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Abstract

Our studies on the effects of mild hyperthermia (< 42°C) on prometaphase-arrested and interphase
Hela cells are reviewed. Mild heat treatment rapidly induces apoptosis in H-HelLa cells that have been
arrested in prometaphase with spindle poisons. This is shown by the appearance of morphological
changes characteristic of apoptosis, the activation of Caspase 3, and the fact that the changes are blocked
by caspase inhibitors such as zVAD-fmk. The same treatment does not cause apoptosis in interphase
cells, or in prometaphase-arrested cells of other Hela strains such as HelLa S3, MKF, and WML. However,
prometaphase-arrested cultures of those other Hela strains can be made sensitive to mild heat treatment
by simultaneous exposure to compounds such as navitoclax (ABT-263) which inhibit Bcl-2 family anti-
apoptotic proteins. Interphase cells can be made sensitive to 42°C treatment by combining ABT-263 or ABT-
199 with S63845, a potent and selective inhibitor of MCL-1. These studies suggest that it might be possible
to find a treatment for tumors that combines systemic drug treatment with localized hyperthermia. Clues
to how that might be achieved are discussed.
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Introduction

Apoptosis is a process of programmed cell death which the body uses to get rid of unneeded or
unwanted cells without causing inflammation or autoimmunity [1-3]. It occurs, for example, during
development, in the elimination of infected cells, and in surveillance and destruction of cells that
may be cancerous. Apoptosis can be the result of either an extrinsic pathway or an intrinsic pathway
[4-6]. In the extrinsic pathway, cell death is initiated by the binding of external signaling molecules
to cell-surface “death receptors”. The intrinsic pathway, on the other hand, results from internal stress
in the cell and is signaled by the release of cytochrome ¢ from the mitochondria. In both pathways,
cell death results from the activation of proteolytic enzymes called caspases, which are responsible for
morphological changes in the cell, degradation of proteins and DNA, and ultimately disintegration
of the cell [6-10].

Radiation therapy and chemotherapy induce apoptosis via the intrinsic pathway during cancer
treatment [11-15]. Hyperthermia (heat treatment) can also induce apoptosis and has been used to
treat cancer, sometimes in combination with chemotherapy or radiation [16-24].

More than 20 years ago, we made observations suggesting that a new approach to cancer treatment
might be possible which combines systemic or local drug treatment with localized hyperthermia. Our
initial discovery was that mild hyperthermia induces apoptosis in prometaphase-arrested H-HeLa,
a particular strain of HeLa cells [25], and this led to the idea of treating cancer with a combination
of spindle poisons and hyperthermia. We subsequently found that hyperthermia will also induce
apoptosis in prometaphase-arrested cells of other Hela strains if those cells are simultaneously treated
with certain inhibitors of Bcl-2 family anti-apoptotic proteins [26].
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This paper reviews the progress we have made. The approach
under investigation is far from ready to be used therapeutically.
However, the work completed so far gives clues as to how the
research may be carried out further, potentially leading to a new
cancer therapy.

Origins of This Research in Studies of Exit from Mitosis

The work reviewed here was in a sense a byproduct of research
begun in the 1990s on exit from mitosis in H-HeLa cells, a strain
provided to us by Prof. Roland Rueckert. (H-HeLa was used in
Rueckert’s lab to study poliovirus and rhinoviruses because it is
susceptible to infection by those agents [27]. However, we have no
evidence that this property is relevant to our studies of apoptosis.)

During studies on mitotic histone H1 dephosphorylation, we
observed that treatment of prometaphase-arrested H-Hela cells
with the protein kinase inhibitor staurosporine caused histones to
be dephosphorylated, chromosomes to decondense, and interphase
nuclei to reassemble [28]. Since the onset of mitosis is signaled by
activation of the protein kinase Cdk1-cyclin B [29] and staurosporine
inhibits Cdk1 [30], we suggested that inactivation of Cdk1-cyclin B
may be the trigger for the M- to G1-phase transition [28].

We first tested this hypothesis using mouse FI210 cells, in
which Cdkl is temperature sensitive [31]. This allowed for specific
inactivation of Cdkl, in contrast to staurosporine which inhibits
multiple protein kinases [30]. FT210 cells were grown at their
permissive temperature (32°C), arrested with nocodazole, and then

shifted to higher temperature (typically 41.5°C). This caused the cells

to exit mitosis and enter G1-phase as demonstrated by reassembly
of interphase nuclei, dephosphorylation of histones, and the cells’
ability to complete another cell cycle, passing through S-phase
and arresting in mitosis again [32]. This result and later work with
budding yeast [33] helped to confirm that Cdkl inactivation is
sufficient to trigger the M- to G1-phase transition.

One concern in carrying out the FT210 experiments was that
perhaps exit from mitosis was due to some other effect of the heat
treatment, not inactivation of Cdkl. If so, perhaps heat treatment
would induce mitotic exit in any prometaphase-arrested cells. To
test this possibility, H-HeLa cells were arrested in prometaphase of
mitosis and shifted to 41.5°C. However, these cells did not make
the transition to Gl-phase. Instead, they exhibited morphological
changes suggestive of apoptosis.

Induction of Apoptosis in Prometaphase-Arrested
H-Hela Cells by Mild Hyperthermia

Several experimentsdemonstrated thatindeed, mild hyperthermia
induces apoptosis in prometaphase-arrested but not interphase
H-HeLa cells [25]. Figure 1 shows that prometaphase-arrested
H-HeLa cells treated at 41.5°C undergo morphological changes
typical of apoptosis, including condensation and fragmentation of
the chromatin (Figure 1b) and blebbing of the plasma membrane
(Figures 1b and 1d). A nucleated cell in the lower right of Figure
1b suggests that heat treatment does not affect interphase cells, and
this is confirmed by the lack of blebbing following heat treatment of
an interphase culture in Figure 1f [25]. (Evidence that this blebbing
is due to apoptosis will be discussed below.)

Figure 1. Heat treatment causes morphological changes characteristic of apoptosis in prometaphase-arrested but not interphase H-Hela cells.
(a-b) Cells were arrested in prometaphase with nocodazole (mitotic index 85%) and either left at 37.0°C or shifted to 41.5°C. Samples were treated
hypotonically, fixed with methanol:acetic acid, stained with Hoechst 33342, and viewed by fluorescence microscopy. (a) Cells left at 37.0°C for 3 hr
are still in prometaphase arrest; (b) Most cells treated at 41.5°C for 3 hr show blebbing of the plasma membrane, and nuclear condensation and
fragmentation. Interphase cells are seen (e.g., bottom right), but no mitotic cells are observed. (c-f) Cells were viewed by Hoffman modulation
contrast, unfixed. (c) Prometaphase-arrested cells left at 37°C; (d) Prometaphase arrested cells treated 2 hrs at 41.5°C. Note the extensive blebbing of
the plasma membrane; (e) Interphase cells left at 37°C; (d) Interphase cells treated 2 hrs at 41.5°C. (Figure adapted from Paulson et al. [25]).
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Further evidence that mild hyperthermia affects prometaphase-
arrested but not interphase H-HelLa cells is shown in Figure 2.
Figure 2a shows the results of treating a prometaphase-arrested
culture (mitotic index 86%) at 41.4°C. With time, the percentage
of apoptotic cells increases as the percentage of prometaphase cells
decreases, but the percentage of nuclei-containing (interphase) cells
remains constant at about 14% [25]. Figure 2¢ shows the percentages
of apoptotic cells as a function of time during 41.5°C treatment of
prometaphase-arrested and interphase (unsynchronized) cultures.
Apoptosis occurs with the prometaphase-arrested cells but not with
the interphase cells. Figure 2d shows cell viability in samples from
the same cultures, determined by permeability to propidium iodide.
Prometaphase-arrested cells undergo cell death at 41.5°C, though
more slowly than they undergo blebbing (Figure 2c), whereas
interphase cells remain viable at 41.5°C [25].

Figure 2b shows how apoptosis is induced in prometaphase-
arrested H-HeLa at different temperatures. It occurs more slowly
and to a lesser extent at 39°C and 40°C than at 41.5°C.

Figure 3a confirms that the morphological changes described
above (e.g., Figure 1b) are indeed signs of apoptosis, because they
are prevented by the presence of 350 UM zVAD-fmk, a caspase
inhibitor [34]. Figure 3b shows the extent of apoptosis after 3 hours
at 41.5°C as a function of zZVAD-fmk concentration.

Additional experiments also confirm that heat-treated
prometaphase-arrested H-HeLa cells undergo apoptosis. First, one
can observe the cleavage and activation of procaspase 3 using gel
electrophoresis and western blotting (Figure 6 in [25]). Second,
activated caspase 3 can be detected inside the cells using the

fluorescent probe FAM-VAD-fmk (Figure 7 in [25]).
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Note that in Figures 2b and 3a, nocodazole-arrested H-HeLa
cells undergo apoptosis to some extent even at 37°C. This suggests
that when treating a Hela culture with a spindle poison for many
hours at 37°C, for example in preparation for the isolation of
metaphase chromosomes, it may be useful to treat the culture at the

same time with zZVAD-fmk.

Effects of Heat and Drug Treatments on Other
Prometaphase-Arrested HelLa Strains

As described above, when H-Hela cells are arrested in
prometaphase and then exposed to mild hyperthermia, they rapidly
undergo apoptosis [25]. The same results are obtained whether the
cells are arrested with nocodazole, paclitaxel, or colchicine. Since
spindle poisons and hyperthermia have been used, separately, to treat
cancer, these results suggested that combining systemic treatment
with spindle poisons and localized hyperthermia might be developed
as an effective treatment for tumors.

However, we soon found that heat treatment of prometaphase-
arrested cells does not induce apoptosis in other HeLa strains,
including HeLa S3, MKF and WML. These results raised major
questions. Why do other Hela strains behave differently from
H-HeLa? Why are prometaphase-arrested H-HelLa susceptible to
heat while interphase H-Hel a are not?

One possibly relevant difference between mitotic and interphase
cells is the downregulation of anti-apoptotic proteins during mitosis,
reported by Han ez al. [35]. As a first step toward exploring the above
questions, therefore, we examined the effects of drugs which inhibit
anti-apoptotic proteins.
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Figure 2. Effects of heat treatment on prometaphase-arrested and interphase H-Hela. (a) Time course of induction of apoptosis in a H-Hela
culture arrested in prometaphase at 37°C (mitotic index 86%) and then treated at 41.4°C. At various times, samples were prepared for fluorescence
microscopy as in Figure 1a and 1b and the percentages of interphase (0—0), prometaphase (@—@®), and apoptotic cells (A—A) were determined.
(b) Temperature dependence of the rate of induction of apoptosis. H-Hela arrested in prometaphase (mitotic index 91%) were treated at 34.0
(0—@),37.0(0—0),39.0 (A—A), 40.0 (A—A) and 41.5°C (H—M). (c), (d) Comparison of prometaphase-arrested H-Hela treated at 41.5°C or 37.0°C and
interphase H-Hela treated at 41.5°C. (c) Percentage of apoptotic cells (as in Figure 2a) as a function of time; (d) Percentage of dead cells, assayed by

propidium iodide permeability. (Adapted from Paulson et al. [25]).
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Figure 3. Morphological changes due to heat treatment of prometaphase-arrested H-HelLa cells are blocked by the caspase inhibitor zZVAD-fmk.
(@) Time course for cells that were arrested at 37.0°C (mitotic index 90%) and then either left at 37.0°C (0—0), shifted to 41.5°C (@—@®), or shifted to
41.5°C in the presence of 350 pM zVAD-fmk (A—A). (b) Percentage of cells with morphological changes characteristic of apoptosis as a function of
the zVAD-fmk concentration. Culture aliquots were treated for 3 hours at 41.5°C. (Adapted from Paulson et al. [25].)

Figure 4 shows the effects of treating prometaphase-arrested
HelLa S3 at 42°C with ABT-263 (navitoclax), an inhibitor of Bcl-2
and other anti-apoptotic proteins [36]. The cells were arrested either
with nocodazole (Figures 4a and 4b) or paclitaxel (Figures 4c and
4d). All these cells were incubated at 42°C for 50 minutes, but those
on the right (Figures 4b and 4d) were also treated with 5 uM ABT-
263. Clearly, HeLa S3 can be induced to undergo extensive plasma
membrane blebbing by treatment at 42°C if they are also treated
with ABT-263.

Figure 5 shows that both heat treatment and ABT-263 are
required to induce blebbing in prometaphase-arrested Hella S3 and
that the blebbing is due to apoptosis. Plasma membrane blebbing

is not seen following treatment at 34°C with ABT-263 (Figure 5b)
or treatment at 42°C without ABT-263 (Figure 5c). Both ABT-
263 and 42°C are necessary to induce apoptosis (Figure 5d). The
membrane blebbing is blocked by 100 pM DEVD-cho (Figure 5e)
and by 200 pM zVAD-fmk (Figure 5f), confirming that the cells
in Figure 5d are undergoing apoptosis. Western blotting of caspase
3 provides further evidence that apoptosis is occurring (Figure 6 in

(26)).

Interphase HeLa S3 cells do not undergo apoptosis when treated
at 42°C (Figure Ge), as was shown for H-HeLa above. Nor do they
undergo apoptosis when treated at 42°C with ABT-263 (Figures 6f
and Figure 7a).

Figure 4. Induction of apoptosis in prometaphase-arrested HelLa S3 by treatment with heat and ABT-263. All cultures were treated for 50 min at 42°C.
(@) HelLa S3 arrested in prometaphase with 0.2 pg/mL nocodazole; (b) Same as (a) but heat-treated in the presence of 5 uM ABT-263; (c) HelLa S3
arrested in prometaphase with 0.25 uM paclitaxel; (d) Same as (c) but heat-treated in the presence of 5 uM ABT-263. These micrographs and those in

Figures 5, 6, and 8 were taken using phase contrast.
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Figure 5. Induction of apoptosis in prometaphase-arrested HelLa S3 requires both ABT-263 and heat and is blocked by caspase inhibitors DEVD-cho
and zVAD-fmk. (a) Untreated cells; (b) Cells treated for 60 min at 34°C with 5 uM ABT-263; (c) Cells treated for 60 min at 42°C without ABT-263; (d) Cells
treated for 60 min at 42°C with 5 uM ABT-263; (e) Cells treated for 60 min at 42°C with 5 uM ABT-263 and 100 pM DEVD-cho; (f) Cells treated for 60

min at 42°C with 5 uM ABT-263 and 200 uM zVAD-fmk.

Figure 6. Treatment with 5 uM ABT-263 at 42°C does not induce apoptosis in HeLa S3 interphase cells. (a) Prometaphase-arrested cells before
treatment; (b) Prometaphase-arrested cells treated for 40 min with 5 uM ABT-263 at 42°C; (c) Interphase cells before treatment; (d) Interphase cells
treated for 40 min with 5 pM ABT-263 at 34°C; (e) Interphase cells treated for 40 min at 42°C without ABT-263; (f) Interphase cells treated for 40 min

with 5 pM ABT-263 at 42°C.
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The micrographs presented in Figures 4-6, all show Hela
S3 cells, but essentially the same results have been obtained with
other strains such as HeLa WML. Figure 7b confirms that simple
treatment of prometaphase-arrested HeLa WML at 42°C does not
induce apoptosis, but treatment at 42°C with ABT-263 does. As
expected, it is blocked by zZVAD-fmk (Figures 7b and 8c).

It should be noted that in experiments like the ones in Figure
7, the extent of apoptosis was quantitated by counting blebbed and
unblebbed cells in a hemacytometer. Culture aliquots to be counted
were fixed with 2% glutaraldehyde. This had no effect on the results,
but it preserved the cells' morphology for 24 hours, and probably
longer. This allowed more time for counting, which was especially
valuable in experiments that generated many samples. Also note that
in all graphs presented here (Figures 2, 3, 7, 9, 10a and 11) at least
200 cells were counted for each sample.

Two other observations concerning treatment with ABT-263 at
42°Care worth noting,. First, induction of apoptosis in prometaphase-
arrested cells is not blocked by calyculin A, an inhibitor of protein
phosphatases PPasel and PPase2A [37], showing that PPase 1 and
PPase 2A are not needed for induction of apoptosis. Interestingly,
calyculin A can by itself induce blebbing of the plasma membrane,
but this is not due to apoptosis. The cells remain in prometaphase
and retain their condensed mitotic chromosomes. The blebbing
effect is apparently due to phosphorylation of intermediate filament
proteins [38].

Second, we have found that treatment of Gl-phase cells
with calyculin A causes them to form prematurely condensed
chromosomes (G1-PCCs) [39], so that they closely resemble
prometaphase-arrested cells. However, when cells containing G1-
PCCs are treated with ABT-263 at 42°C, they do not become
apoptotic.

Besides ABT-263, we have examined the effects of other drugs
that act on anti-apoptotic or pro-apoptotic proteins. One of these
is obatoclax, a pan-Bcl-2 family inhibitor [40,41]. However, HeLa
WML cells treated at 42°C with 110 uM obatoclax do not undergo
blebbing (Figures 7b and 8d). The treatment does cause a change
in the appearance of the cells (Figure 8d), but that change is not
affected by the presence of zZVAD-fmk.

AB-199 (venetoclax) is another drug that binds to Bcl-2 and
can trigger events that lead to apoptosis [42-45] and S63845
binds to the antiapoptotic protein Mcll [46,47]. These drugs also
induce apoptosis when used to treat prometaphase-arrested Hela
S3 at 42°C, but they are less effective than ABT-263 at the same
concentration. However, treatment of prometaphase-arrested Hella
S3 with both ABT-199 and S63845 is more effective than either one
alone (Figure 9). Synergistic action of ABT-199 and S63845 has
been reported previously by Li ez al. [48].

We have also tested BAM7, a compound which activates the
pro-apoptotic protein Bax [49]. However, it did not cause apoptosis
in HeLa S3 cells at 42°C.

Moving on to Interphase Cells

The goal of this research is to find, if possible, a combination of
systemic chemotherapy and localized hyperthermia that would be an
effective treatment for cancerous tumors. Unfortunately, the results
described above, in which apoptosis is induced in prometaphase-
arrested cells, are unlikely to be very useful. Even though spindle
poisons have been used in chemotherapy, it would be surprising if
treatment with them caused more than a small fraction of the tumor
cells to arrest in prometaphase.

What is needed is a treatment that makes interphase cells as
sensitive to hyperthermia as prometaphase-arrested cells. What are
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Figure 7. Apoptosis induced in HeLa S3 and WML. (a) Induction of apoptosis in prometaphase-arrested (A—A) but not interphase (@—@®) HelLa S3
cells by treatment with 5 pM ABT-263 at 42°C. (b) Induction of apoptosis in prometaphase arrested HeLa WML cells by treatment at 42°C with 5 pM
ABT-263 (A—A), but not by treatment at 42°C without ABT-263 (@—@®), not by treatment at 42°C with 5 uM ABT-263 and 200 uM zVAD-fmk (©----0),

and not by treatment at 42°C with 110 uM obatoclax (o—0).
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Figure 8. Effects of 42°C, ABT-263, and obatoclax on prometaphase-arrested HeLa WML cells. (a) Cells incubated 40 min at 42°C; (b) Cells incubated
40 min at 42°C with 5 uM ABT-263; (c) Cells incubated 40 min at 42°C with 5 uM ABT-263 and 200 uM zVAD-fmk; and (d) Cells incubated 40 min at
42°C with 110 uM obatoclax.
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Figure 9. Induction of apoptosis in prometaphase-arrested HeLa S3 by treatment at 42°C for 90 min with either 10 uM ABT-199, 10 uM S63845, or
both.
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Figure 10. Induction of apoptosis in interphase Hela cells treated at 42°C with both ABT-199 and S63845. (a) Time course of appearance of apoptotic
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blot using an antibody to caspase 3, showing that procaspase 3 is intact in the control but cleaved and activated in the drug-treated cells.
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the relevant features of mitotic cells? We do not yet know. But it may
be possible to get clues by investigating differences among interphase
cells, prometaphase-arrested cells, and cells with G1-PCCs. Perhaps
there is a difference in survivin, which is tied up in the chromosome
passenger complex during mitosis [50]. This could be explored
using drugs such as YM-155 (sepantronium bromide) which blocks
expression of survivin [51]. Alternatively, there may be inhibitors
of Bcl-2 family proteins that are better than the ones we have tried
(e.g., [52-55]). Another clue may be found in the phenomenon of
transcriptional repression during mitosis [56,57].

The aim is to find a drug treatment which makes interphase cells
behave like prometaphase-arrested cells. Ideally, such a treatment
would have no negative effects on interphase cells at 37°C. We are
far from such an ideal, but preliminary results with interphase Hela
S3 cells suggest that it might be realizable.

An example is presented in Figure 10. Figure 10a shows the
time course of appearance of apoptotic cells when interphase HeLa
S3 are treated at 42°C, and when they are treated at 42°C in the
presence of 5 UM each of ABT-199 and S63845. The western blot in
Figure 10b confirms that apoptosis is occurring because procaspase
3 is undergoing cleavage.

The control in Figure 10a shows that apoptosis is not induced
by hyperthermia in the absence of drugs. However, if we want to
combine systemic drug treatment with localized hyperthermia, a
more important question is whether apoptosis is induced by the
drugs in the absence of hyperthermia. In this case, the answer is not
so favorable. The rate of induction of apoptosis (cell blebbing) is less
at 37°C than at 42°C, but it is still significant (Figure 11). After 60
min treatment, 88% of the cells are blebbed in the sample treated
at 42°C and 15% are blebbed at 37°C. The percentage of apoptotic

cells in the 37°C culture continues to rise after that.

Again, the ideal would be to find a drug that has no negative
effects at 37°C. However, if that cannot be done, there may be a way
around the problem, such as cooling the body during the treatment,
injecting the drug or drugs directly into the tumor instead of

administering them systemically, or using a drug that has a short
lifetime in the body.

In conclusion, we cannot yet make any suggestion for a useful
cancer therapy, but there are hints that one might be possible. It is a
possibility that will be worth investigating further.
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