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The anticancer drug taxol stabilizes microtubules and activates the spindle checkpoint, causing prolonged mitotic
arrest in cancer cells. Our recent work suggests that the cellular decision to live or die following mitotic arrest is a
complex process involving crosstalk between competing apoptotic and adaptation pathways.

The natural product taxol is the most
commonly prescribed anticancer drug.1

Taxol binds to and stabilizes microtu-
bules, resulting in mitotic spindle defects
and mitotic arrest in human cells.1 This
mitotic arrest depends on the spindle
checkpoint, which prevents premature
chromosome segregation and mitotic exit
through inhibition of the anaphase-pro-
moting complex/cyclosome (APC/C).2

Once the spindle defects are corrected the
checkpoint is extinguished, leading to
APC/C activation, degradation of cyclin
B1 (CCNB1), and mitotic exit. The spin-
dle defects caused by taxol result in
chronic activation of the checkpoint and
prolonged mitotic arrest. Cells then either
die through the intrinsic apoptosis path-
way or exit mitosis abnormally through
mitotic slippage or adaptation.3

Using elegant live-cell imaging to
observe cell fate decisions, the Taylor
and Mitchison labs discovered tremen-
dous heterogeneity in the cellular
response to taxol among different can-
cer cell lines, and even among different
subpopulations of the same line.4,5 Fur-
thermore, in cell lines that primarily
undergo apoptosis following mitotic
arrest, inhibition of apoptosis nudges
cells toward adaptation. Conversely, in
cell lines that primarily undergo adapta-
tion, depletion of the APC/C activator

cell division cycle 20 (CDC20) blocks
adaptation and promotes apoptosis.5

Thus, the specific fate of a given cell
after prolonged mitotic arrest is the
result of competition between apoptosis
and adaptation pathways.

Recent work from our laboratory
extends these findings and uncovers feed-
back mechanisms between the apoptosis
and adaptation pathways.6 Our findings
paint a more complicated picture of cell
fate decisions during mitotic arrest. The
concurrent execution of 2 intertwined,
competing pathways underlies the hetero-
geneous cellular response to taxol.

Two Ways to Exit Mitotic Arrest:
Apoptosis and Adaptation

Through a genome-wide small inter-
fering RNA (siRNA) screen in HeLa
cells, we systematically identified factors
in human cells that mediate the cellular
response to taxol.6 As expected, these fac-
tors belong to the spindle checkpoint net-
work and the intrinsic mitochondrial
apoptotic network, among other net-
works. We were intrigued by the lack of
involvement of other molecular pathways
(e.g., autophagy) in the taxol response,
and tested whether apoptosis and adapta-
tion were the only 2 major exit pathways

for mitotically arrested cells. Mitotic
duration in the presence of taxol varies
depending on the cell type, but does not
typically last longer than 20 hours. After
this prolonged mitotic arrest, cells either
undergo adaptation or apoptosis, at least
in the cell lines we tested. Blocking both
adaptation and apoptosis caused cells to
arrest in mitosis for over 60 hours.6 This
striking result suggests that apoptosis and
adaptation are the only 2 major fates for
a cell arrested in mitosis. Indeed, autoph-
agy appeared to be suppressed during
taxol-triggered mitotic arrest in RPE1
cells (Fig. 1A).

It has been argued that the apoptosis
and adaptation pathways act indepen-
dently of each other during mitotic
arrest.7 Depending on which pathway is
executed faster, cells preferably undergo
apoptosis or adaptation. For example,
adaptation is expected to be the faster pro-
cess and the more frequent fate in U2OS
and RPE1 cells. A strong prediction of
this “molecular race” model is that block-
ing the slower apoptosis pathway should
not have a major effect on the kinetics of
the faster adaptation pathway. In contrast
to this expected outcome, depletion of 2
key apoptosis regulators BCL2-associated
X protein (BAX) and BCL2-antagonist/
killer 1 (BAK1) in U2OS or RPE1 cells
lengthens mitotic duration and delays
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adaptation.6 This unexpected result sug-
gests the existence of crosstalk between the
apoptosis and adaptation pathways during
mitotic arrest. Disrupting the apoptosis
pathway at different steps further reveals
that this crosstalk occurs upstream of
mitochondrial outer membrane permeabi-
lization (MOMP), an initiating event dur-
ing apoptosis.6

How do Mitochondrial and
Mitotic Events Influence One

Another?

Although our work implicates the
involvement of mitochondria in coupling
mitotic apoptosis and adaptation, the

detailed mechanisms remain elusive.
Mitochondrial morphology and function
undergo dynamic changes during the cell
cycle. In mitosis, phosphorylation of
dynamin 1-like (DNM1L, best known as
DRP1) by cyclin B1–cyclin-dependent
kinase 1 (CDK1) promotes mitochondrial
fission.8 Cyclin B1-–CDK1 also modu-
lates mitochondrial function during G2/
M by phosphorylating components of the
respiratory chain.9 Intriguingly, we
showed that, similar to BAX/BAK1 deple-
tion, depletion or chemical inhibition of
DRP1, a dynamin-like mitochondrial fis-
sion factor, also delayed adaptation in
U2OS cells.6 Our results suggest that the
converse might also be true: i.e., mito-
chondrial fission and function might

regulate mitosis. Modula-
tion of mitochondrial fis-
sion or fitness can
influence the duration of
taxol-induced mitotic
arrest.

One mechanism by
which mitochondrial
function could affect
adaptation is by influenc-
ing cyclin B1 production.
Continuous cyclin B1
transcription and transla-
tion are required to sus-
tain a mitotic arrest.10

Impairment of mitochon-
drial fitness during a pro-
longed mitotic arrest, as a
result of continual
DRP1-mediated fission or
partial mitochondrial per-
meabilization by proa-
poptotic proteins, could
compromise energy
homeostasis and impact
protein translation. Thus,
mitochondrial fitness
might be a coupling fac-
tor between the apoptosis
and adaptation pathways
(Fig. 1B).

Alternatively, compo-
nents of the mitochondrial
pathway could directly
influence mitotic processes
via physical interactions or
post-translational modifi-
cations. For example,

cyclin B1–CDK1 has been detected in
the mitochondrial matrix,9 and might
thus be regulated directly by mitochon-
drial proteins. We also cannot rule out
other possibilities, including mitochon-
dria-independent roles for BAX, BAK1,
or DRP1 in mitosis.

In conclusion, our recent findings
reveal an unexpected crosstalk between
mitotic apoptosis and adaptation. Future
studies aimed at determining the nature of
this coupling will help us understand the
cell-killing mechanisms of the antimitotic
chemotherapeutic drugs, and ultimately
lead to new strategies that can uncouple
the cell death and survival pathways and
increase the efficacy of these widely used
antitumor drugs.

Figure 1. Mitochondria-dependent crosstalk between apoptosis and adaptation in response to mitotic arrest.
(A) Autophagy is suppressed during taxol-induced mitotic arrest. Lysates from log-phase or taxol-arrested RPE1 cells
in normal medium (Dulbecco’s Modified Eagle Medium; DMEM) or under starvation conditions (Earl’s Balanced Salt
Solution; EBSS) in the presence or absence of chloroquine (CQ) were blotted with anti-LC3 (MAP1LC3A/B) or anti-
tubulin (as loading control) antibodies. The positions of LC3-I and LC3-II (as an indicator of autophagy) are indicated.
Unlike log-phase cells, taxol-treated cells did not show an increase in LC3-II formation in response to starvation and
CQ, suggesting that autophagy might be suppressed under these conditions. (B) Cartoon depicting crosstalk
between apoptosis and adaptation pathways through the mitochondria. The master mitotic kinase cyclin B1
(CCNB1)–cyclin dependent kinase 1 (CDK1) regulates mitochondrial fission and activity by phosphorylating dynamin
1-like protein (DNM1L or DRP1) and components of Complex I. Conversely, mitochondrial activity might impact
mitotic events by providing energy for spindle dynamics, chromosome movement, signaling cascades, and the con-
tinuous transcription and translation of mitotic proteins, such as cyclin B1. During a prolonged mitotic arrest, whether
a cell undergoes apoptosis or adaptation is likely a result of complicated interplay between these pathways. Dimin-
ishing cyclin B1 levels during adaptation will likely produce changes in mitochondrial structure and function that
affect apoptosis. Mitochondrial permeabilization triggered during apoptosis may impact cyclin B1 translation and
facilitate adaptation.
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