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Aneuploidy, a chromosome content other than a multiple of the
haploid number, is a common feature of cancer cells. Whole chromosomal aneuploidy accompanying ongoing chromosomal instability
in mice resulting from reduced levels of the centromere-linked motor
protein CENP-E has been reported to increase the incidence of spleen
and lung tumors, but to suppress tumors in three other contexts.
Exacerbating chromosome missegregation in CENP-E+/− mice by reducing levels of another mitotic checkpoint component, Mad2, is
now shown to result in elevated cell death and decreased tumor
formation compared with reduction of either protein alone. Furthermore, we determine that the additional contexts in which increased
whole-chromosome missegregation resulting from reduced CENP-E
suppresses tumor formation have a preexisting, elevated basal level
of chromosome missegregation that is exacerbated by reduction of
CENP-E. Tumors arising from primary causes that do not generate
chromosomal instability, including loss of the INK4a tumor suppressor and microsatellite instability from reduction of the DNA mismatch repair protein MLH1, are unaffected by CENP-E–dependent
chromosome missegregation. These ﬁndings support a model in
which low rates of chromosome missegregation can promote tumorigenesis, whereas missegregation of high numbers of chromosomes leads to cell death and tumor suppression.
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neuploidy resulting from errors in mitosis was initially recognized more than 100 y ago as a common feature of
tumor cells (1). Boveri proposed in 1902 (2) and 1914 (3) that
the primordial cells of tumors are aneuploid. However, whether
aneuploidy is a cause or effect of tumorigenesis has remained
controversial. Indeed, Boveri’s attempts at generating aneuploidy in sea urchin embryos through multipolar mitoses most
often resulted in cell death (3). More recently, the ﬁnding that
high rates of chromosome missegregation lead to cell death has
been extended to cancer cells, which undergo cell-autonomous
lethality in response to massive chromosome missegregation
caused by multipolar divisions or complete inactivation of the
mitotic checkpoint (4–6).
We recently tested the hypothesis that aneuploidy drives tumor
initiation and/or progression by examining tumor development
in mice with reduced levels of CENP-E, a large (∼312 kDa in
human) centromere-bound motor protein responsible for powering congression of initially misaligned chromosomes (7, 8).
CENP-E accumulates in late G2, functions during mitosis, and
is degraded at the end of mitosis as quantitatively as cyclin B
(9). During mitosis, CENP-E localizes to kinetochores, where
it is one of a number of proteins that serve as linkers between
chromosomes and the microtubules of the mitotic spindle (10–
12). Reduction of CENP-E results in the chronic misalignment
of one or a few chromosomes near the spindle poles, on which
at least one kinetochore per chromatid pair remains unbound
to microtubules (10, 11). Heterozygous reduction of CENP-E
leads to the missegregation of one or a few chromosomes per
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division without causing DNA damage or chromosomal rearrangements (13).
CENP-E also functions in the mitotic checkpoint (also known
as the spindle assembly checkpoint), the major cell cycle control
mechanism acting during mitosis to prevent chromosome missegregation and aneuploidy (14, 15). Normally, even a single unattached kinetochore is sufﬁcient to sustain mitotic checkpoint
activation (16, 17). However, the mitotic checkpoint is weakened
after reduction of CENP-E, and CENP-E+/− cells enter anaphase in the presence of one or a few misaligned chromosomes,
thereby producing aneuploid progeny as the result of a low rate
of chromosomal instability (CIN) (10–13, 15). CENP-E has no
known function(s) outside of mitosis.
CENP-E+/− animals are overtly normal throughout the majority of their lifespan. Aged CENP-E+/− animals develop spontaneous spleen and lung tumors more frequently than wild-type
littermates. Unexpectedly, however, reduction of CENP-E prolongs tumor latency after homozygous deletion of the ARF tumor suppressor (also known as p19, p19ARF, or p14ARF in
human). Additionally, CENP-E+/− animals develop fewer and
smaller spontaneous liver tumors and fewer tumors after treatment with the carcinogen 7,12-Dimethylbenz(a)anthracene
(DMBA) (13). These ﬁndings are consistent with aneuploidy
resulting from low CIN producing genetic context-speciﬁc effects
on tumor initiation and progression, although the mechanism is
not established.
Signiﬁcance
Aneuploidy, an abnormal chromosome content that commonly
occurs because of errors in chromosome segregation, can promote or suppress tumor formation. What determines how
aneuploidy inﬂuences tumorigenesis has remained unclear.
Here we show that the rate of chromosome missegregation,
rather than the level of accumulated aneuploidy, determines
the effect on tumors. Increasing the rate of chromosome missegregation beyond a certain threshold suppresses tumors by
causing cell death. Increasing errors of chromosome segregation did not affect tumor formation caused by genetic mutations that do not themselves alter chromosome inheritance.
These results suggest that accelerating chromosome missegregation in chromosomally unstable tumors may be a useful
strategy therapeutically.
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contexts produces a signiﬁcantly elevated rate of chromosomal
missegregation, resulting in high CIN, cell death, and tumor
suppression.
Results
ARF Loss Causes a Low Rate of Chromosome Missegregation That Is
Exacerbated by Reduction of CENP-E. In an attempt to understand

the differing effects of CENP-E heterozygosity on tumors arising
from divergent initiating events, we tested whether contexts in
which reduction of CENP-E led to tumor suppression exhibited
CIN. Recognizing that CENP-E heterozygosity suppresses tumors
in ARF−/− mice, aneuploidy was determined in low-passage primary murine embryonic ﬁbroblasts (MEFs) obtained from embryonic day 14.5 ARF−/− embryos. Although no role for ARF in
maintenance of chromosomal stability has been proposed previously, loss of ARF induced aneuploidy in primary MEFs and
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Genomic instability has been proposed as an enabling characteristic for tumor formation. Two types of genomic instability
frequently occur in cancer cells: CIN and microsatellite instability (MIN), in which reduced activity of mismatch repair
(MMR) genes leads to an increase in DNA mutation. It is well
established that the low rate of DNA mutation caused by reduction of MMR proteins promotes tumorigenesis, but a high
rate of DNA mutation, caused by radiation or chemotherapy
drugs such as cisplatin, leads to rapid cell death (18–20). By
speciﬁcally generating aneuploidy in the absence of other genomic defects, we show here that CIN behaves similarly: Low
CIN can promote tumors, but high CIN leads to cell death and
tumor suppression. Genetic backgrounds and tissue types in
which the reduction of CENP-E leads to tumor suppression have
a preexisting, elevated rate of CIN with one or a few chromosomes missegregated per division. Reduction of CENP-E in these

Fig. 1. ARF loss results in low CIN that is exacerbated by reduction of CENP-E. (A) Representative mitotic chromosome spread from a primary MEF. The
number “35” indicates the number of chromosomes in the example shown. (B) Aneuploidy levels in primary cells of the indicated genotypes at passage 3
(n = 100 per genotype; *P < 0.05; **P < 0.001). (C ) Chromosome numbers in primary MEFs (n = 100) of the genotypes shown in B. Inset shows the
percentage of cells containing 75–85 chromosomes. (D–H) Immunoﬂuorescence images of mitotic ﬁgures from CENP-E+/−;ARF−/− MEFs. (D) Normal metaphase. (E) Pseudo-metaphase; arrow indicates a polar chromosome. (F) Normal anaphase. (G) Abnormal anaphase; arrow indicates a polar chromosome. (H)
Abnormal anaphase; arrows indicate lagging chromosomes. (I) Quantitation of aberrant mitotic ﬁgures (n > 500 cells from two independent experiments;
**P < 0.001). (J–L) Stills from Movies S1–S3 of cells with ﬂuorescent chromosomes in mitosis, including normal division (J), a CENP-E+/+;ARF−/− cell with one
lagging chromosome (arrows) (K), and missegregation of many chromosomes (arrow) in a CENP-E+/−;ARF−/− cell (L). (Scale bars, 10 μm.) (M) Quantitation of
cells that missegregate ≥1 chromosome (Left) or ≥2 chromosomes (Right). *P < 0.05; **P < 0.001.
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did so to a level equivalent to heterozygous loss of CENP-E (Fig.
1 A and B). Aneuploidy was increased even further, to 50%, in
CENP-E+/−;ARF−/− cells (Fig. 1B). Like CENP-E+/− cells, ARF−/−
aneuploid cells were predominantly near-diploid, with a minor
population of tetraploid and near-tetraploid cells (Fig. 1C).
Consistent with their aneuploid status, ARF−/− and CENP-E+/−;
ARF−/− cells displayed abnormal mitotic ﬁgures indicative of
chromosome missegregation. These included chromosomes that
remained associated with one of the spindle poles (polar chromosomes), despite congression of the others, to produce pseudometaphase (Fig. 1 D and E). A portion of these polar chromosomes
continued well into anaphase (Fig. 1 F and G). Additional chromosome segregation errors included chromosomes that lagged
behind the segregating masses of DNA during anaphase and
telophase (lagging chromosomes; Fig. 1H). Although lagging
chromosomes were the most common abnormality observed in
ARF−/− cells, CENP-E+/− ;ARF−/− MEFs exhibited both polar
and lagging chromosomes (Fig. 1I). Taken together, CENP-E+/−;
ARF−/− cells exhibited a signiﬁcantly higher percentage of abnormal mitotic ﬁgures consistent with chromosome missegregation than ARF−/− cells with normal CENP-E content (Fig. 1I).
Missegregation was also followed by live-cell analysis in MEFs
with ﬂuorescent chromosomes produced by stable expression of
histone H2B-RFP. Although many cells underwent a normal
mitosis in which all chromosomes aligned at the spindle equator
before segregating equally to produce two genetically identical
daughter cells (Fig. 1J and Movie S1), 34% (11 of 32) of ARF−/−
MEFs missegregated one or more chromosomes (Fig. 1 K and M
and Movie S2). This rate increased to 50% (17 of 34 cells) after
reduction of CENP-E (Fig. 1 L and M and Movie S3). Although
most ARF−/− cells (10 of 11 cells; 91%) missegregated only a
single chromosome, the majority of CENP-E+/− ;ARF−/− cells
(10 of 17; 58%) missegregated multiple chromosomes (Fig. 1M).
These data are consistent with the ﬁndings in ﬁxed cells and
demonstrate that ARF−/− cells have a preexisting, basal rate of
CIN that is increased by reduction of CENP-E.
Liver Cells Have a Low Rate of Chromosome Missegregation That Is
Increased by Reduction of CENP-E. Liver tumor size and number are

reduced in CENP-E heterozygous animals relative to wild-type
littermates. Liver cells are known to exhibit aneuploidy, polyploidy, and CIN (11, 21). To determine whether reduction of
CENP-E caused an increase in the rate of CIN in the liver, mitoses were examined in 2- to 3-mo-old animals injected with
carbon tetrachloride to induce hepatocyte proliferation in response to liver damage (Fig. 2A). Anaphase and telophase ﬁgures in H&E-stained liver sections were inspected for evidence
of chromosome missegregation. Although normal anaphase ﬁgures were present (Fig. 2B), many wild-type cells exhibited lagging chromosomes (Fig. 2C, arrow), consistent with published
reports of aneuploidy in normal liver (21, 22). Polar chromosomes (Fig. 2D, arrows) were common in cells with reduced
levels of CENP-E resulting from the inactivation of a conditional
allele (with Adeno-Cre) (11). On average, wild-type hepatocytes
missegregated a single chromosome per division (range, 0–5)
(Fig. 2 E and F). Cells with reduced levels of CENP-E, however,
missegregated four chromosomes per division on average (range,
0–10) (Fig. 2 E and F). Thus, liver cells exhibit low CIN that is
exacerbated by reduction of CENP-E.
DMBA Treatment Causes Low CIN That Is Exacerbated by Reduction in
CENP-E. The third context in which tumor suppression has been

observed when CENP-E is reduced is treatment with the carcinogen DMBA (13). DMBA is a well-characterized mutagen.
Consistent with this evidence, DMBA treatment caused a large
increase in phosphorylated histone H2AX reactivity, a marker of
dsDNA breaks (Fig. 3A). DMBA also caused chromatid gaps,
E4136 | www.pnas.org/cgi/doi/10.1073/pnas.1317042110

Fig. 2. Liver cells exhibit low CIN that is increased by reduction of CENP-E.
(A) Schematic of experiment to initiate proliferation in murine hepatocytes
with normal and reduced levels of CENP-E by introducing an adenovirus
encoding Cre recombinase into 2- to 3-mo-old mice with wild-type CENP-E
(+/+) or one ﬂoxed and one null allele of CENP-E (ﬂox/−) (11). (B–D) H&Estained tissue sections of mitotic hepatocytes in normal anaphase (B), anaphase with lagging chromosome (arrow) (C), and anaphase with polar chromosomes (arrows) (D). (E and F) Average number (± SEM) (E) and range (F) of
chromosomes not contained within the segregating masses of DNA obtained
by analysis of wild-type (n = 42) and CENP-Eﬂox/− (n = 55) cells. **P < 0.001.

chromosome fragments, and multiradial chromosomes, as observed in metaphase spreads (Fig. 3B).
When MEFs were examined for abnormal mitoses after exposure to DMBA, the percentage of cells in mitosis was found to
drop noticeably in both wild-type and CENP-E+/− cells (Fig. 3C),
consistent with an intact DNA damage response in wild-type and
CENP-E+/− MEFs. However, examination of the cells that did
enter mitosis revealed that DMBA-treated cells with normal
CENP-E content had an increased level of lagging chromosomes
in anaphase and telophase (Fig. 3D, Left). CENP-E+/− cells had
increased levels of polar chromosomes in the presence and absence of DMBA (Fig. 3D, Center). DMBA treatment caused an
increase in lagging chromosomes in CENP-E+/− cells (Fig. 3D,
Left). Together, CENP-E+/− cells treated with DMBA had a signiﬁcantly higher proportion of abnormal mitotic ﬁgures, consistent with an elevated rate of chromosome missegregation relative
to wild-type cells treated with DMBA (Fig. 3D, Right). Thus,
DMBA causes a low rate of CIN that is exacerbated by reduction
of CENP-E.
Silk et al.

Fig. 3. DMBA treatment causes a low rate of CIN that is exacerbated by
heterozygous loss of CENP-E. (A) Assay for DNA damage by gel electrophoresis of extracts from cells treated or not with DMBA and immunoblotted for phosphorylated histone H2AX. Coomassie, loading control. (B)
Images of chromosomes isolated from mitotic cells 72 h after treatment with
DMBA which display defects consistent with DNA damage, including chromatid gaps (white arrows), fragments (yellow arrow) and multiradial chromosomes (Top Left). (C) Mitotic indices of primary cells treated with vehicle
or DMBA for 24 h (n > 2,000 cells from three independent experiments. *P <
0.05). (D) Quantitation of lagging chromosomes (Left), polar chromosomes
(Center), or either aberrant positioning after 24 h treatment with vehicle or
DMBA (Right) (n > 150 cells from three independent experiments; *P < 0.05).
(E) Aneuploidy developed by cells at passage 3 with normal or lowered
CENP-E after incubation in 50 μg/mL DMBA for 72 h (n = 100; *P < 0.05). (F)
Histogram of chromosome numbers per cell after 72 h of treatment with 50
μg/mL DMBA. Inset shows percentage of cells with tetraploid and near-tetraploid chromosome numbers between 75 and 85.

Examination of primary MEFs revealed that DMBA treatment is sufﬁcient to increase aneuploidy in wild-type cells, as
scored in metaphase spreads (Fig. 3E, blue bars), consistent with
the observed increase in lagging chromosomes. Treatment of
CENP-E+/− MEFs with DMBA further increased the incidence
of aneuploidy (Fig. 3E, red bars). Examination of chromosome
numbers revealed that, unlike CENP-E reduction or ARF loss,
DMBA treatment resulted in low percentages of near-triploid
cells as well as polyploid cells with chromosome numbers of 140–
160 (Fig. 3F). Interestingly, as for ARF loss, the increase in
aneuploidy resulting from the reduction of CENP-E combined
with DMBA treatment was not fully additive (Fig. 3E), a result
that is consistent with some aneuploid cells being eliminated
from the population.
Silk et al.

esis in the ARF−/− background, in mouse liver, and after DMBA
treatment, three contexts in which CENP-E loss also elevated
preexisting basal rates of CIN. These results suggested that reducing CENP-E in a context that already exhibited low CIN
because of the depletion of another component of the mitotic
checkpoint would result in high CIN and tumor suppression. To
test this hypothesis, CENP-E+/− mice were bred with animals
heterozygous for mitotic arrest deﬁcient 2 (Mad2), the initiating
component of the mitotic checkpoint whose conformational
change is produced by unattached kinetochores as the ﬁrst of two
catalytic steps that inhibit activation of the anaphase-promoting complex (23), thereby blocking advance to anaphase.
Mad2+/− cells develop aneuploidy, accompanied by low CIN, similar to CENP-E+/− cells (24, 25). Like CENP-E+/− animals, aged
Mad2+/− mice develop lung adenomas (25).
CENP-E+/−;Mad2+/− double heterozygous animals were generated by CENP-E+/− × Mad2+/− crosses. CENP-E+/−;Mad2+/−
animals were born at expected frequencies (24 ± 3%; n = 11) and
remained viable. Like CENP-E+/− animals, Mad2+/− and CENPE+/−;Mad2+/− double heterozygous animals developed normal
body (Fig. S1 A and B) and organ weights (Fig. S1 C–E) and
were overtly normal throughout their lifespans.
Examination of mitoses conﬁrmed that CENP-E+/−;Mad2+/−
double heterozygous cells exhibit a higher rate of CIN than
CENP-E+/− or Mad2+/− MEFs. CENP-E+/− and CENP-E+/−;
Mad2+/− MEFs contained elevated levels of polar chromosomes,
whereas Mad2+/− and CENP-E+/−;Mad2+/− double heterozygous cells had lagging chromosomes in anaphase and telophase
(Fig. 4A). Together, cells heterozygous for both Mad2 and
CENP-E had a signiﬁcantly higher proportion of abnormal mitotic ﬁgures than cells with reduced levels of CENP-E or Mad2
alone, indicative of an elevated rate of chromosome missegregation (Fig. 4A). Therefore, Mad2+/− cells exhibit low CIN
that is exacerbated by reduction of CENP-E.
To determine how high CIN in CENP-E+/−;Mad2+/− double
heterozygous cells affected tumorigenesis, 19- to 21-mo-old wildtype, CENP-E+/−, Mad2+/−, and CENP-E+/−;Mad2+/− animals
were euthanized and examined for tumors. In addition to the lung
adenomas reported in a previous study (25), we also observed
splenic lymphomas in the Mad2+/− mice in our cohort. CENPE+/− mice developed splenic lymphomas and lung adenomas to
a similar extent as Mad2+/− animals (Fig. 4 B and C). Lymphomas displayed replacement of normal splenic follicles (Fig.
4B, Center) with a proliferation of neoplastic cells (Fig. 4B,
Right). Adenomas exhibited a dense, glandular appearance (Fig.
4C, Right) compared with the lacelike structure of normal lung
(Fig. 4C, Center). However, CENP-E+/−;Mad2+/− double heterozygous animals developed no splenic tumors and had a twoto threefold decrease in adenomas of the lung (Fig. 4C, Left).
Therefore, reduction in CENP-E and the accompanying increase
in the rate of CIN in Mad2+/− animals led to tumor suppression.
Reduction of CENP-E Does Not Suppress Tumors Caused by Loss of
INK4a, a Tumor Suppressor That Does Not Prevent CIN. The pre-

ceding data support the hypothesis that CENP-E reduction
suppresses tumors in contexts with an elevated basal rate of CIN.
These results suggest that reduction of CENP-E does not extend
tumor-free survival in animals that develop tumors in the absence of CIN. To test this possibility more directly, we mated
CENP-E+/− animals with animals lacking the INK4a tumor
suppressor, which develop tumors because of deregulated cellcycle control at the G1→S transition. INK4a inhibits the cyclin
D-dependent kinases CDK4 and CDK6. Together with cyclin
E/CDK2, cyclin D/CDK4 and cyclin D/CDK6 control entry into
S phase by hyperphosphorylating the Rb tumor suppressor (26).
PNAS | Published online October 16, 2013 | E4137
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Reduction of CENP-E Causes High CIN and Tumor Suppression in
Mad2+/− Animals. CENP-E heterozygosity suppressed tumorigen-

mals would be expected. Last, if increasing CIN uniformly promotes tumors, reduction of CENP-E would be predicted to
reduce tumor latency in INK4a−/− mice, as has been seen after
reduction of BubR1 (30). To test among these possibilities, we
bred CENP-E+/− animals with INK4a−/− mice. Subsequent crosses
produced CENP-E+/−;INK4a−/− animals and INK4a−/− littermates. Reduction of CENP-E had no signiﬁcant effect on either
tumor-free or overall survival in INK4a−/− animals (Fig. S2 C and
D), ﬁndings supporting the hypothesis that reduction of CENP-E
causes tumor suppression only in contexts with a preexisting, elevated rate of genomic instability.
Low CIN Caused by Reduction of CENP-E Does Not Cooperate with
MIN. MIN and CIN rarely occur in the same tumors (31), perhaps

because a combination of the two produces a higher level of
genomic instability than can be tolerated by cells. To test if
CENP-E–mediated CIN affected tumorigenesis from loss of
the MLH1 tumor suppressor, CENP-E+/− animals were crossed
with MLH1+/− animals. MLH1 encodes an MMR protein and,
when mutated in the germ line, causes hereditary nonpolyposis
colorectal cancer (32). Reduction of MLH1 in mice results in
increased tumorigenesis, with no increase in chromosome missegregation or aneuploidy (Fig. S3 A–C and ref. 18). CENP-E
heterozygosity increased chromosome missegregation and aneuploidy in MLH1−/− MEFs, as expected (Fig. S3 A–C). If low
CIN caused tumor suppression in the presence of MIN, reduction of CENP-E should extend tumor latency in MLH1+/−
animals. However, neither tumor-free nor overall survival of
MLH1+/− and CENP-E+/−;MLH1+/− littermates differed signiﬁcantly (Fig. S3 D and E), demonstrating that increasing whole
chromosomal aneuploidy in the presence of MIN from errors in
DNA mismatch repair does not affect MIN-mediated tumors.

Fig. 4. Reduction of CENP-E in Mad2+/− cells and mice leads to high CIN and
tumor suppression. (A) Quantitation of aberrant mitotic ﬁgures in primary
MEFs of the indicated genotypes (mean ± SEM. n = 4). (B) (Left) Frequency of
splenic lymphomas in CENP-E+/−;Mad2+/− doubly heterozygous or CENP-E+/−
or Mad2+/− singly heterozygous mice. H&E-stained tissue sections of normal
spleen (Center) and splenic lymphoma (Right) (*P < 0.05). (C) (Left) Frequency of lung adenomas is diminished in CENP-E+/−;Mad2+/− mice with the
highest level of CIN; H&E-stained tissue sections of normal lung (Center) and
lung adenoma (Right) (n = 30 wild-type, 30 CENP-E+/−, 19 Mad+/−, and 21
CENP-E+/−;Mad2+/−). *P < 0.05 in all panels.

Loss of Rb has been reported to drive centrosome ampliﬁcation, tetraploidy, and aneuploidy (27, 28). However, loss of
INK4a does not result in centrosome ampliﬁcation, tetraploidy,
or aneuploidy in human cells (29), and INK4a−/− MEFs do not
exhibit signiﬁcantly elevated levels of abnormal mitotic ﬁgures or
develop aneuploidy or tetraploidy (Fig. S2 A and B). As expected, addition of CENP-E heterozygosity increased the rate of
chromosome missegregation in INK4a−/− cells (Fig. S2 A and B).
Any of three outcomes were possible. If reduction of CENP-E
causes tumor suppression only by enhancing a preexisting basal
rate of CIN, as opposed to another mechanism, reduction of
CENP-E should not cause tumor suppression in INK4a−/− animals. Conversely, if increased aneuploidy caused by the reduction of CENP-E suppresses tumors irrespective of the rate of
CIN, an increased tumor latency in CENP-E+/−;INK4a−/− aniE4138 | www.pnas.org/cgi/doi/10.1073/pnas.1317042110

High CIN Causes Increased Cell Death. Although aneuploidy levels
were elevated in CENP-E+/−;ARF−/− MEFs (50% aneuploidy)
compared with cells with reduced levels of either ARF or CENP-E
alone (36% aneuploidy in each case), the increase in aneuploidy
was less than the sum of the individual aneuploidies (Fig. 1B).
Similarly, DMBA-treated CENP-E+/− MEFs showed an increased
(and very high) level of aneuploidy (69% of cells aneuploid), but
one that still is lower than the 100% that would reﬂect adding the
frequency of aneuploid cells resulting from DMBA treatment
and reduction of CENP-E. Additionally, despite an increased rate
of CIN in CENP-E+/−;Mad2+/− MEFs (Fig. 4A), CENP-E+/−;
Mad2+/− cells did not show increased aneuploidy compared with
cells with reduced levels of CENP-E or Mad2 alone. This ﬁnding
was true in MEFs in vitro (Fig. S1F) as well as in colonic crypt
cells in vivo (Fig. S1 G and H). These data suggest that some
aneuploid cells are being eliminated, consistent with a tumorsuppressive effect of elevating the rate of chromosome missegregation in the context of preexisting CIN.
It has been shown previously that high CIN, caused either by
multipolar divisions or by complete inactivation of the mitotic
checkpoint, leads to rapid cell death, presumably because of the
loss of both copies of one or more essential chromosomes (4–6).
We tested whether high CIN caused by the combination of two
insults, each of which produced a low rate of CIN, also resulted
in cell death. Indeed, reduction of CENP-E in ARF−/− cells led
to increased cell death, as scored by DNA morphology and/or
caspase-3 activity (Fig. 5 A and B). Similarly, CENP-E+/− cells
were more sensitive than wild-type cells to DMBA treatment
(Fig. 5 C–E). Fewer CENP-E+/− than wild-type cells survived
72 h of treatment with 50 μg/mL DMBA (Fig. 5 C and D), and
CENP-E+/− MEFs had higher levels of cell death than wild-type
cells in response to DMBA (Fig. 5E), which causes both DNA
mutation and increased aneuploidy (Fig. 3). CENP-E+/− cells
were not more sensitive to doxorubicin, which causes DNA
damage without widespread aneuploidy (Fig. 5F). Reduction of
Silk et al.
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CENP-E in Mad2+/− cells also resulted in increased cell death,
compared with reduction of CENP-E or Mad2 alone (Fig. 5G).
Thus, three genetic contexts in which reduction of CENP-E led
to tumor suppression all individually showed CIN and an increase
in cell death when combined with additional whole chromosomal
segregation errors that accompany reduction in CENP-E.
Discussion
A cause-and-effect relationship between aneuploidy and cancer
has been difﬁcult to deﬁne (13). To our earlier evidence that
a modestly elevated rate of whole-chromosome missegregation
resulting from a reduction in CENP-E results in an increased
rate of tumor induction, we have shown here that even higher
rates of chromosome missegregation enhance cell death and
suppress tumorigenesis. This result establishes whole-chromosome aneuploidy as one of the factors that can both promote and
inhibit tumor initiation and/or progression, depending on the
context (33), like the well-accepted examples of Ras (34) and
Myc (35, 36). In the case of aneuploidy, multiple lines of evidence now support the conclusion that low rates of chromosome
missegregation can promote tumorigenesis, whereas higher rates
of chromosome missegregation lead to cell death and tumor
suppression.
Reduction of CENP-E causes an increase both in the percentage of abnormal mitoses and in the number of chromosomes
missegregated per division. Despite the increase in chromosome
missegregation, not every division is abnormal. High CIN that is
sufﬁcient to cause cell death therefore could result from missegregation of large numbers of chromosomes in a single division
and/or from an increase in the frequency of abnormal divisions.
Missegregation of a small number of chromosomes per division
in a substantial portion of divisions (approximately one-quarter;
Fig. 4A) is not sufﬁcient to increase the level of cell death (Fig.
Silk et al.

5G), and populations of CENP-E+/− cells do not exhibit a growth
defect (13). Rather, cell death increases in populations that
missegregate higher numbers of chromosomes in a single division.
This ﬁnding is consistent with earlier reports that BubR1+/− MEFs,
which missegregate small numbers of chromosomes, do not have
a growth defect (37), but ∼90% depletion of BubR1 leads to
missegregation of large numbers of chromosomes per division
and rapid cell death (38). It also is consistent with a report that
populations containing cells that missegregated more than ﬁve
chromosomes per division had decreased colony-forming ability
compared with those that missegregated one to ﬁve chromosomes
in a single division (38). Taken together, these data suggest that
CIN sufﬁciently high to cause cell death arises from an increase in
the number of chromosomes missegregated per division.
One question that remains is why levels of CIN that are elevated enough to suppress tumors do not adversely affect development, for instance in CENP-E+/−;Mad2+/− doubly heterozygous
mice. It is likely to be relevant that substantial cell death is
required during normal embryonic development. In mammalian
embryos, cell death begins early, between the 16-cell and blastula
stages (39), and large numbers of cells are involved. Twenty to
eighty percent of neurons, 80% of oocytes, and 95% of developing B cells are eliminated. In addition to these examples of the
regulation of cell number, embryonic cells, such as those that
constitute interdigital webs, are removed during organogenesis
and tissue remodeling. Faulty and potentially dangerous cells,
including immune cells that recognize self-antigens, virally
infected cells, and those that contain unrepaired DNA damage,
also undergo cell death during normal development (40, 41).
Perhaps the effects of cell death resulting from high CIN are
inconsequential in the context of this substantial level of programmed cell death.
PNAS | Published online October 16, 2013 | E4139

CELL BIOLOGY

Fig. 5. High CIN causes increased cell death. (A and B) Cell death rates in ARF−/− cells with or without CENP-E, as scored by DNA morphology and/or activation
of caspase-3. (A) DNA is shown in blue; activated caspase-3 is shown in red; arrows indicate dead cells. (B) Cell death in asynchronously cycling primary MEFs
(n ≥ 200 cells from each of ﬁve or more independent experiments; *P < 0.05). (C–E) Sensitivity of CENP-E+/− cells to DMBA. (C) Phase-contrast images of cells
treated with DMBA or vehicle (acetone) alone for 72 h. (D) Cell survival, as scored by counting with a hemacytometer, after 72 h of treatment with DMBA or
vehicle and normalized to survival without DMBA treatment (n = 4; *P < 0.05). (E) Cell death caused by DMBA treatment, reported as the increase in percentage of cell death in DMBA-treated versus control cells (n = 2). (F) Measurement of sensitivity of CENP-E+/− cells versus wild-type cells to DNA damage
caused by doxorubicin. Cell survival, relative to untreated cells, is shown after 72 h treatment with 0.3 μg/mL doxorubicin (n = 3). (G) Cell death in asynchronously cycling primary MEFs of the indicated genotypes (n > 500 cells from each of four independent experiments; *P < 0.05).

Our data suggest that tumor suppression as a consequence of
high CIN may depend on one or more cell-death pathways
remaining intact. Consistent with this notion, reduction of the
mitotic checkpoint components Bub1, Mad1, or Mad2 causes
low CIN and an increased incidence of spontaneous tumors (25,
42, 43). However, combining low CIN resulting from the reduction of these components with low CIN resulting from p53
deﬁciency promotes tumors rather than suppressing them (44,
45). These results suggest that p53 may participate in eliminating
cells exhibiting high CIN, although the speciﬁc functions of these
proteins complicate this interpretation. Bub1, for instance, has
been shown to mediate cell death in response to chromosome
missegregation (42). Interestingly, reducing levels of Mad1 in animals doubly heterozygous for p53 and Mad2 actually suppresses the
formation of lymphomas (46). Additional experiments will be required to determine the cell-death pathway(s) invoked by high CIN
and the extent to which other death pathways can compensate.
The ﬁnding that increasing the rate of CIN in aneuploid cells
can inhibit tumor initiation and/or progression raises the possibility that increasing CIN is a potential therapeutic avenue for
the treatment of CIN tumors. Indeed, evidence from cell-culture
experiments indicates that low CIN induced by reduction of
BubR1 or Mps1 cooperates with low CIN resulting from small
concentrations of taxol to cause high CIN and decreased cell
viability (38). One concern about treatments that induce CIN is
the potential for the generation of new tumors driven by CIN.
However, CENP-E heterozygous animals are surprisingly normal
given the high percentage of aneuploid cells they contain.
Tumors that do form in these animals require a long latency to
develop (19–21 mo), form within a narrow range of tissues, and
occur with limited penetrance (10%). Multiple other mouse
models that develop low CIN (Bub1+/−, Bub1 kinase deﬁcient,
BubR1+/−, Bub3+/−, Rae1+/−, Bub3+/−;Rae1+/−, Cdc20+/−, and
animals hypomorphic for Separase) have long life expectancies
and show no increase in spontaneous tumor development (37,
42, 47–52). It is now of interest to determine whether exacerbating chromosome missegregation in already chromosomally
unstable tumors could serve as a useful therapeutic strategy.
Indeed, enhanced chromosome missegregation may be one of
the mechanisms, along with cell death from chronic arrest,
through which low-dose taxol exerts its effects against tumors in
vivo. Similarly, the CENP-E inhibitor tested in clinical trials
(GSK923295) may be most useful in CIN tumors, including those
of the lung, breast, and colon (53).

and 3% oxygen. Low-oxygen conditions were used to extend the cycling
time of the primary cells (54). DMBA was used at 50 μg/mL unless otherwise
speciﬁed. Chromosome spreads and FISH were performed as reported in ref.
13. All mice were maintained in a C57BL/6 background and handled in accordance with the guidelines of the Institutional Animal Care and Use
Committee of the University of California at San Diego. The 19- to 21-mo-old
animals were anesthetized with isoﬂurane and killed by cervical dislocation.
Tumors were ﬁxed in 10% formalin overnight at room temperature and
stored at 4 °C before being embedded in parafﬁn. Sections (5 μm thick) for
FISH and for H&E staining were prepared by the University of California at San
Diego histology core and were analyzed by Nissi Varki (Department of Pathology, University of California at San Diego School of Medicine, La Jolla, CA).
Comparison of wild-type and CENP-E+/− animals was reported previously (13).
Liver Analysis. Adenovirus particles (1.5 × 109) carrying a gene encoding Cre
recombinase or β-galactosidase were introduced into 2- to 3-mo-old male
mice by tail vein injection, as described in ref. 11. Five to eleven days after
injection, liver damage was induced by i.p. injection of 10 μL/g body weight
of 20% carbon tetrachloride in olive oil. Livers were ﬁxed in 10% formalin
for at least 4 h at 4 °C, dehydrated in a graded series of ethanol, and embedded in parafﬁn wax. Archival sections stained with H&E were analyzed
for the number of chromosomes missegregated per cell.
Immunoﬂuorescence. Cells were washed with 37 °C microtubule-stabilizing
buffer (MTSB) [100 mM Pipes, 1 mM EGTA, 1 mM MgSO4, and 30% (wt/vol)
glycerol] and were preextracted with 0.5% Triton X-100 in MTSB. After extraction, cells were washed again with MTSB and ﬁxed in 4% formaldehyde
(Tousimis Research Corporation) for 10 min. Triton Block [0.1% Triton X-100,
2.5% (vol/vol) FBS, and 200 mM glycine in PBS] was used to block cells and
dilute antibodies. The DM1α antibody to α-tubulin (55) was diluted 1:1,000,
Yl1/2 rat monoclonal anti–α-tubulin (Serotec) was diluted 1:1,000, and antiactivated caspase 3 (Cell Signaling Technology) was diluted 1:100. Images
were collected using a Nikon Ti-E or a DeltaVision wide-ﬁeld deconvolution
microscope system with a Nikon TE200 base. Chromosome spread images are
from a single z-plane. For other images, optical sections were taken at 0.2μm intervals and deconvolved using DeltaVision SoftWoRx software. Figures
were generated using maximum projections.
Time-Lapse Microscopy. Chromosome segregation was observed in cells stably
expressing histone H2B-RFP and grown in 35-mm dishes with glass bottoms
in CO2-independent medium (Invitrogen) supplemented with 10% (vol/vol)
FBS, 2 mM L-glutamine, and 50 μg/mL penicillin/streptomycin and overlaid
with sterile mineral oil. Five z-planes were acquired every 2 min using a 60×
oil immersion objective and Metamorph software on a Nikon TE200 microscope. Maximum projections of in-focus planes were assembled in Metamorph and converted to .mov ﬁles in Quicktime.

Cell Culture and Mouse Colony. Primary MEFs were generated from day E14.5
embryos as described (http://escore.im.wustl.edu/SubMenu_protocols/protocol4.
html). Primary MEFs were grown in DMEM supplemented with 15% (vol/vol)
FBS, 0.1 mM nonessential amino acids (Gibco), 1 μM 2-mercaptoethanol
(Specialty Media), 1 mM sodium pyruvate (Gibco), 2 mM glutamine, and 50
μg/mL penicillin/streptomycin in a 37 °C humidiﬁed incubator with 10% CO2
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Fig. S1. Mice with elevated levels of aneuploidy have normal organ and body weights. (A and B) Average weights of 19- to 21-mo-old female (A) and male (B)
mice of the indicated genotypes. (C and D) Average weights of the indicated organs in female (C) and male (D) mice. (E) Average weights of livers in female
(Left) and male (Right) mice of the indicated genotypes. (F) Average aneuploidy in chromosome spreads of primary murine embryonic ﬁbroblasts (MEFs) at
passage 3 and 4. (n = 50 spreads from each of three independent experiments; *P < 0.05 compared with wild-type). (G and H) Aneuploidy in large intestine as
assessed by interphase FISH using probes for the Y chromosome (G) or chromosome 2 (H). (n ≥ 250 cells; **P < 0.001 compared with wild-type).
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Fig. S2. Reduction of the centromere-linked motor protein CENP-E in INK4a−/− cells and animals does not affect tumor onset. (A) Quantitation of aberrant
mitotic ﬁgures containing polar chromosomes (Top), lagging chromosomes (Middle), or either (Bottom). (n > 100 cells from each of two independent experiments; *P < 0.05. Note that the slight difference between wild-type and INK4a−/− cells is not statistically signiﬁcant.) (B) Histogram showing number of
chromosomes per cell for the various genotypes. Inset shows enlargement of the tetraploid and near-tetraploid population (n = 50 cells from each of three
independent experiments). (C) Tumor-free survival of INK4a−/− animals with normal and reduced levels of CENP-E (n = 27 for INK4a−/− and 26 for CENP-E+/−;
INK4a−/− animals, respectively; log rank P value = 0.30). (D) Overall survival of INK4a−/− and CENP-E+/−;INK4a−/− mice (n = 59 and 64, respectively; log rank
P value = 0.7444).
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Fig. S3. Chromosomal instability and microsatellite instability do not produce combinatorial effects on tumor onset. (A–C) Measurement of aneuploidy and
chromosomal instability in varying cell genotypes. Loss of MLH1 does not cause chromosome missegregation or aneuploidy. (A) Lagging or polar chromosomes
measured in MLH1−/− MEFs with normal or reduced CENP-E (n ≥ 150 cells from each of three independent experiments). (B) Aneuploidy, as assessed by
chromosome spreads, in wild-type or MLH1−/− MEFs with normal or reduced CENP-E. (C) Histogram showing near diploid aneuploidy in CENP-E+/−;MLH1−/−
MEFs. (In B and C, n = 100 cells from two independent experiments.) (D) Tumor-free survival of MLH1+/− animals with normal and reduced levels of CENP-E (n =
19 for both MLH1+/− and CENP-E+/−;MLH1+/− animals; log rank P value = 0.83). (E) Overall survival of 26 MLH1+/− and 29 CENP-E+/−;MLH1+/− animals (log rank
P value = 0.87).
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Movie S1. Time-lapse movie of normal mitosis in the primary MEF shown in Fig. 1J. DNA was visualized in cells stably expressing H2B-RFP. Five z-planes were
acquired using a 60× objective every 2 min.

Movie S1

Movie S2. Time-lapse movie of the ARF−/− MEF with a lagging chromosome presented in Fig. 1K. DNA was visualized in cells stably expressing H2B-RFP. Five
z-planes were acquired using a 60× objective every 2 min.

Movie S2

Movie S3. Time-lapse movie of the CENP-E+/−;ARF−/− primary MEF missegregating multiple chromosomes shown in Fig. 1L. DNA was visualized in cells stably
expressing H2B-RFP. Five z-planes were acquired using a 60× objective every 2 min.

Movie S3
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