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Abstract

Along standing hypothesis in the field of cancer biology is that aneuploidy causes cancer by
promoting loss of chromosomes that contain tumor suppressor genes. By crossing aneuploidyprone
Bubl1 hypomorphic mice onto a heterozygous null background for p53, we provided conclusive
evidence for this idea.! Surprisingly, the tumors that developed in this model had not just lost the
chromosome 11 copy harboring wild-type p53, but had also gained an extra copy of chromosome 11
bearing the p53null allele. Here we report that a similar chromosome-reshuffling blueprint drives
colonic tumorigenesis in Bub1 hypomorphic mice that are heterozygous for ApcMI" but now
involving chromosome 18. These extended studies highlight that in order for whole chromosome
instability to drive tumorigenesis, it needs to establish tumor suppressor gene loss of heterozygosity
while retaining two copies of the other genes on the chromosome. Additional restrictions seem to
apply to whole chromosome instability as a cancer causing mechanism, which will be discussed in
this paper.
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Introduction

The majority of all human cancers consist of cells that exhibit an abnormal complement of
chromosomes, referred to as aneuploidy.2-4 However, it has been difficult to obtain insight
into the role of aneuploidy in tumorigenesis.2 Experimental evidence suggests two possible,
although quite contradictory, scenarios. Chromosome number imbalances have been shown to
exert detrimental effects on cellular growth and organismal fitness,:8 suggesting that early
aneuploid cells are selected against during the origin of tumors. Because later stage tumors
have abnormal numbers of chromosomes,* it seems that these tumors were successful in
bypassing this selective pressure, perhaps by acquiring alterations in certain cancer-critical
genes. On the other hand, a 100-year-old theory of the German biologist Theodor Boveri
proposes that aneuploidy is causally implicated in tumor development.” Although it has been
difficult to prove this theory, several studies provide evidence to support it.2:8-11 Perhaps the
greatest validation of Boveri's aneuploid theory comes from the observation that some of the
engineered mouse models for aneuploidy are prone to tumorigenesis.12-17 However, studies
of mice with chromosomal instability gene mutations have also raised several important
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questions.? For instance, why is it that genes with a universal role in proper chromosome
segregation, only promote tumor development in a few tissues when mutated, and why do
tumor prone tissues vary between the different mouse models? Furthermore, why are some of
the models not prone to spontaneous tumors despite the presence of substantial numbers of
aneuploid cells,18-22 and why do some chromosomal instability gene defects exert tumor
suppressive ability?16:23-26 One way to provide more definitive insight into the contribution
of aneuploidy in cancer would be to decipher the underlying mechanisms. One of the classical
mechanistic hypotheses in the field is that aneuploidy may promote tumorigenesis by
increasing loss of tumor suppressor genes.2” The basic idea is that in cases where one copy of
a given tumor suppressor gene is mutated an aberrant mitosis causes inactivation of the
remaining intact gene copy through loss of the entire chromosome harboring it. To test this
hypothesis, we bred Bub1 mutant mice that inaccurately segregate their chromosomes onto
p53*, ApcMin'* Rb*/- or Pten*/- backgrounds and monitored the rate of tumorigenesis.1+13
For simplicity, whole chromosome instability specifically due to deficiencies of Bubl will be
abbreviated (W-CIN) from this point forward.

W-CIN Drives Lymphomagenesis Through LOH of p53

Intriguingly, at low Bub1 levels p53*/- mice became highly susceptible to T cell lymphoma,*
a tumor type that is prevalent in p537- mice.28 Genotyping of Bub17H/p53*/- thymic
lymphomas revealed that they indeed had a loss of heterozygosity (LOH) of the remaining
wild-type allele of p53.1 Unexpectedly, all dividing lymphoma cells had two copies of
chromosome 11. Simple sequence length polymorphism (SSLP) analysis of lymphoma DNA
demonstrated that both chromosome 11 copies were identical, indicating that duplication of
the p53- allele resulted from whole chromosome missegregation. This may have involved two
missegregation events occurring in separate cell divisions (Fig. 1). For instance, cells might
obtain an extra copy of chromosome 11 containing the p53- allele in a first erroneous division,
and then lose chromosome 11 containing wild-type p53 allele in a subsequent division.
Alternatively, only one erroneous division may have been implicated. Due to syntelic
microtubule-kinetochore attachments both chromosome 11 copies with inactive p53 may move
toward one pole and those harboring the p53* allele toward the opposite one. Syntelic
attachments are quite common in cells with low amounts of Bub1, indicating that the latter
scenario is certainly feasible.13:29:30

The consistent gain of an extra copy of chromosome 11 harboring the knockout allele suggests
a strong selective pressure for p53 LOH without losing the other genes on the chromosome.
What could be the underlying cause of this phenomenon? Studies in yeast and mouse
embryonic fibroblasts show that an extra copy of a single chromosome leads to cellular stress
and reduced proliferation, perhaps because of overexpression of genes located on the
chromosome that was gained.>:6:31 Along the same lines, loss of an entire chromosome might
impair cellular fitness because of cellular stress associated with underexpression of genes on
the affected chromosome.

W-CIN Induces Colon Cancer Through Apc LOH

ApcMin'* mice are highly susceptible to small intestinal tumors and occasionally develop
colonic tumors. However, at low Bubl levels, these mice become highly prone to colonic
tumors.! Importantly, all colon tumors from Bub17H/ApcMin* mice that we examined lacked
the Apc* allele, indicating that Apc LOH is a requirement for colon tumor formation. Again,
instead of only losing the chromosome containing the Apc* allele, such loss seemed to be
accompanied by the gain of a copy of chromosome 18 bearing the ApcMi allele, because most
cancer cells showed two FISH signals for chromosome 18. Unfortunately, we were unable to

Cell Cycle. Author manuscript; available in PMC 2010 October 26.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Baker and van Deursen Page 3

provide conclusive evidence for this model because the pure C57BL/6 congenic background
of the Bub17H/ApcMin+ mice used in this study precluded the use of SSLP analysis.

To resolve this problem, we established a cohort of Bub1”H/ApcMin* mice on a 129 x C57BL/
6 mixed genetic background. We verified that paternal and maternal chromosome 18 copies
of mice in the cohort were distinguishable by SSLP markers. Bub1H/ApcMiV* mice on the
129 x C57BL/6 mixed genetic background formed colonic tumors at very high rates, just like
their counterparts on the pure C57BL/6 genetic background (data not shown). Seven of the
tumors we collected from these mice were subjected to SSLP analysis using four markers distal
to the Apc gene on chromosome 18 (Fig. 2). Importantly, all seven tumors were found to be
homozygous for each of the four markers. This, combined with the finding that the tumor cells
lack the APC* allele and have two chromosome 18 FISH signals, demonstrates that the tumor
cells had acquired two identical copies of chromosome 18 containing the ApcMin allele.

Thus, for two independent tumor suppressor genes, p53 and Apc, whole chromosome
missegregation has now been shown to drive neoplastic growth through LOH, thereby firmly
establishing that aneuploidy is causally implicated in neoplastic growth. Furthermore, the
consistent gain of an extra copy of the chromosome harboring the inactive tumor suppressor
allele in two independent tumor models suggests that whole chromosome haploinsufficiency
is selected against during the evolution of certain tumors.

W-CIN's Ability to Drive Tumor Formation Through LOH has Restrictions

Bub1 insufficiency failed to accelerate tumorigenesis in Rb*~ and Pten*/- mice.l In fact, Bubl
insufficiency greatly reduced the number of early stage neoplastic lesions in prostate glands
of Pten*- mice. These findings are very important in that they seem to suggest that W-CIN's
ability to drive tumorigenesis through tumor suppressor gene LOH is restricted to certain tumor
suppressor genes and tissue/cell types. We can currently only speculate about the basis of these
restrictions. One explanation would be that certain cell types are very efficient at inducing
tumor suppressor gene LOH via mechanisms other than chromosome missegregation. Rb LOH
in Rb*’~ pituitary glands and Pten LOH in Pten*/~ prostate glands are both early events that
initiate neoplastic growth.32-34 This, together with the knowledge that both these tissues
develop numerous independent lesions, suggests they indeed contain mechanisms for efficient
LOH of relevant tumor suppressor genes. We suspect that W-CIN from Bub1 insufficiency
contributes little to the overall rate of LOH of these tissues.

A second possibility is that cellular responses to aneuploidy might vary from cell type to cell
type. For instance, erroneous chromosome segregation might impair proliferation or trigger
apoptosis in certain cell types, while having little or no impact on growth and survival in others.
It has been difficult to comprehensively test this idea because most primary cells are not
amenable to combined analysis of cell fate and chromosome missegregation by live cell
imaging.13 Importantly, in instances where aneuploidy were to reduce cell growth and survival,
mutations neutralizing these adverse effects would have to be acquired to allow for tumor
progression.® We suspect that this scenario might explain our observations in Bub1-H/
Pten*/" prostate glands. These glands have significantly fewer low-grade PIN lesions than
Pten*/- mice and the lesions that do develop show evidence of reduced cell proliferation and
increased cell death, indicating that W-CIN acts to inhibit early neoplastic development in
Pten*/" prostate glands.! Later stage PIN lesions in Bub17H/Pten*/- prostate glands, on the other
hand, show high rates of cell growth and survival, suggesting that aneuploidy creates a selective
pressure for mutations that allow cells to neutralize the initial adverse effects of chromosome
imbalances.

The third possibility would be that the aneuploidy rates in Bub17H/Rb*/~ and Bub17H/Pten*/-
mice were suboptimal. While a gradient of Bubl levels was used in LOH studies involving
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p53 and Apc, only a single level of Bubl reduction (the lowest possible one) was used in Rb
and Pten studies. It would be interesting to evaluate development of PIN lesions in Pten*/-
mice at various levels of Bub1l reduction to see if milder aneuploidies have the ability to
accelerate cell transformation by promoting Pten LOH without adversely impacting cell growth
and survival. While the Bub1 level of reduction in Bub1H/Pten*/ prostates may have been
too severe, in Bub1H/Rb*/- pituitaries it may not have been extreme enough to cause
substantial chromosome missegregation. Unfortunately, technical limitations precluded
accurate assessment of aneuploidy rates in pituitary glands as well as in other primary tissues
and cells. Until these limitations are resolved, it will be difficult to determine the incidence
and severity of aneuploidy in mouse tissues and cell types other than hematopoietic cells.

Early versus Late W-CIN in Tumorigenesis

Cancers arise via a multi-step process driven by a series of DNA alterations that affect genes
that control cellular processes such as proliferation, migration, polarity and apoptosis.3® Since
most human cancers are aneuploid, it is reasonable to assume that developing tumor cells obtain
mutations in chromosomal instability genes somewhere during tumor evolution. The timing
of these mutations may in fact be critical to the impact they have on tumor progression (Fig.
3A). For instance, tumor cells that have reached an advanced malignant growth state may
already contain mutations that counteract the growth inhibiting effects of chromosome
imbalances, so that when these cells obtain mutations in W-CIN mutations, they only
experience tumor-promoting effects of chromosome reshuffling. On the other hand, more
benign tumors might enter a prolonged period of slow growth after encountering a W-CIN
gene mutation (Fig. 3A). Ultimately, mutations that bypass the aneuploidy-induced growth
retardation may be acquired, allowing chromosome reshuffling to accelerate tumor progression
by promoting tumor suppressor gene LOH.

It is important to keep in mind that W-CIN was an early event in our LOH studies because the
mice had germline mutations in Bub1 and contained aneuploid cells at birth (Fig. 3B).13 In
p53*- thymocytes and ApcMiV* colon epithelial cells, the early W-CIN seemed to have no
negative impact on cell growth and survival because tumors developed so quickly in these
tissues. Perhaps, the same holds true for Rb*/" pituitary glands, with the exception that Bub1
insufficiency may have been unable to accelerate Rb LOH in this particular tissue. In Pten*/-
prostate epithelia, however, early W-CIN appeared to cause growth retardation and reduced
survival. Perhaps if W-CIN had been introduced at a more advanced stage, it might have
accelerated prostate carcinogenesis progression through LOH (Fig. 3B). It will be interesting
to further test this concept by crossing Pten*/- mice with mouse models with doxycycline
inducible W-CIN.17:36

Future Challenges and Perspectives

To further advance our understanding of the role of aneuploidy in tumorigenesis, it will be
important to develop methods for accurate assessment of chromosome missegregation and
aneuploidy rates in primary cells and tissues. A surprising finding was that many cells of
Bub17H/p53*/- thymic lymphomas had very mild numerical abnormalities.! These data were
obtained by SKY and chromosome counts. Both these techniques require metaphase spreads
from actively dividing cells, indicating that the proliferating cells within the tumor had near-
diploid aneuploidy. However, it is quite possible that the non-proliferating cells had a
dramatically different degree of aneuploidy, which is then masked by these current techniques.
Utilization of FISH on paraffin tissue is limited to visualizing only a small subset of the total
chromosomal complement and is prone to errors in detecting minor numerical changes. Using
FISH on potentially non-proliferating end stage tumor cells may reveal higher levels of
aneuploidy and may easily be detected using FISH probes, especially if the cell had undergone
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DNA endoreduplication, but how do these cells relate to the initial stages of the tumor?
Although CIN is often a marker for advanced stage cancer,*37:38 perhaps these tumor cells
have already become irreversibly tumorigenic due to minor numerical changes and
compensatory means much earlier in the tumorigenic process. Now that we have a technique
for FISH on primary colon cancer cells that do not divide in culture,! it would be interesting
to test whether colon adenocarcinomas of Bub1”H/ApcMin* mice become more severely
aneuploid if they are given the opportunity to progress beyond 90 days.

Now that W-CIN has been shown to drive tumorigenesis through tumor suppressor gene LOH,
it is important to determine whether it can also do so through duplication of oncogenes.3?
Perhaps using a similar approach of crossing Bub1 deficient animals to various oncogenic
models may elucidate whether a similar mechanism of gaining a second copy of the
chromosome harboring the oncogene exists. In these scenarios, are the tumor cells now triploid
for this chromosome or do selective pressures exist to maintain diploidy, and does this then
indicate a selection for homozygosity? Finally, the larger question remains, do human cancers
fit the same selective pressures and what interventions can be derived to target cells with minor
chromosomal imbalances for elimination? Clearly the link of aneuploidy and tumor initiation/
progression remains highly complex that is likely to remain subject of intense investigation
for years to come.
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Figure 1.

Proposed mechanism for LOH of p53 in thymocytes of Bubl deficient animals. when a
p53*/- thymocyte enters into mitosis, it has two copies each of the p53 null and wild-type allele.
Under normal situations, each daughter cell will receive one mutant allele and one wild-type
allele, thereby maintaining the heterozygous p53 condition (not shown). However, due to
insufficiencies of Bubl and a weakened mitotic checkpoint, nondisjunction or aberrant
segregation of sister chromatids occurs, leading to daughter cells that obtain two copies of the
p53 null allele in potentially one (top) or two (bottom) steps.
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Figure 2.

Colon cancer of Bub1H/ApcMin* mice is driven by loss of chromosome 18 harboring the
Apc* locus and gain of an extra chromosome 18 harboring the ApcMin allele. Haplotypes of
tail tissue (N) from the father (a Bub17/H/ApcMin* mouse) and mothers (Bub1H/H/Apc*/*)
generating Bub17H/ApcMin* offspring heterozygous at 4 markers in tail (N) and normal colon
(C) DNa. Colon tumors (t) of these animals have reverted to being homozygous for
chromosome 18 containing the ApcMin allele, which was inherited from their father.
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Figure 3.

Hypothetical models for how timing of w-CiN gene mutations may influence tumorigenesis.
(a) Models in which neoplastic growth is initiated by mutation of a cancer-critical gene (other
than a w-CiN gene). in scenario 1 (red line), tumor progression is driven by mutations that
promote cell growth and survival. these mutations counteract the inhibiting effects of
chromosome imbalances. So once w-CiN occurs, it may rapidly promote LOH and tumor
advancement because only the tumor-promoting effects of aneuploidy are experienced in this
tissue. in scenario 2 (blue line), w-CiN mutations may occur prior to those mutations that
promote growth and survival, thereby leading to tumor cell growth inhibition (or reduced
survival). the acquisition of additional mutations needed to bypass this inhibition may delay
tumor development for prolonged periods of time, but after these changes occur, the underlying
w-CiN mutation may rapidly promote LOH and tumorigenesis. So the timing of w-CiN gene
defects may be critical to its impact on tumor progression. (B) Models prone to develop
aneuploidy due to germline mutations in the mitotic checkpoint have different tissue-specific
tumor susceptibilities in combination with particular tumor suppressor gene haplo-
insufficiencies. in certain tissues (green line), such as thymocytes or colon epithelial cells of
Bub1 deficient animals, w-CiN promotes the early loss of the chromosome containing the wild-
type allele of tumor suppressor genes especially important for preventing neoplasia in that
tissue, thereby accelerating the rapid onset of tumors. in other tissues (orange line), such as
prostate epithelial cells of Bub1”H mice, aneuploidy initially has detrimental effects on cell
growth and survival. a selective pressure exists to bypass these adverse effects by acquiring
new mutations. Once cells have acquired these changes, aneuploidy due to w-CiN may promote
LOH of tumor suppressor genes.

Cell Cycle. Author manuscript; available in PMC 2010 October 26.



