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An essential role for p73 in regulating mitotic cell death
WH Toh', SY Nam' and K Sabapathy*'?*

The molecular mechanisms regulating cell death during mitosis are poorly understood. We show here a critical role for p73, but
not p53, in regulating mitotic cell death induced by various means. Prolonged mitotic arrest and the activation of spindle
checkpoint are required for mitotic death, which occurs before mitotic exit and which can be ameliorated by accelerated mitotic
exit. Absence or silencing of p73 expression abrogated mitotic death without accelerating mitotic exit, and was independent of
BubR1 and Mad2, the loss of which promotes mitotic exit. However, the absence of p73 reduced mitotic death by compromising
the expression of the proapoptotic BH3-only protein Bim and thereby affecting cytochrome c release and caspase activation. p73
was found to induce bim expression through direct binding to regulatory elements in intron 1. Congruently, mitotic cell death
was rescued to similar extents by silencing either bim or p73 expression. Taken together, the data show an important role for the

p73-Bim axis in regulating cell death during mitosis that is independent of p53.
Cell Death and Differentiation (2010) 17, 787-800; doi:10.1038/cdd.2009.181; published online 11 December 2009

Progression through the mitotic phase of the cell cycle seems
to be the most vulnerable period in the life of a cell, during
which it is susceptible to cell death induced by various insults.
On exposure to cellular insults leading to accumulation of
cells in this phase of the cell cycle, checkpoint controls
are activated that lead to the arrest of cells till the damage
is corrected, and thus genomic integrity is preserved.?>
The spindle assembly checkpoint (SAC) that regulates this
process has to be satisfied before the progression of cells out
of mitosis.*® The current belief is that prolonged arrest in
mitosis, which is suggestive of the lack of efficient repair
to maintain genomic integrity, signals the induction of an
apoptotic program in mitosis — often referred to as mitotic cell
death."® This default mechanism of death seems to have
evolved to protect the organisms from accumulating genetic
alterations.

Many cancer drugs that have been successful in eliminating
cancer cells have exploited this mechanism. An example is
paclitaxel (taxol), the commonly used microtubule-stabilizing
drug that arrests cells in mitosis and leads to their death in
what has also been termed as ‘mitotic catastrophe’.® Although
this process has been quite extensively described, the
mechanisms regulating death in and around mitosis are not
well understood. Many questions remain, such as what is the
molecular timer that determines whether it is time for mitotic
death to be initiated; what is the exact nature of the signaling
cascades that are involved in activating this cell-death
pathway; and so on.

p53, an important tumor-suppressor gene product,
regulates multiple processes preventing the propagation of
cancerous cells.” However, cell death during mitosis seems
not to be regulated by p53, and consistently many chemo-

therapeutic drugs, including taxol, have been shown to induce
p53-independent apoptosis.®® In fact, absence of p53 was
shown to enhance taxol-induced death, probably because
of the lack of the G4/S checkpoint control leading to
accumulation of cells in the Go/M phase, where they undergo
mitotic death.®

p73 is a functional homolog of p53 that is expressed either
as a full-length TAp73 form, which has a transactivation
potential similar to p53 and is hence able to induce apoptosis
on overexpression, or as the deltaN p73 (ANp73) form, which
lacks the transactivation domain and hence has the ability to
inactivate both p53 and p73 functions, thereby promoting cell
viability.'°='2 Although overexpression of TAp73 led to apop-
tosis and its absence conferred resistance to some forms of
cellular insults, including taxol,’>'® in vivo data suggest that
p73 may not be as strong a tumor suppressor as p53. p73~/~
mice do not succumb to spontaneous tumors as early as
p53~~ mice.'® However, p53*/ p73*/~ mice had a higher
tumor burden and metastasis formation compared with
p53*/~ mice, and p63*/~p73™’~ mice were also susceptible
to spontaneous tumors.'” Recent data showed that absence
of TAp73 specifically led to the formation of spontaneous
tumors in mice,® suggesting that p73 indeed could regulate
tumor progression, albeit probably to a lesser extent com-
pared with p53. The latter data, together with the findings that
cells not expressing p63 and p73 are resistant to cell death, '
indicate that p73 may have specific roles in regulating
apoptosis that cannot be compensated by p53.

Whether p73 has any role in regulating mitotic death has not
been carefully assessed. p73 is differentially expressed
during the cell cycle, peaking during the S phase and
decreasing thereafter during mitosis, during which it is
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phosphorylated by the p34°®“®>—cycin B complex, leading to
inactivation of its transactivation function and exclusion from
the condensed chromosomes.'®?° This suggests that p73
protein may not be required during Go/M transition. However,
recent evidence points to a critical role for p73 in regulating the
diploid status of cells. TAp73 knockout fibroblasts and cells in
which TAp73« was overexpressed became polyploid.'®?
Moreover, p73 has been suggested to regulate spindle
assembly checkpoint by modulating BubR1 activity,?? indicat-
ing that p73is crucial in regulating the genomic integrity during
the mitotic phase. Nonetheless, itis unclear whether it has any
role in regulating death during mitosis.

We have therefore tested the hypothesis that p73 may
regulate death during mitosis, and present data that indicate a
crucial role for it in controlling mitotic death induced by various
means, by the direct activation of Bim. p73, but not p53, is
required for this process, highlighting a specific role for p73in
inducing death during mitosis. The data thus define an
apoptotic pathway during mitosis that emancipates from
p73, leading to Bim activation and finally resulting in activation
of the mitochondrial death pathway.

Results

Taxol-induced cell death occurs during mitosis. We
have used taxol as a prototype drug to investigate the
molecular details of mitotic death. First, we examined the
cell-cycle phase at which taxol-induced cell death occurred,
by arresting cells at G4/S phase with a single thymidine block
for 24 h and then releasing them in taxol-containing medium
without thymidine. Cells accumulated in the 4N population
(Go/M phase) starting from 6h after release and peaked
around 18-24h (Figure 1a). The sub-G; population of
cells, which indicates apoptotic cells, started appearing
significantly from about 18-24h (Figure 1a, gate M1).
Parallel cultures were tested for phosphorylation of histone-
H3 — representing cells in the mitotic phase — which started
to accumulate from 12 h onward, peaking at 24 h (Figure 1b).
In addition, we analyzed the status of MPM2 expression —
indicative of cdc2 activity and of cells in mitosis — which
started accumulating from about 12h onward and peaked
around 30 h (Figure 1c). Concomitant analysis of caspase-3
cleavage to determine cell death revealed the appearance of
a cleavage product starting around 12h and peaked at 36 h
(Figure 1d). Together, the analyses indicate that taxol-
induced caspase-3 cleavage is probably initiated during the
mitotic phase of the cell cycle (Figure 1e). To determine
whether cell death indeed occurred at the mitotic phase after
taxol treatment, we co-stained cells with antibodies against
both phospho-histone-H3 and cleaved caspase-3. As shown
in Figure 1f, release from the thymidine block into taxol-
containing medium led to cells that were stained for both of
these markers, in contrast to cells that were only stained with
phospho-histone-H3 antibody on release into medium
(DMEM) alone. Thus, the data indicate that taxol-induced
cell death indeed occurs in the mitotic phase.

We therefore investigated by several means whether it was
essential for cells to be in the mitotic phase of the cell cycle to
undergo taxol-induced cell death, or rather, for cells to die in a
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time-dependent manner after taxol treatment. To this end,
first, taxol-treated cells were further treated with purvanalol A
(PurvA) — an inhibitor of cdc2 activity?®> — 15h after taxol
treatment, at a time point when cells were already entering
mitosis, to accelerate mitotic exit without accumulation in
mitosis. Alternatively, cells were treated with the proteasomal
inhibitor MG 132, to block mitotic exit by preventing degrada-
tion of the targets of the anaphase-promoting complex, 15h
after taxol treatment, at a time point when cells were already in
mitosis and were beginning to undergo apoptosis (Figure 1e).
As expected, PurvA treatment resulted in the reduction of
cdc20 accumulation, indicating exit from mitosis, in contrast to
cells treated only with taxol, in which cdc20 was abundant
(Figure 1g, compare lanes 7-9 with 4-6). In contrast,
treatment with MG132 resulted in accumulation of cdc20
(Figure 1g, lanes 10-12). Caspase-3 cleavage, which
occurred in cells treated only with taxol, was almost
completely abrogated in the presence of PurvA, whereas it
was furtherinduced on MG 132 treatment (Figure 1g, compare
lanes 5-6, 8-9 and 11-12). Similar results were obtained on
flow cytometric quantification of the amount of caspase-3
cleaved, in a time-course analysis (Figure 1h, P=0.0106 at
24h). To exclude the possibility that the lack of cleaved
caspase-3 expression is due to loss of cellular viability on
PurvA treatment, we analyzed cell death by propidium iodide
(PI) exclusion assay. This analysis also revealed that PurvA
treatment indeed protected cells from taxol-mediated death
(percentage of cell death: untreated versus taxol versus
taxol + PurvA—7.1 versus 17.1 versus 10.6, P=0.009)
(Supplementary Figure 1a).

Next, we used roscovitine, another drug that inhibits cdc2
activity, as well as another selective cdk1 inhibitor, RO-3306,
which was shown to arrest proliferating human cells at the
G/M border,?* thereby preventing entry into mitosis, to explore
the effect of taxol-induced death. We added roscovitine 15h
after taxol treatment when cells were in mitosis already,
similar to the PurvA experiments, to evaluate the effects of
accelerated exit from mitosis. In contrast, we added RO-3066
when cells were released from G4/S block, with the aim of
preventing cells from entering mitosis. Similar to earlier
observations with PurvA, treatment with roscovitine or RO-
3306 at the various time points resulted in the reduction of
taxol-induced cell death (percentage of cleaved caspase-3 of
taxol-treated cells: DMSO versus MG132 versus roscovitine
versus RO-3306 —21.2 versus 38.3 versus 14.2 versus 15.8)
(Figure 1i). Treatment with PurvA, roscovitine or RO-3066
similarly resulted in reduction in the number of MPM2-positive
cells and consistently to less cells with sub-G4 (indicative of
apoptosis), in contrast to MG132 treatment (Supplementary
Figures 1b and 2), indicating a strong correlation between
reduction of cell death and less number of cells in the mitotic
phase of the cell cycle, either because of prevention of entry
into mitosis or because of accelerated exit from mitosis.

To further confirm whether cells indeed need to be
maintained in mitosis after taxol treatment for cell death to
occur, we delayed cells from entering mitosis by maintaining
them in the presence of thymidine. Although cells released
from thymidine underwent cell death on exposure to taxol,
cells maintained in thymidine were significantly more resistant
to cell death as measured by the accumulation of the sub-Gj



population (thymidine free versus + thymidine: 39.0 versus
6.1% at 28 h, P=0.003) (Figure 1j). Histone-H3 phosphoryla-
tion was significantly affected in thymidine-blocked cells
treated with taxol, in contrast to released cells (Figure 1Kk),
indicating that thymidine blockage probably delayed mitotic
entry. Cell cycle analysis confirmed that thymidine treatment
delayed entry into the Go/M phase significantly (Figure 1j). To
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determine the specificity of this effect to taxol, we repeated the
experiment with a DNA-damaging agent, cisplatin (CDDP),
that does not require cells to be specifically in mitotis to induce
cell death. Exposure of cells to CDDP resulted in cell death to
similar extents, regardless of whether they were blocked in
thymidine (thymidine free versus +thymidine: 16.3 versus
15.1% at 28 h) (Supplementary Figure 3). Hence, the data
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Figure 1 Taxol-induced cell death occurs before cells exit mitosis. (a—€) p53 null human H1299 cells were arrested at the G4/S phase of the cell cycle by treatment with
2 mM thymidine for 24 h, after which the medium was replaced by the addition of 100 nM taxol. Cells were collected at the indicated time points and used for flow cytometric
analysis of DNA content to determine cell cycle status (a); the amount of cells containing phosphorylated histone-H3 (b) or MPM2 (c), which reflects the numbers of cells in the
mitotic phase of the cell cycle; and the number of cells expressing the cleaved caspase-3, reflecting cells undergoing apoptosis (d). The data from (a—d) are graphically
illustrated, the results representing the mean + S.D. (e) Gates M1 represent the apoptotic sub-G; population (a), or the phospho-histine-H3 (b) or MPM2 (c) positive cells, and
the percentages are indicated in each panel. (f) Cells were blocked in thymidine for 24 h, and not released (blocked), or released into medium (DMEM) or taxol-containing
medium, and were collected 18 h later for flow cytometric analysis of expression of phosphorylated histone-H3 and cleaved caspase-3. (g, h) The schematic shows the
protocol for the treatment of cells with taxol in the presence or absence of the various inhibitors (top panel) (g). Taxol-treated H1299 cells were further treated with either 20 nM
purvalanol A (PurvA) or 10 uM MG132 15 h post-taxol treatment when cells were in mitosis, and used for immunoblot analysis (g). Cell death was determined by percentage of
cleaved caspase-3 (h). The results represent the mean + S.D. from at least three independent experiments. (i) H1299 cells were similarly treated as indicated in the above
schematic in (g), with the inclusion of 10 M roscovitine 15 h post-taxol treatment (when cells were already in mitosis) or 10 M RO-3066 at release from the thymidine block
(when cells are released from the G4/S block), and harvested 24 h from the time of taxol treatment for the percentage of cleaved caspase-3 analysis. (j, k) Taxol was added to
H1299 cells in the absence or presence of thymidine, followed by flow cytometric analysis to determine the DNA profile over time (j). The percentage of dead cells (sub-G
population) is indicated. Parallel cultures were used for immunoblot analysis at the indicated time points (k). UT: untreated
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show that taxol-treated cells forced to remain in mitosis by
MG132 treatment underwent cell death, whereas exit from
mitosis or prevention from entering mitosis reduced cell death.

Altogether, the data show that taxol-induced cell death
occurs during but not before or after mitosis.

p73 is required for taxol-induced cell death. As the
experiments were performed using cells lacking p53, we
examined whether p73 is critical for mitotic death induced
by taxol. Taxol treatment led to increased p73 protein
expression in human p53-negative H1299 cells, which
peaked between 6 and 12 hours (Figure 2a). Cleavage of
caspase-9 and -3, indicative of initiation and execution of the
apoptotic program, occurred around 20 and 28 h for caspase-
9 and -3, respectively (Figure 2a, lanes 5-7). siRNA-
mediated silencing of p73 expression markedly reduced
cleaved caspase-9 and -3 products (Figure 2a, lanes 11-14).
Moreover, p73 silencing also significantly reduced cell death
on taxol treatment, as determined by both Pl exclusion and
cleavage of caspase-3 (percentage of dead cells — control
versus p73 siRNA: 34 versus 20, P=0.036; percentage
of cleaved caspase-3 product — control versus p73 siRNA:
27 versus 13.2, P=0.009) (Figure 2b). Several siRNA
constructs against p73 were used that gave similar results
in multiple cell lines (Supplementary Figure 4a and b).

We next compared the requirement of p53 versus p73 in
taxol-mediated cell death. Although silencing of p53 in the
p53-positive human U20S cells did not result in reduction of
taxol-induced cell death, reduction of p73 expression resulted
in a marked decrease in cell death (percentage of dead cells
— control versus p53 versus p73 siRNA: 11.1 versus 15.5
versus 6.7, P=0.003) (Figure 2c and d, right panel). Similar
results were obtained for cleaved caspase-3 analysis
(percentage of cleaved caspase-3 product — control versus
p73siRNA: 10 versus 16 versus 4, P=0.0007) (Figure 2d, left
panel). Further analysis was performed using mouse fibro-
blasts lacking p53 or p73 (Figure 2e). Although taxol treatment
of wild-type fibroblasts resulted in an increase in cell death
at 36 h, this effect was markedly reduced in p73~"~ cells. By
contrast, p53~/~ cells were still sensitive to taxol (percentage
of cell death on taxol treatment — wild-type versus p53~/~
versus p73’/’: 34 versus 27 versus 6.9, P=0.029 between
wild-type versus p73~~ and P=0.03 between p53~/~ versus
p73~"") (Figure 2f). Consistent with these findings, caspase-3
cleavage was observed on taxol treatment only in p53~"~ cells
and not in p73~/~ cells, even though p53 was upregulated in
these cells (Figure 2g). It is interesting to note that even after
prolonged exposure to taxol treatment p73~ ~ cells did not
undergo death and remained arrested in the G,/M phase, in
contrast to p53 /" cells that were dead and also became
polyploid (Supplementary Figure 5). Taken together, these
results indicate that p73 is required for taxol-induced cell
death in both human and mouse cells.

p73 is required for mitotic cell death induced by other
means. Many drugs induce mitotic arrest. However, not all
trigger the spindle checkpoint as taxol does. Nocodazole and
MG132 treatment are known to activate and maintain the
spindle checkpoint, whereas cytochalasin D treatment only
affects the cytokinesis stage of mitosis and does not trigger
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the spindle checkpoint.?>27 Hence, we examined whether
mitotic arrest alone is sufficient to induce cell death. Although
treatment with all these agents resulted in accumulation of
cells with 4N DNA content (Figure 3a, upper panel), only
nocodazole and MG132 treatment resulted in an increase in
cell death, whereas cytochalasin D did not (percentage of
cells with cleaved caspase-3 — untreated versus nocodazole
versus MG132 versus cytochalasin D: 4 versus 30 versus 27
versus 8.8) (Figure 3a, lower panel), suggesting that a
triggering of the checkpoint is important for cell death during
mitosis.

Hence, we analyzed whether p73 would be required for
mitotic cell death when the checkpoint is activated by other
means. Firstly, nocodazole-mediated cell death was found to
be dependent on p73, as silencing of p73 expression reduced
cell death significantly, in contrast to silencing of p53
expression in U20S cells (control versus p53 versus p73
siRNA — 19 versus 18 versus 9%, P=0.018 between control
versus p73 siRNA and P=0.045 between p53 versus p73
siRNA) (Figure 3b, upper panel). Similar data were obtained
using p73~~ and p53~~ cells (percentage of dead cells
for p73~~ versus p53~/": untreated — 5.1 versus 13.5 and
nocodazole — 20.5 versus 46.4) (Figure 3b, lower panel).
Next, we silenced the expression of mitotic polo-like kinase 1
(PLK1), which led to the accumulation of cells in mitosis and
subsequent death (Supplementary Figure 6).2% Cells were
transfected with PLK7 siRNA, blocked in G1/S by thymidine
block for 24 h before being released for a further 24 h to allow
cell cycle progression. As expected, release into cell cycle
resulted in accumulation of phosphorylated histone-H3 in
PLK1-silenced cells, in contrast to control siRNA-transfected
cells, regardless of p73 silencing (Figure 3c, compare lanes
2-3 and 5-6). Analysis of parallel cultures indicated that
silencing of p73 resulted in a significant reduction of cell death
and caspase-3 cleavage in the presence of PLK1 siRNA
(percentage of cleaved casapse-3 — control versus p73
siRNA: 37 versus 23, P=0.01; percentage of dead cells —
control versus p73 siRNA: 22.5 versus 9.8, P=0.012)
(Figure 3d). The data therefore suggest that p73 contributes
to mitotic cell death induced by multiple means.

Protection from mitotic death on p73 silencing is not due
to exit from mitosis through modulation of BubR1 and
Mad2 expression. Our data indicate that activation of the
spindle checkpoint, which occurs through the inhibition of
APC function, is necessary for mitotic death. Silencing
expression of BubR1 and Mad2, which are inhibitors of
APC, was also shown to protect cells from taxol-induced
death.?® Thus, we investigated whether p73 could modulate
the expression of BubR1 or Mad2 to regulate mitotic death.
As shown in Figure 4a, reduction of BubR1 or Mad2 led to
decreased taxol-mediated death, similar to the levels seen
with p73 siRNA treatment (percentage of cleaved casapse-3
on taxol — control versus p73 versus BubR1 versus Mad2
siRNA: 22.3 versus 13.5 versus 15.0 versus 12.1; % dead
cells —» 19.4 versus 8.5 versus 11.9 versus 7.0). However,
although silencing of BubR1 and Mad2 resulted in reduced
phosphorylated histone-H3, this was not the case on
silencing of p73 (Figure 4b and c). p73 silencing did not
also affect BubR1 and Mad2 levels or the phosphorylation
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status of BubR1, as evidenced by the slower migrating band
visible between 18 and 24 h after taxol treatment (Figure 4d),
suggesting that reduction in p73 levels neither affects BubR1

or Mad2 expression nor leads to mitotic exit.
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We further examined whether the mechanisms of p73-
dependent mitotic death are different from those of BubR1
and Mad2-mediated death. To this end, cells in which BubR1,
Mad2 or p73 expression was silenced were treated with
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Figure 3 Mitotic death is dependent on p73 and on activation of the spindle checkpoint. (a) Asynchronous H1299 cells were treated with 1 pug/ml of nocodazole, 10 uM
MG132 or 2 uM of cytochalasin D and collected 24 h later for DNA content analysis (upper panel) and to determine the percentage of cells with cleaved caspase-3 (lower
panel). (b) U20S cells in which p53 or p73 expression was silenced using specific sSIRNA (upper panel), or p53~/~ and p73~~ mouse fibroblasts (lower panel), were treated
with 1 ug/ml of nocodazole for 30 h before determination of cell death. Experiments were performed in duplicates and at least twice, and mean = S.D. is shown. (¢, d)
Schematic in (c) shows the setup of the experiments. Expression of PLKT was silenced in H1299 cells that were arrested at the G4/S phase by the thymidine block for 24 h
before release into the cell cycle. Control siRNA was used as indicated. In parallel cultures, p73 expression was silenced 24 h before silencing of PLK and subsequently
released as shown in the schematic. All samples were used for immunoblot analysis (c) or for analysis of cell death by propidium iodide (PI) exclusion (left panel) and
expression of cleaved caspase-3 (right panel) (d). Experiments were performed in duplicates and at least three times, and the mean £ S.D. is shown

<
Figure2 p73isrequired for taxol-induced cell death of human and mouse cells. (a) H1299 cells were transfected with control and p73-specific SIRNA 24 h before arrest by
the thymidine block for 24 h, subsequently released into 100 nM taxol-containing medium as described, and collected at various time points for immunoblot analysis. (b) Cell
death was measured either by propidium iodide (PI) exclusion assay (left panel) or by caspase-3 cleavage (right panel), from the above samples at 24 h after taxol treatment,
by flow cytometry. The percentage of dead cells is indicated. Experiments were performed in duplicates and at least three times, and representative results are shown with
mean + S.D. (c, d) p53 or p73 expression was silenced in human osteosarcoma U20S cells using specific SIRNA (c), which were then treated with 100 nM taxol for 30 h before
determination of the percentage of dead cells by P! (right panel) or caspase-3 cleavage (left panel) (d). (e-g) Reverse transcriptase (RT)-PCR analysis was performed to
confirm the absence of p53 or p73 in the respective mutant mouse fibroblasts (e). Cells were treated with 100 nM taxol for 36 h and the percentage of dead cells was
determined by Pl exclusion. Experiments were performed in duplicates and at least three times, and representative data are shown together with the mean £ S.D. in the lower
panel (f). Parallel cultures were collected at the indicated time points and used for immunoblot analysis (g)
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Figure4 Mechanism of p73-mediated mitotic death is not related to activation of the components of the spindle checkpoint, BubR1 and Mad2. (a-c) Expression of BubR1,
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used to determine levels of phospho-histone-H3 by flow cytometry at the indicated time points (c). (d) Immunoblot analyses indicate that silencing of p73 expression 24 h
before thymidine block and subsequent release into 100 nM taxol-containing medium does not affect BubR1 or Mad2 levels. (e) Immunofluoresence microscopy showing
chromosomes from taxol- or MG132-treated cells in mitotic arrest. Taxol-treated cells exhibit aberrant chromosome formation, whereas MG132-treated cells exhibit aligned
chromosomes (see arrowheads showing representative chromosomes). (f, g) Expression of p73, BubR1 or Mad2 was silenced in H1299 cells that were treated with 10 uM
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MG132, which blocks the degradation of APC targets,
therefore negating the effects of silencing BubR1 and Mad2
on mitotic exit. We reasoned that if p73 regulated BubR1 and
Mad2 to regulate mitotic death, then silencing the expression
of any one of the molecules would protect the cells from
MG 132-induced death. This hypothesis was thus tested. Cells
were first treated with MG132 after release from thymidine
block to arrest cells in mitosis, which resulted in chromosomes
being aligned along a single plane with normal mitotic spindle,
in contrast to taxol-treated cells, which have fragmented
chromosome arrangement (Figure 4e, see arrowheads).
Silencing BubR1 or Mad2 expression in MG132-treated
cells did not result in mitotic exit, as determined by the
lack of reduction of phosphorylated histone-H3 (Figure 4f).

Cell Death and Differentiation

Importantly, BubR1 and Mad2 silencing in cells treated with
MG 132 did not result in reduction in cleavage of caspase-3, in
contrast to silencing of p73 (percentage of cleaved caspase-3
after MG132 treatment — control versus p73 versus BubR1
versus Mad2 siRNA: 27 versus 12 versus 24 versus 23)
(Figure 4g, left panel). Similar results were obtained with Pl
exclusion analysis (percentage of dead cells — control versus
p73 versus BubR1 versus Mad2 siRNA: 26.9 versus 15.0
versus 24.8 versus 21.7) (Figure 4g, right panel). To confirm
that MG132-mediated cell death occurred primarily in the Go/M
phase, we compared the rate of cell death in asynchronous
cultures versus thymidine-blocked and -released cultures
(where a large population of cells were entering mitosis),
which indicated that cell death was very pronounced in the



latter population (percentage of cell death: asynchronous
versus thymidine blocked and released — 15.6 versus 40.1)
(Supplementary Figure 7). Taken together, the results
indicate that the mechanism by which silencing of p73
protected cells from death was different from that seen when
BubR1 and Mad2 are silenced, in which case cells are forced
out of mitosis, prematurely leading to escape from mitotic
death.

p73 is required for caspase activation and cytochrome ¢
release. As caspase activation is a hallmark of apoptosis in
many cellular systems,*® we examined whether they were
involved in mitotic death attributed to p73, by silencing the
expression of various initiator caspases, such as caspase -2,
-8 or -9. Silencing of all three caspases led to decreased
caspase-3 cleavage, similar in extent to that found on
silencing of p73 expression (percentage of cleaved
caspase-3 after taxol treatment — control versus p73
versus caspase-2 versus caspase-8 versus caspase-9
siRNA: 34 versus 19 versus 20 versus 22 versus 18)
(Figure 5a, upper panel). Cell viability analysis also
confirmed these results (percentage of dead cells —
control versus p73 versus caspase-2 versus caspase-8
versus caspase-9 siRNA: 19.4 versus 8.4 versus 9.0
versus 11.9 versus 9.9) (Figure 5a, lower panel). However,
silencing of caspase-9 expression led to a reduction in the
cleavage of both caspase-2 and -8 on taxol treatment
(Figure 5b), whereas silencing of caspase-2 or -8 did not
affect cleavage of caspase-9 (data not shown), suggesting
that caspase-9 is upstream of both caspase-2 and -8 in this
system. Together with the earlier observation that p73
silencing led to reduced caspase-9 cleavage (Figure 2a),
the data suggest that p73 probably regulated cell death by
acting upstream of caspase-9 by affecting the mitochondrial
pathway.

We therefore examined whether p73 could affect cyto-
chrome c¢ release from mitochondria on taxol treatment.
Although the absence of p53 did not affect taxol-mediated
cytochrome c release into the cytosol, it was completely
abrogated in p73~~ cells, although p53 was induced in these
cells (Figure 5c). Cytochrome c release is dependent on Bax
translocation to the mitochondrial membrane.®' We therefore
analyzed whether Bax translocation was affected in the
absence of p73, by tracking Bax translocation using the N20
anti-Bax antibody, which is known to recognize activated
Bax.*? As shown in Figure 5d, Bax did not colocalize with the
mitochondria in untreated cells. However, taxol treatment
resulted in colocalization of Bax to the mitochondria in both
p53~~ and p73~/~ cells (Figure 5d, see arrowheads). To
further confirm the status of Bax and cytochrome cin p73~/~
cells, we analyzed the separated mitochondrial (pellet) and
cytosolic (supernatant) fractions of the cellular lysates. ANT
expression, which is detected only on the mitochondrial
membrane, was monitored to determine the quality of
fractionation. We noticed that Bax levels increased in the
mitochondria of p53~/~ and p73~/~ cells on taxol treatment,
concomitant to a decrease in the cytosolic fraction (Figure 5e).
However, although cytochrome cwas clearly released into the
cytosol of p53~/~ cells, this was not the case in p73~" cells.
Consistently, cytochrome c levels decreased in the mitochon-
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drial fraction of p53~~ cells but not p73~/~ cells (Figure 5e).
Thus, the data together suggest that absence of p73 leads to
defects in cytochrome crelease without affecting Bax levels or
its translocation to the mitochondria.

Bim is a direct transcriptional target of p73 regulating
mitotic death. To explore the possible means by which p73
affected cytochrome c release and death during mitosis, we
examined whether the transactivation property of p73 was
required for its death-promoting function, by transfecting cells
with the p73DD plasmid that acts as a dominant-negative
inhibitor of p73 transcriptional activity, by binding to and
inhibiting p73 function.' p73DD alone did not induce cell
death unlike wild-type p73«. Taxol treatment of p73DD-
transfected cells led to reduced cell death compared with
vector or p73c-transfected cells (percentage of cleaved
caspase 3 — vector versus p73o versus p73DD: — Taxol »
4.8 versus 17 versus 4.9; + Taxol »27.0 versus 38.0 versus
17.9, P=0.027) (Supplementary Figure 8a). We further
used the ANp73 plasmid lacking the transactivation domain.
Expression of ANp73p resulted in reduction of taxol-induced
cell death (percentage of cleaved caspase 3 — vector versus
p73a versus ANp73f: — Taxol » 1.3 versus 7.2 versus 2.8;
+ Taxol » 15.6 versus 19.3 versus 11.3) (Supplementary
Figure 8b). These preliminary data suggested that the
transactivation property of p73 could be important for
induction of cell death.

Thus, we analyzed whether the levels of several Bcl/BH3-
only family members, which affect the ratio of anti-apoptotic
and proapoptotic Bcl proteins and thereby regulate cyto-
chrome c release, were altered in the absence of p73. No
significant changes were observed in the levels of Bcl-2 and
Belx, in p73~/~ cells (data not shown). However, although the
levels of Puma and Bik were also not altered in p73’/’ cellson
taxol treatment, Bim expression was markedly reduced
(Figure 6a). Absence of p73 also affected the increase
of bim at the mRNA level on taxol treatment, in contrast to
p53~~ cells (Figure 6b), suggesting that p73 could regulate
bim transcription. Transient transfection of both p73« or p73/
isoforms, as well as inducible expression of p73 in p53 null
Saos2 cells, led to a strong induction of bim, indicating that
p73 indeed contributed to the induction of bim mRNA
(Figure 6c).

Search for p73 binding sites on the bim regulatory
sequences revealed the presence of three canonical
p53-responsive elements in intron 1 (Figure 6d), at positions
111601570 (RE1), 111605691 (RE2) and 111606633 (RE3),
with reference to ENSG00000153094.%2 Chromatin immuno-
precipitation (ChIP) experiments showed that the induction of
p73 expression led to an increase in specific binding of p73 to
RE1 and RE2 (Figure 6d). In contrast, we were unable to
notice any binding of p73 onto RE3, although concurrent
immunoprecipitations showed binding of p73 to the mdm2
promoter (Figure 6d). The data therefore suggest that p73 is
capable of binding directly to the p53 response elements in
vivo on the bim regulatory locus, thereby controlling its
expression.

As p73 was induced around the G4/S boundary and
disappeared as the cells enter the G,/M phase
(Figure 2a),'® we next investigated whether p73 is capable
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Figure 5 p73-dependent taxol-induced apoptosis occurs through the mitochond

rial pathway. (a) H1299 cells were transfected with sSiRNA against caspase-2, -8 or-9, 30 h

before taxol treatment and the percentage of cleaved caspase-3 (top panel) or propidium iodide (Pl) exclusion (lower panel) was determined 24 h later. Experiments were

performed in duplicates and at least three times, and the mean + S.D. is shown. (b)

Immunoblot analysis was performed to determine the activation (cleavage) of caspases-2,

-8 or -9 in H1299 cells in which the expression of caspase-9 was silenced before taxol treatment. Cleaved caspase bands are indicated with arrowheads. (c) p53~ /= and

p73~/~ fibroblasts were treated with taxol and the cytosolic fraction (which does no
analysis of cytochrome c release. (d) Active Bax translocation to mitochondria was

t contain the mitochondrial fraction) was extracted by cellular fractionation for immunoblot
monitored using confocal immunofluoresence in p53 /"~ and p73~/~ fibroblasts 16 h after

taxol treatment, using the N20 anti-Bax antibody, which recognizes active Bax. Green fluorescence indicates active Bax localization. Mitochondria were stained red using the
mitotracker. Nuclear staining is shown in blue by DAPI staining. Active Bax colocalizing with the mitochondria is indicated by white arrows. (e) Cellular lysates of taxol-treated
p53~~ and p73~'~ fibroblasts were fractionated into mitochondrial (pellet) and cytosolic (supernatant) fractions and were used for immunoblot analysis. ANT and actin

expression were monitored for quality of mitochondrial and cytosolic fractionation,

of binding in vivo onto the bim regulatory sites RE1 and RE2.
To this end, cells were first collected at various cell cycle
stages (Figure 6e, right panel) and then analyzed for p73
binding. As shown in Figure 6f, p73 was bound onto both RE1
and RE2 sites at the G4/S stage, where its expression was
highest (Figure 6e), but not in the Go/G; or Go/M stages.

respectively

Importantly, bim expression was also highest in the G4/S
phase, mirroring p73 expression (Figure 6e, left panel). This
indicated that p73 indeed regulated bim in vivo in a cell-cycle-
dependent manner. Moreover, taxol treatment also led to p73
being bound to the RE1 and RE2 sites, unlike cisplatin
(CDDP) — a DNA-damaging agent — which only led to binding
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of p73 to the RE2 site (Figure 6g). These data together show
that p73 is able to bind to the bim regulatory regions in vivo on
taxol treatment and in a cell cycle-dependent manner,
correlating with bim expression.

As p73 was unable to modulate Bim expression, and as Bim
has been shown to be required for taxol-induced cell death,3*
we investigated whether mitotic death induced by other
means that are p73-dependent also requires Bim. To this
end, we silenced the expression of PLK1, which led to
increased cell death that was p73-dependent (Figures 3d and
6h, upper panel). Silencing of bim expression also led to
reduction of cell death, similar to the levels found when p73
expression was silenced (percentage of dead cells — control

a p 537
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versus p73 versus bim siRNA: — PLK1siRNA » 8.8 versus 8.4
versus 8.2; + PLK1 siRNA » 18.0 versus 7.2 versus 8.0)
(Figure 6h), supporting the notion that p73-mediated Bim
expression is critical for modulating mitotic death. Moreover,
silencing
of bim expression also reduced taxol-mediated cell death, to
similar extents as p73 silencing (percentage of dead cells —
control versus p73 versus bim siRNA: —taxol » 11.3 versus
6.8 versus 5.8; +taxol »24.4 versus 15.6 versus 16.2;
P=0.05) (Figure 6h, lower panel).

Finally, we examined whether Bim expression coincides
with cleaved caspase-3 expression on taxol treatment in vivo,
by microscopic analysis at the single-cell level. Untreated or
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Figure 6 p73 transcriptionally regulates Bim to regulate mitotic death. (a, b) p53~/~ and p73~/~ fibroblasts were analyzed for the levels of various BH3-only family
proteins after taxol treatment by immunablot (a) or for bim levels by RT-PCR (b) analysis. (¢) p73x and p73/ were transfected into p73~'~ fibroblasts and bim mRNA levels
were analyzed 24 h later, together with that of the known target Mdm2 (left panel). Similarly, bim expression was analyzed on induction of p73/3 expression in human Saos-2
doxycycline-inducible p73 cells for the indicated time periods (right panel). (d) Three canonical p53 consensus-binding sites (termed RE1, RE2, RE3) were detected in intron
1 of human bim genomic sequence. Chromatin immunoprecipitation (ChIP) experiments followed by PCR analysis were performed on the three REs using specific primers and
cell lysates from Saos-2 doxycycline-inducible p73 cells. A known p73-binding site on mdm2 intron 1 (Mdm2RE) was used as positive control. Input control is shown. To
quantify the fold increase in the binding of p73 to bim promoter after induction of p73 expression, band intensity of anti-p73 ChlP lane was normalized against band intensity of
anti-HA IP lane in both uninduced and induced sets for each RE1, RE2, RE3 and Mdm2 REs. The results are depicted graphically as a ratio of p73 versus HA intensity,
determined in numerical values by the analysis software. (e, f) H1299 cells were collected at Go/G4 (serum starvation for 72 h), G4/S (arrested with 2 mM thymidine for 24 h) or
Go/M (thymidine arrested and released for 15 h). Samples were used for RT-PCR (e) or ChIP analysis (f). Cell cycle status of the cells used is shown on the right panel (e).

(g) H1299 cells were treated with 100 nM of taxol or 30 uM of cisplatin (CDDP) for 6 h after release from the thymidine block and samples were used for ChIP analysis. UT:
untreated. (h) Bim knockdown, similar to p73 knockdown, reduces cell death caused by silencing of PLK1 or after taxol treatment in H1299 cells. Bim and p73 siRNA were
transfected 12 h before PLK1 siRNA transfection (upper panel). Cells were maintained for 24 h after PLK1 siRNA transfection in thymidine before being released into normal
medium, 24 h after which they were collected for analysis of cell death by Pl exclusion assay. Similarly, cells were treated with taxol for 24 h instead of PLK silencing (lower
panel). Experiments were performed in duplicates and at least twice, and the mean * S.D. is shown. (i) H1299 cells were taxol-treated as described and collected 15 h later for
immunofluorescence analysis with anti-Bim and anti-cleaved caspase-3 antibodies
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taxol-treated cells were fixed and stained with the respective
specific antibodies, which revealed that the expression of both
Bim and cleaved caspase-3 were induced on taxol treatment
(Figure 6i). Importantly, both their expressions were coloca-
lized in individual cells (Figure 6i, representative cells shown).
These data therefore show that p73 regulates Bim expres-
sion, leading to cell death on taxol treatment.

Discussion

The data presented here show a critical regulatory role for p73
in controlling mitotic cell death that occurs during mitosis (and
before its exit) and that is dependent on the activation of the
spindle checkpoint. This highlights a specific role of p73,
which occurs through the induction of Bim expression and the
subsequent activation of caspases. These results therefore
suggest the existence of a p73-Bim—caspase apoptotic axis
that regulates the process of mitotic cell death independent of
p53.

p73 and p53: cell cycle-specific roles in regulating
apoptosis? Although p73 is required for death during
mitosis, it should be noted that overexpression studies as
well as exposure to various cytotoxic agents have indicated
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that cells can indeed undergo p73-dependent death,
presumably at all other stages of the cell cycle.'®'* Current
knowledge does not allow us to conclude whether p73 is
evolved for inducing apoptosis only during mitosis. However,
the findings that the induction and abundance of p53 in p73
null cells do not contribute to Bim activation and subsequent
mitotic death highlight the nonfunctionality of p53 in this
process. Moreover, absence of p53 did not affect Bim
expression, cytochrome c release and mitotic death.
Besides, it is noteworthy that p73 is induced earlier on
taxol treatment, peaking around 6—12h after taxol treatment,
compared with p53 levels that generally peak later at around
18 h. Hence, it is likely that p53 is upregulated in post-mitotic
G phase cells to arrest cells with compromised genomic
integrity, and may have a role in inducing cell death that
occurs after mitotic exit, in contrast to p73-dependent death
that occurs during mitosis. It could therefore be expected that
absence of p53 would lead to continual cycling of cells into
mitosis on DNA damage attributed to the compromised DNA
damage response pathway, where the damaged chromo-
somes may trigger mitotic checkpoint activation and arrest,
resulting in subsequent p73-dependent apoptosis. Corro-
borating this suggestion is the finding that p53~ p73~/~
MEFs are more resistant to death than single knockouts,



indicating a distinct apoptotic role for p73.'® Thus, it can be
concluded that p73-dependent apoptosis occurring during
mitosis is independent of p53, and it is conceivable that p53
and p73 may have specific temporal roles in regulating
apoptosis through the cell cycle.

p73-mediated mitotic death: priming for death that is
dependent on the activation of the spindle checkpoint
and prolonged mitotic arrest. A noteworthy and
interesting observation is that p73 levels are not maintained
but decrease during Go/M transition (this report and
Irwin et al.'®), although the functional effects are realized in its
absence during this phase of the cell cycle. Previous findings
by Fulco et al?° also suggested that p73 is phosphorylated
by p34°“2, leading to its inactivation. These observations,
together with the fact that transcription is shut down during
mitosis, suggest a possible paradox, whereby it appears that
p73 is inactivated during mitosis but is functionally relevant to
induce mitotic death. However, preliminary analysis indicated
that p73 was bound to the bim regulatory sites during the
G+/S phase of the cell cycle, but not during the Go/M phase,
leading to bim upregulation (Figure 6e and f). Hence, the rise
of p73 levels during the early cell cycle phases is probably
sufficient to prepare cells for death during mitosis by the
activation of the Bim-caspase pathway, in the event of
spindle checkpoint activation. This suggests a priming role
for p73 in regulating mitotic death, rather than transactivation
of targets (such as Bim) during mitosis. This leads us to
speculate that the mitotic death mechanism is a default one,
initiated by p73 during the early phases of the cell cycle
and triggered by activation of the spindle checkpoint and
dependent on the extent of time spent in mitosis. Supportive
evidence comes from the findings that complete prevention
of mitotic exit by the addition of MG132 to taxol-treated cells
hindered mitotic exit and potentiated cell death. Conversely,
enforced exit of taxol-treated cells out of mitosis by
knockdown of BubR1 and Mad2, or addition of the cdc2
chemical inhibitor PurvA or roscovitine, or prevention of
mitotic entry by RO-3066 treatment or by thymidine —block,
reduced the activation of the apoptotic program, together
highlighting the requirement of cells to be in mitosis for a
prolonged period of time for p73-mediated death. Besides
mitotic arrest, our data suggest that the spindle checkpoint
needed to be evoked for p73-dependent death. This was
evident from treatment of cells with cytochalasin D — which
blocks cells at late cytokinesis and does not induce the
spindle checkpoint — that did not lead to cell death. Hence, in
the absence of any trigger, cells continue out of mitosis
without undergoing death.

The results therefore support the notion that a second
signal is required for execution of p73-Bim-mediated death. It
could therefore be envisaged that extending the length of the
mitotic phase by perturbations to microtubules or spindle
formation allows Bim, which is generally kept in an inactive
state through physical binding to microtubules,®® to be
released to enhance apoptosis. Therefore, the increase in
the length of the mitotic phase can be expected to allow the
continuous release of Bim, thereby providing the opportunity
for apoptosis to occur. Consistent with this idea, a recent
report showed that cyclinB1/Cdk1-mediated phosphorylation
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of caspase-9 leads to inhibition of its default apoptosis-
promoting activity during mitosis.® Extended time in mitosis
led to the dephosphorylation of caspase-9 because of a
decrease in cyclinB1, allowing the triggering of the default
apoptotic mechanism. Interestingly, it has also been shown
that Bim is actively degraded by the H-Ras pathway — which is
activated by growth factors — thereby contributing to taxol
resistance,®” lending further support to the idea that the
mitotic cell death pathway is indeed a default mechanism that
is inactivated in the absence of any spindle checkpoint
activation. Altogether, the data suggest an essential priming
role for p73 in regulating mitotic cell death through the Bim-
caspase-9 pathway.

p73 upregulates Bim to regulate caspase-dependent
mitotic death. As abrogation of p73’s transactivation
property reduced taxol-mediated death, we surveyed for
and found that Bim expression was dramatically reduced in
the absence of p73 on taxol treatment, in contrast to p53~/~
cells, and p73 expression led its induction. We identified
regulatory sites in intron 1 of bim, to which p73 was able to
bind, suggesting that p73 was sufficient to directly induce
Bim expression to regulate mitotic death. Consistently,
silencing of bim expression led to a reduction in mitotic
death induced by PLKT silencing or by taxol treatment, to
similar levels as when p73 expression was silenced (this
report and Bouillet et al®!). The lethal effects of Bim
overexpression on cells prevented us from reversing the
taxol-resistant phenotype of p73~/~ cells.®® Nevertheless,
the results together suggest that Bim is a direct trans-
criptional target for p73 in regulating mitotic death.

Downstream of Bim, p73-dependent death seems to occur
through the caspase-9 cascade. Consistent with the notion
that caspase-9 promotes mitochondria-mediated apoptosis,
we found that cytochrome c release from the mitochondria,
which is required for caspase-9 cleavage, was markedly
affected in the absence of p73 but not in the absence of p53. A
critical role for caspase activation in mitotic death has also
been recently emphasized.>® The data together show that
p73 regulates cytochrome c¢ release through Bim on taxol
treatment, thereby modulating mitotic death that is caspase-
dependent.

It is also worth noting that recent evidence has suggested a
role for p73 in inducing cell death during mitosis through a
caspase-independent pathway, termed caspase-independent
mitotic death.*® However, this process seems to occur
specifically in cells in which the BubR1 activity is significantly
reduced. Hence, it is possible that other pathways, which are
also regulated by p73, do exit to regulate mitotic death.

Other roles for p73 in and around mitosis? A recent
extensive study has convincingly shown that varied
outcomes can occur in cells exposed to mitotic drugs,
which include death in mitosis (as reported here), polyploidy
and death in subsequent cell cycles.>® The data presented
here, together with those of Niikura et al.,*® show that p73 is
indeed required to regulate cell death during mitosis.
However, evidence from TAp73~/~ cells has indicated that
absence of p73 leads to polyploidy on treatment with
nocodazole,'® implying a role in prevention of genomic

799

Cell Death and Differentiation



p73 regulates mitotic cell death
WH Toh et al

800

instability. Moreover, p73 was also shown to suppress
polyploidy in the absence of p53.*' Taken together, these
data suggest that p73 is critical for cell death in mitosis, but
in the event that cells escape mitosis, p73 has a role in
preventing polyploidy. How exactly p73 regulates these
processes coordinately requires further investigation.

In summary, we have shown that p73 has a crucial role in
regulating apoptosis during mitosis, which occurs through the
activation of Bim, eventually leading to the activation of the
caspase-9 cascade. Our data suggest that mitotic arrest
provides the necessary second signal that allows the
manifestation of the priming effects of p73-mediated Bim
activation. As p73 is often highly expressed in many cancers,
activation of the mitotic death pathway, perhaps in combina-
tion with drugs that cause normal cells to be arrested in the G4
phase of the cell cycle, may be a strategy for improved
anticancer therapeutic response.

Materials and Methods

Details of the cell lines and reagents used, as well as the transfections, biochemical
and chromatin immunoprecipitation procedures, cell death, cell cycle and
immunofluorescence analysis, sSiRNA sequences, RT-PCR conditions and statistical
analysis are provided in the supplementary section.
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