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Abstract
Centrosomes play a critical role in formation of bipolar mitotic spindles, an essential event for
accurate chromosome segregation into daughter cells. Numeral abnormalities of centrosomes
(centrosome amplification) occur frequently in cancers, and are considered to be the major cause of
chromosome instability, which accelerates acquisition of malignant phenotypes during tumor
progression. Loss or mutational inactivation of p53 tumor suppressor protein, one of the most
common mutations found in cancers, results in a high frequency of centrosome amplification in part
via allowing the activation of the cyclin-dependent kinase (CDK) 2-cyclin E (as well as CDK2-cyclin
A) which is a key factor for the initiation of centrosome duplication. In this review, the role of
centrosome amplification in tumor progression, and mechanistic view of how centrosomes are
amplified in cells through focusing on loss of p53 and aberrant activities of CDK2-cyclins will be
discussed.

Basic biology of the centrosome, and its relevance to cancer
The centrosome is a small non-membranous organelle (1–2 µm in diameter) usually found at
the periphery of nucleus during interphase, and its primary function is to nucleate and anchor
microtubules. The centrosome in animal cells consists of paired centrioles, and surrounding
electron dense materials known as pericentriolar material (PCM) (Fig. 1a). The centrioles in
the pair are structurally different from each other; one with a set of appendages at the distal
ends (mother centriole) and another without them (daughter centriole), and these appendages
are believed to play a role in the microtubule anchoring activity [1]. The PCM is composed of
a number of different proteins, and the protein composition of the PCM is highly dynamic:
some PCM components reside at the centrosome permanently, while some transiently localize
to the centrosome during the cell cycle.

In mitosis, two centrosomes form spindle poles, and direct the formation of bipolar mitotic
spindles (Fig.1b). Because formation of proper mitotic spindles is essential for the accurate
chromosome segregation into two daughter cells during cytokinesis, two, and only two
centrosomes are needed in mitosis. Thus, numeral integrity of centrosomes is carefully
controlled, and abrogation of this control results in abnormal amplification of centrosomes
(presence of >2 centrosomes). Centrosome amplification leads to aberrant mitotic spindle
formation with more than two spindle poles, and subsequent chromosome segregation errors.
Cells with amplified centrosomes often form tripolar mitotic spindles, and these cells can
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undergo cytokinesis (Fig. 2b). Some daughter cells from the tripolar division are viable, yet
suffer severe aneuploidy [2]. When the mitotic spindles with more than three poles are formed,
cells fail to undergo cytokinesis [2], and become either bi-nucleated or large mono-nucleated
cells (Fig. 2c). Since failure to undergo cytokinesis triggers the checkpoint response involving
the p53 tumor suppressor protein via a mechanism that is poorly understood [3], the cells
become arrested in the presence of p53, and eventually undergo cell death. In contrast, in the
absence of p53 or the p53-depependent checkpoint function, those bi- or large mono-nucleated
cells continue to cycle, and many of them experience repeated cytokinesis block, become very
large multi(>2)-nucleated polyploid cells, and eventually undergo cell cycle arrest/cell death
[4]. However, some cells resume cytokinesis likely through the formation of pseudo-bipolar
spindles (see below). Since the presence of polyploid chromosomes is known to destabilize
chromosomes [5], polyploidy resulting from cytokinesis block due to centrosome amplification
further promotes the chromosome instability. It is important to note that centrosome
amplification does not always results in formation of multi-polar spindles. Amplified
centrosomes frequently form “pseudo-bipolar” spindles by positioning on a bipolar axis (Fig.
3a), resulting in mitotic spindles which structurally resemble the “true” bipolar spindles
organized by two centrosomes. Although the mechanism underlying this phenomenon known
as “centrosome clustering” is not fully understood, the microtubule motor protein dynein has
been shown to play an important role [6]. Cells with “pseudo-bipolar” spindles appear to
undergo normal cytokinesis without any chromosome segregation errors. However, even these
“pseudo-bipolar” spindles often encounter a risk of chromosome segregation errors (Fig. 3b):
one or a few centrosomes fail to line up on the bipolar axis, yet they are functionally intact,
nucleating microtubules which capture chromosomes. Depending on which daughter cell
receives those chromosomes, aneuploid daughter cells can be generated [7].

Chromosome segregation errors resulting from centrosome amplification profoundly
influences the rate of tumor progression, since loss or gain of even a single chromosome can
introduce multiple genetic alterations required for acquisition of more malignant phenotypes.
Indeed, centrosome amplification frequently occurs in almost all types of solid tumors and
several cases of leukemia and lymphoma [4,8]. Moreover, many studies have shown a strong
association between the occurrence of centrosome amplification and a high degree of
aneuploidy. However, it should be noted that correlative studies of aneuploidy and centrosome
amplification in tumor tissues, which also apply to other chromosome destabilizing events,
need to be approached cautiously. During the tumor progression, tumor cells often undergo a
phenomenon called “karyotypic convergence” (Fig. 4) [9], in which tumors in early stages are
karyotypically heterogeneous due to unstable chromosomes, while those in later stages are
highly aneuploid, yet karyotypically homogenous and their chromosomes are stable. It is
believed that tumor cells in early stages continuously re-establish the chromosome
compositions that render better growth properties (i.e., faster growth rate, anchorage
independent growth, mitogenic stimuli independent growth, etc.). Once the tumor cells acquire
a superlative chromosome composition for growth under a given environment, chromosome
instability itself becomes a target of the selection pressure, prioritizing the maintenance of the
acquired superior chromosome composition. To this end, the cells, which have acquired
mutation(s) that either eliminate or counteract the cause of chromosome instability, restore the
stability of chromosomes and eventually dominate the tumor population because of their higher
proliferative capacities. Thus, if the centrosome amplification is the cause of chromosome
instability in the early stage tumors, it will likely be suppressed in the late stage tumors that
are chromosomally homogenous. In the study using the cultured p53-deficient cells (loss of
p53 leads to centrosome amplification, which will be discussed in details later), it has been
shown that cells suffer extensive chromosome instability associated with centrosome
amplification and form a karyotypically heterogeneous population. However, after prolonged
passaging, cells with a particular chromosome composition dominate the population, and those
cells no longer show centrosome amplification [10], supporting the karyotypic convergence
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theory of tumor progression. Further analysis of the p53-deficient cells after prolonged
passages revealed that the cells acquired a mutation that results in a high level expression of
BubR1 spindle checkpoint kinase [11]. The spindle checkpoint is a surveillance mechanism
that restrains cells from entering anaphase by preventing the activation of Anaphase-promoting
complex (APC), an E3 ubiquitin ligase that marks target proteins for degradation by the 26S
proteasome, until all chromosomes are properly attached to the bipolar mitotic spindles
originated from centrosomes. This checkpoint function is activated by chromosomes
(kinetochores) unattached or inadequately attached to the spindles as well as by improper
spindle tension exerted on kinetochores [12,13]. Overexpression of BubR1 appears to increase
the potency of the spindle checkpoint function, which efficiently responds to the mitotic defects
associated with centrosome amplification. Thus, the cells with defective mitoses associated
with amplified centrosomes are effectively targeted by the “super-activated” spindle
checkpoint function, and are eventually disposed to cell death. The p53-deficient cells
described in the above study achieved the karyotypic convergence by selectively and
continuously killing the cells with amplified centrosomes by BubR1 overexpression, hence the
favorable chromosome composition could be maintained in the surviving cells. Apparently,
BubR1 overexpression is one of the many potential mutations that cells could acquire to
suppress the cause of chromosome instability in those cells. However, these findings imply
that the efficacy of mitotic checkpoint can profoundly influences the extent of chromosome
instability associated with centrosome amplification: abnormally amplified centrosomes can
destabilize chromosome more effectively in cells whose spindle checkpoint function is
compromised. Taken together, the correlative examination of tumors for aneuploidy and
centrosome amplification requires the consideration of many variables such as whether the
tumors of interest have undergone karyotypic convergence, and whether the mitotic checkpoint
function is compromised.

The centrosome duplication cycle and the role of CDK2-cyclin E
Upon cytokinesis, each daughter cell receives only one centrosome along with one half of the
replicated DNA. Thus, the centrosome, like DNA, must duplicate once before the next mitosis.
In other words, cells have either one unduplicated or two duplicated centrosomes at any given
time point during the cell cycle. Since DNA and centrosome are the only two organelles that
undergo one duplication in each cell cycle, animal cells are equipped with a mechanism that
coordinates these two events, ensuring these two organelles to duplicate only once [14] (Fig.
5). The coupling of the initiation of centrosome and DNA duplication is at least in part achieved
by the cyclin-dependent kinase (CDK) 2-cyclin E kinase complex [15]. CDK2-cyclin E, which
is a known inducer of S-phase entry in part via phosphorylating pRB retinoblastoma protein
[16,17], has been found to be also a key initiator of centrosome duplication [18,19]. Thus, the
late G1 specific activation of CDK2/cyclin E primarily induced by the temporal increase in the
cyclin E expression [20,21] leads to coordinated initiation of centrosome and DNA duplication.
Some of its target centrosomal proteins have been identified, including Mps1 kinase, CP110
and nucleophosmin [22–24]. Centrosome duplication starts with physical separation of the
paired centrioles, followed by the formation of the procentriole in the proximity of each pre-
existing centriole (Fig. 5). During S and G2, procentrioles elongate and two centrosomes
undergo a maturation process by progressively recruiting critical PCM components. At late
G2, the daughter centriole of the original pair acquires the sub-distal appendages, and two
mature centrosomes are generated.

Recent studies examining the CDK2-deficient mice have raised a question for the requirement
of CDK2 in the initiation of centrosome duplication. CDK2-deficient mice develop rather
normally [25,26], suggesting that CDK2 is not essential for the induction of DNA as well as
centrosome duplication [25–27]. Indeed, cells derived from these mice can proliferate and
undergo centrosome duplication [25–27], indicating that the function of CDK2 for the initiation
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of centrosome duplication can be readily and functionally replaced by other proteins. The
limited number of studies has shown that over-activation of CDK4/CDK6, both of which are
G1 CDKs that form complexes with cyclin D, can promote centrosome duplication [28,29].
Although it is not known whether CDK4,6-cyclin D-mediated promotion of centrosome
duplication still depends on the presence of CDK2, these studies raise the possibility that
CDK4/6-cyclin D may be the proteins that compensates for the loss of CDK2 in the initiation
of centrosome duplication. Indeed, CDK2−/−CDK4−/− double knock-out mice are
embryonically lethal, and cells prepared from those mice are defective in G1/S transition
[30]. It remains to be seen whether initiation of centrosome duplication is also affected in the
CDK2−/−CDK4−/− mouse cells. Alternatively, CDK1, a mitotic CDK, may be able to
compensate for the loss of CDK2 for the initiation of centrosome duplication by forming a
complex with cyclin E, as is the case for induction of the G1/S transition [30]. More recently,
it has been shown that mouse embryos lacking all interphase CDKs (CDK2, 3, 4 and 6) undergo
cell division, and in those embryos, CDK1 binds to all cyclins, resulting in the pRb
phosphorylation and the expression of the E2F-regulated genes [31]. However, cyclin E-
deficient cells can initiate centrosome duplication rather normally (see below), indicating that
the involvement of CDK1-cyclin E in the initiation of centrosome duplication is unlikely, yet
the involvement of CDK1 complexed with other interphase cyclins (i.e., cyclin A) remains
highly possible (see below). It remains to be tested whether CDK4/6-cyclin D (as well as
CDK1-cyclin E/A) can act on the previously identified centrosomal targets of CDK2-cyclin
E. Alternatively, the kinases other than the CDK family may play a role in the initiation of
centrosome duplication in the CDK2-deficient cells, including Polo-like Kinase (PLK) 2, PLK4
and ROCKII, all of which have been shown to possess the activities to promote centrosome
duplication [32–34].

Similar to CDK2-deficient mice, cyclin E-deficient mice also develop rather normally, and the
initiation of centrosome duplication is not significantly affected in cells derived from these
mice [35], suggesting that the function of cyclin E can also be readily replaced by other proteins.
We have recently found that initiation of centrosome duplication is significantly inhibited by
the transient depletion of cyclin A in cyclin E-deficient cells, suggesting that cyclin A is a
primary candidate protein that compensates for the loss of cyclin E for initiation of centrosome
duplication [35]. Indeed, CDK2-cyclin A has been previously implicated in the initiation of
centrosome duplication [36]. However, as long as cyclin E is present, the role of cyclin A in
the initiation of centrosome duplication appears to be minimal [35], and similar argument will
probably apply to CDK2: as long as CDK2 is present, other CDKs may likely play minimal
roles for the initiation of centrosome duplication.

DNA replication requires several critical biochemical events before being finally initiated by
CDK2-cyclin E [20,21]. In contrast, centrosomes rapidly respond to active CDK2/cyclin E,
and begin the duplication process. For instance, overexpression of cyclin E, which results in
constitutive activation of CDK2/cyclin E, induces centrosome duplication in very early G1
phase [37]. In contrast, newly duplicated centrosomes do not re-duplicate immediately even
in the presence of active CDK2-cyclin E [37]. The analysis of centrosomes in CHO cells that
are inhibited for S-phase entry/progression by exposure to DNA synthesis inhibitors shows
that duplicated centrosomes continue to re-duplicate without DNA synthesis, but do so only
after a substantial length of time (~20 h) [38], suggesting that duplicated centrosomes need to
regain the duplication competency before undergoing re-duplication. The study by Wong &
Stearn further supported this possibility, showing that fusion of G1 phase cells (containing
unduplicated centrosomes) and S phase cells (containing newly duplicated centrosomes)
results in duplication of only one centrosome presumably of the G1 centrosome [39]. Thus,
even in the presence of active CDK2/cyclin E, newly duplicated centrosomes can re-duplicate
only after acquisition of the duplication competency. More recently, it has been shown in
vitro [40] that centriole disengagement (loss of the strict orthogonal configuration of the paired
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centrioles) catalyzed by separase, a mitotic protease that acts on the cohesion complex at
anaphase to facilitate the separation of sister chromatids [41], may be the mechanistic nature
of the duplication competency. Separase is known to be activated by APC [11,12], and thus
its activation is likely restricted to mitotic phase. Considering that the duplicated centrosomes
in cells arrested in S-phase by exposure to DNA synthesis inhibitors can still acquire the
duplication competency and re-duplicate without undergoing mitosis [38], there seems to be
more to the story for the molecular mechanism underlying the duplication competency, and
further studies are clearly needed for the mechanism of the centrosome duplication competency
in vivo. Nevertheless, at least partly because of the requirement of the acquisition of the
duplication competency for duplicated centrosomes to re-duplicate, cyclin E overexpression
(constitutive activation of CDK2-cyclin E) alone does not efficiently induce centrosome
amplification [37,42]. However, cyclin E overexpression, which is frequently observed in
cancer cells [43], will certainly lay a favorable ground for generation of amplified centrosomes.

Loss of p53 and centrosome amplification
Since CDK2-cyclin E plays a key role in the initiation of centrosome duplication, the proteins
that control the CDK2/cyclin E activity are also expected to be involved in the regulation of
centrosome duplication, including p53. The involvement of p53 in the regulation of centrosome
duplication was initially suggested by the observations that cells and tissues from p53-deficient
mice show a high frequency of centrosome amplification [7,44]. The subsequent studies further
supported the role of p53 in the regulation of centrosome duplication. As described briefly
above, the cells arrested by exposure to the ribonucleotide reductase inhibitors [i.e.,
hydroxyurea (HU), mimosine] as well as a DNA polymerase inhibitor [i.e., aphidicolin (Aph)]
undergo multiple rounds of centrosome re-duplication without DNA synthesis, resulting in
generation of amplified centrosomes. However, efficient centrosome re-duplication in the cell
cycle-arrested cells occurs when p53 is either mutated or lost [45] (Fig. 6). In normal cells, p53
is stabilized by the physiological stress associated with the prolonged exposure to the inhibitors
such as Aph or HU by the ARF-mediated inhibition of Mdm2 [46], leading to up-regulation
of p21Waf1/Cip1, a potent CDK inhibitor and major transactivation target of p53 [47]. This
results in continuous inhibition of CDK2, hence blocking initiation of centrosome re-
duplication. In contrast, in cells lacking p53, CDK2 activation is unchecked, leading to
centrosome re-duplication/centrosome amplification. Even under a normal condition/
environment, cells are subjected to internal as well as external stresses that temporarily force
cells to halt cell cycling irrespective of the p53 status (i.e., imbalance or deprivation of critical
molecules such as dNTPs similar to the situation experimentally induced by HU or mimosine
treatment). In such cases, centrosomes re-duplicate if cells lack functional p53, leading to
centrosome amplification. Once the stress causing problems are eliminated, cells resume cell
cycling, and these cells will likely suffer chromosome loss/gain during mitosis due to the
presence of amplified centrosomes [48].

The molecular mechanism of centrosome amplification associated with loss of p53 has recently
become clearer primarily from the studies of centrosome amplification associated with DNA
damage as well as mutations/losses of DNA damage repair proteins. BRCA1 and BRCA2, both
of which are products of familial breast/ovarian cancer susceptibility genes [49] and the Rad51
family proteins, including Rad51 and five Rad51 paralogs, Rad51B, Rad51C, Rad51D,
XRCC2 and XRCC3 [50] play major roles in DNA damage repair in vertebrate cells.
Expression of the dominant negative Rad51 as well as conditional repression of Rad51 leads
to centrosome amplification [51,52]. Similarly, reduced expression or loss of Rad51B,
Rad51C, Rad51D, XRCC2, XRCC3 as well as BRCA1 and BRCA2 all result in high
frequencies of centrosome amplification and severe chromosome instability [53–58]. It has
recently been shown that, using the inducible Rad51 system in Rad51-deficient cells,
centrosome amplification occurs during prolonged G2-arrest due to activation of the G2/M
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checkpoint triggered by the presence of damaged DNA [59]. Thus, DNA damages, which are
normally corrected by the repair system, will accumulate if the repair system is defective,
triggering the G2/M checkpoint and cell cycle arrest. The G2/M checkpoint is the surveillance
mechanism for ensuring the readiness of cells to commit to mitosis, especially of the integrity
of replicated DNA [60], and targets CDK1-cyclin B, a key kinase complex that triggers mitotic
entry [61], is a primary target of the G2/M checkpoint. The G2/M checkpoint is exerted via
both p53-dependent and p53-independent mechanisms, both of which are triggered by ATM
and ATR kinases that act as a sensor of damaged DNA and coordinates the DNA damage
response signaling pathways, including Chk1 and Chk2 kinases (Fig. 7). p53 is stabilized by
ATM/ATR- as well as Chk1/Chk2-mediated phosphorylation, leading to up-regulation of p21
CDK inhibitor, which prevents activation of CDK1/cyclin B by direct inhibition of the kinase
activity as well as nuclear exclusion [62,63], resulting in late G2 arrest (p53-dependent G2/M
checkpoint). CHK1/CHK2 also blocks CDK1-cyclin B activation by directly phosphorylating
CDC25 phosphatases (CDC25A, B and C), all of which can act as activators of CDK1/cyclin
B [64]. CHK1 has also been shown to block activation of CDC25C by inhibiting Polo-like
kinase 1 (PLK1) [65], one of the known activators of CDC25C [66]. CHK1 also up-regulates
WEE1, a kinase that catalyzes inhibitory phosphorylation of CDK1 [67]. All these events lead
to inhibition of the activation of CDK1-cyclin B, resulting in late G2 arrest (p53-independent
G2/M checkpoint). The G2 arrest by the accumulation of damaged DNA caused by mutations/
losses of DNA repair proteins provides an opportunity for duplicated centrosomes to acquire
the duplication competency and to re-duplicate, leading to generation of amplified
centrosomes. Similar scenario can be drawn for cells exposed to high doses of genotoxic agents.
Cells inflicted with extensive DNA damage by exposure to γ-irradiation, UV-irradiation or
genotoxic drugs become arrested due to activation of the G2/M checkpoint, and undergo
centrosome amplification [68–71]. However, initiation of centrosome re-duplication in these
G2-arrested cells still requires the CDK2 activity (mostly of those bound by cyclin A, ref.
35), which can be effectively inhibited by activation of the p53-dependent G2/M checkpoint
pathway and consequential up-regulation of p21. Thus, centrosome amplification in the G2-
arrested cells in response to DNA damage occurs efficiently when the p53-dependent G2/M
checkpoint is compromised (Fig. 7). Indeed, it has been shown that centrosome amplification
does not occur in the irradiated normal human cells despite of being arrested in G2. Only when
p53 expression is silenced in those cells, radiation exposure induced a high frequency of
centrosome amplification [71].

In sum, loss or mutational inactivation of p53 allows uncontrolled activation of CDK2 in cells
arrested for cell cycling due to physiological stress as well as damaged DNA, and active CDK2,
mostly those in complex with cyclin A, triggers centrosome re-duplication, leading to
generation of amplified centrosomes. Once the cause of the cell cycle arrest is either removed
or repaired, cells will resume cell cycling in the presence of amplified centrosomes, leading to
mitotic defects and chromosome segregation errors.

Other CDK2 and p53 modulators and centrosome amplification
Because of the involvement of p53 in the regulation of centrosome duplication, the proteins
that control the stability of p53 is also involved in the regulation of centrosome duplication,
and aberrant expression/activity of those proteins results in centrosome amplification. For
instance, MDM2 (HDM2 in human), an E3 ubiquitin ligase that promotes degradation of p53
[72,73], is frequently overexpressed in various types of cancers, especially in those which retain
wild-type p53 [74]. When MDM2 is overexpressed in cells harboring wild type p53, the level
of p53 is reduced, and centrosome amplification is efficiently induced [75]. Similarly,
expression of human papilloma virus E6 protein, which also promotes degradation of p53
[76], leads to centrosome amplification [77]. More recently, p53 has been shown to be primed
for MDM2-mediated degradation by phosphorylation mediated by Aurora A (STK15/BTAK)
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kinase [78]. Indeed, forced expression of Aurora A has been shown to induce centrosome
amplification [79], and priming of p53 for MDM2-mediated degradation at least partly
contributes to the ability of Aurora A to induce centrosome amplification.

Besides the p53-p21 pathway, CDK2 activity is also controlled by other CDK inhibitors,
including p27Kip1 and p16(INK4a) [80]. Both p27Kip1 and p16(INK4a) have been implicated
in the regulation of centrosome duplication. For instance, centrosome amplification associated
with DNA damage requires down-regulation of p27Kip1 in certain cell types [70]. Loss of p16
(INK4a) has also been shown to induce centrosome amplification [81]. In both cases,
uncontrolled activation of CDK2/cyclin E was detected, likely contributing to generation of
amplified centrosomes.

CDK2 activity is also positively controlled, and CDC25 phosphatase is the major activator of
CDK2. In mammals, there are three CDC25 isoforms (CDC25A, B and C). Although early
studies suggested a cell cycle stage-specific role for each CDC25 isoform, it has recently been
shown that all CDC25 isoforms participate in the control of both early and late cell cycle
transitions targeting all types of CDK/cyclin complexes [64]. CDK/cyclin complexes first
accumulate in an inactive form in which the CDK subunits are phosphorylated, and
dephosphorylation by CDC25 leads to activation of CDKs. Among these isoforms, only
CDC25B has been shown to localize to centrosomes [82]. However, the centrosomal
localization may not be a critical event for CDC25 to regulate centrosome duplication.
Although CDK2-cyclin E is known to localize to centrosomes [18,83], it is possible that CDK2/
cyclin E may be targeted by CDC25 elsewhere, and then recruited to the centrosome. Therefore,
the role of CDC25A and C in the regulation of centrosome duplication cannot be ruled out
simply because they do not localize to centrosomes. It remains to be shown which CDC25
isoform(s) are more critically involved in the regulation of centrosome duplication, and
whether aberrant CDC25 expression/activity contributes to centrosome amplification.

Conclusion
In this review, recent advance in the mechanisms of the numeral abnormality of centrosomes
and its role in chromosome instability in cancer cells are discussed through focusing on p53
and CDK2-cyclins. However, many other proteins that are frequently mutated in cancers are
found to be involved in the regulation of centrosome duplication, hence mutations of those
proteins result in centrosome amplification [84]. Some proteins control centrosome duplication
through modulating the stability/activity of p53 as well as CDK2-cyclins, while the others do
so independently from p53 and CDK2-cyclins. It is also important to note that functional/
structural defects of centrosomes are equally important for its role in destabilization of
chromosomes in cancer cells. For instance, failure of the duplicated centrosomes to undergo a
proper maturation process (i.e., failure to recruit key PCM components, etc.) results in the
functional impairment of centrosomes, leading to formation of defective mitotic spindles and
chromosome segregation errors. Many oncogenic and tumor suppressor proteins have been
found to be involved in the regulation of the centrosome function as well, and mutations of
those proteins results in the functional impairment of centrosomes. The key questions remained
to be answered for the role of centrosomes in carcinogensis is how those oncogenes and tumor
suppressors interplay to control the numeral and functional integrity of the centrosome, and
how concurrent mutations of those proteins exacerbate the numeral and functional
abnormalities of the centrosome. Together with further understanding of the molecular biology
of centrosomes, these studies may prove the centrosome a superb target of the cancer
management.
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Figure 1. Structure and function of centrosomes
(a) The basic structure of the centrosome. (b) During mitosis, two centrosomes become the
spindle poles, directing the formation of bipolar mitotic spindles.
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Figure 2. Mitotic defects associated with numeral abnormalities of centrosomes
In normal mitosis, two centrosomes direct the formation of bipolar mitotic spindles (a). In the
presence of amplified centrosomes, cells frequently form multiple (>2) spindle poles. (b)
Tripolar spindles can undergo cytokinesis, and some daughter cells are viable, yet suffer severe
aneuploidy. (c) Cells with spindles with >3 poles fail to undergo cytokinesis in most cases,
becoming either bi-nucleated or large mono-nucleated cells. Because of the p53-dependent
checkpoint response to cytokinesis failure, the cells become arrested in the presence of p53,
and eventually undergo cell death. In contrast, in the absence of p53, cells continue to cycle,
and many of them become very large multi(>2)-nucleated cells and often undergo senescence-
like arrest and cell death. However, some cells escape from continuous cytokinesis block, and
become polyploid cells.
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Figure 3. Pseudo-bipolar spindles and the risk of chromosome segregation errors
Amplified centrosomes frequently form pseudo-bipolar spindles by positioning on a bipolar
axis (centrosome clustering), resulting in mitotic spindles which structurally resemble the true
bipolar spindles organized by two centrosomes. Cells with pseudo-bipolar spindles undergo
normal cytokinesis without any chromosome segregation errors (a). However, one or a few
centrosomes often fail to position on the bipolar axis. Those mal-positioned centrosomes are
still functionally intact, nucleating microtubules which capture chromosomes. Depending on
whether those particular chromosomes are segregated into one or the other daughter cell,
aneuploid daughter cells can be generated (b).
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Figure 4. Karyotypic convergence during tumor progression
The early stage tumors are often karyotypically heterogeneous, while the late stage tumors are
karyotypically homogenous. The karyotypic convergence theory provides the mechanism
underlying this phenomenon. A cell acquires a mutation that renders growth advantage over
the others, and clonally expands (a). Among this particular population of cells, one or a few
cells acquire the mutations that destabilize chromosomes (CIN phenotype, i.e., centrosome
amplification) (b). Because of the CIN phenotype, the population gradually becomes
karyotypically heterogeneous (c), representing the early stage tumor. A cell within this
population eventually acquires the favorable chromosome composition that renders maximal
growth/carcinogenic potentials (d), and clonally expands (f). For these cells, maintenance of
this particular chromosome composition becomes the priority, selecting the cell(s) that have
acquired the mutation(s) that either counteract or eliminate the cause of CIN (g). Such a cell
will eventually dominate the population by retaining the favorable karyotypic composition,
and thus the population becomes karyotypically homogenous, representing late stage tumors.
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Figure 5. The centrosome duplication cycle
CDK2/cyclin E, a known inducer of S-phase entry, is also a key initiator of centrosome
duplication. Thus, the late G1 specific activation of CDK2/cyclin E is at least in part responsible
for the coordinated initiation of centrosome and DNA duplication. Centrosome duplication
begins with the physical splitting of the paired centrioles, followed by formation of
procentrioles near the proximal end of each pre-existing centriole. During S and G2,
procentrioles elongate, and two centrosomes progressively recruit PCM, an event known as
centrosome maturation. In late G2, the daughter centriole of the parental pair acquires sub-
distal appendages (red wedges), and two mature centrosomes are generated. At late G2 prior
to mitosis, two duplicated centrosomes separate and migrate to opposite ends of the cell. During
mitosis, duplicated centrosomes form spindle poles to direct the formation of bipolar mitotic
spindles. Upon cytokinesis, each daughter cell receives one centrosome along with one half of
the duplicated DNA.
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Figure 6. Centrosome re-duplication in cells arrested by exposure to DNA synthesis inhibitors in
the absence of p53
When cells are exposed to DNA synthesis inhibitors such as hydroxyurea, aphidicolin and
mimosine, cells become arrested at the G1/S transition and in S-phase in a p53-independent
manner. In the presence of the functionally intact p53, p53 is stabilized/activated in response
to the stress associated with prolonged arrest by the ARF-dependent mechanism, leading to
up-regulation of p21, which in turn continuously inhibits CDK2, hence blocking centrosome
duplication (a). In contrast, if p53 is either lost or mutated, CDK2 activity is unchecked and
activated, which triggers centrosome re-duplication in the absence of DNA synthesis, resulting
in generation of amplified centrosomes (b).
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Figure 7. Centrosome amplification in cells arrested by the G2/M checkpoint in response to DNA
damage occurs efficiently in the absence of p53
The G2/M checkpoints in response to DNA damage are exerted through the p53-dependent
and p53-independent pathways, both of which target CDK1-cyclin B. Both p53-dependent and
- independent G2/M checkpoint responses are triggered by activation of ATM/ATR and CHK1/
CHK2 kinases. In the p53-independent pathway, CHK1 and CHK2 phosphorylate and inhibit
CDC25A, B and C. CHK1 also inhibits the activity of PLK1, which is known to activate
CDC25C. CHK1 also appears to suppress CDC25B by blocking the access of CDC25B to
centrosomally localized CDK1-cyclin B (initial activation of CDK1-cyclin B is thought to
occur at centrosomes) [85,86]. CHK1 also phosphorylates and up-regulates the activity of
WEE1 kinase that catalyzes the inhibitory phosphorylation of CDK1. All these events block
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the activation of CDK1-cyclin B in a concerted fashion, resulting in late G2 arrest. In the p53-
dependent pathway, ATM/ATR and CHK1/CHK2 phosphorylate and stabilize p53, which in
turn up-regulates p21. p21 then suppresses the activity of CDK1-cyclin B, leading to late G2
arrest. This G2 arrest provides time for centrosomes to regain duplication competency and re-
duplicate. However, CDK2 activity is still required for centrosomes to re-duplicate. In late G2
phase, high levels of already active form of CDK2 (mostly complexed with cyclin A) are
present. In cells arrested by the G2/M checkpoint responses, those CDK2 kinases remain active
even efficient inhibition of CDC25s. However, if the intact p53-dependent pathway is present,
centrosome re-duplication is blocked by the p21-mediated suppression of the CDK2 activity.
In contrast, in the absence of the p53-dependent pathway, centrosomes re-duplication is
continuously triggered by active CDK2-cyclin E/A.
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