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ABSTRACT 
 
Aims: We have previously shown that mild hyperthermia (39-42°C) rapidly induces 
apoptosis in H-HeLa cells arrested in mitosis but not in interphase cells and not in mitotic-
arrested cells of other HeLa strains such as HeLa S3.  Our goal was to test the idea that this 
sensitivity to hyperthermia is due to down-regulation of Bcl-2 family antiapoptotic proteins 
during mitosis. 

Methodology: HeLa S3 cells were arrested in mitosis with spindle poisons and 
simultaneously treated with mild hyperthermia (42°C) and ABT-263 (Navitoclax), an inhibitor 
of Bcl-2 and other anti-apoptotic proteins.  Apoptosis was observed microscopically and 
confirmed by observation of procaspase 3 cleavage using western immunoblotting. 

Results: Treatment of prometaphase-arrested HeLa S3 cells with mild hyperthermia (42°C) 
and as little as 200 nM ABT-263 induces apoptosis in the great majority of cells within 2 hr, 
as judged by blebbing of plasma membranes.  The effect is not seen with interphase cells 
and is blocked by caspase inhibitors z-VAD-fmk and z-DEVD-fmk. 

Conclusion: Our results show that inhibition of Bcl-2 family antiapoptotic proteins sensitizes 
prometaphase-arrested HeLa cells, but not interphase cells, to apoptosis induced by mild 
hyperthermia.  An open question is why are prometaphase-arrested cells more susceptible 
than interphase cells? If the features of mitotic-arrested cells that make them sensitive could 
be identified and mimicked in interphase cells by appropriate drug treatments, it may be 
possible to combine systemic chemotherapy with local hyperthermia to provide an effective 
new treatment for tumors. 
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1. INTRODUCTION  
 
Apoptosis is a form of programmed cell death by which the body eliminates cells that are 
unneeded, unwanted or irreparably damaged.  It plays an important role in embryological 
development, in defense against disease, and in surveillance for cells that have the potential 
to become cancerous due to damage from radiation, chemical insults or infections.  
Apoptosis is distinguished by activation of specific proteases called caspases and leads to 
destruction of cells in a way that does not trigger inflammation or autoimmunity [1-3].   

Apoptosis can be initiated in two different ways.  In the extrinsic pathway, the cell responds 
to external signals via “death receptors” on the cell surface, whereas in the intrinsic pathway 
apoptosis is triggered by cell stress [4-6].  In either case, activation of caspases produces 



 

 

distinctive biochemical and morphological changes characteristic of apoptosis: blebbing of 
the plasma membrane, fragmentation of the nuclear DNA, hypercondensation and 
fragmentation of the chromatin, and proteolytic cleavage of various proteins [7-10]. 

Treatment of cancer with chemotherapy or radiotherapy often involves induction of apoptosis 
via the intrinsic pathway [4, 11-15].  Apoptosis can also be induced by heat treatment 
(hyperthermia, or thermotherapy) and this has also been used to treat tumors (e.g., [16-21]).  
The effectiveness of hyperthermia can sometimes be increased by using it in combination 
with chemotherapy or radiotherapy (e.g., [22-25]).   

We have previously reported that apoptosis is rapidly induced when prometaphase-arrested 
(but not interphase) H-HeLa cells [26] are subjected to mild heat treatment at 39-42°C [27].  
This effect was not seen with other HeLa strains tested including for example HeLa S3.  
These results raised some interesting questions.  First, what is the difference between 
prometaphase-arrested and interphase H-HeLa cells that makes the former more sensitive 
to hyperthermia?  Second, why do H-HeLa and HeLa S3 behave so differently?  These 
questions are potentially important, because if one could identify the biochemical features of 
prometaphase-arrested H-HeLa cells that make them sensitive to mild hyperthermia, it might 
be possible to use appropriate drugs to mimic those features in interphase HeLa cells and in 
other human cancer cells.  In short, it might make possible a new approach to the treatment 
of human tumors involving systemic chemotherapy combined with localized hyperthermia.   

With the goal of answering these questions, we have begun to explore possible roles for Bcl-
2 family proteins [28].  These proteins, some of which are proapoptotic (e.g., Bak and Bax) 
and some of which are antiapoptotic (e.g., Bcl-2 itself, Bcl-xL, Bcl-w and Mcl-1), are mainly 
involved in controlling the integrity of the mitochondrial outer membrane and thereby 
regulating the release of cytochrome c, which triggers the intrinsic pathway.  Following its 
release cytochrome c binds to Apaf to form the apoptosome which subsequently activates 
the caspases that carry out the “execution” of the cell.  Antiapoptotic Bcl-2 family proteins 
are often associated with resistance to chemotherapy, so in recent years much effort has 
been made to develop inhibitors of these proteins [29-32]. 

It has been reported that anti-apoptotic proteins like Bcl-2 may be down-regulated by 
phosphorylation during mitosis [33].  This suggested to us that the differing sensitivity of 
prometaphase-arrested and interphase H-HeLa cells to hyperthermia [27] may be due to 
differential activity of Bcl-2 family proteins.  Moreover, variations in the activity of these 
proteins may explain why some HeLa strains are more sensitive to hyperthermia than 
others. 

Here, we have examined the effects of mild hyperthermia on HeLa cells treated with ABT-
263, an inhibitor of Bcl-2 and other anti-apoptotic proteins. We find that combined treatment 
of prometaphase-arrested HeLa cells with mild heat and ABT-263 leads rapidly to apoptosis.  
However, the same treatment has little apparent effect on interphase cells.   
 

2. MATERIALS AND METHODS  
 
2.1 Chemicals and media. The Bcl-2 inhibitor ABT-263 (Navitoclax) was purchased from 
Selleckchem.com or ApexBio, prepared as a 5 mM solution in dimethylsulfoxide (DMSO) 
and stored at −80°C.  The caspase 3 inhibitor z-DEVD-fmk and the pan-caspase inhibitor z-
VAD-fmk were purchased from AdooQ Bioscience, dissolved in DMSO at 10 mM and 50 mM 
respectively, and stored at −20°C.   Bcl-2 inhibitor ABT-199 (Venetoclax) and Mcl-1 inhibitor 
S63845 were obtained from Chemgood, dissolved in DMSO at a concentration of 5 mM and 
stored at −20°C.  Stock solutions of colchicine (2 mg/mL), S-trityl-L-cysteine (50 mM), 



 

 

paclitaxel (2.5 mg/mL) and nocodazole (2 mg/mL) were prepared in DMSO and stored at 
−20°C.  The ATP analog 1NM-PP1 [34] was synthesized as described in [35], dissolved at 
25 mM in DMSO and stored at −20°C.   

RPMI-1640 without glutamine was obtained from Lonza, Walkersville, MD.  Newborn calf 
serum was from Atlanta Biologicals, Penicillin/streptomycin and 200 mM glutamine were 
from Corning.  All other reagents were obtained from Sigma/Aldrich unless otherwise noted. 

2.2 HeLa cell culture, cell cycle synchronization and mitotic arrest. Three HeLa strains 
were used:  HeLa-S3, HeLa-MKF-cdk1-as, and H-HeLa(WML).  HeLa-MKF-cdk1-as, in 
which the protein kinase Cdk1 has been made sensitive to the ATP analog 1NM-PP1 [35], 
was obtained from Dr. Kumiko Samejima, University of Edinburgh.  H-HeLa(WML), which is 
related to but not identical to the H-HeLa used in our previous study [26, 27], was obtained 
from the laboratory of Dr. Ann Palmenberg at the University of Wisconsin-Madison. 

HeLa MKF-cdk1-as and H-HeLa(WML) cells were grown as monolayers in T75 flasks at 
37°C in a humidified atmosphere containing 5% CO2.  Medium consisted of RPMI-1640 
supplemented with 5% newborn calf serum (heat inactivated), 100 i.u./mL penicillin, 100 
µg/mL streptomycin, and 2 mM glutamine.  HeLa S3 stock cultures were grown in the same 
medium but were maintained as spinner cultures (2-5 × 10

5
 cells/mL) at 37°C in 250 mL 

bottles with Teflon-coated magnetic stirring bars [36]. In some experiments, suspension 
cultures were arrested in prometaphase by treatment for 16-18 hrs with 0.2 µg/mL 
nocodazole or colchicine, or 0.25 µg/mL paclitaxel.  Monolayer cultures were treated 
similarly, and prometaphase-arrested cells harvested by shake-off.  However, in many 
experiments cultures were first synchronized in S-phase by treatment with 2.5 mM thymidine 
[37, 38].  After 19-24 hrs, monolayer cultures were simply washed twice with sterile 0.9% 
NaCl solution, placed in fresh medium and further incubated at 37°C.  Thymidine-treated 
cells growing in suspension were pelleted, washed twice with saline, resuspended in fresh 
medium, and incubated at 37°C again.   Nocodazole, colchicine or paclitaxel was added 4-6 
hours after removal of thymidine.  Cultures with viabilities of 90-95% and mitotic indices of 
85-95% were routinely obtained at 16-20 hours after release from thymidine.  In the 
experiment shown in Fig. 7, prometaphase-arrested HeLa MKF-cdk1-as cells were obtained 
by treating monolayers with 2 µM 1NM-PP1 for 20 hrs, washing 3 times with fresh, warm 
medium containing 0.2 µg/mL nocodazole, continuing incubation at 37°C in medium 
containing nocodazole, and then harvesting prometaphase-arrested cells by shake-off. 

2.3 Treatment of cell cultures with drugs and hyperthermia. Immediately before 
treatments with heat and/or drugs, cells in suspension were adjusted to a concentration of 5-
10 x 10

5
 cells/mL by pelleting and resuspending in a portion of the same medium.  5 or 10 

mL aliquots of these cells were treated in 25 mL stoppered Erlenmeyer flasks in a rotary 
water bath shaker (140 rpm) at the appropriate temperatures.  Measured amounts of 
inhibitors (or DMSO, in controls) were added to the flasks before adding cells.  Aliquots were 
taken periodically to determine the percentages of mitotic, interphase and apoptotic cells or 
to prepare samples for gel electrophoresis. 

2.4 Light microscopy and observation of apoptosis. To determine the mitotic index of a 
culture (the percentage of cells in mitosis), 200 µL of a cell culture was mixed with 200 µL of 
water containing 20 µg/mL Hoechst 33342, incubated for 5 min at room temperature to allow 
for hypotonic swelling, and fixed by adding 40 µL of fixative (3:1, methanol:acetic acid) [39].  
Slides were viewed by epifluorescence and scanned on a raster.  Every cell that came into 
view was scored as mitotic or interphase until at least 200 cells had been counted.   
Apoptotic cells can also be easily distinguished in these samples by their highly condensed 
and fragmented chromatin and their blebbed plasma membranes.  However, in most 



 

 

experiments the percentage of apoptotic cells was determined by simply using a 
hemocytometer to count the relative numbers of cells with blebbed plasma membranes 
versus those with normal, rounded appearance.  Cells were either counted immediately in 
fresh unfixed samples or fixed by adding glutaraldehyde (final concentration, 2% (v/v)) and 
counted within 48 hrs.  Both methods gave the same results. 

2.5 SDS-polyacrylamide gel electrophoresis and western blotting. Western blotting of 
total cell lysates used rabbit polyclonal anti-human Caspase 3 (GeneTex) as primary 
antibody and HRP-conjugated goat anti-rabbit IgG (Santa Cruz) as secondary antibody.  For 
each gel sample, 2 × 10

6
 cells were chilled, pelleted, washed twice in ice cold isotonic saline, 

and lysed at 2 × 10
7
 cells/mL in 100 µL of cold Resuspension Buffer (RB) (10 mM Hepes-

Na+ pH 7.4, 10 mM NaCl, 5 mM MgCl2 and 0.2% NP-40).  Immediately 100 µL of final 
sample buffer [40] and 20 µL of 2-mercaptoethanol were added and the sample mixed and 
boiled 2 minutes.  Proteins were separated by SDS-polyacrylamide gel electrophoresis [40] 
in minigels (6 cm × 8 cm) with 4% acrylamide in the stacking gel and 14% acrylamide in the 
separating gel and subsequently transferred electrophoretically (60V for 90 minutes) to 
nitrocellulose membranes.  Membranes were blocked for 90 min at 23°C with 5% powdered 
milk in PBS and exposed to the primary antibody (1:500 in 5% milk in PBS) for 3 hr at 28°C.  
Membranes were then washed three times in 2.5% milk in PBS and exposed to the 
secondary antibody (1:2000 in 2.5% milk in PBS) for 45 min at room temperature.  After 
washing with PBS, bound secondary antibodies were visualized using enhanced 
chemiluminescent staining (ECL-Prime, GE Healthcare) and Kodak X-Omat AR X-ray film. 

 

3. RESULTS  
 
In previous work, we showed that treatment of prometaphase-arrested H-HeLa cells with 
mild hyperthermia (39-42°C) led to induction of apoptosis.  However, the same treatment did 
not induce apoptosis in interphase H-HeLa cells or in prometaphase-arrested cells of other 
HeLa strains [27].   Why do interphase and mitotic cells differ in their sensitivity to 
hyperthermia?  One possibility is differences in the level or activity of antiapoptotic Bcl-2 
family proteins.  It has been reported that Bcl-2 may be down-regulated by phosphorylation 
during mitosis [33].  This suggested that small molecule inhibitors of antiapoptotic Bcl-2-
family proteins might make cells more sensitive to hyperthermia-induced apoptosis. 

To test this idea, prometaphase-arrested and interphase HeLa cells were treated at 42.0°C 
in the presence of ABT-263 (Navitoclax), an inhibitor of Bcl-2 and related proteins [29, 41].  
As judged by observation of plasma membrane blebbing, this treatment appeared to induce 
apoptosis rapidly in prometaphase-arrested cells, but not in interphase cells.   

Although most experiments were done with HeLa S3, similar results were obtained with H-
HeLa(WML) and HeLa MKF-cdk1-as.  Nocodazole was used for mitotic arrest in all the 
experiments presented here, but mitotic arrest with paclitaxel, colchicine or S-trityl-L-cysteine 
gave essentially the same results.  



 

 

Fig. 1 demonstrates that treatment of HeLa S3 with ABT-263 at 42°C rapidly induces 
blebbing of the plasma membrane in prometaphase-arrested cells but not in interphase cells.  

Fig. 1A and B show interphase and prometaphase-arrested cells, respectively, after 40 min 
of this treatment.  Note that many cells in Fig. 1B have blebbed plasma membranes.  Fig. 1C 
shows the time-course of blebbing in the two cases.  In this and most experiments, 5 µM 
ABT-263 was used, but lower concentrations suffice.  Fig. 2 shows that with prometaphase-
arrested HeLa S3 cells, 200-500 nM is sufficient for nearly maximal induction after 2 hr at 
42°C.    

 

Fig. 1.  Treatment at 42°C in the presence of 5 µM ABT-263 (Navitoclax) induces 
apoptosis in prometaphase-arrested HeLa S3 cells but not in interphase cells.  Phase-
contrast microscopy of (A) interphase cells and (B) prometaphase-arrested cells (mitotic 
index, 81%) after 40 min treatment. Note blebbing of the plasma membrane, a characteristic 
of apoptosis. (C) Time course of blebbing for interphase cells (▲–––▲) and prometaphase-
arrested cells (●–––●).    

Fig. 3 presents further evidence that treatment with ABT-263 and mild hyperthermia induces 
apoptosis only in mitotic cells.  In this experiment the mitotic index of the HeLa S3 culture 



 

 

was 70%.  Samples at each time point were swollen hypotonically, fixed with 
methanol:acetic acid, stained with Hoechst 33342, and viewed by epifluorescence 
microscopy (see Materials and Methods).  This procedure allows interphase, mitotic and 
apoptotic cells to be distinguished [27].  At least 200 cells were counted for each data point 
giving a margin of error of about 7%.  Note that the number of cells in mitosis falls as the 
number of apoptotic cells rises, while the percentage of cells in interphase remains constant, 
within the margin of error.    

Fig. 2.  The effect of ABT-263 concentration.  Aliquots of a prometaphase-arrested HeLa 
S3 culture (mitotic index 85%) were treated with various concentrations of ABT-263 and the 

percentage of blebbed (apoptotic) cells (cf., Fig. 1 B) determined microscopically. 

Fig. 3. Percentage of mitotic, interphase and apoptotic HeLa S3 cells as a function of 
the time of treatment at 42°C in the presence of 5 µM ABT-263.  Cells in a nocodazole-
treated culture (mitotic index, 70%) were viewed by epifluorescence microscopy following 
hypotonic swelling, fixation, and staining with Hoechst 33342.  This method allows mitotic 
(prometaphase-arrested) (●–––●), interphase (▲–––▲), and apoptotic cells (♦–––♦) to be 
distinguished.  Note that the percentage of mitotic cells falls as the percentage of apoptotic 
cells increases, but the percentage of interphase cells remains fairly constant.   

Fig. 4 shows that induction of apoptosis (as judged by blebbing of the cell membrane) 
requires all three components of the treatment:  prometaphase-arrest, ABT-263, and 
hyperthermia (42°C).  In this experiment, about 60% of the cells arrested in mitosis displayed 
plasma membrane blebbing after treatment with 5 µM ABT-263 for 2 hr at 42°C, while only 



 

 

about 10% were blebbed following treatment with hyperthermia (42°C) alone and only 8% 
were blebbed following treatment with ABT-263 alone. With interphase cells, blebbing was 
observed in only 4% of the cells treated for 2 hr with 5 µM ABT-263 at 42°C, and virtually no 
blebbing was observed in the other samples. 

Further experiments confirm that the combination of heat treatment and ABT-263 indeed 
induces apoptosis and that plasma membrane blebbing is a reliable indicator of that.  Fig. 5 
shows that the plasma membrane blebbing induced by treatment with ABT-263 at 42°C is 
blocked by the pan-caspase inhibitor zVAD-fmk and the caspase 3 inhibitor zDEVD-fmk [42].  
The western blot in Fig. 6 shows that caspase 3 is cleaved and activated during the 
treatment. 
.  

Fig. 4. Apoptosis is induced in prometaphase-arrested HeLa S3 cells but not in 
interphase cells and requires both heat and ABT-263 treatment.  Aliquots of 
prometaphase-arrested (mitotic index 85%) and interphase (unsynchronized) HeLa S3 cell 
cultures were treated for 2 hrs at 42.0°C or 34.0°C either with or without 5 µM ABT-263. 



 

 

 
Fig. 5. Induction of cell blebbing in prometaphase-arrested HeLa S3 cells (mitotic 
index 73%) by treatment with heat (42°C) and ABT-263 (5 µM) is blocked by the pan-
caspase inhibitor zVAD-fmk (200 µM) or the caspase 3 inhibitor zDEVD-fmk (100 µM).  
(A)  Cells at T = 0, before treatment; (B) Cells incubated for 60 min at 42°C with no drug 
treatment; (C) Cells treated with ABT-263 for 60 min at 42°C; (D) Cells treated with ABT-263 
and zVAD-fmk for 60 min at 42°C.  (E) Percentage of blebbed cells in culture aliquots 
incubated for 2 hr at 42°C with (1) 5 µM ABT-263; (2) 1 µM ABT-263;  (3) 1 µABT-263 and 
100 µM zDEVD-fmk;  (4) 1 µM ABT-263 and 200 µM zVAD-fmk; and (5) no drug treatment 
(control). 
 

Fig. 6. Cleavage and activation of caspase 3 during treatment of prometaphase-
arrested HeLa S3 cells (mitotic index 63%) with ABT-263 (5 µM) at 42°C.  At various 
times, samples were taken for microscopy and whole cell samples were prepared for SDS-
polyacrylamide gel electrophoresis and western immunoblotting with an anti-caspase 3 
antibody. (A) Appearance of cleaved caspase 3 as a function of time. (B) Percentage of 
blebbed cells as a function of time.  
 

We have previously reported that hyperthermia induces apoptosis in prometaphase-arrested 
H-HeLa cells more rapidly when the cells have been arrested in mitosis for a longer time 
[27], suggesting that induction of apoptosis by hyperthermia depends on some factor that 
either accumulates or is depleted as prometaphase arrest is prolonged.  Fig. 7 shows that 
the same is true for apoptosis induced by treatment with ABT-263 at 42°C.  This experiment 
used HeLa MKF-cdk1-as cells, in which Cdk1 is inhibited by the ATP analog 1NM-PP1 [34, 
35].  Monolayer cultures were synchronized at the G2/M boundary by treatment with 1NM-
PP1 and then released into fresh medium containing nocodazole.  After 1 hr, mitotic cells 
(mitotic index 93%) were harvested by shake-off.  Some were incubated immediately with 
ABT-263 at 42°C, while others were kept an additional 4 hrs at 37°C before being treated 
with ABT-263 at 42°C.  Induction of apoptosis (as judged by cell blebbing) proceeded at a 
significantly faster rate in the culture aliquot that had been arrested in mitosis longer. 



 

 

Fig. 7. Apoptosis is induced more rapidly in cells that have been longer in mitotic 
arrest. HeLa MKF-cdk1-as cells were synchronized at the G2/M boundary by treatment for 
20 hrs with 1NM-PP1 and then released into fresh medium containing nocodazole.  After 1 
hr, mitotic cells (mitotic index 93%) were harvested by shake-off.  Aliquots of these mitotic 
cells were treated with 5 µM ABT-263 at 42°C at either 1 hr (●–––●) or 5 hr (▲–––▲) after 
removal of 1NM-PP1. The percentage of cells with blebbed plasma membranes is shown as 
a function of the time at 42°C.  Note that plasma membrane blebbing is induced more rapidly 
in the cells that had been in prometaphase-arrest 4 hr longer. 

4. DISCUSSION 
 
We have shown that treatment with the Bcl-2 inhibitor ABT-263 (Navitoclax) and mild 
hyperthermia (42°C) induces apoptosis in prometaphase-arrested HeLa S3 cells but not in 
interphase cells.  Similar results have been obtained with H-HeLa(WML) and HeLa MKF-
cdk1-as.  Occurrence of apoptosis is evidenced by morphological changes in the cells 
(blebbing of the plasma membrane), by the appearance of cleaved caspase 3, and by the 
fact that the morphological changes are blocked by the caspase inhibitors zVAD-fmk and 
zDEVD-fmk.   Far fewer apoptotic cells are observed when prometaphase-arrested cells are 
treated at 42°C in the absence of ABT-263, and ABT-263 does not induce apoptosis to a 
significant extent at 34°C. 

ABT-263 [41] is known as an inhibitor of several antiapoptotic proteins of the Bcl-2 family.  It 
inhibits Bcl-2, Bcl-XL and Bcl-W with Ki ≤ 1 nM and inhibits Mcl-1 with Ki = 550 nM and 
Bcl2A1 with Ki = 354 nM [29].  It is likely that the effect we have observed is not due solely to 
inhibition of Bcl-2 but also depends on inhibition of one or more of the other proteins.  In 
preliminary experiments we find that treatment of prometaphase-arrested HeLa S3 cells at 
42°C with 5 µM ABT-199 also induces apoptosis, but more slowly than comparable 
treatment with ABT-263 (unpublished data).  ABT-199 is a more specific inhibitor of Bcl-2 
than ABT-263 [43-45].   

We previously showed [27] that prometaphase-arrested H-HeLa cells [26] rapidly undergo 
apoptosis when treated at 39-42°C, but prometaphase-arrested cells of other HeLa strains 
such as HeLa S3 do not [27].  Reconsideration of those results in light of the current work 
suggests that the different strains of HeLa we have examined may differ in their expression 
of various pro- or anti-apoptotic Bcl-2 family proteins.  For example, H-HeLa may be 
deficient in Bcl-2 or a related protein.  This hypothesis should be testable. It is tempting to 
speculate that the unusual sensitivity of H-HeLa compared to other strains may somehow be 
related to its distinguishing characteristic, namely its susceptibility to infection by 
rhinoviruses and poliovirus [26, 46].   

However, down-regulation or deficiency of the Bcl-2 family proteins targeted by ABT-263 
cannot be the only factor responsible for sensitivity to hyperthermia.  There must be 
something else that distinguishes prometaphase-arrested from interphase HeLa cells.  
Otherwise, interphase HeLa S3 cells would also be susceptible to hyperthermia-induced 
apoptosis in the presence of ABT-263, but they clearly are not (cf. Figs. 1, 3 and 4).   

Our aim is to determine why cells arrested in mitosis are more sensitive to hyperthermia than 
interphase cells.  Several reasonable possibilities can be imagined, but one attractive 
hypothesis is that there may be a lower level of Mcl-1 in prometaphase-arrested cells.  Mcl-1 
is a short-lived antiapoptotic Bcl-1 family protein that is also liable to APC/C-dependent 
destruction during mitotic arrest [47-49].  Since transcription and protein synthesis are 
switched off during mitosis (e.g., [50, 51]), the instability of Mcl-1 should lead to a decline in 
its concentration during prolonged mitotic arrest.  Our observation that apoptosis is induced 
more readily when cells have been longer in prometaphase-arrest (Fig. 7 and [27]) is 



 

 

consistent with this hypothesis.  The hypothesis also predicts that inhibition of Mcl-1 should 
magnify the effects of ABT-263 or ABT-199 and hyperthermia, and preliminary experiments 
indicate that this is the case.  Treating prometaphase-arrested HeLa S3 at 42°C with the 
Mcl-1 inhibitor S63845 [52, 53] as well as ABT-263 or ABT-199 leads to much more rapid 
blebbing than treatment with any of these inhibitors alone (unpublished work).   It also leads 
to induction of apoptosis in interphase cells.  Induction of apoptosis with a combination of 
ABT-199 and S63845 has also been reported [54].  Some of our preliminary work suggests 
that treatment with S63845 plus ABT-263 or ABT-199 can also induce apoptosis at lower 
temperatures, though more slowly than at 42°C.  This raises the question, to what extent 
does hyperthermia have a specific effect in the induction of apoptosis and to what extent is it 
simply speeding it up?   

The roles of Mcl-1 and hyperthermia need to be investigated further.  Nevertheless, the 
results with ABT-263 reported in this paper show that there exist conditions under which 
apoptosis is induced in prometaphase-arrested cells at 42°C but not at 34°C, suggesting that 
there may very well exist conditions under which the same is true of interphase cells.  
Identification of the relevant components and processes may make it possible to mimic, in 
interphase cells, the changes that sensitize metaphase-arrested cells to hyperthermia.  This 
could make possible new treatments for cancer in which systemic drug treatment is 
combined with localized hyperthermia to help destroy a tumor. 
 
 

 
REFERENCES 
 
1. Tang D, Kang R, Vanden Berghe T, Vandenabeele P, Kroemer G. The molecular 
machinery of regulated cell death.  Cell Res. 2019;29(5):347-364. DOI: 10.1038/s41422-
019-0164-5. PMID: 30948788. 

2. Green DR. The coming decade of cell death research: five riddles. Cell. 
2019;177(5):1094-1107. DOI: 10.1016/j.cell.2019.04.024. PMID: 31100266.  

3. Sisirak V, Sally B, D'Agati V, Martinez-Ortiz W, Özçakar ZB, David J, et al. Digestion of 
Chromatin in Apoptotic Cell Microparticles Prevents Autoimmunity. Cell. 2016;166(1):88-101.  
DOI: 10.1016/j.cell.2016.05.034.  PMID: 27293190. 

4. Green DR. Apoptotic pathways: the roads to ruin. Cell. 1998;94(6):695. DOI: 
10.1016/s0092-8674(00)81728-6. PMID: 9753316. 

5. Song Z, Steller H. Death by design: mechanism and control of apoptosis.  Trends Cell 
Biol. 1999;9(12):M49-52. PMID: 10611682. 

6. Bratton SB, MacFarlane M, Cain K, Cohen GM. Protein complexes activate distinct 
caspase cascades in death receptor and stress-induced apoptosis.  Exp Cell Res. 
2000;256(1):27-33. DOI: 10.1006/excr.2000.4835. PMID: 10739648. 

7. Enari M, Sakahira H, Yokoyama H, Okawa K, Iwamatsu A, Nagata S.  A caspase-
activated DNase that degrades DNA during apoptosis, and its inhibitor ICAD.  Nature. 
1998;391(6662):43-50. DOI: 10.1038/34112. PMID: 9422506. 

8. Thornberry NA, Lazebnik Y. Caspases: enemies within. Science. 1998;281(5381):1312-
1316. DOI: 10.1126/science.281.5381.1312. PMID: 9721091. 

9. Earnshaw WC, Martins LM, Kaufmann SH. Mammalian caspases: structure, activation, 
substrates and functions during apoptosis.  Annu Rev Biochem. 1999;68:383-424. DOI: 
10.1146/annurev.biochem.68.1.383. PMID: 10872455. 



 

 

10. Nagata S. Apoptotic DNA fragmentation. Exp Cell Res. 2000;256(1):12-18. DOI: 
10.1006/excr.2000.4834. PMID: 10739646. 

11. Hickman JA. Apoptosis induced by anticancer drugs.  Cancer Metastasis Rev. 
1992;11(2):121-139. DOI: 10.1007/BF00048059. PMID: 1327566. 

12. Cotter TG, Glynn JM, Echeverri F, Green DR. Induction of apoptosis by 
chemotherapeutic agents occurs during all phases of the cell cycle.  Anticancer Res. 
1992;12(3):773-780. PMID: 1622137. 

13. Bamford M, Walkinshaw G, Brown R. Therapeutic applications of apoptosis research. 
Exp Cell Res. 2000;256(1):1-11. DOI: 10.1006/excr.2000.4837. PMID: 10739645. 

14. Kaufmann SH, Earnshaw WC. Induction of apoptosis by cancer chemotherapy. Exp Cell 
Res. 2000;256(1):42-49. DOI: 10.1006/excr.2000.4838. PMID: 10739650. 

15. Reed JC. Apoptosis-based therapies. Nat Rev Drug Discov. 2002;1(2):111-121. DOI: 
10.1038/nrd726. PMID: 12120092. 

16. Harmon BV, Takano YS, Winterford CM, Gobe GC. The role of apoptosis in the 
response of cells and tumours to mild hyperthermia. Int J Radiat Biol. 1991;59(2):489-501. 
DOI: 10.1080/09553009114550441. PMID: 1671698. 

17. Falk MH, Issels RD. Hyperthermia in oncology. Int J Hyperthermia. 2001;17(1):1-18. 
DOI: 10.1080/02656730150201552. PMID: 11212876. 

18. Alexander HR. Hyperthermia and its modern use in cancer treatment.  Cancer. 
2003;98(2):219-221. DOI: 10.1002/cncr.11471. PMID: 12872338. 

19. DeNardo GL, DeNardo SJ. Update: Turning the heat on cancer.  Cancer Biother 
Radiopharm. 2008;23(6):671-80. DOI: 10.1089/cbr.2008.0591. PMID: 20443694. 

20. Ahmed K, Zaidi SF. Treating cancer with heat: hyperthermia as promising strategy to 
enhance apoptosis.  J Pak Med Assoc. 2013;63(4):504-508. PMID: 23905451. 

21. Ahmed K, Tabuchi Y, Kondo T. Hyperthermia: an effective strategy to induce apoptosis 
in cancer cells.  Apoptosis. 2015;20(11):1411-1419. DOI: 10.1007/s10495-015-1168-3. 
PMID: 26354715. 

22. Eikesdal HP, Bjerkvig R, Raleigh JA, Mella O, Dahl O. Tumor vasculature is targeted by 
the combination of combretastatin A-4 and hyperthermia.  Radiother Oncol. 2001;61(3):313-
20. DOI: 10.1016/s0167-8140(01)00450-9. PMID: 11731002. 

23. Murata R, Overgaard J, Horsman MR. Combretastatin A-4 disodium phosphate: a 
vascular targeting agent that improves the anti-tumor effects of hyperthermia, radiation and 
mild thermoradiotherapy.  Int J Radiat Oncol Biol Phys. 2001;51(4):1018-1024. DOI: 
10.1016/s0360-3016(01)01742-4. PMID: 11704326. 

24. Hildebrandt B, Wust P. The biologic rationale of hyperthermia. Cancer Treat Res. 
2007;134:171-184. DOI: 10.1007/978-0-387-48993-3_10. PMID: 17633053. 

25. Wu Z, Wang T, Zhang Y, Zheng Z, Yu S, Jing S, et al. Anticancer effects of β-elemene 
with hyperthermia in lung cancer cells.  Exp Ther Med. 2017;13(6):3153-3157. DOI: 
10.3892/etm.2017.4350. PMID: 28588670. 

26. Medappa KC, McLean C, Rueckert RR. On the structure of rhinovirus 1A.  Virology. 
1971;44(2):259-270. DOI: 10.1016/0042-6822(71)90258-3. PMID: 4327717. 

27. Paulson JR, Kresch AK, Mesner PW.  Moderate hyperthermia induces apoptosis in 
metaphase-arrested cells but not in interphase HeLa cells.  Adv Biol Chem. 2016;6(3):126-
139.  DOI: 10.4236/abc.2016.63011. 



 

 

28. Antonsson B, Martinou J-C. The Bcl-2 protein family.  Exp Cell Res. 2000;256(1):50-57. 
DOI: 10.1006/excr.2000.4839. PMID: 10739651. 

29. Vogler M, Dinsdale D, Dyer MJ, Cohen GM. Bcl-2 inhibitors: small molecules with a big 
impact on cancer therapy.  Cell Death Differ. 2009;16(3):360-367. DOI: 
10.1038/cdd.2008.137. PMID: 18806758. 

30. Kang MH, Reynolds CP. Bcl-2 inhibitors: targeting mitochondrial apoptotic pathways in 
cancer therapy.  Clin Cancer Res. 2009;15(4):1126-32.  DOI: 10.1158/1078-0432.CCR-08-
0144. PMID: 19228717. 

31. Garner TP, Lopez A, Reyna DE, Spitz AZ, Gavathiotis E. Progress in targeting the BCL-
2 family of proteins.  Curr Opin Chem Biol. 2017;39:133-142. DOI: 
10.1016/j.cbpa.2017.06.014. PMID: 28735187. 

32. Timucin AC, Basaga H, Kutuk O. Selective targeting of antiapoptotic BCL-2 proteins in 
cancer.  Med Res Rev. 2019;39(1):146-175. DOI: 10.1002/med.21516. PMID: 29846950. 

33. Han CR, Jun DY, Lee JY, Kim YH. Prometaphase arrest-dependent phosphorylation of 
Bcl-2 and Bim reduces the association of Bcl-2 with Bac or Bim, provoking Bak activation 
and mitochondrial apoptosis in nocodazole-arrested Jurkat T Cells. Apoptosis. 
2014;19(1):224-240. DOI: 10.1007/s10495-013-0928-1. PMID: 24166139. 

34. Bishop AC, Ubersax JA, Petsch DT, Matheos DP, Gray NS, Blethrow J, et al. A chemical 
switch for inhibitor-sensitive alleles of any protein kinase.  Nature. 2000;407(6802):395-401. 
DOI: 10.1038/35030148. PMID: 11014197. 

35. Samejima K, Booth DG, Ogawa H, Paulson JR, Xie L, Watson CA, et al. (2018) 
Functional analysis after rapid degradation of condensins and 3D-EM reveals chromatin 
volume is uncoupled from chromosome architecture in mitosis.  J Cell Sci. 2018;131(4): 
jcs210187. DOI: 10.1242/jcs.210187. PMID: 29361541. 

36. Paulson JR, Ciesielski WA, Schram BR, Mesner PW. Okadaic acid induces 
dephosphorylation of histone H1 in metaphase-arrested HeLa cells. J Cell Sci. 1994;107(Pt 
1):267-273. DOI: 10.1242/jcs.107.1.267. PMID: 8175913. 

37. Xeros N. Deoxyriboside control and synchronization of mitosis. Nature. 1962;194:682-
683. DOI: 10.1038/194682a0.  PMID: 14008663. 

38. Paulson JR. Isolation of mitotic chromosome clusters from metaphase-arrested HeLa 
cells. Chromosoma. 1982;85(4):571-581. DOI: 10.1007/BF00327351. PMID: 7128277. 

39. Paulson JR, Patzlaff JS, Vallis AJ. Evidence that the endogenous histone H1 
phosphatase in HeLa mitotic chromosomes is protein phosphatase 1, not protein 
phosphatase 2A.  J Cell Sci. 1996;109(Pt 6):1437-1447. DOI: 10.1242/jcs.109.6.1437. 
PMID: 8799831. 

40. Laemmli UK, Favre M. Maturation of the head of bacteriophage T4. I. DNA packaging 
events.  J Mol Biol. 1973;80(4):575-99. DOI: 10.1016/0022-2836(73)90198-8. PMID: 
4204102. 

41. Tse C, Shoemaker AR, Adickes J, Anderson MG, Chen J, Jin S, et al. ABT-263: a potent 
and orally bioavailable Bcl-2 family inhibitor.  Cancer Res. 2008;68(9):3421-8.  DOI: 
10.1158/0008-5472.CAN-07-5836. PMID: 18451170. 

42. Slee EA, Zhu H, Chow SC, MacFarlane M, Nicholson DW, Cohen GM. 
Benzyloxycarbonyl-Val-Ala-Asp (OMe) fluoromethylketone (Z-VAD.FMK) inhibits apoptosis 
by blocking the processing of CPP32.  Biochem J. 1996;315(Pt 1):21–24. DOI: 
10.1042/bj3150021. PMID: 8670109. 



 

 

43. Souers AJ, Leverson JD, Boghaert ER, Ackler SL, Catron ND, Chen J, et al. ABT-199, a 
potent and selective BCL-2 inhibitor, achieves antitumor activity while sparing platelets.  Nat 
Med. 2013;19(2):202-208. DOI: 10.1038/nm.3048. PMID: 23291630. 

44. Davids MS, Letai A. ABT-199: taking dead aim at BCL-2. Cancer Cell. 2013;23(2):139-
141. DOI: 10.1016/j.ccr.2013.01.018. PMID: 23410971. 

45. Vandenberg CJ, Cory S. ABT-199, a new Bcl-2-specific BH3 mimetic, has in vivo 
efficacy against aggressive Myc-driven mouse lymphomas without provoking 
thrombocytopenia. Blood. 2013;121(12):2285-2288. DOI: 10.1182/blood-2013-01-475855. 
PMID: 23341542. 

46. Heinz BA, Rueckert RR, Shepard DA, Dutko FJ, McKinlay MA, Fancher M, et al. Genetic 
and molecular analyses of spontaneous mutants of human rhinovirus 14 that are resistant to 
an antiviral compound.  J Virol. 1989;63(6):2476-2485. DOI: 10.1128/JVI.63.6.2476-2485. 
PMID: 2542566. 

47. Akgul C, Moulding DA, White MR, Edwards SW. In vivo localisation and stability of 
human Mcl-1 using green fluorescent protein (GFP) fusion proteins.  FEBS Lett. 2000;478(1-
2):72-76. DOI: 10.1016/s0014-5793(00)01809-3. PMID: 10922472. 

48. Harley ME, Allan LA, Sanderson HS, Clarke PR. Phosphorylation of Mcl-1 by CDK1-
cyclin B1 initiates its Cdc20-dependent destruction during mitotic arrest.  EMBO J. 
2010;29(14):2407-2420. DOI: 10.1038/emboj.2010.112. PMID: 20526282. 

49. Allan LA, Skowyra A, Rogers KI, Zeller D, Clarke PR. Atypical APC/C-dependent 
degradation of Mcl-1 provides an apoptotic timer during mitotic arrest.  EMBO J. 
2018;37(17):e96831. DOI: 10.15252/embj.201796831. PMID: 29987118. 

50. Konrad CG. Protein synthesis and RNA synthesis during mitosis in animal cells.  J Cell 
Biol. 1963;19(2):267-277. DOI: 10.1083/jcb.19.2.267. PMID: 14086755. 

51. Leresche A, Wolf VJ, Gottesfeld JM. Repression of RNA polymerase II and III 
transcription during M phase of the cell cycle.  Exp Cell Res. 1996;229(2):282-288. DOI: 
10.1006/excr.1996.0373. PMID: 8986611. 

52. Kotschy A, Szlavik Z, Murray J, Davidson J, Maragno AL, Le Toumelin-Braizat G, et al. 
The MCL1 inhibitor S63845 is tolerable and effective in diverse cancer models. Nature. 
2016;538(7626):477-482. DOI: 10.1038/nature19830. PMID: 27760111. 

53. Letai A. S63845, an MCL-1 Selective BH3 Mimetic: Another Arrow in Our Quiver. Cancer 
Cell. 2016;30(6):834-835. DOI: 10.1016/j.ccell.2016.11.016. PMID: 27960083. 

54. Li Z, He S, Look AT. The MCL1-specific inhibitor S63845 acts synergistically with 
venetoclax/ABT-199 to induce apoptosis in T-cell acute lymphoblastic leukemia cells. 
Leukemia. 2019;33(1):262-266. DOI: 10.1038/s41375-018-0201-2. PMID: 30008477. 

 
 

 


