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The centrosome is a subcellular organelle from which a cilium 
assembles. Since centrosomes function as spindle poles 
during mitosis, they have to be present as a pair in a cell. How 
the correct number of centrosomes is maintained in a cell 
has been a major issue in the fields of cell cycle and cancer 
biology. Centrioles, the core of centrosomes, assemble and 
segregate in close connection to the cell cycle. Abnormalities 
in centriole numbers are attributed to decoupling from cell 
cycle regulation. Interestingly, supernumerary centrioles are 
commonly observed in cancer cells. In this review, we discuss 
how supernumerary centrioles are generated in diverse 
cellular conditions. We also discuss how the cells cope with 
supernumerary centrioles during the cell cycle.
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INTRODUCTION

The centrosome is the major microtubule organizing center 

in an animal cell and functions as spindle poles to pull a set of 

chromosomes equally into two daughter cells during mitosis. 

Centrosomes are comprised of centrioles surrounded by peri-

centriolar material (PCM). A daughter centriole is assembled 

next to the mother centriole during S phase and remains 

associated until the end of mitosis. Once a cell exits mitosis, 

the daughter centriole departs from the mother centriole 

and becomes a young mother centriole (Wang et al., 2011). 

The young mother centriole is now able to recruit PCM on its 

own and becomes a microtubule organizing center. It also 

acquires the ability to function as a template for the assem-

bly of a new daughter centriole in the subsequent S phase 

(Fu et al., 2016; Tsuchiya et al., 2016; Wang et al., 2011). 

Therefore, an animal cell always includes two centrosomes 

throughout the cell cycle (Sullenberger et al., 2020).

	 Conserved mechanisms in centriole biogenesis have been 

extensively studied for the last two decades. Polo-like kinase 

4 (PLK4) is a central regulator of centriole duplication and, 

therefore, the levels and activity of PLK4 are tightly regu-

lated during the cell cycle (Bettencourt-Dias et al., 2005; 

Habedanck et al., 2005; O’Connell et al., 2001). During G1/

S transition period, PLK4 forms a stable complex with SCL/

TAL-interrupting locus protein (STIL) and recruits spindle 

assembly abnormal protein 6 (SAS6) at a single site on the 

proximal end of the mother centriole where centriole biogen-

esis occurs (Dzhindzhev et al., 2014; Ohta et al., 2014). SAS6 

assembles a nine-fold symmetry cartwheel structure which is 

the template for a daughter centriole (Hirono, 2014). Mother 

centrioles are not allowed to form new daughter centrioles 

in the G2 and M phases, as long as they are associated with 

daughter centrioles in their vicinity (Cabral et al., 2013; Kim 

et al., 2015; Tsou and Stearns, 2006; Wong et al., 2003).

	 Centrosome number should be tightly controlled during 

the cell cycle, especially for maintaining genomic stability. 

Extra centrosomes may be experimentally generated by drug 

treatments as well as genetic manipulations. Under such 

experimental conditions, extra centrosomes are problematic 
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since they may lead to the formation of multipolar spindles 

during mitosis, leading to mitotic arrest and aneuploidy (Raff 

and Basto, 2017). Supernumerary centrioles are also naturally 

observed in cancer cell lines and highly prevalent in aggressive 

breast carcinomas (Marteil et al., 2018; Pihan et al., 2003). 

Supernumerary centrioles often correlate with advanced tu-

mor grade and poor clinical outcome (Godinho and Pellman, 

2014; Nigg, 2006; Nigg and Raff, 2009).

	 In this review, we discuss how supernumerary centrioles 

are generated in diverse cellular conditions. We also discuss 

how cells cope with supernumerary centrioles during the cell 

cycle. We regret that only a selected number of papers are 

referred to in this review.

GENERATION OF SUPERNUMERARY CENTRIOLES

Cytokinesis failure
In proliferating cells, polyploidy can arise via abnormal cell 

cycle events, including cytokinesis failure, cell fusion, en-

doreplication, and mitotic slippage (Davoli and de Lange, 

2011; Dikovskaya et al., 2007; Edgar and Orr-Weaver, 2001; 

Holland and Cleveland, 2009; Larsson et al., 2008; Reider, 

2011). Tetraploid cells are commonly found in premalignant 

lesions and tumors at different stages (Davoli and de Lange, 

2011; Galipeau et al., 1996; Olaharski et al., 2006). In fact, 

whole genome doubling is known to precede aneuploidy 

in approximately one-third of tumors (Zack et al., 2013). 

Genome duplication concomitantly generates extra centro-

somes in a cell (Fig. 1). However, supernumerary centrioles 

are not always maintained in a cell population after genome 

duplication (Krzywicka-Racka and Sluder, 2011). Extra cen-

trosomes are rapidly lost from the cell population after several 

cell divisions, and normal centriole numbers are detected in 

most tetraploid or near-tetraploid cell clones (Galofré et al., 

2020; Ganem et al., 2009; Godinho et al., 2014; Kuznetso-

va et al., 2015; Potapova et al., 2016). For multiploid cells 

to keep extra centrosomes, they should follow additional 

genetic changes under certain conditions in the tissue micro-

Fig. 1. Generation of supernumerary centrioles. Centrioles in normal cells assemble and segregate at the S and M phases, respectively. 

Supernumerary centrioles are generated at different cell cycle stages, caused by diverse occasions, depending on the diverse responsible 

mechanisms, such as PLK4 overexpression, centriole over-elongation, PCM disintegration and cytokinesis failure.
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environment that favor the presence of extra centrosomes 

(Baudoin et al., 2020). Loss of p53 may lead to a permissive 

environment for supernumerary centrioles since it senses 

mitotic delays caused by defects in bipolar spindle formation 

(Fukasawa et al., 1996; Lambrus and Holland, 2017; Lambrus 

et al., 2016). Supernumerary centrioles cause mitotic delays, 

which stabilize p53 through activation of LATS2 kinase in the 

Hippo pathway (Ganem et al., 2014). Additional pathways 

also work for p53 stabilization in response to supernumerary 

centrosomes (Nigg and Holland, 2018). For example, it was 

recently known that PIDDosome, an activating platform con-

taining caspase-2, is specifically located at the mother centri-

oles (Burigotto et al., 2021). Supernumerary centrioles trigger 

the activation of PIDDosome, leading to caspase-2-mediated 

MDM2 cleavage, p53 stabilization, and p21-dependent cell 

cycle arrest (Fava et al., 2017).

PLK4 overexpression
PLK4 is a central regulator of centriole assembly (Betten-

court-Dias et al., 2005; Habedanck et al., 2005; O’Connell 

et al., 2001); therefore, the activity of PLK4 has to be tightly 

regulated during the cell cycle. Overexpression of PLK4 in-

creases centrosome number in the absence of direct effects 

on cellular ploidy or oncogenes and tumor suppressor genes 

(Fig. 1; Habedanck et al., 2005; Kleylein-Sohn et al., 2007). 

PLK4-overexpressing flies form supernumerary centrosomes 

in larval brain and wing disk tissues but survive (Basto et al., 

2008; Castellanos et al., 2008; Sabino et al., 2015). On the 

other hand, neuronal progenitors in PLK4-overexpressing flies 

have defects in spindle positioning, resulting in a reduction in 

the neuronal progenitor pool (Basto et al., 2008).

	 Elevated levels of PLK4 are detected in a variety of tumor 

cells (Liao et al., 2019). In fact, genetic variants near the PLK4 

locus are closely associated with aneuploidy (McCoy et al., 

2015). However, it is controversial whether PLK4 overexpres-

sion per se induces tumorigenesis (Raff and Basto, 2017). 

PLK4 overexpression in the developing epidermis induces 

centrosome amplification and multipolar divisions, leading to 

p53 elevation and apoptosis of epidermal progenitors (Serçin 

et al., 2016). Centrosome amplification in embryonic neural 

progenitors results in aneuploidy, cell death, and microceph-

aly but does not promote tumorigenesis (Marthiens et al., 

2013). In addition, increasing the centrosome number in the 

skin of mice fails to promote the formation of spontaneous 

or carcinogen-induced skin tumors (Kulukian et al., 2015; 

Vitre et al., 2015). In contrast, centrosome amplification—

either globally or in the skin—accelerates the onset of tumors 

caused by loss of p53 (Coelho et al., 2015; Serçin et al., 

2016). A chronic or transient increase in PLK4 promotes an-

euploidy and centrosome amplification that drives the devel-

opment of spontaneous tumors in multiple tissues, indicating 

that centrosome amplification is sufficient to initiate tumori-

genesis in a mouse model (Levine et al., 2017). Accordingly, 

disruption of Kruppel-like Factor 14, a transcriptional repres-

sor of PLK4, causes centrosome amplification, aneuploidy 

and spontaneous tumorigenesis (Fan et al., 2015).

Centriole elongation
Cell division failure and dysregulation of the centrosome du-

plication machinery are considered two main mechanisms 

to induce centrosome amplification (Godinho and Pellman, 

2014). However, additional mechanisms have been recently 

proposed for the generation of supernumerary centrioles. 

Centriole structural aberrations, including over-elongation, 

are frequently observed in various tumors (Chan, 2011; Mar-

teil et al., 2018). Since centrioles do not have an elongation 

monitoring mechanism, they are prone to over-elongation 

in cells with prolonged G2 and mitosis (Kong et al., 2020). 

Several factors lead to over-elongation in certain cellular con-

ditions. For example, overexpression of centrosomal P4.1-as-

sociated protein (CPAP) leads to over-elongation of either the 

parental centriole or procentriole (Schmidt et al., 2009). As 

one of the kinases that regulates centriole elongation, PLK1 

is also critical for G2 and mitotic centriole over-elongation 

(Kong et al., 2020). Dysregulated phosphorylation of CPAP by 

PLK2 also contributes to over-elongation of centrioles (Chang 

et al., 2010). Severe centriole over-elongation can promote 

amplification through both centriole fragmentation and ecto-

pic procentriole formation along their elongated walls (Fig. 1; 

Kohlmaier et al., 2009; Marteil et al., 2018). Detailed mech-

anisms in centriole formation from over-elongated centrioles 

remain to be investigated.

Disintegration of PCM during mitosis
A daughter centriole assembles and engages at a perpendic-

ular angle to the mother centriole during interphase. Once 

a cell enters mitosis, a mother and daughter centriole pair 

immediately disengages but remains associated due to the 

surrounding PCM (Cabral et al., 2013; Seo et al., 2015). Sep-

arase, a cysteine protease responsible for triggering anaphase 

by hydrolyzing cohesin, also hydrolyzes pericentrin, a PCM 

protein (Lee and Rhee, 2012; Matsuo et al., 2012). Disinte-

gration of PCM is followed by pericentrin cleavage. If PCM is 

unexpectedly disintegrated at early mitosis, the mother and 

daughter centrioles precociously separate from each other 

(Cabral et al., 2013; Seo et al., 2015). Since cellular PLK4 

levels are maintained at high levels during mitosis, liberat-

ed centrioles are able to amplify extra centrioles even in M 

phase (Fig. 1; Kim et al., 2019). A recent study revealed that 

TP53;PCNT;CEP215 triple knockout cells generate supernu-

merary centrioles in M phase, which are maintained through-

out the cell cycle (Jung and Rhee, 2021). Extra centrioles may 

be generated when some cell lines are arrested at the S and 

G2 phases for a prolonged time period (Balczon et al., 1995; 

Loncarek et al., 2010; Shukla et al., 2015). Accordingly, DNA 

damage can induce centrosome amplification by increas-

ing the time cells spend in G2 phase (Inanç et al., 2010). If 

mother centrioles are somehow liberated from the daughter 

centrioles during cell cycle arrest, the mother centrioles are 

allowed to generate extra centrioles.

FATES OF THE SUPERNUMERARY CENTRIOLES 
DURING THE CELL CYCLE

Balancing between generation and removal of extra cen-
trioles
Extra centrioles are problematic in mitosis, and cells with 

extra centrosomes are selectively removed from the popu-
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lation, possibly by mitotic arrest (Fig. 2; Chiba et al., 2000). 

For example, cells with supernumerary centrioles generated 

by PLK4 overexpression go through longer durations of 

both interphase and mitosis, which overall imparts growth 

disadvantages in comparison to cells with normal centriole 

numbers (Sala, et al., 2020). Tetraploid cells that lose extra 

centrosomes over time may be another example of clonal 

elimination of cells with extra centrioles (Krzywicka-Racka 

and Sluder, 2011; Mikeladze-Dvali et al., 2012). Nonetheless, 

many cancer cell lines maintain a distinct proportion of cells 

with supernumerary centrioles (Marteil et al., 2018). A few 

mechanisms have been proposed to explain how cancer cell 

lines maintain supernumerary centrioles. The first mechanism 

is that the generation and removal of extra centrioles are 

balanced in a cell population. Extra centrioles may be contin-

uously generated in a comparable rate, following one of the 

mechanisms previously described in this review.

Centrosome clustering
Centrosome clustering is the best-characterized mechanism 

to cope with extra centrosomes and is perhaps the most 

prevalent in cancer (Godinho et al., 2014). Cells can cluster 

supernumerary centrosomes into two spindle poles to allow 

the formation of a pseudobipolar spindle, which permits bi-

polar cell division and survival (Fig. 2; Quintyne et al., 2005). 

Human cells have an intrinsic ability to cluster centrosomes. 

This process depends on proteins that directly or indirectly 

contribute to force generation during mitosis. Within the 

spindle, centrosome clustering arises from motor proteins 

located near spindle poles and centrosomes, such as dynein 

and KIFC1/HSET, as well as proteins localized at the kineto-

chore or centromere that control microtubule binding and 

spindle assembly checkpoint signaling (Drosopoulos et al., 

2014; Kwon et al., 2008; Leber et al., 2010; Quintyne et 

al., 2005). Outside of the spindle, at the cell cortex, motor 

proteins associate with the cortical actin network, such as 

Myo10 and dynein, and position centrosomes by generating 

force on astral microtubules (Kwon et al., 2015; Quintyne 

et al., 2005). Compared with nontransformed cells, centro-

some clustering is more efficient in cancer cells (Ganem et al., 

2009).

	 Chromosomal aberration frequently occurs when cen-

trosomes are clustered through the formation of merotelic 

kinetochore-microtubule attachments (Ganem et al., 2009). 

At the same time, centrosome clustering may be used to 

generate daughter cells with a normal centrosome number. 

For example, tetraploid cells can inherit a normal centrosome 

number through asymmetric centrosome clustering during 

cell division (Baudoin et al., 2020). It was recently reported 

that cancer-associated mutations in the alpha isoform of the 

Fig. 2. Fates of the supernumerary centrioles during the cell cycle. The cells with supernumerary centrioles may be arrested at M 

phase, due to mitosis failure. In other occasion, the cells may form bipolar spindles with clustered centrioles and undergo mitosis. Finally, 

biologically inactive forms of supernumerary centrioles hardly affect cell cycle progression.
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scaffolding subunit of protein phosphatase 2A (PP2A-Aα) 

enhance centrosome clustering (Antao et al., 2019). These 

observations suggest that mutations in PP2A-Aα may be one 

of the genetic backgrounds favoring supernumerary centri-

oles in cancer cells.

Centriole inactivation
The number of centrioles doubles after cells pass through the 

G1/S transition phase. However, supernumerary centrioles 

are not always doubled, suggesting that a fraction of centri-

oles may be inactive in centriole assembly (Sala et al., 2020). 

Heterogeneity in supernumerary centrioles has been reported 

in TP53;PCNT;CEP215 triple knockout cells (Jung and Rhee, 

2021). A couple of centrioles in triple KO cells are assembled 

in S phase, while the other centrioles are accidentally assem-

bled in M phase (Jung and Rhee, 2021). M-phase-assembled 

centrioles include structural and functional defects, which 

hamper daughter-to-mother centriole conversion after mitot-

ic exit (Jung and Rhee, 2021). Daughter-to-mother centriole 

conversion is critical for centrosome function during the cell 

cycle (Wang et al., 2011). M-phase-assembled centrioles lack 

the ability to function as templates for centriole assembly 

during S phase (Fig. 2). They also lack the ability to organize 

microtubules in interphase (Jung and Rhee, 2021). On the 

other hand, the S-phase-assembled centrioles in the same 

cells are intact. In these cells, centriole assembly occurs only 

from the S-phase-assembled centrioles as templates. During 

mitosis, a normal bipolar spindle is formed with intact pairs of 

centrosomes. Therefore, even if extra centrioles are present 

in the cells, they hardly disturb cell cycle progression. Never-

theless, a fraction of the extra centrioles may form PCM and 

function as spindle poles, causing mitotic defects and aneu-

ploidy. Inactive centrioles may be generated in other cases, as 

can be surmised based on reports concerning PCM inactiva-

tion in Drosophila (Sabino et al., 2015).

FUTURE DIRECTIONS

Considerable efforts have been made to elucidate how extra 

centrioles are generated in dividing cells. Supernumerary cen-

trioles may just be an outcome of abnormal cell cycle defects. 

Alternatively, supernumerary centrioles are beneficial to some 

cells that can sufficiently cope with the difficulty of mitotic ca-

tastrophe. It would be interesting to investigate what are the 

positive forces to maintain supernumerary centrioles during 

the cell cycle. A few lines of evidence indicate that supernu-

merary centrioles contribute to the metastasis of tumor cells. 

For example, an increase in microtubule nucleation with extra 

centrosomes promotes activation of the small GTPase Rac1, 

which, in turn, initiates actin polymerization and promotes 

cell migration (Godinho et al., 2014). Structural aberration in-

duced by overexpression of the ninein-like protein promotes 

budding of mitotic cells from acini in a three-dimensional cul-

ture model (Ganier et al., 2018; Schnerch and Nigg, 2016). 

There may be additional forces to promote the maintenance 

of supernumerary centrioles.

	 One should consider numerical as well as structural aberra-

tions of supernumerary centrioles. Several studies have hinted 

that supernumerary centrioles may be heterogeneous in their 

structures and biological activities (Jung and Rhee, 2021; 

Marteil et al., 2018). Therefore, the outcome of supernumer-

ary centrioles may be diverse in cancer cells, depending on 

the types of centrioles they possess.

	 It is also interesting to investigate how supernumerary cen-

trioles are discarded from the population. Clonal elimination 

is a prominent way to remove extra centrioles from cells. 

However, autophagy may also be involved in the removal 

of defective centrioles in cells with a normal number of cen-

trioles as well as with supernumerary centrioles. In the very 

least, dysregulation of autophagy might contribute to the 

generation of supernumerary centrioles per se via accumula-

tion of components implicated in duplication, such as CEP63 

(Watanabe et al., 2016; Wu et al., 2021). We hope that these 

key questions will be resolved in the near future.
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