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6 General Discussion and Summary 

Performing proper mitoses is essential for multicellular organisms with dividing cells. A well-
established role for centrosomes is to increase the fidelity of mitosis. Therefore, events that 
affect centrosome organization or function during mitosis will have severe effects on 
proliferating cells and will be disadvantageous for multicellular organisms. In this thesis, it is 
demonstrated that in mammalian cells, as a result of incompletely replicated DNA, 
irradiation-induced damaged DNA, and as a result of heat-induced protein damage, 
centrosome structure and function is altered. Also, it is demonstrated that in most cells with 
affected centrosomes progression through mitosis occurs leading to a variety of division 
errors. These division errors might be an early step in increasing genetic instability that may 
speed up tumorigenesis. It is puzzling that centrosomes are so crucial to maintain genetic 
stability, but there are many events that can lead to abnormalities in centrosome structure 
and function. Therefore, it is even more confusing that there is no apparent control 
mechanism that monitors centrosomal integrity. In this chapter this paradox will be 
discussed. 

How do multiple centrosomes arise? 
In 1914, it had already been described that multipolar spindles are frequently observed in 
tumors (3). This observation was confirmed more recently (4; 21; 26), and a strong 
correlation has been established between centrosome abnormalities and chromosomal 
instability in tumor cells (5; 22; 27). Recently, others and we demonstrated that there are 
various ways in which multiple or abnormal centrosomes can arise. First, our own 
observations are discussed as how several kinds of stress events during mitosis lead to 
abnormalities in centrosome function and structure.  
In chapter 2, we demonstrate that when mammalian cells are forced into mitosis in the 
presence of incompletely replicated DNA, centrosomes split into monocentriolar fragments 
and the initially formed bipolar spindle rapidly transforms into a multipolar spindle (Figure 1). 
In chapter 3, we show evidence that when mammalian cells enter mitosis with damaged 
DNA, induced by radiation, bipolar spindles are formed, however cytokinesis fails and 
tetraploid cells arise with four centrosomes. When these cells enter mitosis during the next 
cell cycle, multipolar spindles arise and cells with multiple nuclei are formed (Figure 2). We 
furthermore show evidence that multiple centrosomes can arise in any cell with an impaired 
G2/M checkpoint function. 
Several data published by others show that in cells with defective checkpoint function (e.g. 
cells deficient in expression of p53 or BRCA1) and in cells with an impaired DNA repair 
machinery (e.g. cells deficient in expression of XRCC2, XRCC3, BRCA1, BRCA2, Mre11, or 
Rad51) abnormal centrosomes arise and division errors occur (see Table 1). It has been 
suggested, at least for some of these proteins (p53, BRCA1, Chk2) that they control 
centrosome number through direct interactions with centrosomes (11; 36; 38). However, we 
show in chapter 3 (for BRCA1) and in chapter 4 (for Chk2) that this hypothesis is 
questionable. Rather, the presence of abnormal centrosomes in BRCA1 deficient cells are 
more likely due to the fact that these cells enter mitosis in the presence of impaired DNA 
integrity, that in turn, triggers the formation of abnormal centrosomes that leads to division 
errors. 
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Figure 1 

Normally, a mitotic cell has a bipolar spindle containing two centrosomes located at the spindle poles and the 
DNA is aligned in the metaphase plate (A). Mitotic exit results in the formation of two daughter cells containing 
one centrosome and each centrosome consists of two centrioles (B). In the presence of incompletely replicated 
DNA, mitosis starts with a bipolar spindle containing two centrosomes, but the chromosomes are not aligned in 
the metaphase plate (C). Centrioles split early in mitosis, extra centrosome-like structures arise, and multipolar 
spindles are being formed (D). However, the cell progresses through mitosis and cytokinesis results in the 
formation of more than two daughter cells (E), two normal daughter cells (B), or in the formation of a collapsed 
cell with multiple nuclei and extra centrosome-like structures (F). 
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Figure 2 

Normally, a cell contains two centrosomes just before mitosis (A) and forms a bipolar spindle during mitosis (B) 
leading to the formation of two equally sized daughter cells (C). DNA damage is induced after irradiation (D), cell 
cycle checkpoints induce delay of cell cycle progression, and DNA repair pathways are activated to repair the 
breaks after which cell cycle progression continues (A). When the cell is defective in cell cycle checkpoint control 
and DNA repair, DNA damage remains present during mitosis (E). This either leads to the formation of two 
normal daughter cells (C), but also can lead to cytokinesis failures like the collapse of the daughter cells into a 
multinucleated cell with multiple centrosomes (F). Consequently, when a multinucleated cell progresses through 
another mitosis, multipolar spindles arise and aneuploidy arises (G). 
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Figure 3 

Normally, a mitotic cell has a bipolar spindle (A) that progresses through mitosis and forms two equally sized 
daughter cells (B). Severe heat shock during mitosis results in denaturation of proteins and aggregates of 
denatured proteins are formed in close association to centrosomes (D). Under these conditions in most cells 
premature chromosome decondensation occurs (G). After mild heat shock smaller aggregates of denatured 
proteins arise at centrosomes (C). Only in a small percentage of mildly heat shocked cells premature 
decondensation of DNA occurs and in most cells cytokinesis results in the formation of two equally sized 
daughter cells (B), in the formation of more than two daughter cells (F) or in the formation of daughter cells that 
contain micronuclei (E). In thermotolerant cells, Hsp70 is recruited to centrosomes and protects against most of 
the division errors. 

 



General Discussion and Summary 

113 

In chapter 5, heat stress was applied to mitotic cells and this proteotoxic, non-genotoxic 
stress was also found to lead to failed cytokinesis and to the formation of multipolar spindles. 
Probably, localization of denatured proteins at centrosomes and denatured centrosome 
proteins themselves affect centrosomal function resulting in the observed division errors. We 
also show that Hsp70 localizes specifically to centrosomes, likely to refold the denatured 
proteins, and that this is sufficient to protect against some of the heat-induced division errors 
(Figure 3). Also, other stresses that affect centrosomal proteins directly have been found to 
result in centrosomal abnormalities. Some examples are discussed below. It has been 
demonstrated that lack of Poly(ADP-ribose) polymerase 1 (PARP-1) interferes with 
posttranslational modification of centrosomal proteins leading to hyperamplification of 
centrosomes (18). Another example is that lack of Tumor Over-expressed Gene (TOGp, 
homologous to XMAP215) interferes with centrosome integrity leading to fragmented 
centrosomes and multipolar spindles (13). TOGp is also necessary for counteracting MCAK, 
a Kin I kinesin necessary for kinetochore-microtubule attachments during spindle formation. 
By depletion of TOGp, spindle organization is affected resulting in multipolar spindles. There 
are more examples in which the disruption of spindle organization contributes to multiple 
centrosomes (see Table 1). Namely, MCAK is also suppressed by ubiquitous 
Calcium/calmodulin-dependent protein kinase IIγ (CaMKIIγ), and depletion of CaMKIIγ 
results in disorganized multipolar spindles as well (17). Similarly, depletion of hTPX2 or 
Astrin, both microtubule-associated proteins, results in the formation of multipolar spindles 
and mitotic arrest. 
When cells are arrested in the S phase for a prolonged period (by long HU treatments), the 
centrosome duplication process uncouples from the DNA replication process and multiple 
centrosomes can also arise (Table 1). Finally, overexpression of specific genes important for 
centrosome duplication can cause centrosome overduplication, resulting in cytokinesis 
failures (see Table 1 for details). 
Summarizing, various stress events, mutations in cell cycle checkpoint and DNA repair 
genes, altered expression of centrosomal and spindle proteins trigger the formation of 
multiple or abnormal centrosomes. Since cancer cells are genetically instable and 
accumulate mutations, all these above mentioned irregularities frequently occur in these 
cells, and therefore it is not surprising that abnormal and numerous centrosomes are 
regularly observed in cancer cells. 

An active centrosomal inactivaton pathway seems absent in 
mammalian cells. 
The knowledge that there are multiple ways that lead to abnormal centrosome number and 
function leads to the question whether these centrosome responses are triggered by an 
active mechanism or whether these centrosome alterations are more a passive 
consequence of cellular damage. An active response imbedded in a specific pathway would 
be marked by the involvement of specific players in this pathway. In Drosophila embryos 
such an active pathway has been described. Here, DNA damage leads to inactivation of 
centrosomes and a subsequent selective elimination of damaged nuclei from the embryo. 
This centrosomal inactivation pathway therefore is advantageous for the multicellular 
Drosophila embryo. It was demonstrated that Dmnk/DmChk2 is required for this centrosomal 
inactivation since this response coincided with an active transport of Dmnk/DmChk2 to 
centrosomes and the centrosome inactivation pathway was not observed in Dmnk/DmChk2 
mutant embryos (35). These data provide strong evidence for the existence of a 
Dmnk/DmChk2-dependent pathway in Drosophila embryos involved in inactivation of 
centrosomes. 
One of the main aims of this thesis was to investigate whether or not a comparable 
centrosomal inactivation pathway exists in somatic mammalian cells. Previously, it has been 
shown that mammalian Chk2 localizes to centrosomes (20; 36), however an altered 
localization of Chk2 in the presence of DNA damage was not reported by others, nor was 
observed by us (Chapter 4). Moreover, we demonstrated that Chk2 antibodies aspecifically 
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bind to centrosomes. Together these data suggest that in mammalian cells Chk2 is not 
involved in a centrosomal inactivation pathway in response to damaged DNA. Although, 
others and we have shown that mammalian centrosomes are affected by various kinds of 
stress events, players required to provoke these centrosomal changes have not been 
identified and in mammalian cells evidence is lacking that there exists an active pathway that 
triggers centrosome abnormalities. The lack of an active centrosomal response pathway is 
also supported by the findings that, unlike in Drosophila embryos, centrosomal changes in 
mammalian cells are not necessarily associated with a failure in cytokinesis and a dynamic 
elimination program for mitotic cells with abnormal centrosomes was not observed (see also 
below). 

What are the consequences of abnormal or multiple centrosomes? 
Regardless whether the formation of abnormal and multiple centrosomes is triggered by an 
active pathway, the following question remains: what are the biological consequences of 
multiple or dysfunctional centrosomes? In Drosophila embryos the centrosome inactivation 
is an advantageous response to genotoxic stress that results in the elimination of damaged 
nuclei and thereby protecting the organism. In mammalian cells, it is less clear what the 
consequences are for cells with abnormal centrosomes and/or with abnormal spindles.  
In our time-lapse recordings a high percentage of stressed mitotic cells showed abnormal 
divisions. After centrosome splitting, caused by the presence of incompletely replicated DNA 
during mitosis, cells either divided in two unequally sized daughter cells, or in more than two 
daughter cells. Another consequence of centrosome splitting was that the cells collapsed 
into multinuclear daughter cells, and this event also occurred when cells were forced into 
mitosis with radiation-induced damaged DNA. When centrosome function was altered by the 
formation of misfolded proteins by heat shock, cells either divided into more than two 
daughter cells, or the cells divided into two daughter cells that contained micronuclei. 
Another consequence of altered centrosomes caused by heat shock was that the DNA of the 
mitotic cell decondensed without premature division. 
So, while the actively regulated centrosomal inactivation in Drosophila embryos prevents 
cytokinesis of cells with damaged nuclei, the presence of abnormal or multiple centrosomes 
in mammalian cells does not prevent cytokinesis and these cells do divide. In our own 
observations, this abnormal mitotic progression can lead to the formation of either tetraploid 
progeny (collapsed daughter cells) or aneuploid progeny (formation of two unequally-sized 
cells and more than two cells). To investigate what the fate is of these tetraploid or aneuploid 
cells that have undergone an abnormal mitosis, it is necessary to follow these specific cells 
for extended periods preferable by in vivo imaging techniques within an organism. To our 
knowledge currently those experiments have not been performed. However, multipolar 
spindles are antagonistic to cell viability. Thus, most cells derived from such an aberrant 
mitosis will no longer survive. However, it may be possible that a rare daughter cell, through 
chance acquisition of an appropriate chromosome complement and/or gene dosage, could 
survive and contribute to a clone of aneuploid tumor cells (4). 
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Ref 

Chapter 2 

Chapter 3 

(33; 35) 

Chapter 5 

(1) 

(11) 

(7; 38) 

(14; 15) 

Chapter 2 

(19) 

Observations 

Centrosomes split in mono-centriolar fragments. Cell division errors. 

Cytokinesis failure. Tetraploid progeny with multiple centrosomes. 

Centrosome inactivation: loss of centrosomal components. Elimination of nuclei from developing embryo. 

Dysfunctional centrosomes. Cytokinesis failures. 

Numerous rounds of centrosome replication. 

Abnormal centrosome amplification. 

Multiple, functional centrosomes. Unequal chromosome segregation and aneuploidy. 

Fragmentation of centrosome, abnormal spindle formation, chromosome missegregation, aneuploidy. 

Spontaneous centrosome splitting. 

Abnormal centrosomes, chromosomal instability. 

Table 1. Various events can lead to the formation of abnormal or multiple centrosomes. 
Experimental details 

Various stress events 

Treatment HU/ caffeine (hamster cells) 

Treatment IR/ UCN-01 (hamster cells) 

Genotoxic damage (Dros. embryos) 

Heat treatment  (hamster cells) 

Treatment with HU (hamster cells) 

Altered expression of cell cycle checkpoint/ DNA repair proteins 

p53-/- (Mouse Embr. Fibroblasts MEF) 

Mutations in BRCA1 (MEF) 

Mutations in XRCC2, XRCC3 (hamster 
cells) 

Mutations in XRCC2, XRCC3 (hamster 
cells) 

BRCA2 deficiency (hamster cells) 
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Ref 

(37) 

(39) 

(8) 

(12) 

(17) 

(6; 13) 

(16) 

(18) 

(23; 24) 

(10) 

(2) 

Observations 

Centrosome amplification, associated with the formation of micronuclei. 

Centrosome amplification, accumulation chromosome breaks. 

Supernumerary functional centrosomes, without additional DNA replication rounds. 

Multipolar spindles. Mitotic arrest. 

Disorganized multipolar spindles. 

Loss of centrosome integrity, fragmented, multiple centrosomes. Robust, disorganized spindles. 

Multipolar, highly disordered spindles, no chromosome-congression, mitotic arrest. 

Centrosome hyperamplification. 

Incorrect separation of centriole pairs, defective chromosome-congression. Extra centrosomes. Tetraploidization. 

Reduplication of centrosomes during S phase arrest. 

Multiple spindle aberrations: elongated, multipolar, fractured spindles, aberrant mitosis, followed by cell death. 

Experimental details 

Mutations in BRCA2 (MEF) 

Mre11-null        (chicken cells) 

Rad51 deficiency (chicken cells) 

Altered expression of proteins not directly involved in cell cycle checkpoints or DNA repair 

hTPX2 depletion  (human cells) 

CaMKIIγ depletion (human cells) 

TOGp depletion  (human cells) 

Astrin depletion   (human cells) 

PARP1-null (MEF) 

Overexpression Aurora-A (human cells) 

mMps1p overexpression (mouse cells) 

hSPC25 depletion (human cells) 
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Centrosomal paradox: essential but susceptible. 
Centrosomes are required to ensure the fidelity of normal mitotic progression and normal 
mitotic progression in turn is essential for multicellular organisms. However, as others and 
we demonstrated, these essential centrosomes are affected by a variety of cellular stress 
events. One way for a multicellular organism to cope with this is to eliminate cells with 
abnormal centrosomes or one would expect that there exists a mechanism to repair 
abnormal or multiple centrosomes. As discussed in the previous paragraph, in mammalian 
cells evidence is lacking that cells with abnormal centrosomes are actively eliminated and 
there is also no evidence for a centrosomal repair pathway, although, it has been 
demonstrated that in some cells coalescence of multiple centrosomes can occur and this 
coalescence of multiple centrosomes into two functional spindle poles corrects the problem 
of centrosome excess (4; 9; 30; 32; 34). Interestingly, recently, it was published that the 
microtubule motor dynein plays an important role in maintaining the coalescing mechanism 
to prevent multipolar spindles (28). However, in most cells (this thesis and (25; 31)), multiple 
centrosomes do not coagulate and in cells with multiple centrosomes multipolar spindles do 
arise and such cells can progress through mitosis, demonstrating that in most cells there is 
no centrosome repair pathway and no checkpoint pathway that monitors the formation of 
abnormal spindles (29). 
 

Summary and perspectives 
Centrosomes are organelles involved in ensuring the fidelity of mitosis and are therefore 
essential to maintain genetic stability. In cancer cells abnormal and multiple centrosomes 
are frequently observed and this raised two questions: 1) how do abnormal and multiple 
centrosomes arise and 2) what are the consequences of abnormal and multiple 
centrosomes. Comparable to what was observed in Drosophila embryos, we found that 
mammalian centrosomes change in response to damaged or incompletely replicated DNA. 
In fact, multiple other abnormalities can lead to centrosomal changes. In Drosophila 
embryos, a centrosomal inactivation pathway is present that serves to eliminate nuclei with 
damaged DNA. Therefore, inactivation of centrosomes in response to genotoxic stress is 
advantageous for Drosophila embryos. In mammalian cells, centrosomes do change in 
response to various stress events, but centrosomal changes do not lead to inactivation of 
centrosomes and no evidence was found that cells with altered centrosomes are being 
eliminated. We propose that the presence of multiple/ abnormal centrosomes in cancer cells 
is due to a (passive) consequence of the primary defects in these cells and once abnormal 
centrosomes are being formed in mammalian cells, there is no backup mechanism that 
eliminates cells with abnormal/ multiple centrosomes. It seems likely that many of the 
daughter cells that arise from divisions from mother cells with abnormal centrosomes will not 
survive, however, we found that some cells with affected centrosomes or with abnormal 
centrosome numbers are able to progress through at least one round of cell division and this 
can lead to aneuploid daughter cells. Therefore, centrosomal abnormalities may be crucial in 
the process of enhancing tumor aggressiveness. However, further in vivo analysis of 
mammalian cells within the context of the tissue or the whole animal will be required to 
investigate what the long term fate is of cells with abnormal centrosomes and whether the 
formation of abnormal centrosomes is advantageous or disadvantageous for the organism. 
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