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catastrophe. To this end, the spindle-assembly check- a cell line that expressed FLAG-tagged p31°°™*" under
point was subdued by overexpression of p31°™, a the control of doxycycline. Supplementary Figure S3A
potent inhibitor of MAD2 (33, 34). First, we generated confirms that recombinant p31°°™ could bind to
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Figure 3. Both the onset and extent of mitotic catastrophe are dependent on the level of DNA damage. A, high dose of IR prohibits UCN-01-induced Gj
entry. Hela cells were irradiated (15 or 40 Gy), grown for 16 hours, and treated with UCN-01 as indicated. At 12 and 24 hours after UCN-01 addition, DNA
contents were analyzed by flow cytometry. B, dose-dependent activation of CHK1. HelLa cells were irradiated (15 or 40 Gy), grown for 16 hours, and
treated with UCN-01 as indicated. Nocodazole was included to trap checkpoint-bypassed cells in mitosis. At the indicated time points after UCN-01 addition,
the cells were harvested and analyzed by immunoblotting. C, Delayed mitotic entry and massive mitotic catastrophe after IR (40 Gy) and UCN-01 treatment.
Cells were treated with IR (40 Gy) followed by UCN-01 as shown in A. Time-lapse microscopy was used to track individual cells for 12 hours. Key and
definition are the same as given in Fig. 2A (n = 50). D, massive mitotic catastrophe in cells treated with IR (40 Gy) and UCN-01. Cells were treated with IR (40
Gy), UCN-01, and analyzed as shown in A (n = 50). Cells that completed mitosis without dying (mitosis), die during mitosis (mitotic catastrophe), or did not enter
mitosis throughout the imaging period (interphase) were quantified (mean + SD of 3 experiments).
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endogenous MAD2. Mitotic block induced by nocodazole
could be overcome by p31°™¢, thereby resulting in
genome reduplication (Supplementary Fig. S3B). This
validated that p31°°™" overexpression was able to dis-
rupt the MAD2-dependent spindle-assembly checkpoint.

Figure 4A shows that the unscheduled histone H3"'°
phosphorylation triggered by UCN-01 in irradiated cells
was abolished in the presence of p31°°™". Likewise, cell
death after checkpoint abrogation was also inhibited by
p31°°™* (Fig. 4A). Using time-lapse microscopy, the
striking differences between control and p31°°™*-expres-
sing cells were revealed more directly (Fig. 4C). Mitotic

catastrophe was reduced from ~37% to nil after p31°°™"

was switched on.

As an alternative way to suppress the spindle-assem-
bly checkpoint, we also used a previously characterized
shRNA against MAD2 (20, 22). Similar to p31°°™*" over-
expression, MAD2 depletion was sufficient to reverse
the mitotic catastrophe triggered by IR and UCN-01
(Fig. 40).

To verify that the effects of the shRNA were specific
to MAD2, we used a functional rescue system that
expressed both MAD2 shRNA and ¢cDNA (containing
silence mutations that rendered it resistant to the
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Figure 4. Expression of p31°°™! attenuates UCN-01-mediated mitotic catastrophe. A, mitosis induced by checkpoint bypass is abolished by p31°°™®!. FLAG-
p31°°™eY/Hel a cells were grown in the absence or presence of doxycycline for 30 hours to turn on or off the expression of FLAG-p31°°™*, respectively. They
were treated with IR (16 hours) followed by UCN-01 (12 hours) as indicated. Lysates were prepared and analyzed by immunoblotting. B, p31°°™®! suppresses
UCN-01-mediated cell death. Cells were treated as shown in A. Cell viability was determined with trypan blue exclusion analysis (mean + SD of 3
experiments). C, expression of MAD2 shRNA or p31°°™ suppresses mitotic catastrophe. HeLa cells expressing histone H2B-GFP were transfected with
control vector (n = 50), plasmids expressing FLAG-p31°°™" (n = 52), or MAD2 shRNA (n = 74) together with a YFP marker. The cells were irradiated,
grown for 16 hours, before treated with UCN-01. Time-lapse microscopy was used to track individual cells for 12 hours. Key and definition are the same as
given in Fig. 2A.
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shRNA; ref. 20). Supplementary Figure S4A shows that
while mitotic catastrophe was abolished by MAD2
shRNA, it was restored by coexpression of MAD2.
The shortening of mitosis by MAD2 shRNA was also
reversed by MAD2 (Supplementary Fig. S4B). These
experiments verified the specificity of MAD2 shRNA
on mitotic catastrophe.

Not surprisingly, UCN-01-induced mitosis was shor-
tened considerably in cells expressing p31°°™" or MAD2
shRNA (Supplementary Fig. S4C). Although these cells
could undergo mitosis without dying, neither metaphase
plate formation nor cytokinesis occurred properly. Con-
sequently, the nuclei of the daughter cells were highly
fragmented (Supplementary Videos S7 and S8).

Finally, we found that expression of p31°°™" could
even rescue the massive mitotic catastrophe induced by
IR (40 Gy) and UCN-01 (Supplementary Fig. S5, compare
Fig. 3C). Taken together, these results indicate that weak-
ening of the spindle-assembly checkpoint reduced mito-
tic catastrophe.

Mitotic catastrophe can be promoted by delaying
mitotic exit

Given that mitotic catastrophe can be suppressed by
weakening of the spindle-assembly checkpoint, we next
tested the converse conditions of delaying mitotic exit.
Figure 5A shows that both CDC20 and p31°°™** could be
effectively depleted with siRNAs. As expected, phos-
phorylation of checkpoint components including BUBR1
and CDC27 was enhanced. Moreover, depletion of
CDC20 or p31°°™** lengthened mitosis considerably (Sup-
plementary Fig. S6A). This also enhanced IR and UCN-
0l1-induced cell death as measured by trypan blue exclu-
sion assays (Supplementary Fig. S6B). Consistent with
these observations, fewer G cells were found after check-
point abrogation in CDC20-depleted cells (Fig. 5B).
Tracking of individual cells confirmed that mitotic cata-
strophe was significantly enhanced after depletion of
CDC20 and p31“’met (Fig. 5C), with cells spending a long
period of time in metaphase before dying (Supplemen-
tary Videos S9 and S10). As a control, the siRNAs alone
(without IR/UCN-01) extended mitosis but did not
induce cell death (data not shown). Collectively, these
data indicate that mitotic catastrophe could be enhanced
by delaying the activation of APC/C.

Different cell types display different susceptibility
to mitotic catastrophe

A prediction from the above data is that cells with
different intrinsic mitotic time may display different
susceptibility to mitotic catastrophe. Therefore, we next
examined the responses of several commonly used cell
lines to IR and UCN-01. Histone H2B-GFP was first
stably expressed in these cells; and the same conditions
of checkpoint abrogation and live cell imaging were
repeated. Figure 6A shows that HeLa exhibited the
longest unperturbed mitosis among the cell lines. Mito-
sis was inhibited by both doses of IR in all the cell lines

(Supplementary Fig. S7). As expected, UCN-01 stimu-
lated mitotic entry in the damaged cells. Unlike HeLa
cells, mitotic catastrophe could hardly be detected in
other cells (Fig. 6C and Supplementary Fig. S7). The
extension of the duration of mitosis after checkpoint
abrogation in other cell lines was also less than that in
HeLa cells (Fig. 6B). Nevertheless, H1299, which under-
went mitotic catastrophe at a level second to HeLa, also
exhibited a relatively long mitosis after checkpoint
abrogation.

To ensure that the failure of the cell lines to undergo
mitotic catastrophe was not due to defects in apoptotic
pathways, we delayed the mitotic exit of U20S cells by
depleting CDC20 as above. Transfection of CDC20
siRNA before IR and UCN-01 treatments significantly
increased the mitotic length and cell death (Fig. 6C and
Supplementary Fig. S8). No significant cell death was
induced by CDC20 depletion alone in U20S cells (data
not shown). These results indicate that although the
ability of UCN-01 to induce mitotic catastrophe varies
greatly between different cell lines and appear to cor-
relate with the intrinsic mitotic length, mitotic cata-
strophe could similarly be induced by extending the
duration of mitosis.

Discussion

In this study, time-lapse microscopy was used to care-
fully track the fate of individual cells after checkpoint
abrogation. We found that while mitosis was abolished
after HeLa cells were damaged with IR, addition of UCN-
01 was able to induce mitotic entry in more than 80% of
the population (Figs. 2A and 3D).

About half of the UCN-01-induced mitotic cells com-
pleted mitosis without undergoing mitotic catastrophe.
However, it is likely that the majority will not survive
during subsequent stages of the cell cycle. In fact, further
imaging (up to 48 hours) revealed extensive postmitotic
cell death (unpublished data). Cytotoxicity measured in
most of the previous studies on checkpoint abrogation is
a combination of cell death during mitosis and the sub-
sequent cycles.

Conceptually, it is not immediately obvious why the
unscheduled mitosis should be a period of cytotoxicity.
DNA damage per se did not cause the cytotoxicity,
because irradiated HeLa cells remained viable over the
same period in G, (Figs. 2A and 3C). We think that an
extensive trap in mitosis may contribute to the cell death.
Mitosis was generally lengthened following checkpoint
abrogation (Fig. 2A and C), caused mainly by a delay of
anaphase onset (Fig. 2D).

The duration of unperturbed mitosis in HeLa cells
was ~45 minutes (Fig. 2C). After IR (15 Gy) and UCN-01
treatment, cells that could complete mitosis displayed
an average mitotic length of ~100 minutes (Fig. 2C). We
observed that mitosis lasting more than 4 hours resulted
in cell death. Hence, whether a cell underwent mitotic
catastrophe may depend on the length of time spent in
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Figure 5. Mitotic catastrophe can be promoted by delaying mitotic exit. A, downregulation of CDC20 and p31°°™", Hela cells were transfected with

792

control or siRNAs against CDC20 or p31°°™", |ysates were prepared and analyzed by immunoblotting (asterisks, phosphorylated forms of BUBR1 and
CDC27). B, depletion of CDC20 inhibits mitotic exit. HeLa cells were transfected with either control or CDC20 siRNA. After 6 hours, the cells were irradiated,
grown for 16 hours, and treated with UCN-01. After 12 hours, DNA contents were analyzed with flow cytometry. C, downregulation of CDC20 or p31°™et
enhances mitotic catastrophe. Hela cells expressing histone H2B-GFP and mRFP1-APC/C biosensor were transfected with control siRNA (n = 50),
CDC20 siRNA (n = 68), or p31°°™ siRNA (n = 74). The cells were irradiated, grown for 16 hours, and treated with UCN-01. Individual cells were tracked with
time-lapse microscopy for 12 hours. Key and definition are the same as given in Fig. 2A.

mitosis. In support of this hypothesis, weakening of the
spindle-assembly checkpoint by p31°°™" overexpres-
sion or MAD2 depletion suppressed mitotic catastrophe
(Fig. 4). Conversely, lengthening of mitosis by depletion
of CDC20 or p31°°™" increased mitotic catastrophe
(Fig. 5 and Supplementary Fig. 56). These results are
in agreement with the findings that the spindle-assem-
bly checkpoint is important for mitotic catastrophe
induced by topoisomerase II inhibitors followed by
UCN-01 treatment (8, 35), or for cell death in cases

where the DNA damage checkpoint has been weakened
(36).

Irradiation of HeLa cells with a higher dose of IR (40
Gy) did not prevent UCN-01-mediated mitosis. But the
time between UCN-01 treatment and mitotic entry was
increased (Fig. 3C). This dose-dependent delay in mitotic
entry was reproducible in different cell lines (Supple-
mentary Fig. S7). We attribute this mainly to a more
robust G, DNA damage checkpoint that required a longer
time to be shut down (Fig. 3B). Significantly, more cells
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Figure 6. Different cell lines display different susceptibility to mitotic
catastrophe. A, the unperturbed mitotic length of different cell lines. The
indicated cell lines, which expressed histone H2B-GFP, were subjected to
time-lapse microscopy. Mitosis length in individual cells was analyzed (n =
50, mean + 90% CI). B, mitotic length after checkpoint abrogation. The
indicated histone H2B-GFP-expressing cell lines were irradiated (15 Gy),
grown for 16 or 24 hours (for U20S and NIH3T3), and treated with UCN-01.
Individual cells were tracked with time-lapse microscopy (n = 50) to
analyze the duration of mitosis (mean + 90% ClI). C, different cell lines
exhibit different susceptibility to mitotic catastrophe. The indicated histone
H2B-GFP-expressing cell lines were transfected with control or CDC20
siRNA. The cells were irradiated with either 15 or 40 Gy, grown for 16 or 24
hours (for U20S and NIH3T3), and treated with UCN-01. Mitotic
catastrophe was analyzed by time-lapse microscopy (12 hours, n = 50).

underwent mitotic catastrophe after 40 Gy of IR (Fig. 3D).
We believe that this was in part due to a longer mitosis:
the average mitotic length (for cells that completed mito-

sis successfully) was 100 & 45 minutes (15 Gy) and 122 +
45 minutes (40 Gy; n = 50). Indeed, the massive mitotic
catastrophe induced in 40 Gy-irradiated cells was
reversed when mitosis was shortened with p31°°™* (Sup-
plementary Fig. S5).

Several other cell lines are more resistant to mitotic
catastrophe than HeLa cells under the same conditions
(Fig. 6C). Interestingly, these cell lines displayed a shorter
mitosis than HeLa (Fig. 6A and B). Whether this is the
explanation of their relative resistance to mitotic cata-
strophe remained to be deciphered. What is clear is that
prolonging mitosis by CDC20 siRNA also increased
mitotic catastrophe in U20S cells (Fig. 6C). The status
of p53 does not appear to have a significant effect, as both
p53-positive (U20S and HCT116) and negative (HeLa,
H1299, and NIH3T3) cells were examined.

What could be the link between prolonged mitosis and
cell death? Cyclin B-CDK1 activity is known to be asso-
ciated with cell death. For example, mitotic catastrophe
can be promoted by cyclin B1-CDK1 overexpression (37,
38) and inhibited by cyclin B1 knockdown (39). Although
the underlying principles of CDK1l-mediated toxicity
remain largely unresolved, a few targets that affect sur-
vival, including members of the BCL-2 family have been
identified (11).

In cells that contain defective DNA damage check-
points, mitotic catastrophe represents a mechanism that
prevent further genome instability. Our data suggest
that additional defects in the spindle-assembly check-
point may undermine the protective role of mitotic
catastrophe. Our data also indicate that the status of
the checkpoint is critical in determining whether cancer
cells are eliminated by treatments with IR and UCN-01.
Drugs that lead to activation of the checkpoint (e.g.,
spindle poisons) may be used in conjunction with UCN-
01 to trigger more effective mitotic catastrophe. Impor-
tantly, our results indicate that extending mitosis by
downregulation of CDC20 or p31°°™" has the same
effects on mitotic catastrophe as using a higher dose
of IR. An implication of this is that a lower dose of IR can
be used (thus causing less general toxicity) if UCN-01 is
administered together with a drug that delays mitotic
exit.
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