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Introduction

Inhibiting cell proliferation by perturbing mitosis is a widely 
used therapeutic strategy for cancer treatment. Currently avail-
able anti-mitotic chemotherapeutics mainly include classic 
microtubule-targeting drugs, such as paclitaxel and vinca alka-
loids, and the new spindle-specific drugs, such as inhibitors of 
Kinesin-5 (a.k.a., KSP, Eg5, KIF11), Polo kinase-1, and Aurora 
kinases. Anti-mitotic drugs work by activating prolonged mitotic 
arrest and subsequently triggering cancer cell death either dur-
ing mitotic arrest or after mitotic slippage to an abnormal G

1
 

state.1-5 Most of the available data, including our own, show that 
although cell death induced by anti-mitotics is mediated by the 
intrinsic apoptotic pathway in both cell cycle states, i.e., dur-
ing mitotic arrest and after slippage, these 2 types of cell death 
involve very different mechanisms and molecular pathways.6-8 
Death during mitotic arrest is mainly triggered by the loss of an 
anti-apoptotic protein, Mcl-1, due to an imbalance of synthesis 
and degradation,9-14 as transcription is silenced and translation 

is attenuated during mitosis.15-17 We further identified that the 
strong variation between cell lines in their sensitivity to apop-
tosis during mitotic arrest is determined by the variation in the 
expression level of another anti-apoptotic protein, Bcl-xL.9 Mcl-1 
and Bcl-xL are thus the common, primary negative regulators 
of apoptosis during prolonged mitotic arrest induced by anti-
mitotic drugs in general.

While the different anti-mitotic drugs induce a largely simi-
lar degree of cell death during mitotic arrest, their activities in 
triggering cytotoxicity after mitotic slippage appear to be highly 
variable. For instance, in cell culture, we found that Kinesin-5 
inhibitors (K5Is) were much less pro-apoptotic than paclitaxel 
in activating cell death after mitotic slippage, although they 
induced similar duration of mitotic arrest and similar extent of 
death during mitotic arrest.5,9 Moreover, clinical data showed that 
so far paclitaxel is still more effective than the spindle-specific 
anti-mitotics,21 but the molecular origins of the extra cytotoxicity 
of paclitaxel are unclear. Compared with death during mitotic 
arrest, the molecular pathway activated by anti-mitotics, which 
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One common cancer chemotherapeutic strategy is to perturb cell division with anti-mitotic drugs. Paclitaxel, the 
classic microtubule-targeting anti-mitotic drug, so far still outperforms the newer, more spindle-specific anti-mitotics in 
the clinic, but the underlying cellular mechanism is poorly understood. In this study we identified post-slippage multi-
nucleation, which triggered extensive DNA damage and apoptosis after drug-induced mitotic slippage, contributes to 
the extra cytotoxicity of paclitaxel in comparison to the spindle-targeting drug, Kinesin-5 inhibitor. Based on quantitative 
single-cell microscopy assays, we showed that attenuation of the degree of post-slippage multinucleation significantly 
reduced DNA damage and apoptosis in response to paclitaxel, and that post-slippage apoptosis was likely mediated by 
the p53-dependent DNA damage response pathway. Paclitaxel appeared to act as a double-edge sword, capable of kill-
ing proliferating cancer cells both during mitotic arrest and after mitotic slippage by inducing DNA damage. Our results 
thus suggest that to predict drug response to paclitaxel and anti-mitotics in general, 2 distinct sets of bio-markers, which 
regulate mitotic and post-slippage cytotoxicity, respectively, may need to be considered. Our findings provide important 
new insight not only for elucidating the cytotoxic mechanisms of paclitaxel, but also for understanding the variable effi-
cacy of different anti-mitotic chemotherapeutics.
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links mitotic arrest, abnormal slippage out of the arrest, and death 
after slippage, is poorly understood. Previous studies showed that 
caspase activities, which were partially activated during prolonged 
mitotic arrest, would induce DNA fragmentation after mitotic 
slippage, subsequently leading to p53-mediated DNA damage 
response.18-20 However, such DNA damage did not necessarily 
activate post-slippage apoptosis.18 It also does not account for the 
significant variability in the extent of post-slippage cell death trig-
gered by the different anti-mitotics. Identifying the mechanisms 
that govern post-slippage cell death is thus clearly needed so as 
to not only improve our understanding of the molecular basis 
underlying the variable efficacy of different anti-mitotic drugs, 
but also provide new insight for elucidating the large variation 
between cancer cell types in their response to anti-mitotics, lead-
ing to better prediction of the variable clinical outcomes.

Here we investigate the cellular and molecular mechanism by 
which paclitaxel activates more extensive post-slippage apoptosis 
than the spindle-specific anti-mitotic, K5I. In order to distin-
guish cells dying after slippage from those dying during mitotic 
arrest and examine molecular changes specific to the post-slip-
page population, we used time-lapse microscopy as the primary 
technique for measuring the extent and kinetics of apoptosis and 
other relevant cellular events at the single cell level. Our results 
revealed that formation of multiple small nuclei was a marked 
feature of cells that slip out of paclitaxel-induced mitotic arrest, 
while K5I typically resulted in one large nucleus after slippage. 
Moreover, the extent of DNA damage and apoptosis after mitotic 
slippage strongly depended on the degree of multinucleation. 
Together with data that showed post-slippage apoptosis was 
mediated by the p53-dependent DNA damage response pathway, 
our findings suggest that multinucleation induced by paclitaxel 
is a key trigger of post-slippage DNA damage and apoptosis, and 
likely renders the extra cytotoxicity of paclitaxel toward tumor 
cells as compared with the spindle-specific anti-mitotics.

Results

Multinucleation induced by paclitaxel engenders stronger 
post-slippage apoptosis than K5I

We previously profiled the anti-mitotic drug response of 11 
mammalian cell lines, including cancer cell lines derived from 
the lung (A549, H460), colon (HCT116, HT29), breast (MCF7, 
MDAMB435S), ovary (OVCAR5), cervix (HeLa), prostate 
(PC3), and bone (U-2 OS) as well as a normal cell line, RPE.5 
Our results showed that across all cell lines that were profiled, 
paclitaxel was consistently more cytotoxic than K5I and triggered 
substantially more cell death particularly after mitotic slippage 
(refer to Fig. S1 for the typical response dynamics to paclitaxel 
and K5I after mitotic slippage). The molecular pathway(s) that 
controls post-slippage apoptosis is evidently much more highly 
activated under paclitaxel. One striking post-slippage feature that 
we observed from the panel of mammalian cell lines was that 
cells that slip out of paclitaxel-induced mitotic arrest always have 
multiple small nuclei, while cells that slip out of K5I-induced 
arrest have mostly 1 and occasionally 2 large nuclei (Fig. 1A).

To determine whether the degree of multinucleation affects 
the extent of apoptosis after mitotic slippage, we attenuated 
multinucleation in paclitaxel-treated cells by knocking down 
Kinesin-5 (K5) using RNA interference (RNAi), as loss of K5 
activity (e.g., by K5Is) promotes formation of a single nucleus 
in post-slippage cells. We chose to use K5 RNAi instead of the 
chemical inhibitor, K5I, to attenuate multinucleation, because 
in order to achieve the same attenuation effect as K5 RNAi, 
5–10 μmol/L K5I, a concentration 10-fold higher than the satu-
rating dosage for inducing mitotic arrest, i.e., 0.5–1 μmol/L,5 
had to be used in combination with paclitaxel, and at such high 
K5I concentration, significant non-specific cytotoxic effects 
that were independent of mitotic arrest were observed. Hence, 
we opted to use K5 RNAi to attenuate post-slippage multinucle-
ation in this study, as K5 RNAi alone induced less than 5% cell 
death after 36 h of siRNA transfection (the time when we added 
paclitaxel for experiment). We selected U-2 OS as the model cell 
line from the panel of 11 mammalian cell lines that we profiled 
before,5 as U-2 OS cells were found to be sensitive to post-slip-
page apoptosis and representative of the general drug response 
behaviors across the different cell lines.

Based on phase-contrast images from time-lapse microscopy 
(refer to “Materials and Methods” for image analysis method), we 
counted the number of post-slippage nuclei. Our results showed 
that the average number of nuclei per post-slippage cell was 6 
under treatment of 150 nmol/L paclitaxel plus K5 knockdown 
as compared with 14 under paclitaxel alone (Fig. 1B). Cell death 
plotted as cumulative survival curves in Figure 1C demonstrated 
that both the kinetics and extent of post-slippage cell death were 
significantly attenuated in U-2 OS cells with K5 knockdown. 
Note that in Figure  1C we analyzed the time to death as the 
time from mitotic slippage to post-slippage cell death, as in this 
study we focused on understanding the mechanism of apoptosis 
activation specific to the post-slippage population. Under pacli-
taxel plus K5 knockdown, about 50% post-slippage cells died, 
and the average time from mitotic slippage to death was 27 h, 
in contrast to 91% post-slippage cell death and an average time 
to death of 20 h under paclitaxel alone. Western blot analysis 
of an apoptosis marker, Parp1, confirmed the single-cell imag-
ing data, showing much higher percentage of Parp1 cleavage in 
cells treated with paclitaxel alone (Fig. 1D). We noted that the 
level of K5 decreased as cells died in response to paclitaxel. We 
suspect this may possibly be due to leakage of cytoplasmic K5 
to the medium upon cell lysis (a signature event of cell death in 
culture), given that the decrease of K5 signal occurred when cells 
died. Overall our data strongly suggest that multinucleation plays 
a crucial role in rendering the strong post-slippage apoptosis in 
response to paclitaxel.

Post-slippage multinucleation and apoptosis depend on the 
duration of mitotic arrest

We next investigate whether the duration of mitotic arrest 
affects the extent of multinucleation and apoptosis after mitotic 
slippage. To obtain cells with distinct mitotic arrest time, we first 
synchronized U-2 OS cells in paclitaxel-induced mitotic arrest 
by mitotic shake-off and then induced slippage using an Aurora 
kinase inhibitor, VX-680.22,23 We found 2-h treatment of 150 
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nmol/L VX-680 was sufficient to induce >95% U-2 OS cells to 
slip out of mitotic arrest, and treatment of VX-680 for such a 
short period of time did not induce significant DNA damage or 
cell death (Fig. S2). Figure 2A shows cumulative survival curves 
of U-2 OS cells that were synchronized in mitotic arrest for 4 
h (i.e., short arrest) and 10 h (i.e., long arrest) in comparison 
with cells that slip out of the normal paclitaxel-induced mitotic 
arrest (the average mitotic arrest time of unsynchronized U-2 OS 
cells is 13 h). It is evident that longer mitotic arrest increased and 
accelerated apoptosis after mitotic slippage. Only 27% of U-2 OS 
cells that underwent 4 h of mitotic arrest died 40 h after mitotic 
slippage, in contrast to 64% and 91% of cell death subsequent 
to 10-h and normal paclitaxel-induced arrest. This was further 
confirmed by western blot analysis of Parp1 cleavage (Fig. 2B). 
Moreover, the average number of nuclei per post-slippage cell was 
4 after 4-h arrest and 8 after 10-h arrest in comparison to 14 after 
normal arrest, which again demonstrated the strong correlation 
between the extent of multinucleation and post-slippage apopto-
sis (Fig. 2C).

The mechanism by which duration of mitotic arrest affects the 
degree of post-slippage multinucleation is unclear. Paclitaxel is 
known to generate multipolar spindle during mitotic arrest, with 
clusters of DNA attached to the multiple spindle asters.24,25 These 
well-separated multipolar structures can be clearly observed by 
confocal microscopy (Fig.  2D). In contrast, K5I induces the 

formation of only a single spindle pole. This raised the possi-
bility that the post-slippage multinuclei induced by paclitaxel 
may originate from the multi-polar DNA clusters formed during 
mitotic arrest. Compared with cells that underwent normal and 
long mitotic arrest (i.e., 10 h), the spindle asters of U-2 OS cells 
that experienced short mitotic arrest (i.e., 4 h) aggregated closely 
and were not spatially well separated (Fig. 2D). Knockdown of 
K5 also inhibited separation of the multiple spindle asters under 
paclitaxel, which correlated with the attenuation of subsequent 
post-slippage multinucleation. These observations suggest that 
formation of stable and well-separated multipolar structures, 
around which the nuclear envelop may reform upon mitotic slip-
page, may be necessary for generating the multiple post-slippage 
nuclei. Since short mitotic arrest may not provide sufficient 
time for the spindle asters to separate, it resulted in less post-
slippage nuclei than the long arrest. A previous study that imaged 
α-tubulin-GFP showed that the paclitaxel-induced spindle asters 
indeed underwent dynamic separation as mitotic arrest pro-
longed,25 providing evidence that support the above hypothesis.

Post-slippage apoptosis is mediated by p53-dependent DNA 
damage response

The multinucleated cells that slip out of paclitaxel-induced 
mitotic arrest were previously found to exhibit strong eleva-
tion of γH2A.X (a DNA damage marker) and p53.5,19 This 
indicated that multinucleation may promote post-slippage cell 

Figure 1. Characteristics of post-slippage multinucleation and apoptosis in response to anti-mitotic drugs. (A) Phase-contrast images of post-slippage 
U-2 OS cells treated with 150 nmol/L paclitaxel (Ptx), 150 nmol/L paclitaxel + K5 siRNA, and 1 μmol/L Kinesin-5 inhibitor (K5I), respectively. (B) Average 
number of post-slippage nuclei per cell (± SD) and (C) cumulative survival curves of U-2 OS cells under the indicated siRNA treatments in combination 
with 150 nmol/L paclitaxel or under treatment of K5I alone. Total number of cells analyzed for each condition ranges from 70–75. *P < 0.05 vs. Ctrl (no 
siRNA). Individual cells were monitored by time-lapse microscopy, and time from mitotic slippage to morphological death was measured and plotted 
as cumulative survival curves. (D) Knockdown of Kinesin-5 (K5) attenuated post-slippage apoptosis (indicated by Parp1 cleavage) and DNA damage 
(indicated by γH2A.X) induced by paclitaxel.
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death by inducing DNA damage and subsequently activating 
the p53-mediated DNA damage response pathway that triggers 
apoptosis. To examine the correlation between multinucleation 
and DNA damage, we used immunofluorescence of γH2A.X 
to quantify the extent of DNA damage in anti-mitotics-treated 
cells. Figure 3A illustrates the confocal images of representative 
post-slippage U-2 OS cells under 5 treatment conditions, includ-
ing 150 nmol/L paclitaxel, 1 μmol/L K5I, 150 nmol/L paclitaxel 
plus K5 knockdown, as well as induced slippage out of 4-h and 
10-h mitotic arrest in 150 nmol/L paclitaxel. Paclitaxel evidently 
induced the highest level of γH2A.X (stained in green) in post-
slippage cells. Quantification of the average integrated γH2A.X 
fluorescence showed a 5-fold higher damage signal in U-2 OS 
cells that slip out of paclitaxel-induced mitotic arrest than K5I-
treated cells (Fig. 3B). Knockdown of K5 as well as short mitotic 
arrest (i.e., 4 h) both significantly reduced the level of DNA dam-
age in post-slippage cells. Together with western blot results of 
ensemble γH2A.X level shown in Figures 1D, 2B, and 3C, our 
data demonstrated a strong correlation between the level of post-
slippage DNA damage and the extent of multinucleation and 
apoptosis.

One of the major signaling pathways that mediate DNA 
damage response is the p53 pathway, consisting of mainly the 

tumor suppressor protein p53 and its downstream transcriptional 
targets.26 In Figure 3C, we measured, by western blotting, the 
expression levels of p53 and 2 key p53 target genes, p21 and 
Puma, in paclitaxel- and K5I-treated cells. p53 as well as its tar-
get genes were all more highly induced under paclitaxel, corre-
lating with the DNA damage level. Moreover, knocking down 
p53 by RNAi substantially attenuated post-slippage cell death in 
response to paclitaxel (Fig.  3D). These data thus suggest that 
post-slippage apoptosis induced by paclitaxel is p53-dependent 
and likely regulated by the p53-mediated DNA damage response 
pathway.

Both DNA damage and p53 induction occurred after mitotic 
slippage and in an asynchronous manner in individual nuclei

An important question regarding the observed DNA damage 
is how it occurs relative to mitotic arrest, slippage, and apoptosis 
activation. To simultaneously monitor the real-time dynamics of 
DNA damage induction and activation of post-slippage apopto-
sis, we imaged, by time-lapse microscopy, paclitaxel-treated U-2 
OS cells that expressed 2 fluorescent reporters, including a green 
fluorescent reporter (MDC1-EGFP) of wild-type MDC1 (medi-
ator of DNA damage checkpoint 1) fused with EGFP,27 and a 
red mitochondria reporter (IMS-RP) consisting of a monomeric 
red fluorescent protein targeted to the inter-membrane space of 

Figure 2. Post-slippage multinucleation and apoptosis depend on duration of mitotic arrest. (A) Cumulative survival curves of post-slippage U-2 OS cells 
that were synchronized in mitosis by 150 nmol/L paclitaxel for 4 h or 10 h in comparison with those that underwent normal arrest (no synchronization). 
Total number of cells analyzed for each condition ranges from 72–75. (B) Comparison of apoptosis induction (indicated by the percentage of Parp1 
cleavage) at the indicated time points after slippage out of the 4-h and 10-h mitotic arrest induced by paclitaxel. (C) Average number of post-slippage 
nuclei (± SD) at the indicated conditions of mitotic arrest. (D) Confocal images of representative U-2 OS cells during mitotic arrest under the indicated 
treatments. Blue, DNA; green, microtubules.
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mitochondria by fusion to the leader peptide of SMAC.28 Upon 
DNA damage, MDC1 is phosphorylated by ATM (ataxia tel-
angiectasia mutated) and then binds to γH2A.X, subsequently 
recruiting the downstream components involved in the damage 
response process.29 As shown in the upper panel of Figure 4A and 
Video S1, no increase in MDC1 signal was observable until U-2 
OS cells slip out of the prolonged mitotic arrest. For the major-
ity of cells that we analyzed, significant accumulation of MDC1 
started to appear 4–6 h after mitotic slippage. Interestingly, indi-
vidual nuclei belonging to the same post-slippage cell showed 
highly heterogeneous MDC1 signal and distinct kinetics of the 
signal increase, suggesting that DNA damage in the multiple 
small nuclei occurred in an asynchronous manner. Moreover, 
we observed mitochondrial outer membrane permeabilization 
(MOMP), the defining event of apoptosis activation, in the 
post-slippage cells based on a switch-like change from punctu-
ate to diffused distribution in IMS–RP fluorescence (Fig.  4A, 
lower panel).28 Since post-slippage MOMP always occurred 
hours after the onset of MDC1 accumulation, our data pointed 
to induction of DNA damage being an upstream event of apop-
tosis, i.e., not a consequence of apoptotic damage. To confirm 
that the 2 DNA damage markers that we used, MDC1 and 
γH2A.X, indeed correlate, we performed confocal imaging of 

U-2 OS cells with co-staining of MDC1 and γH2A.X antibody. 
As shown in Figure  4B, fluorescent signaling of both MDC1 
and γH2A.X only significantly increased after mitotic slippage, 
and the immunofluorescence of MDC1 largely correlated with 
that of γH2A.X, i.e., most nuclei with strong γH2A.X staining 
generally also exhibited high MDC1 accumulation. Overall the 
confocal data indicated that MDC1 and γH2A.X were likely to 
report similarly on DNA damage. We noticed that U-2 OS cells 
also showed a very small number of γH2A.X foci during mitotic 
arrest, but this γH2A.X signal was not accompanied by increase 
in MDC1 (Fig. 4B). It appeared that the γH2A.X signal arising 
in mitosis may not relate to conventional DNA damage, which 
agreed with findings from several previous studies.30-32

To determine the induction dynamics of p53 relative to post-
slippage apoptosis, we used a clonal fluorescent U-2 OS reporter 
cell line, which stably expresses a p53-Venus construct as well 
as the MOMP reporter, IMS-RP.33 Dynamics of the p53–Venus 
construct had been confirmed to behave similarly to the endog-
enous wild-type p53 in response to DNA damage by previous 
studies.33,34 From the time-lapse movies, we observed strong 
induction of p53 in about 90% of the post-slippage cells treated 
with paclitaxel. Similar to MDC1, p53 level was found to sig-
nificantly increase only after mitotic slippage, and MOMP was 

Figure 3. The extent of post-slippage multinucleation and apoptosis correlated with DNA damage level. (A) Confocal images of representative post-
slippage U-2 OS cells under the indicated treatments. Ctrl, no treatment; Ptx, 150 nmol/L paclitaxel for 60 h; K5I, 1 μmol/L K5I for 60 h; Ptx+K5 siRNA, 
150 nmol/L paclitaxel plus K5 knockdown by RNAi for 60 h; 4-h/10-h arrest, 40 h after induced slippage out of 4-h/10-h mitotic arrest in paclitaxel. Blue, 
DNA; green, γH2A.X; red, actin. (B) Average integrated fluorescence intensity of γH2A.X per cell (± SD) quantified from the confocal images. Twenty cells 
from 3 independent experiments were analyzed for each condition. *P < 0.05 vs. K5I; **P < 0.05 vs. 4-h arrest in paclitaxel. (C) Expression of selected DNA 
damage response genes in U-2 OS cells treated with paclitaxel (150 nmol/L) vs. K5I (1 μmol/L) by western blot analysis. (D) Knockdown of p53 attenuated 
apoptosis induced by paclitaxel.
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observed hours after p53 induction (Fig. 4C; Video S2). The dif-
ferent small nuclei present in the same cell again showed distinct 
kinetics and level of p53 activation, which correlated with the 
variable dynamics of DNA damage induction that we observed 
by the MDC1–EGFP measurement, indicating that the differ-
ent nuclei may activate DNA damage response in an asynchro-
nous manner. Some of the small nuclei showed a decrease in 
p53 fluorescence after the strong, initial post-slippage induction 
(Fig. 4C), which may be due to successful DNA damage repair. 
Confocal images of p53 and γH2A.X immunofluorescence con-
firmed the time-lapse data; i.e., increase in DNA damage and 
p53 level mainly occurred after mitotic slippage (Fig. 4D). The 
p53 immunofluorescence did not show a very large difference 
between the different nuclei as in the time-lapse data, although 
the nuclei exhibited significantly different γH2A.X level. We 
suspect this may be due to saturating signal from immunostain-
ing and confocal imaging.

Discussion

Results from our study demonstrated that in addition to kill-
ing cancer cells during mitotic arrest, where different anti-mitot-
ics exhibit largely similar efficacy, paclitaxel is much more potent 
in triggering cell death after mitotic slippage by engendering 

multiple small nuclei and, subsequently, strong DNA dam-
age. Paclitaxel appears to exert dual cytotoxicity by 2 distinct 
mechanisms in the cell cycle state of mitosis and post-slippage 
interphase, capable of killing proliferating cancer cells by both 
triggering mitotic arrest and post-slippage DNA damage. For 
cancer cells that are resistant to apoptosis during mitotic arrest, 
such as those with a high expression level of Bcl-xL,9 paclitaxel 
is particularly desirable among the different anti-mitotics, as it is 
able to also induce extensive apoptosis after mitotic slippage by 
activating a strong DNA damage response. Moreover, given the 
dual cytotoxic activities of paclitaxel, our results suggest that to 
predict tumor cell response to paclitaxel, 2 distinct sets of bio-
markers may need to be considered, one involving genes that 
regulate cell death during prolonged mitotic arrest (e.g., Mcl-1 
and Bcl-xL) and the other involving genes that control DNA 
damage-dependent post-slippage death (e.g., p53 and possibly 
other components in the p53 pathway).

Recent work by Crasta et al. showed that DNA fragmenta-
tion and damage would arise as small micronuclei underwent 
defective and asynchronous replication.35 To test whether this 
is also the mechanism by which extensive DNA damage was 
induced in the multinucleated cells that slip out of paclitaxel-
induced mitotic arrest, we inhibited DNA replication in the 
post-slippage cells using thymidine or mimosine.36 In order to 
generate post-slippage cells, we first synchronized cells in mitotic 

Figure 4. Induction dynamics of MDC1 and p53 relative to the activation of post-slippage apoptosis in U-2 OS cells treated with 150 nmol/L paclitaxel. 
(A) MDC1 dynamics relative to induction of post-slippage MOMP. Still images of representative U-2 OS cell were from fluorescence time-lapse movies. 
Upper panel, MDC1-EGFP; lower panel, IMS-RP. Elapsed time from paclitaxel addition is indicated at the bottom of the images (unit, hour). (B) Confocal 
images of γH2A.X (green), MDC1 (red), and DNA (blue) in interphase (pre-mitotic), mitotic, and post-slippage U-2 OS cells. (C) p53 dynamics relative to 
induction of post-slippage MOMP. Upper panel, p53-Venus; lower panel, IMS-RP. (D) Confocal images of γH2A.X (green), p53 (red), and DNA (blue) in 
interphase (pre-mitotic), mitotic, and post-slippage U-2 OS cells.
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arrest by mitotic shake-off in paclitaxel and then divided the 
cells equally into treatment of paclitaxel alone or paclitaxel plus 
thymidine/mimosine. Neither thymidine nor mimosine attenu-
ated DNA damage (as indicated by γH2A.X) or apoptosis in the 
post-slippage cells, as compared with paclitaxel treatment alone 
(Fig. S3A). In addition, bromodeoxyuridine (BrdU) staining of 
the post-slippage cells showed little BrdU incorporation into the 
chromosome, indicating that the post-slippage cells were likely 
arrested in the G

1
 state before DNA synthesis (Fig. S3B). It thus 

appeared unlikely that the post-slippage DNA damage observed 
in the paclitaxel-treated cells was originated from defected DNA 
replication of the multiple small nuclei.

Another possible mechanism by which DNA damage may be 
induced in the post-slippage cells is through partially activated 
caspase activities.18-20 Orth et al.18 showed that in response to K5I, 
partially activated caspases during prolong mitotic arrest may 
partly activate caspase-activated DNase (CAD), causing DNA 
damage and p53 induction after mitotic slippage. To examine 
whether this is the mechanism by which paxlitaxel activated 
post-slippage DNA damage and cell death, we compared the 
extent of post-slippage DNA damage and apoptosis with and 
without a pan-caspase inhibitor, zVAD-FMK. Quantification 
of the integrated γH2A.X fluorescence showed that treatment 
of zVAD-FMK significantly reduced the DNA damage level in 
response to paclitaxel by about 40%, indicating caspase activity 
is indeed involved. However, the reduced DNA damage level is 
still 3-fold higher than that induced by K5I treatment. So inhibi-
tion of caspase activity did not completely block the induction 
of post-slippage DNA damage under paclitaxel. More impor-
tantly, by imaging the MOMP reporter (IMS-RP), we found 
that 68% of the post-slippage cells treated with paclitaxel plus 
zVAD-FMK still underwent MOMP (Fig. S4A), although these 
cells did not die due to the lack of caspase activities to activate 
apoptotic events downstream of MOMP. Statistics of MOMP 
kinetics from the individual cells showed that the average time 
from mitotic slippage to MOMP was 18.7 h under paclitaxel plus 
zVAD-FMK, very similar to 19.2 h under paclitaxel alone (Fig. 
S4B). These preliminary data suggest that besides caspase activi-
ties, additional cellular components/pathways also contribute to 
the induction of DNA damage and apoptosis in the post-slippage 
multinucleated cells. Further, a more detailed mechanistic study 
is clearly needed to determine the molecular links between mul-
tinucleation, DNA damage, and apoptosis.

The origin of the post-slippage multinuclei was alluded to by 
our results but not completely resolved. We hypothesized that 
the DNA micro-clusters, which were attached to the multipolar 
mitotic spindles and formed during the prolonged mitotic arrest, 
may have given rise to the multiple post-slippage nuclei under 
paclitaxel. However, to determine whether they are indeed mech-
anistically related and identify the underlying molecular regula-
tors, the cellular machinery that controls the slippage processes 
needs to be examined in detail, such as nuclear envelope refor-
mation and chromosome unwinding. Results from such further 
study will also help to elucidate how duration of mitotic arrest 
impacts the extent of multinucleation and apoptosis in post-slip-
page cells.

Materials and Methods

Cell line and cell culture
U-2 OS cells were purchased from American Type Culture 

Collection (ATCC) and cultured under 37 °C and 5% CO
2
 in 

McCoy 5A supplemented with 10% fetal calf serum (FCS), 100 
U/mL penicillin, and 100 μg/mL streptomycin. The fluores-
cent U-2 OS cell line that expresses the mitochondria reporter, 
IMS-RP (a generous gift from Dr Peter Sorger, Harvard Medical 
School), was generated by infecting U-2 OS cells with retrovi-
rus encoding a construct consists of a monomeric red fluorescent 
protein targeted to the inter-membrane space of mitochondria by 
fusion to the leader peptide of SMAC.28 The fluorescent U-2 OS 
cell line that expresses the reporter of wild-type p53 fused with 
Venus was generated by lenti-viral infection of a p53-Venus con-
struct (a generous gift from Dr Galit Lahav, Harvard Medical 
School).34

For mitotic shake-off experiment, we grew large volume of 
U-2 OS cells in 25 cm dishes to 90% confluency, then treated the 
cells with 150 nmol/L paclitaxel to induce mitotic arrest. After 4 
h of drug treatment, the mitotic fraction of cells was collected by 
gently shaking and washing the dish to detach the mitotic cells 
from the bottom.

Chemicals
Paclitaxel was purchased from Sigma and used at 150 nmol/L 

(the saturating concentration for cell death induction). The 
potent Kinesin-5 inhibitor (EMD534085) was provided by 
Merck-Serono. Responses to EMD534085 have been shown to 
be similar to S-trityl-cysteine, a commercially available Kinesin-5 
inhibitor. zVAD-FMK was purchased from Calbiochem and 
used at 100 μmol/L.

Time-lapse microscopy and analysis
Cells were plated in 35-mm imaging dish (μ-dish, ibidi) 

and cultured in phenol red-free CO
2
-independent medium 

(Invitrogen) supplemented with 10% FCS, 100 U/mL penicil-
lin, and 100 μg/mL streptomycin. Cell images were acquired 
with the Nikon Ti-Eclipse-PFS inverted microscope enclosed in 
a humidified chamber maintained at 37 °C. Cells were imaged 
every 10 min using a motorized stage and a 20× objective.

Images were viewed and analyzed using the MetaMorph 
software (Molecular Dynamics). Based on the phase-contrast 
images, we scored by morphological tracking: interphase (by flat 
morphology), entry into mitosis (by cell rounding), mitotic slip-
page (by re-spreading without cytokinesis), and cell death (by 
blebbing followed by cell lysis) (Fig. S1). The time to death since 
mitotic slippage, which was plotted in Figures 1C and 2A, was 
calculated as the time of post-slippage death (scored by cell lysis) 
minus the time of mitotic slippage.

Gene knockdown by RNA interference (RNAi)
siRNA oligos were custom synthesized by Invitrogen. siRNA 

against Kinesin-5 (5′-AGGACAACUG CAGCUACUC-3′) was 
used at final concentration of 20 nmol/L for RNAi experiments. 
siRNA against p53 (5′-UGAACCAUUG UUCAAUAUCG 
UCCGG-3′) was used at final concentration of 5 nmol/L. 
Dharmacon On-Target plus siControl (D-001810-01) was used 
as non-targeting siRNA control. All siRNA transfections were 
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performed using HiPerFect (Qiagen) according to manufac-
turers’ instructions. Experiments were conducted after 36 h 
(Kinesin-5 RNAi) or 24 h (p53 RNAi) of gene silencing.

Western blot analysis
Cell lysates were obtained using LDS sample buffer (NuPAGE, 

Invitrogen). Proteins were resolved on 8–15% Tris-glycine gels 
and transferred onto PVDF membranes. Blots were probed with 
commercial primary antibodies and chemiluminescent detec-
tion using ECL-plus (Amersham). Antibodies: PARP1 (#9542), 
tubulin (#2148), Kinesin-5 (#7625), p21 (#2947), and Puma 
(#4976) were purchased from Cell Signaling; p53 (#sc-126) from 
Santa Cruz; γH2A.X (#06–570) from Millipore. Anti-actin 
(#A5316) from Sigma was used as a loading control.

Immunofluorescence staining and analysis
Cells grown on glass coverslips were fixed in 3.7% parafor-

maldehyde (PFA)/phosphate-buffered saline (PBS) for 15 min; 
permeabilized with 0.5% Triton-X100 for 30 min; washed 3 
times in PBS; blocked in 5% BSA/0.1% Triton-X100/PBS for 1 
h; incubated with primary antibody for 2 h; washed 3 times in 
PBS; incubated with fluorescently conjugated Alexa-Fluor sec-
ondary antibodies (Invitrogen) for 1 h; washed 3 times in PBS; 
stained with 1 μg/mL Hoechst (Invitrogen) for 2 min. All proce-
dures were conducted at room temperature. The coverslips were 
then mounted on glass slides with ProLong Gold antifade reagent 
(Invitrogen). The stained cells were imaged using an Olympus 
FV1000 Laser Scanning Confocal microscope. Antibodies: 
tubulin (#2144) and p53 (#2527) were purchased from Cell 
Signaling; γH2A.X (#06-570) from Millipore; Actin (#A5316) 
from Sigma; and MDC1 (#ab11169) from abcam.

For quantification of the integrated γH2A.X fluorescence, 
nuclei of the cells were segmented using the DNA stain, and the 
total γH2A.X fluorescence intensity inside the nuclei was mea-
sured using the MetaMorph software.

Gene expression by transient transfection
To express MDC1-EGFP (a generous gift from Dr Jiri Lukas 

at the Institute of Cancer Biology, Denmark), U-2 OS cells were 
seeded in 6-well plate and transiently transfected with the plas-
mid using X-tremeGENE (Roche) according to manufacturer’s 
instruction. Time-lapse imaging experiment of U-2 OS cells 
expressing the MDC1-EGFP construct were conducted 36 h 
after the transfection.
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