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to cytochrome c release as well as caspase 9 and 3 activation (Pinton and Rizzuto, 

2006). 

The induction of ER-mediated apoptosis by heat shock has not been 

investigated, although Kwon and colleagues, briefly described an ER response of 

thyrocytes to 3h heat shock exposure (43°C) (Kwon, Choi et al. 2001). It was also 

reported that hyperthermia induces release of Ca2+ from intracellular stores resulting 

in an increase in the intracellular Ca2+ levels (Arai, Kondo et al. 2002). Calcium has 

been reported to regulate apoptosis through the mitochondrial pathway by calcium­

dependent enzymes, stimulating nitric oxide production, mitochondrial permeability 

pore transition (mPTP) opening, or calcium-induced osmotic swelling/mpture of 

mitochondrial membranes (Orrenius, Zhivotovsky et al. 2003; Vindis, Elbaz et al. 

2005; Giulivi 2007). It is therefore possible that calcium could participate in ER­

mediated apoptosis and/or further enhance activation of the mitochondrial caspase­

dependent pathway in apoptosis induced by hyperthermia. 

The aim of this study is to investigate whether lethal heat shock (42-45°C) can 

induce ER-mediated apoptosis and whether calcium and proteases sllch as calpain 

and caspases 12 and 4 might play a role. We also determine whether mild 

hyperthermia induced at fever range temperature (40°C) can protect human cervical 

carcinoma HeLa cells against apoptosis induced at lethal temperatures. 
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Material and Methods 

Chemicals and reagents- Media, sera and trypsin for cell culture were 

purchased from Gibco Canada (Burlington, ON). Primary antibodies (PARP, ICAD, 

caspase 9, anti-caspase 3, Bax, Bik, Bak, Bim, Noxa, Puma, BeI-2, Bcl-xL, 

cytochrome c, Lamin A and GAPDH were purchased from Santa Cruz Biotechnology 

(Santa Cruz, CA). Secondary antibodies (goat horseradish peroxidase (HRP)­

conjugated polyelonal anti-mouse IgG, HRP-conjugated rat MAb-anti-rabbit or rabbit 

HRP-conjugated polyelonal anti-goat IgG) were acquired from Biosources 

International (Camarillo, CA). Primary GSTnl and calnexin antibodies, caspase 4 

substrate (Ac-LEVD-AFC), caspase 3 substrate (Ac-DEVD-AMC), calpain substrate 

(Suc-LY-AMC), caspase 4 inhibitor (LEVD-CHO), caspase-3/7 inhibitor 1 (5-[(S)­

(+)-2-(methoxy-methyl)pyrrolidino]sulfonylisatin) and general caspase inhibitor (2­

VAD.fmk) were obtained from Calbiochcm (La Jolla, CA). Caspase-12 fluorometric 

assay kit was from BioVision (Mountain view, CA). Chemical reagents such as 

dithiothreitol (DTT), percoll, digitonin, phenylmethylsulfonyl fluoride (PMSF), 

protease inhibitors cocktail, sodium deoxycholate, Triton X-100, ethylene glycol-bis­

(2-aminoethyl)-N,N,N',N'-tetraacetic acid (EGTA), sodium fluoride (NaF), 0,0'­

bis(2-aminophenyl)ethyleneglycol-N,N,N',N'-tetraacetic acid (BAPTA), 0,0'-bis(2­

aminophenyl) ethylenegly-col-N,N,N',N'-tetraacetic acid, tetraacetoxymethyl ester 

(BAPTA-AM), Hoechst 33258, propidium iodide (PI) and calpain inhibitor (Ac­

LLnL-CHO) were acquired from Sigma Chemical Co. (St. Louis, MO). Finally, 

primary cytochrome oxidase antibody, 1-[2-Amino-5-(2,7-dichloro-6-hydroxy-3-oxo­

9-xanthenyl)phenoxy]-2-(2' -amino-5'-methylphenoxy)ethane-N,N,N',NI-tetraacetic 

acid, penta-acetoxymethyl ester (Fluo-3-AM), 21,7'-dichlorodihydro-fluorescein 

diacetate (H2DCF-DA), dihydro-ethidine, carbonylcyanide-trifluoro­

methoxyphenylene hydrazone (FCCP) and 5,5,6,6' -tetrachlo-ro l,l' ,3,3' -tetraethyl­

benzimidazolyl-carbocyanine-iodide (JC-l) were purchased from Molecular Probes 
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(Eugene, OR). Caspase 12 substrate (Ac-ATAD-AFC) was purchased from MBL 

International (Constitution Way Wobum, MA). 

Cell culture- Human cervical adenocarcinoma HeLa ceUs (ATCC no. CCL-2) 

were cultured as monolayers in Eagle's modified Dulbecco medium supplemented 

with L-glutamine (2 mM), sodium pyruvate (l mM) and 10% foetal bovine serum 

(Gibco Canada, Burlington, ON) at 37°C and 5% C02 (Bettaieb and Averill-Bates 

2005). Medium was replaced with fresh medium 24 h prior to experiments. Cells 

were harvested using O.Smg/ml trypsin/O.2mg/ml EDTA in phosphate-buffered saline 

(PBS) and washed by centrifugation (l OOOxg, 3 min). There was no loss of cell 

viability in cells heated at 400C for 3h, evaluated by trypan blue exclusion (data not 

shown). 

Heat treatment- To induce thermotoleranee, confluent ecUs were transferred 

to an incubator for 3h at 40°C ± O.loC, following a period of 20 min to allow the 

temperature of the culture medium to reach 40°C (Przybytkowski, Bates et al. 1986). 

Non-thermotolerant cells were pretreated with extracellular calcium chelator BAPTA 

(l00 !lM) or cell-permeable chelator BAPTA-AM (l00 !lM), or inhibitors of caspase 

12 (l0 !lM), caspase 4 (20 !lM), calpain (l0 !lM) or caspases 7/3 (50 !lM), as 

indicated. Thermotolerant and non-thermotolerant cells were heated (37-4S°C) for 3h 

in temperature-controlled waterbaths (±0.02°C) (Haake D8, Fisher Seientific, 

Montreal, QC), allowing 3 min for the cell suspension to reach the appropriate 

temperature. 

lntracellular free Ca2+ measurement- The Ca2+-sensitive fluorescent 

indicator, Fluo-3-AM was used as described previously (Jakubczak el al., 2007) with 

modifications. Cells were preloaded, with or without extracellular calcium chelator 

BAPTA (100 !lM) or intracellular chelator BAPTA-AM (l00 !lM), for 2h. Cells were 
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then heated for 2h at 42- 45°C in fresh medium. Only BAPTA was kept during heat 

treatment. As a positive control for Ca2+ release from ER stores, A23187 (5 llM) was 

added to cell preparations for 30 min. Cells were then loaded with 5 llM Fluo-3-AM 

for 45 min at 37°C in the dark. Cells were thereafter washed with PBS and stained 

with 25llM propidium iodide (Pl). Fluo-3-AM fluorescence was detected using a 

FACScan flow cytometer (BD Biosciences, Mississauga, ON, Canada) equipped with 

an argon ion laser (488 nm) using Cell Quest Software. Data (10,000 cells) were 

collected for emission intensity at wavelengths of 530 nm for Fluo-3 (FL-l) and 682 

nm for PI (FL-3). Only live cells with a low Pl fluorescence were analyzed. 

Morphological analysis of apoptosis- Following heat treatment, apoptotic 

cells were stained with Hoechst 33258 (50 llglml) (blue-green fluorescence) and 

necrotic cells were stained with Pl (50 llg/ml) (red fluorescence) (Bettaieb and 

Averill-Bates 2005). Cells were visualized by fluorescence microscopy (model lM, 

Carl Zeiss Canada Ltd, St. Laurent, QC). For each condition, at least 200 cells were 

counted. The percentages of apoptotic or necrotic cells were calculated relative to 

total cells (obtained using bright field illumination). 

Western blot analysis of protein expression- After heat treatment, cells 

were Iysed in buffer T (Samali, Cai et al. 1999) containing 100 mM sucrose, 1 mM 

EGTA, 20 mM MOPS, 0.1 mM DTT, 5% freshly added percoll, 0.01% digitonin, 1 

mM PMSF and cocktail of protease inhibitors (pH 7.4). Thereafter, debris, unbroken 

ce Ils and nuclei were removed by centrifugation (1 O,OOOg, 10 min). Proteins (30 llg) 

(Bradford 1976) were separated by SDS-polyacrylamide gel electrophoresis (SDS­

PAGE) (8%-12%) (Laemmli 1970) and immunodetected using primalY antibodies 

recognizing PARP (1: 500), llcalpain (1: 1000), caspase 12 (1: 1000), caspase 4 

(1: 1000), ICAD (1 :2000), procaspase-7 (1: 1000), Noxa (1: 1000), Puma (1: 1000), 

Bcl-xL (1: 1000), Bax (1: 1000), Bim (1: 1000), Bik (1: l 000), Bak (1: l 000), vinculin 
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(1:1000), Bip (1:2000) and CHOP (1:S00) (Bettaieb & Averill-Bates, 200S). Protein 

expression was ana1ysed using IPGEL software, relative to GAPOH (1: SOOO) loading 

contro1s. 

Subcellular fractionation- Following heat treatment, fractionation was 

performed as described previous1y (Bettaieb & Averill-Bates, 200S) with 

modifications. Cells were washed with coId buffer W (100 mM sucrose, 1 mM 

EGTA, 20 mM MOPS, pH 7.4) and resuspended in 1ysis buffer F (100 mM sucrose, 1 

mM EGTA, 20 mM MOPS, 0.1 OTT, S% fresh1y added percoll, 0.01 % digitonin, 1 

mM PMSF and cocktail of protease inhibitors, pH 7,4). Membranes were broken 

using a dounce homogenizer (200 strokes/samp1e). Debris and unbroken cells were 

removed by centrifugation (SOOg for 10 min) and supernatants were then centrifuged 

(2 SOOg, S min) to separate nuclei (pellet). Supernatants were then centrifuged (lS 

OOOg, lS min) to separate mitochondria. Supernatants were centrifuged (100 OOOg, 1h) 

to separate cytosolic and microsomal (pellet) fractions. Nuclear, mitochondrial and 

microsoma1 fractions were resuspended in 1ysis buffer T. Cellular distribution and 

translocation of different proteins (30 Ilg) were ana1ysed by SOS-PAGE and Western 

blotting. Purity of nuclear, microsomal, cytoplasmic and mitochondrial fractions was 

verified using antibodies against 1amin A, ca1nexin, GSTrr 1 and cytochrome c 

oxidase, respective1y. 

Mitochondrial membrane potential (MMP)- Following heating (3h, 37­

45°C), cel1s were incubated with 1C-1 (S IlM) (Molecular Probes) for 30 min at 37°C 

(Oarzynkiewicz, Bruno et al. 1992). Data were collected using a FACSscan flow 

cytometer. Forward and side scatters were used to establish size gates and exclude 

cellular debris from the analysis. JC-1 emission was collected on FL-1 and FL-2 

channels at 530 (±20) nm and S90 (±20) nm, respectively. Cells (10,000) were 
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analyzed for each sample in FL-l and FL-2 channels, after removing PI-stained 

necrotic cel1s (FL-3; 620±15 nm). 

Caspase activity- Fol1owing heat treatment in cells that were pre-incubated 

with or without calcium chelators, inhibitors of calpain or caspase 317, caspase 

activity was determined as described previously (Stennicke & Salvesen, 1997; 

Bettaieb & Averill-Bates, 2005). Briefly, cells were centrifuged using a microfuge 

(3000 rpm, 3 min) and resuspended in reaction buffer (26 mM piperazine-N,N' -bis(2­

ethanesulfonic acid) (PIPES), 133 mM NaCl, 13 mM DTT, 1,3 mM EDTA, 0.13% 3­

[(3-cholamidopropyl)-dimethylammonio]-2-hydroxy-l-propane-sulfonic acid 

(CHAPS), 13% sucrose, pH 7.2). Cells were lysed at -20°C for 30 min and then 

appropriate caspase substrates (50 flM) were added. Caspase 9, 3 and 4 activities 

were measured by cleavage of Ac-LEHD-AFC, Ac-DEVD-AMC and Ac-LEVD­

AFC, respectively. The release of fluorescent products AFC or AMC was monitored 

during 30 min using a spectrofluorimeter (Spectra Max Gemini, Moleclllar Deviees, 

Sunnyvale, CA) with an excitation wavelength of 400 nm and emission wavelength 

of 505 nm for AFC or 380/460 for AMe. Caspase 12 activity was monitored using a 

caspase 12 flllorometric assay kit. Activities of caspases are represented as a relative 

cumulative fluorescence of the kinetic reaction and compared to untreated controls. 

Calpain activity- Calpain activity was monitored by measurement of AMC 

release using general calpain substrate Suc-Ly -AMC, as described for caspase 

activity. 

Immunoprecipitation- Following heat treatment, cell lysates were prepared 

by extraction with coId lysis buffer (25 mM Tris-HCl, 150 mM NaCl, 1 mM PMSF, 1 

mM EDTA, 50 mM NaF, 1 mM sodium orthovanadate, and 1% Triton-X, pH 7.5 

supplemented with protease inhibitor for 30 min at 4°e. Debris was removed from 
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Iysates by centrifugation at 15,OOOg for 10 min. For immunoprecipitation (Harlow 

and Lane, 1999), lysates were incubated with 50 III of protein A-agarose beads 

(Amersham Pharmacia Biotech, Baie d'Urfé, QC) precoated with rabbit anti-IRE-i 

polyclonal antibodies (Santa Cruz Biotechnology) for 2h at 4°C. The beads were 

washed three times with RIPA buffer and the appropriate proteins were analyzed by 

15% SDS-PAGE and Western blotting. 

Statistics- Data represent means ± SEM from at least 3 independent 

experiments. When not shown, error bars lie within symbols. Comparisons among 

multiple groups (comparison of curves for thermotolerant versus non-thermotolerant 

ce1ls; ceUs ± caspase or calpain inhibitors, calcium chelators) were made by one-way 

analysis of variance (ANOYA). The Bonferroni-Holmes adjustment was used to 

control for the Family-wise error rate at a desired level (a=5%). Software used was 

JMP Statistical Discovery 4.0 (SAS Institute Inc., Cary, NC). For significant 

differences, P<0.05. 
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Results 

Heat shock induces the expression of CHOP/GADD153 

Exposure of HeLa cells to lethal heat shock (42-45°C) for 3h led to a 

significant increase in expression of CHOP in celllysates (Figure 1A-B) and in the 

nuclear fraction (Figure 1C-D), compared to controls at 37°C. The heat induction of 

CHOP expression was diminished in therrnotolerant cells (3h, 40°C). 

Heat shock induces relocalization of Bcl-2 family proteins 

Several pro-apoptotic proteins of the Bel-2 family such as Bax, Bak, Bim and 

Bik were shown to play a role in ER stress-mediated apoptosis and suppress the anti­

apoptotic activity of other Bcl-2 family proteins such as Bcl-2 and Bel-xL (Heath­

Engel et al., 2008). The intracellular localization of these proteins is key for their 

activity. To analyze the intracellular re-Iocalization of different anti-apoptotic and 

pro-apoptotic Bcl-2 family proteins in HeLa cells cxposed to hyperthermia, post­

nuelear extracts of cells were fractionated into the heavy membrane (mitochondria­

rich), S3ÛÛ (cytosol), and light membrane (ER-rich) fractions (Figure 2A-D). Purity 

of fractions was confirmed using markel' proteins representing the nuclear, 

mitochondrial, cytosolic and ER-rich fractions: lamin A, COX, GSTrcl and calnexin, 

respectively (Figure 2E). 

First, changes in expression of Bel-2 family proteins were evaluated in whole 

cell extracts (Figure 2A). Interestingly, hyperthermia (42-45°C) caused a decrease in 

expression of anti-apoptotic proteins Bcl-2 and Bcl-xL, compared to controls at 37°C 

(Figure 2F-H; Figure 2I-L). In therrnotolerant cells, on the other hand, these 

decreases in expression of anti-apoptotic proteins were significantly attenuated 

(Figure 2A). 
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Bim has three distinct isoforms; Bim (short) (Bim-S) is constitutively pro­

apoptotic, whereas Bim (long) (Bim-L) and Bim (extra long) (Bim-EL) can be 

expressed in healthy cells in an inactive form (O'Connor et al., 1998). Heat (42-45°C) 

caused a significant increase in expression of pro-apoptotic proteins Bim-S, Noxa and 

Puma in whole cell Iysates (Figure 2Y-Z9), and small increases in Bax and Bik 

(Figure 2M-P; Figure 2U-X), compared to controls (37°C) (Figure 2A). Bak, Bim-L 

and Bim-EL were not affected by hyperthermia (Figs. 2A-D). Thermotolerance 

induced at 40°C significantly reversed these heat-induced changes in expression of 

Bim-S, Noxa and Puma, therefore protecting membrane integrity and cellular 

homeostasis (Figure 2Y-Z9). 

Figs. 2B-D show that hyperthermia alters subcellular location of several Bel-2 

family proteins, compared to controls at 37°C. Bel-2 is absent in the cytosol of HeLa 

cells (Figure 2B), in agreement with previous work (Nomura ct al., 1999). Bel-2 is 

localized in mitochondrial and ER-rich fractions and its levels decreased significantly 

in these compartments during hyperthermia (42-45°C) (Figure 2C-D; Figure 2F-H). 

Bel-2 levels did not increase in cytosolic (Figure 2B) or nuclear fractions (data not 

shown), suggesting that Bcl-2 does not translocate to other compartments, but rather, 

undergoes degradation during heat shock. Similar significant decreases occurred for 

Bel-xL levels in the mitochondrial and ER-rich compartments during heat shock 

(Figure 2C-D, Figure 2I-K). However, unlike Bcl-2, Bei-xL was present in the 

cytosol, where its levels also decreased during hyperthermia (42-45°C). Hyperthermia 

(42-45°C) caused a significant decrease in levels of the pro-apoptotic proteins Bax, 

Bak, Bik and Bim-S in the cytosol (Figure 2B), while there were corresponding 

increases in their levels in the mitochondrial and ER-rich fractions (Figure 2C-D). 

During heat shock (42-45°C), levels of pro-apoptotic proteins Noxa and Puma 

decreased significantly in the cytosol, with corresponding increases in the 

mitochondrial fraction (Figure 2B-C). Puma and Noxa were not detected in ER-rich 
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fractions (Figure 2D). Together, these findings show that hypertherrnia causes an 

imbalance between anti-apoptotic and pro-apoptotic proteins at the mitochondrial and 

ER membranes, therefore sensitizing cells to apoptosis. A pro-apoptotic imbalance 

results in disruption of membrane function as weil as increased permeabilization, 

which usually leads to release of pro-apoptotic factors such as cytochrome c from 

mitochondria or calcium from the ER. It is important to note, for ail these proteins, 

the role of mild therrnotolerance induced at 40°C in protecting the cell from 

intracellular relocalization of pro-apoptotic members or degradation of the anti­

apoptotic Bcl-2 family proteins (Figure 2B-D). 
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Heat shock induces disruption of calcium homeostasis 

Given that hyperthermia caused a pro-apoptotic imbalance at the ER, we 

investigated whether this could result in disruption of calcium homeostasis and ER­

mediated apoptosis. Disruption of calcium homeostasis could be a consequence of 

cellular influx of extracellular calcium across the plasma membrane and/or calcium 

release from intracellular pools such as the ER. Exposure of HeLa cells to heat shock 

(42-45°C) for 2h caused a significant increase in intracellular free calcium (Ca2+i) 

levels, compared to controls at 37°C (Figure 3A,C). The highly selective calcium 

ionophore A23187 served as a positive control for mobilization of Ca2 
+j from ER 

stores (Figure 3C). There was significant reversai of these increases in Ca2
+j in 

thermotoJerant cells (Figure 3B,C). 

It has been reported that calcium from both intracellular and extracellular sources can 

contribute to apoptosis (Bcrnardi and Rasola, 2008). To identify the source of 

calcium during hyperthermia-induced calcium deregulation, cell-permeable calcium 

chelator (BAPTA-AM) and its non-permeable form (BAPTA) were used. When cells 

were incubated with the non-permeable chelator BAPTA, before and during heat 

shock, Ca2+; levels increased to a lower extent by 1.5-fold at 42°C. Pretreatment of 

ceUs with BAPTA-AM led to lower increases in Ca2 
+j levels by IA-fold at 42°C. 

BAPTA-AM was removed during heat shock treatment to avoid chelating 

extracellular calcium once it enters cells. However, neither BAPTAnor BAPTA-AM 

used alone was able to completely prevent the heat-induced increase in Ca2
+j levels. 

These results suggest that calcium from both intracellular and extracellular sources is 

involved in disruption of calcium homeostasis by heat shock. 
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Heat shock activates calpain proteases 

Disruption of calcium homeostasis is known to activate calcium-dependent 

cysteine proteases known as calpains. Ubiquitous mu and ll-calpains have been 

implicated in apoptosis. Calpains are widely distributed in the cytosol and their levels 

increase at membranes in response to signaIs such as calcium (Gil-Parrado et al., 

2003). Activity of Il and mu-calpains is modulated by a specific endogenous inhibitor, 

calpastatin. Heat shock (42-45°C) caused cleavage of calpastatin (1 26kDa) to 

generate two cleaved fragments of 110kDa and 92kDa, compared to controls at 37°C 

(Figure 4A-D). Mild thermotolerance significantly attenuated heat shock-induced 

cleavage of calpastatin. Similar to calpastatin, hyperthermia caused cleavage of native 

ll-calpain (11 OkDa) with a concomitant increase in the cleaved active form (86kDa) 

(Figure 5A-C). In controls at 37°C, calpain and its cleavage fragment were not 

detected in the ER-rich fraction (Figure 5D). However, during heat shock, there was 

re-localisation of the 86kDa fragment to the ER (Figure 5D,E). Hyperthermia (42­

45°C) caused a significant increase in calpain enzymatic activity (Figure SF). 

Ionomycin was used as positive control for calpain activation. In thermotolerant cells, 

calpain cleavage, ER re-localization of the cleaved fragment and increased enzymatic 

activity during heat shock were significantly diminished (Figure 5A-E). Both BAPTA 

and BAPTA-AM inhibited the heat-induced increase in enzymatic activity (Figure 

SF), which indicates that both intracellular and extracellular sources of calcium are 

invoJved in calpain activation. 

The cytoskeletal protein vinculin is a substrate of calpains. The intensity of 

vinculin (11 OkDa) expression decreased significantly in ceUs exposed to 

hyperthermia (42-45°C), compared to controls at 37°C (Figure 6A,B). There was 

formation of a 90kDa cleavage fragment, which was significantly attenuated at 42­

43°C in thermotolerant ce Ils (Figure 6A,C). Inhibition of vinculin cleavage was also 
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obtained when cells were pre-incubated with calpain inhibitor (Figure 6A-C), which 

confirrns that calpain mediates vinculin cleavage during heat shock. 

Heat shock induces calcium independent disruption of mitochondrial membrane 

potential 

Heat shock is known to cause mitochondrial membrane depolarisation in 

HeLa cells (Bettaieb and Averill-Bates, 2005). We determine here whether 

mitochondrial membrane depolarization could arise from disruption of calcium 

homeostasis, using calcium chelators. Heat shock (42-45°C) caused a significant loss 

of mitochondrial membrane potential (MMP) compared to controls at 37°C, assessed 

using the carbocyanine JC-l (Figure 7). FCCP was used as positive control for loss of 

MMP. However, cells pre-treated at 40°C showed increased membrane potential at 

37 to 43°C, but not at 45°C (Figure 7). The calcium chelators BAPTA and BAPTA­

AM reversed the loss of MMP at 42°C, but had little effect at higher temperatures 

(Figure 7). 

Hyperthermia activa tes caspases 4 and 12: role of calcium 

Caspase 12 activation is one of the hall marks of ER-mediated apoptosis. 

Oeregulation of calcium homeostasis and activation of m and fl-ca1pains have been 

shown to be involved in the induction of caspase 12. lt was reported that the human 

caspase-12 gene contains several mutations, which make it functionally inactive and 

it has been suggested that caspases-4 and 5 may be the functional counterparts of 

murine caspase-12 in human cells (Lamkanfi et al., 2004). Conversely, proteolytic 

cleavage and activation of caspase 12 was reported recently in HeLa cells (Hu et al., 

2005). lndeed, hypertherrnia (42-450C) caused a decrease in expression of pro­

caspase 12 (55 kOa), as weil as increases in the active cleavage fragments for 

caspase-12 (42 kOa) (Figure 8A-B) and caspase-4 (20 kOa) (Figure 8C-0). Cleavage 

of caspase-12 was prevented in therrnotolerant cells that were treated for 3h at 40°C 
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(Figure 8A,B). For caspase-4, cleavage at 42-430C was inhibited in thermotolerant 

cells (Figure 8C,D). Together with procaspase cleavage, enzymatic activities of 

caspases-12 and -4 increased significantly in HeLa cells at 42 to 450C (Figure 9A,B). 

Thermotolerance induced at 40°C attenuated the activation of both caspases. 

We subsequently investigated the role of calcium in the activation of caspases 

12 and 4. Several authors described the mechanisms of caspase 12 activation. Apart 

from its direct activation by calcium-activated calpains, an interaction between the 

transmembrane serine/threonine protein kinase stress sensor molecule lREI located at 

the ER and procaspase 12 leads to the activation of caspase 12 through ASK-1 and 

the adaptor molecuJe Traf-2. Procaspase 12 can also be cleaved and activated by the 

active cytosolic caspase 7. To address these issues, we first analyzed the role of 

calcium in activation of caspases in ER-mediated apoptosis during heat shock. 

Indeed, the calpain inhibitor reduced the activation of caspase 12 and caspase 4 

caused by heat shock (42-25°C for caspase-12; 42-43°C for caspase-4). Similarly, 

both calcium chelators BAPTA and BAPTA-AM inhibited the activation of these 

caspases (Figure 9A,B), suggesting that deregulation of calcium homeostasis and 

calpain activation are key factors for the activation of caspase 12 and caspase-4. 

As shown in Figure 9C, heat shock caused an increase in caspase 7 enzymatic 

activity. However, an inhibitor of caspase 7 did not reduce caspase 12 or 4 activities 

(Figure 9A,B), which excludes the hypothesis of direct activation of these caspases 

by caspase 7. We subsequently investigated the role of ASK-l and Traf-2 in caspase­

12 activation (Figure 10). Exposure of HeLa ceUs to heat shock did not significantly 

affect levels of ASK-l (Figure 10A-D) or Traf-2 (Figure 10C-H) at the ER membrane 

or in the cytosol. In order to see if caspase 12 binds to an lREl/Traf-2 complex, 

immunoprecipitation of lRE-1 protein was assessed using Ire-I antibody. Neither 

procaspase 12 nor ASK-1 nor Traf-2 was bound to IRE-l, suggesting that caspase 12 



308 

is activated through other mechanisms than an lRE-lITraf-2 comp1ex (Figure 101). 

Together, these results show that activation of both caspase 4 and caspase 12 is 

calcium dependent and activated main1y by calcium-activated ca1pains. 

Finally, we determined whether calcium plays a role in the execution phase of 

apoptosis during heat shock heat, or if there are other factors or mechanisms 

contributing to this phase. Hyperthermia (42-43°C) activated the downstream effector 

caspase 3 (Figure Il) and caused nuclear chromatin condensation (Figure 12A). 

BAPTA, BAPTA-AM and calpain inhibitor caused small decreases in caspase-3 

activation, but none of these compounds was able to inhibit completely heat shock­

induced activation of caspase 3 (Figure Il). Hyperthermia-induced chromatin 

condensation was also partially inhibited by BAPTA and BAPTA-AM at 42 and 43°C 

(Figure 11 C,D,I). However, calpain inhibitor had no effect (Figure 1IE,I). 

Furthermore, chromatin condensation was a1so partially diminished by inhibitors of 

caspase 12 and caspase 4 at 42 and 43°C (Figure IIF,G,I). Caspase-3 activation 

(Figure Il) and chromatin condensation (Figure 12B,I) were significantly decreased 

in thermotolerant cells. These findings suggest that induction of caspase 3 activity 

and chromatin condensation by heat shock are partially dependent on disruption of 

calcium homeostasis and apoptosis mediated by the ER. However, other pathways are 

involved in heat-induced apoptosis. 
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Discussion: 

Hyperthermia is known to be cytotoxic at temperatures above 41 ° C and 

selectively lethal to cancer cells, while mild hyperthermia (39 to 40,5°C) is known to 

be beneficial to tissues and organs (van der Zee J et al., 2002). It has been reported 

that mild hyperthermia correlates with the transient expression of several heat shock 

proteins that are able to protect cells not only against lethal hyperthermia but also 

against several other stresses such as stress due to heavy metals and injuries caused 

by reactive oxygen species (Baronzio G et al., 2007). In the present study we 

assessed both kinds of hyperthermia (non-lethal and lethal) in order to better 

understand the mechanisms involved in cellular response to the variation of 

temperature. Since hyperthermia is used as an alternative technique to surgery and 

chemotherapy in treatment of cancer, the aim of this study was to improve our 

knowledge about how hyperthermia acts. We hypothesized that with the use of both 

lethal and non-lethal hyperthermia we can improve cancer treatment by increasing the 

death of tumor cells and enhancing the resistance of healthy cells to cytotoxic effects 

of classic methods of cancer treatment. 

This is the first report to show the involvement of ER stress, specifically seen 

as caspase-4 and -12, as weil as CHOP, Puma and Noxa, in heat shock-induced 

apoptosis. This report provides also novel evidence of heat shock-induced apoptosis 

and its molecular mechanisms in HeLa cells. We confirmed here that heat shock­

induced ER stress-mediated apoptosis upon thermal stress is likely explained by the 

disruption of calcium homeostasis. Specifically, we have demonstrated that heat 

shock-induced ER stress mediated apoptosis (a) activates the UPR leading to 

increased expression of CHOP, (b) induces proteolytic cleavage of procaspases 12 

and 4, (c) enhances the loss of mitochondrial membrane integrity and (d) increases 
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the presence of several members of BH3 only Bcl-2 family. Consistent with our 

previous results (Bettaieb and Averill-Bates, 2005), thermotolerance induced at 40°C 

conferred a protective effect in HeLa cells against subsequent heat shock-induced 

apoptosis. A significant increase in the ER resident chaperone Bip/GRP 78 was 

observed in thermotolerant cells. 

This is also the first report to show that heat shock-induced apoptosis is not 

exclusively dependent on one unique pathway of apoptosis. The role of Bcl-2 family 

member in heat shock-induced apoptosis is at present unclear. The localization of 

these proteins is the key for their activity. It is generally accepted that translocation of 

cytosolic Bax to the mitochondria is the critical cause of mitochondrial membrane 

depolarization which results in cytochrome c release and caspase-9 activation. 

However, Bax is not the only protein that translocates to the mitochondria upon 

thermal stress. For example, Bim, which in normal conditions is associated with 

cytoplasmic dynein, thereby inhibitlng its apoptotic signalling, translocates to 

mitochondria to induce the intrinslc pathway under specific circumstances. Similarly, 

translocation of Bim to the ER membrane in response to ER stress is an important 

step towards activation of caspase 12 and initiation of the ER mediated apoptosis in 

Bim transfected C2Cl2 murine myoblast cells (Morishima et al., 2004). The same 

study also showed that Bcl-xL can suppress ER stress induced apoptosis not by a 

direct effect on the mitochondrial outer membrane but by sequestration of 

cytoplasmic pro-apoptotic members of the same family. Alternatively, Mathai et al. 

(2005) showed that the release of Ca2
+ from the ER store requires the recruitment of 

Bak and Bax to the ER membrane ln baby mouse kidney cells. This Bax, Bak­

dependent release of Ca2 
+ from endoplasmic reticulum stores is regulated by the BH3 

only protein Bik and requires conformational changes. 
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Bik was also shown to initiate an early release of Ca2 
+ from ER upstream of 

the activation of effector caspases. Moreover, ER stress-induced apoptosis may be 

mediated by expression of Puma and Noxa. The expression of these two members of 

the BH3 only bcl-2 protein family, in addition to Bax and Bid, is known to be up­

regulated by p53. Several studies showed a role of Puma and Noxa in 

permeabilization of the outer membrane of the mitochondria and the ER. Similarly, 

both Bax and Bak, are known to induce permeabilization of the mitochondrial outer 

membrane through an intramembranous homo-oligomerization. Evidently, 

antiapoptotic members of the Bcl-2 family exert their antiapoptotic actions either by 

heterodimerization with pro-apoptotic members, especially BH3 only proteins, or by 

directly protecting mitochondrial membrane integrity. Bcl-2 protein is also found at 

the ER (in addition to mitochondria and nuclear membrane), and its over-expression 

resulted in ER calcium release. A controversial study showed that the subcellular 

location Bcl-2 protein may influence its antiapoptotic role as shown in cells 

overexpressing Bcl-2 (Foyouzi-Youssefi et aL, 2000). Bax is also been found to be 

able to bind to ER membrane resident Bcl-2 protein (Oakes et aL, 2003). Other than 

Bax, Puma, Noxa and Bim also translocate to the mitochondrial membrane 

suggesting that they may play a role in sensitizing mitochondrial membrane to heat 

shock by interfering with the anti-apoptotic members of the same family as described 

with other stresses (Nickson et aL, 2006; Li and Lee, 2006). Yet, whether heat shock­

induced apoptosis is caused by the translocation of pro-apoptotic proteins to specifie 

organelles or it is a matter of the duration of stress, is still unclear. However, our 

findings could contribute to the prognostic relevance of pro-apoptotic/anti-apoptotic 

onco-proteins ratio present in the ER and mitochondrial membranes, since in both 

organelles, this ratio is balanced in favour of pro-apoptotic Bcl-2 proteins in normal 

cells (Scheme!). Since induction of thermotolerance did not alter the balance between 

these two kinds of proteins, we believe that the way that thermotolerance might 

protect ceUs against toxicity of subsequent exposure to high temperature is by 
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maintaining a stable balance between the pro-and anti-apoptotic proteins, either by 

enhancing the presence of anti-apoptotic proteins in the ER and mitochondrial 

membranes or by limiting the translocation of the pro-apoptotic proteins to these two 

organelles. 

These findings also suggested that the ER-mediated apoptosis might be the 

consequence of prolonged stress due to the accumulation of unfolded proteins in the 

ER since we did not see a disruption of calcium homeostasis before 30 minutes of 

thermal stress (data not shown). Meanwhile, in our previous study we showed that 

Bax translocates to mitochondria and causes cytochrome c release within 30 minutes 

at 43 and 45°C (Bettaieb and Averill-Bates, 2005). Nevertheless, there are also 

studies reporting an early release of cytochrome c from mitochondria by lethal heat 

shock (43°C) (Li et aL, 2000) which confirm our findings and suggest that apoptosis 

induced by lethal heat shock is mainly mitochondrial-mediated cell death rather than 

ER-induced apoptosis. 

The role of thermotolerance in the protective effect against cytotoxic effects 

of the pro-apoptotic members of the Bc-2 family has not been fully elucidated yet. 

However, several studies proposed an interesting mechanism of regulation of the 

function Bcl-2 proteins involving heat shock proteins in direct or indirect way (for 

review see Creagh et aL, 2000). Sorne of these studies, for instance, have implicated 

the modulation of Bcl-2-dependent apoptosis by heat shock protein 70 (HSP 70) and 

it was reported that HSP 70 blocks heat-induced apoptosis by inhibiting the 

translocation of Bax to mitochondria and thereby inhibiting the release of pro­

apoptotic factors such as cytochrome c or AIF from mitochondria (Stankiewicz et aL, 

2005; Lachapelle et aL, 2007). Similarly, stress-inducible HSP 70 is also reported to 

prevent the stimulation of Bid-induced mitochondrial pathway of apoptosis by 

inhibiting the cross-talk mechanism in response to TNF (Chauhan et aL, 2003). HSP 
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70 can also prevent indirectly the activation of several pro-apoptotic Bcl-2 proteins 

by MAP kinases. For example, HSP 70 negatively regulates JNK activity by 

promoting either JNK dephosphorylation (Meriin et al., 1999) or suppressing its 

direct phosphorylation and activation by the upstream kinase SEK (Park et al., 2001). 

In contrast, phosphorilative activity of JNK is known to activate several members of 

Bcl-2 family and deactivate others. Direct phosphorylation and activation of Bim and 

Bmf that are normaUy sequestered by binding to dynein and myosin V motor 

complexes leads to Bax/Bak-dependent mitochondrial apoptosis (Lei and Davis; 

2003). Further, JNK promotes Bax translocation to mitochondria through 

phosphorylation of 14-3-3 in response to DNA damage. Thus, the inhibition of JNK 

activity by HSP 70 may prevent the translocation of Bax to mitochondria (Tsuruta et 

al., 2004). 

In addition to HSP 70, HSP 27 was also found to mediate the suppression of 

Bid translocation to the mitochondria (Paul et al., 2002). HSP 27 can also inhibit 

indirectly apoptosis by interacting and stabilizing pro-survival proteins such as Akt 

(Rane et al. 2001) which is known to inhibit multiple proteins of the apoptotic 

machinery, including Bad and caspase-9 (Biggs et al., 1998; Ozes et al., 1999). 

The study of sensitivity of ceUs to heat shock and the effect of heat shock on 

calcium homeostasis are poorly understood. ln sorne studies, which investigated the 

effect of heat shock on protein aggregation (Meriin et al., 1999), intracellular pH (pHi) 

and intraceUular free calcium concentration [(Ca2+Ji) (Drumon et al., 1996), it has 

been reported that heat shock induces changes in both pHi and [Ca2+]i in Drosophila 

melanogaster larval salivary gland ceUs. These changes according to the authors are 

"not sufficient, nor are required for a complete induction of the heat shock response". 

Recently, heat shock was shown to induce MMP-I expression on a calcium­

dependent signaling process in human epidermal keratinocytes and that this process 
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reqUlres activation of epidermal transient receptor potential vanilloid-1 (TRPY 1). 

TRPY1 is a Ca2+ permeable non-selective cation channel activated by physical 

stresses and is known to play a l'ole in apoptosis (Li et al., 2007). In contrast to these 

studies, others found that exposure to heat shock does not affect calcium homeostasis. 

For instance, exposure of bone marrow-derived mast cells to 1 hour of heat shock 

(43°C) inhibits calcium mobilization (Mortaz et al., 2005). Similarly, in vivo heat 

shock preconditioning was shown to mitigate calcium overload during 

ischemia/reperfusion in the isolated, perfused rat heart (Szenczi et al., 2004). ln the 

same way Rahimi (2005) in his study on heat shock effect on broiler chicken showed 

that mild heat shock at early growth phase leads to the induction of thermotolerance 

without any change in plasma, glucose or calcium levels. Mild cranial hyperthermia 

(39°C) protected also against calpain-mediated spectrin degradation in the brains of 

rats subjected to 1 h of transient proximal middle cerebral artery (MCA) clip­

occlusion (Morimoto et al., 1997). 

Calpains are a family of cytosolic cysteine proteases, and their activation is 

preceded by increased levels of cytosolic calcium. It has been reported that increased 

cytosolic free calcium and calpain activation are early events in ER-induced 

apoptosis. lt was also demonstrated that activation of mitochondrial pathway under 

certain conditions could occur upon calpain-mediated cleavage of Bid (Mandic et aL, 

2002) or Bap31-mediated cleavage of pro-caspase 8 (Breckenridge et al., 2007). ln 

our previous study we showed that the use of Fas antagonist (Kp7-6) prevented 

caspase-8 activation by heat shock and also inhibited the cleavage of Bid by caspase­

8 (Bettaieb and Averill-Bates, 2007). Both events might occur during ER stress­

mediated apoptosis. Here we conclude that in heat shock-induced apoptosis, these 

events occur independently of ER stress and arise only upon stimulation of Fas 

receptor. Thus, induction of mitochondrial pathway of apoptosis by heat shock 

observed previously (Bettaieb and Averill-Bates, 2005) does not require ER stress, 
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which confirms the prevlOUS result of Bcl-2 proteins mobilization and release of 

cytochrome c, described eartier. However, induction of ER stress as a response to 

accumulation of unfolded proteins in the ER might be a cellular strategy to enhance 

apoptosis and avoid necrotic cell death. 

Conclusion: 

This is the first report to show the involvement of ER stress, specifically seen 

as caspase-12 activation and up-regulation of Grp78, in heat shock-induced apoptosis. 

We also present evidence for calpain-dependent activation of caspase-12 and caspase­

7. In accordance with calpain-mediated activation of caspase-12, both BAPTA/AM 

and calpain inhibitor were able to block heat shock-induced activation of both ER 

resident caspases (4 and 12) in HeLa cells. In contrast, they partially inhibited 

caspase-3 activation and DNA fragmentation. Exposure of cel1s to mild hyperthermia 

did not protect HeLa cells against protein aggregation and ER stress, since both 

CHOP and GRP78/Bip (data not shown) increased in both thermotolerant and non 

thermotolerant cells. However, thermotolerance diminished the disruption of calcium 

homeostasis, the activation of caspases-4 and -12 as weil as calpain cleavage and 

activation. In summary, in the present study we demonstrated a novel mechanism of 

action for heat shock. We show that severe heat shock is able to induce apoptosis 

independently of ER stress-mediated apoptosis, since mitochondrial injuries occur 

before ER stress and the inhibition of ER stress does not protect against apoptosis. 

Further, we show how interesting is the correlation between the induction of 

thermotolerance and the increase of expression of heat shock proteins, which are 

known to protect against several stresses including heavy metals, radiations and 

oxidative stress. Potentially, the most important outcome of this correlation is that the 

use of hyperthermia as an alternative leads to a re-evaluation to classic methods used 
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in cancer therapy and possibly to new, improved treatment strategies to overcome 

cancer treatment and mostly important, protect the surrounding tissues against side 

effects of classic treatment. 
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Figure legends 

Figure 1: Hyperthermia induces expression of CHûP. Non-thermotolerant 

and thermotolerant cel1s were exposed to HS (3h, 42-45°C). Total cellular expression 

(A,B) and nuclear levels of CHOP (3IkDa) (C,D) were determined by Western blot. 

Protein levels are expressed relative to untreated controls at 37°C (100%). Data 

represent means ± SEM of at least three independent experiments: P < 0.05 (*), P < 

0.01 (**), for HS versus 37°C. P < 0.05 (#), P < 0.01 (##) for thermotolerant versus 

non thermotolerant cel1s at each temperature. 

Figure 2: Heat shock induces intracellular re1ocalization of Bcl-2 family 

proteins. Thermotolerant and non-thermotolerant cells were exposed to HS (3h, 42­

45°C). Protein expression of Bcl-2 (26kDa), Bel-xL (30kDa), Bax (21 kOa), Bak 

(30kDa), Bik (20kDa), Bim-S (19kDa), Bim-L 0, BimEL 0, Puma (24kOa) and 

Noxa (16kOa) in whole celllysates (A), cytosolic (B), mitochondrial (C) and ER rich 

(0) fractions is given relative to controls at 37°C (100%). Purity of subcellular 

fractions was verified using antibodies against lamin A, cytochrome oxidase (Cox2), 

GSTTl:i, and calnexin, for nuclear (89%), mitochondria1 (97%), cytoplasmic (98%) 

and microsomal fractions (92%), respectively. Data represent means ± SEM of at 

least three independent experiments. For definition of symbols for statistics, see 

legend to Figure 1. PC represents whole cel1lysate as positive control (C,O). 

Figure 3. Disruption of calcium homeostasis by hyperthermia. Non­

thermotolerant (A) and thermotolerant (B) cel1s were exposed to HS (3h, 42-45°C) 

and then label1ed with Fluo-3AM for 45min. Cel1s (10,000) were analysed by flow 

cytometry (FLl). Fluo-3 fluorescence is shown relative to the control at 37°C (100%) 
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(C). Calcium ionophore A23l87 (Iono.) was used as positive control. Data (C) 

represent means ± SEM of at least three independent experiments: P < 0.05 (*), P < 

0.01 (**), for HS versus 37°C. P < 0.05 (#), P < 0.01 (##) for thermotolerant versus 

non thermotolerant cells at each temperature. 

Figure 4. Heat shock causes calpastatin c1eavage. Therrnotolerant and non­

therrnotolerant cells were exposed to HS (3h, 42-45°C). Total protein expression of 

calpastatin (l26kDa) (A,B) and its cleavage products (llOkDa, 92kDa) (A,C,D) is 

given relative to the control at 37°C (100%). Data represent means ± SEM of at least 

three independent experiments. For definition of symbols for statistics, see legend to 

Figure 1. 

Figure 5. Heat shock induces c1eavage of calpain and translocation to the 

ER rich fraction. Non-thermotolerant and thermotolerant cells were exposed to HS 

(3h, 42-45°C). Representative blots are shown for protein levels of native (11 OkDa) 

and cleaved (86kDa) cal pain in whole cell lysates (A) and ER-rich fractions (C). 

Protein expression of calpain (B) and cleaved calpain (86kDa) in cell extracts (C) and 

ER rich fractions (E) is given relative to controls at 37°C (100%). Calpain enzymatic 

activity (F) is shown in cells, with or without pre-treatment for 2h with 100/.l.M of 

BAPTA, BAPTA-AM, or calpain inhibitor (1 0/.l.M). Data represent means ± SEM of 

at least three independent experiments. For definition of symbols for statistics, see 

legend to Figure 1. 

Figure 6. Hyperthermia induces vinculin c1eavage. Thermotolerant and 

non-thermotolerant cells were exposed to HS (3h, 42-45°C). Total protein expression 

(A,B) of vinculin (llOkDa) and its (A,C) cleavage fragment (90kDa) is given relative 
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to the control at 370C (l00%). Where indicated, ceUs were pretreated for 2h with 

calpain inhibitor (lOj.!M). Data represent means ± SEM of at least three independent 

experiments. For definition of symbols for statistics, see legend to Figure 1. 

Figure 7. Loss of mitochondrial membrane potential (MMP) during heat 

shock. Therrnotolerant and non-therrnotolerant cells were exposed to HS (3h, 42­

4S°C). Where appropria te, ceUs were pre-treated for 2h with 100j.!M of BAPTA or 

BAPTA-AM. JC-l fluorescence for 10,000 ceUs is given relative to the control at 

37°C. FCCP was used as positive control. Data represent means ± SEM of at least 

three independent experiments. For definition of symbols for statistics, see legend to 

Figure 1. 

Figure 8: Role of calcium in the activation of caspase-12 and caspase-4 by 

hyperthermia. Thermotolerant and non-thermotolerant ceUs, with or without 

BAPTA, BAPTA-AM, or inhibitors of caspase 7 or calpain, were exposed to HS (3h, 

42-4S°C). Representative blots (A, C) are shown for protein levels of (A) pro-caspase 

12 (SSkDa), and cleavage fragments for caspase 12 (l7kDa) and (C) caspase 4 

(2ûkDa). Expression of caspase-12 (B) and caspase-4 (D) are given relative to 

controis at 37°C (1.0). Data represent means ± SEM of at least three independent 

experiments. For definition of symbols for statistics, see legend to Figure 1. 

Figure 9: Activation of caspases-4, -7 and -12 by hyperthermia. 

Therrnotolerant and non-thermotolerant cells, with or without inhibitors of caspase 4 

(20j.!M), caspase 7 (SOIlM) or caspase 12 (l 0IlM), were exposed to HS (3h, 42-4S°C). 

Caspase-12 (A), caspase-4(B) and caspase-7 (C) activities are given relative to 

controls at 37°C (1.0). Data represent means ± SEM of at [east three independent 

experiments. For definition of symbols for statistics, sec legend to Figure 1. 
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Figure 10: ASK-1 and Traf-2 are not required for activation of caspase 4 

and caspase 12. Thermotolerant and non-thermotolerant ceUs were exposed to HS 

(3h, 42-45°C). Representative blots are shown for protein levels of ASK-l (l55kDa) 

and Traf-2 (55kDa) in cytosolic (ASK-l: A-B; Traf-2: E-F) and ER-rich (ASK-l: C­

D; Traf-2: G-H) fractions. Levels of proteins are relative to controls at 37°C (100%). 

(1) CeUs were subjected to immunoprecipitation using anti-1RE-l antibody. ASK-l, 

procaspase-12 and Traf-2 were detected by Western blot. PC and NC represent 

positive (whole ceU lysate) and negative controls (agarose beads), respectively. Data 

represent means ± SEM of at least three independent experiments. For definition of 

symbols for statistics, see legend to Figure \. 

Figure Il: Calcium does Dot mediate activation of caspase 3 by 

hyperthermia. Thermotolerant and non-thermotolerant ceUs, with or without 

BAPTA (lOOflM), BAPTA-AM (lOOflM), or calpain inhibitor (lOflM), were exposed 

to HS (3h, 42-45°C). Caspase-3 activity is given relative to the control at 37°C (\.0). 

Data represent means ± SEM of at least three independent experiments. For definition 

of symbols for statistics, see legend to Figure 1. 

Figure 12: Heat shock induces chromatin condensation which is mediated 

by calcium, caspase 4 and caspase 12. Thermotolerant (B) and non-thermotolerant 

(A) ceUs, alone or with (C) BAPTA, (0) BAPTA-AM, or inhibitors of (E) caspase-4, 

(F) caspase-12, or (E) calpain, were exposed to HS (3h, 42-45°C). Cells were stained 

with Hoechst and PI. Magnification: 320X. Fractions of apoptotic (H) and necrotic (1) 

ceUs are shown relative to total cells. Data represent means ± SEM of at least three 
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independent experiments. For definition of symbols for statistics, see legend to Figure 

1. 

Scheme 1: Heat shock alters the proapoptosis-antiapoptosis balance in 

Bcl-2 family proteins. (1) Beat shock caused a decrease in levels of proapoptosis 

proteins Bax, Bak, Bim, Bik, Puma and Noxa in the cytosol. Heat induced 

translocation of (2) Bax, Bak, Bik, Bim, Puma and Noxa to mitochondria, and (3) 

Bax, Bak, Bik and Bim to the ER rich fraction. (4) Beat shock caused a decrease in 

1eve1s of antiapoptosis proteins Bel-2 and Bel-xL in both ER and mitochondria. (5) 

Activation of death receptors by heat leads to increased levels of proapoptosis protein 

tBid at mitochondria (Bettaieb & Averill-Bates, 2009). (6) Beat causes an increase in 

propapoptosis proteins at mitochondria, (7) leading to cytochrome c release, (8) 

caspase activation, (9) nuelear chromatin condensation and (10) apoptosis. (11) The 

increase in proapoptosis proteins at the ER resu lted in caspase-12 activation and 

apoptosis. 
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Figure 5: Heat shock induces cleavage of calpain and its translocation to plasma
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~ Figure 8: Heat shock induces cleavage of caspase 4 and 12 
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CHAPITRE X: DISCUSSION ET CONCLUSION 

Ce travail fut initialisé, comme nous l'avons annoncé dans l'introduction, par 

le désir de trouver un nouveau traitement biologique contre les maladies cancéreuses. 

Cependant, dans une perspective fondamentale, et afin d'améliorer ce traitement, la 

compréhension des mécanismes de cytotoxicité du choc thermique et l'effet 

protecteur contre divers type de stress que la thermotolérance pourrait procurer aux 

cellules sont aussi importants. 

I-Mécanismes de toxicité du choc thermique: l'activation de la voie 

mitochondriale est amplifiée par J'induction de la voie du récepteur de mort Fas: 

L'étude des effets du choc thermique a débuté il y a plusieurs années. 

Cependant, bien que de nombreux travaux ont montré que l'hyperthermie pourrait 

servir comme adjuvant aux autre possibilités thérapeutiques (Hermisson and Weiler 

2000; Romanucci, Marinelli et al. 2006; Calderwood and Ciocca 2008), très peu 

d'études ont investigué en détail les mécanismes moléculaires et biochimiques de la 

toxicité du choc thermique. Nous pouvons ainsi décidé d'approfondir nos 

connaissances sur l'hyperthermie afin de mieux s'en servir en clinique. A cette fin, 

nous avons fait des tests de toxicité à 43°C sur diverses lignées cellulaires (les 

cellules d'une lignée de carcinome malpighien épidermoïde du col de l'utérus de type 

HeLa, cellules de l'ovaire du hamster chinois CHü, cellules cancéreuses pulmonaires 

A549, cellules cancéreuses de la vessie T24). Les résultats obtenus montrent qu'à 

partir de 60 minutes une perte importante de la viabilité se manifeste chez toutes les 

lignées cellulaires testées (Figures 10.1 et 10.2). Cependant, les mêmes cellules, pré­

incubées pendant trois heures à 40°C éprouvent une résistance marquante à un choc 

thermique subséquent. Le développement d'une telle résistance est accompagné par 

l'augmentation du niveau d'expression de plusieurs protéines de choc thermiques 

entre autre: la HSP 27, 32, 60, 70, 90 et 110. Le degré de thermo-résistance varie 
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d'un type cellulaire à un autre, ce qUI suscite un intérêt grandissant pour le 

phénomène de thermotolérance, ses mécanismes, ses conséquences et comment en 

profiter. En effet, la résistance des cellules rendues thermotolérantes ne se limite pas 

au choc thermique mais également à d'autres types de stress, notamment le stress 

oxydatif, puisque l'induction des protéines du choc thermique s'avère, selon plusieurs 

travaux de recherches, responsables d'un phénomène de tolérance au stress oxydatif, 

au stress des métaux lourds et aux radiations (Sherman and Multhoff 2007; Asea 

2008). Bien que la majorité de ces études réussissent à induire l'expression des HSPs, 

des altérations de la viabilité de cellules est souvent la limite de ces méthodes malgré 

la courte durée d'exposition. En effet, l'augmentation du niveau d'expression des 

HSPs s'accompagne de la perte de viabilité cellulaire si la thermotolérance est induite 

à de fortes températures (2:45°C). 

Des travaux plus approfondis sur la lignée cancéreuse HeLa ont permIs de 

déterminer que le choc thermique induit la mort cellulaire par apoptose à des 

températures inférieures à 45°C. Au delà de 45°C, la mort cellulaire est 

majoritairement nécrotique. Des résultats similaires ont été obtenus chez la lignée 

cellulaire non cancéreuse mais immortalisée CHO. De plus, le choc thermique induit 

les trois voies de l' apoptose, à savoir la voie mitochondriale, la voie du RE et la voie 

extrinsèque médiée par le récepteur de mort Fas. L'étude des voies intrinsèque dans 

un premier temps, et extrinsèque dans un deuxième temps, a donc été effectuée dans 

le but de déterminer le mécanisme exact de cytotoxicité du choc thermique. Nous 

avons également mis en évidence l'ordre d'événement menant à l'apoptose suite au 

choc thermique. Ceci nous a permis d'établir un modèle de signalisation de 

l'apoptose induite par l'hyperthermie létale. Trois voies d'apoptose sont induites suite 

à l'exposition au choc thermique: une voie mitochondriale précoce, qui survient suite 

à la chute du potentiel membranaire et la libération du cytochrome c de la 

mitochondrie. Suite au relargage du cytochrome c, la caspase 9 est activée et résulte 

en l'activation de la caspases-3 et au clivage de PARP et de l'ICAD. 
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La deuxième voie apoptotique est déclenchée par le récepteur de mort Fas. Elle est 

caractérisée par l'activation des caspases 8, 10 et 2 et le clivage de Bid. La 

translocation de Bid tronqué au niveau de la mitochondrie amplifie la voie intrinsèque 

de l'apoptose. Or l'activation de la caspase 8 pourrait se manifester suite à l'induction 

du récepteur Fas, du récepteur TNF ou également de la protéine Bap31, localisée au 

niveau du RE (Chandra, Choy et al. 2004). De ce fait, pour déterminer laquelle des 

voies est responsable de l'induction de l'activité de la caspase 8, nous avons utilisé un 

antagoniste du récepteur Fas (Kp7-6) qui se lie avec une affinité comparable au 

récepteur et à son ligand. Les résultats ont montré une inhibition complète de 

l'activité de la caspase 8, ce qui laisse présumer que l'activation de cette dernière 

survient suite à la trimérisation du récepteur de mort Fas après l'association avec son 

ligand. Des analyses par immunoprécipitation ont démontré la formation du 

complexe de signalisation (DISe) suite au recrutement de la protéine adaptatrice 

FADD et de la procaspase 8 à la membrane. Ceci explique le clivage de la procaspase 

8 et l'augmentation de l'activité enzymatique de la caspase 8 observée par western 

Blot et spectrofluorométrie, respectivement. De même, le clivage de Bid en tBid au 

niveau du cytosol et l'augmentation du taux d'expression de ce dernier dans la 

fraction mitochondriale ont effectivement confirmé l'activation de la caspase 8 par la 

voie du récepteur de mort Fas. Cette conclusion tient sa validité du fait que 

l'inhibition de Fas par Kp7-6 a inhibé ['activité de la caspase 8 et que l'inhibition de 

l'activité de cette dernière a inhibé le clivage de Bid, aussi inhibé par Kp7-6. Nous 

avons également observé une baisse de la quantité de Bax transloqué au niveau de la 

mitochondrie et une réduction du taux de cytochrome C relâché dans le cytosol. Dans 

le même ordre d'idée, l'antagoniste de Fas et l'inhibiteur spécifique de la caspase 8 

ont également réduit l'activité des caspases 9 et 3 de même que le taux de clivage 

d'ICAD et de PARP. Le taux de condensation de chromatine et le nombre de cellules 

apoptotiques ont également baissé suite à l'utilisation de ces inhibiteurs. Ceci permet 

de répondre au point soulevé par le premier objectif de cette étude qui teste 
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l'hypothèse d'une stimulation d'une voie mitochondriale indépendante de la voie du 

récepteur Fas par le choc thermique mais que celle-ci l'amplifie. 

Il est important de mentionner que l'utilisation de l'inhibiteur général des 

caspases (Z-VAD) a baissé le taux de cellules apoptotiques et nous a permis de 

conclure que la condensation de la chromatine est caspase-dépendante. Cependant, 

alors qu'environ 40 % des cellules sont apoptotiques à 42 et 43°C après seulement 

deux heures d'exposition au choc thermique, environ 45 % des cellules meurent par 

nécrose à 45°C, comme le montre le marquage à l'iodure de propidium. Cette 

observation semble indiquer les limites à atteindre lors d'un traitement du cancer par 

l'hyperthermie afin d'éviter l'établissement d'une réaction inflammatoire dans le 

tissu traité. 

2-Mécanismes de toxicité du choc thermique: la génération de ROS: 

Par ailleurs, nos travaux démontrent clairement pour la première fois 

l'implication des ROS dans l'induction de l'apoptose par le choc thermique. À ce 

chapitre, bien qu'elles soient peu nombreuses, les études sur la toxicité du choc 

thermique, démontrent que chez certaines lignées cellulaires, le taux de ROS peut 

augmenter suite à l'exposition des cellules à des hautes températures (Flanagan, 

Moseley et al. 1998; Lord-Fontaine and Averill 1999; Moriyama-Gonda, Igawa et al. 

2000). Toutefois, la génération des ROS peut résulter d'un dysfonctionnement de la 

chaine respiratoire mitochondriale, ou d'activité enzymatique touchant la NADPH 

oxydases, les lipoxygénases ou les NO synthétases (Rutkowski, McNamee et al. 

2007). Les ROS peuvent également faciliter la perturbation de la membrane 

mitochondriale et favoriser ainsi l'ouverture des canaux (Kim, Emi et al. 2006). 
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Ainsi, les sources de générations intracellulaires des ROS pourraient être étudiées 

afin de déterminer leur implication dans les mécanismes de toxicité du choc 

thermique et leurs rôles dans la génération des céramides. 

3-Mécanismes de toxicité du choc thermique: l'activation des MAP 

kinases: 

À la manière de p53, les ROS sont également connus pour stimuler l'activité 

de nombreuses kinases faisant le lien entre la voie extrinsèque et la voie intrinsèque 

de l'apoptose. En effet, depuis leur découverte et jusqu'à tout récemment, on 

considérait les protéines MAP kinases à l'image d'un système de signalisation 

contrôlant plusieurs événements dans la cascade signalétique de l'apoptose et qui sont 

activées par plusieurs stress, entre autres le stress oxydatif. C'est pourquoi on confère 

aux ROS un rôle majeur dans l'activation et l'entretien des voies de signalisation 

impliquant les MAP kinases. Il a été démontré par de nombreuses études que 

l'exposition au choc thermique induisait l'activation des MAPKs suite à une 

interaction entre les domaines de mort des caspases (DED) et certaines MAP kinases 

(comme la JNK) ou d'autres protéines kinases (ASK-l) (Temkin and Karin 2007). 

Nos résultats semblent être en harmonie avec ces travaux. 

Dans un premier temps, nous avons investigué le rôle du choc thermique dans 

l'activation de JNK. Nous avons démontré que l'exposition au choc thermique 

provoquait la phosphorylation de JNK suite au recrutement de Daxx au récepteur de 

mort Fas, résultant en l'activation de la protéine Ask-l. L'activation de la voie de 

JNK conduit à la translocation de Bax vers la mitochondrie et le relargage de 

cytochrome c. Cependant, le prétraitement à l'inhibiteur de JNK (PD98059) avant 

l'exposition au choc thermique, protège les cellules HeLa contre la translocation de 

Bax à la mitochondrie, la chute du potentiel membranaire et le relargage du 

cytochrome c sans pour autant restaurer la sensibilité des cellules à l'induction de 
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l'apoptose par le choc thennique (activation de caspase-3 et condensation de la 

chromatine). 

L'activation de la voie de p38 quant à elle, sensibilise les cellules aux effets 

cytotoxiques du choc thermique en phosphory1ant Bel-2, ce qui l'amène à sa 

dégradation. L'exposition des cellules HeLa à l'inhibiteur de p38 (SB328020) avant 

le traitement au choc thermique, a protégé les cellules contre la dégradation de BcI-2 

mais ne les a pas protégé contre la chute du potentiel membranaire, ni le relargage du 

cytochrome c dans le cytosol. Similairement, l'inhibiteur de la p38 n'a pas inhibé les 

événements apoptotique survenus en aval du relargage du cytochrome c (activation 

de caspase-3 et condensation de la chromatine). De plus, la translocation de p38 au 

niveau du noyau suggère qu'elle joue un rôle dans la transcription de facteurs pro­

apoptotiques. En effet, il a été démontré que l'activation de p38 induit la synthèse des 

cytokines pro-inflammatoires comme le TNF-a, l'ILl, l'IL6 et l'IL8 soit par activation 

directe de la transcription des gènes soit par stabilisation de l'ARNm via son substrat 

MAPKAK 2 (MAP kinase-activated protein kinase 2)(Schindler, Monahan et al. 

2007). 

Sachant que l'activation des MAP kinases pourrait survellir suite 

à l'augmentation du taux des radicaux libres qui dérivent de l'accumulation des 

céramides (Ballou, Laulederkind et al. 1996; Ruvolo 2003); le lien entre ces trois 

facteurs pourrait amener une explication plus profonde des mécanismes de toxicité du 

choc thermique. En effet, il a été démontré que les céramides ou leurs métabolites 

peuvent agir comme des seconds messagers interagissant avec la signalisation MAP 

kinases. La sphingosine, par exemple, est capable d'orienter la cellule vers l'apoptose 

en activant la voie des JNK (Westwick, Bielawska et al. 1995; Coroneos, Wang et al. 

1996; Verheij, Bose et al. 1996; Shen, Godlewski et al. 2003). Des études ont montré 

que d'autres métabolites des céramides entre autre, les gangliosides D3 (GD3), 

peuvent s'accumuler à la surface des mitochondries et d'activer la voie intrinsèque de 



371 

l'apoptose en stimulant la génération des ROS (Garcia-Ruiz, CoieU et al. 1997; De 

Maria, Rippo et al. 1998; Rippo, Malisan et al. 2000; Malisan and Testi 2002). 

A part, leurs actions indirectes, les céramides peuvent transmettre un signal 

pro-apoptotique par action directe en stimulant les protéines kinases activées par les 

céramides (CAPK pour: Ceramide activated protein kinase) (Mathias, Dressler et al. 

1991; Mathias and Kolesnick 1993) et les protéines phosphatases activées par les 

céramides (CAPP pour Ceramide activated protein phosphatase) (Dobrowsky and 

Hannun 1993). Une fois activées, ces enzymes transmettent le signal de mort selon 2 

voies distinctes. La première implique le facteur de transcription c-Jun. En effet, les 

protéines CAPKs activent JNK qui a son tour phosphoryle et active c-Jun résultant en 

l'induction l'expression de plusieurs facteurs pro-apoptotiques entre autre Bax et p53, 

(Sawai, Okazaki et al. 1995; Kondo, Matsuda et al. 2000; Ruvolo 2001). 

La deuxième voie met en jeu les protéines Bcl-2 et la mitochondrie. En effet, 

au cours du processus apoptotique, l'accumulation intracellulaire de céramides est 

souvent associée à une altération de la fonction mitochondriale, caractérisée par la 

chute du potentiel membranaire, la génération des radicaux libres et la libération de 

facteurs pro-apoptotiques (cytochrome c, A1F, etc) via les pores de transition 

mitochondriaux PTM. Il a été montré notamment que les céramides accumulées dans 

le cytoplasme, via l'activation de CAPP, peuvent inhiber la voie de survie médiée par 

la protéine kinase B (PKB)/Akt. L'inhibition de la voie de survie Akt permet à la 

protéine Bad de se relocaliser au niveau de la membrane mitochondriale et d'établir 

les pores de transition mitochondriaux (Zundel and Giaccia 1998; Salinas, Lopez­

Valdaliso et al. 2000; Zundel, Swiersz et al. 2000). Des expériences complémentaires 

au moyen de l'inhibiteur de céramides permettront de déterminer plus en détaille rôle 

de ces derniers dans la régulation de la cascade apoptotique mettant en jeux les MAP 

kinases. 
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4-Mécanismes de toxicité du choc thermique: la génération des 

céramides pourrait être la clé? 

D'un autre coté, l'augmentation du taux de ROS après le choc thermique nous a 

permis d'orienter nos futures recherches vers la voie du TNFu, TRAIL et la voie des 

sphingomyélines-céramides. Ces voies sont connues pour leur potentiel à générer des 

espèces réactives de l'oxygène (Thevissen, Francois et al. 2006). En effet, Il a été 

démontré que la voie du TNF (Corda, Laplace et al. 2001) et la voie de TRAIL (Lee 

and Amoscato 2004; Moulin, Dumontet et al. 2007) induisent la génération des 

céramides qui à leur tour induisent la génération de ROS. Le mode d'action et la 

régulation de la production des céramides ont été particulièrement investigués au 

cours des dix dernières années, du fait d'un rôle émergent des céramides comme 

effecteur moléculaire de l'apoptose. Plusieurs études ont montré, en effet, une 

production de céramides intracellulaires dans les cellules apoptotiques, précédant 

l'apparition dcs atteintes biochimiques et morphologiques de J'apoptose, suggérant 

que les céramides peuvent être impliquées dans la transduction du signal menant à la 

mort cellulaire (Hannun 1996; Kolesnick and Kronke 1998; Mathias, Pena et al. 1998; 

Massiello, Salas et al. 2004). D'autres études suggèrent que les céramides peuvent 

avoir une action directe sur les mitochondries en stimulant le relargage du 

cytochrome c (Garcia-Ruiz, Mari et al. 2000). L'accumulation de céramides au 

niveau de la membrane mitochondriale peut aussi mener au découplage des 

complexes de la chaîne respiratoire menant à la formation de radicaux libres (Garcia­

Ruiz, Colell et al. 1997; Michel, van Echten-Deckert et al. 1997). 

L'accumulation de céramides résulte de l'activation de la biosynthèse de novo ou 

de 1'hydrolyse de sphingomyéIines par diverses sphingomyélinases. Les céramides 

générées de novo s'accumulent majoritairement au niveau du feuillet membranaire 

cytoplasmique du réticulum endoplasmique du fait de la présence à ce niveau 

d'enzymes intervenant dans le métabolisme des céramides, à savoir la désaturase et la 

dihydrocéramide réductase (Michel, van Echten-Deckert et al. 1997). On retrouve 
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également, en fonction du type cellulaire, une accumulation de céramides associées à 

une activité sphingomyélinase dans les lysosomes (ASMase) (Kanfer 1965), le noyau 

(NSMase) (Tamiya-Koizumi, Umekawa et al. 1989; Alessenko and Chatterjee 1995) 

et les mitochondries (NSMase) (Birbes, El Bawab et al. 2001). 

L'activation de ces voies enzymatiques peut être modulée par des stimuli 

physiologiques ou environnementaux. Il a été démontré que la voie de synthèse de 

novo peut être activée après stimulation au TNF-a (Xu, Yeh et al. 1998) à la 

daunorubicine (Bose, Verheij ct al. 1995), l' hcxadccylphosphocholinc (Wieder, 

Orfanos et al. 1998) l'étoposide (Perry, Carton et al. 2000), les radiations ionisantes 

(Farrell, Uchida et al. 1998), les Iymphotoxines (Plo, Ghandour et al. 1999), et 

également le choc thermique (Chang, Abe et al. 1995; Kondo, Matsuda et al. 2000). 

Ces stimuli se traduisent par l'augmentation de l'activité des enzymes sérine­

palmitoyl transférase et céramide synthéase associées généralement à une 

augmentation de leur niveau d'expression, suggérant l'implication de certains 

facteurs transcriptionnels comme p53 (Paumen, Ishida et al. 1997; Kolettas, Skoufos 

et al. 2006; Temme, Rodriguez et al. 2007). Ainsi, il serait intéressant d'étudier les 

mécanismes moléculaires conduisant à la génération de céramides par le choc 

thermique (en particulier le rôle de TNF-a) et d'identifier leurs mécanismes de 

toxicité et leur implication dans la toxicité du choc thermique. 

5-Mécanismes de toxicité du choc thermique: Activation de la voie du RE: 

Nos résultats viennent soutenir d'autres études montrant le rôle du choc 

thermique dans l'activation des protéines kinases que ce soit libre dans le cytosol ou 

ancrée à des membranes comme la PERK impliquée dans le stress du réticulum 

endoplasmique. PERK est connu pour phosphoryler le facteur de transcription eIFa 

lors d'un stress du RE. Cependant, il a été démontré que l'exposition des cellules 

CHO à des températures élevées cause en plus de l'arrêt de la synthèse des protéines, 

la phosphorylation et l'activation de eIFa (Murtha-Riel, Davies et al. 1993). Par 
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ailleurs, d'autres travaux ont montré le rôle du choc thermique dans la perte de 

l'homéostasie calcique (Drummond, McClure et al. 1986; Stevenson, Calderwood et 

al. 1986; Stevenson, Calderwood et al. 1987; Drummond, Livingstone et al. 1988; 

Mikkelsen, Reinlib et al. 1991). La phosphorylation du facteur elFa et la perte de 

l'homéostasie calcique observée par ces auteurs et l'induction de l'apoptose observée 

dans nos travaux suggèrent qu'un choc thermique doux induit un stress du RE alors 

qu'un choc thermique assez rigoureux induit l'apoptose médiée par le RE. Nous 

avons donc focalisé nos recherches sur le rôle du choc thermique dans l'induction de 

l'apoptose via le RE. 

Ainsi, nous avons commencé par étudier les protéines dont l'expression 

change lors de l'apoptose médiée par le RE. Les deux protéines étudiées sont la 

chaperonne Bip et le facteur de transcription CHOP. Une augmentation significative 

de leur niveau d'expression a été observée après trois heures de choc thermique. Nous 

avons également observé une augmentation de l'activité des caspase 4 et 12 et nous 

avons conclu que le choc thermique induit un stress du RE assez important pour 

induire une mort cellulaire par apoptose. 

D'un autre coté, sous l'effet du choc thermique, l'homéostasie calcique est altérée 

lors d'une exposition des cellules au choc thermique, résultant en l'activation des 

cystéines protéases dépendantes du calcium (les calpaïnes) et leur translocation au niveau 

des membranes. L'utilisation des chélateurs de calcium (BAPTA et BAPTA-AM) a 

démontré l'importance du calcium à la fois intracellulaire et extracellulaire dans le 

déroulement du processus apoptotique, en particulier dans l'activation des calpaïnes, des 

caspases 12 et 4 ainsi que la chute du potentiel membranaire. Ces résultats sont également 

en accord avec d'autres études sur le rôle du calcium dans la régulation du processus 

apoptotique et fournissent davantage d'évidence en faveur de l'hypothèse que le 

mouvement de calcium du RE vers les mitochondries était un processus important dans 

l'induction de l'apoptose (Scorrano 2003; Scorrano and Korsmeyer 2003; Scorrano, Oakes 

et al. 2003) et l'activation des MAP kinases (Kim and Sharma 2004). 
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Sachant que la signalisation calcique contrôle différentes fonctions cellulaires 

ineluant l'apoptose, il n'est donc pas surprenant que la famille Bel-2 joue un rôle dans la 

régulation de 1'homéostasie calcique. En effet, des études ont démontré que les protéines 

de la familles Bel-2 insérée dans des couches bilipidiques du RE ou de la mitochondrie 

pouvait fonctionner comme un vrai canal ionique (Webster, Graham et al. 2006; Hanson, 

Bootman et al. 2008), et qu'elle pouvait à la fois modifier l'homéostasie calcique et avoir 

un rôle anti et pro-apoptotique (Lao and Chang 2007). Nos résultats montrent une 

augmentation de l'expression de deux membres de la famille Bel-2, Puma et Noxa et leur 

translocation au niveau du RE. Nous avons également observé une baisse d'expression du 

taux de Bel-2 et Bel-xL au niveau des membranes du RE et de la mitochondrie. Le taux de 

Bak, Bax, Bik et Bim par contre, n'a pas augmenté dans le lysat cellulaire total, mais un 

changement de localisation a tout de même été observé: tous les quatre se sont relocalisés 

au niveau des membranes du RE et de la mitochondrie, à l'exception de Bim qui est 

transloqué uniquement au niveau de la mitochondrie. L'ensemble de ces analyses se 

résume en un « débalancement» du ratio des protéines pro/anti-apoptotiques au niveau 

des deux organelles, en faveur des BH3 pro-apoptotiques seulement. Les conséquences 

de tels événements sont néfastes pour la cellule et se traduisent par une perméabilisation 

des membranes du RE et de la mitochondrie de même qu'une libération des facteurs 

proapoptotiques qui y résident (calcium du RE et de la mitochondrie, cytochrome C et 

autres facteurs de la mitochondrie). 

Par ailleurs, Il a été démontré qu'un stress du RE active la caspase 8 via la protéine 

Bap31 (Breckenridge, Nguyen et al. 2002). Cependant, l'inhibition de la voie du 

récepteur Fas inhibe complètement l'activité de la caspase 8, ce qui suggère que dans 

le cas du choc thermique, l'activation de la caspase 8 par le choc thermique est due 

uniquement à l'activation du récepteur de mort Fas. 

La chute du potentiel membranaire, l'activation de la caspase 3 et la condensation 

de la chromatine en présence des chélateurs de calcium, même si c'est catégorique, 

nous permettent de déduire que premièrement, la chute du potentiel membranaire 
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n'est pas due uniquement à la translocation du calcium au niveau de la mitochondrie, 

et deuxièmement, que l'apoptose induite par le stress du RE n'est pas un facteur 

déterminant dans l'induction de l'apoptose par le choc thermique. 

Sachant que les céramides et les ROS sont tous les deux impliqués dans le stress 

du RE, nous proposons l'hypothèse que le stress du RE est causé, au moins en partie, 

par l'accumulation de céramides. Tout récemment, une publication est parue dans la 

revue «Biochemistry» sur le rôle de céramides dans l'induction d'un stress du 

réticulum endoplasmique via l'hydrolyse de sphingomyélines par les 

sphingomyélinases (Lei, Zhang et al. 2007). Comme mentionné ci-dessus, les 

céramides peuvent s'accumuler au niveau du RE (Michel and van Echten-Deckert 

1997) et par conséquent générer un stress du RE. Une étude très récentes publiée dans 

la revue «Blood» a montré qu'a des fortes concentrations les céramides induisent une 

augmentation de l'expression des protéines du stress du RE (Bip et CHOP) ainsi que 

l'activation de la caspase 4 et de la protéine kinase PERK (Lee, Torchalski et al. 2007; 

Chen, Lin et al. 2008). Dans la même étude les auteurs montrent que l'induction de 

l'apoptose par les céramides fait intervenir également les protéines p38 et ASK-l. 

D'un autre coté, le facteur de transcription CHOP, peu ou non exprimé dans les 

conditions physiologiques normales; est connu pour inhiber l'expression de Bcl-2 et 

augmente la production des ROS (McCullough, Martindale et al. 2001). La 

réalisation d'expériences supplémentaires comme l'inhibition de la génération de 

ROS et des céramides pourrait probablement confirmer leur implication dans 

l'induction de l'apoptose par le choc thermique via le RE. 

6-Mécanismes de toxicité du choc thermique: induction d'un stress du 

noyau: 

L'augmentation importante de J'activité de la caspase 2 (localisée majoritairement 

au niveau du noyau), observée après 2h de traitement au choc thermique pourrait 

ouvrir de nouvelles perspectives à notre compréhension du mécanisme de toxicité du 
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choc thermique. Le clivage de Bid et sa translocation vers la mitochondrie 

surviennent également après deux heures de choc thermique. Plusieurs hypothèses 

concernant l'activation de la caspase 2 et le clivage de Bid ont été avancées et elles 

convergent toutes vers un stress du noyau. De plus, il a été démontré que 

l'hyperthermie (40-46°C) cause une agrégation des protéines au niveau du noyau ce 

qui résulte en un stress du noyau (Lepock 2004; Roti Roti 2008). Ces altérations 

nucléaires conduisent à la libération de molécules apoptogéniques présentes dans le 

noyau (Kouroku, Fujita et al. 2000). D'autre part, le noyau est également un lieu de 

stockage du calcium (Ledeen and Wu 2007). Le stress du noyau peut engendrer une 

perte de l'homéostasie calcique, une activation des endo-nucléases, calcium­

dépendante et d'autres facteurs pro-apoptotiques localisés au niveau du noyau et que 

faute de temps, nous n'étions pas capables d'investiguer ces hypothèses qUI 

représentent les perspectives des prochaines études à venir dans le laboratoire. 

7- Effet protecteur de la thermotolérance induite à 40°C contre 

l'induction de J'apoptose par Je choc thermique: 

L'autre objectif de la présente étude consistait à investiguer le rôle de la 

thermotolérance dans l'inhibition de l'induction de l'apoptose par le choc thermique. 

L'effet protecteur est évident puisque nous avons démontré que la thermotolérance 

protège contre les événements tardifs de l'apoptose. Cependant, les questions 

auxquelles nous devrons répondre sont: 

1­ La thermotolérance inhibe-t-elle l'activation de la voie du récepteur de mort 

fas par le choc thermique? 

2­ La thelmotolérance inhibe-t-elle l'activation des MAP kinases et de la p53? 

3­ A quel niveau de la cascade apoptotique la thermotolérance exerce-t-elle son 

effet protecteur? 
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7-1. La thermotolérance protège contre l'induction de la voie du récepteur de 

mort Fas par le choc thermique: 

Notre étude a permis de conclure que la translocation de FADD au niveau de la 

membrane plasmique, le clivage de la caspase 8 et l'activation de celle-ci ont été 

régulés à la baisse dans des cellules rendues thermotolérantes à 40°C. De plus, dans 

tous les autres événements qui surviennent après la formation de DISC, nous avons 

observé un effet protecteur. Ceci suggère que la thermotolérance prévient les 

mécanismes d'induction de l'apoptose à un stade hâtif. Toutefois, il est admis que 

suite à un choc thermique, certaines protéines du choc thermique subissent un 

changement de localisation cellulaire. La HSP27, par exemple, est relocalisée au 

niveau du noyau et aux membranes plasmiques, ce qui pourrait expliquer la réduction 

du taux d'activation du récepteur Fas. Des études récentes ont montré que HSP90, 

HSP70 et HSP27 peuvent jouer un rôle d'inhibiteur de l'induction de la voie du 

récepteur de mort Fas par différents stress (Mehlen, Schulze-Osthoff et al. 1996; 

Garrido, Ottavi et al. 1997). Cependant les mécanismes impliqués ne sont 

malheureusement pas assez détaillés pour confirmer un rôle direct. 

De même, l'induction de la thermotolérance à 40°C a permis de conférer aux 

cellules un effet de protection contre la stimulation de la voie mitochondriale par un 

choc thermique subséquent sévère. Les effets protecteurs de la thermotolérance ont 

été observés, aussi bien durant les événements précoces de l'apoptose (comme la 

translocation de Bax et le relâchement du cytochrome c), que durant les événements 

tardifs (clivage de PARP et rCAD, condensation de la chromatine et fragmentation de 

l'ADN). Ces résultats semblent confirmer des travaux précédents effectués par 

d'autres équipes de recherches et affirmant que les HSPs, notamment la HSP27 et la 

HSP70 préviennent le relargage du cytochrome c et l'activation de la caspase 9 

(Beere, Wolf et al. 2000; Bruey, Ducasse et al. 2000; Klein and Brune 2002). 

D'autres études ont démontré le rôle des HSPs dans l'inhibition de J'activation des 

caspases en interagissant avec l'apoptosome et/ou la protéine AIF (Ruchalski, Mao et 
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al. 2003; Matsumori, Hong et al. 2005). La HSP70, par exemple est l'une des 

principales protéines régulatrices de l'AIF (Ravagnan, Gurbuxani et al. 2001). 

L'action d'HSP 70 sur l'apoptose s'explique également par l'inhibition de la formation 

de l'apoptosome puisque HSP 70 se lie à Apaf-1. D'un autre coté, Zhao et Wang ont 

montré que la HSP 90 peut inhiber l'induction de l'apoptose par la voie de TNF-Œ en 

prévenant le clivage de Bid (Zhao and Wang 2004), Selon, Bellyei et ses 

collaborateurs la surexpression de la HSP 16.2 (a~-crystalline) protège contre la 

toxicité du taxol et du peroxyde d 'hydrogène. Ses effets protecteurs se manifestent 

par le maintien de l'intégrité de la membrane mitochondriale, la stabilisation des 

radeaux lipidiques, l'activation de la voie de survie Akt via la HSP 90 (Bellyei, 

Szigeti et al. 2007). 

7-2. La thermotolérance protège contre l'activation des MAP kinases par le 

choc thermique: 

Par ailleurs, l'activation des protéines MAP kinases est également un élément 

indispensable pour l'activation de certaines protéines de choc thermique (Kozawa and 

Tokuda 2002). La HSP 27 est, par exemple, activée par la p38 (Zhang, Zhang et al. 

2005). L'inhibition de la p38 résulte en l'inhibition de l'effet protecteur de la HSP27 

et rend les cardiomyocytes vulnérables à la toxicité de la thrombine (Tanabe, 

Akamatsu et al. 2005). En revanche, d'autres études montrent également que les 

HSPs régulent l'activité de certaines MAP kinases. Il a été démontré que la voie 

P13KJAkt contribuait à la stabilisation de HlF-l Œen induisant l'expression des HSPs 

(Hellwig-Burgel, Stiehl et al. 2005; Louapre, Grongnet et al. 2005). Prises dans leur 

ensemble, ces trouvailles proposent des explications à l'effet protecteur de la 

thermotolérance contre l'induction de la voie intrinsèque et la voie extrinsèque de 

l'apoptose. 
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7-3. La thermotolérance protège contre l'induction de l'apoptose via la voie 

duRE: 

Le rôle de la thermotolérance est également évident dans toutes les étapes de 

transduction du signal apoptotique via la voie du RE. Cependant, peu d'études ont 

étudié le rôle de la thermotolérance ou des protéines du choc thermique dans la 

protection contre un stress du RE. Stege et ses collaborateurs ont démontré que la 

thermotolérance protège les cellules HeLa contre l'agrégation nucléaires des 

protéines sous l'effet du choc thermique. De plus, il a été reporté que la protéine 

HSP27 interagit avec le facteur ElF4G lors d'un choc thermique ou un stress oxydatif 

et participe à l'arrêt de la synthèse protéique, ce qui réduit le risque de toxicité dû à 

l'accumulation de protéines à conformations anormales (Cuesta, Laroia et al. 2000). 

Il s'agit de la première étude effectuée in vitro dans le but de montrer le rôle 

protecteur de la thermotolérance induite à un choc thermique doux contre l'induction 

l'apoptose via la voie du RE. Cependant, des études plus poussées sur le rôle exact de 

chacune de protéines HSPs devraient être réalisées pour clarifier leur implication 

dans l'effet protecteur de la thermotolérance. 

7-4. La thermotolérance protège contre la génération des Radicaux libres: 

Nos résultats montrent que chez des cellules HeLa rendues thermotolérantes à 

40°C, la génération des radicaux libres par le choc thermique est régulée à la baisse. 

Cet effet pourrait être dû au rôle protecteur des HSPs puisque plusieurs études ont 

montré que les HSPs diminuent le niveau basal des ROS chez des cellules à l'état 

normal et réduisent le taux de ROS générés dans le cas de stress (Mehlen, Preville et 

al. 1995; Mehlen, Schulze-Osthoff et al. 1996; Garrido, Ottavi et al. 1997). Cela a 

pour effet: la diminution du taux la lipoperoxydation membranaire et le taux 

d'activation de NFKB (Mehlen, Preville et al. 1995). Les HSPs sont également 

connues pour moduler le métabolisme du glutathion. La HSP 27, par exemple, 

favorise l'activité des enzymes impliquées dans le métabolisme du glutathion entre 
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autres; la glutathion réductase, la glutathions peroxydase et la glutathion transférase 

ce qui augmente le rapport GSH/GSSG et réduit le stress oxydatif. 

Finalement, alors que le niveau d'expression des protéines du choc thermique 

chez des cellules tumorales pourrait être plus élevé que chez des cellules normales, ce 

qui pourrait absorber et anéantir les effets d'un traitement de la tumeur par la 

chimiothérapie ou la radiothérapie selon plusieurs études (Hermisson and Wel1er 

2000; Ciocca and Calderwood 2005; Romanucci, Marinelli et al. 2006), Il est 

intéressant de noter que les cellules tumorales HeLa sont sensibles au choc thermique 

et qu'après trois heures à 43°C, au moins 60% des cellules sont mortes par apoptose 

et que le taux de nécrose demeure relativement faible. Cependant l'augmentation du 

taux d'expression des HSPs suite à l'acquisition du phénomène de thermotolérance, 

pourrait anéantir au traitement à l 'hyperthermie si survenu dans les cellules tumorales. 

Les traitements biologiques du cancer sont connus pour stimuler la réponse du 

système immunitaire et pour cibler spécifiquement l'organe atteint. Les effets 

secondaires sont généralement légers, comme il en est de même pour l'hyperthermie. 

Celle-ci pourrait servir comme traitement biologique localisé ou généralisé sans effets 

secondaires qui peut être combiné aux méthodes classiques de traitement du cancer. 

De ce faite, elle pourrait améliorer l'efficacité des autres possibilités thérapeutiques, 

puisqu'elle est capable d'induire dans un temps relativement court la mort d'un 

pourcentage élevé de cellules tumorales par apoptose et à un taux moindre par 

nécrose. Cependant, il est nécessaire d'éviter de développer un état de 

thermotolérance qui protègera les contre la toxicité des autres traitements. 
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Figure 10.1: Test de cytotoxicité: des cellules HeLa(A), CHO (B), T24 (C) et A549 

(D) thermotolérantes et non thermotolérantes ont été exposées au choc thermique 

(43°C) pendant différentes périodes de temps dans du D-mem contenant 10% de 

sérum. Après l'incubation, un volume contenant 400 cellules a été prélevées et 

ensemencé dans des pétris de 60mm2 contenant 5ml de D-mem et 10% de sérum. Les 

cellules ayant survécues au stress se déposent et forment des colonies. Le nombre de 

colonies a été compté après coloration au bleu de mythélène et exprimé par rapport au 

contrôle. 

Figure 10.2: Le choc thermique induit la condensation de la chromatine : La 

condensation de la chromatine a été détectée à l'aide de la méthode de Hoechst 32558. 

Des cellules HeLa (AI-4), CHO (Bl-4) T24 (CI-4) et A549 (Dl-4) thermotolérantes 

(3-4) ou non (1-2). Ont été exposées pendant deux heures à 43°C, puis marquée 

pendant 20min avec du Hoechst 32558 (50f.lg/ml). Avant observation au microscope 

50f.lg d'iodure de propodium ont été ajouté. Au moins 200 cellules ont été observées 

(X40) pour chacune des images. Le nombre de cellules apoptotique (bleues) et 

nécrotiques (rouge) a été compté et exprimé par rapport au contrôle (37°C). 
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Figure 10.3: Mécanismes moléculaires d'induction de l'apoptose par le choc thermique 
chez des ceDules Hela 
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Shock-Induced Apoptosis 
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Apaptosisconstitules a response of organisms to various physiological or palhological stimuli, and to differenl stresses. The ability of 
lhermotolerance induced at a mild lemperature of 40°C ta proteCI against activation af the apoptotic cascade by heat shock was 
investigated. When Chinese hamster ovary and human adenocarcinoma cervical cells were pretreated al 40°C for 3 h, lhey were 
resislant to subsequent lethal heat shock at 43°(, Induction of thermOlolerance at 40°C led to increased expresssion of heat shack 
protei ns 27, 32, 72, and 90. Heat shock induced apoptalic events at the mitochondriallevel, involving a decrease in membrane 
pOlential, translocation of Bax 10 milochondria, and liberalion of cylochrome cinto lhe cylosol. These evenls were diminished in 
thermotolerant cells. Heal shock (42-45°C) caused aclivation of inilialor caspase-9 and erreclor caspases-3, -6, and -7, relalive 10 
contrais al 37°(, Aclivalion of caspases was decreased in lhermotolerant cells. Heal shock caused fragmentation of the caspase 
substrate, inhibitor of caspase-aclivaled DNase. Fragmenlalion was diminished in lhermololerant cells. Thermotolerance afforded 
protection against heal shock-induced nuclear chromalin condensation, but not against necrosis. J. Cell. Physiol. 205: 47 -5 7, 
2005. © 2005 Wiley-Liss, Ine. 

Long term objectives in cancer research are to be able 
ta control or eliminate ail cancers. To achieve these 
goals, new treatment strategies have continued to 
appear du ring the past decades, in addition to surgery, 
radiation, and chemotherapy. Hyperthermia is among 
the innovative methods of cancer treatment, mainly as 
an adjuvant to radiotherapy and chemotherapy (Hahn 
and Li, 1982). Many in vitro and in vivo studies have 
shawn the benefits of hyperthermia (Liu and Wilson, 
1998). Regional hyperthermia has the potential to 
increase cytotoxic effects of radiation or chemothera­
peutie agents within the tumor volume, without increas­
ing normal tissue toxicity. Hyperthermia kills tumor 
cells by heating them to a few degrees above physiolo­
gical temperatures (Van der Zee, 2002; Wust et al., 
2002). Hyperthermia itself kills cells starting at 41.8°C. 
In the clinic, this technique is applied in combination 
with cytotoxic agents by localized heating of the tumor 
region at higher temperatures such as 42-43°C for 1-2 h 
or by milder heating at 39.5-41cC for longer times (6­
24 hl. The latter, whole body hyperthermia, is often used 
to treat carcinomas with distant metastases. To date, at 
least 18 randomized studies have demonstrated that the 
combination ofhyperthermia with either radiotherapy, 
chemotherapy, or both, led to improved clinical outcome 
(Van der Zee, 2002). This was demonstrated for cancers 
of the head and neck, breast, brain, rectum, cervix, 
oesophagus, lung, vulva/vagina and for melanoma. 

Exposure to elevated temperatures leads to develop­
ment of heat resistance, known as thermotolerance 
(Subjeck et al., 1982). Thermotolerance is related to the 
capacity ofcells to survi.ve or to recover from exposures to 
lethal heat shock. It can also protect cells and tissues 
against damage caused by other forms of stress such 
as oxidative stress (Gill et al., 1998; Martindale and 
Holbrook, 2002) and environmental stressors. Two types 
ofthermotolerance exist. Thermotolerance can be devel­
oped at lethal temperatures (43-45C C), although cells 
must be returned to physiological temperature (37°C) for 
several hours. During this time, protein synthesis is 
inhibited. When protein synthesis recommences, cells are 

© 2005 WILEY-LISS, INC. 

resistant to subsequent lethal heat shock. Thermotoler­
ance can also develop during continuous heating (e.g., 
24 h) at non-Iethal temperatures (39.5-41HC) (Field 
and Anderson, 1982; Przybytkowski et al., 1986). At mild 
temperatures such as 40°C, protein synthesis is not 
inhibited, but continues throughout the heating period 
(Przybytkowski et al., 1986). Thermotolerance is tran­
sient and generally declines within several days. 

Mammalian cells respond to environmental stress by 
activating heat shock transcription factors (e.g., Hsfl), 
that regulate increased synthesis of HSPs. Thermo­
tolerance is at least partially associated with the induc­
tion of heat shock proteins (HSPs), especially HSP72 
(Landry et al., 1982; Li and Werb, 1982; Mizzen and 
Welch, 1988). Acquisition of thermotolerance required 
Hsfl-mediated gene expression, since Hsfl (-/-) cells 
could not develop thermotolerance and were not able to 
resist heat-induced apoptosis (McMillan et al., 1998; 
Luft et al., 2001). However, evidence that HSPs are 
responsible for thermotolerance is correlative rather 
than causal. Furthermore, several studies reported that 
thermotolerance can develop in the absence of cellular 
HSP induction (Kregel, 2002). 
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Sorne HSPs are constitutively expressed, whereas 
others are induced by stress. Stress-induced HSPs can 
protect cells against damage by preventing protein 
denaturation and by repairing denatured proteins in 
order to restore their biological functions (Parsell and 
Lindquist, 1993). HSPs also confer resistance to various 
kinds of stress such as oxidative stress and heat shock 
(Huot et al., 1991; Martindale and Holbrook, 2002). They 
also play a complex l'ole in apoptosis. Certain HSPs such 
as HSP27, HSP72, and HSP90 can inhibit apoptosis, 
whereas HSP60 can promote apoptosis (Sreedhar and 
Csermely, 2004). The protective effect of HSPs against 
various types of stress and their mode of action is 
complex and not entirely understood. 

The ability of thermotolerance induced at mild 
temperatures to protect against apoptosis has received 
little attention. Mild temperatures are physiological 
and accur during fevers. They are also achieved during 
hyperthermia treatment in the clinic. This study inves­
tigates the protective effect of thermotolerance devel­
oped at 40°C against apoptosis induced by lethal 
temperatures (42-45 C C) in Chinese hamster ovary 
(CHO) cells and in human cervical carcinoma (HeLa) 
cells. We also determine whether certain HSPs are 
induced du ring mild heating at 40c C. Apoptotic events 
were evaluated at the level of mitochondria, caspases 
and cleavage of caspase substrates. 

MATERIALS AND METHODS
 
Cell culture
 

HeLa (ATCC no. CCL-Z) and CHa (Ling and Thompson, 
1974) cells were grown in monolayer in Eagle's modified 
Dulbecco medium and minimum essential medium-ex, respec­
tively, plus 10% fetal bovine serum (Gibco Canada, Burlington, 
ON) containing 1% penicillin (50 U/ml)/streptomycin (50 ~Ig/ 
ml) (Flow Laboratories, Mississauga, ON) (Lord-Fontaine and 
Averill-Bates, ZOOZ). Cells were maintained in 50 ml ofmedium 
in 75 cmz tissue culture flasks <Sarstedt, Saint-Laurent, QC, 
Canada) at 37°C in a humidified atmosphere of 5% COz. Cells 
were grown to confluence (stationary phase of the cell cycle), at 
which point the culture medium was changed. To induce 
thermotolerance, confluent cells were transferred to an iden­
tical incubator for 3 or 6 h at 40 ± 0.1oC, following a period ofZO 
min to allow the temperature of the culture medium to reach 
40'C (Przybytkowski et al., 1986). Cells that were maintained 
at 37°C and 40°C were harvested using phosphate-buffered 
saline(PBS)·citrate(O.015M sodium citrate) (CHa) and 0.5 mg/ 
ml trypsin; O.Z mg/ml EDTA in PBS (HeLa) and washed by 
centrifugation (1000g, 3 min). There was no loss ofcel! viability 
in cells heated at 40°C for 3 or 6 h, evaluated by trypan blue 
exclusion (data not shown). 

Cytotoxicity 

Cyloloxicity was evaluated using sulforhodamine B (Sigma 
Chemical Co., St. Louis, MO) to stain cellular protein (Kast and 
Gros, 1998). Freshly harvested thermololerant or non-thermo­
tolerant cells (5 x 103/ml) were heated at 43°C in temperature­
controlled water baths (Haake D8, Fisher Scientific, Montreal, 
Canada), with a temperature precision of ±O.OzoC. Under 
these conditions, 1ml ofcell suspension reached a temperature 
wilhin O.l°C of the water bath temperature within 3 min. The 
time for heat shock treatment was calculated after the 3 min 
heating period. ACter the appropriate time (0-lZ0 min), cells 
were diluted and then incubated in a 96-well microplate at 
37"C. ACter 3 days, medium was replaced with trichloroacetic 
acid (17% in PBS) for 1 h at 4°C. Subsequently, cells were 
stained using sulforhodamine B (0.4%) in 1% acetic acid at 
Z2'C. ACter 10 min, excess color was removed and stained cells 
were dissolved in ZOO l.JI of 10 mM Tris (pH 9). Absorbance at 
540 nm represented the density of cells that survived the heat 
treatment. The proportion ofsurviving ceIls was expressed as a 
percentage of cells in the untreated control. 

WesteITl blot analysis of HSPs and inhibitor 
of caspase-activated DNase (ICAD) 

For HSPs, cells were harvested after the appropriate time 
(0-6 h) at 37°C or 40°C. For ICAD, thermotolerant and non­
thermololerant cells were harvested and heated (37-45°C) for 
Z h in temperature-controlled water baths (±O.OZOC). Cells 
were then centrifuged and Iysed in 500 III oflysis buITer (Samali 
et al., 1999) containing 100 mM sucrose, 1 mM EGTA, ZO mM 
MOPS, 0.1 mM dithiothreitol (DTT), 5% freshly added percoll, 
0.01 % digilonin, 1mM phenyl-methyl-sulfonyl fluoride 
(PMSF), and 100 Ill/10ml of cocktail of protease inhibitors pH 
7.4. Thereafter, debris, unbroken cells, and nuclei were 
removed by centrifugation (10,000g, 10 min). Protein concen­
tra tions were determined according to Bradford (1976). 30 pg of 
protein were solubilized in sample buITer (Laemmli, 1970), 
separated by SDS-polyacrylamide gel electrophoresis (SDS­
PAGE) (8%-lZ%) and transferred to polyvinyl difluoride 
(PVDF) membranes using a Milliblot Graphite Electroblotter 
1 apparatus (Millipore, Bedford, MA) (Turcotte and Averill­
Bates, ZOO1). Membranes were probed with the following 
primary antibodies: HspZ7 LZR3 (gift from Dr. Jacques 
Landry, Centre de recherche, Hotel-Dieu de Québec, QC, 
Canada), HSPZ7 (1:1000), HO-1/HO-Z (1:500), HSP70/Hsc70 
(1:Z000), HSP90 (1: 1000) (Stressgen, Victoria, BC, Canada) 
and polyclonal rabbit anti-ICAD antibody (1:1000) (Santa Cruz 
Biotechnology, Inc., Santa Cruz, CA). Secondary antibodies 
used were goat horseradish peroxidase (HRP)-conjugated 
polyclonal anti-mouse IgG (1:1000) for HSPZ7, HSP70/Hsc70, 
and HSP90 or HRP-conjugated rat MAb-anti-rabbit IgG 
(1:1000) (Biosource, Camarillo, CA). Membranes were incu­
bated in ECL-Plus chemiluminescence reagent (Amersham 
Biosciences Corp., Piscataway, NJ) and films (Fuji medical 
X-ray film, Düsserldorf, Germany) were scanned with a Laser 
Scanning Densitometer (Alpha Innotech Corp., San Leandro, 
CA). HSP protein expression was quantified using IPGEL 
software, relative to actin or tubulin loading controls. 

Membrane potential 

Thermololerant and non-thermotolerant CHa and HeLa 
cells were harvested and heated (37-45°C) for 1 h in 
temperature-controlled water baths (±O.OZOC). Rhodamine 
1Z3 (0.8 IlM) (Molecular Probes, Eugene, OR) was added for 
5 min at ZzoC. Cells were washed three times by centrifugation 
(Z,500g, 3 min) and resuspended in 1 ml of cold PBS. Milo­
chondrial membrane potential was determined by flow 
cytometry at 530 nm using a FacScan (Becton Dickinson, San 
Jose, CA) (Darzynkiewicz et al., 199Z). Cell viability was 
monitored using propidium iodide at 585 nm. 

Subcellular fractionation and Western blot 
analysis of Bax and cytochrome c 

ACter 30 or 60 min of heating (37-45°C) in temperature­
controlled water baths (±O.OZOC), thermotolerant and non­
thermotolerant cells were centrifuged (2500g, 3 min) and 
resuspended in 500 III of Iysis buffer (see HSPs). Membranes 
were broken using a dounce homogeniser (50 strokes/sample). 
Debris, unbroken cells and nuclei were removed by centrifuga­
tion (10,000g, 10 min) and supernatants were then centrifuged 
(15,000g, 15 min) to separate mitochondria. Supernatants 
were centrifuged (100,000g, 1 h) to separa te cytosolic and 
nucleosomal fractions (Jurkiewicz et al., Z004). Mitochondrial 
fractions were resuspended in lysis buffer (300 mM sucrose, 
1 mM EGTA, ZO mM MOPS, 0.1 mM DTT, 100 pl/10 ml of 
cocktail ofprotease inhibitors, pH 7.4). Proteins (30 Ilg) from 
mitochondrial and cytosolic fractions were separated by SDS­
PAGE (1Z% for Bax; 15% for cytochrome c) and transferred to 
PVDF membranes. Membranes were probed with mouse anti­
cytochrome c monoclonal antibody (1:1000) (BD Biosciences, 
Mississauga, ON) or rabbit polyclonal anti-Bax antibody 
(1:2000) (Santa Cruz Biotechnology, Inc.) and then with an 
appropriate HRP-conjugated second antibody (1:1000). Purity 
of cytoplasmic and mitochondrial fractions was verified using 
antibodies to GST1l1 (Calbiochem, La Jolla, CA) and cyto­
chrome c oxidase, respectively (Molecular Probes). 
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Caspase activity A 100 CHO 
Freshly harvested cells were heated (37-45°C) for 1 h 

(caspase-9) or 2 h (caspase-3, -6, and -7) in temperature­
controlled water baths (±0.02°C). Cells were then centrifuged 
usinga microfuge (3000 l'pm, 3 min) and resuspended in 50 ~tl of 
reaction buffer (20 mM piperazine-N,N'-bis(2-ethanesulfonic 
acid) (PIPES), 100 mM NaCI, 10 mM D'IT, 1 mM EDTA, 0.1% 
3- [(3-cholamidopropyi)-dime thy lammonio]-2-hydroxy-1-pro­
pane-sulfonic acid (CHAPS), 10% sucrose, pH 7.2) (Stennicke 
and Salvesen, 1997). Cells were Iysed at -20°C for 10 min and 
then specifie caspase substrates (200 !lM) (Calbiochem) were 
added; Ac-Asp-Giu-Val-Asp-amino-4-methyl-coumarin for 
caspase-3, Ac-Val-GIu-Ile-Asp-AMC for caspase-6, MCA­
VDQVDGWK{DNP)-NHz for caspase-7, and Ac-Leu-Giu-His­
Asp-7-amino-4-trifluoromethyI-coumarin for caspase-9. The 
kinetic reaction for caspase activity was followed for 30 min 
at respective excitation and emission wavelengths of 380 and 
460 nm for caspases-3 and -6, 325 and 390 nm for caspase-7, 
and 400 and 505 nm for caspase-9, using a spectrofluorimeter 
(Speclra Max Gemini, Molecular Deviees, Sunnyvale, CA). 

Chromatin condensation 

Cells were heated (37-45°C) for 2 h in culture dishes. Where 
indicated, 10 !lM (CHO ceIls) or 20 !lM (HeLa) of a general 
caspaseinhibitor (Z-VAD.fmk) (Calbiochem) were added for 1 h 
(CHO), or 2 h (HeLa cells), befOl'e heat treatment. Thereafter, 
Hoechst 33258 (50 !lg/mi) (blue-green fluorescence) (Sigma 
ChemicaI Co.), which binds to condensed chromatin in the 
nucleus of apoptotic cells, was added for 15 min. Propidium 
iodide (Sigma Chemical Co.) (50 !lg/ml) was subsequently 
added ta visua!ize necrotic cells (red fluorescence) by fluores­
cence microscopy (mode! lM, Carl Zeiss Canada Ltd., St. 
Laurent, QC, Canada). For each dish, at least 300 cells were 
counted. Apoptotic or necrotic indices were ca!cu!ated relative 
to total cells (Hoorens et al., 2001). 

Statistics 

Data are presented as means ± SEM from at least three 
independent experiments performed with multiple estima­
tionsper point. When not shown, error bars lie within symbols. 
Comparisons among multiple groups were made by one-way 
ana!ysis of variance (ANOVA). For HSP levels and caspase 
activity, one-factor ANOVA with additional Bonferroni­
Holmes adjustment was used to control for the Family-wise 
error rate at a desired !evel (0: = 5%). Software used was JMP 
Statistical Discovery 4.0 (SAS lnstitute, lnc., Cary, NC). For 
signincant differences, P < 0.05. 

RESULTS
 
Thermotolerance induced at 40°C protects
 

cells against cytotoxicity of heat shock
 

CHO (Fig. lA) and HeLa (Fig. lB) cells were heated at 
a mild temperature of 40°C for 3 h, prior ta lethal heat 
shock at 43°C for up ta 120 min. These thermotolerant 
cells were more resistant ta subsequent heat shock at 
43c C than unheated control cells. 

Inducti9n of HSP expression at 40°C 

Given that thermotolerance induced by lethal heat 
shock usuaIly involves HSP induction, expression of 
severa] HSPs was evaluated after heating at the non­
lethal temperature (40C C) in CHû (Fig. 2A) and HeLa 
(data not shawn) cells. For both cell types, expression of 
HSPs 27, 32, 72, and 90 was significantly increased after 
2 Or 3 h at 40°C, compared to controls (Fig. 2B-I). 
Expression ofHSPs remained elevated up ta 6 h, except 
for HSP32 in HeLa cells, which declined by 6 h. AJthough 
the inducible form of HSP70 (HSP72) increased at 40c C 
(Fig. 2D,H), expression of the constitutive form (HSP73) 
did not change (data not shawn). Expression of HSPs 
in contra] cells at 37°C did not change during 6 h 
(Fig. 2B - 1). 

10
 

-~ o

0,1 ­ca 
> o 40 80 120's 
~B
 
~
 

CI) 100 Hela 
Q) 

<..> 

10 

• Control (37°C) 
• Thermotolerant (40°C) 

a 40 80 120 

Time at 43°C (min) 
Fig. 1. Induction of thermotolerance at 40'C: resistance to cytotoxi· 
city at 43'C. A: CHa and (E) HeLa cells were incubaled for 3 h at 40°C 
to induce thermotolerance and then harvested and resuspended in 
PBS-I% BSA-10 mM glucose. Thermoto\erant (e) and non-thermo­
tolerant (.) cells were subsequently exposed to heat shock (43'C) fol' 
0-120 min. Data represent means and SEM of at least three 
independent experiments. Fol' analysis of curves for non-thermo­
tolerant versus thermotolerant CHa and HeLa cells, P < 0.0001. 

Thermotolerance induced at 40°C protects cells 
against a heat shock-induced decrease in 

membrane potential 

Subsequently, the ability of thermotolerance induced 
at 40C C ta protect cells against heat shock-induced 
apoptosis was investigated at the mitochondrial level. 
An early event in the mitochondrial pathway is 
depolarization of the mitochondrial membrane. Mem­
brane potential (IjJm) in CHû (Fig. 3A) and HeLa (Fig. 3B) 
cells decreased after a 1 h exposure ta elevated tem­
peratures. The decrease in IjJm was more pronounced at 
43°C and 45°C. As a positive control, the ionophore 
carbonylcyanide p-trifluoromethoxyphenylhydrazone 
(FCCP) (Sigma Chemica] Co.) caused a rapid decrease 
in IjJm in contraIs, to 40% and 70% ofinitiallevels in CHû 
and HeLa cells, respectively. It should be noted that 1 h 
at 42°C is non-cytotoxic ta cells (data not shown), 
whereas a 1 h exposure to 43c C (Fig. 1) and 45°C is 
cytotoxic. Thermotolerance induced at 40c C inhibited 
the decrease in IjJm at 43c C and 45c C in CHû cells 
(Fig. 3A). There appeared to be a sma]] protective effect 
due ta thermotolerance at 42c C and 43c C in HeLa cells 
(Fig. 3B). There was, in fact, a clear increase in IjJm at 
43c C and 45c C in thermotolerant CHû cells, indicating 
membrane hyperpolarization (Fig. 3A). There was a 
tendency towards a low ]evel of hyperpolarization at 
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Fig. 3. Thermotolerance at 40'C protects cells against heat shock­
induced membrane depolarization. Thermotolerant (3 h, 40'C) (e) 
and non-thermotolerant (3 h, 37'Cl (.J CHO (A) or HeLa (B) cells 
were heated (37-45'C) for 1 h. FCCP (5 pM) was added to control cells 
CAl. Rhodamine 123 (0.8 pM) was added and fluorescence was 
expressed relative to non-thermotolerant control cells at 37'C 
(100%). Data are mean and SEM of at Jeast four experiments. 

42°C and 4SoC in HeLa cells (Fig. SB), which was less 
pronounced compared ta CHO cells. 

Thermotolerance induced at 40°C inhibits 
heat shock-induced translocation of Bax 

and cytochrome c 

An important molecular event in apoptosis is translo­
cation of pro-apoptotic proteins including Bax from the 
cytoplasm ta mitochondria, thus interfering with anti­
apoptotic functions of proteins like Bcl-2. As a conse­
quence, release of pro-apoptotic proteins such as cyto­
chrome c from mitochondria will be promoted. Heat 
shock induced translocation of Bax from the cytosol 
(Fig.4A) to mitochondria (Fig. 4B) in CHO and HeLa 
(data not shawn) cells. Bax expression decreased in 
cytoplasmic fractions with increasing temperature from 
42°C ta 45c C and the decrease was more pronounced 
after 60 min (Fig. 4D,E). Cytosolic levels of Bax did not 
change in control cells at 37°C during 60 min (Fig. 4A). 
Increased levels of Bax were detected in mitochondrial 
fractions after 1 h of exposure ta thermal shock in CHO 
cells (Fig. 4B,F) and HeLa cells (data not shown). 

However, thermotolerance induced at 40°C diminished 
Bax translocation from the cytosol ta mitochondria in 
CHO (Fig. 4D,F) and HeLa (Fig. 4E) cells. Purity of 
cytoplasmic and mitochondrial fractions was 94% and 
>96%, respectively (Fig. 4C). 

Levels of cytochrome c in mitochondrial fractions 
decreased as a function of time (SO-60 min) and tem­
perature (S7-45°C) in HeLa (Fig. 5A) and CHO (data not 
shawn) cells. In thermotolerant cells, levels ofmitochon­
drial cytochrome c were higher than in control CHO 
(Fig. 5B) or HeLa (Fig. 5A,C) cells. This indicated that 
thermotolerance at 40°C decreased the liberation of 
cytochrome c from mitochondria in heat shocked cells. 
These findings were confirmed by corresponding chan­
ges in the cytosolic fraction (data not shawn). 

Thermotolerance attenuates activation of 
caspases by heat shock 

Release of cytochrome cinto the cytoplasm leads to 
auto-activation of initiator caspase-9 and subsequent 
proteolytic activation of executor caspases-S, -6, and -7. 
Heat shock (42-4S0C) caused activation of caspase-9 in 
CHO (Fig. 6A) and HeLa (Fig. 6E) cells. Caspases-S, -6, 
and -7 were also activated at 42c C and 43°C in CHO 
(Fig. 6B-D) and HeLa (Fig. 6F-H) cells. Activation 
occurred at 45°C for sorne, but not all caspases. In 
thermotolerant cells, activation of caspases-9, -3, -6, and 
-7 decreased at 42°C and 4SoC, relative ta non-thermo­
toleran t controis (Fig. 6A- H). At 45°C, there were either 
small or no differences between thermotolerant and 
non-thermotolerant cells, except for caspase-7. 

Protection against ICAD cleavage 
by thermotolerance at 40°C 

The ability of thermotolerance at 40c C ta prevent 
heat shock-induced cleavage ofICAD was investigated. 
ICAD cleavage leads ta release of the active protease 
caspase-activated DNase (CAD), which causes DNA 
fragmentation. Levels ofICAD decreased, with increas­
ing temperature from 37c C ta 45°C, in HeLa (Fig. 7A) 
and CHO (data not shown) cells. Nevertheless, ICAD 
cleavage was diminished in thermotolerant HeLa 
(Fig. 7A,C) and CHO (Fig. 7B) cells. 

Thermotolerance affords protection against heat 
shock-induced chromatin condensation 

One of the later events in the apoptotic cascade is 
chromatin condensation in the nucleus. This event can 
be triggered by activation of CAD, resulting from ICAD 
cleavage by caspases (Nicholson, 1999). Heat shock (42­
45°C) induced chromatin condensation in CHO (Fig. 8, 
parts 8A-2, 8A-S, 8A-4) and HeLa (data not shawn) cells, 
relative to con trois at S7°C (Fig. 8A-1). Thermotolerance 
at 40°C decreased the apoptotic index at 42°C and 43°C 
in CHO (Fig. 8, parts 8B-2, 8B-S, and 8D) and HeLa 
(Fig. 8F) cells. Heat-induced chromatin condensation 
was inhibited by a general caspase inhibitor, Z­
VAD.fmk, in CHO (Fig. 8, parts 8C-2, 8C-S, 8C-4, 8D) 
and HeLa (Fig. 8F) cells, indicating that it was the 
consequence of caspase activation. 

Propidium iodide was used ta distinguish between cell 
death by apoptosis and necrosis. The necrotic index 
increased at 45°C in CHü (Fig. 8E) cells and at 43-45cC 

Fig. 2. Induction of heat shock proteins by mild heat shock at 40'C. loading control. Levels of HSPs in heated CHO (E-EJ and HeLa (F-I) 
CHO (A) and HeLa (data notshown) cells were heated at40'C for 1-6 h. cells (e) were anaJysed by densitometry and expressed relative to 
HSP27 (B, F), HSP32 (C, Gl, HSP72 (D, H), and HSP90 (E, IJ were control cells maintained at 37'C (.) (100%). Gels are representative of 
detected using antibodies that recognize both hamster and human, at least three independentexperiment<;. B-I: For levels ofHSPs at 40'C 
except for anti·HSP27 which detects only hamster (E). Actin was the relative to contrais at 37'C: P < 0.05 ('J, P < 0.001 C"). 



52 BETI'AIEB AND AVERILL-BATES 

in HeLa cells (Fig. SG). There was no protection against 
necrosis in thermotolerant cells (Fig. SE,G). 

DISCUSSION 
This study demonstrates that hyperthermia (42­

45 CC) induces apoptosis by a cascade of events involving 
the mitochondrial pathway, caspase activation, and 

A CHO, cytosolic fraction 

cIeavage ofintracellular caspase substrates, in prolifer­
ating CHO and HeLa cells. Hyperthermia caused a 
decrease in mitochondrial membrane potential, recruit­
ment of pro-apoptotic protein Bax to the mitochondrial 
membrane and liberation of pro-apoptotic factor cyto­
chrome cinto the cytosol. Cytochrome c release leads to 
activation of initiator caspase-9. Caspase-9 activation 
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Heat shock temperature 

B CHO, mitochondrial fraction 
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Heat shock temperature 
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Fig. 4. Thermotolerance at 400C inhibits heat shock-induced Bax 
translocation from the cytoplasm to mitechondria. Thermotelerant 
and non-thermolerant CHa and HeLa cells were heated (37 -45C C) for 
30 or 60 min. Immunoblots are shown for Bax (21 kDa) levels in (A) 
cytosolic and (B) mitechondriaJ fractions of CHa cells. Similar blots 
were obtained for HeLa cells (data not shown). C: Purity of cytosolic 
and mitochondrial fractions in CHa and HeLa cells was confirmed 
using antibodies against GSTrc, and cytochrome c oxidase, respec­
tively. Protein levels were quantified by densitometry in cytosolic 
fractions of(D) CHa and (E) HeLa cells and in mitochondrial fractions 
of (F) CHO cells, and expressed relative to non-thermotolerant control 

cells at 37"C <100%). ThermotoJerant cells are shown following 30 <e) 
or 60 min (0) ofheat shock. relative te non·thermotolerant cells after 
30 <.) or 60 (0) min. Means and SEM are shown for four independent 
experiments, with three estimations pel' point. D, E: For non­
thermotolerant CHO and HeLa cells preheated at 37-C for 3 h, there 
was a significant decrease in cytosolic Bax expression in cells heated 
for 2 h at 42-45'C vs. 2 h at 37'C; P < 0.05 ('), P < 0.001 (H). For 
analysis of cu l'Ves for thermotoJerant versus non-thermotolerant CHO 
ceIls alter 60 min of heat shock, P < 0.05. For analysis of curves for 
thermotelerant vs. non-thermotolerant HeLa cells after 30 and 60 min 
ofheatshock, P<O.OOl. 
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Fig. 4. (Continued) 

occurs within the apoptosome, which is a complex com­
posed of cytochrome c, apoptosis protease activating 
factor (apaf-l) and procaspase-9 (Strasser et al., 2000). 
Activation ofcaspase-9 in heated cells led to activation of 
executor caspases-3, -6, and -7. The caspase substrates 
ICAD and nuclear chromatin were fragmented in heat­
shocked cells. 

Several studies have reported induction of apoptosis 
by hyperthermia C42-44C C), mostly evidenced by DNA 
fragmentation, polyCADP-ribose) polymerase (PARP) 
cleavage and chromatin condensation in human T­
lymphocytes (Mosser and Martin, 1992; Boreham et al., 
1997), HL-60 leukemia ceIls (Poe and O'Neill, 1997), 
mouse embryo fibroblasts (Buzzard et al., 1998), and 
IMC-3 human maxillary carcinoma cells COhtsubo et al., 
2001), In human leukemia cells (PLB-985), 42C C 
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Fig. 5. Thermotolerance at 40"C inhibits heat shock-induced cyto­
chrome c release from mitochondria into the cytoplasm: Thermo­
tolerant and non·thermotolerant CHa and HeLa cells were heated 
(37-45°C) for 30 or 60 min. Proteins from the mitochondrial and 
cytosolic fractions were detected using a mouse monoclonal antibody 
that recognizes bath human and hamster cytochrome c 02 kDa). 
Immunoblots are shown for cytochrome c levels in mitochondrial 
fractions of (A) HeLa cells. Sim;lar blots were obtained for CHa cells 
(data not shown). Proteins levels were quantified by densitometry in 
(E) CHa and (C) HeLa cells and expressed relative to control cells at 
37°C (100%). Thermotolerant cells are shown following 30 (e) or 60 
(0) min of heat shock, relative to non-thermotolerant cells after 30 
(.) or 60 (0) min. Data are mean and SEM of three independent 
experiments. B, C: For non·thermotolerant CHa and HeLa celis 
preheated at 37°C for 3 h, there was a significant decrease in 
mitochondrial cytochrome c expression in cells heated for 2 h at 42­
45°C vs. 2 h at 37"C; P < 0.05 ("), P < 0.001 (**). For analysis of curves 
for thermotolerant versus non-thermotolerant CHû and HeLa cells, 
P < 0.001. 

hyperthermia did not alter expression of Bcl-2 and Bax 
proteins, but appeared to activate apoptosis via death 
receptors (Katschinski et al., 1999), 

The induction of thermotolerance by fever tempera­
tures C39.5-41.5°C) has received little attention. This 
study shows that thermotolerance induced at a mild 
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Fig. 6. Thermotolerance protects against activation of caspases by 
heal shock. Thermotolerant (e) and non-thermotolerant (.) CHü 
(A-O) and HeLa (E-H) cells were heated (37-45'C) for 1 h (caspase­
9) or 2 h (caspases-3, -6, and -7). Activities of caspase-9 (A, E), caspase­
3 <B, F), caspase-6 <C, C), and caspase-7 (D, H) were expressed relative 
ta non-thermotolerant cells at 37°C, designated as 1.0. Data represent 
means ± SEM from at least three independent experiments. For non­

temperature of 40°C can efficiently inhibit apoptosis. In 
thermotolerant CHO and HeLa cells, inhibition was 
demonstrated for aH of the apoptotic events evaluated 
throughout the mitochondrial pathway, from the heat 

thermotolerant CHü (A-D) and HeLa (E) cells preheated at 37'C for 3 
h, there was a significant increase in caspase activity in cells heated 
for 2 h at 42-45'C vs. 2 h at 37°C; P < 0.05 ('), P < 0.001 (..). For 
analysis of CUi-ves in CHü cells, P < 0.0001 for 37°C vs. 40'C, for 
caspases-3, -6, -7, and -9. For analysis of curves in HeLa 
cells, P < 0.0001 for caspases-3 and -6 and P <0.001 for caspases-7 
and -9. 

shock-induced 10ss of mitochondrial membrane poten­
tial, to the cleavage of caspase substrates. Several 
studies reported that thermotolerance induced at higher 
temperatures (42-45C C), followed by the return of cells 
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Fig. 7. Thermotolerance decreases heat shock-induced lCAD c1ea­
vage. Thermotolerant (e) and non-thermotolerant (.) cells were 
heated (37-45'C) for 2 h. Proteins from HeLa (A) and CHO (data not 
shown) cells were detected with a rabbit monoclonal antibody that 
recognizes both human and hamster non-c1eaved forms of lCAD. ~­

tubulin was the loading contro!. Protein levels were quantified by 
densitometry in (B) CHO and (C) HeLa cells and expressed relative ta 
control cells at 37°C 000%). Mean ± SEM were determined from two 
independent experiments with duplicate samples. For non-thermo­
talerant CHû and HeLa cells preheated at 37'C for 3 h, there was a 
significant decrease in lCAD expression in ceJls heated for 2 h at 
42-45'C vs. 2 h at 37'C; P < 0.05 ("), P < 0.001 ("). For analysis of 
curves for thermotolerant vs. non-thermotolerant CHû and HeLa 
cells, P < 0.0001. 

to 37°C (e.g. for 2, 6, or 24 hl, protected cells against 
apoptosis induced by heat shock (Mosser and Martin, 
1992; Boreham et al., 1997; Poe and O'Neill, 1997; 
Samali et al., 2001), drugs (Samali and Cotter, 1996), 
and tumor necrosis factor-ex (Buzzard et al., 1998). 

Several studies reported a correlation between thermo­
tolerance and induction ofHSPs such as HSP27, HSP72, 
and HSP90. Compared to these studies where thermo­
tolerance was induced at high temperatures such as 
42-44oC, our findings show that thermotolerance can be 
induced when cells are incubated for longer periods of 
time at mild temperatures in the fever range, thus 
preventing biochemical injuries caused by acute expo­
sure to lethal temperatures (42-45°C). 

HSPs could be involved, at least in part, in the pro­
tective effect ofthermotolerance induced at40°C against 
heat shock-induced apoptosis in CHO and HeLa cells. 
Several studies, through gene transfection and immu­
nodepletion, have reported protective roles for HSP27, 
HSP72, and HSP90 against apoptosis (Sreedhar and 
Csermely, 2004). However, the complex mechanisms by 
which HSPs suppress apoptosis are not entirely under­
stood. HSP27 can bind to proteins such as procaspase-3 
and cytochrome c, thus preventing cytochrome c-medi­
ated interaction of Apaf-1 with procaspase-9 (Bruey 
et al., 2000; Pandey et al., 2000a; Concannon et al., 
2001). HSP72 directly associates with apaf-1, prevent­
ing its association with procaspase-9 and inhibition of 
apoptosome formation (Beere et al., 2000; Saleh et al., 
2000). HSP72 inhibited processing of procaspase-3 and 
heat shock-induced PARP cleavage, suggesting that it 
can prevent the effector steps of apoptotic cel! death 
(Mosser et al., 1997; Buzzard et al., 1998). HSP90 
directly binds to Apaf-l, thus blocking activation of 
caspase-9 via the apoptosome (Pandey et al., 2000b). 
Thus, HSP27, HSP72, and HSP90 can interfere with 
apoptosome formation and inhibit the mitochondrial 
pathway of caspase-dependent cel! death. Recently, 
HSPs were recognized in vivo to protect heart and brain 
against deleterious stimuli, such as ischemia, and lungs 
and Iiver against sepsis (Jaattela, 1999). These findings 
suggest that HSPs could have protective functions in 
several disease states. In this case, the induction of 
HSPs in vivo could be feasible at mildly elevated tem­
peratures such as 39.5-41°C. 

The loss of mitochondrial membrane potential and 
impairment of mitochondrial function is a common 
event in apoptosis. This often precedes the release of 
pro-apoptotic factors, such as cytochrome c, apoptosis 
inducing factor (AlF), and second mitochondria-derived 
activator of caspase (Smac)/direct inhibitor of apopto­
sis OAP)-binding protein with low pl (DIABLO), 
from mitochondria into the cytosol. Membrane hyper­
polarization often precedes the loss of mitochondrial 
membrane potential and apoptosis. Mitochondrial 
hyperpolarization is often associated with enhanced 
ATP-generating capacity. Mitochondrial membrane 
potential is associated with the activity of the electron 
transport chain (Alberts et al., 1994). The electron trans­
port chain pumps protons out of the matrix, which 
establishes an electrochemical proton gradient across 
the inner membrane. The resulting electrochemical 
gradient drives protons back through an ATP synthase 
complex, which in turn uses energy of the proton flow to 
synthesize ATP. Under certain conditions, the respira­
tory chain works at a higher regimen, leading to a higher 
electrochemical gradient and thus hyperpolarization of 
the membrane. Protein folding mediated by molecular 
chaperones and disruption of small-protein aggregates 
formed during stress are ATP-dependent processes 
(Hartl and Hayer-Hartl, 2002). During thermotolerance 
at 40°C, where HSPs are expressed at higher levels, 
there is a higher requirement for ATP, which is con­
sistent with membrane hyperpolarization. 
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non-thermotolerant CHa and HeLa cells preheated at 37'C for 3 h, 
there was a significant increase in apoptotic index for cells heated for 
2 h at 42-45'C vs. 2 h at 37'C; P < 0.05 ('), P < 0.001 ("). Analysis of 
curves showed P < 0.001 for thermotolerant versus non-thermotoler­
ant CHa cells and P < 0.05 for HeLa cells. For analysis of curves for 
CHa and HeLa cells, with or without Z·VAD-fmk, P < 0.05. E, G: For 
non-thermotolerant cells preheated at 37'C for 3 h, there was a 
significant increase in necrotic index for cells heated for 2 h at 45'C 
(HeLa) and 43'C and 45'C (CHa), vs. 2 h at 37'C. Data are means ± 
SEM for at least three experiments. 
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The heat shock response has been largely studied at 
relatively high, lethal temperatures. However, the heat 
shock response at lower temperatures has received little 
attention and is not clearly understood. Mammalian 
bodytemperatures are carefully controlled, but increase 
bya few degrees during fevers. Fever temperatures can 
activate the heat shock response, but are also beneficial 
to organisms during infection (Hasday and Singh, 2000). 
Interestingly, hsfl also activates the transcription of 
cytokines involved in host defences against infections. It 
was reported that mild heat shock (39.5°C for 8-16 h) at 
febrile temperatures may regulate cell proliferation by 
inducing the cell cycle check-point protein cyclin Dl, 
along with growth factors (Han et al., 2002). However, 
cyclin Dl was not induced by severe temperatures. 

Cancer patients undergoing high dose chemotherapy 
often experience fevers during periods of neutrophil 
depletion. It has not been determined in vivo whether 
febrile temperatures could induce thermotolerance and 
HSPs, which could attenuate tumor responses to cyto­
toxic treatments such as chemotherapy, radiotherapy, 
and hyperthermia, which aim to destroy tumor cells by 
apoptotic cell death. This is the first study in vitro which 
demonstrates attenuation of hyperthermia-induced 
apoptosis by thermotolerance induced at fever tempera­
tures. 
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