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1. Summary
Anti-cancer drugs that disrupt mitosis inhibit cell proliferation and induce apopto-

sis, although the mechanisms of these responses are poorly understood. Here, we

characterize a mitotic stress response that determines cell fate in response to micro-

tubule poisons. We show that mitotic arrest induced by these drugs produces a

temporally controlled DNA damage response (DDR) characterized by the cas-

pase-dependent formation of gH2AX foci in non-apoptotic cells. Following exit

from a delayed mitosis, this initial response results in activation of DDR protein

kinases, phosphorylation of the tumour suppressor p53 and a delay in subsequent

cell cycle progression. We show that this response is controlled by Mcl-1, a regula-

tor of caspase activation that becomes degraded during mitotic arrest. Chemical

inhibition of Mcl-1 and the related proteins Bcl-2 and Bcl-xL by a BH3 mimetic

enhances the mitotic DDR, promotes p53 activation and inhibits subsequent cell

cycle progression. We also show that inhibitors of DDR protein kinases as well

as BH3 mimetics promote apoptosis synergistically with taxol (paclitaxel) in a var-

iety of cancer cell lines. Our work demonstrates the role of mitotic DNA damage

responses in determining cell fate in response to microtubule poisons and BH3

mimetics, providing a rationale for anti-cancer combination chemotherapies.
2. Introduction
Microtubule poisons such as taxol (paclitaxel) disrupt mitotic spindle assembly

and delay or arrest proliferating cells in a prometaphase-like state through the pro-

longed activity of the spindle assembly checkpoint (SAC), which restrains

anaphase by inhibiting the widespread destruction of mitotic regulators such as

cyclin B1 and securin [1]. Cells held in mitosis by microtubule poisons can undergo

caspase-dependent apoptosis [2], which is influenced by the duration of the mitotic

arrest [3,4], or they can slip out of mitosis after a prolonged period [5,6]. Premature

exit from mitosis usually decreases sensitivity to microtubule poisons [4], consist-

ent with the generation of apoptosis-promoting activity during mitotic arrest.

Apoptosis can still occur, however, after exit from mitosis [3,6]. The balance

between these cell fates is likely to determine the effectiveness of microtubule

poisons and other anti-mitotic drugs in cancer chemotherapy [3,4,6–9].

Control of apoptosis during mitosis is determined by protein phosphoryl-

ation and the timed, ubiquitin-mediated destruction of key regulators of the

intrinsic apoptotic pathway by the proteasome [10]. If metaphase is not success-

fully resolved, then apoptosis can be initiated after the anti-apoptotic protein

Mcl-1 is degraded, which occurs subsequent to its phosphorylation by

CDK1–cyclin B1 [11,12]. In addition, the related anti-apoptotic proteins Bcl-2

and Bcl-xL are phosphorylated and might be inhibited during mitotic arrest

[13]. The slow degradation of cyclin B1 even though the SAC is active can
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lead eventually to release from mitosis [5]. Whether or not

apoptosis is initiated during the arrest or after a cell enters

interphase is thought to depend upon the relative timing of

changes in the activities of CDK1–cyclin B1 and regulators

of apoptosis during mitotic arrest [2,6,10].

A prolonged delay in mitosis can also determine sub-

sequent cell proliferation [14]. However, the nature of the

putative mitotic stress signal and the mechanism by which

delayed mitosis can influence subsequent cell cycle pro-

gression have been unclear. Recent research has shown that

there is an accumulation of DNA damage in cells arrested

in mitosis, as evidenced by an increase in phosphorylated his-

tone H2AX (gH2AX) [15,16], and the transcription factor p53

is induced after release into interphase [14,15,17]. Evidence

has also been provided that mitotic arrest can cause DNA

damage owing to partial apoptosis [17]. These findings

suggest that stress responses initiated by mitotic disruption

can determine subsequent cell cycle progression and that

this process might be related to the mechanism of apoptosis.

Here, we show that a prolonged delay in mitosis initiates

a time-dependent DDR that controls subsequent cell fate

through the activation of protein kinases and p53. This path-

way is dependent on subapoptotic caspase activity and is

controlled by Bcl-2 family proteins. Thus, we identify a poten-

tial novel mechanism for the oncogenic activity of Bcl-2 family

proteins through indirect control of the cell cycle and apopto-

sis. We also demonstrate that pharmacological manipulation of

Bcl-2 family proteins or DDR kinases enhances the cell-killing

effects of anti-mitotic drugs on proliferating cancer cells by

enhancing the response to mitotic stress, providing a rationale

for combination chemotherapy.
3. Material and methods
3.1. Reagents and antibodies
Reagents were purchased from Sigma-Aldrich unless other-

wise specified. The origins of primary antibodies and the

dilutions used in this study are described in the electronic

supplementary material, table S1. Secondary antibodies

used for Western blot and immunofluorescence analyses

were from Biorad and Molecular Probes, respectively.

3.2. Cells
U2OS (HTB96) cells were obtained from Cell Services, Cancer

Research UK London Research Institute. U2OS cells in which

p53 was stably depleted by shRNA (pRS-p53) and control

cells transfected with a scrambled shRNA (pRS-sc) [18]

were a gift from K. Ryan (Beatson Institute for Cancer

Research, Glasgow, UK). All the other cell lines were

purchased from ATCC (LGC Standards, Teddington, UK).

3.3. Cell synchronizations and treatments
U2OS cells were synchronized in mitosis by collection of

rounded-up cells after a 2 h treatment with a microtubule

poison and then either replated with the drug to maintain

mitotic arrest or released in fresh media. Untreated mitotic

cells were obtained by washing-off asynchronous cultures.

Synchronization at the G1/S boundary by double thymidine

block was performed as described [11]. G1 phase cells were
obtained by centrifugal elutriation [19]. U2OS cells were trans-

fected with Mcl-1 subcloned into pCMV-Flag (MRC Protein

Phosphorylation Unit, Dundee) using Superfect transfection

reagent (Qiagen). Mcl-1 was depleted in U2OS cells by the

siRNA GGACUUUUAGAUUUAGUGA (MWG) using RNAi-

Max (Invitrogen) as transfection reagent. Cells were treated as

indicated with z-VAD-fmk (Enzo Life Sciences), Obatoclax/

GX15–070, Navitoclax/ABT-263, NVP-BEZ235 (Selleck

Chemicals) or KU55933, NU7441, SB218078 (Tocris).

3.4. Flow cytometry
One- and two-dimensional cell cycle analyses, apoptosis

determined by fluorochrome-labelled inhibitor of caspases

(FLICA, FAM-DEVD-fmk, Immunochemistry Technologies)

and immunofluorescence analyses by flow cytometry were

performed according to manufacturers instructions or as

described previously [11] and detailed in the electronic

supplementary material.

3.5. Western blot analyses
Protein extracts were prepared using a standard RIPA protocol

and analysed as described in the electronic supplementary

material.

3.6. Proliferation assays
Cell viability was monitored in an IncuCyte ZOOM (Essen)

according to the manufacturer’s instructions or by a standard

crystal violet assay (see the electronic supplementary material

for details). Synergies between drugs were determined accord-

ing to the Chou–Talalay method [20] by using a crystal violet-

based assay detailed in the electronic supplementary material.

3.7. Immunofluorescence assays and microscopy
gH2AX immuno-detection was performed according to a

standard protocol detailed in the electronic supplementary

material.

3.8. Figures and statistics
Statistical analyses and regressions were conducted using

Graphpad PRISM. Differences between samples were assessed

using non-parametric Mann–Whitney or one-way ANOVA

statistical tests as required. Figures were generated using

Microsoft EXCEL, Graphpad PRISM, Adobe PHOTOSHOP and

Adobe ILLUSTRATOR.
4. Results
4.1. Mitotic delay induced by microtubule poisons

activates DNA damage signalling and affects
subsequent cell cycle progression and apoptosis

To study cellular responses to mitotic arrest, we used a

cell culture model in which rounded-up mitotic human

osteosarcoma cells (U2OS) were collected after treatment

of an asynchronous culture with nocodazole for 2 h

(denoted N2M; figure 1a; electronic supplementary material,
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Figure 1. The period of mitotic arrest controls subsequent DNA damage signalling, cell cycle progression and apoptosis. (a) Experimental protocol. (b) DNA damage
signalling in response to a prolonged mitotic arrest. Samples were analysed by immunoblotting using the antibodies indicated. Asterisk denotes a non-specific signal
on pS15-p53 blot. (c,d) DNA damage signalling in G1 following mitotic arrest. Samples were analysed by immunoblotting using specified antibodies (c), and cell
cycle profiles were characterized by flow cytometry using propidium iodide as a marker of DNA content and phosphorylated Ser10 histone H3 as a marker of mitosis
(d ). (e) Induction of apoptosis during a mitotic arrest. Cells were incubated with a FAM-DEVD-fmk probe and analysed by flow cytometry. Percentages represent the
amount of active cleaved caspase-3/7 positive cells. ( f ) gH2AX induction in cells arrested in mitosis is caspase-dependent. Cells were synchronized for 10 h in
mitosis in the presence of z-VAD-fmk where indicated, cytospun and immunostained using an anti-gH2AX antibody. Representative microscopic fields are shown; Ap,
apoptotic cells; scale bar, 50 mm.
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figure S1A). Mitotic cells were then replated in nocodazole for

a further period and analysed by Western blotting (figure 1b).

This procedure allows analysis of biochemical changes during

the period of mitotic arrest and after subsequent entry into

interphase without interference from cellular stresses gener-

ated by other methods of pre-synchronization. We found

that a prolonged mitotic delay of up to 10 h followed by slip-

page into interphase (confirmed by flow cytometry; electronic

supplementary material, figure S1B) activated components of

the DNA damage response (DDR) [21] in a time-dependent

manner (figure 1b). Ataxia–telangiectasia-mutated (ATM), a

large phosphatidylinositol-3-kinase-related protein kinase

(PIKK), became phosphorylated at Ser1981, a site associated

with its activation and stabilization at sites of DNA damage

[22]. The phosphorylation of ATM increased and persisted as

cells slipped out of mitosis after 10 h (indicated by the loss

of cyclin B1 and histone H3 Ser10 dephosphorylation), and

correlated with activating phosphorylation of its targets, the

protein kinase Chk2 and p53; there was also a transient
activating phosphorylation of Chk1 at Ser345, a site targeted

by ATR (ATM- and Rad3-related).

We confirmed that histone H2AX phosphorylated on

Ser139 (gH2AX), a site targeted by ATM and the related

kinases ATR- and DNA-dependent protein kinase (DNA-

PK), was increased during mitotic arrest and elevated further

after slippage into interphase. We also observed a strong

increase upon exit from mitosis of the protein levels of both

p53 and its transcriptional target, the p21waf1 cyclin-dependent

kinase inhibitor (figure 1b). Together, these results confirm that

a prolonged delay in mitosis initiates a primary DDR that is

fulfilled in the subsequent interphase after cells have slipped

out of mitosis.

We also analysed cells released from a transient mitotic

arrest by washing out nocodazole after 2 h of treatment

(figure 1c). Released cells (denoted N2M þ 4hR) exhibited

activation of the DDR in a similar fashion to cells that had

slipped out of mitosis despite the continued presence of the

drug (N10S). Flow cytometry confirmed that released cells
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underwent cytokinesis to produce diploid G1 cells with a 2N

DNA content, whereas slipped cells gave rise to a tetraploid

(4N) G1 population owing to failure to undergo cytokinesis

(figure 1d ). Thus, the secondary DDR induced after a pro-

longed delay in mitosis is not dependent on whether or not

cells exit mitosis aberrantly and become tetraploid. In the

corresponding population of floating cells that had not slipped

out of mitosis (N10M; figure 1c), there was a strong increase

in gH2AX that is likely to be due to widespread DNA frag-

mentation in apoptotic cells that accumulated during mitotic

arrest (figure 1e). The caspase inhibitor zVAD-fmk blocked

the generation of such apoptotic cells as expected (figure 1f ).

This is consistent with the ability of some mitotically arres-

ted cells to proceed into apoptosis without first entering

interphase [3,6].

In contrast to G1 cells previously arrested in mitosis,

elutriated G1 cells did not exhibit any induction of the

DDR (electronic supplementary material, figure S1E). Fur-

thermore, we did not detect any effect of nocodazole or

taxol on the phosphorylation or protein levels of ATM,

Chk2, gH2AX, p53 or p21waf1 in cells treated only during

interphase (electronic supplementary material, figure S2A,C).

Irrespective of the effects of the microtubule poisons, we

observed a transient increase in the activating phosphorylation

of Chk1 in interphase cells progressing through G1 into S-

phase, consistent with a role for this kinase in the normal con-

trol of DNA replication (electronic supplementary material,

figure S2B,D). We also found that interphase cells synchro-

nized by a double thymidine block exhibited a significant

induction of gH2AX (electronic supplementary material,

figure S2C; 0 h samples), which is attributable to DNA replica-

tion stress. Because some of this damage might persist into

mitosis, we avoided the further use of this protocol to study

mitotic responses.
4.2. The period of mitotic arrest controls DNA damage
signalling, cell cycle progression and apoptosis

To test whether the period of mitotic arrest affects subsequent

responses, we maintained cells for either 2 or 6 h in nocoda-

zole-induced mitotic arrest, then released the cells by

washing out the drug and analysed the DDR. Cells that

had been arrested in mitosis for a total of 6 h exhibited stron-

ger activating phosphorylation of ATM, Chk2 and p53 after

release from mitosis and they were more likely to be delayed

in G1 phase (BrdU negative adherent cells with 2N DNA

content) than those that had been arrested in mitosis for

only 2 h (figure 2a,b). The activating phosphorylation of

Chk1 was also prolonged (figure 2a), consistent with a

delay in S phase initiation (figure 2b). Similar results were

obtained when cells were treated with taxol rather than treated

with nocodazole (electronic supplementary material, figure

S3A,B). Thus, the period of mitotic arrest determines the inten-

sity of the DNA damage signalling and this correlates with

restraint of subsequent cell cycle progression. Moreover, we

found that U2OS cells arrested for longer in mitosis died more

readily by apoptosis after release into interphase (figure 2c
and electronic supplementary material, figure S3C). Together,

these effects on cell cycle progression and apoptosis resulted in

the strong inhibition of cell proliferation (figure 2d; electronic

supplementary material, figure S3D).
4.3. The DNA damage response in mitotic cells is
caspase-dependent and is regulated by Bcl-2
family proteins

In agreement with previous descriptions [15,16], we found

that most cells arrested in mitosis for 2 or more hours exhib-

ited localized gH2AX foci (figure 3). Counting the number of

gH2AX foci, we found that untreated mitotic cells exhibited

only occasional foci (figure 3a) with a mean of 2.2 foci per

cell (figure 3b). By contrast, cells arrested in mitosis had a dis-

tribution of up to 20 foci per cell (electronic supplementary

material, figure S4), with a mean of 5.4 in cells arrested for

2 h. The mean number of foci per cell increased when the

period of the arrest was prolonged, showing that it is time-

dependent (figure 3b; electronic supplementary material,

figure S4). Importantly, we found that the formation of

these foci was inhibited by the caspase inhibitor zVAD-fmk

(figure 3). By contrast, gH2AX foci induced in mitotic cells

by the topoisomerase II poison etoposide, which causes

widespread DNA double-strand breaks, were not depen-

dent on caspase activity (electronic supplementary material,

figure S5).

Mcl-1 is gradually degraded during a prolonged mitotic

arrest [11,12], but ectopic expression of Mcl-1 inhibited the

formation of gH2AX foci in cells arrested in mitosis. Conver-

sely, the Mcl-1/Bcl-2/Bcl-xL inhibitor Obatoclax (GX15-070)

[23] (figure 3b; electronic supplementary material, S4B) or

siRNA-mediated ablation of Mcl-1 expression (figure 3c)

increased the number of gH2AX foci per cell. These results

demonstrate that many of the gH2AX foci formed during

mitotic arrest require caspase activity and are under the con-

trol of Mcl-1, and possibly other related regulators of caspase

activation. The distribution of the number of foci per cell

(electronic supplementary material, figure S4B) suggests a

stochastic element in the mechanism initiating foci damage.
4.4. Mcl-1 controls the DNA damage response and p53
activation following a delayed mitosis

Analysis of the DDR in interphase cells following release

from mitotic arrest (figure 4a) showed that the activating

phosphorylation of ATM, Chk1, Chk2 and p53, as well as

the induction of p21, were strongly inhibited by addition of

zVAD-fmk during the arrest (figure 4b, left panel), and

were therefore dependent on upstream caspase activity.

This is consistent with a mechanism in which the response

to caspase-dependent DNA damage foci generated during a

delayed mitosis is enhanced following release into inter-

phase. By contrast, the increase in total p53 protein

following mitotic delay was not affected by zVAD-fmk,

indicative of a caspase-independent mechanism for p53

induction. Caspase-dependent cleavage of poly(ADP ribose)

polymerase (PARP) was not observed until 10 h of incubation

(N10M), consistent with flow cytometry data (figure 1e)

showing that, until this time, few cells were undergoing

apoptosis. Remarkably, however, treatment with zVAD-fmk

reduced the delay in G1 of non-apoptotic cells released

from 2 h mitotic arrest and promoted their entry into S

phase (figure 4c, left panel).

The amount of Mcl-1 was diminished more markedly by

6 h mitotic arrest than by 2 h mitotic arrest, and this loss was
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not affected by zVAD-fmk (figure 4b, left panel), in agree-

ment with the caspase-independent degradation of this

protein in an APC/C-dependent manner during mitotic

arrest [11]. Ectopic expression of Mcl-1 strongly inhibited

the DDR (figure 4b, middle panel) and also promoted sub-

sequent entry into S phase of cells that had been delayed in

mitosis (figure 4c, middle panel). Conversely, inhibition of

Mcl-1 and the related anti-apoptotic proteins Bcl-2 and

Bcl-xL by Obatoclax enhanced the DDR (figure 4b, right

panel) and delayed cells in G1 (figure 4c, right panel),

whereas no significant apoptotic cleavage of PARP was

detected (figure 4b, right panel). Neither ectopic Mcl-1

expression nor Obatoclax treatment affected the induction

of p53 protein following mitotic arrest, but they did strongly

inhibit or enhance, respectively, the phosphorylation of p53 at

the activating site serine 15, and there was a corresponding

effect on the induction of p21. Thus, activation of the p53

pathway by DNA damage signalling after mitotic delay,

with the subsequent regulation of cell cycle progression,

requires caspase activity and is under the control of Mcl-1,

and possibly other Bcl-2 family proteins.
4.5. The role of p53 in the fate of cells following
mitotic delay

Because mitotic delay resulted in the activation of p53 down-

stream of DNA damage signalling, we tested the role of p53

in the cellular response to a synchronized mitotic delay

(figure 5). We examined the effects of mitotic arrest on a cell

line derived from U2OS cells [18] in which p53 was stably

depleted by expression of an shRNA (pRS-p53); cells expres-

sing a scrambled shRNA (pRS-sc) were used for comparison.

Depletion of p53 inhibited the induction of p21 following

arrest in mitosis by nocodazole for 2 h (figure 5a) and pre-

vented the accumulation of cells in the subsequent G1 phase

(figure 5b). By contrast, loss of p53 did not affect the normal

cell cycle progression of mitotic cells collected without nocoda-

zole treatment. Interestingly, the rate of progression into

S-phase (2N-4N BrdU positive cells) was apparently enhanced

in p53-depleted cells by prior mitotic delay as compared with

those cells that had progressed from a normal mitosis

(figure 5b). These results demonstrate that p53 plays a key role

in restraining cell cycle progression following mitotic stress.
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*p , 0.05, **p , 0.01 and ***p , 0.001.
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Depletion of p53 also caused a significant increase in

apoptotic caspase-3 activity measured 48 h after release

from mitotic arrest (figure 5c). p53 therefore has an anti-

apoptotic, pro-survival function following mitotic stress.

Nevertheless, depletion of p53 had no overall effect on the

number of cells that accumulated after release from mitosis,

even though the effect of period of mitotic arrest was

apparent (figure 5d ). This suggests that, in this cell type,

the lack of restraint on cell cycle progression in the absence

of p53 is counteracted by an increase in apoptosis, so that

overall cell proliferation is inhibited to the same extent

by mitotic stress whether or not the cells can activate p53.

Qualitatively similar results were obtained in experiments

using either nocodazole (figure 5) or taxol (electronic

supplementary material, figure S6) to induce mitotic

arrest, although cells arrested using taxol were more
prone to subsequent apoptosis or inhibition of cell pro-

liferation than cells arrested for the same period with

nocodazole (electronic supplementary material, figures S3

and S6).
4.6. Inhibition of DNA damage response kinases
enhances the effects of mitotic stress

To address the significance of the DNA damage pathway

activated in response to mitotic arrest, we analysed the

effect of inhibiting ATM, ATR or DNA-PK after release

from mitosis using the chemical inhibitors KU55933 [24],

NU6027 [25] and NU7441 [26,27], respectively (for protocol,

see figure 6a). Chemical inhibitors have an advantage over

genetic approaches, because kinases can be targeted at
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specific points in the cell cycle; however, there remains

the caveat that their cellular effects might be mediated by

inhibition of other enzymes, especially other kinases

(e.g. inhibition of CDK2 by NU6027 [25]). The relative selec-

tivity of KU55933 and NU6027 was confirmed by their ability

to block the phosphorylation of the ATM substrate Chk2 and

the ATR substrate Chk1, respectively, as well as the selective

inhibition of ATM autophosphorylation at S1981 by KU55933

but not NU6027 or NU7441 (figure 6b). We found that

inhibition of ATM or DNA-PK in particular strongly sup-

pressed the gH2AX signal generated immediately after

release from mitosis, with a weaker effect by the ATR inhibi-

tor. In addition, the ATM and ATR inhibitors both impaired

p53 Ser15 phosphorylation and p21 induction at this time

(figure 6b, left panels). We conclude that ATM, ATR and

DNA-PK all contribute to DNA damage signalling after

release from mitotic arrest.

Conversely, while the overall DDR had declined 24 h

after release from mitotic arrest without kinase inhibitors,
the gH2AX signal at this time was strongly enhanced by

inhibition of ATM or ATR, and was maintained to a lesser

extent by inhibition of DNA-PK. Each of the three inhibitors

also induced further induction of p53 and p21 (figure 6b,

right panels). This indicates that ATM, ATR and DNA-

PK all play roles in recovery from the initial damage,

which is prolonged when one or other is inhibited. Inhi-

biting each of these PIKKs reduced the ability of U2OS

cells released from mitosis to enter S phase (figure 6c,d).

This effect was more pronounced in cells that had been

arrested in mitosis for 2 h (figure 6c) than in cells that

had been synchronized in a normal mitosis (figure 6d ).

Furthermore, PIKK inhibitors increased the number of

apoptotic cells in cultures that had been arrested in

mitosis by nocodazole (figure 6e; electronic supplementary

material, figure S7A,B) or taxol (electronic supplementary

material, figure S7C,D) prior to release into interphase.

Consistent with these effects, PIKK inhibitors restrained

the proliferation of cells that had been arrested previously
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in mitosis (figure 6f; electronic supplementary mate-

rial, figure S7B). Thus, ATM, ATR and DNA-PK each

play pro-survival roles in interphase following mitotic
stress, and their inhibition leads to enhanced cell cycle

arrest, increased apoptosis and a reduction in overall

cell proliferation.
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4.7. BH3 mimetics and inhibitors of the DNA damage
response act synergistically to sensitize cancer cells
to microtubule poisons

We found that inhibitors of ATM, ATR and DNA-PK, includ-

ing NVP-BEZ235, which also inhibits phosphatidyl-3-kinase

and mTOR [28], as well as a Chk1 inhibitor (SB218078 [29]),

all enhanced the induction of apoptosis in U2OS cells pre-

treated for 6 h with taxol. So did Obatoclax or another BH3

mimetic Navitoclax (ABT-263) that selectively inhibits Bcl-2

and Bcl-xL [30] (figure 7a,b). Conversely, taxol strongly

enhanced the induction of apoptosis by both kinase inhibi-

tors and BH3 mimetics because these drugs caused only

low levels of apoptosis in the absence of taxol. Each of the

kinase inhibitors and BH3 mimetics decreased the total

number of U2OS cells whether or not the cells expressed

p53, although suppression of p53 reduced the inhibition of

cell proliferation by taxol (figure 7c).

We analysed the proliferative response of a variety of cancer

cells from the NCI-60 cell lines panel using the Chou–Talalay

method [20] to assess quantitatively the synergy between

drugs (see electronic supplementary material, experimental pro-

cedures). Proliferation indexes corresponding to the combination

indexes (CIs) plotted in figure 7d are shown in electronic sup-

plementary material, figure S8. We found that there was a

synergistic inhibitory effect (CI , 1) of taxol in combination
with either BH3 mimetics or inhibitors of DDR kinases on the

proliferation of many of the cell lines (CI curves obtained in

U2OS cells are given in electronic supplementary material,

figure S9), although there were significant differences bet-

ween them (figure 7d; electronic supplementary material,

table S2). Navitoclax had a very potent inhibitory effect on the

proliferation of all the cell lines, but only when combined with

taxol, indicating that this may be a generally effective combi-

nation therapy. Furthermore, NVP-BEZ235 produced a very

strongly synergistic inhibitory effect with taxol in all of the cell

lines, including those lacking p53.
5. Discussion
In this report, we have characterized a temporally controlled

mitotic stress response pathway that is regulated by the onco-

genic proteins Mcl-1 and Bcl-2/Bcl-xL. We show that this

pathway determines the sensitivity of cancer cells to microtubule

poisons and can be manipulated by combinations of these drugs

with inhibitors of Bcl-2 family proteins or DDR kinases.

Regulation of the mitotic stress response by Bcl-2 family

proteins suggests a mechanism for temporal control of the

initiation of the response (figure 8). Cells in mitosis are

restricted in their ability to induce new transcription and

changes during mitosis are mediated primarily through post-

translational mechanisms, notably protein phosphorylation
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and protein degradation by the ubiquitin–proteasome system.

Mcl-1 is destroyed after a prolonged mitotic arrest [11], and

loss of Mcl-1 is likely to be a key step in the initiation of the

response. Although Bcl-2 and Bcl-xL are stable during mitotic

arrest, they are highly phosphorylated, and this phosphoryl-

ation has been associated with the inhibition of their function

[13]. Nevertheless, cells arrested in mitosis are exquisitely sen-

sitive to Navitoclax [31] (D.J.C., K.O.H., L.A.A. & P.R.C. 2015,

unpublished data), showing that Bcl-2 and/or Bcl-xL are critical

to prevent the induction of mitotic stress when Mcl-1 has been

degraded. It seems, therefore, that the threshold to induce cas-

pase activation is reduced in mitotically arrested cells through

both the destruction of Mcl-1 and the partial inhibition of Bcl-

2/Bcl-xL.

Subapoptotic activation of caspase-3/7 is likely to require

cytochrome c release from mitochondria, because it is controlled

by Bcl-2 family proteins that function at this step of the pathway;

it is unlikely, however, that there is widespread loss of mito-

chondrial outer membrane integrity, because the cells mostly
remain viable. The ability of such cells to survive a low-level

activation of caspase-3/7 also indicates that there are mechan-

isms to prevent conversion to full apoptosis, possibly through

suppression of auto-amplification mechanisms that otherwise

produce full caspase-3/7 activation, such as the inhibitory phos-

phorylation of caspase-9 [2] and caspase-2 [32] during mitosis.

When mitotically delayed cells exit mitosis, a higher threshold

for full apoptosis is likely to be restored as Bcl-2 and Bcl-xL are

dephosphorylated and Mcl-1 levels recover through new syn-

thesis. We propose that recovery mechanisms also reduce

caspase-3/7 activity to non-stressed levels during interphase,

perhaps through the activity of inhibitory proteins (IAPs)

and/or the proteolytic turnover of the activated caspases. The

majority of mitotically stressed cells are likely to survive with

most of their constituent mitochondria intact, as has been

observed in response to other apoptotic stimuli [33].

Subapoptotic caspase activity might induce a DDR in

mitotically arrested cells through the generation of DNA

strand breaks in a restricted manner by the apoptotic
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endonuclease CAD after cleavage of its inhibitor ICAD

[17,34]. Interestingly, recent work has shown that a DDR is

initiated at telomeres during a prolonged mitotic arrest [15],

and telomeres might be particularly sensitive to CAD-depen-

dent DNA strand breaks; alternatively, caspase-dependent

cleavage of other proteins might lead to telomere deprotec-

tion. The repair of DNA double-stranded breaks is inhibited

during mitosis, which prevents telomere fusions [35] and

may allow CAD-generated breaks to accumulate during mito-

tic arrest. Subsequent signalling is likely to involve the

recruitment of secondary factors to sites marked by gH2AX

when cells exit mitotic arrest [35,36].

In addition to the DDR induced at specific foci during

mitosis, massive DNA damage induced on individual lagging

chromosomes during release from mitosis (an effect that, by

contrast to foci formation, does not appear to be dependent

on the period of prior mitotic arrest [37]) is likely to contribute

to the effect of mitotic disruption in certain individual cells

[37,38]. Furthermore, failure to complete nuclear envelope

assembly in telophase is coupled to a widespread DDR in

micronuclei [39]. Nevertheless, caspase-dependent DNA

damage, which is restrained by Mcl-1 together with Bcl-2/

Bcl-xL during normal mitosis, appears to be a major mechan-

ism by which a prolonged mitotic delay affects subsequent

cell cycle progression and cell proliferation.

The role of p53 in cellular responses to microtubule poi-

sons has previously been unclear, but from our results it is

now apparent that phosphorylation of the protein on Ser15,

which is associated with the activation of its transcriptional

activity [40], is induced by these drugs because of mitotic

stress. We have found that, although Ser15 phosphorylation

and the p53-dependent induction of p21 in response to micro-

tubule poisons are blocked by inhibitors of the PIKKs, the

induction of p53 protein is not, indicating a distinct mechan-

ism for its transcriptional induction and/or stabilization of

the p53 protein as a consequence of mitotic arrest. Down-

stream of p53, it is very likely that, in addition to p21,

effectors involved in the control of cell proliferation or survi-

val are induced transcriptionally in response to mitotic stress.

Loss of p53 function during tumourigenesis might permit

continued cancer cell proliferation by removing the G1 check-

point following mitotic stress. Although we find that the

increase in proliferation rate following depletion of p53 in

U2OS cells (which are a useful model for p53 responses) is

counteracted by an increase in apoptosis, in other cell types,

this balance might differ owing to additional genetic changes,

such that loss of p53 function could result in increased cell

survival after the disruption of mitosis and might alter

sensitivity to anti-mitotic drugs.

We propose that the caspase-dependent mitotic DNA

damage pathway plays a role in the maintenance of normal

chromosome fidelity and suppression of aneuploidy by inhi-

biting the proliferation and survival of aberrant cells.
Conversely, suppression of this mitotic stress response in

cancer cells is likely to sustain them by permitting continued

proliferation despite delayed mitoses owing to polyploidy,

aneuploidy or supernumerary centrosomes [41]. Inhibition of

the mitotic stress response by Mcl-1 and Bcl-2/Bcl-xL suggests

that these proteins can promote oncogenesis when they are

over-expressed or stabilized not only through the prevention

of apoptosis, but also through the suppression of both mitotic

DNA damage signalling and subsequent activation of p53.

Ordinarily, this response is likely to induce cell senescence as

a consequence of a sustained G1 arrest, although not in

cancer cells that are resistant to senescence, for instance,

owing to loss of p14ARF(as in the U2OS cells used in our exper-

iments [42]). Thus, inhibition of the mitotic stress response and

the suppression of apoptosis might together permit the pro-

liferation of cells with the increased rates of chromosome

abnormalities commonly found in cancer.

Our results have potential implications for anti-cancer

therapy. A very prolonged arrest in mitosis induced by a

high concentration of a microtubule poison or ablation of

Cdc20 can lead directly to cell death in some cell types

[6,8,9], but such a prolonged arrest is unlikely to be sustained

in patients undergoing chemotherapy, in which case the

response of cancer cells to suboptimal doses of the drug

and a delay (as opposed to an arrest) in mitosis are likely

to be important for clinical effectiveness. We show that the

mitotic stress response can be hyperactivated by a BH3

mimetic, which promotes the DDR, delays subsequent cell

cycle progression and enhances apoptosis, thereby inhibiting

cancer cell proliferation. The combination of a BH3 mimetic

with taxol might therefore achieve an improved therapeutic

index against proliferating cancer cells, particularly those in

which the response to mitotic stress is suppressed by overex-

pression of Mcl-1 or another inhibitor of caspase activation.

We also find that inhibition of DDR kinases after mito-

tic stress has a similar overall effect to the BH3 mimetic,

suggesting that the kinase inhibitors act by preventing recovery

mechanisms resulting in a prolonged or enhanced response.

This is evidenced by the strong DNA damage signals that

accumulate after release from mitotic arrest when individual

PIKKs are inhibited. Remarkably, there seems to be a common-

ality of cellular responses between apparently non-genotoxic

anti-cancer drugs that target microtubules and genotoxic

drugs or radiation that directly damage DNA because the

former also induce a DDR through mitotic stress. Thus,

drugs that target components of the DDR or DNA repair

could enhance the effectiveness of anti-mitotic drugs.
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