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General Discussion 
 
 
Nearly all human cancers have an abnormal chromosome content, a condition known as 
aneuploidy. Despite this, the molecular defects that are responsible for the development of 
aneuploidy remain poorly understood. Furthermore, the role of aneuploidy in 
tumorigenesis is an intensely debated and controversial issue (23, 29, 35, 36). Elucidating 
the molecular networks that regulate the accurate separation of sister chromatids during M 
phase is critical to understanding the mechanisms that drive chromosome number 
instability and their role in tumor formation. More than one hundred budding yeast genes 
cause chromosomal instability when mutated or ablated (22, 32, 39). These genes encode 
for proteins that function in diverse mitotic events, including chromosome condensation, 
sister chromatid cohesion, kinetochore and mitotic spindle formation and mitotic 
checkpoint control. An estimated 250 genes are presumably implicated in the proper 
segregation of mammalian chromosomes. However, only a relatively small number of 
these genes have thus far been identified and functionally characterized (9, 29, 47). In this 
thesis, we demonstrate that proper chromosome segregation in mitosis is dependent on 
Rae1 and Nup98, two proteins that regulate transport into and out of the nucleus through 
nuclear pore complexes in interphase. We propose that these two transport factors are part 
of a protein family that includes the mitotic checkpoint proteins BubR1, Bub1 and Bub3. 
We will discuss how Nup98 and Rae1 are integrated in the mitotic checkpoint and how our 
studies challenge existing models of securin and cyclin B degradation by APC/C in late 
metaphase. Besides Rae1 and Nup98, we have studied the biologically critical functions of 
Bub1 and BubR1 using animals that express very low levels of these essential proteins. The 
basis for the observed difference in physiological relevance between these proteins will be 
discussed. 
 
 
Role of the nuclear transport factors Rae1 and Nup98 in mitosis 
 
The mRNA export factor Rae1 binds to a small motif within the nucleoporin Nup98, 
termed the Gle2-binding sequence (Glebs) (34). Our lab discovered that this motif is 
conserved in the mitotic checkpoint proteins Bub1 and BubR1, where it serves as the 
binding site for Bub3 (46). In addition, it turned out that Bub1 not only forms a complex 
with Bub3, but also with Rae1. Like Bub1-Bub3 complexes, Bub1-Rae1 complexes seem 
to localize to kinetochores at the onset of mitosis (46). These findings, together with the 
fact that Rae1 and Bub3 proteins share extensive homology in sequence and structure (25, 
43), suggested to us the possibility that Rae1 and Nup98 might be members of a family of 
mitotic regulators that also includes Bub1, BubR1, and Bub3. To address this question, we 
generated Rae1 and Bub3 knockout mice by homologous recombination. We were initially 
disappointed to learn that both these proteins are essential for early mouse embryogenesis. 
A paper from the laboratory of Andy Choo confirmed our finding that Bub3 is essential for 
early embryogenesis (21). We were unable to derive cell lines from Bub3 or Rae1 null 
embryos, suggesting that both proteins are essential for cell growth and survival. This was 
surprising because the budding yeast homologues of Bub3 and Rae1 had been reported to 
be non-essential (30, 37). Subsequent knockouts of other mitotic checkpoint proteins, 
including Mad1, Bub1 and BubR1, confirmed the essential nature of mitotic checkpoint 
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components (2, 7, 15, 18, 45). The only exception thus far is Mad2. Although the majority 
of Mad2 knockout mice die shortly after implantation (8, 28), a small subset of null 
embryos mice develop until mid-gestation, indicating that Mad2 is non-essential for cell 
growth and survival (5). The demonstration that MEFs lacking Mad2 can grow on a p53 
null genetic background supports this conclusion.  
  
A breakthrough in our study of the physiological relevance of Bub3 and Rae1 was the 
discovery that Bub3+/– and Rae1+/– mice, which are viable and appear healthy, have much 
lower than normal levels of Bub3 and Rae1, respectively (1). We found that reduced 
expression of Bub3 significantly impairs the mitotic checkpoint and leads to increased 
chromosome missegregation and accumulation of aneuploidy cells. Strikingly, we observed 
the exact same mitotic phenotypes in mice and MEFs with only one gene copy of Rae1, 
suggesting that Rae1 may act in an analogous way to Bub3 in mitosis. Our finding that 
ectopic expression of Rae1 can correct not only for Rae1 haploinsufficiency but also for 
Bub3 haploinsufficiency strongly supported this conclusion. Although the critical functions 
of Rae1 and Bub3 in checkpoint activation may be redundant, the finding that compound 
heterozygous knockout mice are viable, whereas homozygous Rae1 and Bub3 mice are 
embryonically lethal, illustrates that both proteins have a critical, non-redundant 
physiological function as well. Furthermore, the level of aneuploidy in Bub3-Rae1 double 
haploinsufficient mice and MEFs was much greater than the sum of the aneuploidies 
observed in Bub3 and Rae1 single haploinsufficient mice, indicating that Rae1 and Bub3 
functionally synergize in mitosis. This was the first demonstration that synergy exists 
between two mitotic regulators.  
 
The above findings raised two interesting questions: (1) What could be the mechanism by 
which Rae1 regulates the activity of the mitotic checkpoint? And (2) how can Rae1 
compensate for Bub3 haploinsufficiency? Because a subset of the cellular Rae1 pool 
localizes to unattached kinetochores at the onset of mitosis, it is possible that Rae1 might 

contribute to the production of the so called “anaphase wait” signals at that position. As 
Bub1 also accumulates at unattached kinetochores in mitosis (16) and interacts with Rae1 
through its Glebs-like sequence (46), it is reasonable to argue that Rae1 and Bub1 might 
participate in such signaling events as a protein complex (Fig. 1). Like Rae1, Bub3 also 
targets to unattached kinetochores and interacts with Bub1 via the Glebs. As both Rae1-
Bub1 and Bub3-Bub1 complexes are present in early mitosis, one idea would be that these 
complexes fulfill redundant functions at unattached kinetochores. Restoration of full 
mitotic checkpoint activity in Bub3 haploinsufficient MEFs by overexpression of HA-Rae1 
could then simply result from the assembly of unbound Bub1 molecules into Rae1-Bub1 
complexes that would be capable of performing the functions of the missing Bub3-Bub1 
complexes. Bub3 also interacts with Bub1 (43, 44), and Bub3-BubR1 complexes 
positioned in the mitotic cytosol play a critical role in inhibiting the APC/C (10, 40, 42). 
However, as Rae1 has no affinity for BubR1 (46), it is unlikely that Rae1 overexpression 

acts to correct for Bub3 haploinsufficiency by formation of compensatory Rae1-BubR1 
complexes. 
 
In yeast, Rae1 was originally identified as an mRNA export factor (4, 31). However, we 
found that bulk mRNA export was completely normal in Rae1 null embryos (1), arguing 
against the idea that Rae1 is a transport factor in higher eukaryotes. This was further 
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corroborated by data showing that 
depletion of Rae1 in HeLa cells by 
RNA interference has no impact on 
mRNA export. However, previous 
work showing that overexpression 

of the Glebs of Nup98 in HeLa 

cells impairs mRNA export (34) in 
fact argues for a role of Rae1 in 
mRNA export in higher 
eukaryotes. Perhaps when Rae1 is 
absent, another component of the 
mRNA export machinery is able to 
compensate for its loss. Such 
compensation may not be possible 
when Rae1 is inhibited by a 
dominant-negative mechanism 
such as Glebs binding. Consistent 
with this interpretation is the recent 
finding that vesicular stomatitis 
virus M protein paralyses cellular 
mRNA export in human cells by 
binding to Rae1 (11).  
 
Rae1 exists as a nuclear pore 
subcomplex with Nup98 in 
interphase cells (34). We were 
intrigued by the finding of 
Matusako et al. that this complex 
remains intact in mitosis (27) and 
wondered whether it would have 
any mitotic functions. The 
availability of Rae1 and Nup98 
knockout mouse strains allowed us to produce mice with low amounts of the Nup98-Rae1 
complex. These mice missegregated their chromosomes at much higher rates and 
developed much more severe aneuploidy than single haploinsufficient cells, indicating that 
the Nup98-Rae1 complex indeed has a mitotic function (20). Unlike Rae1, Nup98 does not 
accumulate at kinetochores at the onset of mitosis, which argued against a role for 
Nup98/Rae1 complexes in contributing to “anaphase wait” signaling. Nup98-Rae1 double 
haploinsufficient cells not only exhibit aneuploidy but also premature sister chromatid 
segregation, a hallmark of unscheduled APC/C activation. This led us to speculate that 
Nup98-Rae1 complexes positioned in the mitotic cytosol might act as inhibitors of the 
APC/C. This idea was further supported by the discovery that securin, a key anaphase 
inhibitor that is normally targeted for degradation by the APC/C at the metaphase-anaphase 
transition, is prematurely degraded in cells with low levels of Nup98 and Rae1. A series of 
biochemical experiments demonstrated that Rae1 and Nup98 indeed bind to APC/C to 
prevent early degradation of securin. Rae1 and Nup98 specifically bind to APC/CCdh1, but 
have no affinity for APC/CCdc20. This was completely unexpected because several reports 

 
 
Fig. 1   Model for Nup98/Rae1 function in mitosis. We 
propose that Rae1 targets to unattached kinetochores at the 
onset of mitosis together with Bub1, just like Bub3. There, 
Rae1/Bub1 and Bub3/Bub1 proteins act to activate the mitotic 
checkpoint, potentially by producing anaphase wait signals. 
Bub3 and Rae1 are also localized in the mitotic cytosol. There, 
Bub3 forms a complex with BubR1 (and Mad2) that binds to 
and inhibits Cdc20-activated APC/C as long as anaphase wait 
signals are present. Rae1, on the other hand, forms a complex 
with Nup98 in the mitotic cytosol to inhibit Cdh1-activated 
APC/C as long as anaphase wait signals are eminated. For 
simplicity, only part of the components of the checkpoint is 
shown in the model. 
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had suggested that formation of APC/CCdh1 complexes is prevented until anaphase through 
phosphorylation of Cdh1 (17, 24, 48). Moreover, the dogma in the field has always been 
that APC/CCdc20 promotes anaphase by triggering destruction of both cyclin B and securing 
(41). However, through a simple co-immunoprecipitation experiment we showed that Cdh1 
readily precipitates APC/C components from prometaphase cell extracts. Nup98 and Rae1 
remain bound to APC/CCdh1 from early mitosis until metaphase/anaphase transition, when 
securin is normally targeted for destruction. We then set out to critically test whether 
APC/CCdc20 also contributes to the destruction of securin by using a cell line in which 
APC/CCdc20 is prematurely activated due to BubR1 insufficiency (2). To our surprise, we 
found that in this line cyclin B was prematurely degraded, but not securin, suggesting that 
APC/CCdc20 mediates the destruction of cyclin B and APC/CCdh1 that of securin. This led to a 
model in which Mad2-BubR1-Bub3 complexes bind to and inhibit APC/CCdc20 to prevent 
cyclin B degradation until metaphase/anaphase transition, while Nup98-Rae1 complexes 
bind to and inhibit APC/CCdh1 to prevent unscheduled securin degradation (Fig. 1). Release 
of BubR1 from APC/CCdc20 is regulated by the spindle assembly checkpoint and it will be 
interesting to determine whether dissociation of Rae1 and Nup98 from APC/CCdh1 is also 
controlled by this checkpoint, and, if so, how. Nup98 is not targeted to kinetochores at the 
onset of mitosis, but Rae1 is (46). Rae1 has been shown to form a complex with Bub1 and 
might target to kinetochores in conjunction with this partner, just like the Rae1-related 
mitotic checkpoint protein Bub3 (43, 46) One possibility is that complexes consisting of 
Rae1 and Bub1 at kinetochores contribute to the generation of the so-called “anaphase 
wait” signal that targets inhibitory complexes to the APC/C (Fig. 1).  
 
Once the last mitotic chromosome pair is properly attached to the mitotic spindle and 
aligned in the metaphase plate, cells promptly enter anaphase as demonstrated by live cell 
imaging. This implies that securin degradation is extremely fast once the mitotic 
checkpoint has been silenced. One scenario is that the release of Rae1 and Nup98 from 
APCCdh1 at the metaphase/anaphase transition allows for binding of APC/CCdh1 to securin, 
followed by securin ubiquitination and degradation. However, securin degradation would 
be much faster if Rae1 and Nup98 would inhibit the activity of APC/CCdh1 in early mitosis 
but prevent APC/CCdh1 from binding to securin. The discovery that Rae1 and Nup98 not 
only coimmunoprecipitate APC/CCdh1 from prometaphase extracts, but also securin, in fact 
supports this model. It will be interesting to determine in future experiments whether 
mitotic cells prime themselves for rapid cyclin B destruction at the metaphase/anaphase 
transition through a similar mechanism. 
 
 
BubR1 and Bub1: Two related mitotic kinases with distinct biological functions 
  
BubR1 and Bub1 are two classical mitotic checkpoint proteins that are mutated or 
expressed at reduced levels in a variety of human cancers. Our initial studies of these 
proteins sought to answer two central questions: (1) Do mutant mice with low amounts of 
these proteins missegregate their chromosomes inaccurately and accumulate aneuploid 
cells? And (2) what are the biologically critical functions of these checkpoint proteins? Our 
main challenge was to disrupt BubR1 and Bub1 function significantly but not so severely 
that mutant mice would die during embryogenesis. Our strategy was to generate a series of 
mice in which expression of Bub1 or BubR1 is reduced in graded fashion from normal 
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levels to zero by the use of wild-type, knockout and hypomorphic alleles. As expected, 
complete loss of Bub1 or BubR1 results in early embryonic lethality, but mice that express 
about 10% of normal Bub1 or BubR1 protein levels are viable and survive to adulthood. 
Both of these strains have an impaired mitotic checkpoint and develop severe aneuploidy, 
but, unexpectedly, the phenotypes that they develop are quite different. Bub1 mutant mice 
are overtly normal but develop a variety of spontaneous tumors at high incidence. On the 
other hand, BubR1 mutant mice develop hardly any spontaneous tumors, but instead 
develop a wide variety of progeroid phenotypes, including short lifespan, cachectic 
dwarfism, lordokyphosis (abnormal curvature of the spine), sarcopenia (age-related skeletal 
muscle atrophy), cataracts, craniofacial dysmorphisms, arterial stiffening, loss of 
(subcutaneous) fat, reduced stress tolerance and impaired wound healing (2, 14, 26). 
Conversely, Bub1 mice do not show signs of accelerated aging. Thus, while BubR1 
functions to suppress aging, Bub1 is primarily a suppressor of tumorigenesis. 
 
The finding that BubR1 hypomorphism causes premature aging prompted several new 
questions. For instance, does BubR1 play a role in the natural aging process? What is the 
primary lesion that is causing the early aging? To address the first question, we measured 
BubR1 levels in wild-type mice and found that BubR1 expression indeed declines in 
several tissues as they age, including testis, ovary, skeletal muscle, aorta and brain. We 
have not yet tested whether BubR1 levels decline with age in human tissues, but given the 
high conservation of human and mouse BubR1, it is highly likely that they do. 
 
The question as to what is primary defect resulting from BubR1 hypomorphism that 
triggers senescence and aging has not been answered as yet. Initially, we thought that it 
might be aneuploidy. To further explore this possibility, we tested whether Bub3-Rae1 
compound haploinsufficient animals, which accumulate much more severe aneuploidy than 
BubR1 hypomorphic mice, are also susceptible to segmental progeria. Although we found 
that these mutants do have a slight predisposition to development of premature aging, the 
time to onset is substantially delayed compared to BubR1 hypomorphic mice, indicating 
that aneuploidy is unlikely to be the primary defect associated with senescence and aging 
in our BubR1 hypomorphic model. Accumulation of molecular damage has been proposed 
to drive the aging process, particularly accumulation of DNA damage (12). However, we 
found no evidence to suggest that BubR1 hypomorphic mice have a defect in DNA repair 
or experience more genotoxic stress. For instance, BubR1 hypomorphic tissues showed no 
increase in single- or double-strand breaks, apurinic or apyrimidinic sites, or DNA adducts. 
BubR1 hypomorphic mice distinguish themselves from other mitotic checkpoint defective 
mouse models in that they exhibit the highest rates of premature sister chromatid 
segregation, most likely due to unscheduled degradation of cyclin B by APC/CCdc20 activity. 
One possibility is that premature sister chromatid separation, rather than aneuploidy, is the 
primary defect activating certain stress response pathways that promote senescence and 
aging. Currently, we are actively exploring this possibility by breeding our BubR1 
hypomorphic mouse strain onto genetic backgrounds that reduce or enhance premature 
sister chromatid separation. Besides cyclin B, other cell cycle regulators may become 
unstable due to unscheduled APC/CCdc20 activity. This may lead to additional stresses that 
may further stimulate pathways that promote senescence and aging. This is also an area 
that we are actively exploring.  
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Individuals with MVA syndrome caused by mutations in BubR1 exhibit several progeroid 
features, including short lifespan, growth retardation and cataract formation, which 
strengthens the link between BubR1 dysfunction and aging (13). Whether these patients 
develop other progeroid features remains to be established. The problem is that MVA 
patients are extremely rare and often die within the first few years of life. Because MVA is 
such a rare human syndrome it may be necessary to use the mouse to model these biallelic 
mutations to learn more about the pathology of this syndrome and its possible link to 
premature aging. Almost all MVA patients carry one missense mutation in the kinase 
domain and a truncating mutation upstream of the kinase domain (13). Therefore, a mouse 
model where the activity of the kinase domain of BubR1 is investigated would be 
extremely interesting.  
 
BubR1 hypomorphic mice accumulate similar amounts of aneuploidy cells as Bub1 
hypomorphic mice, yet only Bub1 hypomorphic mice are prone to spontaneous tumors (2, 
18). What could be the reason for this difference? It has been proposed that senescence is a 
mechanism that protects the organism from cells that are at risk for neoplastic 
transformation. For instance, oncogenes such as c-Myc or Ras are known to elicit 
supraphysiological mitogenic responses that activate p19Arf. Through its ability to activate 
p53, p19Arf will invoke a transcriptional response that promotes cellular senescence. This 
process is called oncogene induced senescence (OIS) (6). Perhaps BubR1 hypomorphic 
cells are more difficult to transform because p19Arf, which is known to be induced in 
response to low BubR1 (2), might be activating pathways that protect against cellular 
transformation. Another important difference between BubR1 and Bub1 hypomorphic mice 
is that cells from the latter animals have a greater chance of survival after a chromosome 
missegregation event. Thus, Bub1 hypomorphism may act as a double-edged sword: it 
promotes chromosome missegregation as well as cell survival after chromosome 
missegregation. Our discovery that cell death rates after chromosome missegregation 
dramatically decline with decreasing levels of Bub1 creates a molecular entry point for 
studying the underlying cell death mechanism. Whether Bub1 plays a unique role in this 
mechanism or whether there is a broader connection between mitotic checkpoint damage 
and decreased cell death after chromosome missegregation is an important question for 
future analysis. Bub1's dual function as a guardian of high fidelity chromosome segregation 
and as a mediator of cell death after aberrant segregation is reminiscent of proteins such as 
ATM and p53 that function in both DNA repair and apoptosis in response to DNA damage 
(38). A recent study showed that Bub1-depleted cancer cell lines display increased mitotic 
cell death when they are exposed to agents that perturb kinetochore-microtubule 
attachment, such as nocodazole (33). We observed no such effect in nocodazole-treated 

MEFs with graded reduction in Bub1 expression, suggesting that the impact of the Bub1 
level of expression on mitotic cell death induced by spindle poisons is cell type and/or 
transformation status dependent. 
 
Because Bub1 hypomorphic mice have a high percentage of aneuploid cells and are 
predisposed to spontaneous tumors, whereas Bub1 haploinsufficient mice have a relatively 
low percentage of aneuploid cells and are not tumor prone, it is tempting to speculate that it 
is the increase in aneuploidy that drives tumorigenesis in Bub1 hypomorphic mice. 
However, the fact that both Rae1-Bub3 and Rae1-Nup98 double haploinsufficient mice 
develop aneuploidy at rates very similar to that of Bub1 hypomorphic mice but are not 
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prone to spontaneous tumors argues against this idea (1, 3, 19). One possible explanation 
for this discrepancy could be that as a result of the decreased cell death in response to 
chromosome missegregation, Bub1 hypomorphic mice may develop a wider variety of 
abnormal karyotypes than Rae1-Bub3 and Rae1-Nup98 double haploinsufficient mice, 
thereby perhaps increasing the incidence of karyotypes that have the ability to drive 
tumorigenesis. However, the role of aneuploidy in tumorigenesis is clearly highly complex, 
and it will be necessary to carefully examine each individual regulator of chromosome 
segregation for its involvement in tumorigenesis through the use of animal models. We 
expect these efforts to allow the identification of a subset of mitotic regulators that are 
particularly important for tumor prevention. Among them may be mitotic regulators that 
serve as molecular hubs within the mitotic checkpoint or other networks that regulate 
proper chromosome segregation or mitotic regulators with connectivity to other pathways 
that guard against neoplastic transformation. 
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Summary 
 
Most human cancers have an aberrant number of chromosomes but whether aneuploidy 
plays a causal role in tumor formation or is a merely a feature of cancerous cells has 
become one of the classical questions in cancer biology. Other important questions in this 
field relate to the identity, functions and physiological relevance of the genes implicated in 
chromosome segregation in mitosis. Studies described in this thesis were directed toward 
addressing these questions.  
 
Our studies focused on two classes of mitotic regulators. A first class includes proteins 
normally associated with transport across the nuclear envelope through nuclear pores. 
Their role in chromosome stability is a novel function for these proteins. Two members of 
this class of proteins that we studied in greater detail are the mRNA export factor Rae1 and 
the nuclear pore complex protein Nup98. Using mutant mice and MEFs with low amounts 
of Rae1 and Nup98, we discovered that, at the onset of mitosis, these two transport factors 
form a complex with Cdh1 and APC/C to prevent unscheduled APC/CCdh1-mediated 
degradation of the anaphase inhibitor securin, thereby preventing premature sister 
chromosome separation, chromosome missegregation, aneuploidy and tumor formation.   
 
The second class of mitotic regulators that we studied consists of core components of the 
mitotic checkpoint, a molecular network that ensures proper separation of duplicated 
chromosomes by preventing anaphase onset until all kinetochores have attached to spindle 
microtubules. We focused our studies on two related mitotic checkpoint proteins with 
serine/threonine kinase activity, Bub1 and BubR1. To study their physiological relevance 
we had to use hypomorphic mouse strains that express low levels of these proteins, because 
Bub1 and BubR1 are both essential proteins. A very surprising finding was that mice with 
low amounts of BubR1 age 4-5 times faster than normal mice. This combined with the 
observation that BubR1 levels decline in various mouse tissues with age, led us to propose 
that BubR1 is a regulator of natural aging. Although BubR1 mice develop severe 
aneuploidy, this abnormality does not seem to drive accelerated aging. Even though Bub1 
is closely related to BubR1, Bub1 hypomorphic mice do not age prematurely. Instead, 
Bub1 plays a very prominent role in tumor suppression. We show that Bub1 is unique in 
the sense that it not only prevents chromosome missegregation by inhibiting anaphase 
onset until all chromosomes are properly attached to the mitotic spindle, but also mediates 
cell death in the event chromosome missegregation does occur. We speculate that because 
of this dual role, Bub1 deficiency allows for formation of a much broader spectrum of 
abnormal karyotypes than other mitotic checkpoint protein defects, thereby increasing the 
likelihood that malignant karyotypes evolve.   
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Samenvatting 
 
Vrijwel alle tumoren in de mens hebben cellen met een abnormal aantal chromosomen. Of 
numerieke chromosoom afwijkingen een oorzaak of een gevolg zijn van tumorvorming is 
een vraag die al bijna 100 jaar speelt in de kankerbiologie. Andere belangrijke vragen 
binnen dit veld hebben betrekking op de identiteit, de funktie en de physiologische 
relevantie van genen die een rol spelen in de juiste verdeling van gedupliceerde 
chromosomen over twee dochtercellen. In dit proefschift hebben wij ons gericht op deze 
vragen. Wij ondekten een nieuwe klasse van eiwitten die belangrijk zijn voor een normale 
mitose. Deze eiwitten zijn normal betrokken bij transport van moleculen in en uit de kern. 
Nup98 en Rae1 behoren tot deze eiwitklasse. We vonden dat deze eiwitten de activiteit van 
het anaphase-promoting complex remmen en daarmee voorkomen dat gedupliceerde 
chromosomen vroegtijdig splitsen en ongelijkmatig verdeeld worden over twee 
dochtercellen. Cellen met een lage hoeveelheid Rae1 en Nup98 hebben vaak abnormale 
chromosoomaantallen en ontwikkelen zich in verhoogde mate tot kankercellen. Daarnaast 
bestudeerden wij twee gerelateerde eiwitten die deel uitmaken van het mitotische 
checkpoint, Bub1 en BubR1. Beide eiwitten blijken essentieel te zijn, maar muizen met 
lage hoeveelheden Bub1 of BubR1 zijn levensvatbaar. Zoals verwacht hebben die muizen 
een grote hoeveelheid cellen met afwijkende aantallen chromosomen. Verrassend was 
echter dat BubR1 mutante muizen vier to vijf keer sneller verouderen dan normale muizen. 
Het aantal muizen met tumoren is erg gering. Bub1 mutante muizen, daarentegen, 
verourderen in een normaal tempo, maar zijn zeer gevoelig voor tumoren. Uit het 
onderzoek in z’n totaliteit leiden we af dat numerieke chromosomale afwijkingen niet per 
se tot tumorvorming hoeven te leiden maar weldegelijk de vorming van kanker kunnen 
versnellen wanneer dit proces eenmaal op gang is gebracht door mutaties in bepaalde 
kankergenen.   
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