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The mitotic checkpoint has evolved to prevent chromosome mis-
segregations by delaying mitosis when unattached chromosomes
are present. Inducing severe chromosome segregation errors by
ablating the mitotic checkpoint causes cell death. Here we have
analyzed the consequences of gradual increases in chromosome
segregation errors on the viability of tumor cells and normal
human fibroblasts. Partial reduction of essential mitotic checkpoint
components in four tumor cell lines caused mild chromosome
mis-segregations, but no lethality. These cells were, however,
remarkably more sensitive to low doses of taxol, which enhanced
the amount and severity of chromosome segregation errors. Sen-
sitization to taxol was achieved by reducing levels of Mps1 or
BubR1, proteins having dual roles in checkpoint activation and
chromosome alignment, but not by reducing Mad2, functioning
solely in the mitotic checkpoint. Moreover, we find that untrans-
formed human fibroblasts with reduced Mps1 levels could not be
sensitized to sublethal doses of taxol. Thus, targeting the mitotic
checkpoint and chromosome alignment simultaneously may selec-
tively kill tumor cells by enhancing chromosome mis-segregations.

aneuploidy � CIN � mitosis � paclitaxel

Error-free chromosome segregation is vital for embryonic de-
velopment and tissue homeostasis in multicellular organisms.

Whereas during development the vast majority of single mis-
segregation events is not tolerated (1), aneuploidy is a common
genetic alteration in solid human tumors (2). In ex vivo cultures,
such aneuploid tumor cells display low but significant frequencies
of chromosome mis-segregations (chromosomal instability, CIN)
(3). The mitotic checkpoint is one of the cell cycle checkpoints that
have evolved to safeguard cells from CIN (4, 5). This checkpoint
ensures the fidelity of sister chromatid segregation over the two
daughter cells by inhibiting progression to anaphase until all sister
chromatids are attached to microtubules of the mitotic spindle
[reviewed in (6)]. Defects that lead to reduced mitotic checkpoint
signaling cause aneuploidy and may eventually contribute to tu-
morigenesis in humans [reviewed in (5, 7)]. Although an intriguing
hypothesis and a clear causative link in experimental animal models
[reviewed in (8)], it has never been shown that compromised
checkpoint signaling directly underlies CIN in malignant human
tissue or cultured human tumor cells (9, 10). In contrast, complete
inactivation of the mitotic checkpoint results in gross chromosome
mis-segregations and is not compatible with cell viability (11, 12). This
has led to the suggestion that inhibition of the mitotic checkpoint
could have therapeutic potential in cancer treatment (5).

A widely used anti-mitotic drug is paclitaxel (taxol), which
induces a mitotic checkpoint-dependent delay at high dose by
inhibiting microtubule dynamics (10, 13, 14). At low, clinically
relevant concentrations, taxol treatment induces aneuploidy with-
out severely delaying cells in mitosis (14–16). Controversial results
have been reported on the effect of mitotic checkpoint inhibition on
taxol-induced cell death. Incomplete functioning of the checkpoint
has been suggested to induce resistance to high doses of taxol
(17–20), which is in line with the observation that CIN also
correlated with taxol resistance (21). However, others have shown

that inhibition of the mitotic checkpoint increases the effectiveness
of taxol (22).

Here, we have explored the relationship between the level of
chromosome mis-segregation and cell death in two severely aneu-
ploid tumor cell lines, two diploid tumor cell lines and one immor-
talized fibroblast line. We show that reducing levels of the essential
mitotic regulators Mps1 and BubR1 sensitizes human tumor cells,
but not normal cells, to death by clinically relevant doses of taxol.
This sensitization is directly due to the ability of the combined
treatments to cause severe chromosome segregation errors in
tumor cells.

Results and Discussion
Partial Knockdown of Mps1 or BubR1 Weakens the Mitotic Checkpoint
but Does Not Affect Tumor Cell Viability. Absence of essential mitotic
checkpoint components such as BubR1 or Mps1 causes cell death
within six cell divisions (12, 23, 24). To further examine the
therapeutic potential of inhibition of these proteins, we generated
panels of cancer cells with reduced expression of Mps1 and BubR1.
To test the effect on different types of cells, we created monoclonal
lines of two aneuploid tumor cell lines (U2OS and HeLa) that
expressed doxycycline-inducible Mps1 or BubR1 shRNA and two
(near)diploid tumor cell lines (HCT-116 and LS174-T) that ex-
pressed doxycycline-inducible Mps1 shRNA. Cell lines were se-
lected in which Mps1 or BubR1 expression was reduced between
60–88% upon doxycycline addition (Fig. 1 A and C). In contrast to
cell lines that have an almost complete removal of Mps1 or BubR1
protein [Fig. S1A and (12, 24)], partial depletions of Mps1 or
BubR1 had no severe effect on cell viability (Fig. 1 A and C). We
only observed a moderate increase in cell death (18% vs. 4% in
control) as observed by live cell imaging of propidium iodide (PI)
uptake after partial depletion of Mps1 in U2OS-TetRMps1 cells (0
nM taxol) (Fig. S2 A and B). Despite the ability of the different cell
lines to survive with significantly reduced levels of Mps1 or BubR1,
their ability to delay in mitosis in response to spindle disruption was
clearly affected. When U2OS-TetRMps1 cells were treated with
10�� STLC, an Eg5 inhibitor that causes a checkpoint-dependent
mitotic delay by preventing bipolar spindle assembly (Fig. S1B) (24),
they were delayed in mitosis for 13.2 h on average (Fig. 1B).
However, upon partial depletion of Mps1 (�doxycycline) the mean
duration of the mitotic arrest was reduced to 3.7 h (Fig. 1B). With
the possible exception of HeLa-TetRMps1 cells, the ability of the
other inducible cell lines to prolong the duration of mitosis upon
treatment with STLC was similarly affected when Mps1 or BubR1
protein levels were reduced (Fig. 1 B and D).

To examine the effect of reduced mitotic checkpoint activity in
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cells partially depleted of Mps1 or BubR1 on the fidelity of
chromosome segregations in an unperturbed mitosis, anaphase
progression was followed by time-lapse microscopy (Fig. S1C). The
percentage of U2OS-TetRMps1 cells that displayed mild chromo-
some segregation defects in anaphase increased from 13% in
control cells to 40% upon partial Mps1 depletion. The percentage
of cells that severely mis-segregated their chromosomes increased
from 0 to 18% (Fig. 1E). A similar increase in chromosome
mis-segregations was observed in the other Mps1 and BubR1
clones, where the percentage of mild mis-segregations increased
from approximately 10% to approximately 55%, while severe
mis-segregations increased from approximately 4% to approxi-
mately 30% (Fig. 1E). Interestingly, as colony formation was not
affected (Fig. 1 A and C), increasing the percentage of chromosome
segregation errors to more than 50% (around one-third of which
were severe mis-segregations), appeared to be well tolerated by the
cell population as a whole in the four tumor cell lines tested. The
effects on cell viability and chromosome segregation of the shRNAs
used in this study were specific for knockdown of the respective
proteins [Fig. S3 and (12, 25)].

Partial Depletion of Mps1 or BubR1 Sensitizes Tumor Cells to Clinically
Relevant Doses of Taxol. The observed correlation between the level
of Mps1 or BubR1 depletion, the severity of chromosome mis-
segregations and the extent of cell death pressed us to investigate
if increasing the amount of segregation errors beyond that obtained
by partial depletion of Mps1 or BubR1 would now impact tumor cell
viability. To this end we introduced low, clinically relevant doses of
taxol (1–10 nM) that are known to cause aneuploidy (15, 16)
without causing the severe mitotic delay that occurs at high doses
of taxol (50 nM–10 �M) (10, 14, 26). We found that in U2OS-,
HCT-116-, LS174-, and HeLa-TetRMps1 cells with normal Mps1
levels, viability as well as the fidelity of chromosome segregation
was only marginally compromised at 2 nM taxol (�doxycycline, 2

nM taxol) (Fig. 2 A–H). However, viability was drastically reduced
by this low dose of taxol when Mps1 expression was additionally
partially suppressed (�doxycycline, 2 nM taxol) (Fig. 2 A, C, E, and
G): the number of colonies was reduced 2- to 10-fold when
compared to doxycycline treatment alone in U2OS-, HCT-116-,
LS174T, and HeLa-TetRMps1 cells (Fig. 2 A, C, E,and G). This
lethality correlated strongly with an increase in the frequency and
severity of segregation errors (�doxycycline, 2 nM taxol) (Fig. 2 B,
D, F, and H). A slight increase in the dosage of taxol in U2OS-
TetRMps1 cells (from 2 to 5 nM) or in LS174-T-TetRMps1 cells
(from 2 to 3 nM) induced a moderate increase in chromosome
mis-segregations when Mps1 levels were kept high, but only a
partial reduction in colony formation was observed (Fig. 2 A, B, E,
and F). Nonetheless, additional partial depletion of Mps1 at these
slightly higher taxol concentrations completely blocked colony
formation (Fig. 2 A and E and Fig. S2D), which correlated with an
even further increase in the amount and severity of segregation
errors (Fig. 2 B and F). We confirmed that the observed reduction
in colony formation capacity was due to cell death, and not due to
a postmitotic arrest, by filming U2OS-TetRMps1 cells in the
presence of PI on days 4, 5, and 6 after treatment (Fig. S2 A and B).

The frequency of severe segregation errors correlated well with
increased aneuploidy after four divisions as determined by chro-
mosome spreads (Fig. S4A). LS174T-TetRMps1 cells were (near-)
diploid in the absence of any treatment. After treatment with
doxycycline or 3 nM taxol the karyotype resembled that of control
cells. This is in line with previous observations in which aneuploid
cells in (near)diploid cell lines are removed from the population (9).
Nevertheless, upon combined treatment of LS174T-TetRMps1
cells with taxol and doxycycline, the observed chromosome segre-
gation errors (3 nM taxol) (Fig. 2F) induced a clear increase in
aneuploidy and multinucleated cells (Fig. S4 A and C). Although
untreated U2OS-TetRMps1 cells were already significantly aneu-
ploid, a clear increase in the breadth of distribution in the karyo-

Fig. 1. Partial inactivation of Mps1 or BubR1 leads to chromosome segregation defects but fails to compromise tumor cell viability. (A and C) Left: Indicated cell lines,
treated without (-) and with (�) doxycycline (dox) for 3 days, were immunoblotted for Mps1 or BubR1 and �-tubulin. Values above blots represent relative amount of
Mps1 or BubR1 protein levels. Right: Colony formations of indicated cell lines, treated with and without dox for 11 days. (B and D) Live cell analysis (DIC) of the mean
mitotic duration (�SD) in the presence of 10�� STLC of indicated cell lines treated with or without doxycycline for 3 days. Mitotic duration was determined as the time
from nuclear envelope breakdown (NEB) to the first attempt of cytokinesis (membrane blebbing). n � amount of cells filmed per condition. (E) Quantification of
time-lapse movies as performed in representative images. Dox was added 3 days before filming. n � amount of cells filmed per condition.
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types was observed upon combining low doses of taxol and partial
Mps1 knockdown (Fig. S4A), a combination that leads to the
demise of the population (Fig. 2A).

The synergistic effect with low doses of taxol was not specific for
partial Mps1 depletion, since reduced BubR1 levels also sensitized
HeLa and U2OS cells to low doses of taxol (Fig. 2 I and K and Figs.
S2C and S3). This correlated with an increase in severe chromo-
some mis-segregations and enhanced aneuploidy, as revealed by the
karyotypes of the HeLa-TetRBubR1 cells (Figs. 2 J and L and S4A).

To rule out the possibility that the synergy in cell killing by low
taxol and reduction of Mps1 or BubR1 was due to clonal variations
within one cell type, we used titration of doxycycline in the U2OS
clone in which high doxycycline addition (1 �g/mL) causes almost
full depletion of Mps1 (U2OS-TetRMps1-clone #2; see Fig. S1A).
Such titrations enabled us to reach a reduction of Mps1 levels to
22% by adding only 2 ng/mL doxycycline (Fig. S5 A and B). In
agreement with results obtained with the ‘partial reduction’ clone
U2OS-TetRMps1 (Fig. 1A), the reduced levels of Mps1 achieved
by 2 ng/mL doxycycline addition did not cause lethality on its own,
whereas additional administration of 5 nM taxol did (Fig. S5 A and
D). This again correlated with the amount of chromosome segre-
gation errors (Fig. S5C). Unexpected side-effects of doxycycline
administration on cell viability were also ruled out, as we observed
no toxicity of simultaneous addition of doxycycline and low doses
of taxol in the different founder cell lines (Fig. S6). Finally, the
sensitization to low taxol we observed was not due to a general
sensitization to cytotoxic drugs, since partial depletion of Mps1 or
BubR1 did not synergize with low doses of doxorubicin, a drug
resulting in induction of double-strand DNA breaks (Fig. S7).

To further address our hypothesis that cell death in our exper-
iments was caused by inducing a certain threshold level of chro-
mosome mis-segregations and not, for instance, by cytotoxic effects
of taxol, we introduced siRNAs against CENP-E, KIF18A, or
HEC-1, all known to cause chromosome congression defects upon
knockdown in human cells (27, 28). Knockdown of these proteins
mimicked the effects of low taxol: simultaneous reduction of Mps1
and RNAi of CENP-E, KIF18A, or HEC-1 in U2OS-TetRMps1
cells increased cell death compared to siRNA transfected controls
(Fig. S8A). Importantly, cell death in CENP-E RNAi cells partially
depleted of Mps1 correlated with an increase in severe segregation
errors (Fig. S8 B and C).

The differential sensitivity to low taxol when reducing Mps1 or
BubR1 was no longer observed when using very high doses of taxol
(� 1000 nM taxol) (Fig. 2). Although this is in apparent contra-
diction with reports suggesting that depletion of mitotic checkpoint
components can rescue the lethality induced by high doses of taxol
(50 nM–10 �M) (18–20), in those studies cell death was analyzed
within 48 h after taxol treatment. Indeed we have previously also
observed that compromising the mitotic checkpoint causes resis-
tance to high doses of spindle poisons in the short term (12), most
likely because mitotic checkpoint inhibition prevents mitotic
catastrophy in the presence of those high doses. Cell death is not
induced in the short term in those analyses because the deleterious
effects of severe chromosome mis-segregations are not expected to
become apparent before 2–6 divisions have occurred (12). In
support of this, the present study determined the effect on cell
viability after 4–11 days and we find that high doses of taxol are
equally toxic to parental as well as Mps1- or BubR1-depleted cells
(� 1000 nM taxol) (Fig. 2).

The apparent resistance of CIN cells to high taxol treatment (21)
and chromosome mis-segregations (9) has led to the hypothesis that

concentrations were added 1 day after dox administration. Colony formation
capacity of control cells (no taxol treatment) was set at 1. Average of three
independent experiments is shown. (B, D, F, H, J, and L). Quantification of
time-lapse movies performed as in Fig. 1E. Indicated taxol concentrations
were added 1 h before filming. n � amount of cells filmed.

A B

C D

no chrom. segregation defects

severe chrom. segregation defects (>5)

mild chrom. segregation defects (1-5)

- +

100

20

40

60

80

pe
rc

en
ta

ge
 o

f c
el

ls
0

n=
77

n=
72

n=
70

n=
53

n=
95

n=
82

0 52052 nM taxol
doxycycline

time-lapse (H2B-GFP)

E F

G H

I J

K L

U2OS-TetR Mps1 

re
la

tiv
e 

co
lo

ny
 fo

rm
at

io
n 

nM taxol

0
0 1000201052

1,0

0,2

0,4

0,6

0,8

HCT-116-TetR Mps1 

nM taxol
0 10004321

0

1,0

0,2

0,4

0,6

0,8

LS174-TetR Mps1 

10004321
nM taxol

0

1,0

0,2

0,4

0,6

0,8

0

0 10004321
nM taxol

0

1,0

0,2

0,4

0,6

0,8

HeLa-TetR Mps1

0 10004321
nM taxol

0

1,0

0,2

0,4

0,6

0,8

HeLa-TetR BubR1

U2OS-TetR BubR1

0 1000201052
nM taxol

0

1,0

0,2

0,4

0,6

0,8

-  doxycycline

+ doxycycline

doxycycline

100

20

40

60

80

pe
rc

en
ta

ge
 o

f c
el

ls

0

n=
11

3

n=
84

n=
81

n=
83

n=
10

1
n=

10
7

0 21021 nM taxol

100

20

40

60

80

pe
rc

en
ta

ge
 o

f c
el

ls

0

n=
31

n=
40

n=
47

n=
39

n=
54

n=
44

0 32032 nM taxol
doxycycline

100

20

40

60

80

pe
rc

en
ta

ge
 o

f c
el

ls

0

n=
11

5

n=
73

n=
10

3
n=

14
2

n=
10

2
n=

95

0 21021 nM taxol
doxycycline

- +

100

20

40

60

80

pe
rc

en
ta

ge
 o

f c
el

ls

0

n=
54

n=
43

n=
40

n=
63

0 1 nM taxol
doxycycline

0 1

100

20

40

60

80

pe
rc

en
ta

ge
 o

f c
el

ls

0

n=
91

n=
72

n=
84

n=
98

0 5 nM taxol
doxycycline

0 5

- +

- +

- +

- +

re
la

tiv
e 

co
lo

ny
 fo

rm
at

io
n 

re
la

tiv
e 

co
lo

ny
 fo

rm
at

io
n 

re
la

tiv
e 

co
lo

ny
 fo

rm
at

io
n 

re
la

tiv
e 

co
lo

ny
 fo

rm
at

io
n 

re
la

tiv
e 

co
lo

ny
 fo

rm
at

io
n 

Fig. 2. Lowdosesof taxol reduce theviabilityofMps1orBubR1depletedtumor
cells. (A, C, E, G, I, and K). Quantification of colony formations of indicated
cell lines treated with and without dox for 11 days. Indicated taxol
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these cells have obtained a survival mechanism that protects them
against cell death induced by aneuploidy. In contrast, stable diploid
(tumor) cells, which have become aneuploid, are sensitive to the
genome unbalances and are removed from the cell population (9).
To address the question whether such aneuploidy-tolerance mech-
anisms would allow CIN cells to also tolerate simultaneous Mps1
depletion and taxol treatment, we tested the effect of this combined
treatment on the CIN cell line SW480. As expected (29), these cells
displayed frequent chromosome mis-segregations in the absence of
any treatment (Fig. S8G untreated). Similar to what was observed
with the other four tumor cell lines (Fig. 2), simultaneous treatment
of SW480 cells with low taxol (10 nM) and partial depletion of Mps1
(Fig. S8D) enhanced the frequency and severity of chromosome
segregation errors (Fig. S8G) and caused cell death (Fig. S8 E and
F). It is important to note that the level of chromosome mis-
segregations induced by this combined treatment reached far
beyond the level of mis-segregations found in CIN tumor cells [(29)
and Fig. S8G]. In all likelihood, therefore, the tolerance to aneu-
ploidy of CIN tumor cells is insufficient to cope with the severity of
chromosome segregation errors induced by our treatments.

Together, our data show that substantial reduction of Mps1 or
BubR1 leads to an increase in mild chromosome segregation errors
but fails to induce massive tumor cell death. However, combining
reduction in Mps1 or BubR1 with low, non-lethal doses of taxol
increases the level and severity of segregation errors and severely
compromises viability in all tumor cell lines tested.

Synergy in Cell Killing with Low Taxol Depends on Inefficient Chro-
mosome Alignment in Mps1- or BubR1-Depleted Cells. In addition to
their function in the mitotic checkpoint, both Mps1 and BubR1
have been shown to control chromosome alignment by influencing
the stability of the kinetochore-microtubule interaction or error-
correction (24, 30, 31). In contrast, Mad2 is a protein, which is

critical for the mitotic checkpoint but has no apparent role in
efficient chromosome alignment (31, 32). To examine if the mitotic
checkpoint deficiency caused by reduction in Mps1 or BubR1 levels
is sufficient to cause cell killing with low doses of taxol, we created
an inducible monoclonal U2OS-TetRMad2 cell line in which the
mitotic checkpoint was compromised to a similar extent after
doxycycline addition, as compared to the U2OS cells in which Mps1
or BubR1 were partially reduced (Fig. 3 A and Fig. S9 A and C).
Assessment of the time spent in mitosis in the presence or absence
of low doses of taxol did also not reveal any difference between
U2OS cells with partial Mps1, BubR1, or Mad2 knockdown (Fig.
S9B). Importantly, partial Mad2 depletion did not lead to syner-
gistic lethality with low doses of taxol (Fig. 3B), which contrasts the
effects seen with partial reduction of Mps1 or BubR1 (Fig. 2 A and
K). This lack of synergy in cell killing correlated with a lack of
synergy in severe chromosome mis-segregations (Fig. 3C) and
aneuploidy (Fig. S4B) in these cells. The rate of severe segregation
errors was significantly lower than in cells with reduced Mps1 or
BubR1 (40, 85, and 65% respectively) (Fig. 3C, compare with Fig.
2 B and L). In addition, in the partial Mps1- or BubR1-depleted
U2OS cells almost all of the remaining cell divisions display mild
mis-segregations, while 50% of all divisions in cells with partial
Mad2 knockdown and 5 nM taxol show no segregation errors at all.

The previous observations indicated that inducing chromosome
missegregations to a level sufficient to cause cell killing was
substantially more efficient when chromosome alignment was dis-
turbed in addition to the mitotic checkpoint. In support of this,
when cells were allowed to align their chromosomes for 90 min in
the presence of the proteasome inhibitor MG132, we found that
severe chromosome misalignments were more prevalent in low-
taxol-treated populations of cells with diminished BubR1 or Mps1
levels than those with diminished Mad2 (Fig. 3 D and E). This
suggests that reducing Mad2 levels, when weakening mitotic check-

Fig. 3. Chromosome alignment dysfunction in Mps1- or BubR1-depleted cells enhances cell death upon taxol [low] treatment. (A) Top: U2OS-TetRMad2 cells that
were treated with and without dox were immunoblotted for Mad2 and �-tubulin. Values indicate relative percentage of Mad2 levels. Bottom: Live cell analysis of the
mitoticdurationofU2OS-TetRMad2cells treatedandmeasuredas inFig.1B. (B)Quantificationofcolonyformationsanalyzedas inFig.2. (C)Quantificationofanaphase
progression as in Fig. 1E. n � amount of cells filmed. (D) Immunofluorescence images of cells with different chromosome alignment phenotypes after 90 min addition
of MG132. Centromeres (CREST) are in green and DNA (DAPI) is in blue. ‘Alignment’, ‘Mild misalignment’ or ‘Severe misalignment’ indicate cells with 0, 1–5, or more
than 5 chromosomes not aligned on the metaphase plate, respectively. (E) The indicated cell lines were treated with or without dox for 3 days and 1 h before MG132
addition indicated taxol concentrations were added. n � amount of cells analyzed per condition.

Janssen et al. PNAS � November 10, 2009 � vol. 106 � no. 45 � 19111

M
ED

IC
A

L
SC

IE
N

CE
S

http://www.pnas.org/cgi/data/0904343106/DCSupplemental/Supplemental_PDF#nameddest=SF8
http://www.pnas.org/cgi/data/0904343106/DCSupplemental/Supplemental_PDF#nameddest=SF8
http://www.pnas.org/cgi/data/0904343106/DCSupplemental/Supplemental_PDF#nameddest=SF8
http://www.pnas.org/cgi/data/0904343106/DCSupplemental/Supplemental_PDF#nameddest=SF8
http://www.pnas.org/cgi/data/0904343106/DCSupplemental/Supplemental_PDF#nameddest=SF8
http://www.pnas.org/cgi/data/0904343106/DCSupplemental/Supplemental_PDF#nameddest=SF8
http://www.pnas.org/cgi/data/0904343106/DCSupplemental/Supplemental_PDF#nameddest=SF9
http://www.pnas.org/cgi/data/0904343106/DCSupplemental/Supplemental_PDF#nameddest=SF9
http://www.pnas.org/cgi/data/0904343106/DCSupplemental/Supplemental_PDF#nameddest=SF9
http://www.pnas.org/cgi/data/0904343106/DCSupplemental/Supplemental_PDF#nameddest=SF4


point activity to a similar extent as partial Mps1 or BubR1 deple-
tion, does not cause sufficient segregation errors in the presence of
low doses of taxol to compromise tumor cell viability. These results
show that chromosome congression defects play an important role
in the synergistic lethality with low doses of taxol.

Although congression defects per se are not expected to lead to
chromosome mis-segregations when the mitotic checkpoint is work-
ing efficiently, it is formally possible that mere alignment defects are
sufficient to cause lethality and that mitotic checkpoint weakening
is not required. To address this, we introduced CENP-E siRNA in
U2OS-TetRMad2 cells to enhance congression defects in a check-
point-weakened cell system and thus recapitulate the effects of
reducing Mps1 or BubR1 (Fig. S10 D and E). The chromosome
alignment defects induced by CENP-E siRNA and 5 nM taxol
treatment led to an increase in segregation errors when compared
to control siRNA-treated cells (Fig. S10C -doxycycline), but caused
only a minor increase in cell killing (Fig. S10 A and B). Importantly,
introducing a checkpoint deficiency under these conditions, by
partial knockdown of Mad2 (Fig. S10D), clearly increased the level
of severe segregation errors and resulted in a significant increase in
cell death (�doxycycline) (Fig. S10 A–C). These results support the
hypothesis that the synergy in cell killing by low doses of taxol and
partial depletion of Mps1 or BubR1 requires significant congression
defects combined with a weakened mitotic checkpoint.

To rule out that the failure to compromise tumor cell viability by
partial depletion of Mad2 was due to selection for cells with higher
Mad2 expression during growth in low taxol, we analyzed the ability
to delay mitosis in respect to spindle poison (1�� taxol) in
U2OS-TetRMad2 cells that had survived growth for 7 days in the
presence of 5 nM taxol and doxycycline (Fig. S9D). If the popula-
tion would have been polyclonal, mitotic checkpoint activity is
expected to be restored, at least partially, after elimination of cells
with reduced Mad2 levels by synergistic lethality with low taxol.
However, the checkpoint response to high taxol was weakened to
the same extent in cells with reduced Mad2 levels before or after
growth for 7 days in 5 nM taxol, indicating that all cells in the
U2OS-TetRMad2 clone have similar Mad2 knockdown upon doxy-
cycline addition (Fig. S9D).

Based on our studies in cancer cells, we conclude that cell death
induced by massive chromosome mis-segregations can be achieved
either by full ablation of the mitotic checkpoint [(11, 12) and Fig.
S1A] or by simultaneously weakening the mitotic checkpoint and
chromosome congression processes.

Mps1 Depleted Immortalized Fibroblasts do Not Show Increased
Sensitivity Toward Taxol Treatment. We have previously demon-
strated that Mps1 inhibition efficiently abrogates the mitotic check-
point in tumor cells, but not in immortalized fibroblasts (33). This
suggested the possibility that targeting mitotic checkpoint processes
required for chromosome segregation may affect tumor cells more
severely than untransformed cells. To further investigate this we
created an immortalized human fibroblast cell line (VH10-
TetRMps1) that stably expressed inducible Mps1 shRNA. Upon
doxycycline addition Mps1 levels were reduced to approximately
20% and colony formation capacity was not affected (Fig. 4A).
Although the absolute checkpoint responses were incomparable
(Fig. 4B), the relative reduction in the ability of the VH10-
TetRMps1 cells to delay mitosis in response to STLC after reduc-
tion of Mps1 was comparable to HCT116 and LS174T-TetRMps1
cells (Fig. S9C). The checkpoint response of untreated VH10-
TetRMps1 cells was also comparable to that of the parental VH10
cell line, ruling out the possibility that the relatively short mitotic
delay in control cells is due to leakage of Mps1 shRNA (Fig. 4B).
Despite similar checkpoint inhibition as the tumor cell lines with
partial reduction in Mps1, VH10-TetRMps1 cells did not show any
increase in taxol-induced cell death after Mps1 knockdown (Fig.
4C). This absence of synergy with low doses of taxol in cell death
induction correlated with the level of chromosome mis-

segregations observed by live cell analysis of VH10-TetRMps1 cells
progressing through mitosis in the presence of 2 nM taxol: in about
50% of the cells chromosome mis-segregations were induced,
however, this amount was not enhanced upon Mps1 reduction
(Fig. S10F).

To examine if the correlation between chromosome mis-
segregations, synergistic toxicity with low taxol and karyotype that
was observed in the cancer cell lines could be extended to the VH10
cells, we performed karyotyping on the VH10-TetRMps1 cells
under the various conditions (Fig. S4B). In agreement with a lack
of synergy in cell killing, VH10 cells treated with low doses of taxol
did not show a clear increase in aneuploidy when partially depleted
of Mps1 (Fig. S4B). Thus, in the two instances in which partial
knockdown of a protein did not increase sensitivity to low taxol
(VH10-TetRMps1 and U2OS-TetRMad2), no increase in severe
chromosome mis-segregations and no increase in the breadth of
distributions of the karyotypes of the cells was observed. Although
severe chromosome mis-segregations occurred upon 2 nM taxol
treatment in VH10 cells (Fig. S10F), this did not induce an increase
in aneuploidy, which suggests that the population selected for
(near)diploid cells. This result correlates with a previous observa-
tion showing that untransformed fibroblasts are able to maintain a
diploid population of cells after induction of chromosome mis-
segregations (9). In agreement with this hypothesis, a decreased
growth speed of VH10 cells was observed upon 2 nM taxol treatment
independent of the absence or presence of Mps1 (Fig. S10G).

Our results suggest that tumor cells, (near)diploid, aneuploid as
well as CIN, are more sensitive to Mps1 or BubR1 inhibition
compared to untransformed cells. As full mitotic checkpoint inhi-
bition is unlikely to be achieved in clinical settings, simultaneous
inhibition of processes required for chromosome congression and
the mitotic checkpoint may be an efficient way to cause the desired
level of segregation errors, especially when used in combination
with low doses of taxol. Candidates for inhibition are those involved
in both processes, such as Mps1, BubR1, Bub1, and TAO1 (34–36).
For an increased understanding of the utility of inhibition of such

Fig. 4. Taxol induced cell death is not enhanced in partial Mps1 depleted
immortalized fibroblasts. (A) VH10-TetRMps1 cells that were treated with and
without dox for 4 days were immunoblotted for Mps1 and �-tubulin. Indicated
amounts of untreated control sample were loaded to determine knockdown of
Mps1 in dox treated sample. (B) Live cell analysis of the mitotic duration of
indicatedcell lines treatedandmeasuredas inFig.1B. (C)Quantificationofcolony
formations as in Fig. 2. Average of three independent experiments is shown. (D)
Quantification of time-lapse analysis (DIC) of chromosome segregation in an-
aphase. n � amount of cells filmed.
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proteins as an anti-cancer strategy, development of small molecule
inhibitors will be extremely valuable.

Materials and Methods
Tissue Culture, Transfections, and Treatments. All cell lines were grown in DMEM
(Lonza) with 10% Tet-approved FCS (Clontech), supplemented with pen/strep
(Invitrogen) and ultraglutamine (Lonza). All DNA transfections were performed
using Effectene and siRNA transfections were done using HiPerfect (both from
QIAGEN).Taxol,nocodazole, STLC,doxorubicin,MG132,anddoxycycline (usedat
1 �g/mL) were from Sigma.

Cell lines stably expressing TetR were infected with retrovirus carrying pSupe-
rior-retro-puro-Mps1, -Mad2, or -BubR1 and selected with 2 �g/mL puromycin.
Single colonies were selected after replating 1–2 cells/well. HeLa-TetRBubR1 cells
were infected with retrovirus carrying pBabe Lap-BubR1 (RNAi-insensitive) and
selected with blasticidine to perform the rescue experiments.

RNAi. BubR1 (12) and Mad2 (37) shRNA sequences were used to produce pSupe-
rior-retro-puro plasmids using standard cloning procedures (Oligo-Engine, Inc).
pSuperiorMps1 (24) was used for creating inducible Mps1 RNAi cell lines and
transienttransfection.CENP-EsiRNA(sequenceAACACGGAUGCUGGUGACCUC),
Hec-1 siRNA (38), and KIF18A siRNA (Dharmacon) were used.

Antibodies. The following antibodies have been used for Western blot, Immu-
nofluorescence, and FACS analysis: Mps1 (Upstate), BubR1 (a gift from R. Freire),
Mad2 (Bethyl), �-tubulin (Sigma), �-actin (TeBu), CENP-E (39), CREST (Cortex
Biochem), MPM2 (Upstate), anti-human Alexafluor647, anti-rabbit Alex-
afluor488, anti-mouse cy-5 (Jackson), anti-Mouse/Rabbit Alexa680/800 (Molecu-
lar Probes).

Immunoblotting. Cells were lysed in Laemmli buffer. Samples were separated by
SDS-page and transferred to PVDF (Immobilin FL, Millipore). The membranes
were cut in half and blotted with anti-Mps1, Mad2, CENP-E, or BubR1, anti-�-
tubulin or actin. Western blot quantification was performed on the Odyssey
Infrared Imaging System (LI-COR Biosciences) and quantified using Odyssey ap-
plication software version 1.2.

Immunofluorescence Microscopy. Cells plated on 12 mm coverslips were har-
vested after 90 min MG treatment. Fixation was done using 4% PFA in PEM
buffer. CREST was incubated O/N in PBS 3% BSA. Anti-human Alexafluor647 and
DAPI were incubated in PBS 0,1% Tween. Stained coverslips were mounted with
Vectashield Mounting Medium (Vector). Images were acquired on a Zeiss 510
Meta confocal laser scanning microscope with a 63X/1.4NA Plan-ApoChromat
objective using the Zeiss LSM software.

Live Cell Imaging. Cells were plated in 2- or 4-well chambered glassbottom slides
(LabTek), transfected with H2B-GFP using Effectene and imaged in a heated
chamber (37 °C and 5% CO2) using a 40�/1.3NA oil objective on a Zeiss Axiovert
200M microscope equipped with a 0.55NA condensor and controlled by a lamb-
da-DG4 (Roper Scientific) and MetaMorph software. Green fluorescent (80 ms
exposure) images were acquired every 3 min using a Photometrics CoolSnap HQ
CCD camera (Roper Scientific). Images were processed using MetaMorph soft-
ware. For cell death analysis, cells were filmed under the same conditions,
Propidium Iodide (PI) was added to the medium, DIC, and red fluorescent (100 ms
exposure) images were acquired every 15 min for 64 h.

Colony Formation Assays. Cells (�50,000/well) were plated on 6-well plates
(Costar). At day 11, unless stated differently, plates were washed with PBS, fixed
5 min with 96% Methanol and stained with 0.1% crystal violet dH20. Stained
colony formations were scanned and quantified for intensity using Metamorph
software.

Supplemental Material and Methods. Technical procedures of experiments per-
formed only in the supplemental section can be found in the online SI Materials
and Methods.
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