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Stathmin/Oncoprotein 18, a microtubule destabilizing protein, is required for survival of p53-deficient cells.
Stathmin-depleted cells are slower to enter mitosis, but whether delayed mitotic entry triggers cell death or whether
stathmin has a separate pro-survival function was unknown. To test these possibilities, we abrogated the cell cycle
delay by inhibiting Wee1 in synchronized, stathmin-depleted cells and found that apoptosis was reduced to control
levels. Synchronized cells treated with a 4 hour pulse of inhibitors to CDK1 or both Aurora A and PLK1 delayed mitotic
entry and apoptosis was triggered only in p53-deficient cells. We did not detect mitotic defects downstream of the
delayed mitotic entry, indicating that cell death is activated by a mechanism distinct from those activated by prolonged
mitotic arrest. Cell death is triggered by initiator caspase 8, based on its cleavage to the active form and by rescue of
viability after caspase 8 depletion or treatment with a caspase 8 inhibitor. In contrast, initiator caspase 9, activated by
prolonged mitotic arrest, is not activated and is not required for apoptosis under our experimental conditions. P53
upregulates expression of cFLIP,, a protein that blocks caspase 8 activation. cFLIP, levels are lower in cells lacking p53
and these levels are reduced to a greater extent after stathmin depletion. Expression of FLAG-tagged cFLIP, in p53-
deficient cells rescues them from apoptosis triggered by stathmin depletion or CDK1 inhibition during G2. These data

indicate that a cell cycle delay in G2 activates caspase 8 to initiate apoptosis specifically in p53-deficient cells.

Introduction

The microtubule destabilizing protein, stathmin/Oncoprotein
18, is overexpressed in a number of cancers and has therefore has
been suggested as a potential therapeutic target."” Stathmin
destabilizes microtubules by binding soluble tubulin dimers and
by promoting microtubule catastrophe, the switch from polymer
growth to shortening states.” Depletion of stathmin has been
shown to slow proliferation and increase cell death in cancer-
derived cell lines™® and in some studies death was observed only
in p53-deficient cells.'>"*

The slower proliferation of stathmin-depleted cells is likely the
result of slower progression through the cell cycle as well as loss of
cells by apoptosis. We previously demonstrated that stathmin-
depleted cells spend about 4 hours longer in interphase and that
this delay occurs during G2.'"'? Stathmin depletion acts
upstream of Aurora A and PLK1 activation at the centrosome,
partially reducing the activity of these 2 enzymes, which then
reduces the levels of active CDC25 and CDKI1, and delays entry
into interphase  microtubules
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abrogates the delay by restoring PLK1 activity,'? indicating that
stathmin depletion slows cell cycle progression at least in part via
stabilization of the interphase microtubule cytoskeleton. Once
cells enter mitosis, they proceed through mitosis with durations
indistinguishable from cells transfected with non-targeting
siRNA.""'? We also did not find a correlation between mitotic
duration and the subsequent interphase duration, indicating that
the longer time in G2 is not due to a previously slower mitosis.'*
The normal mitotic duration observed in stathmin depleted cells
is consistent with previous reports that stathmin must be phos-
phorylated and turned off as a microtubule destabilizer for proper
assembly of the mitotic spindle’®'> and indicating that stathmin
is not required for mitosis.

While stathmin depletion leads to slower entry into mitosis
and cell death in p53-deficient cells,”"” the mechanism by which
stathmin depletion leads to cell death is not yet known, nor is it
understood why apoptosis is confined to p53-deficient cells.
Here we asked whether stathmin-depletion activates apoptosis by
delaying the timing of mitotic entry. We found that inhibiting
Weel kinase abrogates the G2 delay in stathmin-depleted cells
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and reduces cell death to background levels. Mimicking the
delayed mitotic entry by treating synchronized cells with a 4 hour
pulse of inhibitors to either CDKI, or to both Aurora A
and PLK1, also induced apoptosis in both Hela and HCT116
p53~" cells. Cell death occured at random times after the
delayed entry into M and not during the G2 delay itself. The
delayed entry into M phase did not produce significant mitotic
errors, indicating that apoptosis was activated independent of an
M phase-induced signal. A prolonged time in mitosis activates
the intrinsic apoptosis pathway and the initiator caspase, caspase
9.'%17 Here we show that stathmin depletion, or delayed mitotic
entry by CDKI1 inhibition during G2, activates initiator caspase
8. Depleting caspase 8 or chemically inhibiting its enzyme activ-
ity rescued cells from apoptosis. Together these data provide
strong evidence that apoptosis is not activated by a mitotic error
caused by the slower time to enter M phase. Apoptosis induced
by stathmin depletion'®'! or by enzymatic inhibition of mitotic
entry was only observed in cells lacking detectable p53 (Hela and
HCT116 p537/7 cells). We tested 2 possible mechanisms
responsible for the p53-dependent cell survival in response to
stathmin depletion or a mitotic entry delay. Depletion of p21, a
CDK inhibitor expressed in response to active p53,'® did not
sensitize HCT116 p53*™ cells to either stathmin depletion or a
pulse of a CDKI1 inhibitor to delay mitotic entry, indicating
that apoptosis of p53-deficient cells is not caused by a lack of
p21. Instead, we found that p53-deficient cells express lower
levels of cFLIP;, a protein that can form heterodimers with
procaspase 8 and inhibit its activation.’’ We found that
stathmin depletion further lowers cFLIPy level. Expression of
FLAG-tagged cFLIP; is sufficient to rescue cells from apopto-
sis after either stathmin depletion or CDK1 inhibition during
G2. Taken together, our results document a novel apoptosis
trigger originating from delayed mitotic entry and generated
upstream of caspase 8.

Results

A 4 hour delay during G2 is sufficient to induce cell death
in p53-deficient cells

Stathmin depletion has been shown to lengthen G2 by about
4 hours'>"? and to activate apoptosis in p53-deficient cells.'®""!
However these studies did not address whether the 2 phenotypes
are linked, where delaying mitotic entry activates cell death, or
whether stathmin depletion activates a separate pathway to initi-
ate apoptosis. To differentiate between these possibilities, we
asked whether eliminating the cell cycle delay in stathmin-
depleted cells is sufficient to rescue cells from death. To eliminate
the cell cycle delay at mitotic entry, we reasoned that inhibiting
Wee 1 kinase (a kinase that inhibits CDKI1 activation) should
compensate for the reduced activation of AURKA and PLK1 in
these cells'® and allow CDK1 activation with normal timing."'**
Hela cells were synchronized and transfected with siRNA target-
ing stathmin or with a control siRNA as described in Methods
(Fig. 1A; see also refs 11-13). Cells were released from a double
thymidine block and placed into medium supplemented with a
Wee 1 kinase inhibitor (10 nM MK1775) or DMSO. Wee 1
kinase inhibition was sufficient to restore the normal timing of
mitotic entry in stathmin-depleted cells (Fig. 1B), which allowed
us to ask whether reduced stathmin level could induce death in
the absence of a cell cycle delay. We synchronized control or
stathmin-depleted Hela cells, released into medium supple-
mented with either MK1775 or DMSO, and measured cell via-
bility 48 hours following release. We found that Wee 1
inhibition restored viability in stathmin-depleted cells to that of
control cells, indicating that the mitotic entry delay is necessary
for stathmin depletion to trigger cell death (Fig. 1C).

To confirm the above conclusion and eliminate the unlikely
possibility that Weel inhibition is also a pro-survival signal, we
asked whether delaying mitotic entry was sufficient to induce
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Figure 1. Stathmin-depleted cells only die if they are delayed in entering mitosis. Hela cells were synchronized with a double thymidine block and trans-
fected with non-targeting siRNA (NT siRNA) or stathmin (STMN) siRNA, and released into medium containing DMSO or the Wee 1 inhibitor MK1775. (A)
Western blot of stathmin knockdown, reprobed for tubulin as a loading control. Stathmin level was reduced by approximately 75% compared to non-tar-
B) Mitotic index was determined at 2 hour intervals for 12 hours following release from the dou-
ble thymidine block. Wee1 inhibition restored mitotic entry timing in stathmin-depleted cells to that of control treated cells. (C) Viability was assayed at
48 hours after the second thymidine release via trypan blue exclusion. Relieving the mitotic entry delay in stathmin-depleted cells restored viability to
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apoptosis in synchronized cell popu-
lations pulsed with enzyme inhibi-
tors to prevent temporarily entry
into M phase. Cells were synchro-
nized and after release from the sec-
block
incubated in either a combination
of S1451 (300 nM) and BI2536
(0.8 nM) to partially inhibit both
Aurora kinase A (AURKA) and
PLK1, or 10 uM RO3306 to
inhibit CDK1. These inhibitor con-
centrations are sufficient to inhibit
mitotic entry.'>*"*? Cells were kept
in inhibitors for 4 hrs to delay
mitotic entry, then placed in fresh
medium to allow cell cycle progres-

ond  thymidine were

sion. Cells were followed over the
next 72 hours via live cell imaging
and the percent of cells that died in
each treatment group was deter-
mined from the image series. Cell
death was marked by cell retraction
and formation of apoptotic bodies
(Fig. 2A). We found that the group
of cells treated with inhibitors for 4
hrs had a 3—4-fold increase in cell
death (p < 0.01) over DMSO
treated control cells (Fig. 2B). Addi-
tionally, we confirmed that the
increase in cell death was due to
inhibition of CDKI prior to mitotic
entry and not elsewhere in the cell
cycle. We treated asynchronously
growing Hela or HCT116 p537/7
cells with the CDKI1 inhibitor
(RO3306) for 4 hours and assessed
viability 48 hours later by trypan
blue exclusion (Fig. 2C). For asy-
chronous cell populations, incuba-
tion in 10 pM RO3306 did not
induce cell death over that measured
in DMSO treated control cells,
indicating that CDXKI1 inhibition
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Figure 2. A mitotic entry delay triggers cell death in p53-deficient cells. Hela or HCT116 cells were synchro-
nized with a double thymidine block protocol, released and pulsed with either DMSO, a combination of
S1451 (300 nM; AURKA inhibitor) and BI2536 (0.8 nM; PLK1 inhibitor), or RO3306 (10 wM; CDK1 inhibitor)
for 4 hours beginning 6 hours after the second release. Cell viability was measured by morphological
changes recorded from phase contrast images or trypan blue exclusion. (A) Representative phase contrast
images of a cell undergoing apoptosis following a mitotic entry delay. Time, in minutes, is given in each
frame from an arbitrary point prior to cell retraction. Scale bar is 10 um. (B) Cells were followed by phase
contrast imaging for 48-72 hrs after the 4 hr drug inhibitor pulse and cell death measured by morphologi-
cal changes as shown in (A). The mitotic entry delay induced by either a combination of 300 nM S$1451
and 0.8 nM BI2536 or 10 .M RO33306 significantly increased the percentage of cells that died within
72 hours after the drug pulse. (C) Asynchronously growing Hela or HCT116 P53~/ cells were treated with
a 4 hour pulse of inhibitors and followed by live cell recordings as in (A, B). Treatment with the combina-
tion of 300 nM S1451 and 0.8 nM BI2536 or with 10 .M RO33306 in asynchronously growing cell popula-
tions did not decrease cell viability, demonstrating that the drugs are not simply toxic throughout the cell
cycle. (D) Synchronized HCT116 p53+/Jr and p53_/_ cell lines were pulsed with 10 wM RO3306 as in (B).
Viability was assayed 48 hours post inhibitor treatment via trypan blue exclusion. A mitotic entry delay via
CDK1 inhibition decreased cell viability only in the p53 knockout cell line. Graphs are representative of at
least 3 independent experiments with >300 cells/experiment. ** denotes P < 0.01, *** denotes P < 0.001.

causes cell death only when administered prior to mitotic entry.
Since it was previously shown that stathmin depletion leads to
death only in cells lacking p53,">"" we next asked whether the
death induced by a 4 hour delay in mitotic entry was also depen-
dent on the absence of p53. Using isogenic colorectal cancer cell
lines differing in p53 genotype, HCT116 p53™'* and p537~'~,
we synchronized cells with a double thymidine block and pulsed
with either DMSO or 10 uM RO3306 for 4 hours beginning
6 hours after release from the block. At 48 hours after the drug
pulse, a time at which we observed the most death in the time-
lapse imaging experiments in Hela cells, we assayed viability by
trypan blue exclusion. We found that only the HCT116 p53~'~
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line pulsed with 10 pM RO3306 had a significant decrease in
viability compared to DMSO pulsed control cells (Fig. 2D). We
previously showed that stathmin depletion leads to cell death in
the HCT116 p53~'" cell line but not in the parental
HCT116p53™"" cell line."!

From examination of the live cell image series it appeared that
individual cells died asynchronously over the course of several
days following drug inhibitor pulses. To quantify this observa-
tion and compare to the timing in stathmin depleted cells, we
measured the time from the end of the last mitosis to the onset of
apoptosis, as measured by morphological changes in cell shape
(Fig. 2A). Times were measured for both stathmin-depleted Hela
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depleted cells completed mitosis
with the same kinetics as those
transfected with the non-targeting
siRNA. Likewise, synchronized cells
pulsed for 4 hrs with a combination
S$1451 (300 nM; AURKA inhibi-
tor) and BI2536 (0.8 nM; PLK1
inhibitor) progressed through mito-
sis with a timing indistinguishable
from DMSO-pulsed cells. Synchro-
nized cells pulsed for 4 hrs with
10 uM  RO3306 were

slower to move through mitosis,
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Figure 3. Cell death occurs asynchronously and over several days for cells depleted of stathmin or pulsed
with AURKA and PLK1 inhibitors to delay mitotic entry. Time is plotted from the completion of the last
mitosis to the initiation of cell death as detected by morphological changes observed from long term live
cell recordings. Data shown are for Hela cells treated with (A) stathmin depletion or (B) synchronized and
pulsed with a combination of 300 nM S1451 and 0.8 nM BI2536. Each horizontal bar represents an individ-

entry and leading to cell death, only
a pulse with 10 pM RO3306
caused a delay in mitotic progres-
sion. Given this small delay, we fur-
ther examined both living and fixed

cell populations for possible spindle

cells or for synchronized Hela cells treated with a 4 hr pulse of
AURKA (300 nM S1451) and PLK1 (0.8 nM BI2536) inhibi-
tors to lengthen G2. With either experimental treatment we
found that cells initiated apoptosis asynchronously and over a
wide range of times from their previous mitosis, without any
apparent pattern to when death occurs (Fig. 3A, B). A small pro-
portion (7.2%) of synchronized cells pulsed with a combinationa
of AURKA and PLK1 inhibitors died during mitosis, which was
not observed in stathmin-depleted cells. Microtubule targeting
drugs that block cells in mitosis also have a similar phenotype,
where many cells die either while blocked in mitosis or at various

. .. . 23,24
times after slipping out of the mitotic arrest. 3

Neither stathmin depletion nor drug inhibitor pulses
significantly disrupt mitosis

It was possible that delaying mitotic entry results in subse-
quent mitotic defects, and that these defects, and not the cell
cycle delay itself, are responsible for cell death under our experi-
mental conditions. To address this possibility we examined
mitotic timing, spindle structure and mitotic outcomes in cells
depleted of stathmin or in synchronized cells pulsed for 4 hrs
with inhibitors to either CDK1 or a combination of AURKA
and PLK1. We also compared our 4 hr drug pulse in 10 pM
RO3306 in synchronized cells to that in cells incubated for 24 hr
in 1-3 pM RO33006, conditions recently shown to disrupt bipo-
lar spindle assembly and result in significant mitotic defects.””

We first measured mitotic durations from living cells imaged
by phase contrast microscopy at 5 min intervals for 48-72 hrs.
As a positive control, continuous incubation in 1 wM RO3306
doubled the time to complete mitosis compared to DMSO-
treated controls (Fig. 4A), consistent with a recent report.25 As
shown in Figure 4A, and consistent with our previously
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assembly defects and defects in
chromosome segregation.

To examine spindle assembly, cells were fixed and stained to
localize chromosomes and microtubules 48 hrs after either stath-
min depletion from asynchronously growing cells, or a 4 hr pulse
with enzyme inhibitors to delay mitotic entry in synchronized
cell populations. As shown in Figure 4B, neither stathmin deple-
tion nor a 4 hr pulse with 10 uM RO3306 had any detectable
effect on bipolar spindle assembly in Hela cells. The small shifts
in the percentage of cells harboring monopolar spindles, multi-
polar spindles, or mono-oriented chromosomes were not signifi-
cantly different for experimental treatments compared to their
control conditions (non-targeting siRNA or DMSO). In con-
trast, continous 24 hr incubation in 1-3 uM RO3306 had sig-
nificant impacts on spindle assembly and chromosome
bi-orientation, consistent with a recent report.”” These data dem-
onstrate that our experimental conditions do not cause significant
defects in spindle assembly.

To detect possible errors in completing division, we counted
the number of Hela cells having >1 nucleus. As shown in
Figure 4C, the percentage of multinucleate cells was unchanged
relative to control-treatments after either stathmin depletion
from asynchronously growing cells or a 4 hr pulse in 10 uM
RO3306 to delay mitotic entry of synchronized cells. In con-
trast, 24 hr incubation in 3 WM RO3306 significantly increased
the percentage of multinucleate cells consistent with the aber-
rant spindles formed at this drug concentration and incubation
time. To enhance detection of chromosome segregation defects
we also measured micronuclei formation in cytochalasin-B
treated cells (4 hr incubation prior to fixation; see ref 26) trans-
fected 72 hr earlier with siRNAs to a non-targeting sequence or
to siRNA to deplete stathmin. We again did not detect a signifi-
between STMN-depleted cells and  the

cant difference
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Figure 4. Neither stathmin depletion nor a delay at mitotic entry result in significant mitotic errors. (A) Mitotic duration times for Hela cells treated as
indicated. Times were measured from live cell recordings. As a positive control for delayed mitotic progression, cells were incubated in 1 wM RO3306, a
concentration of the CDK1 inhibitor sufficient to allow mitotic entry 2> but shown to produce defects in spindle assembly. Stathmin depletion did not
lengthen mitotic duration, consistent with our previous results.'® A 4 hr pulse with a combination of 300 nM S1451 and 0.8 nM BI2536 also did not slow
mitosis, but a pulse with 10 wM RO3306 lengthened mitosis by an average of 13 min. Data represent 120-450 mitotic cells per condition from at least 3
experiments. (B, C) Hela cells were fixed and stained to label tubulin (green) and DNA (red). (B) Spindle morphologies were scored for each experimental
condition as indicated. None of the experimental conditions used to delay mitotic entry produced significant defects in spindle assembly. In contrast, 24
incubation in 1-3 wM RO3306 produced dramatic changes to spindle shape and chromosome orientations, consistent with McCloy et al (see ref 25). 50—
100 mitotics were scored for each condition in each of 3 experiments. (C) Interphase cells were scored for the number of nuclei per cell to assay for errors
in completing mitosis/cytokinesis. Neither stathmin depletion nor a 4 hr pulse with 10 puM RO3306 increased the percentage of Hela cells with >1
nucleus. In contrast, 24 hr incubation in 3 wM RO3306 significantly increased the percent multinucleate cells. Approximately 200 cells were scored per
condition in each of 3 experiments. (D) Hela cells were depleted of stathmin and treated for 4 hrs with cytochalasin B beginning 44 or 68 hr after trans-
fection, fixed and stained for tubulin and DNA. The number of micronuclei were scored for each binucleate cell, where the binucleate cells reflect those
cells that were prevented from completing cytokinesis during the 4 hr drug treatment. Micronuclei reflect defects in segregation that result in 1 or more
chromosomes failing to segregate with the rest of the chromosomes.?® Data shown are from 2 experiments with fixation 72 hr after transfection. Results
shown are from ~350 cells per treatment group from 3 independent experiments. Identical results were obtained for cells fixed at 48 hr after transfec-
tion. (E) Live cell recordings as in (A) were also used to measure the percent of cells showing aberrant divisions (defined as cells dividing into > 2 daugh-
ter cells or in daughter cells containing > 1 nucleus at the completion of cytokinesis).
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Figure 5. ATM is not activated by stathmin depletion. Hela cell lysates
were probed with antibodies to phosphorylated ATM (S1981P) to deter-
mine whether stathmin depletion induces a DNA damage response.
Phosphorylated ATM was readily apparent in doxorubin treated cells,
used here as a positive control. In contrast, stathmin depletion did not
lead to detectable ATM activation and did not change total ATM
concentration.

-+

non-targeting siRNA transfected controls, indicating that stath-
min depletion did not result in significant chromosome segrega-
tion errors.

It is possible that the fixed cell populations shown in Fig 4B—
D reflect only those cells that survive a potential mitotic catastro-
phe, and therefore we also measured the frequency of aberrant
divisions from live cell recordings. Here cell divisions were con-
sidered aberrant if they resulted in either >2 daughter cells or in
cells harboring >1 nucleus at the completion of cytokinesis and
cell respreading. Again, neither stathmin depletion nor 4 hr
enzyme inhibitor pulses (in synchronized Hela cells) resulted in a
signficant increase in aberrant divisions. In addition, cells

completing mitosis and cytokinesis in the presence of 1 pM
RO3306 did so without a statistically significant increase in aber-
rant divisions (Fig. 4E).

Finally, we examined whether stathmin depleted cells are
slower to correct errors in kinetochore attachments using an Eg5
inhibitor washout assay.”” Here cells are first incubated in
100 wM monastrol to generate monopolar spindles with syntelic
attachments between kinetochores and microtubules. The inhibi-
tor is then washed out and the time required to recover from the
drug treatment and establish bipolar spindles with bioriented
chromosomes used as a readout of kinetchore error correction.”’
After monastrol washout, stathmin depleted cells formed bipolar
spindles with bi-oriented chromosomes 20 min after drug wash-
out, the shortest time point examined, which was indistinguish-
able from cells transfected with the non-targeting siRNA. A
positive control for loss of error correction, incubation in the
Aurora Kinase B inhibitor (10 pM ZM447439), gave the
expected slow recovery to a bipolar spindle morphology, where
monopolar spindles remained up to 60 min after washout of
monastrol (data not shown).

We performed 2 additional experiments to probe whether
some well known triggers of cell death were active under our
experimental treatments. First we asked whether stathmin deple-
tion activated a DNA damage response. ATM kinase is acti-
vated by phosphorylation when DNA damage is detected,”® but
we did not see activation of ATM in stathmin depleted cells
(Fig. 5). Previous studies demonstrated that a double thymidine
block also does not activate ATM in Hela cells® making it
unlikely that the cell death we measure is due to a DNA dam-
age response. Second, activation of cell death under our experi-
mental conditions is limited to cells lacking detectable p53
expression, raising the possibility that reduced expression of
p21, a transcriptional target of p53, prevents these cells from
arresting in G1. Such a G1 delay could be necessary to repair

errors produced during mitosis that
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Figure 6. Reducing p21 is not sufficient to activate apoptosis in p53 deficient cells depleted of stathmin or
pulsed for 4 hrs with a CDK1 inhibitor. (A) Western blot of p21 depletion from Hela cells. Tubulin is shown
as a loading control. (B) Percent trypan blue positive cells for the indicated conditions measured 48 hr

quence of mitotic errors, DNA
damage, or from failure to arrest
during G1 in response to these

potential errors.
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A mitotic entry delay induces A
cell death via caspase 8 and not
caspase 9

We next probed the mechanism
responsible  for cell death in

response to either stathmin deple-

NT siRNA +
STMN siRNA

Casp9 siRNA

-

tion or to a delay in mitotic entry
induced in synchronized cells by a
4 hr incubaton in 10 pM
RO3306, a CDKI inhibitor. We,
and others, had previously deter-
mined that stathmin-depleted cells
undergo apoptotic cell death based
on cell morphology changes, caspase
3 activation and the presence of
cleaved PARP.”'®'" To determine
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which initator caspase, caspase 8 or

9, is activated, we examined procas-
pase 8 or 9 cleavage to the active
form. Cells were either depleted of
stathmin or synchronized and then

Figure 7. Initiator caspase 9 is not required for cell death in stathmin-deleted Hela cells. (A) Western blot
demonstrating knockdown of caspase 9 alone or in combination with stathmin depletion. Tubulin was
used as a loading control. (B) Percent trypan blue positive cells for the indicated conditions measured 48
hr after transfection. * denotes P < 0.05.

pulsed with 10 puM RO3306 for 4

hrs to delay mitotic entry. Cell lysates were prepared 3-5 d after
transfection or the pulse with RO3306 as described in methods.
Lysates were then probed with antibodies recognizing cleaved
(active) caspase 8 or caspase 9 via western blot. We did not
detect caspase 9 activation in cither Hela or HCT116 p53~/~
cells after either stathmin depletion or a pulse of RO3306 to
delay mitotic entry. To confirm that caspase 9 was not required
to activate apoptosis in stathmin-depleted cells, we depleted cas-
pase 9 from Hela cells (Fig. 7A). Depletion of caspase 9 alone
did not promote cell death. Co-depletion of stathmin and cas-
pase 9 resulted in the same amount of cell death as that mea-
sured after stathmin depletion alone (Fig. 7B). In contrast, an
increased amount of cleaved p41/p43-caspase 8 was apparent in
stathmin-depleted Hela cells (Fig. 8A). We also detected
increased cleaved caspase 8 in both Hela cells and HCT116
p53” cells delayed for 4 hours at mitotic entry with the CDK1
inhibitor, RO3306 (Fig. 8A). Cleaved caspase 8 was undetectable
in the HCT116 p53+/Jr cell line (Fig. 8A), which also does not
die in response to stathmin depletion'" or a 4 hr delay in mitotic
entry (see Fig. 2).

To confirm that caspase 8 activation was triggering cell death
under our experimental conditions, we blocked caspase 8 activ-
ity with a specific caspase 8 inhibitor, IETD-CHO. We treated
Hela and HCT116 p53~'~ cells with a 4 hour pulse of either
RO3306 or DMSO as described above and then added either
20 wM IETD-CHO or DMSO for 48 hours and measured via-
bility. We found that in both cell lines, treatment of cells with
IETD-CHO restored viability in cells pulsed with RO3306 to
that of control cells (Fig. 8B). In addition, depletion of caspase
8 from Hela cells blocked the cell death normally measured
after stathmin depletion (Fig. 8C). These data indicate that cell
death in p53-deficient cells, triggered by either stathmin deple-
tion or a 4 hr delay during G2, activates apoptosis through ini-
tiator caspase 8.
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Caspase 8 activation is likely caused by reduced cFLIP level

Given that only cells deficient in p53 die after either stathmin
depletion or a mitotic entry delay, it is likely that a regulator of
caspase 8 activation is influenced by p53 status. Experiments
shown in Figure 6 did not support a role for p21 as a potential
p53 target gene, whose reduced expression in p53 deficient cells
would favor apoptosis. Another candidate, whose expression or
stability relies on p53 is cFLIP;, an endogenous caspase 8 inhibi-
tor.””?! We hypothesized that cFLIP; levels were reduced in
p53-deficient cells, favoring caspase 8 activation. We probed
cFLIP; levels in Hela cell lysates depleted of stathmin and/or
HPV protein EG6, a protein expressed by Hela cells that targets
p53 for degradation. Depletion of E6 protein from Hela cells
restored p53 expression (Fig. 9A; see refs 11, 32) and we previ-
ously demonstrated that E6 depletion, to restore p53, was suffi-
cient to rescue Hela cells from stathmin-depletion induced
apoptosis.'' We found that restoring p53 increased cFLIP, pro-
tein level, independent of the level of stathmin (Fig. 9B). Others
have also reported that the presence or activation of p53 favors
increased cFLIP expression in both transformed cell lines and in
primary patient tumors.”>** Surprisingly stathmin depletion
reduced the level of cFLIP; in Hela cells (Fig. 9B, C) indicating
that stathmin normally promotes either ¢FLIP; expression or
protein stability. Co-depletion of stathmin along with E6, to
restore p53, resulted in a cFLIP; level above that observed in con-
trol transfected cells. Therefore, both p53 and stathmin contrib-
ute to regulating cFLIPy level. As a first test of whether the
decreased cFLIP; level seen in p53-deficient, stathmin-depleted
cells was contributing to caspase 8 activation and therefore cell
death, we over-expressed cFLIP; by transient expression of
FLAG tagged cFLIP (Fig. 9C). Expression of ¢FLIP; -FLAG
was sufficient to restore viability in stathmin-depleted cells to the
level of control cells (Fig. 9D). Attempts to deplete cFLIP; from
p53 positive cells resulted in excessive cell death (see also refs 35,
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Figure 8. A mitotic entry delay triggers caspase 8 activation. (A) Western blot for cleaved caspase 8,
reprobed for tubulin as a loading control for the cell lines treated as indicated. RO3306 pulsed cells were
synchronized and incubated in 10 wM RO3306 for 4 hrs to delay mitotic entry. Lysates were prepared
48 hours after transfection or inhibitor pulse. Stathmin depletion or a pulse of CDK1 inhibitor to lengthen
G2 increased the level of cleaved caspase 8. (B) Hela cells or HCT116 p53*’* cells were synchronized with a
double thymidine block and pulsed with 10 wM RO3306 (CDK1 inhibitor) for 4 hours. Following RO3306
washout, cells were incubated with medium containing DMSO or IETD-CHO (20 wM) for 48 hours and
assayed for viability via trypan blue exclusion. Caspase 8 inhibition with IETD-CHO restored viability in
RO3306 treated cells. (C) Western blot demonstrating knockdown of caspase 8 alone or in combination with
stathmin depletion. Tubulin was used as a loading control. (D) Percent trypan blue positive cells for the indi-
cated conditions. All graphs are representative of at least 3 independent experiments. * denotes P < 0.05, **
denotes P < 0.01, *** denotes P < 0.001.
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36) making it impossible to test
directly whether lower cFLIP; lev-
els are responsible for cell death we
observe only in p53-deficient cells.

Discussion

Stathmin’s requirement for sur-
vival of p53-deficient cancer cells
has been documented by several
groups™”?!'" but the underlying
mechanism  linking  stathmin
depletion to activation of apopto-
sis has not been studied previously.
It was known that stathmin deple-
tion leads to a mitotic entry
delay,""™"?  as cell
death,*”"" particularly in cancer
cells deficient in [)53,9’11 but

whether the cell cycle delay was

well as

sufficient to activate apoptosis was
not clear. Here we asked whether a
mitotic entry delay initiates cell
death and which initiator caspase
is responsible for activating apo-
ptosis. First, we found that elimi-
nating the cell cycle delay during
G2 rescued stathmin-depleted cells
from death (Fig. 1) and thata 4 hr
delay in mitotic entry by treatment
with several enzyme inhibitors was
sufficient to trigger cell death in
p53-deficient cells. We did not
find evidence to support a model
where the mitotic entry delay acts
indirectly by triggering errors in
mitosis, which then trigger apo-
ptosis. We were unable to detect a
consistent increase in mitotic dura-
tion across all treatments, with
only a small increase in duration
measured in synchronized cells
pulsed for 4 hr with 10 pM
RO3306 (Fig. 4A). We did not
detect errors in spindle assembly
(Fig. 4B, E), chromosome segrega-
tion (Fig. 4C, D) or in kineto-
chore-microtubule error correction
(not shown). Reducing p21 level
did not render p53™* HCT116
cells sensitive to stathmin deple-
tion (Fig. 6), as one would predict
if cell survival required arrest in
G1 after a defect during M phase.
established  that

Finally, we
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apoptosis required the initiator cas-
pase 8, and not caspase 9 (Figs. 7
and 8), while prolonged mitotic

>

delays have been shown to activate
caspase 9 via the intrinsic apoptosis
pathway.'®"” In sum, our data
point to the surprising finding that
lengthening G2 and delaying

mitotic entry is sufficient to activate

p53
GAPDH

apoptosis in p53-deficient cells via

. ‘ Dox
) § Dox +E6 SIRNA

the initiator caspase 8.

B
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SN
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It is surprising that we identified

®

caspase 8 as the initiator caspase
activated by stathmin depletion or +
by treatment with enzyme inhibi-
tors to delay mitotic entry. Caspase

8 is canonically portrayed as activat-

+ +
+

+ o+

ing apoptosis in response to extra-
of the
necrosis family, leading to assembly
of the death-inducing signal com-
plex at the plasma membrane, but

cellular  signals tumor
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intracellular activation of caspase 8
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has also been described.’”** While

there is precedent for intracellular
activation of caspase 8, we do not
yet know the pathway linking a
delay at mitotic entry to activation
of caspase 8. Whatever the activa-
tion mechanism, it likely requires
slow accumulation (or slow loss) of
a factor upstream of caspase 8 acti-
vation. Such a slow accumulation
(or slow loss) would explain the var-
iable time between the cell cycle

delay and the onset of apoptosis

Figure 9. Both p53 deficiency and stathmin depletion reduce cFLIP protein level in Hela cells. (A) HPV E6
depletion from Hela cells restored p53, consistent with our previous results.'’'? Lysates were prepared
from Hela cells either untransfected or transfected with siRNA targeting HPV protein E6 and treated with
Doxorubicin (included to stabilize p53 and facilitate detection by protein gel blot) for the last 6 hours of a
48 hour incubation post transfection. Doxorubicin was only used in western blot experiments for p53
detection. (B) Hela cells (p53-deficient) have decreased cFLIP, protein levels compared to cells transfected
with E6 to restore endogenous p53. Stathmin depletion also reduced the cFLIP, level relative to control
siRNA-transfected cells. Western blot for cFLIP,, reprobed with GAPDH as a loading control. (C) Western
blots of lysates from Hela cells transfected with FLAG-tagged cFLIP demonstrating FLAG- cFLIP, expression
for the conditions indicated. Actin was used as a loading control. (D) Exogenous cFLIP, expression restored
viability of stathmin-depleted cells to that of control cells. Hela cells were transfected with non-targeting
siRNA or siRNA to stathmin and a plasmid containing FLAG-tagged cFLIP, or empty vector, as noted on the
plot. Viability was assayed by trypan blue exclusion at 48 hours following transfection. Graph is a summary
of 3 experiments. * denotes P < 0.05.

that we observe (Fig. 3).
Although we have yet
defined a molecular pathway linking a cell cycle delay with cas-

not

pase 8 activation, our data point to cFLIP; level as a likely con-
tributor to caspase 8 activation under our experimental
conditions. cFLIP, has homology to procaspase 8 but lacks cata-
lytic activity and functions to inhibit caspase 8 activation.”
Reduced levels of cFLIP, allow activation of caspase 8.7 We
measured reduced cFLIPy levels in Hela cells depleted of stath-
min (Fig. 9). Expressing exogenous cFLIPy in these cells was suf-
ficient to prevent apoptosis (Fig. 9). Regardless of the death-
triggering mechanism, it is clear that p53-deficient cells are more
vulnerable to caspase 8 activation under our experimental condi-
tions and that activation of caspase 8 is due, at least in part, to
decreased cFLIP; levels. Note that procaspase 8 is a target of
CDK1 phos}‘)horylation, which inhibits its activation as an initia-
tor caspase.’’ Stathmin depletion, by delaying mitotic entry,
could cause reduced procaspase 8 phosphorylation, possibly con-
tributing to caspase 8 activation.
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The level of cFLIP; level may also explain why only p53-defi-
cient cells are sensitive to stathmin depletion or a cell cycle delay
prior to mitotic entry. In Hela cells, we find that restoring p53,
by E6 depletion, increases cFLIPy level, which should contribute
to inhibition of caspase 8 activation. We have not explored
whether the higher c¢FLIP; protein level is due to increased
expression or to reduced protein degradation in these cells. It is
important to note that conflicting results have been reported in
the literature on the role of p53 regulation of cFLIP; expression/
stability. In some cell lines p53 is required for increased cFLIPy
expression,” * while in others p53 expression results in reduced
cFLIP, level, possibly by promoting cFLIP, degradation,®"**
and finally, p53 may not regulate cFLIP; under some circum-
stances.””** These differences among cell lines or tumor samples
are likely due to a number of additional factors known to regulate
cFLIP;, expression or protein stability, acting under specific con-
texts or cell lines.”
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Disrupting mitotic entry is an attractive therapeutic strategy
since normal cells do not appear to be effected by a small cell
cycle delay such as that achieved by partial inhibition of both
PLK1 and AURKA. One potential concern of using delayed
mitotic entry as a novel target is the low percentage of dead/dying
cells that we measured (routinely under 50% and often below
30%). While the percentage of cells that die is relatively small,
our results are highly reproducible and the percentage of dead
cells that we measure is within the range of that reported by
others after treatments with well-accepted apoptosis triggers. For
example, heat shock, Anti-Fas, or UV irradiation produce under
50% apoptotic cell death over the first 8-16 hrs after treat-
ment.*” Likewise, cisplatin treatment of chemosensitive ovarian
cancer cell lines results in under 40% apoptotic cells over the
course of 24 hrs.*> Overall, stathmin inhibition, either via small
molecules or RNA interference, would be an ideal means to delay
mitotic entry without disrupting normal mitotic progression.
Avoiding abnormal mitosis would alleviate some of the harmful
effects caused by microtubule disrupting agents such as aneu-
ploidy and cell death in normal tissues™ and confirm the poten-
tial utility of stathmin-inhibiting therapeutics."*%**

Materials and Methods

Cell Culture and Plasmid Transfections: Hela and HCT116
(p53™* and p53 '~ lines; gift of Dr. B. Volgelstein, Johns Hop-
kins School of Medicine) cells were grown in DMEM (Sigmay; cat
#D5796) supplemented with 10% fetal bovine serum (FBS; Invi-
togen; cat #16000) and 1X antibiotic/antimycotic (Sigma; cat
#A5955). In some experiments, cells were synchronized through
a double thymidine block by overnight incubation in 5 mM thy-
midine (in DMEM), 8 hour release in DMEM after 5 rinses in
warm PBS, followed by a 16 hour incubation in 5 mM thymi-
dine (in DMEM). Cells were transferred to DMEM after 5 rinses
with warm PBS and used for Trypan Blue exclusion assays and/or
cell lysate preparation 48—72 hours following release.

In some experiments Hela cells were transfected with plasmids
(300 ng per 35 mm dish) for expression of FLAG-tagged-cFLIP}
(pEFrsFLAG; ref 45; a gift from Dr. Marcus Peter, Feinberg
School of Medicine, Northwestern University) or empty vectors
encoding either FLAG (Addgene cat#20011) or GFP using
X-tremeGene HP DNA Transfection Reagent (version 1.0;
Roche Diagnostics, Indianapolis, IN) according to the man-
ufacturer’s protocol. Cells were transfected approximately
4 hours following siRNA transfections and cell viabilicy was
assessed approximately 48 hours following initial transfection.

To detect possible defects in mitotic error correction, cells
were transfected with siRNAs targeting stathmin or a control,
non-targeting sequence. Approximately 48 hr after transfection
cells were incubated for 4 hrs in 100 pM monastrol (Sigma
Aldrich; cat#M8515-MG) to cause monopolar spindle assembly
and syntelic chromosome attachments.”” Monastrol was then
washed out and cells placed in medium supplemented with
5 uM MG132 (EMD Millipore; cat#474790), a protease inhibi-
tor that prevents anaphase onset.”” Cells were fixed at 20 min
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intervals,”” stained for tubulin, DNA and kinetochores as
described below and scored for percent spindles with monopolar
or bipolar morphologies. As a positive control, cells were incu-
bated in the Aurora Kinase B inhibitor ZM447439 (10 uM;
Selleck Chemicals cat# S1103) during recovery from monastrol.
Aurora Kinase B is necessary for correction of kinetchore - micro-
tubule attachment errors and blocked the conversion of monopo-
lar spindles to bipolar spindles.”” Cells were examined by
immunofluorescence as described below.

Indirect Immunofluorescence and confocal microscopy: Hela
cells were grown on glass coverslips and treated as described
above. Cells were fixed in —20°C methanol supplemented with
1 mM EDTA for 10 minutes, rehydrated in PBS, and blocked in
10% FBS in PBS for 30 minutes at 37°C. Coverslips were then
incubated in mouse anti-o tubulin (1:1000, Sigma; cat#15168)
for 45 min at 37°C. Cells were then rinsed with PBS 3 times
and incubated with goat anti-mouse IgG Alexa 488 (1:50, Life
Technologies; cat#A-11029) or and 1.5 wM propidium iodide
(Sigma-Aldrich cat# P4864) as a DNA counterstain for an addi-
tional 45 minutes at 37 C. Coverslips were then rinsed with PBS
3 times and mounted on slides with Vectashield (Vector Labs;
cat#H-1000). Cells were imaged as described previously46 using
63X/1.4 numerical aperture plan apo objective on an inverted
microscope (Zeiss Axiovert 200M). For synchronized cells,
mitotic index was determined by staining with propidium iodide
and counting cells with condensed chromatin as a percent of total
cells. At least 10 fields (coverslip positions) and >100 cells per
time point) were counted for each treatment group for each inde-
pendent experiment.

Drugs and Reagents: Chemical inhibitors to PLK1 (BI 2536;
see ref 47), AURKA (S 1451; see ref 48), and Weel (MK1775;
see ref 20) were purchased from Selleckchem (cat#’s: S1109
(PLK1), S1451 (AURKA), 51525 (Weel). Chemical inhibitor to
CDKI1 (RO3306, cat#4181; see ref 21) and pan-caspase inhibi-
tor, Z-VAD-FMK (cat#2163) were purchased from Tocris Bio-
science. Caspase 8 specific inhibitor, IETD-CHO was purchased
from EMD Millipore [cat#218773]. All drugs were prepared as
stocks in DMSO. All other reagents were from Sigma unless
noted otherwise. For CDKI1 inhibitor, RO3306, the minimal
concentration sufficient to induce a significant 4N peak was
determined via FACS analysis and was established at 10 uM,
consistent with previous results.*’

RNA Interference and Transient Transfection: Cells were
grown in 35mm dishes and transfected with siRNAs 1-2 d after
plating using GeneSilencer (Genlantis) according to the man-
ufacturer’s protocol. Cells were serum starved from the time of
transfection to 4 hours post-transfection to improve efficiency.
siRNA oligonucleotides were purchased from GE Dharmacon
and included: SMTNI1, 5- CGUUUGCGAGAGAAG-
GAUAdtdt-3’; SMARTpool targeting caspase 8 (cat#L-003466—
00); SMARTpool targeting p21 (CDKN1A; cat#1-003471-00—
0005); SMARTpool targeting caspase 9 (cat#L-003309-00).
SiGenome non-targeting siRNA sequence was used as control
siRNA sequences for these experiments.'>'?

Western Blotting: Soluble cell extracts were prepared as

. . 11,1 . .
described previously'"'?> and protein concentrations were

1079



measured by Bradford assay. T'o enhance detection of active initi-
ator caspases, cells were treated with 50 pM Z-VAD-FMK for
48 hrs prior to lysate preparation. A similar method was
described by Tu et al. (see ref 42). Lysates were diluted in PAGE
sample buffer, 40 g total protein per lane was typically loaded
and resolved in 10% polyacrylamide gels and transferred to
Immobilon Membranes (Millpore, Billerica, MA, cat#-
IPVHO00010). Membranes were blocked with 5% non-fat milk
or 5% BSA (depending on manufacturer recommendation) in
Tris-buffered saline with 0.1% Tween and then probed with pri-
mary antibodies: anti-Caspase 8 (1:000; Santa Cruz cat#sc-
56070), anti-cleaved Caspase 8 (1:1000; Cell Signaling
cat#18C8), anti-cleaved Caspase 9 (1:1000; Cell Signaling
cat#D2D4), anti-caspase 9 (1:1000; Cell Signaling cat#C9),
cFLIP (1:1000, Santa Cruz cat#sc-8346), anti-p21 (Cell Signal-
ing cat#12D1), followed by horseradish peroxidase-linked sec-
ondary antibodies, anti-mouse  (1:2000;  Sigma-Aldrich
cat#A2554) or anti-rabbit (1:10,000, BioRad cat#170-6515)
IgG. Immunoreactive bands were developed using enhanced
chemiluminscence (GE Amersham cat#RPN2232). Membranes
were reprobed with anti-o-tubulin (1:1000, Sigma-Aldrich
cat#15168), anti-actin (1;1000, Sigma-Aldrich cat#A5060), or
GAPDH (1:1000, Abcam) as a loading control.

Live Cell Imaging: To follow cell fates over several days, Hela
cells were plated on Mattek dishes (MatTek Corporation,
cat#P35G-1.0-14-C) and imaged using a Nikon Biostation IM
as described previously.'* Cells were imaged with phase contrast
optics using a 20X objective and images were collected at 5 min-
ute intervals for 24-72 hours. Cell fates were tracked from image
series. Cell death was scored based on changes in cell morphology
characterized by cell retraction and blebbing of the plasma
membrane.
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Cell Viability Measurements: For synchronization experi-
ments, cells were allowed to grow for 2 d following pulses with
kinase inhibitors. For asynchronously growing cell populations
transfected with siRNA and/or plasmids, cells were allowed to
grow for 3 d following transfection. On the day of measurement,
cells were trypsinized and resuspended in PBS with 0.2% Trypan
Blue and counted using a hemocytometer to determine viability
via Trypan Blue exclusion. Approximately 200 cells were counted
per condition per experiment. Each experiment was repeated at
least 3 times.

Data Analysis: Statistical analysis of fluorescence intensity and
cell cycle durations were performed using unpaired t-tests with
either GraphPad Software (www.graphpad.com/quickcales/t
testl.cfm) or in Kaliedagraph v4.1 (Synergy Software, Reading
PA).
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