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Most human cancers are aneuploid and have chromosomal in-
stability, which contrasts to the inability of human cells to normally
tolerate aneuploidy. Noting that aneuploidy in human breast cancer
correlates with increased expression levels of the Mps1 checkpoint
gene, we investigatedwhether these high levels ofMps1 contribute
to the ability of breast cancer cells to tolerate this aneuploidy.
Reducing Mps1 levels in cultured human breast cancer cells by
RNAi resulted in aberrant mitoses, induction of apoptosis, and de-
creased ability of human breast cancer cells to grow as xenografts in
nudemice. Remarkably, breast cancer cells that survive reductions in
levels of Mps1 have relatively less aneuploidy, as measured by cop-
ies of specific chromosomes, compared with cells that have consti-
tutively high levels of Mps1. Thus, high levels of Mps1 in breast
cancer cells likely contribute to these cells tolerating aneuploidy.

genomic instability

Most human cancers are aneuploid, with aberrant numbers as
well as structures of chromosomes. This state of aneuploidy

in cancer cells is closely linked to chromosomal instability (1–3),
a dynamic process that allows distribution of variable chromosomal
content among daughter cells. Paradoxically, although chromo-
somal instability and aneuploidy are hallmarks of cancer and gen-
erally regarded as contributors to carcinogenesis (2, 4), normal
eukaryotic cells are highly intolerant of aneuploidy (3, 5, 6). A
resolution of this paradox would thus likely require cancer cells to
acquire an ability to tolerate, and even thrive, with chromosomal
instability and associated aneuploidy.
Cellular and molecular mechanisms that could contribute to

tolerance of aneuploidy have not yet been described, and even the
mechanisms of chromosomal instability are incompletely un-
derstood. Experimental data show that chromosomal instability is
functionally associated with defects in mitotic spindle checkpoints
(7), allowing mitoses to proceed in settings of improper chromo-
somal alignment, kinetochore attachment, or kinetochore tension,
thus leading to variable distribution of chromosomes among
daughter cells. Although dysfunction of mitotic checkpoint genes
would seem likely causes of chromosomal instability, efforts to
attribute chromosomal instability in human cancers to defects in
these checkpoint genes have been generally futile. For example,
although early studies found mutations of the BubR1 gene in a few
colorectal cancers (8), subsequent studies, including genome-wide
sequencing of colorectal cancers and other common human can-
cers, have failed to demonstrate frequent mutations of this gene or
related checkpoint genes (9, 10). Furthermore, although func-
tionally defective or weakly expressed levels of the Mad2, BubR1,
or Bub1 checkpoint proteins lead to chromosomal instability in
cells and increased tumor development in genetically modified
mice (11–13), expression levels of checkpoint genes are frequently
increased, rather than decreased, in human cancers comparedwith
those seen in comparable normal cells (14, 15). Thus, the occur-
rence of chromosomal instability in cancer cannot be readily
explained by mutations in spindle checkpoint genes, and the in-
creased expression levels of many of these checkpoint genes raises

questions regarding potential functional roles of high levels of
checkpoint proteins in cancer cells.
Some evidence for checkpoint genes having important func-

tional roles in cancer cells comes from reports that reducing
checkpoint gene expression leads to cell death in cancer cells (16,
17). In our previous studies (14), we noted that expression levels
of the Mps1 gene (formerly known as TTK) are particularly ele-
vated in breast cancer cells, compared with normal cells, and we
therefore focused on Mps1 to determine (i) whether the high
expression levels of this gene in human breast cancer are impor-
tant for cellular function, (ii) how reductions of Mps1 in highly
aneuploid breast cancer cells affect the viability of those cells, and
(iii) whether elevated levels of this checkpoint gene contribute to
the cancer cell’s ability to tolerate aneuploidy.

Results
High Levels of Mps1 Correlate with High Histologic Grade in Breast
Cancer. Our previous studies found that mRNA transcript levels of
Mps1, thegene that encodes aproteinkinase involved in themitotic
spindle checkpoint apparatus, are increased in aneuploid breast
cancer cell lines and tumor tissues relative to normal breast epi-
thelial cells or nonmalignant (and chromosomally stable)MCF10A
cells (14). Using immunoblots to compare levels of this protein in
cultured human breast cancer cells to those in the nonmalignant
MCF10A and HMEC cells, we verified that Mps1 protein levels
parallel mRNA levels and are also significantly elevated in breast
cancer cells (Fig. 1A). To examine possible relationships between
levels of Mps1 mRNA and phenotypic characteristics of breast
cancer, we probed available annotated microarray databases for
expression of Mps1 in samples of breast cancer tissues. Focusing
first on histological grade, which is strongly associated with aneu-
ploidy (18), we noted that data from eight different studies in-
dependently demonstrate strong positive correlations between
levels of Mps1 mRNA and tumor grade (Fig. 1B). Examining data
from studies with relevant annotation also demonstrated elevated
Mps1 levels are positively correlated with poor survival (Fig. S1),
with p53 mutations, and with the basal-like phenotype (Fig. S2),
a class of breast cancer that has greater chromosomal copy number
variation and genetic complexity than other subtypes of breast
cancer (19–21).

Decreased Survival and Induction of Apoptosis in Breast Cancer Cells
After Reduction of Mps1 Levels. Because increasing expression of
Mps1 through transfection of an inducible Mps1 construct does
not significantly affect in vitro growth properties of MCF10A
cells, we reasoned that high levels of Mps1 in breast cancers
might function to maintain cancer cell homeostasis, rather than
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to serve as a classic oncogene driving the cancer cell phenotype.
Consistent with this concept, reductions in Mps1 and BubR1
levels have been found to decrease viability of several human
cancer cell lines (17). To explore the role of overexpressed Mps1
in breast cancer cells, we transiently transfected three different
breast cancer cell lines and the nonmalignant MCF10A cell line
with fluorescein-tagged siRNA constructs designed to reduce
levels of Mps1. Evaluation of fluorescence in transfected cells
was used to verify efficient transfection in all cell lines (Fig. S3A).
Remarkably, although reduction of Mps1 levels in cells by 85%
(Fig. 2A and Fig. S3B) had no immediate effect on cell viability
(measured by Trypan blue exclusion immediately after trans-
fection; Fig. S4), sustained reduction of Mps1 resulted in signifi-
cantly decreased survival and growth (measured by clonogenicity
and confluency) in the breast cancer cells (Fig. 2 B–G). In-
terestingly, reducing the levels of the BubR1 andMad2 checkpoint
proteins have also been reported to provoke cell death within six
cell divisions (16), but the same investigators found that reductions
of Mps1 alone were not sufficient to significantly affect survival of
several human cancer cell lines that they tested (17). As our results
with MCF-10A, BT549, T47D, and Hs578T cells would suggest,
responses to reduced Mps1 are likely highly variable among dif-
ferent cell lines.
Flow cytometry of Mps1-depleted cells detected an increase in

the sub-G1population and increased staining forAnnexinV in these
breast cancer cells (Fig. 3), consistent with reductions of Mps1
protein causing cellular apoptosis rather than simply a reduction in
cell growth rates. By contrast, growth and survival ofMCF10A cells
(with low baseline levels ofMps1) were not significantly affected by

similarly effective Mps1 siRNA transfection (Fig. 2 B–D and Fig.
S3A), and there was no significant increase in apoptosis in similarly
treated MCF10A cells compared with untreated cells. This result
indicates that the cancer cells and nontumorigenic MCF10A cells
have differential requirements for Mps1, corresponding to their
different constitutive expression levels.

Reduced Growth of Breast Cancer Xenografts After RNAi-Mediated
Decreases in Mps1. Although other investigators have shown that
reductions in cellular levels of checkpoint proteins lead to de-
creased growth and increased cell death in vitro, the effects of such
reductions ofMps1 on tumor growth in vivo had not been reported.
To explore the effects of such reductions of Mps1 in vivo, athymic
nude mice were inoculated with highly tumorigenic Hs578T breast
cancer cells that had been stably transfected with a tetracycline/
doxycycline-inducible construct, pENTR/H1/TO:Mps1 shRNA, or
control empty vectors. This shRNA construct significantly reduces
Mps1 mRNA levels in Hs578T and BT549 malignant cells when
grown in the presence of 100 μg/mL tetracycline in vitro (Fig. S5).
Although there was little difference between growth rates of
tumors formed by the parental cell line or cells transfected with the
empty control vector (Fig. 4 A, C, and D), the growth rates of
xenografts bearing the Mps1-specific shRNA construct were sig-
nificantly reduced in animals fed with doxycycline (Fig. 4 B–D for

Fig. 1. Increased expression of Mps1 in human breast cancer. (A Upper)
Immunoblot analysis of Mps1 protein levels in breast cancer cell lines; actin
measured for loading control. (A Lower) The bar graph shows protein
quantities normalized to those in MCF10A cells. (B) Correlations between
Mps1 mRNA levels and tumor grade in human breast cancer tissues. Data
from eight different annotated microarray datasets (a–h; refs. 41–47) were
evaluated for correlation between Mps1 expression and histological grade.
RNA expression within each set is expressed as log ratios for tumors of
specified grades to mean level for all tumors within given set. Boxes rep-
resent lower and upper quartiles, whiskers represent one SD frommean, and
dots represent ranges. P values (comparing Mps1 levels in grade 3 tumors
with levels in grade 1 tumors) were calculated by using Student’s t test.

Fig. 2. Viability of cultured breast cancer cells after reduction of Mps1 ex-
pression levels with siRNA. (A) Western blot analysis of BT549 cell extracts
showing protein levels of parental control (transfection reagents only, no oli-
gonucleotides), scrambled construct-transfected, and Mps1 siRNA-transfected
immediatelyafter transfection (day3) andafter 10additionaldaysofgrowth in
fresh media (day 13). (B) Growth of colonies of BT549 and MCF10A cell lines
showing reduced growth in siRNA-transfected cells. (C) Clonogenicity (colony
forming efficiency) of MCF-10A cells and three breast cancer cell lines after
reduction of Mps1 levels by siRNA, compared with mock-transfected and
scrambled vector-transfected controls. Heights of bars represent mean num-
bers of colonies (500 cells plated), and error bars represent SDs (n = 6). (D–G)
Confluency of culture dishes transfected with Mps1 siRNA after growth for
numbers of days specified. Confluency was measured by percentages of
plates occupied by cells using Image Pro Plus, and values reflect both survival
and growth rates of surviving cells. Levels were normalized to controls at 12 d
(D and G) or 14 d (E and F).
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treatments beginning 1 d after inoculation and Fig. S6 for treat-
ments beginning 12 d after inoculation).
Notably, immunoblot analysis demonstrated that both Mps1

and BubR1 protein levels were reduced by ≈50–60% in samples
procured from the tumors with doxycycline-induced shRNA
(Fig. 4E), supporting the recently proposed role of Mps1 as
a kinase that phosphorylates and stabilizes BubR1 (22). It is
remarkable that the reductions in BubR1 levels in these tumors
(≈60%) were significantly less extreme than the reductions of
BubR1 induced in mouse models by haploinsufficiency or hy-
pomorphic alleles of the BubR1 gene (23). Although these mice
with hypomorphic BubR1 alleles did exhibit accelerated aging,
even greatly reduced BubR1 (80%) was found to be compatible
with embryogenesis and reasonably normal development. Thus,
although our experimental system is limited with respect to re-
ducing Mps1 (and BubR1) selectively in tumor cells, it would
seem likely that similar levels of reduction of these genes would
be generally tolerated by normal adult eukaryotic cells.
Explanted tumors from killed animals were also evaluated for

levels of active caspase 3, a marker for cellular apoptosis, and Ki-
67, a marker for cellular proliferation, by immunohisochemistry.
Interestingly, although Mps1 shRNA did not affect proliferation,
as measured by percentage of cells staining for Ki-67, it did
markedly increase apoptosis within the tumors (Fig. 4F and Fig.
S6). Thus, increased cellular apoptosis apparently contributes
significantly to the reduced growth of tumors after induction of
Mps1 shRNA.

Reduced Mps1 Levels Lead to Aberrant Mitoses in Breast Cancer Cells.
Mps1 has several critical roles in mitosis, including centrosome
duplication (24), mitotic spindle assembly (25), and maintenance
of the spindle assembly checkpoint (26, 27), and pharmacological
or genetic inhibition of Mps1 function in various types of mam-
malian cells have generally resulted in accelerated mitosis (28,
29). To determine the effect of reduced Mps1 on mitotic pro-
gression in the malignant breast cancer cells used in our study,

Hs578T cells stably expressing pBOS-H2B-GFP (30) were tran-
siently transfected with Mps1 siRNA, or a scrambled siRNA
control sequence, and examined by time-lapse fluorescence mi-
croscopy after 72 h of incubation. Control cells (either transfected
with scrambled siRNA sequence or treated only with transfection
reagents) progressed to anaphase within 20–25 min of initiating
metaphase and completed mitosis (prometaphase to telophase)
by 45 min (Fig. 5 A and D and Movie S1). Only a small subset of
control Hs578T cells (<10%) underwent aberrant mitoses (Fig. 5
C and D). By contrast, whereas ≈50% of the Mps1-reduced
Hs578T cells also progressed through mitosis with an average
time of 46 min, nearly 50% (18 of 39) of cells in this treatment
group exhibited aberrant and prolonged mitoses (Fig. 5 B–D). Of
these aberrant mitoses (n = 18), six (33%) either entered prom-
etaphase but failed to align their chromosomes or remained in
metaphase with chromosomes aligned along the spindle for >60
min. These cells failed to enter anaphase but rather retrogressed
to a prometaphase-like state with condensed unaligned chromo-
somes before undergoing apoptosis (Fig. 5 B and D and Movie
S2). We also observed two aberrantly dividing cells (11%) that
oscillated between prometaphase and metaphase before eventu-
ally dividing, three cells (17%) that bypassed metaphase and died,
and seven cells (39%) that divided without cytokinesis, giving rise
to multinucleate cells (Movie S3). The types of mitotic errors,
summarized in Table 1, are consistent with reported findings of
increased segregation errors, including misaligned chromosomes,
lagging chromosomes, and anaphase bridges, in U2OS cells with
kinase-deadMps1 protein (28) or RNAi-depletedMps1, although
it is notable that these aberrant mitoses in U2OS cells occurred in
cells that progressed through mitosis at an accelerated rate. Al-
though cancer cells with different genetic backgrounds (e.g.,
Hs578T and U2OS) appear to have differences in how reduced

Fig. 3. Induction of apoptosis by reductions in Mps1 levels. (A) Flow
cytometry measurements of cell-cycle distribution of propidium iodide-
stained T47D cells. Cultures treated with Mps-1 siRNA for 3 d are compared
with cells treated with the same transfection reagents but no siRNA vector
(mock) (B) Plots showing distribution of T47D cells in sub-G1, G0 /G1, and G2/
M phase compartments. (C) Staining for propidium iodide (vertical axis) and
Annexin V (horizontal axis) in T47D cells that are mock treated (Upper) or
treated with Mps1 siRNA (Lower). Only nonnecrotic cells (without high PI
staining) are shown. Cells with increased Annexin V staining are scored as
apoptotic. Treatment of cells with scrambled sequence resulted in staining
similar to mock treated. (D) Histogram comparing the percent of apoptotic
cells in each of the different treatments.

Fig. 4. Reduced Mps1 levels result in decreased in vivo growth of breast
cancer xenografts. (A–C) Growth of mouse xenografts tumors of Hs578T cells
with doxycycline-inducible Mps1 shRNA compared with xenografts with cells
from parental (C) and vector (no dox) (A and C) controls. In this experiment,
doxycylcine treatment began 24 h after inoculation of tumor cells. Error bars
indicate SEM. (D) Weights of tumors explanted from animal killed 20 d after
inoculation. Error bars indicate SEM, and P values were calculated by using
Student’s t test. (E) Western blot analysis of Mps1 protein and BubR1 protein
using lysates from tumors of control (parental), vector, and Mps1 shRNA
xenografts, compared with MCF10A cells as a frame of reference. (F)
Quantitation of Mps1 and BubR1 proteins from tumors normalized to con-
trols, with P values calculated by using Student’s t test.
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Mps1 affects progression through mitosis, the resulting increases
in aberrant mitoses appear to be similar. Because the levels of
Mps1 after reduction by RNAi in our study approximate those
seen constitutively in nonmalignant cells, our results suggest that
high levels of Mps1 are required for aneuploid cancer cells, but
not nonmalignant cells, to progress through mitosis normally.

Reduced Mps1 Levels Lead to Selective Survival of Cells with Less
Aneuploidy. Although it has been shown that reducing levels or
activity of checkpoint proteins leads to decreased cell survival
(16, 17, 28), the characteristics of cancer cells that survive these
reductions of checkpoint proteins have not been described to our
knowledge. Considering the role of Mps1 in faithful transmission
of chromosomes during cell division, we questioned whether
high Mps1 expression plays a role in tolerance of cancer cells to
aneuploidy, and whether reductions of Mps1 would thus selec-
tively target the most highly aneuploid cells in a culture with
genomic variability. To address these questions, we reduced
Mps1 expression in low-density cultures of Hs578T cells by using
a tetracycline-inducible shRNA construct, pENTR/H1/TO:Mps1

shRNA, and cultured these cells in the presence of 100 μg/mL
tetracycline for 5 d. As noted above for the transfections with
siRNA, this treatment with Mps1 shRNA led to significantly
reduced cell viability. Conventional metaphase spreads showed
that cells surviving reduction of Mps1 have fewer total numbers
of chromosomes (47.97 ± 0.24) than parental cells (51.14 ± 0.26)
or cells that had been transfected with vector only (50.50 ± 0.22)
(Fig. 6A). Further evidence of a selective process favoring sur-
vival of cells with relatively lower levels of aneuploidy came from
fluorescence in situ hybridization (FISH) studies measuring copy
numbers of chromosomes 7, 8, 11, and 17 in surviving cells. Cells
surviving shRNA-induced reductions in Mps1 protein levels
exhibited a shift of the mode from three copies to two copies per
cell for chromosomes 8 and 11, both of which are represented in
control (parental) Hs578T cells by highly variable copy numbers
and a mode of three copies, and a significantly reduced variabil-
ity in the numbers of these chromosomes per cell (Fig. 6 B–D;
P < 0.005). These results are notable in light of findings that
normal eurkaryotic cells are particularly intolerant of extra cop-
ies of chromosomes (6) and, thus, the selective decrease in the
numbers of Hs578T cells with more than two copies of chro-
mosomes 8 and 11 likely reflects reduced tolerance of the Mps1-
depleted cells for extra copies of these chromosomes.
Normal eukaryotic cells are apparently more tolerant of

chromosome losses than chromosomal gains (6), and we corre-
spondingly did not see such marked changes in copy numbers for
chromosome 17, which has a modal copy number of 1 in the
control (parental) Hs578T cells. After transfection of Mps1
shRNA, we saw a modest but statistically insignificant increase in
the percentage of cells with two copies of this chromosome (Fig.
6 C and D). Although this result could reflect the relatively
greater tolerance of cells for loss of chromosomes (compared

Fig. 5. Reduced Mps1 levels result in aberrant mitoses in breast cancer cells.
Individual frames from time-lapse movies of Hs578T cells containing pBOS
Histone H2B-GFP; untreated (parental) (A) and transiently transfected with
Mps1 siRNA (B). Corresponding movies are available as Movies S1–S3. Arrows
indicate dividing cells that undergo mitosis. (C) Western blot showing levels of
Mps1 reduction in cells used for these time-lapse experiments. (D) Graph
comparing normal to aberrantmitoses in untransfected controls (parental) and
cells transiently transfectedwithMps1 siRNA (Mps1). (E) Average times for both
normal and aberrant mitoses in control and Mps1 siRNA- treated cells.

Table 1. Mitotic aberrations induced by Mps1 siRNA

Type of mitotic aberration Ctrl
Mps1
siRNA

Prolonged oscillation between prometaphase
and metaphase followed by apoptosis

1 6

Prolonged oscillation between prometaphase
and metaphase, then division

2 2

Truncated metaphase, divides without alignment
and dies

0 3

Successful polyploid division with normal timing 1 0
Mitosis without cytokinesis 0 7
Total number of aberrant mitoses/ total number
mitoses examined

4/39 18/39

Fig. 6. Reduced Mps1 levels lead to selective survival of cells with less an-
euploidy. (A) Numbers of chromosomes were counted in metaphase spreads
of parental Hs578T cells (n = 83), cells transfected with Mps1 shRNA and no
doxycycline induction (n = 70), and cells transfected with Mps1 shRNA in-
duced by doxycycline (n = 62). Boxes represent lower and upper quartiles,
and whiskers represent one SD from mean. P values were calculated by using
Student’s t test for each two-way comparison. (B) FISH of Hs578T expressing
Mps1-shRNA showing cells probed for CEN 11 (red) in untransfected parental
cells and cells with dox-induced pENTRH1/TO Mps1-shRNA (Mps1 shRNA) (C)
Plots showing frequency distributions of copy numbers for chromosome 7, 8,
11, and 17 in parental Hs578T cells, cells with Mps1 shRNA and no doxycy-
cline induction (vector), and cells transfected with Mps1 shRNA induced by
doxycycline (Mps1 shRNA). Error bars, 1 SD. (D) Percent of cells diploid for
chromosomes 7, 8, 11, and 17 in same treatment groups as C. Error bars,
1 SD; P values were calculated by using Student t test for two-way com-
parisons of cells with Mps1-siRNA and parental cells.
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with gain of chromosomes), it should also be acknowledged that
there are few options for restoring two chromosomes to daughter
cells through unbalanced segregation of replicated copies of
a single chromosome. Finally, we also examined copy numbers
for chromosome 7, which has a modal copy number of two in the
control Hs578T cells. In cells transfected with Hs578T siRNA,
we observed no significant change in the modal copy number
(Fig. 6B) or the percent of cells with two chromosomes (Fig. 6C),
indicating that reductions of Mps1 levels lead to decreases in the
numbers only for those specific chromosomes with variant copy
numbers in the cancer cells.
Because reducingMps1 levels results in reduced overall survival

of Hs578T cells, the decrease in chromosome copy number vari-
ation among surviving cells likely reflects selection of cells based
on a degree of aneuploidy, rather than a process involving elimi-
nation of chromosomes in interphase cells. These data would thus
suggest that high levels of Mps1 in cancer cells function to support
tolerance of aneuploidy, and reducing the levels of Mps1 dimin-
ishes the level of aneuploidy tolerated in these cells.

Discussion
Decreased expression or defective function of mitotic spindle
checkpoint proteins, including Mps1, leads to chromosomal in-
stability in experimental systems, and these findings might lead to
anticipation of low levels of checkpoint proteins in human can-
cers. However, our analysis of breast cancer cell lines and data
from multiple microarray gene expression datasets show aneu-
ploid human breast cancers actually have significantly increased
expression levels of Mps1. Moreover, high expression of Mps1
correlates strongly with the histological grade of breast cancers,
suggesting that the most aneuploid of these cancers have the
highest levels of Mps1 expression. Undertaking experiments to
determine whether these increased levels ofMps1 are functionally
significant in breast cancer cells, we found that reducing these
levels of Mps1 in cancer cells with RNAi leads to apoptosis and
decreased cell survival, specifically in those cells with constitu-
tively elevated expression of this checkpoint protein.
One explanation for increased apoptosis in Mps1-reduced

cultures would involve a role for Mps1 in blocking apoptotic
pathways in these cells, because other checkpoint proteins have
been implicated to have direct roles in apoptosis signaling. For
example, Aurora B and Survivin, downstream components of the
spindle checkpoint, have both been shown to affect antiapoptotic
pathways by hyperphosphorylating Bcl2 and inhibiting Bax (31).
By contrast, Mad2 has been implicated in proapoptotic path-
ways, based on findings that reducing levels of Mad2 by shRNA
results in decreased levels of apoptosis and reduced Caspase 3
activity (31). In other studies, BubR1 stability after mitotic arrest
has been shown to depend on caspase activity (32, 33), and it is
thus possible that that high levels of Mps1 could indirectly inhibit
apoptosis by hyperactivating BubR1 (22), explaining increased
apoptosis in cells after reducing Mps1 levels.
Our experimental evidence, however, points to a role for high

levels of Mps1 in providing stability and protection for aneuploid
cells during mitosis. Reducing Mps1 levels in aneuploid cells
increases the frequency of aberrant and catastrophic mitoses, and
similar to the effects reported after reducing levels of the BubR1
and Mad2 checkpoint proteins (16), measurable loss of cell via-
bility after several cell divisions. As evidenced by our analysis of
surviving cells, this process appears to selectively affect aneuploid
cancer cells and spares cells with relatively less aneuploidy. Al-
though these results do not preclude Mps1 participating directly
in antiapoptotic signaling, it appears that much of the function of
increased Mps1 (and likely other checkpoint genes) in breast
cancer cells involves tolerance of aneuploidy.
Clues for how high levels of Mps1 could lead to tolerance of

aneuploidy in cancer cells might be found by examining the roles
of checkpoint proteins in maintaining cell viability during mito-

sis. The spindle assembly checkpoint is activated by failure of
chromosomes to make appropriate attachment to the mitotic
spindle or generate sufficient tension at kinetochores (34), and
experimental evidence from budding yeast indicates that Mps1 is
required for the tension-induced activation of the mitotic
checkpoint and error correction (35). It is not unreasonable to
expect that aneuploid cancer cells would require high levels of
Mps1 to satisfy tension requirements of the spindle checkpoint,
and reducing these high Mps1 levels is apparently particularly
disruptive to cancer cells, triggering mitotic arrest and cell death.
The role of Mps1 in maintaining the efficiency of the mitotic
spindle in both normal and cancerous cells might be related to its
function in stabilizing the BubR1 protein (22), which is known to
regulate kinetochore–microtubule interactions (36).
Our data do not provide any evidence to suggest that increased

levels of Mps1 promote cell growth, including our experiments that
found no phenotypic changes in nontumorigenic MCF10A cells
after transfection with Mps1. Moreover, there is no evidence from
studies in yeast to suggest that high levels of Mps1 could contribute
directly to a malignant phenotype; in fact, excessive expression of
theMps1 protein inSaccharomyces cerevisiae actually causes cells to
arrest in mitosis (37). Although increased levels of Mps1 or other
checkpoint proteins apparently donot directly lead to stimulation of
cell growth, this overexpression can, in some settings, contribute to
chromosomal instability. For example, transgenic mice engineered
to have overexpression of Mad2, a related checkpoint gene, have
cells with widespread chromosomal instability and develop various
types of neoplasms (38), but increased rates of cell division or other
features of abnormal cell growth were not described in these ani-
mals. Interestingly, in this model, continued overexpression of
Mad2 is not required for tumor maintenance, suggesting that the
chromosomal instability was important for initiating carcinogenesis,
but notmaintaining the neoplastic phenotype (38). Thus, these data
also indicate that high expression levels of checkpoint genes can
contribute to chromosomal instability and aneuploidy—perhaps
through tolerance of the aneuploidy—but do not function as typical
oncogenes that activate cell growth pathways.
Targeting checkpoint genes has been proposed for cancer

treatment (16, 17), and our results demonstrate the importance
of high Mps1 expression on viability of aneuploid cancer cells,
not only in cell culture, but also in vivo, where reducing Mps1
levels in xenografts of Hs578T cells resulted in marked inhibition
of overall tumor growth as a result of increased apoptosis of
tumor cells. Our observation that reducing Mps1 in cancer cells
selectively targets those cells with relatively high levels of chro-
mosomal variation could explain findings that cancer cell lines
with elevated Mps1 are relatively resistant to taxanes (39), and
targeting Mps1 might sensitize some cells to paclitaxel treatment.
This sensitization is likely related to the roles of the checkpoint
proteins in stability of kinetochore/microtubule attachment and
error correction (28, 40) and offers insights into how targeting
Mps1 in cancer cells with other pharmaceutical agents—partic-
ularly those that disrupt the mitotic spindle—could offer thera-
peutic strategies for cancer treatment.

Materials and Methods
Cell Culture and Viability Assays. Cell cultures were purchased from American
Type Culture Collection (ATCC) and cultured with serum and other additives
according to ATCC recommendations. Viability was measured by using
standard clonogenic assays by reseeding treated cells in six-well tissue culture
plates at ≈200 cells per well, culturing for 8–14 d, and staining with 0.5%
crystal violet. An area occupied by proliferating cells was calculated by using
Image Pro Plus (Media Cybernetics).

Analysis of Microarray Data. Microarray datasets (41–47) of breast cancer
gene expression were probed for expression of Mps1 (TTK) by using Onco-
mine version 3 and correlated with histological grade, survival, p53 status,
and BRCA1 mutations. A Student’s two-class t test was used to determine
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significance of correlations, and Oncomine-generated box plots were used
for visualization.

Methods for RNAi,metaphase spread analysis, FISH, immunohistochemisty,
time lapse microscopy, Annexin V staining, and breast cancer xenografts used
standard protocols, which are described in SI Materials and Methods.
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