
Aneuploidy: Instigator and Impediment of Tumorigenesis

Beth A. A. Weaver and Don W. Cleveland
Ludwig Institute for Cancer Research and Department of Cellular and Molecular Medicine,
University of California at San Diego, 9500 Gilman Drive, La Jolla, CA 92093-0670 USA

Abstract
Aneuploidy, an aberrant chromosome number, has been recognized as a common characteristic of
cancer cells for over 100 years and has been suggested as a cause of tumorigenesis for nearly as
long. However, this proposal had remained untested due to the difficulty of selectively generating
aneuploidy without causing other damage. Using Cenp-E heterozygous animals, which develop
whole chromosome aneuploidy in the absence of other defects, we have found that aneuploidy
promotes tumorigenesis in some contexts and inhibits it in others. These findings confirm that
aneuploidy can act oncogenically and reveal a previously unsuspected role for aneuploidy as a
tumor suppressor.

Background: The aneuploidy controversy
Chromosome missegregation leading to aneuploidy was identified as a recurrent defect in
many types of cancer cells in the late 1800s (1). Because of these findings, as well as his
own observations of the pathological consequences of chromosome missegregation,
Theodor Boveri proposed aneuploidy as a cause of cancerous transformation in 1902 (2) and
again in 1914 (3). This proposal, known as the aneuploidy hypothesis, has been staunchly
supported by some (4, 5). However, the discovery of oncogenes and tumor suppressors in
the late 1970s and 1980s introduced alternative potential initiators of transformation and
resulted in reduced interest in the aneuploidy hypothesis. Some, favoring the importance of
oncogenes and tumor suppressors, have argued against a role for chromosomal instability as
a driving force in tumorigenesis (6). Others have argued that aneuploidy is merely a benign
side-effect of transformation (7). Still others have suggested that aneuploidy promotes tumor
progression but not initiation (8).

The controversy about the role of aneuploidy in tumorigenesis has stemmed from the
inability to test the effects of aneuploidy in the absence of other defects. Most aneuploidy-
inducing drugs have also been shown to cause additional affects, most notably DNA damage
(9), which itself has been causally linked to tumor initiation (10). In the absence of a
definitive test of the effects of aneuploidy, research has focused on the numerous
associations between aneuploidy and pre-cancerous lesions, including those of the cervix,
head and neck, colon, esophagus and bone marrow (11). Additionally, aneuploidy has been
characterized as an indicator of poor prognosis (12). However, no causal link between
aneuploidy and tumorigenesis can be made on the basis of these observations.

Some attempts to address the role of aneuploidy in tumorigenesis have come from
experiments utilizing animals with reduced expression of mitotic checkpoint genes,
including Mad1, Mad2, BubR1 and Bub3. The mitotic checkpoint (also known as the spindle
assembly checkpoint) is the major cell cycle control mechanism that acts during mitosis to
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prevent chromosome missegregation and aneuploidy. Complete deletions of mitotic
checkpoint genes are uniformly lethal in mammals, but animals with reduced expression of
these proteins survive and develop aneuploidy at elevated rates (13-15). In some, but not all
cases, these animals are more susceptible to spontaneous tumors. For instance, aged (≥18
month old) mice heterozygous for Mad1 develop a variety of benign and malignant tumors,
while aged mice heterozygous for Mad2 develop benign lung adenomas (15). However,
aneuploidy due to reduction in BubR1 or Bub3 does not lead to an increase in spontaneous
tumorigenesis (14, 16, 17). These experiments are complicated by the fact that all of these
genes are expressed throughout the cell cycle and participate in multiple cellular functions.
Mad1 and Mad2 bind to nuclear pores, where Mad1 functions in nuclear transport (18, 19).
Mad2 participates in the DNA replication checkpoint (20) and Bub3 is a transcriptional
repressor (21). BubR1 is involved in a number of cellular processes including aging (14),
apoptosis (22), megakaryopoiesis (23) and the response to DNA damage (24). Mad2, BubR1
and Bub3 have all been implicated in gross chromosomal rearrangements in yeast (25).
Therefore, these genetically sophisticated attempts at dissecting the role of aneuploidy in
tumorigenesis suffer from the same deficiencies as earlier experiments in that they examine
the effects of aneuploidy only in the context of additional, often incompletely characterized,
defects.

More recently, the mitotic checkpoint gene Mad2 has been overexpressed in mice using a
tetracycline inducible approach. As suggested from the yeast data, cells overexpressing
Mad2 develop a large number of chromosome breaks, fragments and fusions in addition to
whole chromosomal aneuploidy. This combination of DNA damage and aneuploidy, along
with the other potential effects of Mad2 overexpression, leads to a large increase in
spontaneous tumors, including adenomas of the lung, hepatomas and intestinal tumors (26).
Since reduction in the retinoblastoma tumor suppressor has been shown to lead to
overexpression of Mad2 (27), this experiment has significant clinical relevance. However,
because aneuploidy caused by Mad2 overexpression occurs in the context of additional
defects, it does not offer a direct test of the effects of whole chromosome aneuploidy on
tumor initiation or progression.

Resolution of the aneuploidy controversy: aneuploidy acts both
oncogenically and as a tumor suppressor

We recently identified a method to generate aneuploidy without producing additional
defects. Cells and animals heterozygous for the centromere-linked, kinesin-like motor
protein CENP-E missegregate one or a few whole chromosomes at elevated rates during
mitosis. Chromosome segregation errors in cells with reduced CENP-E are due to a
weakened mitotic checkpoint (28) and impaired interactions between the chromosomes and
the microtubules of the mitotic spindle (29). In all known examples, CENP-E is accumulated
during late G2 and quantitatively degraded at the end of mitosis (30), making it unlikely that
reduction in CENP-E would cause defects other than chromosome missegregation and
aneuploidy. Consistently, CENP-E is undetectable in nondividing tissues and prior to late
G2 in cycling cells. Further investigation revealed that Cenp-E heterozygous cells do not
have elevated levels of DNA damage, have an intact DNA damage response, do not exhibit
chromosomal rearrangements, and express wild type p53 (31).

Examination of animals with half the normal level of CENP-E revealed, as Boveri had
predicted, an increased incidence of lymphomas of the spleen and adenomas of the lung.
Interestingly, these tumors occurred late in life (19-21 months) with incomplete penetrance
(10%). Although this penetrance is lower than had been predicted by some proponents of the
aneuploidy hypothesis, it should be noted that it is similar to the percentage of smokers that
develop lung cancer (32). More surprisingly, aneuploidy due to Cenp-E heterozgyosity
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resulted in a decreased incidence of spontaneous liver tumors, tumors induced with the
carcinogen DMBA, and tumors caused by homozygous loss of the p19/ARF tumor
suppressor. Thus, aneuploidy was found to act either oncogenically or as a tumor
suppressor, depending on the cell type and the presence or absence of additional genetic
damage (31).

Discussion: Aneuploidy as a wild card
These results have several implications. First, since Cenp-E heterozygous cells do not show
an increase in tetraploidy, chromosome missegregation per se does not cause cytokinesis
failure, as has been suggested (33). More importantly, aneuploidy resulting from
chromosomal instability drives an increase in both benign and cancerous tumors, indicating
that it is clearly not inconsequential. The long latency and incomplete penetrance of these
tumors suggests that only a small subset of the large number of possible abnormal
combinations of chromosomes is capable of inducing transformation. It also suggests that
the chromosomal complements capable of transformation are more complex than gain or
loss of one or a few chromosomes and require multiple generations of segregational errors to
evolve.

One possibility is that aneuploidy drives tumorigenesis via loss of the remaining wild type
allele of a tumor suppressor gene after spontaneous mutation of the first allele. However,
this is unlikely, since aneuploidy due to Cenp-E heterozygosity actually delayed tumor onset
in mice lacking the p19/ARF tumor suppressor. Additionally, aneuploidy inhibited tumor
development in mice after treatment with the mutagenic carcinogen DMBA (31). Thus, the
data are more consistent with the hypothesis that misregulated gene expression due to
abnormal combinations of chromosomes is driving tumorigenesis in Cenp-E heterozygous
mice, rather than mutations in tumor suppressors.

The most surprising finding of this study was the identification of a previously unsuspected
role for aneuploidy in suppressing tumors. Boveri reported that massive missegregation of
chromosomes due to supernumery spindle poles resulted in cell death in sea urchin embryos
(3). More recently, this finding has been extended to human cancer cells that missegregate
large numbers of chromosomes (10-15 per division) due to complete inactivation of the
mitotic checkpoint (34, 35). All three contexts in which Cenp-E heterozygosity suppressed
tumors have now been shown to contain a pre-existing level of aneuploidy that is increased
by reduction in CENP-E ((29) and B. Weaver and D. Cleveland, unpublished results). First,
40% of wild type liver cells exhibit abnormal anaphase figures consistent with chromosome
missegregation (lagging or pole-associated chromosomes) and this increases to 95% after
excision of a conditional CENP-E allele (29). Second, p19/ARF-/-, Cenp-E+/+ murine
embryonic fibroblasts (MEFs) exhibit higher levels of aneuploidy than wild type MEFs, but
lower levels than p19/ARF-/-, Cenp-E+/- MEFs. Finally, treatment with DMBA causes an
increased level of aneuploidy in wild type MEFs, but Cenp-E heterozygous MEFs treated
with DMBA exhibit higher aneuploidy still. (B. Weaver and D. Cleveland, unpublished
results). This suggests a model in which the effects of aneuploidy are similar to those of
DNA damage, as proposed by Loeb's “mutator hypothesis” (36). Low levels of instability,
caused by mutations in mismatch repair genes or missegregation of small numbers of
chromosomes, promote cell growth and tumorigenesis. However, high levels of genetic
instability, caused by chemotherapy drugs such as cisplatin or very high rates of
chromosome missegregation, lead to cell death and tumor regression (Figure 1). For
aneuploidy, experiments to delineate precisely in what contexts aneuploidy acts
oncogenically and those in which it acts as a tumor suppressor are now central to defining
how chromosome gain and loss contribute to tumor initiation and progression.

Weaver and Cleveland Page 3

Cancer Res. Author manuscript; available in PMC 2011 July 10.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



References
1. von Hansemann D. Ueber asymmetrische Zelltheilung in Epithelkrebsen und deren biologische

Bedeutung. Virchow's Arch. Path. Anat. 1890; 119:299–326.
2. Boveri, T. Ueber mehrpolige Mitosen als Mittel zur Analyse des Zellkerns Vehr. d. phys. med. Ges.

zu Wurzburg, N.F.. (available in English translation at:
http://8e.devbio.com/article.php?ch=4&id=24) 1902; Bd. 35

3. Boveri, T. Gustav Fischer, Jena; English translation The Origin of Malignant Tumors by Boveri. M.
Williams and Wilkins; Baltimore: 1929. Zur Frage der Entstehung maligner Tumoren.. 1914

4. Duesberg P, Li R, Fabarius A, Hehlmann R. Aneuploidy and cancer: from correlation to causation.
Contrib Microbiol. 2006; 13:16–44. [PubMed: 16627957]

5. Li R, Yerganian G, Duesberg P, Kraemer A, Willer A, Rausch C, Hehlmann R. Aneuploidy
correlated 100% with chemical transformation of Chinese hamster cells. Proc Natl Acad Sci U S A.
1997; 94:14506–14511. [PubMed: 9405643]

6. Zimonjic D, Brooks MW, Popescu N, Weinberg RA, Hahn WC. Derivation of human tumor cells in
vitro without widespread genomic instability. Cancer Res. 2001; 61:8838–8844. [PubMed:
11751406]

7. Hede K. Which came first? Studies clarify role of aneuploidy in cancer. J Natl Cancer Inst. 2005;
97:87–89. [PubMed: 15657335]

8. Johansson B, Mertens F, Mitelman F. Primary vs. secondary neoplasia-associated chromosomal
abnormalites--balanced rearrangements vs. genomic imbalances? Genes Chromosomes Cancer.
1996; 16:155–163. [PubMed: 8814447]

9. Ames BN, Durston WE, Yamasaki E, Lee FD. Carcinogens are mutagens: A simple test system
combining liver homogenates for activation and bacteria for detection. Proc Natl Acad Sci U S A.
1973; 70:2281–2285. [PubMed: 4151811]

10. Liu B, Parsons R, Papadopoulos N, Nicolaides NC, Lynch HT, Watson P, Jass JR, Dunlop M,
Wyllie AH, Petltomaki P, de la Chapelle A, Hamilton SR, Vogelstein B, Kinzler KW. Analysis of
mismatch repair genes in hereditary non-polyposis colorectal cancer patients. Nat Med. 1996;
2:169–174. [PubMed: 8574961]

11. Weaver BA, Cleveland DW. Does aneuploidy cause cancer? Curr Opin Cell Biol. 2006; 18:658–
667. [PubMed: 17046232]

12. Ried T, Heselmeyer-Haddad K, Blegen H, Schrock E, Auer G. Genomic changes defining the
genesis, progression, and malignancy potential in solid human tumors: a phenotype/genotype
correlation. Genes Chromosomes Cancer. 1999; 25:195–204. [PubMed: 10379865]

13. Babu JR, Jeganathan KB, Baker DJ, Wu X, Kang-Decker N, van Deursen JM. Rae1 is an essential
mitotic checkpoint regulator that cooperates with Bub3 to prevent chromosome missegregation. J
Cell Biol. 2003; 160:341–353. [PubMed: 12551952]

14. Baker DJ, Jeganathan KB, Cameron JD, Thompson M, Juneja S, Kopecka A, Kumar R, Jenkins
RB, de Groen PC, Roche P, van Deursen JM. BubR1 insufficiency causes early onset of aging-
associated phenotypes and infertility in mice. Nat Genet. 2004; 36:744–749. [PubMed: 15208629]

15. Michel LS, Liberal V, Chatterjee A, Kirchwegger R, Pasche B, Gerald W, Dobles M, Sorger PK,
Murty VV, Benezra R. MAD2 haplo insufficiency causes premature anaphase and chromosome
instability in mammalian cells. Nature. 2001; 409:355–359. [PubMed: 11201745]

16. Baker DJ, Jeganathan KB, Malureanu L, Perez-Terzic C, Terzic A, van Deursen JM. Early aging-
associated phenotypes in Bub3/Rae1 haploinsufficient mice. J Cell Biol. 2006; 172:529–540.
[PubMed: 16476774]

17. Kalitsis P, Fowler KJ, Griffiths B, Earle E, Chow CW, Jamsen K, Choo KH. Increased
chromosome instability but not cancer predisposition in haploinsufficient Bub3 mice. Genes
Chromosomes Cancer. 2005

18. Iouk T, Kerscher O, Scott RJ, Basrai MA, Wozniak RW. The yeast nuclear pore complex
functionally interacts with components of the spindle assembly checkpoint. J Cell Biol. 2002;
159:807–819. [PubMed: 12473689]

Weaver and Cleveland Page 4

Cancer Res. Author manuscript; available in PMC 2011 July 10.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://8e.devbio.com/article.php?ch=4&id=24


19. Campbell MS, Chan GK, Yen TJ. Mitotic checkpoint proteins HsMAD1 and HsMAD2 are
associated with nuclear pore complexes in interphase. J Cell Sci. 2001; 114:953–963. [PubMed:
11181178]

20. Sugimoto I, Murakami H, Tonami Y, Moriyama A, Nakanishi M. DNA replication checkpoint
control mediated by the spindle checkpoint protein Mad2p in fission yeast. J Biol Chem. 2004;
279:47372–47378. [PubMed: 15347659]

21. Yoon YM, Baek KH, Jeong SJ, Shin HJ, Ha GH, Jeon AH, Hwang SG, Chun JS, Lee CW. WD
repeat-containing mitotic checkpoint proteins act as transcriptional repressors during interphase.
FEBS Lett. 2004; 575:23–29. [PubMed: 15388328]

22. Shin HJ, Baek KH, Jeon AH, Park MT, Lee SJ, Kang CM, Lee HS, Yoo SH, Chung DH, Sung YC,
McKeon F, Lee CW. Dual roles of human BubR1, a mitotic checkpoint kinase, in the monitoring
of chromosomal instability. Cancer Cell. 2003; 4:483–497. [PubMed: 14706340]

23. Wang Q, Liu T, Fang Y, Xie S, Huang X, Mahmood R, Ramaswamy G, Sakamoto KM,
Darzynkiewicz Z, Xu M, Dai W. BUBR1 deficiency results in abnormal megakaryopoiesis. Blood.
2004; 103:1278–1285. [PubMed: 14576056]

24. Fang Y, Liu T, Wang X, Yang YM, Deng H, Kunicki J, Traganos F, Darzynkiewicz Z, Lu L, Dai
W. BubR1 is involved in regulation of DNA damage responses. Oncogene. 2006

25. Myung K, Smith S, Kolodner RD. Mitotic checkpoint function in the formation of gross
chromosomal rearrangements in Saccharomyces cerevisiae. Proc Natl Acad Sci U S A. 2004;
101:15980–15985. [PubMed: 15514023]

26. Sotillo R, Hernando E, Diaz-Rodriguez E, Teruya-Feldstein J, Cordon-Cardo C, Lowe SW,
Benezra R. Mad2 overexpression promotes aneuploidy and tumorigenesis in mice. Cancer Cell.
2007; 11:9–23. [PubMed: 17189715]

27. Hernando E, Nahle Z, Juan G, Diaz-Rodriguez E, Alaminos M, Hemann M, Michel L, Mittal V,
Gerald W, Benezra R, Lowe SW, Cordon-Cardo C. Rb inactivation promotes genomic instability
by uncoupling cell cycle progression from mitotic control. Nature. 2004; 430:797–802. [PubMed:
15306814]

28. Weaver BA, Bonday ZQ, Putkey FR, Kops GJ, Silk AD, Cleveland DW. Centromere-associated
protein-E is essential for the mammalian mitotic checkpoint to prevent aneuploidy due to single
chromosome loss. J Cell Biol. 2003; 162:551–563. [PubMed: 12925705]

29. Putkey FR, Cramer T, Morphew MK, Silk AD, Johnson RS, McIntosh JR, Cleveland DW.
Unstable kinetochore-microtubule capture and chromosomal instability following deletion of
CENP-E. Dev Cell. 2002; 3:351–365. [PubMed: 12361599]

30. Brown KD, Coulson RM, Yen TJ, Cleveland DW. Cyclin-like accumulation and loss of the
putative kinetochore motor CENP-E results from coupling continuous synthesis with specific
degradation at the end of mitosis. J Cell Biol. 1994; 125:1303–1312. [PubMed: 8207059]

31. Weaver BA, Silk AD, Montagna C, Verdier-Pinard P, Cleveland DW. Aneuploidy acts both
oncogenically and as a tumor suppressor. Cancer Cell. 2007; 11:25–36. [PubMed: 17189716]

32. Peto R, Darby S, Deo H, Silcocks P, Whitley E, Doll R. Smoking, smoking cessation, and lung
cancer in the UK since 1950: combination of national statistics with two case-control studies.
BMJ. 2000; 321:323–329. [PubMed: 10926586]

33. Shi Q, King RW. Chromosome nondisjunction yields tetraploid rather than aneuploid cells in
human cell lines. Nature. 2005; 437:1038–1042. [PubMed: 16222248]

34. Kops GJ, Foltz DR, Cleveland DW. Lethality to human cancer cells through massive chromosome
loss by inhibition of the mitotic checkpoint. Proc Natl Acad Sci U S A. 2004; 101:8699–8704.
[PubMed: 15159543]

35. Michel L, Diaz-Rodriguez E, Narayan G, Hernando E, Murty VV, Benezra R. Complete loss of the
tumor suppressor MAD2 causes premature cyclin B degradation and mitotic failure in human
somatic cells. Proc Natl Acad Sci U S A. 2004; 101:4459–4464. [PubMed: 15070740]

36. Loeb LA. A mutator phenotype in cancer. Cancer Res. 2001; 61:3230–3239. [PubMed: 11309271]

Weaver and Cleveland Page 5

Cancer Res. Author manuscript; available in PMC 2011 July 10.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 1. Aneuploidy can drive or inhibit tumors, similar to DNA damage
Wild type cells do not exhibit genetic instability and maintain a diploid genome with intact
growth regulatory pathways, consistent with continued cell survival. Moderate levels of
genetic instability caused by mutations in mismatch repair genes or by missegregation of 1-3
chromosomes per division (due, for instance, to Cenp-E heterozygosity in the absence of
other defects), promote cell growth and tumorigenesis. High levels of genetic instability,
caused by chemotherapeutic agents such as cisplatin or missegregation of large numbers of
chromosomes (10-15) per division, result in cell death and tumor suppression.
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