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Mild thermotolerance induced at 40 °C protects cells against
hyperthermia-induced pro-apoptotic changes in Bcl-2 family proteins

Audrey Glory', Ahmed Bettaiebt* and Diana A. Averill-Bates

Département des sciences biologiques (TOXEN), Université du Québec a Montréal, Montréal, Québec, Canada

Abstract

Purpose: Despite clinical progress, mechanisms involved in cellular responses to low and high
doses of hyperthermia are not entirely clear. This study investigates the role of Bcl-2 family
proteins in control of the mitochondrial pathway of apoptosis during hyperthermia at 42-43 °C
and the protective effect of a low dose adaptive survival response, mild thermotolerance
induced at 40°C.

Materials and methods: Levels of Bcl-2 family proteins were detected in Hela cells by western
blotting, caspase activation by spectrofluorimetry and apoptosis by chromatin condensation.
Results: Hyperthermia (42-43°C) decreased total and mitochondrial expression of anti-
apoptotic proteins Bcl-2 and Bcl-xL, while expression of pro-apoptotic proteins Bax, Bak,
Puma and Noxa increased. Hyperthermia perturbed the equilibrium between these anti- and
pro-apoptotic Bcl-2 family proteins in favour of pro-apoptotic conditions. Hyperthermia also
caused activation of caspases-9 and -3, and chromatin condensation. Disruption of the balance
between Bcl-2 family proteins was reversed in thermotolerant (40 °C) cells, thus favouring cell
survival. Bcl-2/Bcl-xL inhibitor ABT-737 sensitised cells to apoptosis, which indicates that Bcl-2
family proteins play a role in hyperthermia-induced apoptosis. The adaptive response of mild
thermotolerance (40°C) was still able to protect cells against hyperthermia (42-43°C) when
Bcl-2/Bcl-xL were inhibited.

Conclusions: These results improve knowledge about the role of Bcl-2 family proteins in cellular
apoptotic responses to hyperthermia (42-43°C), as well as the adaptive survival response
induced by exposure to mild stresses, such as a fever temperature (40 °C). This study could
provide rationale to explore the manipulation of Bcl-2 family proteins for increasing tumour
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sensitivity to hyperthermia.

Introduction

Over the past three decades, there have been major advances
in the use of hyperthermia as a tumour-targeted approach in
cancer treatment, mainly in combination with radiotherapy,
and/or chemotherapy [1-4]. Hyperthermia (41-45 °C) is one
of the most effective radiation sensitisers known and can
eliminate radio-resistant tumour cells [1]. Hyperthermia
displays synergistic interactions with different anticancer
drugs including bleomycin, alkylating agents and platinum
compounds, and can increase the effectiveness of chemother-
apy [21.

Despite important clinical progress with hyperthermia, the
molecular mechanisms involved in cellular responses to heat
stress remain unclear [5]. Hyperthermic temperatures, which
are only a few degrees above normal, can cause protein
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denaturation and aggregation which results in the inactivation
of protein synthesis, cell cycle progression and DNA repair
processes [6,7]. Consequently, cells either die by apoptosis
and/or necrosis or become sensitised to other cytotoxic
modalities such as radiation. Hyperthermia (41 to 45°C) is
known to activate apoptosis through the death receptor,
mitochondrial [5,8,9] and endoplasmic reticulum (ER) path-
ways [10].

The preconditioning of cells at elevated temperatures
induces thermotolerance, which is associated with accumula-
tion of heat shock proteins (HSPs) [8,11-14]. Thermotolerance
can render cells resistant to subsequent toxic doses of insults
such as heat shock, chemotherapeutic agents, radiation and
environmental stress [15,16]. Thermotolerance is transient and
usually declines within several days. Therefore, there is no
interference with clinical use of hyperthermia that is applied at
intervals beyond the time frame of thermotolerance.
Thermotolerance can be induced by short exposures (e.g.
30min) to higher temperatures (42-45°C), or by continuous
heating (e.g. 3-24 h) at mild, non-lethal temperatures (39.5—
41.5°C) [11-14]. Thermotolerance induced at higher tem-
peratures (>42.5°C) has been widely studied, whereas
thermotolerance induced by lower, fever-range temperatures
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has received little attention. Mild thermotolerance developed
at 40 °C protected cells against hyperthermia-induced activa-
tion of mitochondrial and death receptor-mediated apoptosis
[8,9]. The phenomenon whereby cellular defence mechanisms
are triggered by low doses of stress such as heat can be of great
interest in terms of different pathologies such as ischaemia-
reperfusion and responses to the toxic effects of drugs and
environmental toxins.

The B-cell lymphoma 2 (Bcl-2) family consists of a large
number of proteins that play a pivotal role in apoptosis by
determining cell fate upstream of mitochondrial outer mem-
brane permeabilisation (MOMP) [17,18]. Bcl-2 family pro-
teins are classified into two groups: anti-apoptotic molecules
such as Bcl-2, Bcl-2-like 1 (Bcl-xL), Bcl-2-like 2 (Bcl-w),
myeloid cell leukemia-1 (Mcl-1), and pro-apoptotic mol-
ecules such as Bcl-2-associated X protein (Bax), Bcl-2
homologous antagonist killer (Bak), BH3-interacting-
domain death agonist (Bid), p53-upregulated modulator of
apoptosis (Puma) and Noxa. The ratio between levels of pro-
apoptotic and anti-apoptotic proteins at the membranes of
organelles such as mitochondria is an important determinant
in cellular sensitivity to apoptosis [19]. Anti-apoptotic
proteins such as Bcl-2 and Bcl-xL are integral membrane
proteins found at subcellular compartments such as mito-
chondria. They can exert their anti-apoptotic actions by
heterodimerisation with pro-apoptotic proteins, such as Bax
and Bak. Most pro-apoptotic Bcl-2 family proteins are found
in the cytosol and can translocate to organelles such as
mitochondria under stress stimuli. Pro-apoptotic proteins such
as truncated Bid (tBid) and Puma interact with and enhance
the activity of other pro-apoptotic proteins such as Bax and
Bak, leading to their activation and MOMP. Other pro-
apoptotic proteins such as Bad and Noxa neutralise anti-
apoptotic Bcl-2 proteins by displacing sequestered Bax and
Bak, facilitating their activation and MOMP.

Apoptosis plays a key role in the maintenance of cellular
homeostasis by removing damaged or compromised cells, such
as tumour cells. The overexpression of pro-survival members
of the Bcl-2 family of proteins (e.g. Bcl-2, Bel-xL, Mcl-1)
occurs in several types of tumours, including haematopoietic
and lymphoid cancers, and is often correlated with poor
survival [20]. The overexpression and anti-apoptosis action of
Bcl-2 appears to co-operate to facilitate proto-oncogene MYC-
driven cell transformation or tumorigenesis [21].

Although the role of Bcl-2 family proteins in the regulation
of apoptosis is well established [22], their role during cellular
responses to hyperthermia is not entirely clear. This study
investigates the effect of hyperthermia at 42° and 43 °C on the
expression of several pro-apoptotic and anti-apoptotic Bcl-2
family proteins that are involved in the mitochondrial pathway
of apoptosis in HeLa cells. The ability of a low dose adaptive
survival response, mild thermotolerance induced at 40 °C, to
reverse hyperthermia-induced changes in Bcl-2 family pro-
teins is also evaluated. The Bcl-2/Bcl-xL inhibitor ABT-737
will be used to assess the role of these anti-apoptotic proteins
in modulating hyperthermia-induced apoptosis. Moreover, the
role of reactive oxygen species (ROS) and p53 in mediating
changes in the expression of Bcl-2 family proteins will be
clarified using the antioxidant PEG-catalase and the p53
inhibitor pifithrin-o, respectively. This study could provide
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the rationale to explore the manipulation of Bcl-2 family
proteins for increasing tumour sensitivity to hyperthermia.

Materials and methods
Cell culture

Human cervical adenocarcinoma HelLa cells (ATCC
no.CCL-2) were cultured as monolayers in Dulbecco’s
modified Eagle’s medium (D-MEM) supplemented with
10% fetal bovine serum (PAA Laboratories, Toronto, ON),
L-glutamine (2 mM) and sodium pyruvate (1 mM) [8]. Cells
were maintained in tissue culture flasks (Sarstedt, Saint-
Laurent, QC) at 37 °C in a humidified atmosphere of 5% CO,.
Culture medium was replaced with fresh medium 24 h before
experiments. To induce thermotolerance, confluent cells were
transferred to a CO, incubator for 3h at 40°C (+0.1°C)
following a period of 20 min to allow culture medium to reach
40°C. Cells were harvested using 0.5 mg/mL trypsin/0.2 mg/
mL EDTA in phosphate-buffered saline (PBS) and washed by
centrifugation (1,000 x g, 3 min). There was no loss of cell
viability in cells heated at 40°C for 3h (trypan blue
exclusion).

Heat treatment

Freshly harvested thermotolerant (3h at 40°C) and non-
thermotolerant cells (3h at 37 °C) were heated for 3h at 42°
or 43°C, relative to controls (37°C), in temperature-
controlled precision waterbaths (+£0.02°C) (Haake DS,
Fisher Scientific, Montreal, QC) [8]. One mL of cell
suspension reached a temperature within 0.1°C of the
waterbath temperature within 3 min.

Treatment with inhibitors

The Bcl-2 inhibitor ABT-737 (1 uM) (Selleck Chemicals,
Houston, TX) was added to cells 24 h before experiments. The
p53 inhibitor pifithrin-o (10 pM) and antioxidant polyethyl-
ene glycol (PEG)-catalase (300 uM) were added to cells 1h
and 3h, respectively, prior to experiments. In Hela cells,
PEG-catalase increased intracellular catalase activity by 47%,
from 3.71 +0.67 to 6.20+0.30 |.1m01/min/106 cells (n=23).

Preparation of whole cell lysates

Cells were washed by centrifugation (1000 X g, 3min) in
buffer A (100mM sucrose, 1 mM EGTA, 20mM MOPS,
pH 7.4) [8,23]. The supernatant was discarded, pelleted cells
were resuspended in lysis buffer B (buffer A plus 5% Percoll,
0.01% digitonin, 1mM phenylmethylsulfonyl fluoride
(PMSF) and a cocktail of protease inhibitors: 10uM
aprotinin, 10puM pepstatin A, 10puM leupeptin, 25pM
calpain inhibitor I, pH 7.4), and then incubated on ice for
1 h. Whole cell lysates were isolated in the supernatant by a
10 min centrifugation step at 2500 x g to remove nuclei and
unbroken cells.

Subcellular fractionation: isolation of mitochondrial
and cytosolic fractions

Subcellular fractionation was performed as described previ-
ously [8,23], with modifications. Cells were washed in buffer
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A, and then resuspended in buffer B containing 0.1 mM
dithiothreitol (DTT). Membranes were broken using a dounce
homogeniser (200 strokes/sample). After 30 min incubation on
ice, debris and unbroken cells were removed by centrifugation
(500 x g, 10min) and then supernatants were centrifuged
(2500 x g, Smin) to separate nuclei (pellet). Supernatants
were then centrifuged (15,000 x g, 15min) to separate
mitochondria. The pellet containing the mitochondrial frac-
tion was then resuspended in buffer C (300mM sucrose,
1 mM EGTA, 20 mM MOPS, cocktail of protease inhibitors,
pH 7.4) containing 0.1 mM DTT. Supernatants were further
centrifuged (100,000 x g, 1h) to separate the cytosolic
fraction (supernatant). The purity of cytosolic and mitochon-
drial fractions was confirmed by western blotting using
glutathione S-transferase (GST-wl) (Calbiochem, La Jolla,
CA, USA) and cytochrome oxidase (Molecular Probes,
Eugene, OR), respectively.

Western blot analysis

Proteins (30 pg) [24] were separated by SDS-polyacrylamide
gel electrophoresis (SDS-PAGE) (8-15%) [25] and immuno-
detected using primary antibodies (1:1000) recognising Bcl-2,
Bcel-xLL, Bax, Bak, Puma and Noxa (Santa Cruz
Biotechnology, Santa Cruz, CA) [8]. Horseradish peroxidase
(HRP)-conjugated polyclonal secondary antibodies (1:10000)
were from Biosource (Camarillo, CA) and Santa Cruz
Biotechnology. Protein expression was analysed relative to
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) load-
ing controls, using a laser scanning densitometer (Alpha
Innotech, San Leandro, CA) and Fluorchem and QuantityOne
software.

Caspase activity

Caspase activity was determined in cell lysates using the
substrates (200 uM) Ac-Asp-Glu-Val-Asp-amino-4-methyl-
coumarin (Ac-DEVD-AMC) for caspase-3 and Ac-Leu-Glu-
His-Asp-amido-4-trifluoromethylcoumarin (Ac-Leu-Glu-His-
Asp-AFC) for caspase-9 (Calbiochem) [8]. The kinetic
reaction for caspase activity was followed at respective
excitation and emission wavelengths of 380 and 460nm
for caspase-3, and 400 and 505nm for caspase-9, using a
spectrofluorimeter (Spectra Max Gemini, Molecular Devices,
Sunnyvale, CA).

Chromatin condensation

Apoptotic and necrotic cells were visualised by fluorescence
microscopy (model IM, Carl Zeiss Canada, St Laurent, QC)
using Hoechst 33258 (5pg/mL) (Sigma-Aldrich), which
binds to condensed chromatin in the nucleus of apoptotic
cells, and propidium iodide (PI) (50 pg/mL), respectively [8].
For each condition, at least 300 cells were counted.

Statistics

Data represent means + SEM from at least three independent
experiments. Comparisons of mean values with the control
were analysed by the Student’s bilateral t-test. The
Bonferroni-Holmes stepwise adjustment was used to control
for the Family-wise error rate at a desired level (a2=5%).
Comparisons among multiple groups were made by one-way
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ANOVA, which measures the linear contrast of means, with
either Bonferroni or Dunnett adjustments. Software used was
JMP Statistical Discovery 4.0 (SAS Institute, Cary, NC) and
GraphPad Prism5 (San Diego, CA). For significant differ-
ences, p<0.05.

Results

Hyperthermia (42-43 °C) causes pro-apoptotic
changes in total cellular levels of Bcl-2 family proteins

The ability of hyperthermia (42-43°C) to alter the total
protein expression of several different Bcl-2 family proteins
was evaluated in whole cell lysates of HeLa cells (Figure 1a).
Indeed, hyperthermia caused significant decreases in total
expression of the anti-apoptotic proteins Bcl-2 and Bcl-xL,
compared to untreated controls (37°C) (Figure 1b, c). In
contrast, total cellular expression of the pro-apoptotic proteins
Bax, Bak, Puma and Noxa increased during high heat stress at
42-43°C (Figure 1d-g). Hyperthermia (42-43 °C) therefore
changes the overall cellular ratio between these anti-apoptotic
and pro-apoptotic Bcl-2 family proteins, which would sensi-
tise cells to apoptosis.

Mild thermotolerance developed at 40 °C reverses
hyperthermia-induced pro-apoptotic changes in
total cellular expression of Bcl-2 family proteins

Next we examined whether mild thermotolerance (40°C)
could protect cells against hyperthermia (42—43 °C)-induced
pro-apoptotic changes in total cellular expression of the Bcl-2
family proteins. Indeed, mild thermotolerance reversed the
hyperthermia-induced decreases in total cellular levels of
anti-apoptotic proteins Bcl-2 (at 42 and 43 °C) and Bcl-xL (at
43°C) (Figure la—c). Furthermore, the hyperthermia-induced
increases in expression of pro-apoptotic proteins Bak, Puma
and Noxa were reversed by preconditioning of cells at 40°C
(Figure le—g). The increase in Bax expression was not
reversed at 40°C (Figure 1d). Therefore, mild thermotoler-
ance (40°C), an adaptive survival response, protected cells
against pro-apoptotic changes in total levels of several Bcl-2
family proteins triggered by hyperthermia (42—43°C), thus
maintaining cellular homeostasis.

The development of thermotolerance at mild, fever-range
temperatures such as 39.5°C to 40°C leads to the accumu-
lation of different heat shock proteins (HSP) such as Hsp27,
Hsp32, Hsp60, Hsp70, Hsp90 and Hspl10 [9,26]. To our
knowledge, it is not known whether mild thermotolerance can
alter the expression of Bcl-2 family proteins.
Thermotolerance (40°C) itself caused only minor changes
in the expression of Bcl-2 family proteins in non-heated cells
(Figure 1). The basal levels of the pro-apoptotic proteins Bax
and Puma decreased in thermotolerant (40°C, 3h) cells
compared to normal (37 °C, 3 h) cells (Figure 1d, f). Cellular
levels of Bcl-2, Bcel-xL, Bak or Noxa did not change in
thermotolerant (40 °C, 3 h) cells (Figures 1b, c, e, g).

Hyperthermia (42-43 °C) causes subcellular
relocalisation of Bcl-2 family proteins between
mitochondrial and cytosolic compartments

The level of protein expression and subcellular localisation of
different Bcl-2 family proteins is critical to their function
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Figure 1. Heat shock (42-43°C) alters the cellular balance between pro-apoptosis and anti-apoptosis Bcl-2 family proteins: protective role of
thermotolerance (40°C). Non-thermotolerant (3h at 37°C) and thermotolerant (3h at 40°C) cells were exposed to heat shock (42-43°C) for 3 h.
(a) Western blots for protein expression in whole cell lysates are representative of at least three independent experiments. Means and SEM are shown
for densitometric analysis of proteins (b) Bcl-2, (c) Bel-xL, (d) Bax, (e) Bak, (f) Puma, (g) Noxa. Protein expression in thermotolerant and non-
thermotolerant cells was normalised to GAPDH loading controls and is relative to non-thermotolerant controls at 37 °C (100%). For significant
differences between heated (42-43 °C) cells and the control (37 °C), p <0.05 (*), p <0.001 (**). For significant differences between thermotolerant and
non-thermotolerant cells at each specific temperature, p<0.05 (#), p <0.001 (##).

during  stress-induced apoptosis [17]. Hyperthermia
(42-43°C) altered the subcellular localisation of several
Bcl-2 family proteins in HeLa cells (Figures 2a, 3a). Levels of
anti-apoptotic proteins Bcl-2 and Bcl-xL decreased in
the mitochondrial fraction, relative to controls (37°C)
(Figure 2a—c). Hyperthermia (4243 °C) also decreased Bcl-
xL levels in the cytosol (Figure 3a, b).

For the pro-apoptotic proteins, hyperthermia (42—43°C)
caused significant increases in levels of Bax, Bak, Puma and
Noxa in the mitochondrial fraction (Figures 2a, d—g). There
were corresponding decreases in cytosolic levels of Bax,
Puma and Noxa, relative to controls (37 °C) (Figure 3a, c—e).
Together, these findings show that hyperthermia (42-43 °C)
perturbs the equilibrium between anti-apoptotic and pro-
apoptotic Bcl-2 family proteins in the mitochondrial com-
partment, in favour of pro-apoptotic conditions.

Thermotolerance developed at 40 °C reverses
hyperthermia (42-43 °C)-induced changes in
subcellular localisation of Bcl-2 family proteins

Subsequently, the ability of mild thermotolerance (40 °C) to
reverse the hyperthermia (4243 °C)-induced alterations in

subcellular distribution of Bcl-2 family proteins was exam-
ined (Figures 2a, 3a). In thermotolerant cells the hyperthermia
(42-43°C)-induced decreases in levels of anti-apoptotic
protein Bcl-xL. were reversed in the mitochondrial (Figures
2a, ¢) and cytosolic (Figures 3a, c) fractions. However at
40 °C, mitochondrial levels of Bcl-2 were not restored to
control levels (Figures 2a, b). For pro-apoptotic proteins there
was pronounced reversal of hyperthermia (42—43 °C)-induced
changes in mitochondrial (Figures 2d, f, g) and cytosolic
(Figure 3c—e) levels of Bax, Puma and Noxa following mild
heat preconditioning at 40 °C. Mitochondrial levels of Bak
were also reversed at 40°C (Figure 2e). Therefore, mild
thermotolerance (40 °C) protected cells against hyperthermia
(42-43 °C)-induced alterations in the distribution of diverse
Bcl-2 family proteins between the cytosolic and mitochon-
drial compartments, thus favouring anti-apoptotic conditions
and cell survival.

Implication of ROS and p53 in the expression of Bcl-2
family proteins during hyperthermia

ROS and p53 are known to have a role in the activation of
apoptosis [26,27]. To investigate whether these molecules
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Figure 2. Heat shock (42-43°C) causes relocalisation of Bax, Bak, Bim, Puma and Noxa to mitochondria while expression of Bcl-2 and Bcl-xL
decreases: reversal by thermotolerance (40 °C). Non-thermotolerant (3 h at 37 °C) or thermotolerant (3 h at 40 °C) cells were heated (42—43 °C) for 3 h.
(a) Western blots for protein expression in mitochondrial fractions are representative of at least three independent experiments. (B) The purity of
cytosolic and mitochondrial fractions was confirmed using GST-n1 and cytochrome ¢ oxidase (Cox2) antibodies, respectively. The average purity of the
cytosolic fraction from at least four separate experiments was 89.72 + 1.49% and that of the mitochondrial fraction was 92.33 +2.57%. Means and SEM
are shown for densitometric analysis of (c) Bcl-2, (d) Bel-xL, (e) Bax, (f) Bak, (g) Puma, (h) Noxa. Protein expression is relative to non-thermotolerant
controls at 37 °C (100%). For significant differences between heated (42-43 °C) cells and control (37 °C), p<0.05 (*), p<0.001 (**). For significant
differences between thermotolerant and non-thermotolerant cells at each specific temperature, p <0.05 (#), p<0.001 (##).

could affect levels of Bcl-2 family proteins, cells were
incubated with the antioxidant PEG-catalase (PC) or the p53
inhibitor pifithrin-oc (Pa). In whole cell lysates, the hyper-
thermia (43 °C)-induced decrease in Bcl-2 expression was
inhibited by PEG-catalase (Figure 4a, b). The hyperthermia
(43 °C)-induced increases in expression of the pro-apoptotic
proteins Puma and Noxa were inhibited by both PEG-catalase
and pifithrin-o. (Figures 4e, f). The cellular levels of Bcl-xL
(data not shown), Bax and Bak (Figure 4c, d) were not
affected by these inhibitors.

Activation of the mitochondrial pathway of apoptosis
by hyperthermia (42-43°C)

Hyperthermia (42—43 °C)-induced pro-apoptotic changes in
Bcl-2 family proteins at the level of mitochondria were
reflected by activation of caspase-9, the initiator caspase in
mitochondrial apoptosis (Figure 5a). Hyperthermia also
activated caspase-3 (Figure 5b) and caused apoptosis (chro-
matin condensation) (Figure 5c). Caspase activation and
apoptosis were significantly diminished in thermotolerant
(40°C) cells (Figures 5a—c). Levels of necrotic cells were
very low (Figure 5d).

Sensitisation to hyperthermia-induced apoptosis by
Bcl-2/Bcl-xL inhibitor ABT-737: protective effect of
mild thermotolerance (40°C)

To clarify the role of anti-apoptotic Bcl-2 family proteins in
hyperthermia-induced apoptosis, cells were treated with
ABT-737 [28]. The activation of caspase-9 (Figure 5a) and
caspase-3 (Figure 5b) by hyperthermia (4243 °C), as well as
the induction of apoptosis (Figure 5b) were significantly
increased by ABT-737. In addition, ABT-737 increased
caspase activation and apoptosis in non-heated cells at
37°C (Figures 5a—c). The inhibitor had little effect on the
level of necrotic cells, which were low (Figure 5d). Mild
thermotolerance (40 °C) proved once more to be effective by
decreasing caspase-9 and -3 activation and the induction of
apoptosis by hyperthermia (42-43 °C), even in the presence of
the inhibitor (Figures Sa—c).

Discussion

This study shows that hyperthermia (42—43 °C) perturbed the
equilibrium between several anti-apoptotic and pro-apoptotic
Bcl-2 family proteins in HeLa cells, thus favouring pro-
apoptotic conditions. The equilibrium was perturbed with



DOI: 10.3109/02656736.2014.968641

Cytosolic fraction

(@)

507

Thermotolerance, hyperthermia, Bcl-2 and apoptosis

(b)

Normal cells Thermotolerant cells 150 Bel-xl.
s
° _
n =
26kDa (il P Bcl-2 23 J. _[ .
S 51001
30kDa | — — s e | Bel-xL 5o
£8 .
21kDa — - e e s | Bax % 2
as 50
- @
24kDa — S S — Puma 1 E'
Qo
o
16kDa — . - - — e e  Noxa 0 ]
o T OFD | s GRS s At b a8
36kDa GAPDH L Temperature (°C)
+ 37 42 43 + 37 42 43 [J Thermotolerant
Temperature (°C)
© 15 Bax @ 450 Puma ©) 150 - Noxa
c
# S
c _L ri3 5
o= ] S -
39 L w e E 1 ¢ 23 1 L 1
8E 100 { 28 1001 m b e E 100 1 =
50 X O =]
x O e 8 o<
ué e 2o - c 2
3 22 28
ew® 50 &= 50 2E 50 -
as . g ey
> E s =~ - 2 o R )
| I = il
0 0 0
37 42 4@ 37 42 43 37 42 43

Temperature (°C)

Temperature (°C)

Temperature (°C)

Figure 3. Decreased expression of Bcl-2 family proteins in cytosolic fractions during heat shock (42-43°C): reversal by 40°C thermotolerance.
Thermotolerant (3 h at 40 °C) and non-thermotolerant (3h at 37 °C) cells were heated (42—43 °C) for 3 h. (a) Western blots for protein expression in
cytosolic fractions are representative of at least three independent experiments. + is a positive control for Bcl-2 expression in whole cell lysates. Means
and SEM are shown for densitometric analysis of (b) Bcl-xL, (c¢) Bax, (d) Puma, (E) Noxa. Protein expression is relative to non-thermotolerant controls
at 37°C (100%). For significant differences between hyperthermia-treated (42-43 °C) cells and the control (37 °C), p<0.05 (*), p<0.001 (**). For
significant differences between thermotolerant and non-thermotolerant cells at each specific temperature, p <0.05 (#), p<0.001 (##).

respect to total Bcl-2 protein expression, as well as their
levels in mitochondria. Hyperthermia (42—43°C) triggered
overall pro-apoptotic conditions by decreasing total cellular
expression of anti-apoptotic proteins Bcl-2 and Bcl-xL,
while the expression of pro-apoptotic proteins Bax, Bak,
Puma and Noxa was increased (Scheme 1). The imbalance in
the expression of Bcl-2 family proteins in favour of the
proapoptotic members resulted in activation of caspase-9,
the initiator caspase downstream from mitochondria, and
the activation of execution phase events including
caspase-3 activation and nuclear chromatin condensation
(Scheme 1).

The hyperthermia (42-43°C)-induced increases in the
expression of Puma and Noxa in HeLa cells were inhibited by
pifithrin-o,, which indicates that they were dependent on p53
transactivation in the nucleus. Noxa is a p53-inducible gene
that antagonises Mcl-1 and A1, whereas Puma can bind to all
of the anti-apoptotic Bcl-2 family proteins [29]. The induction
of Puma expression releases cytosolic p53 from binding to
Bcl-xL, which keeps it inactive in the cytosol [27]. Once
released, cytosolic p5S3 can then promote Bax oligomerisa-
tion and translocation to mitochondria. Earlier, we reported

that hyperthermia (42-45°C) causes Bax translocation to
mitochondria, MOMP and cytochrome c¢ release from
mitochondria in HeLLa and CHO cells [8].

Pifithrin-o is known to block p53-dependent transactiva-
tion of apoptotic genes [30]. The transcription factors p63 and
p73 are homologues of p53. They can activate most of p53’s
target genes, including those responsible for apoptosis [31].
p73 can directly transactivate PUMA to induce apoptosis
[32]. p63 and p73 can also promote apoptosis through
transcription-independent mechanisms. They can bind to
different members of the Bcl-2 family: p63 and p73 can
bind to the anti-apoptotic proteins Bcl-xL and Mcl-1 and p63
to the pro-apoptotic protein Bak [33]. Due to their high degree
of similarity, it is possible that the p53 inhibitor pifithrin-o
could have an effect on these homologues. Pifithrin-o. was
shown to act on p73 in zebra fish embryo [34]; however, its
effect on p63 and p73 in mammalian cells is not known. We
cannot rule out the possibility that pifithrin-o is inhibiting
not only p53, but also p63 and p73. This would not change
the outcome of the data and would mean that the effects
are due to the inhibition of several p53 members and not only
p53 alone.
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differences between heated (43 °C) cells and the control (37 °C), p <0.05 (*).

specific temperature, p <0.05 (#).

The increases in the expression of Puma and Noxa in HeLa
cells were inhibited by PEG-catalase, which implies that ROS
are involved in their activation by hyperthermia.
Hyperthermia can increase the generation of ROS [35],
which are known to up-regulate the expression of Noxa and
Puma [36,37]. In addition, the hyperthermia (42-43°C)-
induced decrease in Bcl-2 expression was reversed by PEG-
catalase in HeLa cells. ROS can play a pro-apoptotic role by
causing down-regulation and degradation of the Bcl-2 protein
through the ubiquitin-proteasome pathway [38].

Cancer cells have deregulated many of the physiological
mechanisms that tightly regulate the different apoptotic
signalling pathways in order to evade death by apoptosis
[39]. For example, mechanisms have evolved to inactivate
pro-apoptotic molecules and many anti-apoptotic factors are
expressed at high levels in cancer cells to confer resistance to
apoptosis. Therefore, anti-apoptosis proteins such as Bcl-2
can promote tumour cell survival, which suggests that
impaired apoptosis could be one of the critical steps in
tumour formation and progression [20]. Furthermore, tumour
cells are often inherently insensitive to cancer treatments such
as chemotherapy. Multiple mechanisms appear to be involved,
which include the increased expression of drug efflux
transporters and cellular detoxification systems, altered drug
targets, activation of pro-survival pathways, and enhanced
repair of DNA damage [40]. Drug resistance could also be
linked to defects in the apoptosis machinery, thus favouring

shown for densitometric analysis of proteins: (b) Bcl-2, (¢) Bax, (d) Bak,
controls and is relative to non-treated controls at 37 °C. For significant
For significant differences between treated and non-treated cells at each

tumour cell survival [39]. The results from this study showed
that hyperthermia (>42°C) caused an imbalance between
several members of the Bcl-2 family in favour of pro-
apoptotic conditions. The establishment of pro-apoptotic
conditions could be beneficial for the sensitisation of cancer
cells to the cytotoxic effects of radiation and chemotherapy
treatments by hyperthermia [1-4].

It is not known whether thermotolerant cells induced at
mild temperatures such as 40 °C are resistant to chemotherapy
and radiation. Thermotolerance induced at higher tempera-
tures (e.g. 43—45°C) may be associated with different forms
of drug resistance including multidrug resistance (MDR) [41].
This did not appear to be the case for resistance to radiation.

It is well established that hyperthermia causes protein
degradation but can also cause conformational changes to
proteins that could expose previously concealed regions [6].
Conformational changes to proteins during hyperthermia
could alter binding interactions between different Bcl-2
family proteins and facilitate the activation of BH3-only
proteins such as Bax and Bak. Indeed, heat (43°C, 1h)
directly activated recombinant Bax and Bak in isolated
mitochondria, resulting in a loss of mitochondrial membrane
potential and cytochrome c release [42].

Several studies have examined the role of Bcl-2 family
proteins in hyperthermia-induced cell death, but there is no
clear consensus. It was reported that hyperthermia causes
apoptosis through a caspase-2/Bid pathway with activation of
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Bax/Bak-dependent mitochondrial apoptosis in mouse embry-
onic fibroblasts (MEFs) [43]. Another study reported that
hyperthermia-induced apoptosis was dependent on Bim
through a Bax/Bak-dependent pathway in MEFs [44]. These
different pathways appear to act independently and in parallel
and/or their respective roles could depend on cell type and
severity of heat stress. In Jurkat cells, however, caspase-9
activation was essential for hyperthermia-induced apoptosis,
but not caspase-8 or caspase-2 [45]. The anti-apoptotic
protein Mcl-1 appears to be a critical heat-sensitive step
leading to Bax activation in the human acute lymphoblastic
T-cell line (PEER) [46].

The overexpression of several anti-apoptotic proteins
protected cells against hyperthermia-induced apoptosis in
several cell types. Bcl-2 overexpression inhibited apoptosis
induced by hyperthermia (44 °C, 40 min) in mouse haemato-
poietic cell lines [47]. Different leukaemic haematopoietic
cells were less sensitive to hyperthermia-induced apoptosis,

due to an imbalance in expression of the Bcl-2 family proteins
in favour of pro-apoptotic Bcl-2 proteins [48]. Overexpression
of Bcl-xL in murine IL-3-dependent prolymphoid progenitor
cells (FL5.12) prevented the induction of apoptosis by acute
heat stress (42 °C, 1 h) [49]. Jurkat cells overexpressing Bcl-2/
Bcl-xL were resistant to apoptosis induced by hyperthermia
(44°C, 1h) [45].

While the exposure to higher doses of hyperthermia
(>42°C) is cytotoxic to cancer cells [3], the preconditioning
of cells by lower doses of heat induces thermotolerance
[8,11-14]. This study shows that mild thermotolerance
induced at 40°C in HeLa cells reversed the hyperthermia
(42-43°C)-induced disruption in the anti-apoptosis/pro-
apoptosis balance between Bcl-2 family proteins. This
protective, pro-survival effect occurred at both the cellular
and mitochondrial levels. Low dose exposure to different
stresses, including hyperthermia, can lead to adaptive survival
responses that enable cells and organisms to continue normal
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function in the face of a toxic insult [50]. Adaptive responses
often involve the induction of defence systems (e.g. HSPs,
antioxidants, anti-apoptotic proteins) that allow cells to
protect themselves against different toxic and environmental
stresses [51]. However, if the adaptive response cannot protect
the cell against an adverse stress exposure, then the damaged
cell will be removed, for example, by apoptosis.

In mild thermotolerant (40 °C) HeLa cells, the protective
reversal of changes in the balance between pro-apoptotic and
anti-apoptotic Bcl-2 family proteins may be related to HSPs.
The HSPs 27, 32, 60, 72, 90 and 110 were induced at 40 °C in
HeLa cells [8]. HSPs have a complex role in the regulation of
apoptosis [52]. Hsp70 is able to modulate Bcl-2-dependent
apoptosis [53]. Hsp70 and Hsp27 can inhibit apoptosis by
interfering with events upstream of MOMP that ultimately
suppress the activation of Bax, thereby inhibiting the release
of pro-apoptotic factors such as cytochrome ¢ from mitochon-
dria [54,55]. This appears to involve Hsp70-mediated inhib-
ition of c-Jun N-terminal kinase (JNK), which can activate
pro-apoptotic Bcl-2 family proteins such as tBid that are able
to promote Bax and Bak activation and induce MOMP

[5,56,57]. More recently, the overexpression of Hsp70 was
shown to stabilise Mcl-1 protein levels and prevented Bax
activation by hyperthermia [46]. This resulted from reduced
Mcl-1 ubiquitination and degradation, as well as enhanced
Mcl-1 expression. In addition, Hsp70 overexpression allowed
for new synthesis to replace degraded Mcl-1 [46].
Hyperthermia (40—44 °C)-induced apoptosis was inhibited
by pre-inducing Hsp70 in H9c2 cells [58]. Findings from
these different studies suggest that several HSPs could prevent
the activation and mitochondrial translocation of pro-apop-
totic proteins such as Bax and tBid, and maintain levels of
anti-apoptotic proteins such as Bcl-2 and Mcl-1, and hence
mitochondrial integrity, during hyperthermia.

The use of inhibitors of anti-apoptotic Bcl-2 family
proteins has long been considered for bypassing the immor-
tality of cancer cells. The small molecule inhibitor ABT-737
is a Bcl-2 homology domain 3 (BH3)-mimetic that binds
strongly to Bcl-2, Bcel-xL and Bcel-w through an interaction
mediated by the BH3 domain [28,59,60]. This interaction
releases pro-apoptotic proteins such as Bax/Bak from the
complexes they form with their anti-apoptotic counterparts,
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allowing them to trigger apoptosis. This study shows that
ABT-737 alone activated caspase-9 and caspase-3 and
triggered apoptosis in HeLa cells. ABT-737 enhanced
caspase-9 and caspase-3 activation at 42 and 43°C and
sensitised cells to hyperthermia-induced apoptosis. ABT-737
also sensitised MEFs to hyperthermia (44°C, 1.5h) [44].
Since the pro-apoptotic protein Bim is critical for hyperther-
mia-induced killing in MEFs, it was suggested that ABT-737
could liberate Bim from Bcl-2 or Bcl-xL, which in turn could
activate Bax and/or Bak. These studies emphasise the
importance of the anti-apoptotic role of Bcl-2 during
hyperthermia-induced apoptosis. ABT-737 is effective as a
single agent against cancer cell lines including leukaemias,
lymphomas, neuroblastoma and small cell lung carcinoma,
primary tumour cells and animal models, but it is also useful
in combination with other anticancer treatments such as
radiation and chemotherapy [28,61,62]. The oral analogue of
ABT-737 (ABT-263, Navitoclax) has now entered phase I/II
clinical trials [63,64]. The combined use of hyperthermia with
an inhibitor such as ABT-737 could be a promising strategy to
trigger apoptosis for the elimination of tumour cells.
However, our results show that ABT-737 was unable to
block the protective effects of thermotolerance (40 °C) against
hyperthermia (42-43 °C)-induced apoptosis in HeLa cells.
This suggests that ABT-737 cannot sensitise cells that
overexpress HSPs to hyperthermia. In addition, ABT-737
does not inhibit the anti-apoptotic proteins Mcl-1 or A1 [59].
Given that many tumours overexpress HSPs [65], strategies
that combine hyperthermia and ABT-737 with approaches
that target HSPs and Mcl-1 could be envisaged.

Conclusion

This study establishes that (1) hyperthermia (42-43°C)
created an imbalance between members of the Bcl-2 family
of proteins in favour of pro-apoptotic conditions at the cellular
and mitochondrial levels, (2) thermotolerance, induced by
mild hyperthermia (40°C), reversed the imbalance between
pro-apoptotic and anti-apoptotic Bcl-2 proteins that was
triggered by hyperthermia (42-43 °C), (3) inhibition of anti-
apoptotic Bcl-2 family proteins by ABT-737 sensitised HeLa
cells to hyperthermia-induced apoptosis. These findings
improve our understanding about hyperthermia-induced
apoptosis, as well as the protective ability of adaptive survival
responses such as thermotolerance against toxic stresses.
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