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Hyperthermia switches glucose depletion-induced necrosis
to apoptosis in A549 lung adenocarcinoma cells
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Abstract. Both cellular and clinical studies have shown
that hyperthermia is one of the most potent sensitizers for
the action of ionizing radiation. Although hyperthermic
improvement in clinical outcome is suggested to be linked
to its ability to induce cell cycle arrest and apoptosis, and to
activate the immune system and to cause increases in blood
flow and tumor oxygenation, the mechanism behind this
is still unclear. Previously, we demonstrated that glucose
deprivation (GD), a common characteristic of the tumor micro-
environment, induced necrosis, which is implicated in tumor
progression and aggressiveness, through the production
of reactive oxygen species (ROS) in A549 lung carcinoma
cells. We examined the effects of heat shock on ROS
production and necrosis in response to GD. Here we show
that mild, but not harsh, heat shock prevented GD-induced
necrosis and switched the cell death mode to apoptosis in
AS549 cells through the ERK1/2 pathway that could suppress
GD-induced CuZnSOD release and ROS production. These
results demonstrate that contrary to severe heat shock,
mild heat shock has the ability to decrease oxidative stress
in cells, thereby causing the cell death mode switch from
tumor promoting necrosis to tumor suppressive apoptosis,
which may contribute to its anti-neoplastic activities.

Introduction

Both cellular and clinical studies have shown that hyper-
thermia is one of the most potent sensitizers for the action of
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ionizing radiation (1-3). Although hyperthermic improvement
in clinical outcome is suggested to be linked to its ability
to induce cell cycle arrest and apoptosis, to activate the
immune system and to cause increases in blood flow and
tumor oxygenation, the mechanism behind this is still
unclear. Thus, the biological effects of hyerthermia have
been studied extensively by many investigators.

Upon exposure to elevated temperatures, cells exhibit a
conserved mechanism, the heat shock response. The most
well characterized heat shock response is heat shock factor 1
(HSF1)-dependent induction of a highly conserved set of
polypeptides termed the heat shock proteins (HSPs), which
function as molecular chaperones and exert anti-apoptotic
activities (4-6). Heat shock has been documented to prevent
or promote cell viability and proliferation, depending on
the strength and duration of applied heat stress as well as
biological factors such as type of the cell line analyzed. In
most cases, severe heat shock is thought to act as a proteo-
toxic stress which causes protein denaturation in cells and
exerts a variety of anti-proliferative effects in mammalian
cells. For instance, acute exposure to heat shock leads to a
transient arrest of cells at mainly two cell cycle check points
(G1/S and G2/M transitions), by inducing the p21WAF! CDK
inhibitor and other regulatory proteins (7-10). More severe
heat shock induces the programmed cell death known as
apoptosis (11-13). In contrast, mild heat shock is known to
promote cell viability and proliferation. For example, fever-
ranged hyperthermia facilitates interleukin 1-dependent T
cell proliferation and activation (14). In addition, it stimulates
cell proliferation as well as DNA synthesis in human bone
marrow stromal cells and MG-63 cells in vitro (15). Moreover,
mild heat shock induces the synthesis of cyclin D1, which
plays a critical role(s) in the G1 progression of the cell cycle
through multiple Ras signal pathways involving Racl/
NADPH oxidase, extracellular regulated kinase (ERK), PI 3-
kinase (16). HSF1 activation and HSP expression in response
to mild heat shock are regulated by a small GTPase Racl
(17). Thus, mild heat shock is thought to evoke a cellular
response(s) via a mechanism(s) different than the severe
heat shock response. The mild heat shock response may be
controlled by the unique signal cascade, which involves the
Ras/Racl and ERK1/2 signal pathway, possibly activated
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by the thermal changes in the fluidity of membrane lipids
(18-20). Heat shock has also been shown to regulate cellular
redox state. Heat shock induces the production of reactive
oxygen species (ROS) such as superoxide (O,), hydrogen
peroxide (H,0,), and hydroxyl radical (OH") (12,21-24). The
heat-mediated ROS is involved in heat shock-induced cyto-
toxicity and cell death (12); however, mild heat shock regu-
lation of the cellular redox state has not been evaluated.

ROS elicits a wide spectrum of responses ranging from
proliferation to growth arrest, to senescence and to cell death.
Cellular damage by ROS is determined by the levels of
defense antioxidant enzymes such as cytosolic CuZn super-
oxide dismutase (CuZnSOD), mitochondrial MnSOD, glu-
tathione peroxidase (GPx) and catalase (25,26). O, formed
on both sides of the mitochondrial inner membranes is
efficiently detoxified initially to H,O, by cytosolic CuZnSOD
and mitochondrial MnSOD and in turn, H,O, is further
converted to H,O, with the help of GPx and catalase. Cells
typically die by either apoptosis or necrosis upon severe
oxidative stress. Unlike apoptosis that is a genetically
controlled, programmed cell death which involves a proteo-
lytic system consisting of caspases (27,28), necrotic cell
death is believed to result from injuries caused by an irre-
versible bioenergetic compromise regarded as accidental
cell death and hence, is not programmed and uncontrollable
(29-31). In the case of apoptosis, the cell content remains
packed in the apoptotic bodies, and are removed by marcro-
phages; hence, inflammation does not occur. During necrosis,
the cell membrane is ruptured, and the cytosolic constituents
[e.g. a nuclear protein high mobility group box 1 (HMGB1)]
are released into the extracellular spaces, causing a massive
inflammatory response (29-32). In addition, necrosis and
inflammation have been suggested as promoting tumor
growth and angiogenesis through the tumor promoting
activity of HMGB1 and by increasing the probability of proto-
oncogenic mutation (33-38). The consequences of apoptosis
and necrosis are quite different for a whole organism and it is
crucial to determine how cells die by necrosis or apoptosis in
response to oxidative stress, particularly with respect to the
development of a tumor in an organism.

In solid tumors, necrosis is commonly found in the core
region in response to oxygen and glucose depletion (OGD)
due to insufficient vascularization (39,40) and OGD-induced
necrotic cell death, which may contribute to tumor growth
and aggressiveness through a tumor-promoting cytokine,
HMGBI. Previously, we demonstrated GD-induced necrosis
through the production of ROS in A549 lung carcinoma cells
and that protein kinase C-dependent ERK 1/2 activation
switched GD-induced necrosis to apoptosis through the
inhibition of ROS production, possibly by inducing MnSOD
expression and the prevention of GD-induced down-regulation
of CuZnSOD (41). Futhermore, we showed that CuZnSOD
is released into the extracellular space in an active form upon
GD, thereby accelerating ROS (possibly O,) damage and
facilitating necrotic cell death (42). We examined the effects
of heat shock on ROS production and necrosis in response to
GD and found that mild heat shock switched GD-induced
necrosis to apoptosis through the ERK1/2 pathway that could
prevent GD-induced CuZnSOD release and ROS production.
In contrast, harsh heat stress enhanced GD-induced necrosis.

HAN et al: HYPETHERMIA-INDUCED NECROSIS-TO-APOPTOSIS SWITCH

Thus, we suggest that heat shock may accelerate or suppress
GD-induced necrosis depending on the strength of the applied
heat stress and that necrosis-to-apoptosis switch activity
of mild heat shock may contribute to its tumor-suppressive
activities.

Materials and methods

Cell culture and drug treatment. Human lung adeno-
carcinoma cell line A549 cells were obtained from American
Type Culture Collection and grown in RPMI-1640 media
(Gibco-BRL) supplemented with 10% (v/v) heat-inactivated
fetal bovine serum (FBS, Gibco-BRL) and 1% penicillin-
streptomycin (PS, Gibco-BRL) in a 37°C humidified incubator
with 5% CO,. For glucose deprivation, cells were gently rinsed
twice with glucose-free RPMI-1640 and incubated in GD
medium [glucose-free RPMI-1640 medium (Gibco-BRL),
containing 10% dialyzed and heat-inactivated FBS and 1%
PS]. For heat shock treatment, A549 cells were heat-shocked
at 39-45°C for the indicated times and then allowed to
recover at 37°C. To examine the effects of inhibitors, A549
cells were pre-treated with chemicals including U0126
(10 uM), PD98059 (30 M), disulfiram (1 yM), N-acetyl-L-
cysteine (NAC, 10 mM), tiron (5 mM)), catalase (1,000 U/ml),
or sodium formate (50 mM, Sigma) for 1 h, followed by heat
shock or GD treatment in the presence of inhibitors.

RNA interference of CuZnSOD. pSUPER-CuZnSOD shRNA
was generated from annealed oligonucleotides (5'-GATC
CCCCTGCTGACAAAGATGGTGTTTCAAGAACACC
ATCTTTGTCAGCAGTTTTTA-3' and 5'-AGCTTAAAAA
CTGCTGACAAAGATGGTGTTCTCTTGAAACA
CCATCTTTGTCAGCAGGGG-3") inserted into the HindIIl
and BglII sites of pSUPER-retro vector (OligoEngine,
Seattle, WA, USA) with the 19-nucleotide human CuZnSOD
target sequence underlined which was designed specifically
for CuZnSOD by BLAST search against the human genome
[(266-284 nucleotide, Genbank (accession no. CR541742)].
For transient shRNA transfection, the magnetofection
method was used according to the manufacturer's procedures
(Chemicell GmbH, Germany). Briefly, before addition of
vector preparations to A549 cells in 12-well plates, the cells
were washed once with FBS- and antibiotics-free DMEM
medium. Transfection mixtures were provided as 1 pug
pSUPER-CuZnSOD shRNA plus 4 ul PolyMAG reagent
in a volume of 250 1 DMEM during transfection. For
magnetofection, the culture plates were positioned on
magnetic plates for 15 min in a 37°C CO, incubator. The
transfection mixture was then removed and continued
for cultivation in 2 ml of complete medium for 36 h, after
which cells were subjected to GD.

Western blot analysis, enzyme activity assay and tran-
scription-polymerase chain reaction (RT-PCR). Western
blotting with antibodies to PARP (Santa Cruz), active
caspase-3, active caspase-9 (Cell Signaling), CuZnSOD,
MnSOD, catalase, actin (Santa Cruz), a-tubulin (Biogenex),
B-tubulin (Sigma), ERK1/2, p-ERK1/2 (Cell Signaling), and
HMGBI1 (BD PharMingen) were performed as described
previously (41,42). SOD activity was monitored by nitroblue
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tetrazolium negative staining after native gel electrophoresis
on 7% polyacrylamide gels, as described previously (41,42).
The lower band was pre-confirmed as CuZnSOD and upper
band as MnSOD in the gel by which incubation with 5 mM
sodium cyanide showed only the upper band. Catalase
activity in non-denaturing 7% polyacrylamide gels was
also monitored as described previously (41,42). For reverse
transcription-polymerase chain reaction (RT-PCR), total
RNA's were prepared from cells and the first-strand cDNA's
were subsequently amplified with primers for MnSOD,
CuZnSOD, catalase and B-actin.

Measurement of intracellular ROS. To determine the
production of intracellular H,0, and O, cells were plated
in 48-well plates (at 2x10* cells/well) or on cover-glass for
a fluorocount measurement or fluorescence microscopic
detection, respectively. After the GD treatment, cells were
incubated in a 37°C, CO, incubator loaded with 2, 7-dichlo-
rofluorescin diacetate (DCFH-DA, Molecular Probes, 50 pM)
or dihydroethidium (HE, Molecular Probes, 10 yM) for the
last 30 min of the indicated incubation times. Fluorescence
measurements were obtained with a Fluorocount plate
reader (MQX200) with excitation at 488 nm and emission at
530 nm for DCFH-DA, and excitation at 515 nm and emission
at 610 nm for HE. Intacellular ROS was also determined
using a fluorescence microscope (DMS5000, Leica, Germany)
using an L5 filter cube (excitation: BP 440-520 nm, emission:
BP 497-557 nm) and a TX2 filter cube (excitation: BP
520-600 nm, emission: BP 570-720 nm) for DCFH-DA and
HE, respectively.

Hoechst 33342 (HO)/propidium iodide (PI). Cells were
incubated either with 1 pg/ml HO and 5 pg/ml PI at 37°C,
5% CO, for 15 min in the dark. Both floating and attached
cells were collected by centrifugation and trypsinization of
the medium. The pooled cell pellets were immediately fixed
in 3.7% formaldehyde, washed with phosphate-buffered
saline (PBS), which was resuspended with a fraction of the
suspension centrifuged in a cytospinner (Thermo Shandon,
Shandon Inc.). The slides were then washed in PBS to remove
excessive dye, air dried, mounted in FluroGard Antifade,
and examined by fluorescence microscopy 340/425 nm (HO),
and 580/630 nm (PI) (Olympus, FV1000).

HMGBI release assay. Cell culture medium was collected
at the indicated time points whereas the cells and debris
were removed by centrifugation at 2,400 x g for 20 min at
4°C. The supernatant was first filtered through Centricon
YM-100 (Millipore) to clear the samples from cell debris
and macromolecular complexes formed during clotting.
Following this step, samples were concentrated to 15-fold
with Centricon YM-30 and analyzed by Western blotting
with antibody to polyclonal anti-HMGBI1 antibodies (BD
PharMingen). HMGB1 was identified as a 29-kDa protein.

Lactate dehydrogenase (LDH) assay. Cells were plated at
a concentration of 1x10* per well in 96-well plates 1 day
before heat shock treatment. After 2.5-h incubation at 41°C
for heat shock or 37°C for control, medium was replaced by
GD medium and incubated for another 12 or 18 h and the
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released LDH was determined using cytotoxicity assay kit 11
(Bio Vision, CA, USA) as manufacturer's protocol. Briefly,
the plates were centrifuged at 600 x g for 10 min, and then
the cell-free supernatant was transferred to 96-well plate,
mixed with LDH Reaction Mix, incubated for 30 min and
measured the absorbance at 450 nm. The percentage of
specific LDH release was calculated by the following formula:
% cytotoxicity = [(experimental LDH release) - (spontaneous
LDH release by effector and target)/(maximum LDH release) -
(spontaneous LDH release)] x 100. The spontaneous release
of LDH activity from control cells was <2% of the maximal
release of LDH activity, which was determined from the
complete lysis by adding lysis buffer. All assays were
performed in triplicate.

Results

Mild heat shock switches GD-induced necrosis to apoptosis,
whereas harsh heat shock enhances necrosis. As demon-
strated previously (41,42), GD induced necrosis in A549 cells
as determined by the HO/PI staining method. This double
staining method involves the use of DNA-binding dyes (HO),
which are known to cross the plasma membrane of all cells,
whether they are damaged or not, causing a blue fluores-
cence of their nuclei and PI, which only penetrate cells with
damaged membranes and lead to nuclear fluorescence.
Thus, intact blue nuclei, condensed/fragmented blue nuclei,
condensed/fragmented pink nuclei, and intact pink nuclei were
considered viable, early apoptotic, late apoptotic (secondary
necrotic), and necrotic cells, respectively. GD increased the
population of cells which had intact pink nuclei (Fig. 1A).
We examined the effects of heat shock on GD-induced
necrosis. As shown in Fig. 1A and B, mild heat shock (41°C
for 2.5 h) markedly prevented GD-induced necrosis and
switched the cell death mode to apoptosis, whereas harsh
heat shock (43°C for 2.5 h) slightly enhanced GD-induced
necrosis. Mild or harsh heat shock alone did not affect the
cell viability (Fig. 1A). Mild heat shock significantly
decreased the population of Pl-positive cells and increased
cells having condensed/fragmented blue nuclei. A maximal
cell death mode switch effect of mild heat shock was observed
with heat shock at 41°C for 2.5-3 h (Fig. 1B). GD-induced
HMGBI1 release was also suppressed by treatment of the
mild heat shock (Fig. 1C). Mild heat-potentiated GD-induced
apoptosis was mediated by caspase-9 (activated via mito-
chondrial death pathway) and caspase-3 (Fig. 1D), but not by
caspase-8 (activated via the extrinsic death receptor path-
way; data not shown) and a p85 fragment of PARP (a well-
documented caspase-3 substrate), was detected when mild
heat shock-treated cells were exposed to GD (Fig. 1D). A
broad caspase inhibitor (z-VAD-fmk) completely suppressed
mild heat-potentiated GD-induced apoptosis (Fig. 1E).

Mild heat shock suppresses GD-induced ROS production
through inhibition of GD-induced CuZnSOD release. ROS
play a critical role(s) in the determination of the GD-induced
cell death mode (41-43). GD significantly enhanced the
production of intracellular H,O, and O, (Fig. 3). The source
of ROS production has been shown to be mitochondria
(41-43). We examined whether the effects of heat shock
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Figure 1. Mild heat shock switches GD-induced necrosis to apoptosis, whereas harsh heat shock enhances necrosis. (A) A549 cells were pre-treated with heat
shock at 41°C or 43°C for 2.5 h and then exposed to GD medium at 37°C for 18 h. The cells were stained with HO/PI and observed under a fluorescence
microscope (DM5000, Leica, left panel). Apoptotic and necrotic cells were scored (right panel). In these analyses, we observed 500-800 cells in each group.
Data are expressed as the means + SEM from three independent experiments. (B) A549 cells were pre-treated with heat shock at 41°C and 43°C for the
indicated times and then exposed to GD medium for 18 h. The cells were stained with HO/PI and apoptotic and necrotic cells were scored. In these analyses,
500-800 cells in each group were counted. Data are expressed as the means + SEM from three independent experiments. (C) A549 cells were pre-treated with
heat shock at 41°C or 43°C for 2.5 h and exposed to GD medium for 18 h and both the medium bathing the cells (supernatants) and the cells (pellets) were
prepared according to Materials and methods and analyzed by Western blotting using antibodies for HMGB1. (D) A549 cells were pre-treated with heat
shock at 41°C for 2.5 h and exposed to GD medium for the indicated times. The cellular proteins were analyzed by SDS-PAGE and Western blotting with
antibodies to active caspase-9, active caspase-3, PARP and ERK1/2. (E) A549 cells were pre-treated with 25 yM z-VAD-fmk for 1 h and incubated at 41°C
for 2.5 h and then exposed to GD medium in the presence of 25 yM z-VAD-fmk 18 h. The cells were stained with HO/PI and observed under a fluorescence

microscope.

are linked to the regulation of GD-induced ROS production.
As shown in Fig. 2A, mild heat shock lowered production of
intracellular H,0, and O, in response to GD. Previously, we
demonstrated that CuZnSOD is released into the extracellular
space in an active form upon GD, thereby accelerating ROS

(possibly O,) damage and facilitating necrotic cell death (42).
We show that pre-treatment of mild, but not harsh, heat
shock significantly suppressed GD-induced CuZnSOD release
into extracellular space without affecting protein levels and
activities of MnSOD and catalase (Fig. 2B and D).
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Figure 2. Mild heat shock suppresses the GD-induced ROS production and CuZnSOD release. (A) A549 cells were exposed to heat shock at 41°C or 43°C for
2.5 h and exposed to the GD medium for the indicated times. The cells were incubated with DCFH-DA and HE, and intracellular H,O, and O, were
determined using a fluorescence microscope. (B and C) A549 cells were exposed to heat shock at 41°C or 43°C for 2.5 h and exposed to GD medium at 37°C
for the indicated times. The cellular proteins were analyzed by SDS-PAGE and Western blotting with antibodies to CuZnSOD, MnSOD and catalase
(B, upper panel). The activity assay for MnSOD, CuZnSOD and catalase was carried out according to Materials and methods (B, lower panel). Total RNA's
were prepared from cells for RT-PCR analysis and the first-strand cDNA's were then amplified with primers for CuZnSOD and B-actin (C). (D) A549 cells
were incubated at 37°C or exposed to heat shock at 41°C or 43°C for 2.5 h and exposed to GD medium for 18 h. Both the medium bathing the cells
(supernatants) and the cells (pellets) were prepared according to Materials and methods, which included analysis by SDS-PAGE and Western blotting

with antibodies to CuZnSOD, MnSOD and ERK1/2.

In contrast to general concepts which state that necrotic
cell death causes the release of most cellular proteins due
to cell membrane rupture, a restricted set of cellular proteins
including HMGB1 (Fig. 1C), CuZnSOD (Figs. 2B and D
and 3A and B) and LDH (Fig. 3B) was selectively released
during GD-induced necrotic cell death: although intracellular
levels of most, but not all, proteins [including a-actin, a-
tubulin, B-tubulin (Fig. 3A), p53, caspase-3, and caspase-9

(data not shown)] were decreased during necrosis, they were
not detected in the culture medium (Fig. 3A) but formed
insoluble aggregate in the cytosol (data not shown). Thus,
GD-induced CuZnSOD release appeared to occur in a specific
fashion which may accelerate GD-induced necrotic cell
death.

We examined whether inhibition of CuZnSOD release
is essential for mild heat shock-induced cell death mode
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Figure 3. The mild heat shock-induced cell death mode switch is mediated by the suppression of GD-induced CuZnSOD release. (A) A549 cells were
cultured in GD medium for 12 h and both mediums bathing the cells (supernatants). The cells (pellets) were prepared as described in Materials and methods
and analyzed by Western blotting using antibodies to HMGB1, CuZnSOD, MnSOD, catalase, actin, a-tubulin, a-tubulin and ERK1/2. (B) A549 cells were
exposed to heat shock at 41°C for 2.5 h and incubated in the GD medium for the indicated times. The protein levels of CuZnSOD and released LDH enzyme
into medium were analyzed by Western blotting (upper panel) or LDH activity assay (lower left panel). The cells were stained with HO/PI and observed under
a fluorescence microscope. Necrotic cells were scored. Data are the means + SEM from three independent experiments (lower right panel). (C) A549 cells
were pre-treated with DSF (1 M) and exposed to heat shock at 41°C for 2.5 h and exposed to the GD medium for 12 or 18 h. The cellular proteins were
analyzed by SDS-PAGE and Western blotting with antibodies to CuZnSOD and ERK1/2 (C, upper panel). The enzyme activity assay for MnSOD and
CuZnSOD was carried out as described in Materials and methods section (C, lower panel). (D) The cells were stained with HO/PI and observed under a
fluorescence microscope. Apoptotic and necrotic cells were scored. Data are the means + SEM from three independent experiments. (E) A549 cells were
transfected with pSUPER-control shRNA, pSUPER-CuZnSOD shRNA, and exposed to heat shock at 41°C for 2.5 h and exposed to GD medium for 18 h.
CuZnSOD knock-down by shRNA was analyzed by RT-PCR (left panel). The cells were stained with HO/PI and observed under a fluorescence microscope.
Apoptotic and necrotic cells were scored (right panel). The cell type results (500-800 cells in each group) are the means + SEM from three independent
experiments.

switch. Disulfiram (1 M), a CuZnSOD inhibitor (44), of CuZnSOD release (Fig. 3D). Its inhibitory effects on
prevented the cell death mode switch effects of mild heat CuZnSOD activity may result in an increase in ROS levels,
shock, indicating a critical roles of CuZnSOD in mild heat  which accelerates CuZnSOD release. To confirm the role(s)
shock-mediated cell death mode switch (Fig. 3C). Disulfiram  of CuZnSOD in mild heat shock-induced cell death mode
markedly suppressed mild heat shock-induced prevention  switch, pSUPER-shCuZnSOD vector was transiently tran-
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Figure 4. The ERK1/2 pathway is involved in mild heat shock-induced cell death mode switch and suppression of CuZnSOD release. (A) A549 cells were
exposed to heat shock at 41°C for the indicated times and the resulting cell lysates were analyzed by Western blotting with antibodies to phospho-ERK1/2 and
ERK1/2. (B) A549 cells were pre-treated with 10 M U0126 or 30 M PD98059 for 1 h and exposed to heat shock at 41°C for 2.5 h and then exposed to GD
medium in the presence of U0126 or PD98059 at 37°C for 18 h. The cells were stained with HO/PI and apoptotic and necrotic cells were scored. In these
analyses, 500-800 cells of each group were counted. Data are expressed as the means + SEM from three independent experiments. (C) A549 cells were pre-
treated with U0126 (U, 10 M) or PD98059 (PD, 30 M) for 1 h and exposed to heat shock at 41°C for 2.5 h and then treated with GD medium for the
indicated times and with both mediums bathing the cells (supernatants) and the cells (pellets) were prepared as described in Materials and methods. The
proteins were analyzed by SDS-PAGE and Western blotting using antibodies of CuZnSOD and ERK1/2 (left panel). The enzyme activity assay for MnSOD
and CuZnSOD was carried out according to Materials and methods (right panel).

sfected in A549 cells and its effect on mild heat shock-
induced cell death mode switch was analysed. The efficiency
of CuZnSOD interference was observed in transfected cells
with very low levels (<10% over the corresponding control)
of CuZnSOD mRNA (Fig. 3E). Mild heat shock-induced
cell death mode switch was prevented in A549 cells with
silenced CuZnSOD expression (Fig. 3E).

ERK1/2 is involved in mild heat shock-induced necrosis-
to-apoptosis switch and prevention of GD-induced
CuZnSOD release. Next, we investigated the signal pathways
by which mild heat shock induces necrosis to apoptosis
switch and prevents GD-induced CuZnSOD release. As shown
previously (10), pre-treatment of mild heat shock activated
ERK1/2 (Fig. 4A). In addition, inhibition of MEK by U0126
(a MEK1/2 inhibitor) and PD98059 (a MEKI1 inhibitor)
blocked the cell death mode switch effects of mild heat
shock and reversed the cell death mode to necrosis (Fig. 4B),
indicating the crucial role(s) of ERK1/2 in mild heat shock-
mediated necrosis-to-apoptosis swtch. The MEK /2 inhibitors
suppressed mild heat shock-mediated inhibition of CuZnSOD
release, as revealed by Western blotting and enzyme activity

assay (Fig. 4C). Thus, mild heat shock appeared to switch
GD-induced necrotic death to apoptosis in A549 cells through
the ERK1/2 pathway that could suppress GD-induced
CuZnSOD release and ROS production.

Discussion

Both our previous and present studies revealed that GD-
induced necrosis in A549 cells depends on cytotoxic ROS
including O, and H,0,. Here we show that mild heat shock
(41°C for 2.5 h) markedly prevented GD-induced necrosis and
switched the cell death mode to apoptosis that depends
on caspase-9 (activated via mitochondrial death pathway)
and caspase-3 (Fig. 1); in contrast, harsh heat shock (43°C
for 2.5 h) slightly enhanced GD-induced necrosis. We also
show that pre-treatment of mild, but not harsh, heat shock
significantly suppressed GD-induced CuZnSOD release
and ROS production (Fig. 2). Necrotic cell death has been
suggested to cause the release of most cellular proteins due
to cell membrane rupture. However, although the levels of
several proteins including a-actin, a-tubulin, B-tubulin
(Fig. 3A), p53, caspase-3, and caspase-9 (data not shown)
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were decreased with GD, these proteins were not detected in
the culture medium and forms insoluble aggregate (data not
shown). In fact, a restricted set of cellular proteins including
CuZnSOD, HMGBI1 and LDH was selectively released
during GD-induced necrotic cell death. Thus, GD-induced
CuZnSOD release into the extracellular space appeared to
occur in a specific fashion which may accelerate GD-induced
necrotic cell death. Disulfiram (Fig. 3C and D) or RNA inter-
ference of CuZnSOD (Fig. 3E) prevented the cell death mode
switch effects of mild heat shock, indicating that GD-induced
CuZnSOD release is a step for GD-induced necrosis (Fig. 3).
Since CuZnSOD possesses anti-necrotic activities, its knock-
down may allow necrotic cell death thereby preventing
apoptotic cell death. The molecular mechanism for selective
release and escape from protein aggregation of CuZnSOD
remains to be elucidated. CuZnSOD may detoxify O, which
is produced from the electron transport chain in mitochondria
and can be released to cytosol possibly through Complex III
(45). Accumulating data have suggested that CuZnSOD have
been implicated as tumor suppressors and as metastasis
suppressors in many tumor cell lines (46,47). For instance,
the malignant phenotype and tumor incidences are suppressed
when CuZnSOD is stably overexpressed in cancer cells
(46,47). A variety of cancer cells have reduced levels of
antioxidant enzymes, when compared with their normal
counterpart (46,47), thereby explaining the impairment of
the antioxidant system, rendering cells vulnerable to the
damaging effects of ROS, including DNA damage and protein
modifications which contribute to carcinogenesis. Therefore,
GD may also contribute to tumor growth and aggressiveness
through releasing the tumor suppressor CuZnSOD.

We further demonstrate that the mild heat shock-induced
cell death mode switch is mediated by ERK/12 (Fig. 4).
Previously, we demonstrated that PKC-dependent ERK1/2
activation switched GD-induced necrosis to apoptosis through
inhibition of ROS production, may occur by the regulation of
superoxide dismutases (41). In addition, the ERK1/2 pathway
is responsible for mild heat shock induction of cyclin D (16).
Recently, the MEK1 inhibitors U0126 and PD184161 have
been shown to aggravate necrotic death of glucose-deprived
cells by inhibiting ATP synthase function, which in turn,
indicates that ERK1/2 acts as as an anti-necrotic pathway
in GD-induced cell death (48). Out results demonstrated
that the mild heat shock-ERK1/2 signal pathway may exert
the cell death mode switch activities through preventing
mitochondrial ROS production by suppressing the mole-
cular mechanism responsible for the selective release of
CuZnSOD.

Heat shock is documented to prevent or promote cell
viability and proliferation depending on the strength and
duration of applied heat stress as well as biological factors,
including, the types of analyzed cell lines. Severe heat shock
acts as a proteotoxic stress which causes protein denaturation
in cells and exerts a variety of anti-proliferative effects in
mammalian cells (7-13), whereas heat shock promotes cell
proliferation. Moreover, a mild heat shock response is thought
to be controlled by a unique signal cascade which involves
the Ras/Racl and ERK1/2 signal pathway which is possibly
activated by the thermal changes in the fluidity of membrane
lipids (18-20). Severe shock has been shown to induce ROS
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such as O,, H,0,, and OH- (12,21-24), and heat-mediated
oxidative stress is involved in heat shock-induced cytotoxicity
as well as cell death (12). However, our results showed
that mild heat shock could reduce cellular oxidative stress
by regulating cellular CuZnSOD distribution.

To the best of our knowledge, this is the first study
demonstrating the possibilty of mild heat shock preventing
necrotic cell death and switching from the cell death mode to
apoptosis, while severe heat shock accelerates necrotic cell
death. The effects of heat stress on cell death appeared to
depend on the strength and the duration of applied heat stress
(20,49). Tt is very difficult to define the terms ‘mild’ and
‘severe’, since the effects of heat stress are determined by
both heat temperature and exposure time: each increase in
temperature by 1°C corresponds to halving the time required
for the same extent of the heat shock response (20,49).
Furthermore, heat shock sensitivity varies depending on
biological factors including cell types, tissue origin, develop-
mental stage, and cell cycle phase of the cell line analyzed as
well as the cellular events measured. Thus, the criteria for
grading heat stress should be considered in both arithmetic
and biological aspects (20,49). These findings may have some
biological relevance: i) since necrosis causes inflammation
through HMGB1 (33-38), mild heat shock may prevent an
inflammatory response, whereas harsh heat shock accelerates
the response; ii) hyperthermia has the potential for anti-
neoplastic treatment modality when combined with radiation
or chemotherapy (1-3). Clinical trials have shown that when
therapeutic hyperthermia is used as an adjuvant with ionizing
radiation, significant improvement in local-regional control
can be achieved (1-3). Although hyperthermic improvement
in clinical outcome is suggested to be linked to its ability
to induce cell cycle arrest and apoptosis, and to activate the
immune system and to cause increases in blood flow and
tumor oxygenation, the mechanism behind this is still
unclear. The mild heat shock-induced cell death mode switch
from tumor promoting nectosis to tumor suppressive apoptosis
may explain one of molecular mechanisms of hyperthermia
acting as a potential anti-neoplastic treatment modality
when combined with radiation or chemotherapy; iii) further-
more, our results also give an explanation of the molecular
mechanism for fever of unknown origin (FUO). Tumors
including lymphoma, renal cell carcinoma, hepatocellular
carcinoma, and colon carcinoma are occasionally accompanied
by FUO characterized by fever higher than 38.3°C for more
than 3 weeks and no established diagnosis, despite 1 week of
intensive evaluation (50-52). Although FUQ's are suspected
to be caused by necrosis resulting from the rapid growth of
tumor and by neoplasm-induced pyrogens, the pathophy-
siology of neoplastic fever is not well understood (50-52).
Our results demonstrate that severe heat shock accelerates
GD-induced necrosis and may explain the harmful effects of
FUO in tumor development.
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