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Genome-wide siRNA screen reveals coupling
between mitotic apoptosis and adaptation
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Abstract

The antimitotic anti-cancer drugs, including taxol, perturb spindle
dynamics, and induce prolonged, spindle checkpoint-dependent
mitotic arrest in cancer cells. These cells then either undergo
apoptosis triggered by the intrinsic mitochondrial pathway or exit
mitosis without proper cell division in an adaptation pathway.
Using a genome-wide small interfering RNA (siRNA) screen in
taxol-treated Hela cells, we systematically identify components of
the mitotic apoptosis and adaptation pathways. We show that the
Mad2 inhibitor p31°°™* actively promotes mitotic adaptation
through cyclin B1 degradation and has a minor separate function
in suppressing apoptosis. Conversely, the pro-apoptotic Bcl2 family
member, Noxa, is a critical initiator of mitotic cell death.
Unexpectedly, the upstream components of the mitochondrial
apoptosis pathway and the mitochondrial fission protein Drpl
contribute to mitotic adaption. Our results reveal crosstalk between
the apoptosis and adaptation pathways during mitotic arrest.
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Introduction

The antimitotic chemotherapeutic drug taxol perturbs microtubule
dynamics and causes mitotic spindle defects, including reduced
tension at kinetochores (Jordan & Wilson, 2004; Kavallaris, 2010).
In response to unattached kinetochores or kinetochores without
proper tension, the spindle checkpoint inhibits the anaphase-
promoting complex/cyclosome (APC/C), a ubiquitin ligase complex
for cyclin B1, thus preventing the inactivation of cyclin-dependent
kinase 1 (Cdk1l) and mitotic exit (Lara-Gonzalez et al, 2012; Foley &

Kapoor, 2013; Jia et al, 2013). APC/C inhibition involves the
sequestration of its activator Cdc20 into the mitotic checkpoint
complex (MCC) by the checkpoint proteins Mad2 and BubR1 (Fang
et al, 1998; Sudakin et al, 2001; Tang et al, 2001; Fang, 2002; Luo
et al, 2002; Kulukian et al, 2009; Lara-Gonzalez et al, 2011; Chao
et al, 2012; Han et al, 2013). During unperturbed mitosis, when all
kinetochores reach proper microtubule attachment and are under
tension, the Mad2 inhibitor p31°°™®" blocks Mad2 conformational
activation and promotes MCC disassembly, leading to APC/Cc%°
activation, checkpoint silencing, cyclin B1 degradation, and cell
division (Habu et al, 2002; Xia et al, 2004; Mapelli et al, 2006;
Mapelli & Musacchio, 2007; Reddy et al, 2007; Yang et al, 2007; Luo
& Yu, 2008; Jia et al, 2011; Teichner et al, 2011; Westhorpe et al,
2011). In the presence of taxol, however, the persistent spindle
damage continually activates the spindle checkpoint, resulting in
prolonged mitotic arrest.

Cancer cells have two major fates following the prolonged
mitotic arrest triggered by taxol (Gascoigne & Taylor, 2008,
2009; Orth et al, 2011). Cells can die in mitosis through the acti-
vation of the intrinsic mitochondrial apoptosis pathway (Li et al,
2005; Janssen et al, 2007; Kutuk & Letai, 2008, 2010; Zhou et al,
2010). This mitochondrial pathway generally involves the antago-
nistic interactions among multiple members of the Bcl2 family of
proteins, including the anti-apoptotic members Bcl2, Bcl-xL, and
Mcll; the pro-apoptotic members Bad, Bid, Bim, and Noxa; and
the effectors Bax and Bak (Chipuk et al, 2010). Mcll is a key
anti-apoptotic factor during mitotic arrest (Harley et al, 2010;
Wertz et al, 2011). Its degradation during mitosis enables activa-
tion of Bax and Bak. Activated Bax and Bak then oligomerize
on the mitochondrial outer membrane and promote mitochon-
drial outer membrane permeabilization (MOMP) to release cyto-
chrome c¢ and other factors into the cytosol, which trigger
caspase activation and apoptosis (Jiang & Wang, 2004; Chipuk
et al, 2010). In a second, undesirable pathway, cancer cells
escape from taxol-induced mitotic arrest without proper check-
point silencing in a process termed mitotic adaptation or slippage
(Brito & Rieder, 2006; Gascoigne & Taylor, 2008, 2009). Mitotic
adaptation involves the basal activity of checkpoint-inhibited
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APC/C®?0 which mediates gradual cyclin Bl degradation, even-
tual Cdkl inactivation, and mitotic exit (Brito & Rieder, 2006;
Huang et al, 2009; Varetti et al, 2011).

There is tremendous heterogeneity in the fates of cancer cells
exposed to taxol (Gascoigne & Taylor, 2008; Brito & Rieder, 2009).
Apoptosis during taxol-induced mitotic arrest is the predominant
fate for certain cancer cell lines, whereas mitotic adaptation is the
preferred pathway for others. Even different cell populations within
the same cell line can experience different outcomes. The mecha-
nism that underlies the life and death decisions of cells under
mitotic arrest is not understood, but appears to involve a competi-
tive, molecular race between the apoptosis and adaptation pathways
within a given cell (Gascoigne & Taylor, 2008, 2009; Huang et al,
2009, 2010). The final fate of the cell arrested in mitosis is thought
to be determined by which of two competing pathways is executed
faster kinetically. How these two pathways are coordinated is not
understood. In fact, it has been argued that they may be indepen-
dent of each other (Huang et al, 2010).

A better molecular understanding of mitotic apoptosis and adap-
tation will ultimately lead to strategies to improve the efficacy of the
antimitotic drugs. Here, we perform a genome-wide siRNA screen in
human cells to identify molecular components of apoptosis and
adaptation following taxol-mediated mitotic arrest. We show that
p31°°™¢t actively promotes mitotic adaptation through cyclin Bl
degradation. Furthermore, p31°°™®" has a separate, minor function
in antagonizing apoptosis. Conversely, Noxa is a key regulator of
apoptosis during mitotic arrest. Surprisingly, the upstream compo-
nents of the intrinsic mitochondrial apoptosis pathway contribute to
mitotic adaptation, through a mechanism that likely involves the
mitochondrial fission factor Drpl. Our results establish an unantici-
pated crosstalk between the mitotic apoptosis and adaptation path-
ways and uncover a mitochondrial module and p31°°™®" as coupler
and anti-coupler of these processes, respectively.

Results

Genome-wide siRNA screen identifies regulators of mitotic
apoptosis and adaptation

To identify regulators of taxol-mediated mitotic arrest, apoptosis,
and adaptation in human cells, we screened an arrayed siRNA
library against 21,360 annotated human genes for their effects on
the cellular viability in taxol. HeLa Tet-On cells were particularly
sensitive to taxol-mediated killing. After several hours of mitotic
arrest, a majority of these cells underwent apoptosis. We reasoned
that, by screening the siRNA library for siRNAs that increased cell
viability in the presence of a lethal dose of taxol, we would identify
genes involved in three cellular processes: cell cycle genes whose
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inactivation prevents entry into mitosis, spindle checkpoint genes
that are essential for taxol-mediated mitotic arrest, and apoptotic
genes required for cell death following taxol-induced mitotic arrest.
In the primary screen, HeLa Tet-On cells grown in 96-well plates
were transfected individually with pools of the siRNA library, with
each pool containing four siRNAs targeting a single human gene
(Fig 1A). Each transfection was performed in triplicates. The cells
were then treated with taxol for 48 h. The viability of these taxol-
treated cells was determined with the CellTiter-Glo luminescent
assay, which measured intracellular ATP concentrations. This
primary screen identified 613 hits that increased cell viability by at
least two standard deviations from the population mean and 574
hits that decreased viability by at least 1.5 standard deviations
(Fig 1A and B; Supplementary Tables S1 and S2).

Several recent studies have identified Mad2 as a common target
of RNAIi off-target effects (Hubner et al, 2010; Westhorpe et al,
2010; Ke et al, 2011; Sigoillot et al, 2012). Consistent with these
reports, initial characterization of some top viability-increasing hits
identified in our primary screen revealed that about 20 of these
siRNA pools reduced Mad2 protein levels through off-target effects
(Supplementary Table S1). To reduce false positives due to RNAi
off-target effects, we performed a secondary screen using the same
viability assay with siRNA pools from Qiagen that targeted most of
the 613 initial viability-increasing hits (Fig 1A). The Dharmacon and
Qiagen siRNA pools were independently designed and contained
different sets of siRNAs. If depletion of a given gene increased cell
viability in both primary and secondary screens, it would indicate
that multiple siRNAs targeting this gene could produce the same
phenotype, thereby limiting off-target effects. The top 38 hits in the
secondary screen were listed in Supplementary Table S3.

The top 38 hits in the secondary screen along with the initial hits
from the primary screen were subjected to network analysis using
Ingenuity Pathway Analysis, which revealed several functional
networks each containing multiple hits. These networks included:
the apoptosis network (Fig 1C), the spindle checkpoint network
(Fig 1D), the DNA replication licensing network (Fig 1E), and the
spliceosome network (Fig 1F). Hypergeometric distribution analysis
showed that the probabilities of discovering the genes within these
networks by random chance were extremely low: the apoptosis
network (P = 0), the spindle checkpoint network (P = 1.02 x 107'2),
the DNA replication network (P = 5.62 x 10~°), and the spliceosome
network (P = 1.384 x 10~°; Whitehurst et al, 2007).

The apoptosis network contained four known components of the
intrinsic mitochondrial apoptosis pathway, including Bad, Noxa
(PMAIP1), Bax, and cytochrome ¢, confirming the involvement of
this pathway in mitotic cell death (Fig 1C). Our screen also isolated
several known components of the spindle checkpoint, including
Mad2, BubR1, Mpsl1, and three subunits of the chromosome passenger
complex (CPC): INCENP, borealin (CdcA8), and survivin (Birc5;

Figure 1. Genome-wide siRNA screen identifies genes regulating cellular responses to taxol.

A Flow chart of the primary and secondary screens.

B Distribution of the cell viability values of each siRNA pool in the primary screen. Pools that increased survival by at least two standard deviations (orange line) or

decreased survival at least by 1.5 standard deviations (blue line) were considered positive hits. Hits included PIk1, p31¢

omet

, and anaphase-promoting complex/

cyclosome subunits (shown as blue dots) and several known spindle checkpoint genes (shown as orange dots).

Functional networks identified in the screen: (C) the apoptosis network; (D) the spindle checkpoint network; (E) the DNA replication licensing gene network; and (F)

the spliceosome network. Viability-increasing hits that are positive in both primary and secondary screens are colored orange. Viability-increasing hits that are
positive in only the primary screen are in yellow. Viability-decreasing hits are colored blue.
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Fig 1D). The identification of known components in both the apop-
tosis and spindle checkpoint networks validated our screen.

A previous study had established a requirement for the APC/C
activator Cdc20 in mitotic adaptation (Huang et al, 2009). Consis-
tently, multiple subunits of APC/C, including ANAPC1, ANAPCS,
ANAPC13, CDC23, and CDC26, were among the hits that decreased
cell viability in taxol in our screen (Fig 1D), although Cdc20 itself
was not isolated. We note that false negatives in large-scale screens
are quite common. Some of the Cdc20 siRNAs might have deleteri-
ous off-target effects. Taken together, these results support a role for
APC/C®%?° in preventing adaptation and thus decreasing cell viabil-
ity in taxol. In addition, Plk1 (a positive regulator of mitosis) and
Mad2L1BP (p31°°™¢', an inhibitor of Mad2) were identified in the
spindle checkpoint network as hits that decreased cell viability in
taxol (Fig 1D).

Inactivation of the DNA replication licensing and spliceosome
networks caused cell cycle defects and delayed mitotic entry (data
not shown), indirectly preventing mitotic arrest and cell death and
increasing cell viability in the presence of taxol. For example, we
identified geminin and three subunits of the CRL4%*? ligase complex
(Cul4B, Ddb1, and Cdt2) in our screen (Fig 1E). Inactivation of these
genes is expected to cause an upregulation of Cdtl function and
DNA re-replication. Indeed, depletion of Cdt2 has been shown to
cause DNA re-replication, DNA damage, and DNA damage checkpoint-
dependent cell cycle arrest prior to mitosis (Jin et al, 2006).
Therefore, the cell viability increase in taxol after depletion of these
components is the consequence of an interphase arrest and a delay
in mitotic entry.

The Mad2 inhibitor p31<°™¢* is required for cyclin B1 degradation
and mitotic adaptation

p31°°™e prevents the conformational activation of Mad2 and
promotes MCC disassembly and APC/C®%%° activation during check-
point silencing (Habu et al, 2002; Xia et al, 2004; Mapelli et al,
2006; Reddy et al, 2007; Yang et al, 2007; Jia et al, 2011; Teichner
et al, 2011; Westhorpe et al, 2011). Depletion of p31°°™" sensitizes
cancer cells to mitotic arrest and killing by spindle poisons (Xia et al,
2004; Ma et al, 2012). p31°°™! is required for adaptation in HeLa
cells treated with nocodazole (Varetti et al, 2011).

The identification of p31°°™®" as viability-decreasing hit in our
genome-wide siRNA screen strongly implicates it as a major regula-
tor of mitotic adaptation in the presence of taxol. Depletion of
p31°°™ indeed decreased the extent of mitotic adaptation in HeLa
cells (see Supplementary Fig S2D). Most control HeLa cells,
however, already underwent apoptosis following prolonged mitotic
arrest, with few cells experiencing mitotic adaptation. The effect
of p31°°™! depletion on mitotic adaptation in HeLa cells was
predictably small.

We thus performed live-cell imaging on U20S cells transfected
with a control siRNA targeting luciferase (siLuc), si-p31°°™" (siP31),
or siCdc20 and treated with taxol. U20S cells transfected with siLuc
primarily underwent mitotic adaptation in the presence of taxol
(Fig 2A-C). Consistent with previous reports (Huang et al, 2009),
depletion of Cdc20 greatly lengthened the duration of mitosis and
reduced the extent of mitotic adaptation (Fig 2A-C). Remarkably,
p31°™et depletion in U20S cells reduced mitotic adaptation as effec-
tively as Cdc20 depletion did (Fig 2C), but was much less efficient
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in lengthening the duration of taxol-induced mitotic arrest compared
to Cdc20 depletion (Fig 2A and B). These results clearly indicate
that p31°°™®" is required for mitotic adaptation in taxol. The fact that
siP31 cells undergo apoptosis sooner than siCdc20 cells suggests a
role of p31°°™! in delaying apoptosis.

Even with an active spindle checkpoint, Cdc20 triggers gradual
degradation of cyclin B1, leading to mitotic adaptation (Huang et al,
2009). To test whether p31°°™®" also promoted mitotic adaptation
through cyclin B1 degradation, we developed a FACS-based assay to
measure the levels of endogenous cyclin Bl in individual U20S cells
during a prolonged mitotic arrest (Supplementary Fig S1). At 0 h in
taxol following shake-off, mitotic cells with 4C DNA contents
contained high MPM2 (which recognized phospho-epitopes gener-
ated by Cdkl) and cyclin Bl levels. As cells spent more time
(2.5-7.5 h) in taxol, the intensity of MPM2 signal in most cells with
4C DNA contents did not change, indicating that these cells were
still in mitosis and had high Cdk1 activity (Supplementary Fig S1A
and B, top panels). In contrast, the cyclin Bl levels of these mitotic
cells gradually decreased by several fold (Supplementary Fig S1A
and B, bottom panels). Addition of cycloheximide, a protein transla-
tion inhibitor, accelerated the drop in cyclin B1 levels and mitotic
exit (Supplementary Fig SIC and D). Consistent with previous
reports (Brito & Rieder, 2006; Huang et al, 2009; Mena et al, 2010),
our results indicate that cyclin Bl translation during mitosis is
required to maintain a mitotic arrest due to the constant degradation
of cyclin B1 that occurs even when the spindle checkpoint is active.
During a prolonged mitotic arrest, the rate of cyclin Bl degradation
eventually exceeds that of synthesis, leading to Cdkl inactivation
and mitotic adaptation.

A similar FACS analysis was performed on U20S cells transfected
with siControl or siP31 (Fig 2D-G). Consistent with the live-cell
imaging results, depletion of p31°°™" greatly reduced mitotic adapta-
tion in the absence or presence of cycloheximide, as evidenced by
the lack of MPM2-negative 4C cells (blue boxes; Fig 2D and F).
Instead, the p31°°™¢* RNAi cells had a new population of cells with
slightly < 4C DNA content and MPM2 levels below that of interphase
cells (red boxes). These cells likely underwent cell death in mitosis,
but their DNA had not been fully fragmented, although we could not
be certain that this population of cells was indeed apoptotic. Further-
more, p31°°™®" depletion blocked the progressive decrease of cyclin
B1 levels during taxol-mediated mitotic arrest (Fig 2E). Even when
protein synthesis was inhibited by cyclohexamide, the decrease in
cyclin Bl levels was largely blocked in p31°°™ RNAi cells (Fig 2G),
suggesting that depletion of p31°°™" prevented cyclin Bl degrada-
tion. Thus, p31°°™" actively promotes cyclin Bl degradation and
mitotic adaptation during taxol-induced mitotic arrest.

p31°°™* has a Cdc20-independent role in delaying
mitotic apoptosis

Depletion of Cdc20 in U20S cells not only reduced the extent of
adaptation in the presence of taxol, but also greatly lengthened
mitotic duration (Fig 2A-C). According to the molecular race model
(Gascoigne & Taylor, 2009; Huang et al, 2010), mitotic adaptation
takes less time to execute than apoptosis does in the adaptation-
prone U20S cells. Blocking mitotic adaptation by siCdc20 forces
cells to stay in mitosis and allows the slower process of apoptosis to
finish. Cdc20 depletion is thus expected to lengthen taxol-induced

© 2014 The Authors
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Figure 2. p31°°™* promotes mitotic adaptation through cyclin B1 degradation.
Sample mitotic duration curves of U20S cells transfected with the indicated siRNAs and treated with taxol, as determined by time-lapse microscopy. tso is defined
as the time at which 50% of cells remain in mitosis. The differences between tsq of different samples are: Atsp(siCdc20-siP31-1) = 12.7 &+ 6.5 h, n = 3; and

A

Atso(siP31-1-siLuc) = 7.7 &+ 4.1 h, n = 4; where n is the number of experiments.

Dot plot of the phenotype and mitotic duration of each cell in (A). The bar indicates the median.
Quantification of the terminal phenotypes of the mitotic cells in (A).
U20S cells were transfected with siControl or siP31-1, synchronized by thymidine block, and released into medium containing taxol. At 15 h after thymidine
release, mitotic cells were collected by shake-off, further cultured in the taxol medium for the indicated times in the absence (D, E) or presence (F, G) of 50 uM
cycloheximide (CHX), stained with MPM2 or anti-cyclin B1 antibodies and propidium iodide (PI), and subjected to FACS analysis. Representative FACS graphs of the
indicated samples are shown in (D) and (F). The normalized counts of cells with 4C DNA content (as a percentage of the maximum in the histogram of each time
point) were plotted against the intensities of MPM2 (top panels) or cyclin B1 (bottom panels) in log scales in (E) and (G). The MPM2 and cyclin B1 intensities of
mitotic cells and the adapted cells are indicated by black and red arrows.

mitotic arrest in adaptation-prone cells. However, despite having
similar effects in blocking mitotic adaptation (Fig 2C), depletion of
was less effective than Cdc20 depletion in prolonging
mitotic durations in U20S cells (Fig 2A and B). U20S cells transfected

p3

with siP31-1 underwent apoptosis about

lcomet
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13 h sooner than

siCdc20-treated cells did (Atso =12.7 & 6.5h, n =3). A similar
trend was observed in non-transformed RPE1 cells (Supplementary
Fig S2A and B).

Because apoptosis is already the dominant pathway in HeLa
cells, further blockade of the adaptation process is not expected to
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change the timing of apoptosis. Indeed, depletion of Cdc20 in HeLa
cells did not alter the timing of apoptosis onset during mitotic arrest
by either FACS analysis (Fig 3A-E) or live-cell imaging (Fig 3F). In
contrast, depletion of p31°°™" reproducibly shortened mitotic dura-
tion in taxol and accelerated cell death, as observed by FACS analy-
sis (Fig 3A-C), by live-cell imaging (Fig 3F, Supplementary Fig S2C;
Atso = 2.6 £ 0.4 h, n = 6), and by the appearance of cleaved PARP,
an apoptosis marker, at earlier time points (Fig 3D). The advance-
ment of apoptosis was also observed in siP31 cells arrested in noco-
dazole (Supplementary Fig S2C) and could be rescued by expression
of siRNA-resistant eGFP-p31°°™" (Supplementary Fig S2E and F).
These results strongly suggest that p31°°™®" delays the onset of
mitotic apoptosis.

Mcl1 has recently been shown to be a key negative regulator of
mitotic apoptosis (Harley et al, 2010; Wertz et al, 2011). It is
degraded during early mitosis. Several ubiquitin ligases, including
APC/C®%2° have been implicated in its degradation (Harley et al,
2010; Wertz et al, 2011). We thus considered the possibility that
p31°°™t delayed apoptosis through regulating APC/C%*°-depen-
dent degradation of Mcll. If so, co-depletion of both Cdc20 and
p31°°™¢ should ameliorate the advancement of apoptosis caused by
p31°°™¢! depletion alone. Contrary to this expectation, the timing of
apoptosis onset in cells depleted of both Cdc20 and p31°°™e
indistinguishable from that of cells depleted of p31°™" alone
(Fig 3G-I). Similar results were obtained in RPE1 cells (Supplemen-
tary Fig S2A and B). Somewhat surprisingly, we did not observe
accumulation of Mcll in siCdc20 cells in mitosis (Fig 3I), perhaps
due to the functional redundancy between multiple ubiquitin ligases
that could mediate Mcll degradation. Depletion of p31°°™' or
Cdc20 did not alter the protein levels of other apoptotic regulators
during mitotic arrest in U20S or HeLa cells (Fig 3E and I). These
results suggest that, in addition to promoting adaptation, p31°°™
might have a minor, Cdc20-independent role in suppressing apopto-
sis during mitotic arrest. This notion is consistent with our earlier
finding that depletion of p31°°™' causes about 20% of HeLa cells to
undergo apoptosis during an unperturbed mitosis (Jia et al, 2011).
On the other hand, although Cdc20 was depleted efficiently in cells
treated with both siP31 and siCdc20 (Fig 3I), we cannot exclude the
possibility that a small difference in Cdc20-knockdown efficiencies
between the single- and double-depletion conditions accounts for
the apparent dominant effects of siP31.

was

Noxa is a key regulator of apoptosis during mitotic arrest

The BH3-only pro-apoptotic factor Noxa was the top hit within the
apoptosis network and had not previously been implicated in
mitotic cell death (Ploner et al, 2008). To validate a role of Noxa in
mitotic cell death, we transfected HeLa cells individually with each
of the four Noxa siRNAs from the pool used in the screen and deter-
mined their ability to decrease cell death in taxol. All Noxa siRNAs
reduced the Noxa mRNA levels and decreased the percentage of
apoptotic cells, defined as cells with DNA contents < 2C in flow
cytometry (Fig 4A and B). The effect of siNoxa-1 on cell death was
similar to that of the siBax-1 and siBak-1 mixture (referred to as
siBaxBak; Fig 4B) and was rescued by the expression of siRNA-
resistant GFP-Noxa (Fig 4C). We could not, however, reproducibly
detect the endogenous Noxa protein by Western blotting, perhaps
due to its small size (< 10 kDa) and low steady-state levels. Our
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results suggest that Noxa is a critical inducer of apoptosis during
mitotic arrest.

To explore the mechanism by which Noxa regulated apoptosis
during mitotic arrest, we synchronized HeLa cells transfected with a
control siRNA (siControl), siNoxa, or siBaxBak at G1/S with thymi-
dine and released them into fresh medium containing taxol. Samples
were taken at different time points and subjected to FACS and
immunoblotting. Depletion of Noxa or Bax/Bak not only reduced
the extent of apoptosis in taxol, but also lengthened the duration of
mitosis and delayed the onset of apoptosis (Fig 4D-F). The appear-
ance of cleaved PARP was correspondingly delayed in Noxa RNAi
cells, and the decrease in cyclin B1 and phospho-histone H3 levels
occurred later (Supplementary Fig S3A). Noxa depletion also
delayed cytochrome c release from the mitochondria, consistent
with a delay in MOMP (Fig 3G). These results suggest that Noxa
induces mitotic cell death through the intrinsic mitochondrial path-
way. In response to other stimuli, Noxa is known to sequester Mcl1
away from Bak, thus promoting Bak oligomerization and MOMP
(Ploner et al, 2008). Noxa likely induces mitotic cell death through
a similar mechanism.

We next monitored control and Noxa RNAi HeLa cells treated
with taxol with time-lapsed microscopy (Fig 4H; Supplementary
Fig S3B). Compared to control cells, depletion of Noxa greatly
increased the duration of taxol-induced mitotic arrest and delayed
the onset of apoptosis (Atso = 11.1 £ 4.8 h, n =4; Fig 4H-J). A
larger percentage of Noxa RNAI cells underwent mitotic adaptation
(Fig 4K). Similar results were obtained with siNoxa-2 (Supplemen-
tary Fig S3C and D). Furthermore, overexpression of the Noxa target,
Mcll, lengthened mitotic duration in the presence of taxol or noco-
dazole and increased the extent of mitotic adaptation, as determined
by both FACS and live-cell imaging (Supplementary Fig S4A-E).
Conversely, depletion of Mcll from HeLa cells shortened the
duration of mitotic arrest in taxol, advanced the timing of apoptosis,
and reduced mitotic adaptation (Supplementary Fig S4F and G).
Collectively, our results indicate that Noxa antagonizes Mcl1 and is
an initiator of the intrinsic mitochondrial apoptosis pathway during
mitotic arrest.

Overexpression of Mcll or depletion of Noxa did not alter the
behaviors of U20S cells in the presence of taxol (Supplementary
Figs S4H, S5A and B), suggesting that other Bcl2 members might be
more critical for controlling apoptosis in this cell line. Interestingly,
co-depletion of Noxa from p31°°™®" RNAi cells lengthened mitotic
durations and delayed the onset of apoptosis (Supplementary
Fig S5A and B). Depletion of Noxa also rescued the accelerated
apoptosis caused by p31°°™" depletion in HeLa cells (Supplemen-
tary Fig S5C and D). Taken together, these results suggest that
p31°°™" might delay apoptosis during mitotic arrest through antago-
nizing Noxa. We could not reproducibly detect a physical interac-
tion between p31°°™®" and Noxa. The mechanism by which p31°°™¢
antagonizes Noxa-dependent mitotic apoptosis thus remains to be
determined and is likely indirect.

Mitochondrial regulators contribute to mitotic adaptation
p31%°™" was not only required for adaptation, but also had a role
in delaying apoptosis. This observation suggested that there might

be crosstalk between the two competing pathways. Next, we
asked whether components of the apoptosis pathway could also

© 2014 The Authors
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Figure 3. p31°°™* has a Cdc20-independent role in delaying mitotic apoptosis.

A Hela cells transfected with the indicated siRNAs were synchronized by double thymidine block and released into medium with taxol. Samples were taken at

different time points after thymidine release and processed for FACS. Representative FACS graphs of siControl and siP31 cells at the indicated times are shown.

Mitotic cells (MPM2-positive 4C cells) are boxed and quantified.

Quantification of the percentage of mitotic cells during the time course in (A).

Quantification of the percentage of apoptotic cells (cells with < 2C DNA content) during the time course in (A).

Lysates of siControl and siP31 cells in (A) were blotted with the indicated antibodies.

Western blots of lysates of asynchronous U20S and Hela cells treated for 48 h (siP31-1; Mock) or 20 h (siCdc20) with the indicated siRNAs and blotted with the

indicated antibodies.

F, G Hela (F) or U20S (G) cells transfected with the indicated siRNAs, treated with taxol, and monitored by time-lapse microscopy. Representative samples of the
cumulative percentage of cells in mitosis were plotted against the time in mitosis. (F) Atso(SiLuc—siP31-1) = —2.6 & 0.4 h, n = 6; Atsp(siCdc20-siP31-1) =
—42 4+ 27 h,n = 2. (G) Ats(siCdc20-siP31-1) = 9.0 & 1.0 h, n = 2; Atso(siCdc20-siP31-1/siCdc20) = 6.8 = 31 h, n = 2.

H  Quantification of terminal phenotypes of cells in (G).

| Western blots of lysates of mitotic U20S cells treated with the indicated siRNAs. Cells were transfected for 50 h (siP31-1, mock) and/or 20 h (siCdc20) before taxol
addition. Mitotic cells were collected by shake-off at 15 h after taxol addition.
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Figure 4. Noxa is a key regulator of apoptosis during mitotic arrest.
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Quantification of Noxa mRNA levels by quantitative PCR in Hela cells transfected with the indicated siRNAs for 48 h. The means and standard deviations of triplicate
samples are shown.

Hela cells were transfected with the indicated siRNAs for 48 h, treated with taxol for 24 h, stained with PI, and subjected to FACS. The percentage of cells with < 2C
DNA content (apoptotic cells) was plotted as the mean and standard deviation of triplicate experiments.

Hela cells were transfected with the indicated siRNAs and plasmids, treated with taxol for 15 h, and subjected to FACS. The percentage of cells with < 2C DNA
content (apoptotic cells) was plotted. Average and standard deviations of three experiments are shown.

Hela cells transfected with siControl or siNoxa-1 were synchronized by double thymidine block and released into medium with taxol. Samples were taken at
different time points after thymidine release and processed for FACS. FACS graphs at indicated times are shown. Mitotic cells (MPM2-positive 4C cells) are boxed and
quantified.

Quantification of the percentage of mitotic cells during the time course in (D).

Quantification of the percentage of apoptotic cells (cells with < 2C DNA content) during the time course.

Hela cells transfected with siControl or siNoxa-1 were synchronized by thymidine block and then released into taxol, fixed at the indicated times, and stained with
anti-cytochrome c and DAPI. Left panel, representative images of a mitotic cell (with cytochrome c in the mitochondria) and a cell that had undergone MOMP (with
diffuse cytochrome c staining). Right panel, the percentage of cells with MOMP plotted against time after thymidine release. Average and standard deviations of
triplicate experiments plotted. P-values calculated by Student’s t-test are: n.s. (not significant), *P = 0.02, ***P = 0.0005.

Representative samples from live-cell imaging of Hela cells transfected with siLuc or siNoxa-1 and treated with taxol. Waterfall plots, each bar represents an
individual cell.

Dot plot of the phenotype and mitotic duration of each cell in (H). Cells with different fates are colored as in (H). The bar indicates the median (tso).

Mitotic duration curves of cells in (H). The cumulative percentage of mitotic Hela cells was plotted against their mitotic durations. Atso(siNoxa-1—

siluc) = 111 + 49 h,n = 4.

Quantification of the terminal phenotypes of the mitotic cells in (H). Color scheme is the same as in (H). The means and standard deviations of two independent
experiments are shown.
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play a role in the adaptation process. First, we turned to the
U20S cell line, in which a majority of the cells underwent adap-
tation. Disabling the minor apoptosis pathway in this cell line
was not expected to have a substantial effect on the timing of the
major mitotic adaptation pathway, if the two pathways were inde-
pendent of each other.

Crosstalk between mitotic apoptosis and adaptation

The EMBO Journal

Surprisingly, depletion of Bax and Bak from U20S cells not only
diminished the residual apoptosis, but also lengthened the duration
of taxol-induced mitotic arrest and delayed mitotic adaptation
(Atsp = 10.1 + 3.5 h, n = 6; Fig SA-C). This phenotype requires
both Bax and Bak depletion, as depletion of each individually
resulted in weaker effects (Fig 5D and E). Similar results were
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Figure 5. Bax/Bak contribute to mitotic adaptation.

daptation
poptosis

A
A

A Western blot of lysates from asynchronous U20S cultures transfected with the indicated siRNAs for 48 h and blotted with the indicated antibodies.

B Live-cell imaging analysis of U20S cells transfected with the indicated siRNAs for 48 h and then treated with taxol. Cumulative percentage of mitotic cells was
plotted against their mitotic durations. Atso(siBaxBak-siLuc) = 10.1 + 3.5 h,n = 6.

C Quantification of the terminal phenotypes of the mitotic cells in (B). Bax/Bak-deficient cells that die in mitosis without membrane blebbing are simply categorized as
cell death, as opposed to apoptosis.

D Cumulative percentage of mitotic U20S cells was plotted against their mitotic durations. tso(siBaxBak) = 12.2 h, tso(siBax-1) = 6.2 h, tso(siBak-1) = 6.7 h,
tso(siLuc) = 3.9 h.

E Quantification of the terminal phenotypes in (D).

F Live-cell imaging analysis of RPE1 cells transfected with the indicated siRNAs for 48 h and then treated with taxol. Cumulative percentage of mitotic cells was
plotted against their mitotic durations. Atso(siBaxBak-siLuc) = 113 + 3.4 h,n = 3.

G Quantification of the terminal phenotypes of the mitotic cells in (F).

H

against their mitotic durations. tse(siLuc) = 4.2 h, tso(siLuc + z-VAD-fmk) = 4.6 h.
| Quantification of the terminal phenotypes in (H).
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Live-cell imaging analysis of U20S cells transfected with siLuc and treated with 50 uM z-VAD-fmk and taxol. Cumulative percentage of mitotic cells was plotted
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obtained in RPE1 cells (Fig SF and G). The effects of Bax/Bak deple-
tion on the timing of mitotic adaptation cannot be readily explained
by the simple competition between two independent pathways and
suggest that Bax/Bak actively promote mitotic adaptation.

We next tested whether caspase activities were required for this
function of Bax/Bak. Addition of 50 uM z-VAD-fmk, a caspase
inhibitor, effectively reduced the residual amount of apoptosis in
U20S cells, but it had minimal effects on the mitotic duration
(Fig SH and I), suggesting that the mitotic adaptation function of
Bax/Bak might not require caspase activity.

The timing of adaptation is determined by the steady-state level
of cyclin B1, which is influenced by both the rates of cyclin Bl
synthesis and degradation. We tested whether Bax/Bak promoted
adaptation through affecting cyclin B1 degradation or synthesis. As
shown in Fig 2D-G, depletion of Cdc20 or p31°°™ stabilized cyclin
Bl even when protein synthesis was inhibited by cycloheximide,
consistent with the known roles of Cdc20 and p31°°™" in cyclin Bl
degradation. As expected, depletion of Cdc20 delayed mitotic adap-
tation of U20S cells even in the presence of cycloheximide (Fig 6A).
In contrast, when protein synthesis was inhibited by cycloheximide,
Bax/Bak-depleted cells underwent mitotic adaptation with kinetics
similar to that of mock-treated cells (Fig 6A), arguing against a
major role of Bax/Bak in promoting cyclin Bl degradation. We then
directly tested whether Bax/Bak regulated APC/C. APC/C was
immunoprecipitated from checkpoint-arrested mitotic control and
siBaxBak cells and assayed for its ability to ubiquitinate cyclin B1.
The basal activity of APC/C in siBax/Bak cells was indistinguishable
from that of control cells (Fig 6B). Taken together, these results
indicate that Bax/Bak promote mitotic adaptation independently of
APC/C activity and cyclin Bl degradation. They might do so
through attenuating cyclin B1 synthesis.

The mitochondrial fission factor Drpl contributes to
mitotic adaptation

To further address the mechanism by which Bax/Bak promoted
adaptation in U20S cells, we first tested the potential involvement
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of mitochondrial factors that were released into the cytosol during
apoptosis in a Bax/Bak-dependent manner, including cytochrome c,
Smac, Omi, AIF, and Endo G. Depletion of none of these factors
extended mitotic duration (data not shown). Bax/Bak have been
shown to regulate the mitochondrial fission factor Drpl (Arnoult
et al, 2005; Wasiak et al, 2007). We next tested whether Drpl was
involved in mitotic adaptation. Strikingly, depletion of Drpl from
U20S cells extended mitotic durations and delayed mitotic adapta-
tion in taxol (Fig 7A). Multiple siRNAs against Drp1 produced simi-
lar phenotypes. siDrpl-3 caused the longest delay with a Atsy of
10.4 + 1.3 h (n = 2), which was comparable to the delay caused by
siBaxBak (10.1 + 3.5 h, n = 6). Unlike siBaxBak, however, siDrpl
did not reduce the percentage of cells that underwent apoptosis
during mitotic arrest (Fig 7B), suggesting that Drpl depletion
prolonged mitosis without interfering with the apoptosis pathway.

Although siDrpl cells that entered mitosis were able to sustain
the mitotic arrest longer than siLuc cells, we noticed that many
siDrp1 cells failed to enter mitosis and appeared unhealthy. Indeed,
Drpl depletion has been reported to cause cell cycle defects and a
G2 delay (Qian et al, 2012; Westrate et al, 2014). To avoid compli-
cations from these interphase phenotypes caused by siDrpl, we
inhibited Drpl in U20S cells at the time of mitotic entry with the
chemical inhibitor of Drpl Mdivi-1 (Cassidy-Stone et al, 2008) and
analyzed the kinetics of mitotic adaptation with FACS. An increas-
ing percentage of cells underwent mitotic adaptation with increasing
time in taxol, as evidenced by the appearance of MPM2-negative
population (Fig 7C; indicated by red arrows). Chemical inhibition of
Drpl with Mdivi-1 largely blocked mitotic adaptation in these cells
(Fig 7C and D). Addition of cycloheximide to mitotic cells treated
with Mdivi-1 accelerated mitotic adaptation (Fig 7C and D). The fact
that cycloheximide abrogated the effect of Mdivi-1 indicated that,
similar to Bax/Bak, the role of Drpl in mitotic adaptation might
involve protein synthesis.

Interestingly, the peaks of the MPM2-negative DMSO-treated
cells in the FACS graphs were broader than those of cells treated
with Mdivi-1 (Fig 7C). The MPM2-negative DMSO cells that had
undergone adaptation had variable DNA contents, from 4C to < 2C

B Mitotic APC/C
12h 14h

S
siLuc + + aq
-3
/o)
<

siBax + +
siBak + + + +

Ub-Myc-CycB1

e e —
T

s —— ——

Myc-CycB1r mreseseseea—

Figure 6. Bax/Bak promote mitotic adaptation independently of cyclin B1 degradation.

A U20S cells transfected with the indicated siRNAs were synchronized by a thymidine block and released into taxol. Mitotic cells were collected by shake-off, incubated
with cycloheximide (50 nM), and monitored by time-lapse microscopy. Cumulative percentage of cells in mitosis was plotted against their mitotic durations.

B Hela cells transfected with the indicated siRNAs, synchronized by a thymidine block, and released into nocodazole for the indicated times. Anaphase-promoting
complex/cyclosome (APC/C) was immunoprecipitated from these cells and was then assayed for its ligase activity toward cyclin B1.
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Figure 7. The mitochondrial fission factor Drpl contributes to mitotic adaptation.
A Cumulative percentage of mitotic U20S cells transfected with the indicated siRNAs for 48 h and then treated with taxol was plotted against their mitotic durations

determined by live-cell imaging. Atso(siDrpl-3-siLuc) = 10.4 + 1.3 h,n = 2.
B Quantification of the terminal phenotypes of the mitotic cells in (A).

C U20S cells were synchronized by thymidine block and released into pre-warmed medium. Taxol was added at 12 h after release, along with DMSO or 50 uM Mdivi-1.
Mitotic cells were collected 3 h later by shake-off and further cultured in the taxol medium for the indicated times in the absence (top) or presence of 50 uM
cycloheximide (CHX; middle) or 5 mM sodium azide and 2 mM 2-deoxyglucose (2-DG; bottom). The cells were stained with the MPM2 antibody and PI and subjected
to FACS. The normalized counts of cells with 4C DNA content (as a percentage of the maximum in the histogram of each time point) were plotted against the
intensities of MPM2. The MPM2 intensities of mitotic cells and the adapted cells are indicated by black and red arrows.

D Quantification of the percentage of mitotic (MPM2") cells at the indicated times and conditions as in (C), with averages and standard deviations of multiple

experiments shown.

E U20S cells were synchronized by thymidine block and released into pre-warmed medium. Taxol was added at 9 h after release, along with DMSO or 50 pM Mdivi-1.
Mitotic cells were collected 3 h later by shake-off. ATP levels were determined by luminescence with CellTiterGlo and normalized to the number of live cells
determined by trypan blue exclusion. Averages and standard deviations of three independent experiments, each with triplicate samples, are shown.

(Supplementary Fig S6A), whereas those adapted cells in Mdivi-1-
treated cells had 4C DNA content. As revealed by time-lapse
microscopy, the majority of U20S cells underwent abnormal cytoki-
nesis during adaptation in taxol, often producing daughter cells with
different sizes and presumably uneven DNA contents (Supplemen-
tary Fig S6B and C). Drpl inhibition by Mdivi-1 not only delayed
mitotic adaptation, but also blocked this abnormal cytokinesis
during adaptation. Similarly, Bax/Bak depletion also diminished
abnormal cytokinesis during adaptation, albeit to a lesser extent
than Mdivi-1 treatment (Supplementary Fig S6D). It remains to be
determined whether the functions of Drpl in promoting adaptation
and in triggering aberrant cytokinesis are linked. In this experiment,

© 2014 The Authors

we did not measure cyclin B1 levels and thus could not rule out the
possibility that the increase in MPM2-positive cells caused by siBax/
Bak or Mdivi-1 was due to alterations of other Cdkl regulatory
mechanisms. Nevertheless, the similarities in the phenotypes caused
by Drpl inactivation and Bax/Bak depletion are consistent with
Bax/Bak and Drpl acting through similar mechanisms.

We further explored the mechanism by which Drpl regulated the
onset of mitotic adaptation. It has been reported that energy produc-
tion by the mitochondria positively correlates with the extent of
mitochondrial connectivity (Mitra et al, 2009), and phosphorylation-
dependent activation of Drpl during mitosis increases mitochondrial
fission and reduces both mitochondrial connectivity and presumably
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energy production (Taguchi et al, 2007). Acute Drpl inactivation
in human cells by siRNA or Mdivi-1 elevates ATP production in
interphase (Qian et al, 2012). Strikingly, we found that Mdivi-1
treatment also elevated ATP levels in mitotic cells (Fig 7E).
More importantly, inhibition of ATP production with azide and
2-deoxyglucose (2-DG) abrogated the delay in mitotic adaptation
caused by Mdivi-1 (Fig 7C and D; Supplementary Fig S6A). Taken
together, these results are consistent with the intriguing possibility
that Drpl activation in mitosis contributes to mitotic adaptation by
decreasing ATP production and indirectly affecting global protein
translation, including translation of cyclin B1.

Finally, we tested whether the apoptosis and adaptation pathways
were the only major pathways determining cell fates after taxol-
induced mitotic arrest. Depletion of p31°°™" from siBaxBak U20S
cells further lengthened mitotic durations (Fig 8A and B). A similar
synergy between p31°°™®" depletion and Bax/Bak depletion in
lengthening mitotic durations was observed in RPE1 cells (Fig 8C
and D). Depletion of Cdc20 also synergized with Bax/Bak depletion
to prolong taxol-induced mitotic arrest in both U20S and RPE1 cells
(Fig 8A-D). RPE1 cells depleted of Cdc20, and Bax/Bak were
arrested in mitosis with a tso of 54.4 h, compared to a t5o of 13.2 hin
control cells. Remarkably, about 58% of the cells depleted of Cdc20
and Bax/Bak were still in mitosis at the end of the experiment.
Therefore, the apoptosis and adaptation pathways are the major
pathways that determine cell fates following mitotic arrest. Crippling
both pathways traps cells in mitosis for exceedingly long durations.

Discussion

Our genome-wide siRNA screen presented herein has systematically
identified molecular components in human cells that mediate apop-
tosis and mitotic adaptation during taxol-induced mitosis arrest.
This collection of regulators is a valuable resource and enables
future mechanistic studies. Our initial characterization of certain
regulators, p31°°™", Noxa, and Bax/Bak, has already revealed new
principles in the coordination of mitotic apoptosis and adaptation.
We show that p31°°™®" has opposing functions in the two competing
pathways (Fig 8E). It actively promotes mitotic adaptation through
APC/CC%?0_dependent degradation of cyclin B1. It also has a role in
antagonizing apoptosis during mitotic arrest. Unexpectedly, Bax/
Bak not only are required for mitotic apoptosis, but also contribute
to mitotic adaptation, possibly through the mitochondrial fission
factor Drpl.

Identification of functional networks that mediate cellular
responses to taxol

Network analysis of the hits in our screen reveals four main
networks that mediate cellular responses to taxol, including the
apoptosis network, the spindle checkpoint network, the DNA repli-
cation licensing network, and the spliceosome network. The DNA
replication licensing and spliceosome networks are required for cell
cycle progression. Their inactivation results in cell cycle defects in
interphase and prevents mitotic entry, thereby indirectly increasing
cell viability in taxol. In addition to these networks, our screen also
isolated other genes with known functions in the cell cycle, includ-
ing Cdc2 (Cdk1), ribonucleotide reductases (RRM1 and RRM2), and
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Set8. Collectively, these results confirm that mitotic entry is required
for taxol-induced apoptosis.

Although our screen isolated many known components of the
spindle checkpoint, we did not uncover novel spindle checkpoint
genes, confirming that the Bub and Mad genes initially identified in
yeast genetic screens were indeed the major players of this important
checkpoint in human cells. Inactivation of the spindle checkpoint
genes increases short-term cell viability in the presence of taxol, due
to mitotic exit and failure to undergo apoptosis. Conversely, multiple
subunits of APC/C were isolated as viability-decreasing hits. APC/C
inactivation is expected to delay mitotic progression and cause
hyperactivation of the spindle checkpoint, thus blocking mitotic
adaptation and sensitizing cells to taxol-mediated killing.

In our screen, we isolated multiple components of the intrinsic
mitochondrial apoptosis pathway, confirming the involvement of
this pathway in mitotic apoptosis. In addition to this pathway, the
apoptosis network highlighted a potential role of the JAK-STAT
pathway in mitotic cell death. The JAK-STAT pathway mediates
cytokine signaling in metazoans and has diverse physiological func-
tions ranging from immune response, development, differentiation,
and apoptosis (Levy & Darnell, 2002). This pathway is often
up-regulated in human cancers and is generally pro-survival,
although certain players of this pathway have been implicated in
promoting apoptosis in certain contexts. Future studies are needed
to examine the involvement of this pathway in mitotic apoptosis.

Our screen did not identify other gene networks involved in
processes such as necrosis or autophagy, suggesting that the apopto-
sis and spindle checkpoint pathways might be the only major path-
ways that determine cell death/survival decisions during mitotic
arrest. Indeed, inactivation of the apoptosis pathway and hyperacti-
vation of the spindle checkpoint through Cdc20 or p31°°™" deple-
tion block cells in mitosis for exceedingly long durations. Thus, the
duration of mitotic arrest caused by taxol is actively controlled by
the apoptosis and spindle checkpoint pathways and is not solely
determined by cellular metabolism.

The Noxa—-Mcl1 axis in mitotic apoptosis

Our results confirm and extend the involvement of the intrinsic
mitochondrial pathway in taxol-induced apoptosis. The Noxa—Mcll
axis in this pathway is particularly important for controlling the
timing of apoptosis following mitotic entry, at least in HeLa cells
(Fig 8E). The Mcl1 protein levels decrease during mitotic arrest. The
drop in Mcll levels may help to tip the balance between the pro-
apoptotic activities of Noxa and the anti-apoptotic activities of Mcl1,
thus contributing to the timing of mitotic cell death.

Although inactivation of Noxa greatly lengthens the duration of
mitotic arrest and delays the onset of apoptosis in HeLa cells, many
Noxa RNAI cells still undergo apoptosis following the prolonged
mitotic arrest. Furthermore, depletion of Noxa did not have any
effect on mitotic apoptosis in U20S cells. In previous studies, inacti-
vation of other pro-apoptotic regulators in the intrinsic pathway also
attenuates, but does not prevent, taxol-induced mitotic cell death
(Kutuk & Letai, 2010; Moustafa-Kamal et al, 2013). Different players
in this pathway are implicated as major regulators of taxol-induced
cell death in these studies (Czernick et al, 2009; Kutuk & Letai, 2010;
Moustafa-Kamal et al, 2013). Collectively, these results paint a
complicated picture and suggest the existence of multiple, redundant
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Figure 8. Crosstalk between mitotic adaptation and apoptosis pathways.

A Cumulative percentage of mitotic U20S cells transfected with the indicated siRNAs and treated with taxol was plotted against their mitotic durations. A
representative example of duplicate experiments: tso(SiLuc + siLuc) = 4.7 h, tsp(siLuc + siP31-1) = 10.5 h, tso(siNoxa-1 + siLuc) = 4.1 h, tso(siBaxBak + siLuc) = 16.6 h,

tso(siNoxa-1 + siP31-1) = 153 h, tso(siBaxBak + siP31-1) = 29.3 h.

B Quantification of the terminal phenotypes in (A). The “cell death” group denotes cells that undergo death without showing the canonical membrane blebbing

observed during apoptosis.

C Cumulative percentage of RPEL cells transfected with the indicated siRNAs and treated with taxol is plotted against their mitotic durations. tsp(siLuc + siLuc) = 13.3 h,
tso(SiLuc + siP31-1) = 9.8 h, tso(siLuc +siCdc20) = 13.7 h, tso(siBaxBak + siLuc) = 28.3 h, tso(siBaxBak + siP31-1) = 39.6 h, tso(siBaxBak + siCdc20) = 54.3 h.

D Quantification of the terminal phenotypes of the mitotic cells in (C).

E A coupled molecular race model for cell fate decisions during prolonged mitotic arrest. Apoptosis and adaptation are the two major competing pathways in this
process. These two pathways are coupled upstream through a mitochondrial module consisting of Bax/Bak. Bax/Bak promote both apoptosis through MOMP and
cytochrome c release and adaptation through modulation of Drpl. Because cytochrome c is not released in cells undergoing adaptation (data not shown), the
bifurcation of these two pathways likely occurs upstream of MOMP. Enhanced Drpl mitochondrial fission activity during mitosis reduces ATP production, hampers
global protein translation (including cyclin B1 translation), and promotes adaptation. Small differences in the rates of the actual execution of downstream events of
apoptosis or mitotic adaptation then determine the cell fates, providing a possible explanation for the heterogeneity in cellular responses to taxol. Unlike Bax/Bak
which are couplers of apoptosis and adaptation, p31<°™" has opposing roles in the two pathways and acts as an anti-coupler. Targeting p31<°™* will not only block

adaptation but also promote apoptosis.

mechanisms upstream of Bax/Bak for executing mitotic apoptosis.
Different cell lines might preferentially use certain mechanisms.

Roles of p31°°™®* in mitotic adaptation and in
suppressing apoptosis

p31%™e promotes mitotic exit in the absence of microtubule

poisons (Hagan et al, 2011; Jia et al, 2011) and is required for
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mitotic adaptation in nocodazole (Varetti et al, 2011). Similarly, we
showed that p31°°™" is also required for adaptation in taxol and
that it does so by promoting cyclin B1 degradation. Thus, the basal
APC/C activity observed during mitotic arrest is produced by
p31¢™dependent inactivation of Mad2 and that low levels of
inactivation occur even in the presence of an active checkpoint.

1°°™¢" in antagonizing
lcomel haS

We also uncovered a minor role for p3
apoptosis during mitotic arrest, suggesting that p3
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opposing functions in the two competing pathways. Interestingly,
depletion of Noxa abolishes the acceleration of mitotic apoptosis
caused by p31°™" depletion, suggesting that p31°°™" antagonizes
Noxa. One intriguing possibility is that p31°°™' regulates apoptosis
through modulation of Mcll, which has been shown to be a
substrate of APC/C®%°2° in mitosis (Harley et al, 2010). However,
we did not observe a decrease in Mcl1 levels in interphase or mitotic
cells after p31°°™" depletion. The small effects of p31°°™" depletion
on Mcll degradation in Fig 3D were not reproducible. Depletion of
Cdc20 did not block the advancement of apoptosis timing caused by
depletion of p31°°™'. Thus, we do not have evidence to support a
model in which p31°°™¢' blocks APC/C®**-dependent degradation
of Mcll. In addition, we failed to detect any physical interactions
between p31°°™' and apoptotic regulators, including Bax/Bak,
Noxa, or Mcll, either by immunoprecipitation of endogenous
proteins in human cells or through in vitro binding experiments
using purified p31°°™, Mad2, or p31°°™*'-Mad2 and in vitro trans-
lated Bax, Bak, Noxa, or Mcll. These negative results suggest that
the role of p31°°™' in suppressing apoptosis might be indirect.
Regardless of the mechanism, the fact that p31°°™" has opposing
functions in mitotic adaptation and apoptosis suggests the existence
of crosstalk between the apoptosis and adaptation pathways during
mitosis.

Roles of Bax/Bak and Drp1l in mitotic adaptation

In HeLa cells, which primarily undergo apoptosis during mitotic
arrest, weakening of the intrinsic apoptosis pathway by Noxa inacti-
vation extends mitotic arrest, a phenotype that can be explained by a
simple molecular race between apoptosis and adaptation (Gascoigne
& Taylor, 2008; Huang et al, 2010). On the other hand, we found
that depletion of Bax/Bak delayed mitotic adaptation in U20S cells
in taxol. Because 90% of the cells in this line normally undergo
adaptation in taxol, the molecular race model would predict that
mitotic adaptation is executed faster than apoptosis in these cells. If
the two pathways are truly independent of each other, disabling the
slower apoptosis pathway in this cell line is not supposed to have a
substantial effect on the timing of the faster mitotic adaptation path-
way. Our observation that the apoptotic factors Bax/Bak contribute
to mitotic adaptation thus cannot be explained by a simple competi-
tion between two independent pathways and strongly indicates that
the apoptosis and adaptation pathways are coupled.

We show that Bax/Bak promote adaptation through a mecha-
nism independent of APC/C®°°-mediated cyclin Bl degradation.
Instead, they may do so through their ability to regulate Drpl.
Similar to Bax/Bak depletion, Drpl inactivation by siRNA or its
mitosis-specific inhibition by Mdivi-1 delays mitotic adaptation.
Furthermore, Mdivi-1 treatment increases total ATP concentrations
in mitotic cells. Inhibition of protein synthesis with cycloheximide
or blocking ATP production with inhibitors of oxidative phosphory-
lation (azide and 2-DG) reverses the effect of Mdivi-1 and acceler-
ates mitotic adaptation. We hypothesize that Bax/Bak and Drpl
promote mitotic adaptation indirectly through affecting mitochon-
drial dynamics and fitness during mitotic arrest, leading to lower
ATP production that weakens global protein translation. Our
evidence implicating changes in protein translation during mitotic
adaptation is indirect. Additional studies are needed to directly
measure the synthesis rate of cyclin B1 and other proteins in control
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and Bax/Bak- or Drpl-deficient cells. It is also unclear how Bax/Bak
regulate Drpl or vice versa. Finally, it will be interesting to test
whether Bax/Bak and Drpl regulate mitotic exit in the absence of
spindle poisons. Because of a requirement for Bax/Bak and Drpl in
cell cycle progression prior to mitosis entry, techniques that inacti-
vate these molecules specifically in mitosis are required to address
this important question.

Coupling between mitotic apoptosis and adaptation

Our studies suggest that activation of the mitochondrial apoptosis
pathway inevitably potentiates cells for mitotic adaptation. The
small kinetic differences in actually executing the downstream
events of apoptosis or mitotic adaptation then determine the final
cell fate. The upstream coupling of two competing pathways thus
provides a possible explanation for the heterogeneity in the cellular
responses to taxol and for the ineffectiveness of taxol against certain
tumors. Because of its opposing functions in the apoptosis and
adaptation pathways, targeting p31°°™' is an attractive strategy to
uncouple these two pathways. Chemical inhibitors of p31%°™" are
expected to block mitotic adaptation and accelerate apoptosis during
mitotic arrest and have the potential to improve the efficacy of taxol
in cancer chemotherapy.

Materials and Methods

Mammalian cell culture and transfection

HeLa Tet-On, U20S, and RPEI-hTERT cells were grown in
Dulbecco’s Modified Eagle Medium (Invitrogen) supplemented with
10% fetal bovine serum and 10 mM tr-glutamine. siRNA transfec-
tions were performed using Lipofectamine RNAIMAX (Invitrogen)
according to instructions from the manufacturer. A final concentra-
tion of 5 nM per siRNA was used, unless stated otherwise. For
siBaxBak, siBax-1 and siBak-1 were mixed at a final concentration
of 2.5 nM each. The siRNA sequences used in this study are:

siBax-1, GGGACGAACTGGACAGTAA; siBak-1, CAGAGAAUGC
CUAUGAGUA;

siCdc20, Silencer pre-designed ID s2748 (Ambion); siControl,
GGCATCTTAGCCCGTACTT;

siDrpl-2, GAAAGAAGCAGCUGAUAUG; siDrpl-3, GGAGCCAG-
CUAGAUAUUAA; siDrpl-5, CGUAAAAGGUUGCCUGUUA; siMad2,
UACGGACUCACCUUGCUUG;

siMcll, CGAAGGAAGUAUCGAAUUU; siNoxa-1, GCAAGAACGC
UCAACCGAG;

siNoxa-2, AAACUGAACUUCCGGCAGA; siNoxa-3, GAACCUGA-
CUGCAUCAAAA; siNoxa-4, AAUCUGAUAUCCAAACUCU; siP31-1,
GGCUGCUGUCAGUUUACUU (Jia et al, 2011).

To rescue the Noxa RNAi phenotypes, HeLa Tet-On cells were
first transfected with siNoxa-1 and then transfected with pCS2-eGFP
or pCS2-eGFP-Noxa plasmids using Lipofectamine 2000 (Invitrogen)
according to the manufacturer’s protocol. To create the stable Myc-
Mcll and GFP-p31-siR cell line, HeLa Tet-On cells were transfected
with the pTRE2hygro-Myc-Mcll and pTRE2hygro-eGFP-p31-siR
plasmid, respectively, using the Effectene reagent (Qiagen). Clones
were selected with 300 pg/ml hygromycin (Invitrogen). Expression
was induced with 2 pg/ml doxycycline (Sigma). For the p31¢°™¢
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rescue experiment, HeLa cells stably expressing EGFP-p31-siR and
their parental cell line were transfected with siP31-1 for 30 h. Cells
were then transfected with siCdc20 to avoid the premature mitotic
exit caused by p31%°™' overexpression. Cells were synchronized
8 h after siCdc20 transfection by a single thymidine block (15 h)
and then released into medium containing taxol and imaged by
time-lapse microscopy.

For mitotic arrest, cells were treated with 200 nM taxol (Sigma)
or 500 nM nocodazole (Sigma) for 14-16 h or as indicated. For cell
cycle synchronization, cells were cultured in medium containing
2.5 mM thymidine (Sigma) for 15 h (HeLa) or 24 h (U20S) and
released into fresh medium without thymidine for the desired time.
The pan-caspase inhibitor z-VAD-fmk (BD Biosciences) was used at
50 uM. For translation inhibition, freshly made cycloheximide
(Sigma) was used at 50 pM.

siRNA screen

HeLa Tet-On cells were reverse transfected with siRNA pools from
the Dharmacon siGENOME library targeting 21,360 unique human
genes. Each siRNA pool contained four siRNAs against a given gene.
Four nanomoles of each siRNA pool diluted in 20 pl of DMEM with-
out serum were dispensed into each well of 96-well plates using a
Beckman FX liquid handler. 0.25 pl of Lipofectamine RNAIMAX
(Invitrogen) reagent diluted in 20 pl of DMEM without serum was
added to each well. After a 30-min incubation, 5,000 or 10,000 HeLa
Tet-On cells in DMEM medium containing 20% FBS were added to
each well to obtain a final volume of 100 ul and a 40 nM final
concentration of siRNAs. Each siRNA pool was tested in triplicates.
At 24 h post-transfection, taxol was added to a final concentration
of 220 nM. Cell viability was determined at 48 h after taxol addition
using the CellTiter-Glo assay (Promega) that measured the intracel-
lular ATP concentrations. Viability values were normalized to the
positive controls (Mad2 siRNA) on each plate and corrected for plate
variability. Hits from the primary screen were subjected to second-
ary screens using the same procedure as described above, except
that the siRNA pools from Qiagen were used. The secondary screen
was performed at two siRNA concentrations. Hits from the primary
and secondary screens were analyzed using Ingenuity Pathway
Analysis with manual input. All hits from the primary screen were
included to generate a large enough dataset for the analysis and to
facilitate the discovery of gene networks.

Flow cytometry

Cells were washed with PBS, fixed in cold 70% ethanol, washed
once again with PBS, and permeabilized in PBS containing 0.25%
Triton X-100. The MPM2 (Millipore; 1:40 dilution) or anti-cyclin Bl
(Santa Cruz, 1:20 dilution) antibodies were diluted in PBS containing
0.25% Triton X-100 and 3% BSA (Sigma) and added to the permea-
bilized cells. After an incubation at room temperature for 3 h, cells
were washed with PBS and incubated with anti-mouse Alexa-488
secondary antibody (Invitrogen; 1:20 dilution) in PBS containing
0.25% Triton X-100 and 3% BSA for 30 min in the dark. Cells were
again washed with PBS and incubated with 200 pug/ml DNase-free
RNase A (Qiagen) and 2 pg/ml propidium iodide (Sigma) in PBS.
Samples were analyzed with a FACSCalibur flow cytometer (BD
Biosciences). Data were processed with the FlowJo software.
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Live-cell microscopy

Cells were cultured on 4- or 8-well chamber coverslips (LabTek)
and transfected with the indicated siRNAs at a final concentration of
5 nM for 24-48 h and treated with taxol. Cells were then imaged
with a DeltaVision system (Applied Precision) which had a humidi-
fied environmental chamber with 37°C and 5% CO,. Differential
interference contrast (DIC) images were acquired with a 40x objec-
tive at 2-10 min intervals for 12-72 h. Four 6-pm z-stacks per time
point were acquired. The images were manually analyzed to deter-
mine mitotic timing and cell fates and further processed in ImageJ
to create time-lapse movies.

Immunofluorescence

Cells were grown on chamber slides (LabTek), fixed with 4% form-
aldehyde (Pierce) or cold methanol, blocked in PBS containing 3%
BSA and 0.2% Triton X-100, and incubated with anti-cytochrome ¢
(1:250; BD Biosciences) and the appropriate Alexa secondary anti-
bodies (Invitrogen). The slides were mounted with ProLong with
DAPI (Invitrogen) and analyzed with the DeltaVision system. A
series of z-stack images at 0.2-pm intervals were deconvolved.
Images were further processed with ImageJ and Photoshop.

Antibodies and immunoblotting

Cells were lysed in 2x SDS loading buffer. Lysates were separated
by SDS-PAGE, transferred to nitrocellulose membranes, and blotted
with the desired antibodies. Antibodies against Apc2, Mad2, and
p31°°™®" were described previously (Fang et al, 1998; Xia et al,
2004). The commercial antibodies used in this study include: anti-
cyclin B1 (Santa Cruz), anti-PARP (Cell Signaling), anti-Mcll (Cell
Signaling), anti-Smac (Cell Signaling), anti-Bak (Millipore), anti-Bax
(BD Biosciences), and anti-phospho-H3-S10 (Millipore). Anti-rabbit
immunoglobulin G (IgG) (H+L) (Dylight 800 conjugates) and anti-
mouse IgG (H+L) (Dylight 680 conjugates; Cell Signaling) were used
as secondary antibodies. The blots were scanned with the Odyssey
Infrared Imaging System (LI-COR).

Supplementary information for this article is available online:
http://emboj.embopress.org
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