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Abstract

Metaphase-arrest agents and hyperthermia are both known to be capable of inducing apoptosis,
and they have been used, separately, in cancer treatments. Here, we have examined whether the
two treatments together may have a synergistic effect. We find that when H-HeLa cells are ar-
rested in metaphase with spindle poisons (nocodazole or paclitaxel) and then subjected to mild
heat treatment (41.5°C), they exhibit morphological changes typical of apoptosis within three
hours. Moreover, those changes are blocked by the pan-caspase inhibitor zVAD-fmk, indicating
apoptosis, and activated Procaspase 3 is detected by immunoblotting and by staining with the flu-
orescein-labelled caspase inhibitor FAM-VAD-fmk. Interphase cells treated in the same way do not
undergo apoptosis, even with spindle poisons present. Induction of apoptosis is more rapid when
the cells have been arrested longer in metaphase, suggesting that accumulation or depletion of
some cellular component(s) during metaphase-arrest may make them more susceptible to hyper-
thermia. Further work is in progress to test whether other cell lines exhibit the same behavior and
to learn more about the mechanism. The phenomenon is of interest because it may provide clues
to how hyperthermia induces cell death and may yield novel therapeutic approaches to block or
stimulate apoptosis.
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1. Introduction

Apoptosis is a process of programmed cell death by which unneeded or unwanted cells are eliminated from the
body without inflammation. It plays an important role in embryological development, in the body’s defense
against disease, and in surveillance for cells that may become cancerous. It is characterized by major biochemi-
cal and morphological changes within the cell which are initiated either by an extrinsic pathway, involving spe-
cific cell surface receptors, or by an intrinsic pathway that may be triggered by stress to the cell [1] [2]. In either
case, specific proteases called caspases are activated which carry out the actual “execution” of the cell [3]-[5].
The action of caspases produces the distinguishing features of apoptosis including changes in cell shape, bleb-
bing of the plasma membrane, fragmentation of nuclear DNA, hypercondensation and fragmentation of the
chromatin, and proteolyic cleavage of various proteins [3]-[6].

Apoptosis is also involved in the mechanism of cell killing in cancer chemotherapy and radiotherapy [1]
[7]-[11]. In particular, it plays a role in therapies using hyperthermia and spindle poisons. A number of studies
have shown that mild hyperthermia (heat treatment) is useful in treating tumors and that it works by inducing
apoptosis (e.g., [12]-[15]). Its cytotoxic effects can be amplified when used in conjunction with radiotherapy or
chemotherapy [16]. Spindle poisons work by either disassembling microtubules (e.g., nocodazole and vinblas-
tine) or stabilizing them (e.g., paclitaxel). In either case, the function of the mitotic spindle is disrupted, leading
to arrest of the cells in metaphase of mitosis. (Properly speaking, the cells are arrested in prometaphase, but for
simplicity we follow common practice and refer to them as metaphase-arrested.) These reagents are also used in
cancer chemotherapy and are capable of inducing apoptosis (e.g., [17] [18]).

In the work reported here, we have examined for the first time the effects of mild hyperthermia on meta-
phase-arrested cells. The initial impetus for this project was the observation, in an earlier study [19], that meta-
phase-arrested HeLa cells subjected to mild heat treatment appear to undergo apoptosis. It was also motivated by
the idea that the combination of spindle poisons and hyperthermia might induce apoptosis more efficiently than
either one alone, and that this might lead to a more effective cancer treatment. Using a HelLa strain called
H-HeLa [20], we show that mild hyperthermia indeed induces apoptosis in metaphase-arrested cells but not in
interphase cells.

2. Materials and Methods
2.1. Chemicals and Media

zVAD-fmk was obtained from Calbiochem (La Jolla, CA), dissolved to 50 mM in DMSO, and stored at —20°C.
Propidium iodide and FAM-VAD-fmk (APO-LOGIX™ Carboxyfluorescein Caspase Detection Kit) were ob-
tained from Cell Technologies, Inc., Minneapolis, MN, and were prepared and used as prescribed by the manu-
facturer. Tissue culture media and supplements were obtained from Invitrogen (GIBCO) or Sigma. All other
reagents were obtained from Sigma unless otherwise noted.

2.2. HeLa Cell Culture

A strain of HelLa cells designated H-HeLa [20] was obtained from Prof. R. Rueckert at the University of Wis-
consin-Madison. This strain is now available from the American Type Culture Collection (H1 HeLa, ATCC®
CRL-1958™) (H-HeLa is primarily known for its susceptibility to rhinoviruses and polioviruses, e.g., [21]).
Unless otherwise noted, the cells were grown in Eagles minimal essential medium with Earles salts (MEM) sup-
plemented with 100 i.u./mL penicillin, 100 pg/mL streptomycin, 5% newborn calf serum (heat inactivated),
nonessential amino acids, 2 mM glutamine and 1 mM sodium pyruvate. Stock cultures were maintained as
spinner cultures (2 x 10° - 5 x 10° cells/mL) with 2 inch Teflon-coated stirring bars in 500 mL bottles at 37°C
[22]. The cells produce enough CO, to condition the medium and maintain the correct pH, so the composition of
the atmosphere does not need to be controlled (i.e., with 5% CO,).

2.3. Cell Synchronization and Metaphase Arrest

For most experiments, suspension cultures were synchronized in S-phase by treatment with 2.5 mM thymidine
[23]. After 19 - 24 hours the cells were pelleted, washed with 0.9% NaCl solution, resuspended in fresh medium,
and further incubated at 37°C (or in some experiments at lower temperatures). In most cases, nocodazole was
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added to a final concentration of 0.25 pug/mL (from a stock solution 5 mg/mL in DMSO) 4 hours after removal
of thymidine. In experiments involving metaphase arrest with paclitaxel, 0.25 uM paclitaxel was added (from a
stock solution 2 mM in DMSO) instead of nocodazole. Cultures with viabilities of 90% - 95% and mitotic in-
dices above 80% were routinely obtained at 16 - 20 hours after release from thymidine. For experiments to de-
termine the extent of apoptosis as a function of the length of time the cells had spent in metaphase-arrest, HeLa
cells were seeded into 75 cm? (T75) tissue culture flasks at 5 x 10° cells per flask. After 24 hrs at 37°C (in a hu-
midified, 5% CO, incubator), the medium and unattached cells were removed and fresh medium containing 0.25
pg/mL nocodazole was added. After an additional 2 hrs at 37°C, flasks were shaken gently to selectively dis-
lodge the weakly attached mitotic cells. Cells were pelleted and resuspended to a concentration of 3 x 10° - 4 x
10° cells/mL in fresh medium containing 0.25 pg/mL nocodazole. For the experiment to test the effects of vari-
ous types and concentrations of serum, cells growing in monolayers in T75 flasks were treated for 16 hours with
nocodazole and mitotic cells were obtained by gentle shake-off.

2.4. Light Microscopy and Determination of Cell Viability

For determination of the percentage of cells in mitosis, apoptosis and interphase, 200 uL of water containing 20
ug/mL Hoechst 33342 was added to 200 uL of cell culture. After allowing 5 min at room temperature for hypo-
tonic swelling, 40 uL of fixative (3:1, methanol:acetic acid) was added [24]. Samples were viewed by epifluo-
rescence using a Nikon Labophot microscope with a 40x objective. By this procedure, metaphase, interphase,
and apoptotic cells can be easily distinguished. For each sample, at least 200 cells were counted and scored as
metaphase, interphase, or apoptotic. In some experiments, unfixed cells were viewed by Hoffman modulation
contrast to document cell morphology.

Cell viability was determined using Trypan Blue [25] or propidium iodide staining. In the latter case, cells
from 1.2 mL of culture were gently pelleted and resuspended in 50 pL of the same medium, and 5 uL of propi-
dium iodide solution (0.25 ug/mL in saline) was added. Microscope slides were scanned on a raster and in each
field the dead cells (propidium iodide-stained) were counted using epifluorescence and total cells were counted
using phase contrast.

For FAM-VAD-fmk staining, the inhibitor (150x in dimethylsulfoxide) was diluted 5-fold with phosphate-
buffered saline to obtain the working (30x) stain solution and 10 pL of this working solution was mixed with
300 pL of cell culture. After incubation in the dark for 1 hr, cells were washed once with diluted wash buffer
(Cell Technology, Inc.), resuspended in wash buffer and viewed by epifluorescence. Fluorescent cells were
scored as apoptotic; total cells were counted under phase contrast.

2.5. Heat Treatment of Cell Cultures and Addition of zVAD-fmk

For heat treatments, aliquots of cell cultures that had been arrested in metaphase were placed in water baths at
the appropriate temperatures. Generally, heat treatment was carried out in small (25 or 50 mL) Erlenmeyer
flasks with rubber stoppers, using gentle agitation in a water-bath shaker. For experiments involving the caspase
inhibitor zZVAD-fmk, heat treatments were carried out in 1.5 mL microcentrifuge tubes with occasional gentle
mixing to keep the cells in suspension. Measured amounts of the inhibitor were added to the tubes before adding
cells. The atmosphere inside culture vessels was not controlled during the heat treatments, but this did not ap-
pear to affect the induction of apoptosis. The pH of each culture was monitored by noting the color (due to phe-
nol red) of the medium. In some experiments neutral pH was maintained whereas in others it was not (particu-
larly when the flask or tube was opened frequently for sampling), but this did not appear to make any difference
in the percentage of apoptotic cells observed.

Cell concentrations in cultures were adjusted to approximately 2 x 10° cells/mL immediately before begin-
ning heat treatments. Typically the cells were incubated at elevated temperatures for 3 - 5 hours. Samples were
taken periodically and the percentages of metaphase, interphase and apoptotic cells determined as described
above.

2.6. SDS-Polyacrylamide Gel Electrophoresis and Western Blotting

Cells were chilled, sedimented at 100 x g, washed once in 15 mL of ice cold PBS, and lysed on ice at a concen-
tration of 1 x 107 cells/mL in cold RIPA Buffer (consisting of PBS with 1% NP-40, 0.5% sodium deoxycholate,
and 0.1% SDS) containing 100 mM PMSF, 2 pg/mL Leupeptin, and 2 pg/mL Pepstatin A. Protease inhibitors
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were diluted immediately before use from 1000x stock solutions prepared in anhydrous alcohol. Lysates were
cleared of insoluble debris by centrifugation in a microcentrifuge at 4°C for 10 minutes at full speed. Protein
concentrations were determined using the Bradford assay reagent (BioRad), and the cleared lysates were stored
in small aliquots at —80°C. For Western blotting, samples containing 50 pg total protein were separated by
SDS-polyacrylamide gel electrophoresis with 4% acrylamide in the stacking gel and 15% acrylamide in the se-
parating gel. Separated proteins were electrophoretically transferred (100 V for 50 minutes) to Immobilon PVDF
nylon membranes (Millipore) in transfer buffer (25 mM Tris, 192 mM glycine, 20% methanol and 0.02% SDS).
Following transfer, filters were stained in 0.1% Fast Green FCF in 20% methanol, 5% acetic acid and molecular
weight marker bands were marked. Filters were then destained in 20% methanol, 10% acetic acid, blocked
overnight at room temperature in TS buffer (10 mM Tris, 150 mM NacCl) containing 5% powdered milk, and
probed at room temperature 1 hr to overnight with primary antibodies diluted 1:500 in blocking buffer contain-
ing 0.1% sodium azide as a preservative. The rabbit-derived primary antibodies used were anti-human Caspase 3
(Santa Cruz Biotechnology) and anti-human actin (Sigma). All primary antibodies were detected by blotting for
1 hr at room temperature with goat-anti-rabbit IgG-HRP (Santa Cruz) diluted 1:1000 in PBS containing 3% milk.
Bound secondary antibodies were visualized by exposure of Kodak X-Omat AR X-ray film following enhanced
chemiluminescent staining as previously described [26].

3. Results

3.1. Mild Hyperthermia Induces Cell Death in Metaphase-Arrested Hela Cells But
Not in Interphase Cells

In order to observe the effects of hyperthermia, metaphase-arrested cultures of H-HeLa cells were either left at
37.0°C or treated at 41.5°C for three hours, and samples from control (not heat-treated) and heat-treated cultures
were viewed by epifluorescence microscopy following staining with Hoechst 33342 (Figure 1). Control cultures
left at 37.0°C retained the usual appearance of metaphase-arrested cells (Figure 1(a)). However, cells subjected
to hyperthermia exhibited morphological changes characteristic of apoptosis, such as blebbing of the plasma
membrane, nuclear condensation, and nuclear fragmentation (Figure 1(b)).

During time courses of heat treatment (Figure 2), the rate of induction of apoptosis was monitored by period-
ically preparing samples for fluorescence microscopy and counting the number of mitotic, interphase, and apop-
totic cells. Figure 2(a) shows that during heat treatment of a metaphase-arrested culture there is a steady decline

(a) Control

(b) Heat treated

Figure 1. Heat treatment of metaphase-arrested H-HeLa cells induces morphological changes typical of apoptosis. Cells
growing in suspension at 37.0°C were synchronized in S-phase with thymidine, released, and arrested in metaphase with no-
codazole (see Materials and Methods). Aliquots of the culture (mitotic index 85%) were either left at 37.0°C or shifted to
41.5°C. After 3 hrs samples were stained with Hoechst 33342 and prepared for fluorescence microscopy. (a) Control. After
the additional 3 hrs at 37.0°C, cells are still in metaphase arrest. (b) Heat treated. After 3 hrs at 41.5°C, most cells show
morphological changes characteristic of apoptosis, including blebbing of the plasma membrane, nuclear condensation and
nuclear fragmentation. One interphase cell can be seen (bottom center), but no mitotic cells are observed.
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Figure 2. Time course and temperature dependence of induction of apoptosis during heat treatment of metaphase-arrested
H-HeLa cells. Cultures were arrested in metaphase at 37°C and shifted to the indicated temperatures. At various times, sam-
ples were prepared for fluorescence microscopy. Apoptotic cells were scored on the basis of cell and nuclear morphology (cf.
Figure 1(b)). (a) Percentages of interphase (0o—o), metaphase (e—e), and apoptotic cells (A— A) after shift of a culture
(mitotic index 86%) to 41.4°C. (b) Percentages of apoptotic cells after shifting aliquots of a culture (mitotic index 91%) to
34.0 (e—e), 37.0 (0—0), 39.0 (A—A), 40.0 (A—A) and 41.5°C (m—m). Note that apoptosis is induced more rapidly at
higher temperatures.

in the number of metaphases and a corresponding increase in the number of apoptotic cells, but the number of
interphase cells stays roughly constant. Even in cases where the mitotic index was low and 40% - 50% of the
cells were still in interphase, the percentage of interphase cells remained constant throughout the heat treatment.
This suggested that only metaphase-arrested cells were undergoing apoptosis.

The experiment shown in Figure 2(b) demonstrates that the rate and extent of induction of apoptosis is great-
er when the metaphase-arrested cells are treated at a higher temperature. For example, nearly 80% of cells were
apoptotic after three hours of treatment at 41.5°C, whereas only 38% were apoptotic after treatment for three
hours at 39.0°C.

To test the hypothesis that only metaphase cells, and not interphase cells, undergo apoptosis during heat
treatment, metaphase-arrested and interphase (unsynchronized) cultures were directly compared. Figure 3(a)
shows clearly that heat treatment does not induce apoptosis to a significant extent in interphase cells after 3 hrs
at 41.5°C, and the same is true at lower temperatures. However, nearly all metaphase-arrested cells have become
apoptotic after 3 hrs at 41.5°C. Some apoptosis occurs in metaphase-arrested cells even at 37°C.

The occurrence of cell death following heat treatment of metaphase-arrested HelLa cells (but not interphase
cells) was confirmed by the use of propidium iodide, which stains the nuclei of dead (permeabilized) cells but
does not stain intact, living cells. As indicated in Figure 3(b), an interphase culture treated at 41.5°C shows little
or no increase in the number of dead cells over the course of 7 hrs. There is a small, gradual increase in the
number of dead cells in a metaphase-arrested culture left at 37.0°C. However, the number of dead cells rises
dramatically in a metaphase-arrested culture treated at 41.5°C. When assayed by propidium iodide staining
(Figure 3(b)), cell death during treatment at 41.5°C lags about 2 hrs behind the morphological changes observed
in Figure 1(b), Figure 2 and Figure 3(a).

The membrane “blebbing” characteristic of apoptotic cells can also be observed by Hoffman modulation con-
trast, which gives a “shadowed” image similar to that seen with differential interference contrast (DIC). Bleb-
bing is seen with heat-treated metaphase-arrested cells (Figure 4(b)) but not with heat-treated interphase cells
(Figure 4(d)).

3.2. Further Evidence That the Observed Phenomenon Is Apoptosis

As described above, metaphase-arrested Hela cells treated with mild hyperthermia undergo cell death and show
morphological changes typical of apoptosis (Figure 1). To check whether these morphological changes are truly
a sign of apoptosis, we tested whether they could be prevented by adding the cell-permeable pan-caspase inhi-
bitor zZVAD-fmk [3] [27] [28] during the heat treatment. Figure 5(a) shows that indeed, the changes induced in
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metaphase-arrested cells by hyperthermia are blocked by zZVAD-fmk. Figure 5(b) shows further that when me-
taphase-arrested cells are treated for 3 hrs at 41.5°C, the presence of 40 uM zVVAD-fmk reduces the percentage
of cells with morphological changes typical of apoptosis by about 50% while 350 uM zVAD-fmk almost com-
pletely eliminates them. In an experiment analogous to that shown in Figure 3(b), zVAD-fmk also prevented
the cell death observed by staining with propidium iodide (data not shown). These results confirm that the cell
death and morphological changes we observe require caspases and are indeed the result of apoptosis.
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Figure 3. Heat treatment induces apoptosis in metaphase-arrested HeLa cells but has no detectable effect on interphase cells.
(a) Cultures of metaphase-arrested cells (mitotic index 88%) and unsynchronized cells (mitotic index 4%) were prepared at
33.0°C and then either shifted to 41.5°C or left at 37.0°C. The time courses show the percentage of cells displaying morpho-
logical changes characteristic of apoptosis (cf., Figure 1(b)) in the unsynchronized (predominantly interphase) culture at
41.5°C (A — A), in the metaphase-arrested culture at 37.0°C (0—o), and in the metaphase-arrested culture at 41.5°C (e—e).
Induction of apoptosis is not detected in the interphase cells. (b) Time course of cell death during heat treatment assayed by
permeability to propidium iodide. Metaphase-arrested and interphase cultures growing at 37.0°C were either shifted to
41.5°C or left at 37.0°C. Data is shown for interphase cells treated at 41.5°C (A — A), metaphase-arrested cells left at 37.0°C
(0—o0), and metaphase-arrested cells treated at 41.5° (e—e).

Figure 4. Changes in cell morphology viewed by Hoffman modulation contrast. (a) Metaphase-arrested cells; (b) Metaphase
arrested cells treated 2 hrs at 41.5°C; (c) Interphase cells; (d) Interphase cells treated 2 hrs at 41.5°C.
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Figure 5. Morphological changes resulting from heat treatment of metaphase-arrested H-HeLa cells are blocked by the cas-
pase inhibitor zZVAD-fmk. Cells were arrested with nocodazole at 37.0°C (mitotic index 90%) and then either left at 37.0°C
or shifted to 41.5°C, in the latter case either with or without zZVAD-fmk. (a) Time course of apoptosis for cells shifted to
41.5°C (e—e), left at 37°C (0—o), or shifted to 41.5°C in the presence of 350 uM zVAD-fmk (A—A). (b) Extent of
apoptosis after 3 hours at 41.5°C as a function of the zZVAD-fmk concentration.

Hours of Treatment
0 1 2 3

Procaspase 3 = SR SR S

Caspase 3
large subunit=—

Figure 6. Cleavage of Procaspase 3 during heat treatment of metaphase-arrested HeLa cells. After 0, 1, 2 or 3 hours of heat
treatment at 41.0°C, metaphase-arrested cells (mitotic index 85%) were lysed, sonicated, and prepared for SDS- polyacryla-
mide gel electrophoresis and western immunoblotting. The filter was stained first with an anti-Caspase 3 antibody and sub-
sequently with an anti-actin antibody as a loading control.

To further verify the occurrence of apoptosis, cell extracts from metaphase-arrested HeLa cells were prepared
after 0, 1, 2 and 3 hours of treatment at 41.4°C, separated by SDS polyacrylamide gel electrophoresis and ana-
lysed by western immunoblotting using anti-Caspase 3 antibodies. Figure 6 shows that the active Caspase 3
large subunit appears after heat treatment while the Procaspase 3 band becomes less intense. Appearance of
cleaved and active Caspase 3 is a distinctive sign of apoptosis.

Caspase activation can also be observed in vivo using the fluorescein-labelled caspase inhibitor FAM-VAD-
fmk. Figure 7(a) and Figure 7(c) show phase contrast micrographs of heat-treated (41.5°C, 3 hrs) and control
metaphase-arrested cells, respectively. Figure 7(b) and Figure 7(d) show the same fields of cells, stained with
FAM-VAD-fmk. Stained cells are seen in the heat-treated sample but not in the control. Table 1 shows that the
percentage of cells labeled with the reagent parallels the percentage identified as apoptotic on the basis of mor-
phology. However, in several repetitions of this experiment, the number of cells that stained with FAM-VAD-
fmk was consistently lower than the number that appeared apoptotic on the basis of morphology (Table 1). The
reason for this is not known, but one possible explanation is that some cells no longer stain with FAM-VAD-
fmk because they have become permeable (cf. Figure 3(b)) and the caspases have diffused out. Alternatively,
the caspases themselves may be proteolytically destroyed during the late stages of apoptosis.
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Figure 7. Detection of activated caspases in metaphase-arrested H-HeL a cells using FAM-VADfmk. (a)-(b) Cells treated 2.5
hr at 41.5°C. (c)-(d) Control, not heat treated. (a) and (c), phase contrast; (b) and (d), FAM-VADfmk fluorescence.

Table 1. Staining of apoptotic cells with FAM-VAD-fmk.

Apoptotic cells (%) Apoptotic cells (%)
(morphological changes viewed by Hoechst stain) (FAM-VAD-fmk stain)
Heat-treated, 41.5°C, 2.5 hr 50.3 37.6
Control, 37.0°C, 2.5 hr 7.9 5.1

3.3. Further Characterization of the Phenomenon

As previously noted, apoptosis is induced more rapidly at higher temperatures (Figure 2(b)). This raises the
question: which is more important in determining the rate, the final temperature or the magnitude of the temper-
ature shift? To answer this, a portion of a culture arrested in metaphase at 34°C and another portion arrested at
37°C were simultaneously shifted to 41.0°C. As seen in Figure 8, the time courses for the two samples are vir-
tually identical. We conclude that the rate of induction of apoptosis depends only on the final incubation tem-
perature, not on the size of the temperature shift.

In all experiments described so far, cells were arrested in metaphase with nocodazole. In order to test whether
the observed induction of apoptosis is peculiar to nocodazole-arrest, the effects of heat treatment on nocodazole-
and paclitaxel-arrested cultures were compared (Figure 9(a)). Although paclitaxel-arrested cells show a higher
background of apoptosis without heat treatment, it is clear that heat treatment induces apoptosis to a similar ex-
tent no matter which spindle poison is used to arrest the cells.

To test whether the rate of induction of apoptosis by hyperthermia depends on the length of time that the cells
have been in metaphase-arrest, HeLa cells were grown in monolayers at 37.0°C and metaphase-arrested cells
were prepared by a shake-off technique after treatment with nocodazole for only two hours. When an aliquot of
these metaphase-arrested cells was immediately shifted to 41.5°C, little or no increase in the number of apoptot-
ic cells was seen during the first hour of heat treatment (Figure 9(b)). However, in an aliquot of the same meta-
phase-arrested culture that had been incubated for an additional 4 hrs at 37.0°C before being shifted to 41.5°C,
28% of the cells underwent apoptosis during the first hour of heat treatment. This suggests that susceptibility to
hyperthermia-induced apoptosis is not simply a matter of being in the metaphase-arrested state, but is at least in
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part a function of the length of time that a cell has been arrested.

In separate sets of experiments, we have observed less apoptosis with heat-treatment of metaphase-arrested
Hela S3 and HeLa-MKEF than with H-HeLa cells. At first we suspected that this might be due to the use of dif-
ferent media, since the S; and MKF cells had been grown with 10% fetal calf serum while the H-HelLa were
grown with 5% newborn calf serum. This is not the case, however. The differences among Hel a strains persist
even when all are grown under the same conditions. However, for a given strain the extent of apoptosis is indeed
affected by the type and concentration of serum, as shown in Figure 10. For H-HeLa, significantly less apopto-
sis is seen with fetal calf serum than with newborn calf serum when both are present at the same concentration,
and with either type of serum less apoptosis is observed at higher serum concentrations.
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Figure 8. The extent of induction of apoptosis depends on the final temperature, not on the magnitude of the temperature
shift. HeLa cultures were arrested in metaphase with nocodazole either at (a) 34.0°C (mitotic index 84%) or (b) 37.0°C (mi-
totic index 85%). One portion of each was left at the initial temperature (0—o) while another portion was shifted to 41.0°C
(e—e). The graphs show the percentage of apoptotic cells as a function of time.
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Figure 9. (a) Heat treatment induces apoptosis similarly in nocodazole- and paclitaxel-arrested H-HelLa cell cultures. Cul-
tures were arrested in metaphase and portions were either incubated further at 37.0°C (control) or shifted to 41.5°C: Cells ar-
rested with nocodazole and left at 37.0°C (o—o; Noc, control); nocodazole-arrested cells treated at 41.5°C (e—e; Noc, 41.5);
Cells arrested with paclitaxel (Taxol) and left at 37.0°C (A—A; Taxol, control); paclitaxel-arrested cells treated at 41.5°C
(A—A; Taxol, 41.5). (b) The rate of induction of apoptosis depends on the length of time that the cells have been arrested in
metaphase. Monolayer cultures growing at 37.0°C were treated with nocodazole for 2 hours and metaphase-arrested cells
harvested by shake-off. Aliquots of these cells were either shifted to 41.5°C immediately (e—e) or kept at 37.0°C and then
shifted to 41.5°C after 1 (0—o0), 2 (A—A), 3 (A—A), or 4 hrs (m—m). The percentage of apoptotic cells is shown as a function

of the time of treatment at 41.5°C.
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Figure 10. The rate of induction of apoptosis is affected by the type and concentration of serum in the medium. Monolayer
cultures of H-HeLa cells were grown for at least 24 hr in medium containing either newborn calf serum (NCS) or fetal calf
(bovine) serum (FBS) at a concentration of either 5%, 10% or 20%. After exposure to nocodazole for 16 hr, metaphase-ar-
rested cells were obtained by a gentle shake-off technique and then treated at 41.5°C.

4. Discussion

The results presented in this paper show that mild hyperthermia induces apoptosis in metaphase-arrested
H-HeLa cells but not in interphase cells. To our knowledge, this phenomenon has not been previously reported
for any cultured cells. When H-HeLa cells are arrested in metaphase at 37°C and then shifted to higher tempera-
ture (39°C - 41.5°C), cell death occurs within a few hours (Figures 1-3), and several observations indicate that
this is due to apoptosis. First, fluorescence microscopy and Hoffman modulation contrast microscopy show
morphological changes characteristic of apoptosis, including blebbing of the plasma membrane and condensa-
tion and fragmentation of the nuclear material (Figure 1 and Figure 4); second, the morphological changes are
completely blocked when the caspase inhibitor zZVAD-fmk [3] [27] [28] is present during the heat treatment
(Figure 5); third, western immunoblotting using an antibody to Caspase 3 reveals proteolytic cleavage of Pro-
caspase 3 and appearance of the active Caspase 3 large subunit (Figure 6); and fourth, caspase activation can be
visualized in vivo using the fluorescein-labeled caspase inhibitor, FAM-VAD-fmk (Table 1 and Figure 7).

This heat treatment induces apoptosis only in metaphase-arrested H-HeLa cells, not in interphase cells. When
a nocodazole-arrested culture (predominantly but not entirely metaphase) is subjected to heat treatment, the
number of metaphase cells decreases and the number of apoptotic cells increases correspondingly, but the num-
ber of interphase cells does not change significantly (Figure 2(a)). When an unsynchronized culture (predomi-
nantly interphase) is similarly heat-treated, little or no cell death is observed (Figure 3). A study of Jurkat T
cells has also reported that apoptosis is more easily induced during nocodazole-arrest than during interphase
[29].

Further experiments show that the induction of apoptosis in metaphase-arrested cells is more rapid at higher
temperatures (Figure 2(b)), and that the critical factor in determining the rate is the final temperature, not the
magnitude of the temperature shift (Figure 8). Also, the specific metaphase-arrest agent used is not important,
since similar results are obtained with either nocodazole or paclitaxel (Figure 9(a)).

We have begun to examine the effects of heat treatment on metaphase-arrested cells of other cell lines. Sur-
prisingly, much less apoptosis occurs with HeLa S; and HeLa MKF than with H-HeLa (J.R. Paulson, A.K.
Kresch and P.W. Mesner, unpublished work). In some cases (e.g., mouse FT210, Balb-3T3 and L929 cells), heat
treatment simply causes the cells to exit mitosis and go back to interphase without chromosome segregation or
cytokinesis. These cells presumably fail to undergo apoptosis because they return to interphase before the meta-
phase-specific mechanism that will lead to apoptosis has a chance to be initiated. With FT210 cells, which carry
a temperature-sensitive mutation in the Cdkl kinase [30], exit from mitosis is due to heat-inactivation of
Cdkl/cyclin B [19]. For Balb-3T3 and L929 cells, it is not known why heat treatment causes a return to inter-
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phase, but it most likely also involves inactivation of Cdk1/cyclin B since that is a prerequisite for mitotic exit
[31]-[33]. Interestingly, heat treatment of paclitaxel-arrested cells has been shown to induce apoptosis more ef-
ficiently when exit from mitosis is blocked by inhibiting the Anaphase-Promoting Complex (APC/C) [34].

Why does mild heat treatment induce apoptosis in metaphase-arrested H-HeLa? It might be a fortuitous effect
peculiar to this cell line, but it is also conceivable that a specific mechanism has evolved. Having a low thre-
shold for induction of apoptosis when cells suffer stress during mitosis may be advantageous to the organism.
The most striking fact is that metaphase-arrested cells undergo apoptosis but interphase cells do not, so it makes
sense to consider which structural and biochemical differences in mitotic cells might facilitate the induction of
apoptosis. For example, decreased RNA and protein synthesis at mitosis [35]-[38] may hinder the cell’s ability
to mount a heat shock response. Lack of a nuclear envelope during mitosis may allow certain factors to reach the
chromatin that would not do so during interphase.

Perhaps the first question to ask is whether the apoptosis we observe comes about by the intrinsic or the ex-
trinsic pathway. Mitochondrial stress induces apoptosis via Caspase-9 and the intrinsic pathway whereas ER
stress induces it via the extrinsic pathway. Apoptosis resulting from ER stress involves the unfolded protein re-
sponse (UPR), Caspase-8 and Death Receptor 5 (DR5) [39]. The intrinsic and extrinsic pathways should be dis-
tinguishable using specific caspase inhibitors, but such experiments will need to be done with care since availa-
ble caspase inhibitors are not completely specific [40].

At this point we can only speculate about the triggering mechanism. Possibilities include, but are not neces-
sarily limited to, sequestration of the anti-apoptotic protein survivin, mitotic phosphorylation of certain proteins
during mitosis, increased concentrations of ceramides, and/or decreased ATP levels. Note that these hypotheses
are not mutually exclusive. More than one may be involved. Antagonists of survivin are known to induce apop-
tosis via the intrinsic pathway [41]. Having survivin tied up in the mitotic chromosome passenger complex [42]
may also make the cells more sensitive to stress. Phosphorylation of the anti-apoptotic protein Bcl-2 and the
pro-apoptotic protein Bim during mitosis is known to lower the threshold for induction of cell death [29] and
phosphorylation of caspase-8 during mitosis can also predispose the cells to apoptosis [43]. Ceramides are key
inducers or regulators of apoptosis [44]-[46] and they are known to accumulate to higher levels during mitosis
[46]-[48]. Ceramide is involved in the induction of apoptosis by heat shock [49], and a combination of ceramide
and paclitaxel has been shown to enhance apoptosis in cancer cells [50]. Depletion of ATP levels during mitosis
reportedly also makes cells more susceptible to apoptosis [51].

Further work will be necessary to test these hypotheses and to elucidate the detailed mechanism, but under-
standing the process could have practical importance. Hyperthermia is widely used to treat tumors [52] [53] and
spindle poisons are among the many drugs used in cancer chemotherapy that are thought to work by triggering
apoptosis [7]-[10]. A combination of these two approaches could potentially be exploited to improve cancer
treatments. Interestingly, it has been reported that the effectiveness of the spindle poison Combretastatin in
treating solid tumors is enhanced by simultaneous treatment with hyperthermia [54] [55], although in these stu-
dies the drug treatment was probably too brief to arrest a significant proportion of the tumor cells in metaphase.
If the relevant components and processes can be identified, it may be possible to mimic, in interphase cells, the
changes that sensitize metaphase-arrested cells to hyperthermia. This could greatly increase the usefulness of
hyperthermia in cancer treatment.
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