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Centrosome abnormalities occur commonly in cancer, and contribute to chromosomal in-
stability and tumorigenesis. New evidence on a phylogenetically conserved mechanism
termed ‘centrosomal clustering’ provides exciting insights into how cells with supernu-
merary centrosomes adapt to avoid lethal multipolar divisions. Here, we highlight the
emerging molecular basis of centrosome clustering, and its impact on asymmetric divi-
sions of stem cells, chromosomal (in)stability and malignant transformation. Finally, phar-
macological inhibition of centrosome clustering promises to selectively target tumor cells.

© 2011 Federation of European Biochemical Societies.
Published by Elsevier B.V. All rights reserved.

Centrosomes consist of a pair of centrioles embedded in peri-
centriolar material and act as main microtubule organizing
centers (Bettencourt-Dias and Glover, 2007; Bornens, 2002).
Centrosomes duplicate precisely once per cell cycle, analogous
to genomes, and function as spindle poles to guide bipolar spin-
dle formation thatis essential for accurate chromosome segre-
gation during mitosis (Doxsey, 2001; Kramer et al., 2002).
Abnormalities of diverse tumor suppressors and onco-
genes can cause centrosome amplification (Fukasawa, 2007),
which occurs through centrosome overduplication during
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E-mail address: a.kraemer@dkfz.de (A. Kramer).

interphase, de novo synthesis of centrosomes or cytokinesis
failure (Nigg, 2002). Centrosome amplification is frequent in
cancer, and is linked to tumorigenesis and aneuploidy (Nigg,
2002; Lingle et al., 1998; Pihan et al., 1998; Neben et al., 2003;
Kramer et al., 2003; Koutsami et al., 2006). The extent of cen-
trosomal aberrations correlates with chromosomal instability
(CIN) and malignant behavior in tumor cell lines, mouse
tumor models, and human tumors (Nigg, 2002; Lingle et al.,
1998; Neben et al., 2003; Kramer et al., 2003; Koutsami et al.,
2006; Levine et al., 1991; Pihan et al., 2001).
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CIN is a feature commonly observed in human cancers and
was first identified almost a century ago (von Hansemann,
1890). One major cause of CIN is mitotic checkpoint overacti-
vation as recently reviewed by Benezra and collegues
(Schvartzman et al., 2010). Only recently, using elaborate
mouse models, it became clear that CIN does not only corre-
late with but probably plays a causative part in a substantial
proportion of malignancies (Weaver et al., 2007; Sotillo et al.,
2007; Baker et al., 2009). Here, we focus on recent discoveries
related to another phenomenon intricately linked to CIN, cen-
trosomal clustering, its emerging mechanistic basis, signifi-
cance for cancer cell survival, tumor progression, role in
asymmetric divisions of stem cells, and as a potential tu-
mor-selective therapeutic target.

1. Implications of centrosome clustering for
chromosomal instability and cancer

In mitosis, supernumerary centrosomes can form multipolar
spindles, which occur in many tumor types and have long
been accused of contributing to CIN and tumorigenesis
(Kramer et al., 2002; Nigg, 2002; Boveri, 1929). However, recent
findings show that multipolar divisions and the resulting CIN
undermine cell viability, frequently leading to cell death
(Weaver et al., 2007; Ganem et al., 2009; Brinkley, 2001; Kops
et al., 2004). To avoid cell death, many cancer cells induce su-
pernumerary centrosome clustering into two spindle poles
thereby enabling bipolar division (Figure 1). Centrosomal clus-
tering was first observed in N115 mouse neuroblastoma cells
some 30 years ago (Ring et al., 1982). This observation was

rediscovered at the turn of the millennium owing to the obser-
vation that the frequent occurrence of supernumerary centro-
somes in human breast cancer samples was associated with
surprisingly rare abnormal mitoses (Lingle and Salisbury,
1999). Whether or not centrosomal clustering was coupled
with reduced CIN was not examined at the time. Indeed, the
concept that has crystallized since these pioneering studies
is that centrosomal clustering enables cells to successfully di-
vide despite the presence of supernumerary centrosomes
(Nigg, 2002; Brinkley, 2001).

The initial description of centrosome clustering noted that
cells with supernumerary centrosomes pass through a tran-
sient multipolar spindle intermediate before centrosome clus-
tering and bipolar anaphase occurs (Ring et al, 1982).
Excitingly, recent data from several laboratories demonstrate
that, while passing through the transient multipolar state,
merotelic kinetochore-microtubule attachment errors, de-
fined by the persistent attachment of microtubules from
both spindle poles to a single kinetochore, accumulate, and
consequently increase the frequency of lagging chromosomes
during bipolar anaphase after centrosomal clustering (Ganem
etal., 2009; Silkworth et al., 2009). Importantly, this findingim-
plies that cells with amplified centrosomes do not necessarily
need to divide in a multipolar fashion to allow low-level chro-
mosomal missegregation that can fuel tumor progression.
Such interpretation also supports the emerging bimodal rela-
tionship between aneuploidy and tumorigenesis (Weaver
et al.,, 2007): whereas moderate CIN induced tumorigenesis
in mice, high-level CIN instead suppressed tumor formation
in vivo. Suppression of tumor cell growth in this context seems
to be brought about by apoptosis induction due to loss of

Figure 1 — Clustering of supernumerary centrosomes into a bipolar mitotic spindle array. Cartoons (upper panel) illustrating a normal bipolar

spindle with two centrosomes (left), a bipolar spindle with clustered supernumerary centrosomes (middle) and a multipolar spindle (right), and

corresponding representative immunofluorescence images from the human prostate cancer cell line DU-145 (lower panel) are shown. Cells were

stained for centrosomes (y-tubulin, red), microtubules (a-tubulin, green) and DNA (DAPI, blue). Images have been made by B. M., using an

Axiovert 200 M microscope (Zeiss, Jena, Germany).
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chromosomes encoding genes required for maintenance of
cell viability (Kops et al., 2004). Similarly, in patients with
breast, ovarian, gastric and non-small cell lung cancer, ex-
treme CIN is associated with improved prognosis relative to
tumors with intermediate CIN levels (Birkbak et al., 2011).

As already mentioned above several studies have recently
provided substantial evidence for a causative role of CIN in
malignant transformation. Similarly, the key question of
whether supernumerary centrosomes are simply a passenger
phenotype or can induce malignancy has now been addressed
by constructing flies that overexpress SAK (also known as
polo-like kinase 4 (PLK4)), a kinase important for centriole rep-
lication (Basto et al., 2008). Flies overexpressing SAK contain
extra centrosomes in about 60% of their somatic cells.
Although many of the fly cells with supernumerary centro-
somes initially form multipolar spindles, they ultimately clus-
ter into bipolar arrays, resulting in only slightly increased CIN
levels. Nevertheless, larval brain cells of these animals can
generate metastatic tumors when transplanted into the abdo-
mens of wild-type hosts (Basto et al., 2008).

Similar to flies, mice overexpressing the centrosomal protein
ninein-like (NINL) show centrosome amplification as detected
in mouse embryonic fibroblasts from the transgenic animals
and develop tumors of breast, ovary, and testicles at 10—15
months of age (Shao et al., 2010). Whether or not extra centro-
somes are clustered into bipolar mitoses in this system was
not examined. Although NINL overexpression will certainly
have additional effects other than centrosome amplification
these data nevertheless hint for a role of supernumerary centro-
somes in tumorigenesis in mammals as well.

The ability to cluster supernumerary centrosomes into a bi-
polar mitotic spindle array is not a specific trait of tumor cells.
For example, during physiological hepatocyte polyploidiza-
tion, primary binuclear hepatocytes — which naturally con-
tain four centrosomes in G, phase — efficiently cluster pairs
of centrosomes at opposite spindle poles, leading to the gener-
ation of mononuclear 4n progeny (Guidotti et al., 2003). Recent
data confirm that polyploid mouse hepatocytes in most cases
reorganize their spindles into a bipolar mitotic array from an
intermediate multipolar state, a process associated with lag-
ging chromosomes in 25—-50% of tetraploid hepatocytes un-
dergoing bipolar anaphase and resulting in a high rate of
aneuploidy (Duncan et al., 2010). Interestingly, however,
a small percentage of tetraploid mouse hepatocytes under-
went successful tripolar divisions, producing viable offspring.
Also, likely as a consequence of centrosome clustering, during
liver regeneration in mice, which is associated with excessive
polyploidization, about 20% of hepatocytes missegregate one
or more chromosomes at each mitosis (Putkey et al., 2002).
Furthermore, several studies showed that both non-trans-
formed Drosophila melanogaster (D. melanogaster) neuroblasts
and diverse types of human cells that have been manipulated
to contain supernumerary centrosomes by either PLK4 over-
expression or treatment with cytochalasin D to inhibit cytoki-
nesis, can cluster multiple centrosomes into a bipolar spindle
array both in vitro and in vivo (Ganem et al., 2009; Basto et al.,
2008; Quintyne et al., 2005; Kwon et al., 2008; Yang et al., 2008).

Collectively, it seems that not only cancer cells but also
non-transformed cell types can cluster supernumerary cen-
trosomes into bipolar mitotic spindles. Initial evidence

implicates supernumerary centrosomes and centrosomal
clustering in tumorigenesis in flies. However, data generated
in mouse hepatocytes show that neither centrosome amplifi-
cation nor centrosome clustering or multipolar cell division
with subsequent aneuploidy necessarily leads to malignant
transformation in mammals. From those data it can also be
concluded that multipolar divisions are not universally lethal.
However, as these experiments have been performed using
polyploid hepatocytes, surviving multipolar divisions might
well be a peculiarity of polyploid cells which better tolerate
the loss of multiple chromosomes.

It appears that more insights into the molecular and cellu-
lar basis of centrosomal clustering are needed. This topic,
along with data on deregulation of the genes and proteins
mechanistically involved in centrosomal clustering in diverse
malignanices, are discussed in the next section.

2. Mechanisms of centrosome clustering

Mechanistically, multiple cellular systems are involved in the
clustering of supernumerary centrosomes in normal and tu-
mor cells (Figure 2). Three recent studies show that extra cen-
trosomes activate a MAD2-dependent delay of anaphase
onset in different cell types, which is required for centrosomal
clustering and suppression of multipolar mitosis (Basto et al.,
2008; Kwon et al., 2008; Yang et al., 2008). MAD2 is a central
component of the spindle assembly checkpoint (SAC) that
blocks dissolution of sister chromatids at metaphase until mi-
crotubule attachment at kinetochores is complete and spindle
tension is established (Weaver et al., 2007). From those results
it can be assumed that, although the SAC does not recognize
abnormal spindles per se (Sluder et al., 1997), multipolarity is
accompanied by improper kinetochore attachment or insuffi-
cient tension and thereby activates the SAC and leads to meta-
phase arrest. In line with this interpretation an RNA
interference (RNAI) screen in D. melanogaster S2 cells suggested
that knockdown of components of the actin cytoskeleton and
actin-dependent cortical force generators including the formin
FORMS3/INF2, the myosin MYO10, the microtubule plus-end-
tracking protein CLIP190 as well as several cell-matrix adhe-
sion molecules (Turtle, Echinoid, CAD96CA, CG33171, FIT1)
induces spindle multipolarity through interference with the in-
terphase cell adhesion pattern (Kwon et al., 2008). When cells
round up during mitosis, retraction fibers (actin-rich structures
linked to the sites of former adhesion during interphase) re-
main attached to the extracellular substrate and promote in-
teraction of astral spindle microtubules with the cell cortex
(Thery et al., 2005). Disturbance of the connection between
cell-matrix adhesion proteins and actin cytoskeleton on the
one hand and spindle microtubule components on the
other hand might therefore cause reduced spindle tension
thereby inhibiting centrosome clustering. Indeed, in elegant
experiments it has been shown that O- and Y-shaped fibronec-
tin-coated micropatterns, allowing for multidirectional distri-
bution of retraction fiber formation, caused increased
frequencies of multipolar spindles (Kwon et al., 2008). On the
other hand, bipolar arrangements of adhesive contacts in-
duced by H-shaped micropatterns promoted bipolar mitoses.
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Figure 2 — Molecular mechanisms and proteins involved in centrosome clustering. Sketch showing a mitotic cell with some of the proteins that

have been implicated in centrosomal clustering. Proteins in red are known to be overexpressed in human cancer cells.

Another factor that prevents spindle multipolarity by clus-
tering of supernumerary centrosomes is spindle tension itself
(Figure 3) (Kwon et al., 2008; Leber et al., 2010). Before chromo-
some segregation, kinetochores of sister chromatids attach to
microtubules of opposite spindle poles. This configuration is
achieved through a trial-and-error process in which correct
attachments exert tension across the centromere, which sta-
bilizes kinetochore-microtubule interactions. Incorrect at-
tachments exert less tension and are destabilized, providing
a new opportunity to bi-orient (Liu et al., 2009). The mitotic ki-
nase aurora B, the enzymatically active component of the
chromosomal passenger complex (CPC), localizes to the inner
centromere between sister kinetochores, and regulates chro-
mosome-spindle attachments by phosphorylating kineto-
chore substrates, including the NDC80 microtubule-binding
complex (Liu et al., 2009; Ruchaud et al., 2007; Wei et al.,
2007). The CPC, composed of aurora B and its regulatory sub-
units INCENP, survivin, and borealin is a key regulator of chro-
mosome segregation and cytokinesis. Since tension across
centromeres widens spatial separation of the CPC and thereby
aurora B from its kinetochore substrates, substrate phosphor-
ylation is reduced resulting in stabilized microtubule-kineto-
chore interactions (Liu et al., 2009).

Using genome-wide RNAI screening in human cancer cells
with extra centrosomes both NDC80 complex and CPC compo-
nents were found to be involved in centrosomal clustering
(Leber et al., 2010). In addition, shugoshin-like 1 (SGOL1), a pro-
tein previously known to be involved in sensing spindle tension
atbuddingyeastkinetochores (Indjeian etal., 2005), is necessary
for centrosome clustering. Importantly, SGOL1 also contributes
to the recruitment of the CPC to centromeres (Boyarchuk et al.,
2007; Kawashima et al., 2007; Vanoosthuyse et al., 2007) while
itself is loaded onto histone H2A after histone phosphorylation
by BUBL1 in yeast and human cells (Kawashima et al., 2010;
Yamagishi et al., 2010). Fittingly, BUB1 knockdown does cause
centrosome declustering as well (Sluder et al., 1997). Another

recently identified centromeric recruitment factor for the CPC
is haspin (Wangetal., 2010; Kelly et al., 2010). Haspin phosphor-
ylates histone H3, thereby creating a docking site for survivin
in both Xenopus and human cells. Interestingly, depletion of
haspin leads to the generation of multiple spindle poles and
disruption of mitotic spindle structure in U20S and HeLa cells
as a consequence of acentriolar pole formation and centriole
disengagement (Dai et al., 2009).

CENPA (Hori et al., 2008), the centromere-specific histone H3
variant, CENPT (Hori et al., 2008), a component of the linker

Figure 3 — Spindle tension is required for centrosomal clustering.
Model of centrosomal clustering (left spindle half) and mechanisms
involved in its prevention via reduction of spindle tension (right
spindle half). Centrosome clustering is brought about by microtubule
tension-dependent uniform positioning of individual centrosomes
resulting in the formation of two spindle poles. Spindle tension can be
disrupted by reduction of chromatid cohesion (1), disturbed
microtubule-kinetochore attachment (2), reduced microtubule
generation (3), disturbed microtubule bundling and centrosome
attachment (4), or interference with the interphase cell adhesion

pattern by disruption of components of the actin cytoskeleton (5).
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structure connecting the centromere with outer kinetochore
components, sororin (also known as cell division cycle associ-
ated 5 (CDCAS)) (Schmitz et al., 2007), a protein involved in sister
chromatid cohesion, and the augmin complex (Lawo et al., 2009)
(which promotes microtubule-dependent microtubule amplifi-
cation within the mitotic spindle), are necessary for centrosome
clustering as well (Kwon et al., 2008; Leber et al., 2010) (Figure 3).
Similar to haspin depletion, knockdown of augmin complex
components leads to the formation of acentriolar spindle poles
and centrosome fragmentation in addition to centrosomal
declustering (Leber et al., 2010; Lawo et al., 2009; Uehara et al.,
2009; Einarson et al., 2004; Wu et al., 2008b).Most recently, hep-
atoma up-regulated protein (HURP) has been shown to be re-
quired for centrosome clustering in cells with supernumerary
centrosomes as well (Breuer et al., 2010). This observation is
noteworthy as HURP serves as an attachment- and tension-sen-
sitive kinetochore-microtubule stabilizing factor during mitosis
(Koffa et al., 2006; Sillje et al., 2006; Wong and Fang, 2006).

Together, these findings support the notion thatloss of cen-
tromere tension results in centrosome declustering. Indeed,
when pulling forces are measured directly across multipolar
spindles in cancer cells with supernumerary centrosomes, de-
pletion of NDC80, CPC and augmin complexes or SGOL1 result
in substantially reduced spindle tension, as indicated by
shorter inter-kinetochore distances and BUBR1 labeling of ki-
netochores in multipolar metaphase cells (Leber et al., 2010).
In addition, knockdown of haspin as well as components of
the augmin complex hasbeen shown toreduce tension at sister
kinetochores (Dai et al., 2009; Uehara et al., 2009). However,
these data also suggest that at least some of the proteins in-
volved in the clustering of supernumerary centrosomes might
contribute to centriole cohesion and bipolar spindle formation
in cells with a regular centrosome content as well.

Several of the proteins of the chromosomal passenger and
NDC80 complexes including aurora B, survivin, borealin, NUF2
and highly expressed in cancer 1 (HEC1) as well as sororin and
HURP have been found to be overexpressed in a wide variety
of cancer types (Carmena and Earnshaw, 2003; Bischoff et al.,
1998; Adams et al., 2001; Altieri, 2003; Changetal., 2006; Hayama
et al., 2006; Ferretti et al., 2010; Nguyen et al., 2010; Tsou et al.,
2003). Furthermore, overexpression of HEC1, a component of
the NDC80 complex as well as aurora B have been implicated
in tumor formation in mouse models (Diaz-Rodriguez et al,,
2008; Nguyen et al., 2009). These findings have already led to
the development of potent and selective inhibitors of aurora B
kinase which are currently in early clinical trials with patients
with different kinds of malignancies (Taylor and Peters, 2008).
Although only little information is available about individual
members of the augmin complex because it has been identified
only recently, one study demonstrates mutation of the augmin
subunit HAUS3 in breast cancer (Shah et al., 2009). Taken to-
gether, these data suggest that proteins involved in centrosome
clustering in cancer cells with supernumerary centrosomes are
frequently overexpressed in human cancers, suggesting that
clustering of extra centrosomes into a bipolar spindle array
might indeed be important for cancer cell survival and/or
progression.

Several studies report that centrosome clustering also relies
on microtubule-based motors and microtubule-bundling pro-
teins that organize spindle poles in both normal and tumor

cells with supernumerary centrosomes (Quintyne et al., 2005;
Kwon et al., 2008; Leber et al., 2010). For example, depletion of
the minus-end directed motor dynein causes declustering of
centrosomes and subsequent spindle multipolarity in tumor
cells as well as in non-transformed cells engineered to contain
extra centrosomes (Quintyne et al., 2005; Leber et al., 2010).
Mechanistically, in mitosis the dynein complex is responsible
for targeting nuclear mitotic apparatus protein (NUMA) to spin-
dle poles, where it focuses microtubule minus ends and tethers
them to the centrosomes. However, whether delocalization of
dynein from spindle microtubules is responsible for the gener-
ation of multipolar spindles as initially suggested, remains
controversial (Quintyne et al., 2005; Nguyen et al., 2008).
Whereas in D. melanogaster S2 cells depletion of dynein does
notsubstantially increase the frequency of multipolar mitoses,
another minus-end directed motor, non-claret disjunctional
(NCD), seems to take over the role of dynein in suppressing
multipolarity in fly cells (Kwon et al., 2008). In acentrosomal
D. melanogaster oocytes NCD is necessary for efficient bundling
of microtubules at spindle poles. Also, mitotic centromere-as-
sociated kinesin KIF2C/MCAK, which functions as microtubule
depolymerase and is believed to be a key component of the
error correction mechanism at kinetochores, plays a role in
centrosomal clusteringin flies (Kwon et al., 2008). Interestingly,
analogous to SGOL1 for the CPC, SGOL2 serves to recruit KIF2C/
MCAK to the inner centromere (Huang et al., 2007).

Most recently integrin-linked kinase (ILK) has been shown
to mediate centrosome clustering via transforming acidic
coiled-coil 3 (TACC3) and colonic and hepatic tumor overex-
pressed gene (ch-TOG), two centrosomal proteins involved in
stabilization of microtubule minus ends at spindle poles
(Fielding et al., 2011). In addition, depletion of protein regula-
tor of cytokinesis 1 (PRC1), a microtubule-bundling protein
with most prominent activity during central spindle forma-
tion that is also important for the establishment of kineto-
chore tension, leads to spindle multipolarity (Leber et al.,
2010). These data are further evidence for the suggestion
that the mechanisms responsible for holding supernumerary
centrosomes together might be similar to the forces that bun-
dle microtubules into a bipolar spindle array in cells with two
centrosomes or even without centrosomes.

In further support of this concept, depletion of CEP164,
a centrosomal protein implicated in anchoring microtubules
at the centrosome, leads to spindle pole disintegration when
tension is applied, ultimately resulting in increased acentro-
somal spindle poles in human cells with and without extra
centrosomes (Leber et al., 2010). Consistently, knockdown of
several proteins involved in centrosomal clustering (e. g. ch-
TOG, CEP164, SGOL1, augmin complex components) causes
the formation of multiple centrosomal spindle poles but also
leads to varying proportions of acentrosomal poles. This sug-
gests that inhibition of centrosomal clustering and interfer-
ence with microtubule bundling into two spindle poles occur
simultaneously, due to overlapping mechanisms (Leber
et al., 2010).

Similar to CPC and NDC80 complex components, the ma-
jority of microtubule-based motors and microtubule-bundling
proteins involved in centrosomal clustering including TACC3,
ch-TOG, ILK, PRC1, KIF2C/MCAK and the human NCD homolog
KIFC1 (also known as HSET) are frequently overexpressed in
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different types of human cancer (Peset and Vernos, 2008;
Charrasse et al., 1995; Ishikawa et al., 2008; Nakamura et al.,
2007; Hannigan et al., 2005; Shimo et al., 2007; Carter et al.,
2006; De et al., 2009; Grinberg-Rashi et al., 2009). In addition,
overexpression of the kinesin KIFC1/HSET has been shown
to mediate resistance against docetaxel in breast cancer cells
(De et al., 2009). Since taxanes induce spindle multipolarity at
low concentrations (Chen and Horwitz, 2002), high-level
expression of KIFC1/HSET might counteract this effect and
prevent taxane-treated cells from multipolarity-induced cell
death by enabling bipolar spindle formation through centro-
somal clustering. Also, expression levels of PRC1 were found
to strongly correlate with aneuploidy levels, which them-
selves were associated with poor clinical outcome in several
cancer types (Carter et al., 2006), findings that might as well
be explained by prevention of multipolarity-induced cell
death and CIN induction through centrosomal clustering.

3. Asymmetric stem cell division, centrosomes and
cancer

Besides inducing tolerable levels of CIN, supernumerary
centrosomes disrupt asymmetric stem cell division leading to
expansion of the stem cell pool and tumor formation, at least
in flies (Basto et al., 2008). Whereas several elegant studies
have unequivocally demonstrated the link between supernu-
merary centrosomes and CIN in vitro, no data is available to
prove that induction of CIN is the mechanism by which extra
centrosomes may cause tumors in mammals. Therefore, dis-
ruption of asymmetric stem cell division by extra centrosomes
should be considered as a plausible alternative mechanism of
transformation in the mammalian system as well.

When stem cells divide, their daughters either self-renew
stem cell identity or initiate differentiation. The balanced
choice between these alternate fates is critical to maintain
stem cell numbers and to rein in their potentially dangerous ca-
pacity for long-term proliferation. Symmetric division allows
stem cell expansion during embryogenesis and replacement
of stem cells after injury but might also harbor the risk for

A

U

tumorigenesis. Recent studies have highlighted the importance
of the stem cell niche as a source of local extrinsic signals that
specify stem cell self-renewal. In the context of such a niche,
developmentally regulated orientation of the mitotic spindle
directs whether the outcome of a stem cell division is asym-
metric or symmetric.

Studies of both mouse radial glia progenitors and D. mela-
nogaster male germ stem cells showed that when the spindle
is oriented perpendicular to the interface with the niche,
upon cleavage, one daughter can maintain contact with the
niche while the other is displaced away and is free to initiate
differentiation (Figure 4A). By contrast, spindle orientation
parallel to the niche interface allows both daughters to inherit
attachments to, and receive local self-renewal signals from
the niche (Figure 4B). Strikingly, differential labeling of mother
centrosomes in both flies and mice revealed that it is always
the mother centrosome that remains next to the niche in
the new stem cell while the daughter centrosome enters the
differentiating daughter cell (Yamashita et al.,, 2007; Wang
et al., 2009). Why centrosome age seemingly does not impact
on daughter cell fate during symmetric stem cell divisions re-
mains to be elucidated.

Recently, Basto and coworkers (Basto et al., 2008) demon-
strated that extra centrosomes can indeed initiate tumorigen-
esis in D. melanogaster overexpressing SAK. Most cells with
supernumerary centrosomes initially formed multipolar spin-
dles, but these spindles ultimately became bipolar owing to
centrosomal clustering. Surprisingly, the frequency of aneu-
ploidy was only slightly increased. Instead, spindle orienta-
tion and thereby asymmetric division of larval neural stem
cells was compromised by the extra centrosomes, leading to
hyperproliferation of neuroblasts and malignant transforma-
tion. A likely explanation for these findings is that amplified
centrosomes interfere with asymmetric stem cell division,
resulting in hyperproliferation with subsequent induction of
CIN that leads to malignant transformation (Basto et al.,
2008) (Figure 4C). Consistent with such a scenario is the
same sequence of events in D. melanogaster larval neuroblasts
containing mutations in genes that directly control asymmet-
ric cell division (Caussinus and Gonzalez, 2005).

T 1 1

Figure 4 — Centrosome behavior during stem cell division. (A) During asymmetric division, which generates one stem cell and one differentiated
daughter, the mitotic spindle is oriented perpendicular to the plane of the epithelium. In D. melanogaster male germ stem cells and mouse radial
glia progenitor cells, the mother centrosome (red) is always located close to the niche, thereby remaining within the developing new stem cell
whereas the daughter centrosome (green) migrates toward the opposite side of the cell, leading to its segregation into the emerging differentiated
daughter cell. (B) Symmetric division in the plane of the epithelium generates two stem cells. (C) Supernumerary centrosomes interfere with
spindle orientation during asymmetric stem cell division, resulting in disturbed asymmetric division, aberrant expansion of the stem cell pool
(hyperproliferation) and ultimately cancer.
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The reason why asymmetric division fails in cells with su-
pernumerary centrosomes remains unclear. One possibility is
that the asymmetric features of mother versus daughter cen-
trosomes which for example determine microtubule nucle-
ation potentials are disturbed by clustering of multiple
centrosomes. Alternatively, astral microtubule organization,
which is important for the interaction between cell cortex
and spindle poles and therefore inherently linked to asymmet-
ric division might be corrupted by centrosome clustering.
Third, supernumerary centrosomes seem to prevent asymmet-
ric localization of polarity determinants like MUD (the D. mela-
nogaster homolog of the human spindle pole protein NUMA)
(Caussinus and Gonzalez, 2005), what in turn might induce
spindle positioning defects and disturbed asymmetric division.

To separately assess the contribution of centrosome defects
versus CIN in tumorigenesis, Castellanos and coworkers stud-
ied the tumorigenic potential of multiple D. melanogaster larval
brain tissue mutants defective in various aspects of centro-
some biogenesis (Castellanos et al., 2008). Mutations affecting
proteins required for centriole replication, pericentriolar ma-
trix recruitment and centrosome function resulted in frequent
tumor formation despite only a small fraction of cells having
abnormal karyotypes. Consistently, mutations known to in-
duce CIN, including defects in DNA replication and spindle as-
sembly checkpoint chromatin condensation and cytokinesis
did not give rise to tumors. These results again suggest that
in tissues where self-renewing asymmetric divisions are fre-
quent, centrosome-related disturbed stem cell division rather
than induction of CIN might initiate malignant transformation.

Do these thought-provoking results imply that centrosome
aberrations do indeed cause cancer, however not via CIN as ini-
tially thought, but rather by perturbing stem cell division?
Given the possible cell-type- and organism-specific effects,
and the presence of moderate CIN along with the perturbed
stem cell divisions, this conclusion seems premature. Further-
more, we urgently need insights into centrosome function in
mammalian cancer stem cells. Answering the question of
whether supernumerary centrosomes contribute to mamma-
lian tumorigenesis by disruption of asymmetric division of can-
cer stem cells, induction of CIN, or both will be most rewarding.

4, Inhibition of centrosomal clustering as a novel
anti-cancer treatment strategy

Supernumerary centrosomes almost exclusively occur in
a wide variety of neoplastic disorders but only rarely in non-
transformed cells. Therefore, inhibition of centrosomal clus-
tering with consequential induction of multipolar spindles
and subsequent cell death would specifically target tumor
cells with no effect on normal cells with a regular centrosome
content (Nigg, 2002; Brinkley, 2001).

Recently, griseofulvin has been identified as to inhibit cen-
trosomal clustering (Rebacz et al., 2007). Griseofulvin has been
used for many years for the treatment of dermatophyte infec-
tions (Loo, 2006). Mechanistically, it inhibits mitosis in sensi-
tive fungi (Gull and Trinci, 1973) and mammalian cells
(Grisham et al., 1973) but whether mitotic arrest is a conse-
quence of microtubule depolymerization or some other action
on microtubules in both fungi and human cells is still unclear

(Grisham et al., 1973; Weber et al., 1976). Despite extensive
studies, the mechanism by which the drug inhibits mitosis
in human cells remains unclear. Although griseofulvin has
been reported to bind to mammalian brain tubulin and to in-
hibit microtubule polymerization in vitro, it does so only at
concentrations significantly higher than those needed for
spindle multipolarity induction in cancer cells with extra cen-
trosomes (Panda et al., 2005). Also, whether griseofulvin binds
to tubulin directly or to microtubule associated proteins re-
mains conflicting (Panda et al., 2005; Wehland et al., 1977;
Roobol et al., 1977). Already more than 30 years ago it was
reported that griseofulvin treatment induces spindle multipo-
larity with each mitotic center containing two centrioles in
Hela cells (Grisham et al., 1973). While at lower concentra-
tions the drug leads to multipolar spindles with centrosomes
at each pole in cells with extra centrosomes, at higher concen-
trations on top spindle multipolarity with acentrosomal spin-
dle pole formation is induced, consistent with the above
concept that clustering extra centrosomes in cancer cells
might be similar to focusing microtubules into a bipolar spin-
dle array in normal cells. For detailed mechanistic understand-
ing it will be important to clearly determine the sequence of
events: Does the drug at low concentrations indeed cause
declustering of supernumerary centrosomes with subsequent
multipolar spindle formation or does spindle multipolarity
occur first with successive distribution of centrosomes to
each pole?

Additional evidence for an effect of griseofulvin on centro-
somal clustering comes from the finding that the drug, in con-
trast to other microtubule interacting compounds, induces
hepatomas in mice and rats (Epstein et al., 1967). In these an-
imals the majority of hepatocytes are polyploid and therefore
contain supernumerary centrosomes which are usually effi-
ciently clustered into bipolar spindle arrays (Guidotti et al.,
2003; Duncan et al., 2010).

Findings similar to those reported for griseofulvin have re-
cently been described for the microtubule-modulating nosca-
pinoid EM011 (Karna et al., 2011). In contrast to griseofulvin,
EMO11 seems to induce centrosome amplification prior to
declustering, thereby potentially reducing its specificity to
cancer cells with supernumerary centrosomes. Further sup-
porting the candidacy of centrosomal clustering for a largely
cancer-selective target, at low drug concentrations sufficient
for spindle multipolarity induction in cancer cells, microtu-
bule poisons including nocodazole and taxol induce greater
cell death in tumor cells than in non-transformed cells (Brito
and Rieder, 2009).

In addition to drugs, siRNAs to the kinesin KIFC1/HSET, the
NDC80 complex subunit HEC1, aurora B, survivin, sororin,
SGOL1, the augmin complex subunits HAUS3 and FAM29A
(also known as HAUS6) as well as ILK and PRC1 lead to cell
death through inhibition of centrosomal clustering in tumor
cells with amplified centrosomes but not in normal cells
(Kwon et al., 2008; Leber et al., 2010; Fielding et al., 2011). Iden-
tified in an RNAI screen performed in D. melanogaster S2 cells,
siRNAs to KIFC1/HSET and Myo10 increased the frequency of
spindle multipolarity in human cancer cells harboring super-
numerary centrosomes as well (Kwon et al., 2008). Especially
KIFC1/HSET might constitute an interesting therapeutic target
as knockdown of the protein had no effect on cell division in
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diploid control cells but largely decreased viability of tumor
cells with extra centrosomes by inducing multipolar ana-
phases and subsequent apoptosis (Kwon et al., 2008).

Also, small molecule inhibition of ILK, HEC1 and aurora B
suppresses tumor cell growth in tissue culture as well asin an-
imals (Huang et al., 2007; Wu et al., 2008a; Wilkinson et al.,
2007; Kalra et al., 2009). Therefore, induction of multipolar
spindles seems to induce cell death irrespective of the under-
lying mechanism that induced them. By contrast, although in-
hibition of monopolar spindle 1 (MPS1, also known as TTK),
a dual-specificity kinase required for the maintenance of
SAC activation, inhibits centrosomal clustering and induces
aberrant cell divisions in cells with supernumerary centro-
somes, it does not cause selective cytotoxicity in cells with
amplified centrosomes compared to cells with a regular cen-
trosome content (Kwiatkowski et al., 2010). Therefore, it might
be concluded that whereas SAC inhibition per se equally tar-
gets all cells, selective inhibition of centrosomal clustering
through specific targeting may provide a therapeutic window
to specifically target cells with supernumerary centrosomes.

Importantly, prior to cell death, cells with inhibited HEC1
or aurora B have multipolar spindles, lagging chromosomes
and subsequent aneuploidy and polyploidy (Wu et al., 2008a;
Wilkinson et al., 2007). Therefore, a possible downside of cen-
trosomal cluster inhibition as a potential treatment approach
might be the induction of cell clones with additional chromo-
somal abnormalities. On the optimistic side, such a risky sce-
nario seems relatively unlikely, as multipolar cell division
mostly leads to gross CIN and cell death (Ganem et al., 2009;
Kops et al., 2004).

4.1. DNA damage response, supernumerary
centrosomes and cancer therapy

Another striking and tantalizing issue that is emerging is the
interplay between the centrosome division cycle, centrosomal
clustering and DNA damage responses (DDR). Indeed, a host of
key DDR factors including ataxia-telangiectasia mutated
(ATM), ataxia-telangiectasia mutated and Rad3 related (ATR),
CHK1 and CHK?2 kinases, BRCA1 and other adapter and repair
proteins, reside directly on centrosomes and regulate their
function, providing checkpoint mechanisms to guard entry
into mitosis (Kramer et al., 2004; Zhang et al., 2007; Parvin,
2009). From a broader perspective, both endogenous DNA dam-
age signaling with the ensuing cellular senescence or death in
response to oncogene-induced replication stress (Jackson and
Bartek, 2009; Halazonetis et al., 2008), and the lethal conse-
quences of multipolar mitoses in cells with supernumerary
centrosomes, provide complementary intrinsic anti-cancer
barriers (Loffler et al., 2007; Dodson et al., 2004; Dodson et al.,
2007; Robinson et al., 2007). Those tumor cells that do survive
and progress to invasive stages have commonly eliminated
or bypassed such fail-safe mechanisms, for example through
P53 mutations and centrosomal clustering, respectively. Im-
portantly, while defects and selective adaptations of the two
barriers allow tumor cell outgrowth, these cancer cell-selective
changes concomitantly create cancer-selective vulnerabilities
that can be exploited for the benefit of patients (Kwon et al.,
2008; Leber et al., 2010; Rebacz et al., 2007; Jackson and Bartek,
2009; Halazonetis et al., 2008). This notion can be illustrated by

innovative treatments targeting DNA damage repair, signaling
and checkpoints (Jackson and Bartek, 2009; Halazonetis et al.,
2008), and a broadly analogous scenario is emerging for inhib-
itors of centrosomal clustering (Kwon et al., 2008; Leber et al.,
2010; Rebacz et al., 2007).

Further to the intimate interplay between the DDR machin-
ery and centrosomes, supernumerary centrosomes are induc-
ible by various genotoxic insults including ionizing radiation
and chemotherapeutic drugs, usually resulting in death of
the affected cells by mitotic catastrophe (Loffler et al., 2007;
Dodson et al., 2004; Dodson et al., 2007; Robinson et al., 2007).
Whether some cases of acquired chemo- or radioresistance,
a serious obstacle in cancer treatment, might be attributable
to centrosome clustering remains to be seen. A possible rele-
vance of these findings for cancer stem cells and asymmetric
divisions would certainly be important to investigate. In any
case, given that only a proportion of cells within a tumor
mass contains extra centrosomes, the efficacy of inhibiting
centrosomal clustering might be increased when combined
with DNA-damaging drugs or irradiation. As centrosome am-
plification after DNA damage occurs during a prolonged G,
phase arrest (Dodson et al., 2004; Loncarek et al., 2010) and
many transformed cells have an intact G,/M but disrupted
G4/S checkpoint, such a combined strategy would still predom-
inantly target tumor cells and spare healthy tissues.

5. Conclusions and prospects

Conceptually, centrosomal clustering emerges as a powerful
adaptive survival strategy that enables cells to successfully di-
vide in the presence of supernumerary centrosomes (Table 1).
In flies, clustering unbalances asymmetric divisions within
stem cell compartments and thereby contributes to tumor for-
mation, possibly also through induction of low-level CIN.
Whether disturbed stem cell division and/or CIN as a conse-
quence of centrosome clustering also cause neoplastic trans-
formation of mammalian cells has to be further explored. In
this regard it has to be kept in mind that at least polyploid
mouse hepatocytes divide by employing centrosome cluster-
ing and creating aneuploid offspring on a regular basis with-
out malignant transformation.

The high degree of selectivity and addiction of tumor cells
that harbor extra centrosomes to centrosomal clustering indi-
cates that drugs interfering with this mechanism may join the
growing armamentarium of promising therapeutic options in
oncology. High-throughput screens for centrosome clustering
inhibitors, as well as more detailed mechanistic understanding
of the signaling and effector pathways involved in centrosomal
clustering should accelerate the pace of both basic discovery
and clinical applicationsin this field. However, centrosome clus-
tering is no specialty of tumor cells and a certain percentage of
cells — especially when polyploid — seems to be able to survive
multipolar divisions. Finally, further insights into the functional
interplay between centrosome biology and the DDR machinery
hold promise for design of smart innovative combinatorial
approaches to personalized treatment of cancer.

Finally, it should be considered that alternatively to centro-
some clustering supernumerary centrosomes can also be
inactivated, allowing only two centrosomes to function as
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Table 1 — Studies dealing with centrosome clustering in non-
transformed and cancer cells.

Year Title Reference

1982 Mitosis in a cell with multiple 23
centrioles

1999 Altered centrosome structure is 24

associated with abnormal mitoses in
human breast tumors
2001 Managing the centrosome numbers 21
game: from chaos to stability in cancer
cell division

2002 Centrosome aberrations: cause or 6
consequence of cancer progression?

2003 Liver cell polyploidization: a pivotal 29
role for binuclear hepatocytes

2005 Spindle multipolarity is prevented by 32
centrosomal clustering

2007 Identification of griseofulvin as an 90

inhibitor of centrosomal clustering in
a phenotype-based screen

2008 Centrosome amplification can initiate 27
tumorigenesis in flies

2008 Mechanisms to suppress multipolar 33
divisions in cancer cells with extra
centrosomes

2008 Extra centrosomes and/or 34

chromosomes prolong mitosis in
human cells.
2008 Delocalization of the microtubule 73
motor dynein from mitotic spindles by
the human papillomavirus E7
oncoprotein is not sufficient for
induction of multipolar mitoses

2009 A mechanism linking extra 20
centrosomes to chromosomal
instability

2009 Multipolar spindle pole coalescence is 25

a major source of kinetochore mis-
attachment and chromosome
missegregation in cancer cells

2010 Proteins required for centrosome 37
clustering in cancer cells

2010 The ploidy conveyor of mature 30
hepatocytes as a source of genetic
variation

2010 HURP permits MTOC sorting for robust 56

meiotic spindle bipolarity, similar to
extra centrosome clustering in cancer

cells

2010 Small-molecule kinase inhibitors 104
provide insight into Mps1 cell cycle
function

2011 A critical role of integrin-linked kinase, 75

ch-TOG and TACC3 in centrosome
clustering in cancer cells
2011 A novel microtubule-modulating 99
noscapinoid triggers apoptosis by
inducing spindle multipolarity via
centrosome amplification and
declustering

spindle poles during mitosis. Accordingly, in flies overex-
pressing SAK some of the supernumerary centrosomes failed
to organize microtubules, thereby allowing the spindle to be
operationally bipolar (Basto et al., 2008). Since the inactivated

centrosomes contained significantly less y-tubulin than those
at the spindle poles, loss of pericentriolar material may, at
least in part, account for the inactivation of extra centro-
somes. Given the paucity of data about the mechanisms and
frequency of selective inactivation of extra centrosomes and
completely unexplored means of dealing with extra centro-
somes like extrusion and degradation, these might be reward-
ing fields for further research.
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