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ABSTRACT

Spindle poisons elicit various cellular responses following metaphase arrest, but how
they relate to long-term clonogenicity has remained unclear. We prepared several HeLa
lines in which the canonical apoptosis pathway was attenuated, and compared their acute
responses to paclitaxel, as well as long-term fate, with the parental line. Three-
nanomolar paclitaxel induced brief metaphase arrest (<5 h) often followed by aberrant
mitosis, and about 90% of the cells of each line had lost their clonogenicity after 48 h of
the treatment. A combination of the same concentration of paclitaxel with the kinesin-5
inhibitor, S-trityl-L-cysteine (STLC), at 1 uM led to much longer arrest (~20 h) and
predominance of subsequent line-specific responses: mitochondrial outer membrane
permeabilization (MOMP) in the apoptosis-prone line, or mitotic slippage without
obvious MOMP in the apoptosis-reluctant lines. In spite of this, combination with STLC
did not lead to a marked difference in clonogenicity between the apoptosis-prone and -
reluctant lines, and intriguingly resulted in slightly better clonogenicity than that of cells
treated with 3 nM paclitaxel alone. This indicates that changes in the short-term response

within three possible scenarios — acute MOMP, mitotic slippage or aberrant mitosis —

has only a weak impact on clonogenicity. Our results suggest that once cells have
committed to slippage or aberrant mitosis they eventually undergo proliferative death
irrespective of canonical apoptosis or p53 function. Consistent with this, cells with
irregular DNA contents originating from mitotic slippage or aberrant mitosis were
mostly eliminated from the population within several rounds of division after the drug

treatment.
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Introduction

Anomaly of the mitotic spindle induced by taxanes or vinca alkaloids leads to activation
of the spindle assembly checkpoint (SAC) with concomitant metaphase arrest, and
frequently to subsequent loss of cell clonogenicity. Although such proliferative cell
death may involve both apoptotic and non-apoptotic processes, the relationship between
them, their relative importance, and the underlying molecular mechanisms are still
unclear.

Previous studies have shown that cells under tight metaphase arrest eventually either die
through apoptosis or undergo mitotic slippage, i.e, exit from mitosis into interphase
without cell division. A competing networks model has predicted that immediate fate
following metaphase arrest is determined by which threshold is satisfied earlier,
accumulation of cell death signals for apoptosis, or a decrease of the cyclin B1 level for
slippage.'” Although decay of MCL1 during mitotic arrest, possibly due to absence of
transcription, is implicated as an apoptosis trigger in this context, the contribution of
other pro-survival factor(s) is also suspected. Death signals thus generated cause
activation of the caspase-dependent authentic apoptosis pathway through mitochondrial
outer membrane permeabilization (MOMP).>® On the other hand, in some cases, slipped
cells undergo delayed apoptosis involving multinucleation,” whereas in others they are
subjected to G1 arrest initiated by either DNA damage or non-damage stresses,”'” both
of which are reported to be dependent on p53 and its downstream targets such as p21.
The long-term fate of the slipped cells is obscure, especially when p53 function is
compromised.

Under the situation where mitotic arrest is not sufficiently robust in spite of the presence

of a spindle defect, cells may exhibit another scenario whereby the SAC gets turned off



stochastically after temporary metaphase arrest, and the cells commit to aberrant mitosis,

often giving rise to aneuploid daughter cells.'" "

When such daughter cells are devoid
of genetic information essential for survival and proliferation, they may die in the
absence of active elimination mechanisms, even if they avoid an acute form of cell death
known as mitotic catastrophe. If cells happen to inherit sufficient but imbalanced genetic
material, they may continue to divide and could become a source of tumor initiation or
malignancy. This classical hypothesis, originally proposed by Tomas Boveri, has never
been fully verified."

Some tumors show innate or acquired resistance to taxane-based chemotherapeutics, and

this has been partly attributed to a low propensity for apoptosis.'>'°

If apoptosis is the
single leading cause of proliferative cell death after taxane treatment, its absence would
lead to not only drug resistance but also a significant fraction of aneuploid or polyploid
cells among clonogenic survivors. In contrast, if aneuploid/polyploid cells are subjected
to an elimination mechanism other than apoptosis, the effect of apoptosis-reluctance
would be much less obvious. The latter possibility is apparently consistent with a long-
standing claim that loss of apoptosis barely affects clonogenicity after cells of non-
hematological origin have been irradiated or treated with various cytotoxic
chemicals.'"'®

To directly assess how impairment of the canonical apoptosis pathway affects the short-
term response after metaphase arrest as well as the long-term clonogenicity of cancer
cells treated with a spindle poison, we prepared a series of apoptosis-reluctant HeLa cell
lines by either stable overexpression of BCL2 and BCLxXL or simultaneous knockout of
the BAX and BAK genes, and investigated their responses to different doses of paclitaxel.
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In HeLa cells, p53 is considered to be inactivated by papillomavirus protein E and



therefore pathways that are dependent on p53 function may not be functional. To
correlate immediate cellular responses with clonogenicity, we utilized relatively low
concentrations of paclitaxel at which clonogenic survival is within an relevant range (5-
20%), as opposed to most studies focusing on acute cellular responses alone employing
much higher concentrations. The results we obtained suggest that while inactivation of
canonical apoptosis dramatically changes the spectrum of cellular short-term fates, it
barely affects the rate of proliferative cell death. Intriguingly, a combination of two
different spindle poisons induced apoptosis at a higher rate, as well as being slightly less
lethal to apoptosis-prone cells under certain conditions. The possible reasons for this are

discussed.



Materials and Methods

Cell culture and media

All cells were maintained in a humidified atmosphere with 5% CO, at 37°C. HeLa and
HMV-II cells were obtained from the Cell Resource Center for Biomedical Research at
Tohoku University and cultured in RPMI 1640 medium (Thermo Fisher Scientific)
supplemented with 10% FBS. 293T cells were obtained from RIKEN BRC Cell Bank
and cultured in DMEM medium (Thermo Fisher Scientific) supplemented with 10%

FBS.

Plasmids

A set of plasmids for lentivirus-mediated gene expression pCAG-HIVgp, pCMV-VSV-
G-RSV-Rev and pCSII-EF-MCS were obtained from Dr. H. Miyoshi at RIKEN Tsukuba
Institute. A plasmid for expression of G2/M reporter hGem(GMNN)-Venus (a
component of Fucci2) was obtained from Dr. A. Miyawaki at RIKEN Brain Science
Institute. For MOMP visualization, a DNA fragment encoding the mitochondrial
translocation signal of human DIABLO (AA1-55) was RT-PCR amplified with SuperScript
III Reverse Transcriptase (Thermo Fisher Scientific) and KOD Plus DNA polymerase
(Toyobo) from total RNA of the human melanoma cell line SK-MEL-28 (our laboratory
stock). The obtained fragment was cloned into pCSII-EF-MCS via fusion with the
mCherry gene (pSY329). For ectopic expression of BCLxL and BCL2, PCR-amplified
cDNA fragments fused with 3xHA or 3xFLAG tag sequence were cloned into pCSII-
EF-MCS (pSY327 and pSY324). For Crispr/CAS9-mediated genome editing, gRNAs
were designed for knock-out of the 4th exon of human BAX or the 3rd and 4th exons of

human BAK1 (Fig. S2), and the corresponding short double-stranded DNA fragments



were inserted at the BbsI sites of pX330 purchased from Addgene (Fig. S2, pSY332 and

pSY333 for BAX, and pSY335 and pSY336 for BAKI).

Crispr/CAS9-mediated gene knock-out

To simplify screening for gene deletion, a pair of guide RNA expression plasmids
targeting two adjacent sites (about a few hundred bases apart) were used for a single
gene-knock out attempt. Five million HeLa cells were co-transfected with a mixture of
5 ng each of two gRNA/CAS9 expression plasmids and 1 pg of a puromycin-resistance
marker-containing plasmid using a GenePulser Xcell electroporator (Bio-Rad). To
increase the knock-out efficiency, cells were cultured in medium containing 0.5 pg/ml
puromycin for 2 days and about two dozen clones were obtained by limiting dilution and
cultured in fresh medium. Genomic DNA from each clone was screened by PCR for

deletion, and gene inactivation was confirmed by immunoblotting.

Lentiviral vector-mediated ectopic gene expression

A replication-defective, self-inactivating lentivirus for ectopic gene expression was
prepared essentially as described (http://cfm.bre.riken.jp/lentiviral-vectors/protocols/).
Briefly, 17 pg of pCSII-EF-MCS-based plasmids containing DIABLO-mCherry,
GMNN-Venus, BCLxL-3xHA or BCL2-3xFLAG was co-transfected with 10 pug each of
the packaging plasmid pCAG-HIVgp and the VSV-G/Rev-expressing plasmid pCM V-
VSV-G-RSV-Rev into 293T cells using the calcium phosphate co-precipitation method.
The medium was replaced after 16 h of transfection and the cells were cultured for a
further 48 h. Viral particles were concentrated from the recovered medium using Lenti-

X-Concentrator (#631231, Takara Bio) and the titer was estimated with Lenti-X-GoStix



(#631243, Takara Bio). HeLa GI23 cells were transduced at a MOI of 10 and stable

clones were obtained by limiting dilution.

Cell viability assay

Cell survival immediately after drug treatment was evaluated with the water-soluble
tetrazolium salts (WST) assay using a Cell Counting Kit-8 (Dojindo Laboratories). Cells
were seeded into 96-well plates (2x10° cells/well) and cultured for 16-24 h prior to
treatment with paclitaxel and STLC. After the treatment, the medium in each well was
replaced with 100 pl of drug-free fresh medium and 10 pl of Cell Counting Kit-8 solution,
incubated for an additional 1-2 h, and the absorbance at 450 nm was measured using a
Multiskan Spectrum spectrophotometer (Thermo Fisher Scientific). To evaluate bulk
growth, cells were seeded into 24-well plates (2x10°-2x10" cells /well), treated with the
drug for 48 h and cultured for a further 5 days in fresh medium. The cells were then fixed
by adding a 1/10 volume of 37% formaldehyde solution, stained with 0.5% crystal violet
20% methanol, and photographed. To measure clonogenicity, 5x10° cells were seeded
into a 90-mm dish and treated with the drug for 48 h. Cells including those that had
detached from the dish during the treatment were harvested, counted, and 200 to 2,000
cells were replated into a 60-mm dish in triplicate. After 7 to 10 days of culture, the cells

were fixed and stained, and colonies were counted.

Protein preparation and immunoblotting
After appropriate treatment, 1-5x10° cells were washed twice with ice-chilled PBS, fixed
with 10% TCA in saline for 1 h on ice, and then scraped off into a tube. The cell pellet

was washed once with deionized water and lysed in 9 M urea, 2% Triton X-100 and 1%



DTT. Protein concentration was measured with a BCA protein assay kit (Merck
Millipore Corporation) before addition of DTT. Approximately 20-30 pg of protein per
lane was electrophoresed on 10% SDS-PAGE gel for 30 min at 200 V and then
transferred onto polyvinylidene fluoride transfer membranes (Pall Corporation). The
membranes were blocked with 5% low-fat dried milk (Morinaga Milk Industry) in 1 x
TBS-T for 1 h at room temperature and then immuno-reacted with an appropriate
primary antibody overnight at 4°C and subsequently with HRP-conjugated secondary
antibodies (GE Healthcare Life Sciences) with 1:4000 dilution for 1 h at room
temperature. Signals were visualized with ECL Prime Western Blotting Detection
Reagent (GE Healthcare Life Sciences) and ChemiDoc XRS (Bio-Rad Laboratories).
Intensity of the signals was quantified using Imagel/Fiji software’’ and normalized
against the a-tubulin or GAPDH signal. The following primary antibodies were used at
the indicated dilutions: mouse anti-FLAG tag (F3165, Sigma Aldrich, 1:1000), rat anti-
hemagglutinin tag (11867423001, Roche Diagnostics, 1:1000), mouse anti-a-tubulin
(T5168, Sigma Aldrich, 1:1000), mouse anti-BCL2 (05-729, Merck Millipore
Corporation, 1:250), rabbit anti-BCLxL (#2764S, Cell Signaling Technology, 1:1000),
rabbit anti-BAX (#2772S, Cell Signaling Technology, 1:1000), rabbit anti-BAK1
(#38148, Cell Signaling Technology, 1:1000), rabbit anti-PARP (#95428S, Cell Signaling
Technology, 1:1000) and rabbit anti-GAPDH (#5174S, Cell Signaling Technology,
1:1000). Electrophoresis and immunoblotting were repeated at least three times with

independent sample preparations and confirmed to be reproducible.

Time-lapse microscopy

Ten thousands cells were seeded in each of four compartments of CELLview™ glass-
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bottom dishes (Greiner Bio-One GmbH) and cultured for 16-24 h. Observation was
started immediately after drug addition using a Keyence BZ-9000 fluorescence
microscope (Keyence) fitted with appropriate filter sets and a stage incubator INUG2-
KI2 (Tokai Hit). To minimize phototoxicity, the time-lapse interval was set to 1 h and
images were captured until 71 h after drug addition. For each time-point, fifteen 2.5 pm-
interval Z-sections were taken and the section with the best focus for each fluorescence

channel was picked up semi-automatically using ImagelJ/Fiji macro language.

Flow cytometric analysis of DNA content

A million ethanol-fixed cells were rehydrated with PBS, resuspended in 1 ml of PBS
containing 0.1% TritonX-100, 100 pg/ml RNase A and 10 pg/ml propidium iodide, and
incubated at 37°C for 30 min. The cells were briefly sonicated with a Branson Sonifier
150 (Emerson Industrial Automation) to remove clumps and analyzed with a BD

FACSCalibur™ (BD Bioscience).

Immunofluorescence microscopy

Twenty thousand cells were seeded onto a pre-washed and poly-L-lysine-coated 18 mm-
square coverslip and allowed to attach at 37°C overnight. The cells were then fixed with
acetone/methanol at -20°C for 20 min. Most of the Venus/mCherry fluorescence was
quenched under this fixation condition. The cells were blocked with PBS containing 2%
low fat milk, 0.2% BSA, and 0.2% Tween-20 at room temperature for 30 min, treated
with rat anti-HA antibody (11867423001, Roche Diagnostics) at 1:1000 dilution in PBS
containing 2% BSA for 2 h, and subsequently with Alexa 488-conjugated anti-Rat IgG

goat antibody (Thermo Fisher Scientific) at 1:1000 dilution for 2 h. After washing, the

11



coverslips were mounted with ProLong Gold Antifade Mountant (Thermo Fisher

Scientific).
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Results

Construction of apoptosis-prone or -reluctant HeLa cell lines with MOMP and cell
cycle reporters and validation of their phenotype

To monitor cell cycle progression and paclitaxel-induced apoptosis in living cells, we
first established a HeLa-based cell line that stably co-expresses the GMNN(Geminin)-

223 and DIABLO(SMAC)-mCherry** fusion proteins, which function as reporters

Venus
of the G2/M cell cycle phase and MOMP, respectively (HeLa-GI23 line, Fig. S1). Since
the fusion proteins lack domains essential for the native functions of GMNN and
DIABLO, their expression would not disturb DNA replication or apoptosis. We further
constructed several apoptosis-reluctant lines from GI23: line #44 over-expressing
BCLxL-HA, line #83 over-expressing both BCLxL-HA and BCL2-FLAG, and lines #69,
#88 and #89 in which both the BAX and BAK genes are deleted (Fig. S2, S3). Treatment
of asynchronously growing GI23 cells with 10 nM paclitaxel led to metaphase arrest and
a subsequent change in the subcellular distribution of mCherry fluorescence, as a sign
of MOMP (Fig. 1A). The MOMP was followed by an abrupt decrease in the intensity of
cellular mCherry fluorescence within several hours, probably due to loss of plasma
membrane integrity (Fig. 1A, 1B). In the time-lapse microscopy experiments conducted
subsequently, in which direct judgment of MOMP was often difficult, loss of cellular
mCherry fluorescence was used as index of apoptosis instead. Most of the GI23 cells
(>90%) underwent MOMP or fluorescence loss within 60 h after addition of 10 nM
paclitaxel (Fig. 1C). In contrast, for most of the line #44 cells, mCherry fluorescence
was maintained until the end of observation with no clear sign of MOMP (Fig. 1A, 1C).

Lines #83, #69, #88 and #89 also showed resistance to loss of mCherry fluorescence

upon treatment with 10 nM paclitaxel (see below). Under the same conditions, efficient
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cleavage of PARP took place in the GI23 line, whereas its kinetics were notably
compromised in the apoptosis-reluctant lines (Fig. S4). Nevertheless, some residual
cleavage was observed in these lines, possibly representing an atypical cell death process
that does not depend on BAX/BAKI1. Consistent with this, apoptosis-reluctant line #44
showed extensive blebbing and a shrunken appearance after slippage (Fig 1B, BF), as is

often seen in apoptotic cells.

Time-lapse microscopy of -cells treated with two different paclitaxel concentrations
To evaluate the short-term responses of the cells in a more quantitative manner, we
classified each of the first mitoses of the four cell lines in the presence of paclitaxel into
several categories according to how they ended, and plotted the duration of metaphase
arrest (Fig 2A). As described above, essentially all GI23 cells were arrested in the first
metaphase for 19+6.0 h (n=101) after addition of 10 nM paclitaxel, and more than 90%
(93/101) exited mitosis (as judged by disappearance of GMNN-Venus fluorescence)
with MOMP. In contrast, although the BCLxL- and BCL2-overexpressing cell (line #83)
similarly showed arrest in the first metaphase for 22+6.8 h (n=57), most of the cells
(54/57) exited from the arrest by mitotic slippage without showing MOMP or cell
division. We noticed that during mitotic arrest of cells destined for slippage, cellular
GMNN-Venus fluorescence increased to a certain level then declined slowly (Fig S5),
being reminiscent of the kinetics of GFP-tagged cyclin B in mitotic slippage.'

When treated with 3 nM paclitaxel, the GI23 cells were arrested in metaphase for a much
shorter period (3.5+4.4 h, n=135). Most of the cells exited from mitosis with either
apparently symmetrical (87/135), asymmetrical (9/135) or multipolar divisions (28/135,

see Fig. S6 for examples of asymmetric and multipolar divisions) and only a minor
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population underwent MOMP (9/135). A high incidence of multipolar division in the
presence of low paclitaxel concentrations is consistent with previous studies.''*>*® Most
of the line #83 cells also terminated a short duration of metaphase arrest with either
apparently normal or aberrant (including multipolar) cell division, while MOMP was
almost never observed. The BAXA BAKIA cells (lines #88 and 89) responded to 3 nM

paclitaxel similarly with a slightly higher incidence of mitotic slippage (Fig 2A).

Survival of cells treated with paclitaxel

To see whether apoptosis-reluctance leads to better survival after paclitaxel treatment,
we treated the cells with 1 to 200 nM paclitaxel for 48 h and measured the number of
living cells immediately after the treatment using the water-soluble tetrazolium salt
(WST) assay. In spite of a substantial difference in the MOMP induction rate at high
paclitaxel concentrations, BCLXL/BCL2-overexpressing cells (line #83) or BAXA
BAKIA cells (lines #88 and 89) were barely more resistant to paclitaxel than the parental
GI23 cells (Fig 2B). Since the WST assay may not necessarily represent the number of
clonogenic cells, we also measured the bulk growth and colony-forming ability of the
cells. After paclitaxel treatment for 48 h followed by culture in fresh medium for several
days, there was little difference in growth or colony-forming ability between GI23 cells
and the apoptosis-reluctant lines #83, #88 and #89 (Fig. 2C, 4A, two upper rows). In the
colony formation assay, trypan blue-positive cells at the time of cell harvest comprised
less than 10% of the total even at the highest paclitaxel concentration (data not shown),
suggesting that acute cell death was not predominant. Although the line #69 BAXA
BAKIA cells showed remarkably better bulk growth after paclitaxel (Fig. 4A, two upper

rows), this may not have resulted from their low propensity for apoptosis, since other
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apoptosis-reluctant lines did not show such resistant growth. We also noticed that the
colony formation assay showed a reproducibly higher survival rate than the bulk growth
assay, for which the drug treatment protocols are slightly different. This did not affect
our conclusion.

To confirm the results of the clonogenic assay, we mixed the GI23 cells and BCLxL-
overexpressing cells (#44) at a ratio of 4:1 and treated the mixture with 1.5 nM paclitaxel
for 48 h, followed by replating and culture for several days. Under the condition
employed, cell growth was reduced to 10-20% after paclitaxel treatment. After
immunofluorescence staining of BCLxL-HA, we saw no remarkable enrichment of
BCLxL-overexpressing cells (from 110/597 to 61/618 in the paclitaxel-treated
population versus from 110/597 to 106/707 in the control population), again suggesting
that a low propensity for MOMP during mitotic arrest does not lead to better growth

after paclitaxel treatment (Fig. S7).

Effect of kinesin-5 inhibitor on division of paclitaxel-treated cells

As described above, although about 90% of the cells (in the colony formation assay) or
higher (in bulk growth assay) lost their clonogenicity after treatment with 3 nM
paclitaxel for 48 h, only a minor fraction committed to MOMP during the first mitosis,
even in the apoptosis-prone GI23 cells. A high frequency of aberrant cell division on exit
from mitosis, or mitotic catastrophe, argues for its connection with cell death irrespective
of MOMP, as has been suggested previously.'® We next investigated the outcome of
disturbance of mitotic catastrophe in the presence of a low concentration of paclitaxel.
Reasoning that modest inhibition of centrosome separation would suppress aberrant

nuclear division,”” we investigated the response of the cells to a combination of

16



paclitaxel at 3 nM and the kinesin-5 inhibitor STLC at 1 pM®® using time-lapse
microscopy (Fig.3). Both the GI23 line and the apoptosis-reluctant lines were arrested
in the first metaphase for a markedly longer duration (17+5.1 and 22+7.4 h for GI23 and
line #83, respectively) than with either 3 nM paclitaxel (see above) or 1 uM STLC
(4.4+6.2 and 3.6+4.7 h) alone. The prolonged metaphase arrest resulted in a notable
decrease of aberrant mitosis and a compensatory increase of MOMP (in GI23) or mitotic
slippage (in MOMP-reluctant lines), as was the case for the cells treated with 10 nM
paclitaxel. Although treatment with 1 uM STLC alone led to a modest decrease in cell
growth or clonogenicity, it slightly improved the clonogenicity of both MOMP-prone
and MOMP-reluctant cells treated with paclitaxel (Fig.4). While there was some
variation in the degree of the suppressive effect among the cell lines (being rather weak
in line #88), this tendency appeared to be general (Fig 4A). Note that addition of STLC
induced more MOMP and less proliferative death in the paclitaxel-treated GI23 cells,
again suggesting that MOMP-mediated acute apoptosis is not the single main cause of

proliferative death in paclitaxel-treated cells.

Mutual suppression of clonogenicity loss between paclitaxel and STLC in Hela and
apoptosis-reluctant melanoma cell lines

To examine the generality of STLC-mediated suppression of paclitaxel cytotoxicity, we
treated the innately apoptosis-reluctant melenoma cell line HMVII with a combination
of drugs. When the cells were exposed to increasing concentrations of paclitaxel alone
for 48 h, proliferation was inhibited to less than 5% at a level of several nanomolar (Fig
5A, upper two rows). This was noteworthy, since HMVII is quite apoptosis-reluctant,

and our previous study had shown that paclitaxel at 40 nM hardly caused PARP
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cleavage.'® This again suggests that proliferative death in response to paclitaxel occurs
mostly through a non-apoptotic process. We found that 1 uM STLC clearly suppressed
the loss of clonogenicity due to paclitaxel at 3 to 6 nM (Fig 5A). Interestingly, whereas
1 uM STLC alone caused a slight decrease in proliferation of HMVII, whereas addition
of 0.5 nM paclitaxel abrogated the effect of STLC suggesting that suppression occurred
in the other direction also. We confirmed this phenomenon in a HeL.a apoptosis-prone
line and an apoptosis-reluctant line. In both GI23 and line #83, addition of 0.75 uM

paclitaxel improved the proliferation of STLC-treated cells (Fig 5B).

DNA content of surviving cells after paclitaxel treatment

If a certain fraction of the cells that exited from mitosis by slippage or aberrant nuclear
division retain their clonogenicity, we would expect to see polyploid or aneuploid cells
in the surviving population after several rounds of cell division. Using flow cytometry,
we measured the DNA content of the cells during paclitaxel treatment and in those that
retained their clonogenicity after the treatment (Fig 6). The untreated GI23 cells or the
BAXA BAKIA cells (line #88) exhibited clear DNA peaks at G1 and G2/M. During
treatment with 3 nM paclitaxel, the DNA distribution became blurred and a certain
fraction of cells showed a DNA content lower than the G1 peak in both cell lines. Our
results reproduced those of previous studies,”” and were in good agreement with the
occurrence of asymmetric or multipolar nuclear division observed by time-lapse
microscopy under the same conditions as those described above. Note that this
population is distinct from the so-called sub-G1 population usually regarded as an index
of apoptosis. When the cells were treated with 3 nM paclitaxel and 1 uM STLC, cells

with an intermediate DNA content were hardly evident, consistent with suppression of
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aberrant nuclear division. The fraction of cells with a G2/M DNA content was notably
increased only in the apoptosis-reluctant line, probably due to accumulation of slipped
cells. When the cells were cultured for 5-7 days in fresh medium after paclitaxel
treatment for 48 h with or without STLC, essentially all irregularity of the DNA content
disappeared and the proliferative cell population again showed a clear two-peak
distribution. Although a small karyotypic change would be below the resolution of flow
cytometry, our results suggest that most cells with aberrant DNA contents would be
eliminated during several rounds of the cell cycle after paclitaxel treatment, irrespective

of canonical apoptosis.
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Discussion

Consistent with the previous notion,!

most of the paclitaxel-treated HeLa cells
showed one out of three distinct outcomes in the present study: MOMP-mediated acute
apoptosis or mitotic slippage after tight metaphase arrest, which typically occurred in
the presence of a high paclitaxel concentration, or aberrant nuclear division after loose
metaphase arrest in the presence of a low paclitaxel concentration. We showed that
although inactivation of apoptosis or addition of STLC markedly altered the balance of
the three immediate outcomes, it barely affected the clonogenicity of paclitaxel-treated
cells. Together these results suggest that efficient elimination mechanisms other than
acute apoptosis may operate in cells that have undergone aberrant mitosis or mitotic
slippage, and that these may not depend on p53 function.

Currently, the details of such mechanisms are unclear. According to our preliminary
observation, the slipped cells often did not accumulate GMNN-Venus fluorescence (data
not shown), suggesting that permanent arrest or atypical cell death took place in the next
G1 phase prior to G1/S transition, in accord with their apoptosis-like appearance. How
this is able to occur in the absence of p53 will need to be explored in a future study. For
daughter cells that originated from aberrant mitosis, most showed an increase of GMNN-
Venus fluorescence, at least in the immediate cell cycle, suggesting that replication does
proceed to a certain degree. Previous studies have shown that defective mitosis generates
DNA damage, which then activates the p53-dependent G1/S checkpoint. We imagine
that such DNA damage would activate the G2/M checkpoint in cells lacking functional
p53. This possibility in the context of defective mitosis will also need be investigated.
Apart from the cell death or elimination mechanism, it is also unclear how a fraction of

cells survived the spindle poison treatment, and more specifically why cells survived
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slightly better in the presence of two different spindle poisons. If aberrant mitosis or
slippage necessarily leads to proliferative cell death as we have suggested, then surviving
cells would be those that had avoided these outcomes. Although a competing networks
model predicts that most cells either die or slip under tight metaphase arrest, such as that
induced by a combination of drugs, a minor fraction of cells might escape both outcomes,
at least during the limited time of treatment and restart the cell cycle, perhaps explaining
the slightly better clonogenic survival. Zhu et al.” reported a similar suppressive effect
of kinesin-5 inhibitor or knockdown of kinesin-5 on the cytotoxicity of paclitaxel, but
they ascribed this to attenuation of delayed apoptosis, which seemingly contradicts our
observation that STLC dramatically increased the MOMP rate in the apoptosis-prone
line. This might be due to the difference between acute and delayed apoptosis, as well
as due to differences in the concentrations of paclitaxel we adopted, being almost two
orders of magnitude apart. It is possible that two apparently similar phenomena might
occur through unrelated underlying mechanisms.

Although we used relatively mild paclitaxel treatment in the present study, survivors
after the treatment represented only a minor fraction of the cell population, and it would
be a challenge to detect their pivotal behavior using time-lapse microscopy. Nevertheless,
such analysis in combination with appropriate molecular probes would provide valuable

insight into their potential contribution to cancer malignancy or drug resistance.
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FIGURE LEGENDS

Figure 1. Typical responses of the prepared HeLa cell lines to paclitaxel. (A) Time-lapse
observation of MOMP-prone (GI23) and MOMP-reluctant (#44) HeLa cells treated with
10 nM paclitaxel. Contrast of bright field images (BF) is computer-enhanced. The time
after drug addition is indicated below the panels. Exit from mitosis was judged by the
loss of GMMN-Venus fluorescence. Cells a and b (encircled with dotted lines) of GI23
terminated metaphase arrest with MOMP, followed by loss of mCherry fluorescence
(CF) and blebbing (white arrows). Cells e and f of line #44 slipped out of metaphase
arrest and underwent blebbing (white arrows) while retaining mCherry fluorescence
until the end of observation. (B) Switch-like loss of mCherry fluorescence in each of
four GI23 cells treated with 10 nM paclitaxel. Cells a and b are identical to those shown
in (A). (C). The number of cells retaining mCherry fluorescence is plotted against time
after addition of 10 nM paclitaxel. All cells in a single microscopic field were counted
for each respective cell line. The slight increase in the number of #44 cells is due to

mitosis of the minor fraction.

Figure 2. Effect of paclitaxel treatment on mitosis and survival of apoptosis-prone and -
reluctant cell lines. (A) Duration of mitotic arrest of the four cell lines and their behavior
on mitotic exit after treatment with 3 and 10 nM paclitaxel. Horizontal lines represent
mitotic arrest of individual cells sorted by the type of behavior on mitotic exit and the
time of arrest onset. Black, (apparently) symmetric division; red, MOMP during arrest;
orange, exit with no division (mitotic slippage); green, asymmetric division; blue,

ternary division; purple, miscellaneous. (B) Cell survival immediately after paclitaxel
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treatment for 48 h measured using the WST assay (see Materials and Methods). (C)

Colony-forming ability after paclitaxel treatment for 48 h.

Figure 3. Duration of mitotic arrest of the four cell lines and their behavior on mitotic
exit after treatment with 1 pM STLC with or without 3 nM paclitaxel. Horizontal lines

represent duration of arrest and type of behavior on mitotic exit, as in Fig. 2A.

Figure 4. Effect of STLC on cell survival after paclitaxel treatment. (A) Bulk cell growth
after drug treatment. Two thousand or 2x 10" cells were plated into each well of 24-well
plates, treated with appropriate drugs for 48 h, and incubated for a further 5-7 days in
fresh medium. Upper two rows represent cells treated with paclitaxel alone and lower
two rows represent cells treated with paclitaxel and 1 uM STLC. (B) Cell survival
immediately after paclitaxel and STLC treatment for 48 h measured using the WST assay
(see Materials and Methods). (C) Colony-forming ability after treatment with paclitaxel

and STLC for 48 h.

Figure 5. Mutual suppressive effect of STLC and paclitaxel on cell killing. (A) Innately
apoptosis-reluctant HMVII cells were treated with paclitaxel with (lower two rows) or
without (upper two rows) 1 uM STLC, incubated for 7 days in fresh medium, and then
stained. Note that the combination of 1 uM STLC and 0.5 nM paclitaxel resulted in
better growth than with 1 pM STLC alone. (B) Growth of HeLa-based cell lines
treated with an increasing dose of STLC with (lower two rows) or without (upper two
rows) 0.75 nM paclitaxel. Addition of paclitaxel clearly suppressed cell killing by

STLC.
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Figure 6. DNA contents of apoptosis-prone and -reluctant cells during and after drug
treatment. Surviving cells were cultured in fresh medium for 5-7 days after the treatment,
then fixed and analyzed. Anomaly of the DNA content, probably due to aberrant mitosis

or mitotic slippage, is indicated by dotted boxes.
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Fig.2 Yasuhira et al.
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Fig.3 Yasuhira et al.
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Fig.4 Yasuhira et al.
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Fig.5 Yasuhira et al.
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