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In interphase and mitosis, centrosomes 
play a major role in the spatial orga-

nization of the microtubule network. 
Alterations in centrosome number and 
structure are associated with genomic 
instability and occur in many cancers. 
Centrosome duplication is controlled by 
centriole replication. In most dividing 
animal cells, centrioles duplicate only 
once per cell cycle at a site adjacent to 
existing centrioles. The conserved pro-
tein kinase Polo-like kinase 4 (Plk4) has 
a key role in controlling centriole bio-
genesis. Overexpression of Plk4 drives 
centrosome amplification and is asso-
ciated with tumorigenesis in flies. By 
contrast, haploinsufficiency of Plk4 pro-
motes cytokinesis failure, leading to an 
increased incidence of tumors in mice. 
Recent studies have shown that Plk4 is a 
low abundance protein whose stability is 
linked to the activity of the enzyme. We 
discuss how this autoregulatory feedback 
loop acts to limit the damaging effects 
caused by too much or too little Plk4.

Centrosomes are the major microtubule 
organizing centers of animal cells and play 
a particularly important role during mito-
sis where they organize the two opposite 
poles of the bipolar microtubule spindle 
apparatus upon which chromosomes are 
segregated. Although centrosomes are not 
strictly essential for the formation of the 
mitotic/meiotic spindle, whenever they are 
present they play a dominant role in guiding 
spindle formation.1,2 Extra copies of centro-
somes frequently result in errors in spindle 
assembly that give rise to chromosome 
missegregation and the production of aneu-
ploid daughter cells.3,4 Almost one hundred 
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years ago, Theodor Boveri  proposed that 
 centrosome amplification can contribute to 
tumorigenesis.5 Since then supernumerary 
centrosomes have been reported in a variety 
of different tumor cells in vitro and in vivo 
and are a consistent feature of aneuploid 
tumors.6-13 However, despite the large body 
of circumstantial evidence linking extra 
centrosomes to the development of cancer, 
it remains unclear whether supernumerary 
centrosomes actively contribute to tumori-
genesis or arise as a byproduct of cellular 
transformation.

Extra Centrosomes Promote  
Genomic Instability

Given the critical role that centrosomes 
play in maintaining genomic integrity it is 
not surprising that their number is tightly 
regulated throughout the cell cycle. If cen-
trosome duplication is not correctly coor-
dinated cells may acquire extra copies of 
centrosomes, resulting in the formation of 
multi-polar spindles which can give rise to 
multi-polar divisions.3,4,14 Such divisions 
cause massive chromosome missegrega-
tion, leading to the subsequent produc-
tion of highly aneuploid daughter cells 
that are typically inviable (Fig. 1). As a 
consequence, cells have evolved mecha-
nisms to suppress multi-polar mitoses 
and hence prevent massive chromosome 
missegregation.6,7,15,16 In the majority of 
cases multiple centrosomes coalesce into 
two groups and form a bipolar spindle.17-19 
While this allows cells to divide in a bipo-
lar manner, the passage through a tran-
sient multi-polar intermediate prior to 
centrosome clustering increases the num-
ber of incorrect kinetochore-microtubule 



2732 Cell Cycle volume 9 issue 14

spindle divides the centrosomes such that 
each incipient daughter cell will inherit 
one copy. Centrosomes and chromosomes 
are the only structures that are known to 
be precisely duplicated and partitioned 
equally during each cell division.

Since the centrioles recruit the PCM 
and determine the number of centrosomes 
in the cell, centrosome duplication is cou-
pled to centriole replication. Canonical 
centriole duplication is triggered at a 
defined site on a parent centriole, which 
acts as a scaffold to concentrate key regu-
latory molecules required for centriole 
biogenesis.2 However, there are some well-
characterized examples in specialized cell 
types where centriole formation can occur 
de novo without an existing centriole,28 
illustrating that centriole formation can 
be a template-free, self-assembly process.29

Centrosome Duplication is Tightly 
Coordinated with Cell Cycle  

Progression

A centrosome is composed of two, bar-
rel-shaped centrioles embedded in an 
amorphous proteinaceous matrix, known 
as the pericentriolar material (PCM)  
(Fig. 2). Like DNA, centrosome dupli-
cation is a semi-conservative process 
that occurs once, and only once, per cell 
cycle.27 G

1
 phase cells possess a single cen-

trosome containing two centrioles (Fig. 
2). In a normal somatic cell cycle centro-
some duplication is first visible during 
early S-phase, when a new procentriole 
assembles next to the proximal end of each 
parental centriole. As the cell progresses 
through S and G

2
 phases, daughter cen-

trioles elongate until they reach the length 
of their parents. At the G

2
-M phase transi-

tion the two centrosomes, each containing 
a parent and a daughter centriole, separate 
and instruct the formation of the two spin-
dle poles. At anaphase, the microtubule 

attachments, leading to chromosome 
missegregation3,4 (Fig. 1).

A common feature of many tumor cells 
is high rates of chromosome gain or loss 
during mitosis, a phenomenon known as 
chromosomal instability (CIN).20 CIN is 
a major source of aneuploidy in human 
tumors and has long been proposed to 
have a causal role in cancer progression.21 
The primary guard to protect against CIN 
is the mitotic checkpoint (also known as 
the spindle assembly checkpoint).22,23 This 
cell cycle control mechanism acts to delay 
the irreversible transition to anaphase until 
all chromosomes are correctly attached to 
the mitotic spindle. While weakening of 
the mitotic checkpoint in cells and tis-
sues of mice causes aneuploidy and CIN,15 
the mitotic checkpoint is rarely compro-
mised in chromosomally unstable cancer  
cells.24-26 By contrast, elegant work has 
shown that supernumerary centrosomes 
are prevalent amongst CIN cells and are 
likely to form an important and frequent 
contributor to CIN.3,4

Figure 1. extra centrosomes promote chromosomal instability (CiN). (a) Cells with two centrosomes undergo normal bipolar divisions, allowing the 
chromosomes and centrosomes to be equally distributed in anaphase. (B) Cells possessing more than two centrosomes form multipolar spindles. if 
uncorrected, this can lead to a multipolar division giving rise to highly aneuploid and often inviable daughter cells. Centrosomes frequently coalesce 
into two groups prior to anaphase. while this allows the formation of a bi-polar spindle, the transition through a transient multipolar intermediate 
increases the frequency of incorrect, merotelic kinetochore-microtubule interactions leading to minor chromosome missegregation that is often 
compatible with cellular viability.
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centrosome amplification and tumorigen-
esis. However, fruit flies are not normally 
affected by cancer, and therefore, it will be 
important to extend these exciting find-
ings to investigate the long-term effect of 
centrosome amplification in mammalian 
tumors models.

Surprisingly, Plk4 heterozygosity also 
leads to centrosome amplification, abnor-
mal spindle formation and aneuploidy, 
but through a mechanism that does not 
involve centriole overduplication. Plk4+/- 
murine embryonic fibroblasts exhibit a 
high frequency of cytokinesis failure lead-
ing to the production of tetraploid daugh-
ter cells with twice the normal centrosome 
content.36 Exactly how Plk4 acts to con-
trol cytokinesis remains to be established. 
There is compelling evidence that the 
uncontrolled proliferation of tetraploid 
cells acts as a catalyst to promote further 
genetic instability and tumorigenesis.15,37 
Consistently, Plk4+/- cells spontaneously 
immortalize in culture and are capable 
of forming tumors when injected into 
immunocompromised mice.36 Moreover, 

cycle.31,34,35 This demonstrates that there is 
no structural limitation to the formation of 
multiple daughter centrioles, but rather the 
number of centrioles produced during each 
cell cycle is limited by the level of active 
Plk4.

Plk4 Misregulation Promotes  
Tumorigenesis

The production of multiple centrioles 
ultimately leads to the formation of extra 
centrosomes. Consequently, overexpres-
sion of Plk4 in Drosophila gave rise to 
flies possessing supernumerary centro-
somes in ∼60% of somatic cells.19 Many 
of these cells initially formed multipolar 
spindles, but these spindles ultimately 
become bipolar. Consequently, flies with 
extra centrosomes are overtly normal 
and fertile and display only a modest 
increase in aneuploidy. Transplanted lar-
val brain tissue from animals with extra 
centrosomes was able to initiate tumori-
genesis in wild type host flies,19 provid-
ing the first direct causative link between 

Polo-Like Kinase 4 is a Key  
Regulator of Centriole Biogenesis

In flies and human, the protein kinase Plk4 
localizes to the centriole and is a master 
regulator of centriole biogenesis.29-31 Plk4 
is a distant member of the polo-like kinase 
family and plays an essential role in cen-
triole duplication. In the absence of Plk4, 
Drosophila and human cells progressively 
lose centrioles through impaired dupli-
cation.30,31 Nevertheless, Plk4-/- mouse 
embryos do not arrest until embryonic 
day 7.5 and are thus, apparently capable of 
undergoing many divisions in the absence 
of Plk4.32 Since Plk4 turns over rapidly in 
cells,33 this suggests that either there is a 
large supply of maternal Plk4 transcript 
or that Plk4 is not necessary during early 
embryonic divisions.

While reduced levels of Plk4 impair 
centriole duplication, overexpression of 
the kinase overrides the mechanism that 
normally limits centriole replication, lead-
ing to the concurrent formation of mul-
tiple daughter centrioles in a single cell 

Figure 2. the centriole replication cycle. G1 cells possess a single centrosome containing a pair of centrioles embedded in an amorphous pericentrio-
lar material. in most somatic cells, centriole duplication occurs during S phase and is marked by the formation of procentrioles at the proximal end of 
each parental centriole. Procentrioles elongate until they reach the length of the parent centrioles in late G2. the procentriole and daughter centrioles 
are held in an orthogonal configuration and the two pairs of centrioles remain connected, functioning a single microtubule-organizing center until 
late G2. at the G2-M transition centrosome maturation occurs and the centrosomes separate and form opposite poles of the bipolar microtubule 
spindle. During mitosis the centrosomes are equally divided such that each incipient daughter cell inherits one centrosome. at the end of mitosis, 
centrioles lose their orthogonal configuration in a process known as disengagement. it has been proposed that this step may be required to license an 
additional round of centriole duplication in the next cell cycle.27
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though ubiquitin-targeted proteolysis.39 
To investigate how the stability of Plk4 is 
regulated in mammalian cells, we created 
stable cell lines expressing kinase active 
and kinase dead versions of Plk4 from 
the same genomic locus. Interestingly, we 
found that kinase inactive Plk4 accumu-
lated to >10 fold higher levels than the 
active kinase, suggesting that kinase active 
Plk4 stimulates its own breakdown.43 This 
was confirmed by engineering an ana-
logue sensitive allele of Plk4 whose activ-
ity could be specifically inhibited with a 
bulky ATP analogue:50 addition of the 
drug caused Plk4 protein stability to dra-
matically increase. Expression of kinase 
active Plk4 was also able to promote the 
destabilization of kinase inactive Plk4, 
indicating Plk4 is capable of intermolecu-
lar destabilization. Concentrating Plk4 at 
the centriole may thus, aid Plk4’s ability to 
promote its own destruction.

An attractive explanation for how Plk4 
regulates its own stability is that Plk4 
self-phosphorylates the b-TrCP phospho-
degron and targets itself for destruction. 
Surprisingly, however, mutation of the 
phosphodegron to abolish phosphory-
lation only modestly stabilized Plk4, 
despite the fact b-TrCP binding was 
largely abolished.43 In vitro analysis of 
Plk4 autophosphorylation sites revealed a 
densely phosphorylated region located just 
downstream of the Plk4 kinase domain43  
(Fig. 3). Strikingly, this 24 amino acid 
region encompasses the entire b-TrCP 
phosphodegron and lies within one of 
the PEST domains previously shown to 
destabilize Plk4.38 Consistent with a role 
in controlling protein stability, deletion 
of this 24 amino acid region dramati-
cally stabilized Plk4 without affecting 
kinase activity, demonstrating this region 
integrates Plk4 activity with the protein’s 
instability.43 Using a series of Plk4 mutants 
defective in phosphorylation at specific 
sites within this 24 amino acid region, 
we set out to establish if a combination 
of phosphorylation events is required 
for Plk4 destruction. Plk4 was progres-
sively stabilized as more phosphorylation 
sites in the 24 amino acid region were 
abolished, indicating Plk4 destruction 
depends upon phosphorylation at multiple 
sites within this region. We propose that 
this 24 amino acid region functions as a 

centriole overduplication in a Plk4 depen-
dent manner.44

Several components of the ubiqui-
tination-degradation machinery have 
been found to localize to the centro-
some, including components of the 
SKP1-CUL1-F-Box (SCF) E3 ubiquitin 
ligase.40,42,45 The SCF complex is an E3 
ubiquitin ligase comprised of 3 core sub-
units (Skp1, Cullin 1 and Rbx1) and an 
interchangeable F-box protein responsible 
for substrate recognition.46 F-box proteins 
often associate with substrates phosphory-
lated at specific sites in “phosphodegron” 
motifs. Plk4 possess a conserved phospho-
degron binding site for the F-box protein 
b-TrCP (Fig. 3). Consistent, with a role  
in controlling Plk4 stability, depletion of 
Slimb (the Drosophila homologue of ver-
tebrate b-TrCP) or knockout of b-TrCP in 
mouse cells causes an increase in centro-
some number.47-49 Two recent studies dem-
onstrated that Slimb associates with Plk4 
in Drosophila cells and mutation of the 
Slimb binding site increases Plk4 stability 
leading to centriole overduplication.41,42 
Nevertheless, the kinase responsible for 
regulating phosphorylation of Plk4 in the 
b-TrCP/Slimb degron was not identified.

Plk4 Kinase Activity  
Autoregulates Protein Stability

There are several examples in which the 
sustained activation of protein kinases 
promotes their irreversible downregulation 

Plk4 heterozygous mice are prone to 
the development of spontaneous lung 
and liver tumors and loss of Plk4 het-
erozygozity occurs frequently in human 
hepatoma.32,36,37 Together, these studies 
demonstrate that Plk4 has the unusual 
property of acting both as a haploinsuffi-
cient tumor suppressor and an oncogene. 
Clearly, controlling the level of Plk4 is 
of great importance for the cell and the 
organism.

Plk4 Levels are Tightly Controlled

The level and activity of Plk4 must be 
carefully controlled in space and time to 
ensure proper co-ordination of centriole 
duplication. Indeed, Plk4 expression is 
controlled transcriptionally, with Plk4 
mRNA increasing in late G

1
 and reach-

ing a maximal level during mitosis.33 The 
C-terminus of Plk4 also contains three 
putative PEST domains, which are com-
monly associated with reduced protein 
stability.38 Consistently, endogenous Plk4 
is a low abundance protein, while overex-
pressed Plk4 has a short half-life of 2–3 
hours in cells.33 Regulated proteolysis is a 
common mechanism for downregulating 
active kinases and in many cases involves 
targeted destruction of kinases through 
the ubiquitin-proteasome pathway.39 
Several studies have shown that Plk4 is 
ubiquitinated and destroyed by the 26S 
proteasome33,40-43 and moreover, chemi-
cal inhibition of the proteasome promotes 

Figure 3. Structural features of human Plk4. Plk4 possesses an N-terminal kinase domain, a C-tem-
inal polo-box domain (PBD) and cryptic polo-box domain (Cryptic-PBD). the multi-phosphode-
gron is required to destabilize kinase active Plk4. the multi-phosphodegron contains a conserved 
b-trCP binding motif and is rich in potential phosphorylation sites. the conserved threonine in 
the t-loop activation domain is marked.
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to phosphorylation by other kinases. 
Regardless of the exact mechanism, plac-
ing Plk4 stability under direct control of 
the proteins activity creates an autoregu-
latory feedback loop that allows Plk4 to 
self-limit kinase activity by promoting 
its own destruction by the proteasome. 
This is likely to be important in prevent-
ing Plk4 from accumulating to dangerous 
levels in the cell. Interestingly, the levels 
of the centriole component SAS-6 are 
also controlled by proteolysis. SAS-6 is 
a substrate for the APCcdh1 E3 ligase and 
targeted for degradation during late mito-
sis.52 Overexpression of SAS-6 in human 
cells leads to the formation of multiple 
daughter centrioles in a single cell cycle. 
Proteolysis may therefore, be a general 
mechanism to limit the availability of cen-
triole components and prevent centriole 
overduplication.

destruction43 (Fig. 4). A recent report 
identified a site in the multi-phosphode-
gron (serine 305) as a major Plk4 auto-
phosphorylation site in vitro and in vivo.51 
Although preventing phosphorylation of 
this site alone does not alter Plk4 stabil-
ity in cells, proteasome inhibition caused 
a marked increase in S305-phosphorylated 
Plk4, indicating that phosphorylation 
of S305 occurs concurrently with other 
sites in the multi-phosphodegron that 
have an additive role in promoting Plk4 
 destruction. However, it also remains 
possible that Plk4 could regulate its own 
destruction indirectly (Fig. 4). For exam-
ple, Plk4 may activate an as yet uniden-
tified kinase that in-turn phosphorylates 
the multi-phosphodegron. Alternatively, 
the activation of Plk4 may promote a 
conformational change that exposes the 
previously masked multi-phosphodegron 

“multi-phosphodegron” that promotes the 
destruction of Plk4 after the bulk addition 
of phosphates.

The bulk addition of phosphates to 
the multi-phosphodegron would create a 
substantial change in electrostatic charge 
that may enhance docking to E3 ligases. 
Since counteracting phosphatases would 
act to remove phosphates from this region, 
a requirement for multi-site phosphory-
lation creates a higher threshold of Plk4 
activity that would be required to degrade 
the protein. This may provide a tempo-
ral delay that allows Plk4 to phosphory-
late the substrates required for centriole 
duplication before it promotes its own 
degradation.

In vitro Plk4 is able to autophosphory-
late several sites within the multi-phos-
phodegron, suggesting that kinase active 
Plk4 may act directly to promote its own 

Figure 4. Model for how Plk4 kinase activity autoregulates protein stability. (a) Kinase active Plk4 autophosphorylates the multi-phosphodegron. 
Phosphorylation promotes Plk4’s ubiquitination by an e3 ligase and subsequent destruction by the proteasome. (B) Kinase active Plk4 phosphorylates 
and activates an additional kinase. this kinase subsequently phosphorylates the multi-phosphodegron leading to Plk4’s downregulation. (C) activa-
tion of Plk4 induces a conformational shift in the protein that exposes the previously masked multi-phosphodegron to phosphorylation by other 
kinases.
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triole duplication to once per cell cycle. A 
remaining question however, is how Plk4 
is able to promote centriole replication at a 
defined period in the cell cycle. It is prob-
able that other levels of control also act to 
precisely control Plk4 activity. For exam-
ple, the recruitment of Plk4 to the centriole 
may control the  phosphorylation of sub-
strates51 or Plk4 activity may be regulated 
through phosphorylation of the T-loop 
threonine by other cell cycle regulated 
kinases.53 A more detailed appreciation of 
Plk4’s ability to orchestrate centriole rep-
lication may aid our understanding as to 
the origins of centrosome amplification 
in cancer and provide opportunities to 
develop therapies that target cancer cells 
possessing extra centrosomes.
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