracked over an extensive period of
time. We found that cell populations continuously overexpress-
ing a Plk4 transgene at different levels returned to wild-type-like
centriole numbers. Moreover, the rate at which cells carrying
extra centrioles disappeared from the population increased with
the exposure to higher levels of Plk4. Our results indicated that
fitness of cell populations decreased as the relative frequency
of cells with extra centrioles rose. This fitness cost could be ex-
plained by decreased proliferation due to a cell cycle delay/arrest.
We observed no overt increase in cell death in induced MCF10A-
Plk4. In addition, we observed an increase in relative fitness as
extra centrioles disappeared. At the end of the long-term cell
culture experiment, Plk4 mRNA levels remained elevated in a
doxycycline-dependent way. However, we observed a reduction
in levels of centrosomal Plk4. Overall, our data support a role for
negative selection in limiting the expansion of cells carrying extra
centrioles, but chronic centrosome amplification under chronic
Plk4 overexpression was likely abolished by post-transcriptional
regulation of Plk4 levels/activity or compromised centrosomal
recruitment.

Considerations of this study

The number of variables combinatorial design, and duration
of the experimental evolution setup, as the maintenance of a
large population size in order to maximise the effect of selection,
deemed that each experiment was a significant investment of
time and resources, which limited our ability to scale up this
project and perform additional replicates. However, both experi-
ments yielded qualitatively identical and quantitatively similar
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results. Moreover, we observed identical trends for different
doses of doxycycline, which further strengthen our conclusions.
It should also be emphasised that each long-term experiment
was carried out independently. Since we did not evolve replicate
populations, our results should not be interpreted in the context
of parallel evolution, and we cannot draw any conclusions about
the causes of specific evolutionary trajectories.

Concerning the generality of our results, it is pertinent to note
that different tissue types show widely variable responses to
the presence of extra centrioles (Coelho et al., 2015; Kulukian
et al., 2015; Levine et al., 2017; Serçin et al., 2016; Shoshani et
al., 2021; Vitre et al., 2015). Although there are few examples
that can be compared to this study, Vitre et al. (Vitre et al., 2015)
generated a cell line where Plk4 can be constitutively overex-
pressed following Ad Cre infection. The authors observed that
the relative frequency of cells with extra centrioles stabilised
and persisted around 40% for one month. The same study re-
ports another inducible cell line in which the level of centrosome
amplification decreased after induction of Plk4 overexpression.
Along these lines, Levine et al. (Levine et al., 2017) observed
continuously decreasing levels of centrosome amplification upon
chronic doxycycline-mediated induction of Plk4 overexpression
in mouse embryionic fibroblasts. Indeed, the relative frequency
of interphase cells with extra centrioles decreased over 14 days.
These results indicate that different cell types may respond dif-
ferently to chronic Plk4 overexpression. It will be important to
repeat these experiments using different model systems and ex-
perimental conditions to better understand in which contexts
centriole overproduction-selection balance can be stably altered
or not. In particular, it will be important to quantify centriole
number dynamics upon continuous overexpression of other key
centriole biogenesis regulators, such as STIL or SAS-6.
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Regarding the competition assays, there are some technical as-
pects that should be considered when interpreting their results.
Since MCF10A-Plk4 is an adherent cell line, we seeded replicate
populations to be harvested at each day of the assay rather than
sampling the same population at different time points. Moreover,
for technical reasons related to viability/cell cycle staining and
sample size during data acquisition, we seeded each replicate
population such that they reached the same approximate con-
fluence at the time of harvest. Thus, the seeding density was
adjusted accordingly for each day of harvest. It is possible part
of the effect on the estimated relative fitness and dye decay rate
(as a proxy for the cell division) may be due to the different seed-
ing densities. Nevertheless, relative fitness values did not differ
greatly when using data from different time points, suggesting
our results are robust to this factor. Moreover, relative fitness
estimates generally agreed with the intrinsic growth rate esti-
mates obtained from population sizes at passaging (where the
seeding density is kept constant). Notwithstanding, it should be
noted that the underlying fitness and proliferation dynamics in
the competition assay be more complex. For this reason, we also
refrained from estimating population doubling times based on
proliferation dye dilution.

Implications for centriole number dynamics and regula-
tion of Plk4 abundance

Previous reports suggested that chronic centrosome amplifica-
tion could not be maintained in vivo or in vitro under chronic
Plk4 overexpression in the presence of an intact p53 pathway
(Vitre et al., 2015). However, a modest level of Plk4 overexpres-
sion might facilitate chronic centrosome amplification in vivo
but possibly not in vitro (Levine et al., 2017). By systematically
comparing modest and severe Plk4 overexpression scenarios, our
data showed that MCF10A-Plk4 populations reverted to basal
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levels of centrosome amplification in either case. Therefore, in
vitro, low levels of Plk4 overexpression did not allow for sus-
tained centrosome amplification.

Furthermore, our results seemingly contradict the general pre-
dictions of centriole overproduction-selection balance. This hy-
pothesis posits that the distribution of centriole numbers per
cell will tend towards a stable equilibrium if the rate of centri-
ole overproduction and the selective pressure of cells with extra
centrioles balance each other out (Dias Louro et al., 2021a). Ac-
cording to our results, it is likely that induced MCF10A-Plk4
experienced a decrease in the centriole overproduction rate over
time, which drove the population to the original equilibrium. We
were unable to pinpoint the source of this decrease but it may
depend transiently on transcriptional silencing of the exogenous
Plk4 promoter, as suggested by the reduction in mRNA levels at
days 16 and 31, and some form of post-transcriptional regulation
which leads to the degradation of Plk4, inhibits its kinase activity,
or impairs its centrosomal recruitment. For instance, Plk4 can
target itself for degradation via the SCF-Slimb E3 ubiquitin ligase
complex (Cunha-Ferreira et al., 2013; Cunha-Ferreira et al., 2009;
Guderian et al., 2010) and may also regulate the abundances of
other key centriolar proteins (Puklowski et al., 2011) but, theo-
retically, either of these mechanisms could be possible. Such a
phenotype could have been established via a negative feedback
loop triggered by Plk4 overexpression or centrosome amplifica-
tion, or it might have been present in the ancestral population,
since it is polyclonal, having risen in frequency due to being
favoured by selection. The fact that relative fitness estimates
predict a faster decrease in the level of centrosome amplification
than what was observed support the idea that the decrease in
the relative frequency of cells with extra centrioles was caused
by a physiological response rather than "resistant" cells rising
in frequency. Irrespective of this, our results indicate that the
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doxycycline-treated populations suffered a decrease in the centri-
ole overproduction rate, thus preventing centriole numbers from
attaining a different equilibrium. Quantification of Plk4 levels at
the cytosol may help narrowing down where regulation may be
occurring and mRNA sequencing at different could allow us to
discern if there were changes in the expression levels of known
regulators of Plk4 stability.

These mechanisms can potentially explain the difference in dy-
namics between modest and severe Plk4 overexpression. If the
reduction in the relative frequency of cells with extra centrioles
was due to a negative feedback loop triggered by Plk4 overexpres-
sion or centrosome amplification itself, then a higher frequency
of cells carrying extra centrioles should more efficiently inhibit
further centriole overproduction in the population. Likewise, if
the ancestral population consisted of cells capable of generating
extra centrioles and cells insensitive to centrosome amplification,
then the latter should sweep through more rapidly if a higher
fraction of the former do produce excess centrioles. This can be
justified by the observation that relative fitness decreases linearly
with the degree of centrosome amplification. In the future, it will
be important to tease apart these two mechanisms. Mathematical
modelling may offer a straightforward approach to test which
one best explains the data.

Another important aspect to consider for the dynamics of chronic
centrosome amplification is p53 activity. In cultured cell lines,
there is broad evidence that p53 is stabilised upon Plk4 overex-
pression (Fava et al., 2017; Holland et al., 2012; Levine et al., 2017),
including in MCF10A-Plk4 (Godinho et al., 2014). Knocking out
or inhibiting p53 is known to rescue the associated proliferation
defects and can allow extra centrioles to be maintained or, at
least, delay their disappearance. This is also true in some tissues
in vivo (Coelho et al., 2015; Kulukian et al., 2015; Vitre et al., 2015).
It has also been suggested that p53 may regulate Plk4 expression
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directly or indirectly (Holland et al., 2012; Vitre et al., 2015. Thus,
p53 activation could, in principle, account for both the initial
proliferation deficit in doxycycline-treated populations and for
suppression of centriole overproduction. While we expect p53
to be stabilised as an initial response to Plk4 overexpression, it
was probably not be responsible for inhibiting of centrosome
amplification over longer time scales because population growth
rates returned to basal levels and p53 activation should lead to
cell cycle arrest (Fava et al., 2017; Holland et al., 2012). Nev-
ertheless, it will be important to tease apart the relationship of
p53 and extra centrioles or Plk4 overexpression in doxycycline-
treated populations and test if and when it was active during the
experiments.

Perspectives on cancer evolution

The causes of centrosome amplification in live tumours remain
obscure. Whereas Plk4, STIL, and SAS-6, as well as other genes
associated with centriole numbers are commonly found be over-
expressed in cancer (Arquint and Nigg, 2016), most mechanisms
responsible for regulating their abundances operate at the protein
level (Arquint et al., 2012; Cunha-Ferreira et al., 2013; Cunha-
Ferreira et al., 2009; Guderian et al., 2010; Puklowski et al., 2011;
Strnad et al., 2007). Thus, their expression levels may not nec-
essarily be predictive of centrosome amplification. Our results
support this idea because centriole overproduction was abro-
gated despite abnormally high Plk4 expression levels.

Regardless of their source, extra centrioles must arise and persist
in the population in order to have a role in cancer evolution. The
strength of negative selection against cells with centrosome am-
plification should be a critical parameter in determining whether
or not this should occur. If selection is strong, any cell carrying
extra centrioles should be efficiently eliminated. Although we
estimated a heavy fitness penalty associated with extra centrioles,
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cell populations were able to avoid extinction even under severe
Plk4 overexpression and in the absence of further alterations
which could allow them to cope with centrosome amplification.

In this regard, it is also important to consider how selection re-
lates to number of extra centrioles or to penetrance of cells with
centrosome amplification. It was previously proposed that low
number of extra centrioles may be pro-tumourigenic whereas
high numbers are too deleterious and may suppress cancer de-
velopment (Levine et al., 2017). Indeed, mice overexpressing
Plk4 at modest levels developed tumours containing a small frac-
tion of cells with low numbers of extra centrioles. However, in
vitro mouse embryonic fibroblasts carrying the same construct
suffered a significant proliferation deficit. Despite bearing low
numbers of extra centrioles, cells with centrosome amplification
reached high frequencies in these populations. In agreement,
our results suggest that the relative frequency of cells with extra
centrioles was a better predictor of fitness than mean centriole
number. In other words, our data indicates that populations
containing few cells with centrosome amplification are fitter than
populations where cells with centrosome amplification are more
prevalent.

The relevance of this result lies in the fact that centriole overpro-
duction tends to occur stochastically (Dias Louro et al., 2021b;
Lopes et al., 2015). For example, inducing Plk4 overexpression in
an isogenic population can yield cells with a random number of
extra centrioles or even cells without centrosome amplification.
Suppose that a mutation leading to a slight increase in the rate of
centriole overproduction arises at some point in a pre-malignant
tissue. For an individual cell, such a mutation might not even
be costly if it does not induce errors in centriole biogenesis. For
the whole population, the fitness cost said mutation could im-
part might be negligible. Neutral processes could then drive
the mutation to fixation. Thus, genetic or phenotypic variation
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leading to slight increases in the error rate of centriole biogenesis
can theoretically be maintained in the population. In coherence,
cells in live tumours generally contain few extra centrioles (Chan,
2011; Godinho and Pellman, 2014; Lopes et al., 2018).

If this is true, it poses the question of how extra centrioles can
affect cancer evolution if they are relatively rare or unstable in the
population. One possibility is through aneuploidy. Centrosome
amplification can lead to chromosome segregation errors. A sin-
gle one of these errors can lead to amplification of an oncogene
or to loss of a tumour suppressor (Nicholson and Cimini, 2015).
In addition, it has been shown that transient centrosome amplifi-
cation is sufficient for certain cancer types to arise (Levine et al.,
2017; Shoshani et al., 2021). Finally, centrosome amplification can
promote invasion via paracrine signalling (Arnandis et al., 2018).
In this case, centrosome amplification might even be beneficial,
at least for neighbouring cells. Thus, however unlikely it may be,
it is plausible that tumourigenesis or increased malignancy could
be triggered by a few number of cells containing extra centrioles.

Nevertheless, this possibility is still a matter of speculation. In
the future it will be important to accurately quantify cell survival
and ploidy with respect to the number of extra centrioles. It will
also be crucial to test if a population of cells with low levels of cen-
trosome amplification can be maintained when competing with
a "normal" population, although finding an adequate system for
testing this hypothesis might be challenging. Irrespective of this,
the quantitative relationship we have established between rela-
tive fitness and penetrance of centrosome amplification allows
us to predict that if centrosome amplification is present in the
early stages of tumourigenesis, before any coping mechanisms
are established, it should be relatively rare. This has been ob-
served, for instance, in Barrett′s oesophagus, a condition which
precedes the appearance of gastroesophageal adenocarcinoma
(Lopes et al., 2018).
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Methods

Cell culture

We cultured MCF10A-TetR, MCF10A-Plk41−608, and MCF10A-
Plk4 as described previously by Godinho et al. (Godinho et
al., 2014). In short, we grew the cells in DMEM (Gibco) and
F-12 (Gibco) at 1:1 ratio, supplemented with horse serum at,
L-glutamine (Thermo Scientific) at 0.5 µg mL−1, penicillin and
streptomycin (Thermo Scientific) at 100 U mL−1 100 insulin at
10 µg mL−1 (Sigma), hydrocortisone (Sigma) at 100 ng mL−1,
cholera toxin (Sigma) at 1 µ g mL−1, epidermal growth factor
(Sigma) at 20 ng mL−1, 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 at a density of 2.2x106 cells in 150 mm dishes
containing 20 mL of complete cell culture medium. This seeding
density ensured that cells were sub-confluent at the time of pas-
saging, such that they predominantly spent time in exponential
growth. The medium for doxcycyline-treated populations was
further supplemented with doxycycline (Sigma) at 0.001 or 0.1
µg mL−1. Cell culture medium was replaced every 72h in the
evolving populations, during passaging. During passaging, we
diluted the cell suspension at 1:90 and performed automated cell
counting using a Scepter 2.0 Handheld Automated Cell Counter
(Merck Millipore) and 60 µm Sensors (Merck Millipore).

The ancestral populations for each cell line were generated by
growing them in complete cell culture medium for 14 days in
150 mm dishes. We froze the cells in cryotubes with complete
cell culture medium containing 10% of DMSO and stored them
overnight at -80◦ C in Mr. Frosty freezing containers (Thermo
Scientific) before transferring them to liquid nitrogen tanks. Dur-
ing each long-term experiment, we froze cells for each condition
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at D11, D26, D41, D56, and D62 using medium with the appro-
priate doxycycline concentration and according to the protocol
described above. When thawing cells, we seeded them in 150 mm
dishes filled with the appropriate cell culture medium, which
was replaced 24h after thawing.

Competition assays and flow cytometry

We seeded approximately 1.5x106 cells cells at D-1, D29, and
D62 of each experimental evolution replicate in two T-25 flasks
per condition, such that confluence was not reached in the next
day and cells maintained exponential growth. At day 0 of each
competition assay, CellTrace CFSE (Thermo Scientific) or Cell-
Trace Far Red (Thermo Scientific) was performed according to
manufacturer instructions. In brief, we replaced the cell culture
medium in the flasks with 10 (CellTrace CFSE) and 2 µM (Cell-
Trace Far Red) in 3 mL of 1 x PBS and incubated the cells at
37◦ C in 5% CO2 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. We detached
the cells and incubated them at 37◦ C in 5% CO2 for 15 minutes.
Then, cells were ressuspended and transferred to 2 mL tubes.
Co-cultures were prepared by mixing populations stained with
CellTrace CFSE and CellTrace Far Red at 1:1 volume ratio. We
seeded monocultures and co-cultures in 6-well microplates at
1:7.5 dilution from the cell suspension for day 1, 1:18 for day 2,
1:45 for day 3 such that the confluence at the time of harvest was
approximately 70-80%. Before proceeding with flow cytometry
analysis, we stained cells with propidium iodide (PI, Sigma) at
1 µg mL−1 and incubated them at 37◦ C. At days 1 through to
3, cells were stained with Hoechst 33342 (Invitrogen) at 5 µg
mL−1 for 30 minutes at 37◦ C in 5% CO2 before detaching them
and performing PI staining as described above. Mono- and co-
cultures were then analysed by flow cytometry. At day 0 of the
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competition assay we analysed the co-cultures by flow cytometry
to assess the relative frequencies of each sub-population.

Flow cytometry analysis was conducted using a BD Fortessa X-
20 cytometer and BD FACSDiva software. Data acquisition was
performed using a low flow rate. Voltages and gating strategy
for flow cytometry analysis were optimised using single-staining
and fluorescence-minus-one controls independently for day 0
and days 1-3 samples. The cell population was gated based
on their forward- and side-scatter area parameters (FSC-A and
SSC-A, respectively) and doublets were excluded by plotting
the area against the width of the forward-scatter parameter. Ex-
clusion 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 and proliferation analysis.
Cell cycle analysis was conducted in Hoechst 33342-positive and
PI-negative cells. We acquired at least 20,000 events for each sam-
ple. Flow cytometry data was processed and visualised using
R.

Quantification of relative fitness 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 dye i,
at day t was calculated according to the following expressions:

pi(t) =
Ni(t)

Ni(t) + Ni(t)
(4.1)

where Ni(t) is the total number of single-positive cells for Cell-
Trace CFSE or CellTrace Far Red. As a proxy for fitness, we
employed the competitive index, given by:
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w = ln
(RelFreq f inal

Comp/RelFreq f inal
Comp

RelFreqinit
Comp/RelFreqinit

Re f

)
(4.2)

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 relative fitness and mean dye decay rate was per-
formed using R.

Immunofluorescence and microscopy

For staining and imaging of centriolar proteins, cells were grown
on 13 mm coverslips for 24h (samples from experimental evolu-
tion) or 48h (for additional experiments) in 24-well plates, using
the appropriate cell culture medium. Afterwards, we aspirated
the medium and fixed cells in 100% methanol at -20ºC for 10′.
Fixed samples were stored in 1xPBS (REF) at 4ºC until use. For
immunostaining, we started by incubating cells with blocking
solution (10% FBS in 1xPBS) for 30′-1h at room temperature. Pri-
mary antibodies were dissolved in blocking solution and samples
were incubated overnight at 4ºC. Secondary antibody solutions
were prepared in the same way as primary antibody solutions
and spun at 15,000 rpm for 5′ to remove aggregates. We washed
samples in 1xPBS and incubated them for 1h at room tempera-
ture on secondary antibody solutions. Then, samples were once
again washed with 1xPBS and DNA was stained with Hoechst
33342 at 1 µg/mL. Finally, we mounted coverslips on microscopy
slides, using Vectashield mounting medium(Vector Laboratories).
Primary antibodies used: anti-Cep135 C-terminus 1:500 (rabbit,
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Abcam), anti-Cep135 1:250 (rat, Metabion, raised against human
CEP135 a.a. 271-371 expressed in E. coli as a fusion protein with
a N-terminal 10X His-tag.), anti-centrin clone 20H5 1:500 (mouse,
Millipore); anti-hPlk4 1:250 (rabbit, Metabion, produced against
the c-terminal region of human Plk4 a.a. 510-970 and purified us-
ing the membrane-bound c-terminal region of Plk4). Secondary
antibodies were conjugated with: Alexa Fluor 488 1:500 (raised in
goat/donkey, anti-mouse, Molecular Probes), DyLight 488 1:250
(REFERENCE 1:250), Rhodamine Red 1:500 (raised in donkey,
anti-rabbit, Jackson), Alexa 647 (raised in donkey, anti-rat).

Images of mitotic cells for assessing centriole numbers and inter-
phase cells for quantification of Plk4 levels were acquired using
an Eclipse Ti-2 inverted microscope with 3i Marianas spinning-
disk using a 100X objective. We scored 100 mitotic/interphasic
cells except where noted. Image analysis was performed using
Fiji/ImageJ. Centrioles number counting was performed on 3D
stacks. Each centrin focus co-localising with a Cep135 focus was
scored as a centriole.

Quantification of centrosomal Plk4 levels by immunoflu-
orescence

To quantify Plk4 fluorescence intensity we started by perform-
ing maximum intensity projections of the Z-stack and apply-
ing an automatic threshold to the corresponding channel using
the built-in Renyi Entropy algorithm in Fiji/ImageJ. ROIs were
then manually selected if they co-localised with the centriolar
markers centrin and CEP135. Raw integrated intensity of each
selected ROI was measured in the sum intensity projection. To
measure the background, we moved each ROI to an adjacent,
non-overlapping, position and quantified the aforementioned
statistic. The Plk4 signal for each ROI was calculated by taking
its raw integrated density and subtracting the corresponding
background values. These values were summed over all the
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ROIs in each cell to calculate the total raw integrated density
of the centrosomal Plk4 signal. Finally, we measured the mean
(corrected for the background) and area of the centrosomal Plk4
signal per ROI and for each cell.

RNA extraction

Cells were grown for 24h in 6-well plates in the appropriate cell
culture medium, after which we detached and pelleted them.
After aspirating the supernatant, cells were frozen in dry ice
and stored at -80ºC until use. RNA extraction was performed
immediately after thawing the pellets using the RNeasy Mini
Kit (Qiagen) according to manufacturer instructions. For each
sample, we performed on-column DNA digestion using RNase-
free DNAse (Qiagen) as specified in the kit. RNA quantity and
purity were assessed using NanoDrop 2000 (Thermo Scientific).

qPCR

We performed cDNA synthesis using the High Capacity RNA-
to-cDNA kit (Applied Biosystems), according to manufacturer
instructions. For the first long-term cell culturing experiment,
we synthesised cDNA from 1.5 µg of RNA. For the second exper-
iment, we used 0.5 µg of RNA because one of the samples was
less concentrated.

For the qPCR reaction we used iTaq SYBR Green (BioRad) ac-
cording to kit instructions. Samples were prepared in triplicate
in 384-well plates. The qPCR run and data analysis were per-
formed using QuantStudio (Applied Biosystems). The following
primers were used for quantifying the mRNA levels of GAPDH
(endogenous control), exogenous truncated or full-length Plk4,
endogenous Plk4, total Plk4 (i.e. primers anneal to both the
exogenous and endogenous sequences), STIL, and SAS-6.
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Data visualisation and statistical analyses

Plots and statistical analyses were produced using R. Figures
were created using BioRender (https://app.biorender.com/).
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Supplementary figures

FIGURE S1: Centriole number distributions for MCF10A-TetR. Data
represent the number of centrioles per cell in MCF10A-TetR grown
with doxycycline at 0 (A), 0.001 (B), or 0.1 (C) µg/mL at days 1, 31,
and 64 after doxycycline addition. The mean is indicated in red.
nexperiment = 2.

FIGURE S2: Centriole number distributions for MCF10A-Plk41−608.
Data represent the number of centrioles per cell in MCF10A-Plk41−608

grown with doxycycline at 0 (A), 0.001 (B), or 0.1 (C) µg/mL at days
1, 31, and 64 after doxycycline addition. The mean is indicated in red.
nexperiment = 2.
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FIGURE S3: Centriole number distributions for MCF10A-Plk4. Data
represent the number of centrioles per cell in MCF10A-Plk4 grown
with doxycycline at 0 (A), 0.001 (B), or 0.1 (C) µg/mL at days 1, 31,
and 64 after doxycycline addition. The mean is indicated in red.
nexperiment = 2.

FIGURE S4: Temporal variation in the relative frequencies of
MCF10A-Plk41−608 or MCF10A-Plk4 co-culture with MCF10A-TetR.
Difference to the initial frequency of MCF10A-Plk41−608 (A-C) and
MCF10A-Plk4 (D-F) at days 1-3 (A,D), 31-33 (B,E), and 62-65 (C,F)
after doxycycline addition. Data points indicate co-cultured popula-
tions grown with doxycycline at 0 (squares), 0.001 (circles), and 0.1
(diamonds) µg/mL in which MCF10A-Plk41−608 or MCF10A-Plk4
were stained with either CFSE (green, hollow) or Far Red (red, cross).
nexperiment = 2.
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FIGURE S5: Temporal variation in the natural logarithm of the rela-
tive frequencies of MCF10A-Plk41−608 or MCF10A-Plk4 co-culture
with MCF10A-TetR. Logarithm of the difference to the initial fre-
quency of MCF10A-Plk41−608 (A-C) and MCF10A-Plk4 (D-F) at days
1-3 (A,D), 31-33 (B,E), and 62-65 (C,F) after doxycycline addition.
Data points indicate co-cultured populations grown with doxycycline
at 0 (squares), 0.001 (circles), and 0.1 (diamonds) µg/mL in which
MCF10A-Plk41−608 or MCF10A-Plk4 were stained with either CFSE
(green, hollow) or Far Red (red, cross). nexperiment = 2.
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FIGURE S5 (previous page): Effects of proliferation dye, experimental
replicates, initial frequencies, and culture conditions on relative
fitness estimates. A-B: Correlation between proliferation dyes in esti-
mated relative fitness for MCF10A-Plk41−608 (A) and MCF10A-Plk4
(B) populations. The data include and populations co-cultured with
MCF10A-TetR at D1-3, D31-33, and D64-66 from two independent
experiments. Linear regression is shown as a dashed line and indi-
cates X correlation between relative fitness estimated in CFSE- versus
Far Red-stained MCF10A-Plk41 − 608 populations and Y correlation
for MCF10A-Plk4. C-D: Correlation between each independent ex-
periment in estimated relative dye decay rates for MCF10A-Plk41−608

(C) and MCF10A-Plk4 (D). The data include populations co-cultured
with MCF10A-TetR stained with either CFSE or Far Red at D1-3, D31-
33, and D64-66. Linear regression is shown as a dashed line and
indicates X correlation between replicates in the relative dye decay
rates estimated in CFSE- and Far Red-stained MCF10A-Plk41 − 608
populations and Y correlation for MCF10A-Plk4. E-F: Correlation
between estimated relative dye decay rates and initial frequency for
MCF10A-Plk41−608 (E) and MCF10A-Plk4 (F). The data include popu-
lations co-cultured with MCF10A-TetR stained with either CFSE or
Far Red at D1-3, D31-33, and D64-66 in two-independent experiments.
Linear regression is shown as a dashed line and indicates X correla-
tion between replicates in the relative dye decay rates estimated in
CFSE- and Far Red-stained MCF10A-Plk41 − 608 populations and Y
correlation for MCF10A-Plk4. Data points indicate co-cultured pop-
ulations grown with doxycycline at 0 (squares), 0.001 (circles), and
0.1 (diamonds) µg/mL in which MCF10A-Plk41−608 or MCF10A-Plk4
were stained with either CFSE (green) or Far Red (red).
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FIGURE S6: Temporal variation in average dye intensity of mono-
cultured cell lines. Difference from the initial average dye intensity
of MCF10A-TetR (A-C) MCF10A-Plk41−608 (D-F) and MCF10A-Plk4
(G-I) at days 1-3 (A, D, G), 31-33 (B, E, H), and 62-65 (C, F, I) after
doxycycline addition. Data indicate co-cultured populations grown
with doxycycline at 0 (squares), 0.001 (circles), and 0.1 (diamonds)
µg/mL in which MCF10A-Plk41−608 or MCF10A-Plk4 were stained
with either CFSE (green, hollow) or Far Red (red, cross). Note that the
y-axis is in log-scale. nexperiment = 2.
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FIGURE S7: Temporal variation in average dye intensity of co-
cultured cell lines. Difference from the initial average dye intensity
of MCF10A-TetR (A-C) MCF10A-Plk41−608 (D-F) and MCF10A-Plk4
(G-I) at days 1-3 (A, D, G), 31-33 (B, E, H), and 64-66 (C, F, I) after
doxycycline addition. Data indicate co-cultured populations grown
with doxycycline at 0 (squares), 0.001 (circles), and 0.1 (diamonds)
µg/mL in which MCF10A-Plk41−608 or MCF10A-Plk4 were stained
with either CFSE (green, hollow) or Far Red (red, cross). Note that the
y-axis is in log-scale. The data for MCF10A-TetR include co-cultures
with both MCF10A-Plk41−608 and MCF10A-Plk4. nexperiment = 2.



192



193

FIGURE S7 (previous page): Effects of proliferation dye, experimental
replicates, initial frequencies, and culture conditions on relative
dye decay rate estimates. A-B: Correlation between proliferation dyes
in estimated relative dye decay rates for MCF10A-Plk41−608 (A) and
MCF10A-Plk4 (B) populations. The data include mono-cultured popu-
lations and populations co-cultured with MCF10A-TetR at D1-3, D31-
33, and D64-66 from two independent experiments. Linear regression
is shown as a dashed line and indicates X correlation between relative
dye decay rates estimated in CFSE- versus Far Red-stained MCF10A-
Plk41 − 608 populations and Y correlation for MCF10A-Plk4. C-D:
Correlation between each independent experiment in estimated rel-
ative dye decay rates for MCF10A-Plk41−608 (C) and MCF10A-Plk4
(D). The data include mono-cultured populations and populations
co-cultured with MCF10A-TetR stained with either CFSE or Far Red
at D1-3, D31-33, and D64-66. Linear regression is shown as a dashed
line and indicates X correlation between replicates in the relative
dye decay rates estimated in CFSE- and Far Red-stained MCF10A-
Plk41 − 608 populations and Y correlation for MCF10A-Plk4. E-F:
Correlation between estimated relative dye decay rates and initial
frequency for MCF10A-Plk41−608 (E) and MCF10A-Plk4 (F). The data
include populations co-cultured with MCF10A-TetR stained with ei-
ther CFSE or Far Red at D1-3, D31-33, and D64-66 in two-independent
experiments. Linear regression is shown as a dashed line and indi-
cates correlation between replicates in the relative dye decay rates
estimated in CFSE- and Far Red-stained MCF10A-Plk41 − 608 popu-
lations and Y correlation for MCF10A-Plk4. G-H: Correlation between
estimated relative dye decay rates in mono-cultured and co-cultured
MCF10A-Plk41−608 (G) and MCF10A-Plk4 (H). The data include pop-
ulations stained with either CFSE or Far Red at D1-3, D31-33, and
D64-66 in two independent experiments. Linear regression is shown
as a dashed line and indicates X correlation between culture con-
ditions in the relative dye decay rates estimated in CFSE- and Far
Red-stained MCF10A-Plk41 − 608 populations and Y correlation for
MCF10A-Plk4. Data points indicate co-cultured populations grown
with doxycycline at 0 (squares), 0.001 (circles), and 0.1 (diamonds)
µg/mL in which MCF10A-Plk41−608 or MCF10A-Plk4 were stained
with either CFSE (green) or Far Red (red).
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FIGURE S8: Doxycycline treatment did not induce differential cell
death in mono-cultures. Cells were stained with propidium iodide
(PI), which can enter dead or dying cells with compromised cell mem-
branes, to assess viability. A-C: Relative frequency of live (PI-negative)
MCF10A-TetR. D-F: Relative frequency of live MCF10A-Plk41−608. G-
I Relative frequency of live MCF10A-Plk4 (G-I). Shown are the data
corresponding to cells stained at days 1-3 (A, D, G), 31-33 (B, E, H),
and 64-66 (C, F, I) after doxycycline addition during each competition
assay. Data points indicate mono-cultured populations grown with
doxycycline at 0 (squares), 0.001 (circles), and 0.1 (diamonds) µg/mL
in which MCF10A-Plk41−608 or MCF10A-Plk4 were stained with ei-
ther CFSE (green) or Far Red (red). nexperiment = 2.
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FIGURE S9: Doxycycline treatment did not induce differential cell
death in co-cultures. Cells were stained with propidium iodide (PI),
which can enter dead or dying cells with compromised cell mem-
branes, to assess viability. A-C: Relative frequency of live (PI-negative)
MCF10A-TetR. D-F: Relative frequency of live MCF10A-Plk41−608. G-
I Relative frequency of live MCF10A-Plk4 (G-I). Shown are the data
corresponding to cells stained at days 1-3 (A, D, G), 31-33 (B, E, H),
and 64-66 (C, F, I) after doxycycline addition during each competition
assay. Data points indicate co-cultured populations grown with doxy-
cycline at 0 (squares), 0.001 (circles), and 0.1 (diamonds) µg/mL in
which MCF10A-Plk41−608 or MCF10A-Plk4 were stained with either
CFSE (green) or Far Red (red). The data for MCF10A-TetR include
co-cultures with both MCF10A-Plk4 and MCF10A-Plk41−608.
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FIGURE S10: Plk4 was overexpressed in MCF10A-Plk4 and MCF10A-
Plk41−608 after two months of doxycycline treatment. Relative quan-
tification of mRNA levels of the indicated genes at different time
points, by qPCR. GAPDH was used as an endogenous control and the
non-induced condition at day 1 after doxycycline addition was used
as a reference. A-B: Relative mRNA levels of exogenous Plk4, using
a different set of primers, in MCF10A-Plk41−608 (A), and MCF10A-
Plk4 (B). C-E: Relative mRNA levels of total Plk4, using a pair of
primers that target both the endogenous and exogenous sequences,
in MCF10A-TetR (C), MCF10A-Plk41−608 (D), and MCF10A-Plk4 (E).
Data points correspond to populations grown in the presence of doxy-
cycline at 0 (light grey, hollow squares), 0.001 (grey, hollow circles), or
0.1 µg/mL (black, hollow diamonds).
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FIGURE S11: The expression levels of STIL and SAS-6 showed lit-
tle variation over time. Relative quantification of mRNA levels of
the indicated genes at different time points, by qPCR. GAPDH was
used as an endogenous control and the non-induced condition at
day 1 after doxycycline addition was used as a reference. A-C: Rela-
tive mRNA levels of STIL in MCF10A-TetR (A), MCF10A-Plk41−608

(B), and MCF10A-Plk4 (C). D-F: Relative mRNA levels of SAS-6 in
MCF10A-TetR (A), MCF10A-Plk41−608 (B), and MCF10A-Plk4 (C).
Data points correspond to populations grown in the presence of doxy-
cycline at 0 (light grey, hollow squares), 0.001 (grey, hollow circles), or
0.1 µg/mL (black, hollow diamonds).
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Chapter 5

Discussion
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In this thesis, I sought to provide a comprehensive quantitative
description of centriole number dynamics in proliferating cell
populations by co-opting key concepts of evolutionary theory.
Multiple studies have described that centriole numbers return
to equilibrium after transient increases or decreases (Baudoin
et al., 2020; Galofré et al., 2020; Lambrus et al., 2015; Sala et al.,
2020; Wong et al., 2015). However, this was poorly understood
from a quantitative perspective. Moreover, whereas the naive
expectation would be that a new equilibrium would be reached
under chronic centriole number perturbations, the literature was
obscure in this regard. Thus, I sought to answer two funda-
mental questions: (1) how can the centriole number equilibrium
be generated and (2) what are the consequences of chronically
perturbing that equilibrium.

In chapter II, we established a parallel between centriole overpro-
duction and selective elimination of cells carrying extra centrioles
with the well-defined principle of mutation-selection balance,
wherein the appearance of deleterious mutations is countered by
selection. We demonstrated that simple mutation-selection mod-
els were a poor fit to a vast collection of empirical distributions
of centriole numbers per cell. Instead, the data tended to display
heavy-tailed distributions which could be generated by multi-
step centriole number increases. Interestingly, the best-fitting
models to most data sets assumed that selection was equally
strong regardless of the number of extra centrioles. Overall, we
inferred a high fitness penalty associated with extra centrioles
and variable overproduction rates for the analysed cell lines and
showed that highly accurate parameter estimates could be ob-
tained with a modest, and experimentally feasible, increase in the
number of sampled cells. In summary, we showed that mutation-
selection/overproduction-selection balance was a suitable ap-
proach to analyse centriole numbers per cell at equilibrium, upon
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the inclusion of biologically plausible modes of centriole biogen-
esis.

In chapter III, we developed a broader model to study random
centriole segregation and centriole number changes along the cell
cycle, in addition to centriole overproduction and selection. First,
we showed that asymmetric divisions, whereby one daughter
cell inherits wild-type centriole numbers and the other inherits
all preexisting extra centrioles, can improve population fitness if
selection against centrosome amplification acts specifically in G1,
but less so if it acts in other stages. Second, we found that these
divisions were more frequent for intermediate overproduction
rates. Then, we studied how the timing of selection and the rate
of centriole overproduction affected the equilibrium cell cycle
profile. Generally, if selection against extra centrioles acted specif-
ically in one cell cycle stage, cells tended to accumulate in that
stage. As a consequence, the distribution of centriole numbers in
interphase cells varied unpredictably compared to mitotic cells
depending on the timing of selection. Taken together, our model
indicated that random centriole segregation had little impact
on fitness or relative abundance of cells with centrosome am-
plification and that knowledge of when selection acts along the
cell cycle is important for correct assessing of centriole number
anomalies in interphase.

In chapter IV, our goal was to characterise how cultured hu-
man cell populations changed over time under chronic induc-
tion of Plk4 overexpression, at different levels. We used a non-
transformed human breast cell line carrying a doxycycline-inducible
Plk4 transgene, which we chronically induced at different levels
for over two months. We observed that the relative frequency of
mitotic cells with extra centrioles decreased exponentially over
time, unlike control populations lacking the transgene or carry-
ing a truncated form of Plk4, where centriole number remained
relatively constant. The rate of decrease was proportional to
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the dose of doxycycline the populations experienced over the
course of the experiment. We observed an initial fitness deficit
in these populations, which improved over time. Indeed, fitness
showed a strong anti-correlation with the relative frequency of
mitotic cells with extra centrioles. Making use of proliferation
dyes and DNA staining, we determined that this fitness penalty
was due to slower proliferation and cell cycle delay/arrest. Plk4
was overexpressed over time in induced MCF10A-Plk4 popula-
tions, despite a temporary reduction in mRNA levels. In contrast,
preliminary data suggested that Plk4 levels were initially high
at the centrosome upon doxycycline treatment but eventually
returned to basal levels. We concluded that chronic centriole
overproduction was suppressed by strong negative selection
and down-regulation of Plk4-mediated centriole overproduction.
Both these processes were less efficient for cells experiencing
moderate centriole overproduction.

Overall, this thesis provides crucial insights on the interaction
between centriole overproduction and selection, as well as other
processes, such as centriole segregation, and the resulting cen-
triole number dynamics across generations. Our main findings
can be summarised as follows: (1) equilibrium centriole num-
ber distributions can be quantitatively explained by multi-step
overproduction events and uniformly strong selection; (2) as a
corollary, this is supported by the observation that the relative
frequency of cells with extra centrioles is a better predictor of pop-
ulation fitness rather than mean number of centrioles per cell; (3)
centriole segregation may improve fitness when selection against
extra centrioles occurs in G1; (4) asymmetric divisions under
random centriole segregation can be maximised at intermediate
centriole overproduction rates; (5) chronic centriole number in-
creases following Plk4 overexpression are countered by negative
selection and negative regulation of centriole overproduction.
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On how centriole numbers are distributed in
populations of proliferating cells

It is widely known that centriole number can vary substantially
in populations of proliferating cells. However, this phenomenon
was previously understudied. In chapter II, we provided the first
quantitative characterisation of centriole numbers per cell in a
plethora of human cell lines. We showed that variation in cen-
triole numbers can be accurately quantified using mathematical
models based on two fundamental factors: the rate of centriole
overproduction/overduplication and the strength of selection
against extra centrioles. In chapter III, we build upon our initial
approach to explore the role of centriole segregation and centriole
number changes along the cell cycle in shaping the distribution of
centriole numbers per cell. Taken together, we contributed with
a novel computational approach that allows centriole number
variation to be quantified in the context of its underlying cellular
processes.

Our approach allowed us to infer from centriole number data:
(1) the probability of a cell producing a certain number of extra
centrioles, (2) the fitness cost associated extra centrioles, (3) if
the number of extra centrioles affects the strength of selection,
(4) how extra centrioles are segregated, (5) and when selection
acts against extra centrioles. The advantage of this approach
is that it allows one to extract more information from standard
protocols than using conventional statistical methods that simply
test for differences in the level of centrosome amplification, for
instance. A limitation of the models is that the predictions are
not necessarily unique. For example, an increase in percentage
of cells with extra centrioles might be explained by higher over-
production and/or weaker selection. As we demonstrated in
chapter II, some of these limitations can be circumvented with



212

larger sample sizes and, as discussed in chapter III, by acquir-
ing additional data on cell cycle profiles or interphase centriole
number distributions. Although these procedures are standard
practice, the usefulness of these models lies in the fact that they
can be used to formulate precise quantitative hypotheses that
can be experimentally tested.

How could these hypotheses be tested? For example, the number
of newly assembled centrioles can be assessed using daughter
centriole-specific markers, such as SAS-6 (in human cell lines at
least, Strnad et al., 2007), in synchronised populations. Strength
of selection can be estimated using competitive fitness assays
such as the one we employed in chapter IV. The effect of centriole
numbers on fitness is perhaps more challenging to quantify. In an
ideal scenario, one could perform live-cell imaging and track cen-
triole numbers and relate them of the probability of undergoing
cell death, or to the duration of the cell cycle. However, live-
tracking of centrioles can be challenging and very large sample
sizes would be required, since one would have to gather suffi-
cient data on cells starting with two, three, four, five... centrioles.
An indirect approach relating centriole numbers in anaphase fig-
ures to spindle (multi-)polarity or relating centriole numbers in
interphase cells with accumulation of nuclear p53 might be more
feasible. The disadvantage of this approach neither multipolar
anaphases nor p53 activation are direct measures of fitness. Seg-
regation of extra centrioles can be assessed by live-cell imaging,
as performed by Sala et al. (Sala et al., 2020). Finally, the timing
of selection against extra centrioles can be narrowed down using
a combination of live-cell imaging, cell cycle profiling using flow
cytometry, viability assays, and growth curves, among others.
Indeed, these methods have allowed for the identification of sev-
eral pathways that suppress the proliferation of cells with extra
centrioles, such as p53-dependent cell cycle arrest, interphase
delay, programmed cell death following multipolar or aneuploid
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cell divisions, and mitotic delay in the presence of an active
spindle-assembly checkpoint. In conclusion, the experimental
techniques required for testing our model predictions have been
widely employed. Crucially, our models will allow future studies
to establish quantitative relationships between centriole num-
bers and their associated cellular parameters, such as the rate of
centriole overproduction, and the strength of selection on cells
bearing centrosome amplification.

How cells "count" extra centrioles

In chapter II, model selection indicated that selection acted strongly
against extra centrioles but, for the majority of cell lines, it was
invariant with respect to the number of extra centrioles. In other
words, the prediction is that mitotic cells with five, six, seven...
centrioles have an equal chance of arresting proliferation or dy-
ing. Coherently, in chapter IV, we observed a linear fitness de-
crease with the percentage of mitotic cells carrying centrosome
amplification. By comparison, mean centriole number was a
worse predictor of fitness. This result provided indirect evidence
of a constant fitness cost of extra centrioles.

One could expect that higher numbers of centrioles could im-
part a higher burden upon cells. First, the resources necessary
for assembling subcellular structures should scale up with their
abundance. To build a higher number of structures, a greater
quantity of precursors is necessary and the energy required to
precisely order them should also be higher (Lynch et al., 2022).
Centrioles are relatively small structures compared to organelles
such as mitochondria and plastids, or even in comparison to
the total membrane volume present within the cell (Lynch et
al., 2022). They might also experience a lower turnover of their
components in comparison to many other subcellular features,
namely the microtubule and actin cytoskeletons (Werner et al.,
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2017). Thus, the cost of producing and maintaining extra centri-
oles might be negligible. In contrast, it might be harder to reason
how certain selective mechanisms are equally effective regardless
of the number of extra centrioles. It seems plausible that higher
numbers of extra centrioles might more efficiently trigger p53
activation or increase the probability of multipolar divisions. In
fact, this seems to be the case for cells with fewer centrioles than
expected. More specifically, there is data suggesting that cytoki-
nesis failure is likelier in mitotic cells with zero centrioles than
in mitotic cells with one to three centrioles (Wong et al., 2015).
More data is ultimately needed to assert if the number of extra
centrioles affects cell viability.

In theory, if extra centrioles are thoroughly eliminated from pro-
liferating cell populations, regardless of their number, it would
necessitate a mechanism that recognises the presence of cen-
trosome amplification and is both highly sensitive and highly
specific. In other words, the cell must correctly assess that it con-
tains either the "correct" number of centrioles or an abnormally
high number. One possible mechanism for achieving this would
be the existence of a molecule that can sense the presence of extra
centrioles (Hyman et al., 2014). Recently, the PIDDosome has
been proposed as a putative centriole number counter, purport-
edly based on the number of subdistal appendages/ODF2 foci
or distal appendages/ANKRD6 levels, but the exact workings of
this pathway have yet to be resolved (Burigotto et al., 2021; Fava
et al., 2017). To achieve high sensitivity, such a sensor should
generate some form of positive feedback to generate a robust
response. In many signalling pathways, such as the MAPK path-
way, phosphorylation cascades can lead to this sort of positive
feedback, since at each step of the cascade, any given kinase
can potentially activate multiple targets (Ma and Nicolet, 2023).
To achieve high specificity, mechanisms such as proofreading
allow the cell to "verify" a given outcome iteratively (Hopfield,



215

1974; Mckeithan, 1995). Thus, if an error in the sensing mecha-
nism occurs occurs - for example, if it is activated in cells with
wild-type centriole numbers - there are several steps in which it
can be corrected. It will be important to address in the future if
these centriole number counting mechanisms display both high
sensitivity and specificity.

In the future, it will be important to investigate if the number of
extra centrioles does affect the probability of cell cycle arrest or
cell death and, consequentially, how the mechanisms responsible
for "counting" centrioles and eliciting such outcomes operate,
and how both differ between cell types. Characterising these
mechanisms should also shed light on how extra centrioles are
maintained and their contribution to human disease.

Sustaining chronic centrosome amplification

In chapter IV we observed that the relative frequency of cells
with extra centrioles decreased over time depending on the initial
degree of centrosome amplification. Although extra centrioles
were highly deleterious, the observed dynamics could not be ex-
plained by continued negative selection against cells with extra
centrioles. Rather, basal centriole numbers were likely recovered
due to a decrease in the rate of centriole overproduction. Alter-
natively, since MCF10A-Plk4 populations were polyclonal, it is
possible that cells which were capable of Plk4 overexpression
but not centriole overproduction rose in frequency. However, we
were unable to pinpoint the cause for this purported decrease in
centriole overproduction.

The conditions in which chronic centrosome amplification is
maintained remain elusive. In vivo, chronic centrosome amplifi-
cation was observed only in a small subset of tissues upon chronic
Plk4 overexpression (Levine et al., 2017; Vitre et al., 2015). The
brain, the lung, and the kidney seem particularly non-permissive
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to centrosome amplification. The liver can sustain chronic cen-
trosome amplification, perhaps due to the fact that hepatocytes
tend to naturally develop abnormal centriole numbers. In the
skin epidermis, chronic centrosome amplification following Plk4
overexpression can be maintained but it might depend on the
overexpression system (Coelho et al., 2015; Kulukian et al., 2015;
Serçin et al., 2016). In other tissues, such as the spleen and the
pancreas, maintaining chronic centrosome amplification might
be related to the degree of chronic Plk4 overexpression (Levine
et al., 2017; Vitre et al., 2015). Our study provides the first evi-
dence that chronic centrosome amplification is counteracted in
a human breast cell line regardless of the initial level of Plk4
overexpression.

The mechanisms that counteract centrosome amplification also
appear to be context-dependent. In the brain, Plk4 overexpres-
sion and extra centrioles trigger generalised cell death, which can
lead to microcephaly (Marthiens et al., 2013). In the skin epider-
mis, Plk4 overexpression and centrosome amplification induce
defects in tissue architecture and p53-dependent or independent
cell death. Knocking out p53 in the skin epidermis might be suf-
ficient to maintain, or delay the loss of, centrosome amplification
but in one study the transgenic Plk4 promoter was silenced and
wild-type-like centriole numbers were recovered (Coelho et al.,
2015; Kulukian et al., 2015; Serçin et al., 2016). In other tissues,
such as the lung or kidney, Plk4 levels can be chronically elevated
without leading to chronic centrosome amplification. Knocking
out p53 in these mice rescued the loss of centrosome amplification
but it also led to an increase in Plk4 expression (Vitre et al., 2015).
Depending on the cell line, chronic Plk4 overexpression may lead
to chronic centrosome amplification in some cases (Vitre et al.,
2015) whereas in others, p53 is activated and centriole numbers
are restored to their initial levels (Holland et al., 2012; Levine
et al., 2017). Taken together, these results suggest that there are
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two main routes for repressing chronic centrosome amplification:
strong selection against cells with extra centrioles and inhibition
of centriole overproduction. Our results support the idea that
both these mechanisms can act simultaneously. In the future, it
will be important to tease apart how Plk4 expression is regulated
and test if chronic centrosome amplification can be maintained
under different conditions, such as in the absence of p53 or upon
overexpression of STIL or SAS-6.

On the utility of centriole numbers as cancer
biomarkers

In chapters II and III, we inferred rates of centriole overproduc-
tion and strength of selection, and addressed how the relation-
ship between centrosome amplification and the cell cycle can
affect scoring of centriole number anomalies. We showed that
various parameters can be inferred from centriole number data
but there are conditions in which the same empirical result can
be explained by different mechanisms.

The commonality of centriole number alterations in cancer and
their correlation with poor clinical outcomes deems that centriole
numbers can be suitable biomarkers for prognosis (Bettencourt-
Dias et al., 2011; Chan, 2011; Godinho and Pellman, 2014). Re-
cently, several protocols have been developed for quantifying
centriole numbers in tumour biopsies. While encouraging, these
protocols still suffer from considerable limitations - they are labo-
rious and prone to underscoring since biopsies do not guarantee
that the whole volume of a given cell will be sectioned (Lopes
et al., 2018; Wang et al., 2019). Such an issue is not expected
in liquid biopsies and would be interesting to assess centriole
number anomalies in this scenario.

On fundamental biological terms, it is also not clear cut what
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these anomalies may entail. If cells with centrosome amplifica-
tion are observed, is it relevant for cancer development if they
are heavily counter-selected? If high levels of centrosome am-
plification are observed, do cells bear an abnormally high error
rate in centriole biogenesis or are they particularly tolerant to the
presence of extra centrioles? Our modelling approach may help
disentangle these different scenarios. Less encouragingly, since
most cells in biopsies are non-mitotic (and many even quiescent),
the relationship between cell cycle progression and centrosome
amplification may deem that the same empirical distribution of
centriole numbers per cell may be explained by different under-
lying processes. Since this ambiguity might be solved by sup-
plying the models with information on the cell cycle, co-staining
biopsies with proliferation markers, such as Ki67, or cell cycle
markers might be sufficient to improve the quality of parameter
inference. The potential of this approach for prognosis is that one
would be able to relate not only the degree of centrosome am-
plification with disease progression or patient survival but also
its causes. For example, it could be possible to discern if a given
level of centrosome amplification was possibly generated due
to stronger overproduction or weaker selection. The outcome
for the patient might be different depending on either scenario.
Therefore, our models may assist clinicians in better monitoring
cancer progression. In the future, it will be important to validate
these models with patient data and test if they could be a useful
tool in a medical setting.

On the role of extra centrioles in cancer devel-
opment

In chapter II, we inferred strong selection against extra centrioles
in a variety of cell lines. In chapter IV, we observed that extra cen-
trioles induce a high fitness cost depending on how frequently
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they occurred. In other words, modest errors in centriole bio-
genesis, leading to few cells with centrosome amplification/low
numbers of extra centrioles, can be better tolerated by proliferat-
ing cells. Furthermore, in chapter III, we demonstrated that un-
der random centriole segregation, the probability of completely
asymmetric divisions, which can facilitate chromosome missegre-
gation, is maximised for moderate centriole overproduction rates.
Based on these results, one could hypothesise that low levels of
centrosome amplification might be conducive to tumourigenesis.

In the hundred-year span between Boveri’s initial proposal that
centrosome amplification could impact cancer development and
current times, the precise contribution of extra centrioles to tu-
mour formation remains to be fully understood. Whereas the
hypothesis that cancer arises from multipolar divisions triggered
by the presence of extra centrioles has been discredited (Ganem
et al., 2009), some studies indicate that centrosome amplification
can lead to cancer formation by inducing less severe levels of
aneuploidy (Levine et al., 2017; Shoshani et al., 2021,reviewed in
Bloomfield and Cimini, 2023). Overall, the main findings in this
respect can be summarised as follows: strong chronic Plk4 over-
expression from an early age does not induce chronic centrosome
amplification in most tissues nor promote cancer development
per se (Coelho et al., 2015; Kulukian et al., 2015; Serçin et al., 2016;
Vitre et al., 2015). Low levels of chronic Plk4 overexpression can
induce chronic centrosome amplification in some tissues and
promote formation of specific cancer types (Levine et al., 2017).
In the absence of p53 or in intestinal cancer models, chronic over-
expression of Plk4 and centrosome amplification can accelerate
tumour formation (Levine et al., 2017; Serçin et al., 2016). Fi-
nally, transient Plk4 overexpression is sufficient to induce the
appearance of certain tumour types. In summary, there are some
lines of evidence suggesting that centrosome amplification can
potentiate tumour formation.
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In order for extra centrioles to initiate tumourigenesis, they must
first appear in the population, through genetic or environmental
alterations, and be maintained for some amount of time. This
can occur even if centrosome amplification is counter-selected.
The efficacy of natural selection in purging deleterious mutations
depends on the population size (Hill, 2002). If the population
size is low, weakly deleterious mutations can appear and rise
in frequency, eventually even reaching fixation. In adult tissues,
only a small subset of cells are capable of proliferation. Thus,
the population size of proliferating cells is presumably small.
Since our results in chapter IV indicate that the fitness cost of
extra centrioles depends on the degree of centrosome amplifi-
cation, it seems plausible that any alterations leading to small
errors in centriole biogenesis might evade selection and rise in
frequency in the population. Thus, if extra centrioles per se can
induce tumourigenesis, we expect that they should appear in
pre-malignant stages at low frequencies, as is experimentally
observed in Barrett’s esophagus (Lopes et al., 2018).

After establishing themselves in the population, extra centrioles
should induce induce some alteration which lead to malignancy.
In order to be successful, these alterations should outweigh or
compensate for the consequences of extra centrioles. The likeliest
candidate for such an alteration is aneuploidy, since centrosome
amplification favours chromosome segregation errors (Ganem
et al., 2009). Live tumours are frequently aneuploid and display
chromosomal instability. Gains of chromosomes can lead to
the amplification of oncogenes or loss of tumour suppressors,
and can be presumably targeted by positive selection. Indeed,
tumours often bear recurrent aneuploidies which could have
been maintained by positive selection (Klaasen and Kops, 2022;
Nicholson and Cimini, 2015). Since extra centrioles can generate
chromosome missegregation events quite frequently, it might not
even be necessary to maintain extra centrioles for too long, since
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beneficial karyotypes can be generated, in principle, in a single
generation. Coherently, transient Plk4 overexpression, leading
to a temporary bout of centrosome amplification, is sufficient to
induce development of lymphomas and sarcomas (Levine et al.,
2017; Shoshani et al., 2021). If extra centrioles are maintained
in pre-malignant cell populations, as empirically observed, then
our results in chapter III and IV seem to indicate that cancers are
likelier to appear if the penetrance of centrosome amplification
is not too severe, since it imparts a lower fitness penalty and
may further enhance chromosomal instability due to asymmetric
segregation of extra centrioles (Cosenza et al., 2017).

Nevertheless, the relationship between extra centrioles and can-
cer evolution is probably more complex. Although remarkably
widespread and despite frequent alterations in gene expression
of key centriolar genes, (Chan, 2011), the causes of centrosome
amplification in live tumours are still not known. Since the liter-
ature has focused predominantly on centrosome amplification
following Plk4 overexpression, this scenario might be both unre-
alistic and confounding since the observations might be partly
due to Plk4 per se. In the future, it will be critical to identify
the source of centrosome amplification in live tumours and/or
induce centrosome amplification using other means to fully char-
acterise their role in cancer development.

Another aspect to consider is the heterogeneity in centriole num-
bers within cancer cell populations (Bettencourt-Dias et al., 2011).
It is implied in chapters II and III that this heterogeneity stems
from the randomness of the biological processes leading to cen-
triole overproduction. The data seem to be coherent with this
hypothesis since our models accurately explained the observed
variation in centriole numbers per cell. Conversely, this het-
erogeneity could explain the dynamics we observed in chapter
IV, as previously mentioned. In live tumours, which tend to
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accumulate significant genetic variation, it is possible that sev-
eral sub-populations with different propensities for centrosome
amplification exist. Our results collectively indicate that such
sub-populations could be subject to different selective pressures
against centrosome amplification, as inferred in chapter II and
observed in chapter IV, or experience different levels of aneu-
ploidy, as predicted in chapter III. Distinguishing between differ-
ent sources of heterogeneity in centriole numbers is imperative
for dissecting the role of extra centrioles in cancer development.

As previously mentioned, the benefits of centrosome amplifica-
tion for a growing pre-cancerous lesion must supersede their
significant fitness cost. In some tissues, such as the liver, cen-
trosome amplification occurs naturally so this hurdle might be
less impactful (Donne et al., 2021). On the other hand, for the
same reason, these tissues might be better equipped to prevent
malignant transformation caused by extra centrioles. In many
cases, it is possible that extra centrioles are mere passengers in the
oncogenic process, brought about by other abnormalities such
as compromised p53 activity (observed in 53% of all cancers)
or whole-genome duplication (observed in 42% of all cancers).
Extra centrioles are also known to affect cell migration, increase
invasiveness, and alter signalling in autocrine and paracrine fash-
ion, so their presence might actually be beneficial at later stages
of cancer formation (Arnandis et al., 2018; Godinho et al., 2014).
Future work should focus on disentangling these complex inter-
actions between centrioles and cell physiology in order to fully
understand their role in cancer development.

Evolution and cell biology

In chapters II and III, we adopted a population-level approach
to study the causes and consequences of centriole number varia-
tion. In chapter IV, we estimated fitness of cell populations with
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and without centrosome amplification and quantified proxies for
the centriole overproduction rate. This multi-faceted approach
allowed us to generate novel insights on the cross-generational
dynamics of cells carrying extra centrioles. To the best of our
knowledge, we delivered the first comprehensive study on the
relationship between the level centrosome amplification and pop-
ulation fitness.

Unifying evolutionary and cell biology is ultimately necessary
for garnering a holistic understanding of how certain structures
arise and change over time (Islas-Morales et al., 2021; Lynch et al.,
2022). Whereas evolutionary theory might be more concerned on
the selective pressures associated with a given genotype and/or
phenotype, it tends to simplify how the genotype gives rise to
a certain phenotype. Cell biology, on the other hand, is deeply
invested into dissecting the complex relationship between phe-
notypes and genotypes, paying lesser attention to how this link
might affect living organisms over time. In recent years, both dis-
ciplines have intermingled and allowed for novel research to be
carried out. For cancer research, since it is, in essence, a process
of somatic cell evolution combining evolutionary and cell biology
approaches has allowed researchers to approach disease progres-
sion in an integrative way (Ní Leathlobhair and Lenski, 2022). On
a more fundamental aspect, combining both fields has allowed
researchers to ask how gene regulatory networks are tailored by
mutational processes, based on the biophysics of transcription
factor binding, what are the essential components for a minimal
organisms and how these lifeforms evolve, and the bioenergetic
constraints to gaining or losing subcellular structures (Lynch
et al., 2022). In this thesis, I demonstrated how abundance of
subcellular structures can seamlessly link to basic principles of
theoretical populations genetics. Interdisciplinary efforts such
as the one we carried out are vital for finding a common ground
between cell biology and evolution.
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