
Abstract. Previously, we showed that mild heat shock modu-
lates patterns of cell death in response to glucose deprivation
(GD), a common characteristic of the tumor microenvironment,
by switching necrosis to apoptosis through ERK-dependent
suppression of reactive oxygen species production in A549
cells. In the present study, we further examined the molecular
mechanism underlying mild heat shock-induced necrosis-
to-apoptosis switch. We examined the possible implication
of p53 and heat shock proteins (HSPs) in the mechanism.
Inhibition of p53 by pifithrin-· or p53 siRNA markedly
suppressed apoptosis induced by heat shock/GD. On the
other hand, silencing of HSP27, but not of HSP70, reversed
heat shock/GD-induced apoptosis to necrosis, and HSP27
overexpression suppressed GD-induced necrosis. We further
demonstrate that mild heat shock activated AKT and ERK1/2
through phosphorylation. Prevention of PI3K by LY294002
blocked heat shock/GD-induced apoptosis without reversing
the cell death mode to necrosis, while inhibition of MEK1/2
by U0126 reversed heat shock/GD-induced apoptosis to
necrosis, indicating a different role(s) of PI3K and ERK1/2
in heat shock/GD-induced cell death mode determination.
We also found that mild heat shock increased HSP27 and
p53 protein levels dependent on PI3K and suppressed the
GD-induced increase in RIPA-insoluble HSP27 and p53
protein levels dependent on PI3K and ERK1/2. In conclusion,
these results indicate that PI3K-dependent HSP27 and p53
induction and PI3K- and ERK1/2-dependent inhibition of the
GD-induced increase in RIPA-insoluble HSP27 and p53
protein levels by heat play a key role(s) in heat shock-mediated
switch of GD-induced necrosis to apoptosis. 

Introduction

Under extreme stress, cells die by either apoptosis or
necrosis. During necrosis, the cell membrane is ruptured,
and the cytosolic constituent including high mobility group
box protein 1 (HMGB1) is released into the extracellular
spaces, causing strong inflammatory responses (1,2). HMGB1
is a major non-histone chromosomal protein present in nucleus,
but it acts as a proinflammatory cytokine when it localizes
in extracellular space (3,4). In addition, necrosis has been
shown to promote tumor growth and angiogenesis through
HMGB1. In contrast, apoptosis is a programmed cell death
and is regulated by a variety of cellular signalling pathways.
Apoptosis is a tumor suppressive form of cell death, because
the cell content remains packed in the apoptotic bodies that
are removed by macrophages, thus inflammation is limited.
The tumor suppressor p53 is a key protein implicated in
apoptosis in response to a variety of stresses including heat
shock and genotoxic chemicals. The apoptotic activity of
p53 is thought to be mediated by its role as a transcription
factor modulating the expression of several genes, including
PUMA, BAX, Noxa, p21, and GADD45 as well as through
non-transcriptional regulation (5-7). Under normal conditions,
cellular p53 is maintained in a very low level, owing to its
association with murine double minute 2 (MDM2), a negative
regulatory binding protein, and proteasomal degradation
(8,9). DNA damaging signal by ionizing radiation or genotoxic
stresses triggers dissociation of MDM2 from p53, which
results from p53 phosphorylation by the PI3K-related kinases.
p53 is phosphorylated by the PI3K-related kinases including
ATM and ATR or other kinases, leading to p53 activation
(10,11). PI3K is well known as a proliferation- and survival-
related signaling regulator and the PI3K pathway is frequently
deregulated in human cancer. Since activating mutations
and gene amplifications of PI3K are often found in various
human malignancies, it is considered as a potential oncogene
(12,13). Interestingly, p53 induction by cisplatin is blocked by
the PI3K inhibitor LY294002, implicating the PI3K pathway
as the critical mediator in p53 activation (14). 

In solid tumors, necrosis is commonly found in the core
region by depletion of glucose and oxygen and is implicated in
tumor progression and aggressiveness. Previously, we have
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found that mild heat shock could switch glucose deprivation
(GD)-induced necrosis to apoptosis through extracellular
regulated kinase (ERK)-dependent inhibition of GD-induced
reactive oxygen species production in A549 cells, suggesting
that the necrosis-to-apoptosis switching effects of mild heat
shock may contribute to the tumor-suppressive activities of
hyperthermia (15). In general, severe heat shock acts as
proteotoxic stress by causing protein denaturation, and
exerting a variety of anti-proliferative and apoptotic effects
in mammalian cells (16). However, mild heat shock has been
shown to positively regulate cell survival and proliferation.
For example, mild heat shock facilitates activation of resting
lymphocytes for proliferation and effecter formation (17),
stimulates bone marrow stromal cell proliferation (18), and
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 Rac1/NADPH oxidase, ERK,
and PI3K (19). Furthermore, mild heat shock-induced heat
shock protein (HSP) expression is regulated by a small
GTPase Rac1, while harsh heat shock-induced HSP
expression is not (20). HSPs are a family of highly conserved
proteins found in all prokaryotes and eukaryotes (21). HSPs
assist appropriate folding, assembly of newly synthesized
polypeptides, and help intracellular trafficking of proteins in
normal cells (22), and protect cells against stressful stimuli
(23,24), and participate in the modulation of several apoptotic
processes (25). They are generally found at elevated levels
in various tumors including breast, prostate, colon and liver
carcinoma, and their expression often correlates with increased
cell proliferation and poor response to chemotherapy (26,27),
thus, inhibition of HSPs has been suggested to be a potential
target of anti-cancer therapy (28). Besides the anti-apoptotic
role of HSPs, however, recent studies have indicated that
HSPs are also involved in tumor immunogenicity and antigen
presentation in ovarian carcinoma, melanoma, and osteo-
sarcoma (29,30). 

In the present study, we examined the role of HSPs and
p53 in mild heat shock-potentiated cell death mode regulation
and evaluated the signal pathways responsible for the alteration
in HSP and p53 levels during GD-induced necrosis and heat
shock-potentiated apoptotic switches. 

Materials and methods

Cell culture and drug treatment. A549 cells were maintained
in RPMI-1640 medium (Invitrogen) containing 10% FBS and
1% PS at 37˚C in 5% CO2. For GD treatment, cells were
gently rinsed with PBS and incubated in GD medium (glucose-
free RPMI-1640 medium (Invitrogen) containing 10% dialyzed
FBS and 1% PS). For heat shock treatment, A549 cells
were incubated at 41˚C for 2.5 h and then allowed to recover
at 37˚C. To examine the effects of inhibitors, cells were
pretreated with chemicals [U0126 (20 μM), PD98059 (30 μM),
pifithrin-· (PFT-·) (30 μM), or LY294002 (20 μM)] for 1 h,
then exposed to heat shock or GD treatment in the presence
of the inhibitors. Unless specified, drugs were purchased
from Calbiochem (San Diego, CA).

RNA interference. siRNA of p53 5'-CACUACAACUACAU
GUGUA-3' (S) 5'-UACACAUGUAGUUGUAGUG (dTdT)-

5' (AS), siRNA of HSP27 5'-AAGCUGCAAAAUCCG
AUGAGAC-3' (S) 5'-GUCUCAUCGGAUUUUGCAG
CUU-3' (AS), siRNA of HSP70 5'-CUGUGUUUGCAAUG
UUGAA (dTdT)-3' (S) 5'-UUCAACAUUGCAAACACAG
(dTdT)-3' (AS), and scrambled RNA sequence 5'-CCUACG
CCACCAAUUUCGU (dTdT)-3' (S) 5'-ACGAAAUUG
GUGGCGUAGG (dTdT)-3' (AS) were designed and
synthesized by Bioneer (Daejeon, Korea). Cells (106) were
transfected with 5 μg siRNA using Amaxa transfection kit.
Then cells were grown for 48 h prior to GD treatment.

EGFP-HSP27 vector construction and transfection. The
617-bp human HSP27 coding sequence amplified with
primer pairs (HSP27-sense: AGCTTCGAATTCCGGCGG
ATGACCGAGCGCCGCGTCCCCTTC and HSP27-anti-
sense: CCGGTGGATCCCTTACTTGGCGGCAGTCT
CATC) by RT-PCR reaction was excised with EcoRI and
BamHI. The fragment was purified and ligated into similarly
cut pEGFP-C2 (Clontech, Palo Alto, CA), a mammalian
expression vector containing the CMV promoter and allowing
in frame fusion between EGFP and the human HSP27 gene.
The fusion protein (pEGFP-C2-HSP27) was produced by
joining the carboxy terminus of the GFP with the amino
terminus of the HSP27. This vector pEGFP-C2-HSP27 and
control vector pEGFP-C2 was then tranfected separately
into A549 cells using Polyplus transfection reagent. Clones
containing the pEGFP-C2 and the pEGFP-C2-HSP27 were
selected and maintained in media containing G418.

Hoechst 33342 (HO)/propidium iodide (PI) staining assay.
Cells were incubated either with 1 μg/ml HO and 5 μg/ml PI at
37˚C, 5% CO2 for 15 min and then both floating and attached
cells were collected. The pooled cell pellets were immediately
fixed in 3.7% formaldehyde, washed with PBS, resuspended,
and a fraction of the suspension was centrifuged in a cyto-
spinner (Hanil). The slides were rinsed, air dried, mounted
and examined by fluorescence microscopy at 340/425 nm
(HO), and 580/630 nm (PI) (D5000 Leica, Germany). A total
of 500 cells from several random fields were counted, and
the number of apoptotic and necrotic cells were espressed as
a percentage of the total number of cells scored.

Lactate dehydrogenase (LDH) release assay. LDH release was
quantified using an LDH cytotoxicity assay kit II (BioVision,
Mountain View, CA) according to the manufacturer's protocol.
Briefly, cells cultured in 96-well plates were treated with
drugs for 18 h. The plates were centrifuged at 600 g for 10 min,
and the cell-free supernatant was transferred to a new 96-well
plate, mixed with LDH Reaction Mix, 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.

Immunoblot analysis. Electrophoretically separated proteins
were transferred to an NC membrane, blocked in 5% skim-
milk/TBST, and incubated with primary antibodies to PARP
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(BD Biosciences), active caspase-3, p-Akt(ser473), Akt (Cell
Signaling), p53, p-ERK1/2, ERK2, ß-actin (Santa Cruz),
HSP27, HSP70 or HSP90 (Stress Gen). Then, the membranes
were incubated with HRP-conjugated secondary antibody
and visualized with Super Signal chemiluminescence kit
(Pierce Biotechnology), and finally the signals were acquired
by image analyzer (Image station 4000MN, Kodak).

Results and Discussion

Heat shock switches glucose depletion-induced necrosis to
apoptosis. As demonstrated previously, GD induced mainly

necrosis in A549 cells but pre-exposure to mild heat shock
(41˚C/2.5 h) significantly converted GD-induced necrosis to
apoptosis as determined by HO/PI double staining (Fig. 1A).
DNA-binding dyes (HO) stain all nuclei that enable to
distinguish nuclear morphology and PI penetrate cells with
damaged membranes, thus intact blue nuclei, condensed/
fragmented blue nuclei, condensed/fragmented pink nuclei,
and intact pink nuclei were considered viable, early apoptotic,
late apoptotic, and necrotic cells, respectively. This was further
supported by Western blotting showing caspase 3 activation
and PARP cleavages which are general molecular events of
apoptosis (Fig. 1B).

p53 is involved in the heat shock/GD-induced apoptosis. The
tumor suppressor p53 is a key protein implicated in apoptosis
in response to a variety of stresses including heat shock and
genotoxic agents. We investigated whether p53 protein is
related with the cell death mode determination. To explore
the role of p53 protein in heat shock/GD-induced apoptosis,
we assessed cell death pattern when p53 is prevented by
either PFT-·, inhibitor of transcriptional activity, or silencing
of p53 using small interference RNA (siRNA) of p53.
Both PFT-· and silencing of p53 significantly decreased
heat shock/GD-induced apoptotic body formation, without
affecting necrotic cell death (Fig. 2A-C), indicating that
p53 is involved in induction of apoptosis but not in heat
shock-induced suppression of necrosis. In line with this,
caspase 3 cleavage was also decreased by p53 inhibition,
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Figure 1. Mild heat shock switches GD-induced necrosis to apoptosis. A549
cells were incubated at 37 or 41˚C for 2.5 h and exposed to GD medium
at 37˚C for 18 h. Then cells were stained with HO/PI and apoptotic and
necrotic cells were scored under a fluorescence microscope, as described in
Materials and methods (A), or active-caspase 3 and PARP were detected by
Western blotting (B). ERK2, loading control.

Figure 2. p53 plays critical role in the heat shock/GD-induced apoptosis. (A and B) Cells were exposed to GD or heat shock/GD in the absence or presence
of 30 μM PFT-·, and stained with HO/PI (A). HO stained images are shown in B (x400). (C) Cells were transfected with scrambled RNA (ctl RNAi) or p53
RNAi for 48 h and subjected to Western blotting to confirm p53 silencing. The cells were incubated at 37 or 41˚C for 2.5 h and exposed to GD medium at
37˚C for 18 h and then stained with HO/PI. (D and E) A549 cells were either exposed to heat shock/GD in the presence or absence of 30 μM PFT-· (D), or
transfected with ctl RNAi or p53 RNAi and then treated with heat shock/GD (E) and subjected to Western blotting to detect active caspase 3, p53, and ERK2.
(F) Cells were exposed to GD or heat shock/GD in the absence or presence of PFT-· for 18 h, then media were taken and measured for LDH activity.
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whereas LDH release was not increased (Fig. 2D-F). These
results suggest that p53 is required for execution of apoptosis
in response to heat shock/GD, but insufficient to switch
GD-induced necrosis to apoptosis. 

HSP27, but not HSP70, prevents GD-induced necrosis. HSPs
such as HSP70 and HSP27 play a major role in the protection
of cells against stressful stimuli (23,24) and participate in the
modulation of several apoptotic processes (25). Thus, we
investigated whether HSP27 or HSP70 is linked to the cell
death mode determination in heat shock/GD-induced cell
death. HSP27 or HSP70 was silenced by transfection of
siRNA for each gene and then cell death patterns were
determined after GD or heat shock/GD. As shown in Fig. 3A,
the heat shock effect that switches GD-induced necrosis to
apoptosis was significantly reversed in HSP27 silenced cells,
whereas in the cells transfected with HSP70 siRNA, the heat
shock effect was not altered with similar pattern to the cells
transfected with scrambled siRNA. Thus, HSP27 appeared to
play a critical role in the heat shock-induced cell death mode
switching effect in GD condition. To further explore whether
HSP27 is directly linked to the conversion of GD-induced
necrosis to apoptosis, A549 cells constitutively overexpressing
HSP27 were established and subjected to GD. Cell death
mode was observed at 18 h after GD for necrosis and at 24 h
after GD for apoptosis by HO/PI staining, since necrotic
and apoptotic death maximally occur at the respective time-
points. At 18 h, mostly red nuclei (indicating necrotic cell
death) were observed in cells transfected with pEGFP-C2, but
blue nuclei (indicating viable cells) were detected in pEGFP-
C2-HSP27 cells, indicating that GD-induced necrosis was
suppressed in the cells overexpressing HSP27 (Fig. 3B).
However, apoptotic body formation was not detected in
pEGFP-C·-HSP27 cells until 24 h after GD (data not shown).
Therefore, HSP27 appears to play an important role(s) in the
heat shock-mediated necrosis-to-apoptosis switch, but it is
not sufficient for switching necrosis to apoptosis. 

Heat shock-activated Akt/PKB and ERK1/2 pathways play a
critical role(s) in cell death mode determination in heat
shock/GD condition. Since mild heat shock activates multiple
Ras signal-dependent PI3K and ERK1/2 pathways, we
examined whether these pathways are linked to the cell
death mode determination in heat shock/GD. Mild heat shock
activated Akt and ERK through phosphorylation in A549
cells (Fig. 4A). The addition of the MEK inhibitor U0126
converted the heat shock/GD-induced apoptosis to necrosis,
indicating that ERK1/2 may play a role in mild heat shock-
mediated prevention of necrosis induced by GD (Fig. 4B).
Interestingly, the PI3K inhibitor LY294002 blocked formation
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Figure 3. Interference of HSP27, but not HSP70, reversed the activity of mild heat shock to switch GD-induced necrosis to apoptosis. (A) A549 cells were
transiently transfected with 5 μg/ml of ctl RNAi, HSP27 RNAi, or HSP70 RNAi. Then the cells were treated with GD or heat shock/GD and stained with
HO/PI. Decreased expression of HSP27, and HSP70 were confirmed by Western blotting with anti-HSP27 and anti-HSP70 antibody (left panel). (B) Over-
expression of HSP27 protected GD-induced necrosis. Cells stably overexpressing pEGFP-C2 vector or pEGFP-C2-HSP27 vector were incubated 12 h in
normal growth medium or GD medium, and then incubated with HO/PI for 15 min. The cells were rinsed, filled with fresh medium, and fluorescence images
were captured under an inverted fluorescence microscope (x400, Olympus).

Figure 4. PI3K and ERK pathways are involved in heat shock/GD-induced
apoptosis. (A) A549 cells treated with 41˚C heat shock for 1, 2, and 3 h
were harvested and analyzed by Western blotting for phospho-Akt, Akt,
phosphor-ERK1/2, and ERK1/2. (B) A549 cells were pretreated with vehicle,
LY294002, or U0126 and then exposed to heat shock/GD and stained by
HO/PI and apoptotic and necrotic cells were scored under a fluorescence
microscope.
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of apoptotic bodies after heat shock/GD, but without increasing
PI inclusion, a necrotic feature of cell death (Fig. 4B),
indicating that the PI3K-Akt signal cascade exert pro-
apoptotic activities. Although PI3K-Akt pathway is a typical
pro-survival pathway, recent studies demonstrated that PI3K
pathway is also involved in apoptotic cell death (31-33). We
also found that LY294002 could prevent apoptosis by
combined treatment of GD and hypoxia, anti-oxidants
[NAC (a general antioxidant) or catalase (an H2O2 scavenger)],
or the PKC activator phorbol-12-myristate-13-acetate
(unpublished data). In addition, the PI3K pathway is involved
in high glucose triggered apoptosis in human umbilical vein
endothelial cells and interferon-·-induced caspase-dependent
apoptosis (33). Thus, the PI3K-Akt signaling may exert a pro-
apoptotic activity in apoptotic cell death that occurs due to
altered cellular oxygen or glucose levels or in response to a
specific set of apoptotic stimuli, although its exact molecular
mechanism remains to be clarified.

Mild heat shock increased HSP27 and p53 protein levels
dependent on PI3K and suppressed the GD-induced
accumulation of RIPA-insoluble HSP27 and p53 protein
dependent on PI3K and ERK1/2. As demonstrated previously,
heat shock increased HSP27 and p53 protein levels. The
induction was prevented by PI3K inhibitor LY294002, but
not by MEK inhibitor U0126 (Fig. 5A and B). Similarly,
PI3K has been shown to participate in phosphorylation or
induction of HSP27 in response to various stimuli, including
acidic pH stress-induced HSP27 induction in human
esophageal microvascular endothelial cells, vasopressin-
induced HSP27 phosphorylation in aortic smooth muscle A10
cells, and sphingosine 1-phosphate-stimulated HSP27
induction in osteoblasts (34-36). In addition, PI3K pathway
has been demonstrated as the critical mediator in p53
activation in response to cisplatin (14). 

In the course of this study, we found that GD decreased
RIPA-soluble levels of several proteins including HSP27,

INTERNATIONAL JOURNAL OF ONCOLOGY  36:  387-393,  2010 391

Figure 5. HSP27 and p53 protein levels are regulated by PI3K and ERK pathways. Cellular protein or released protein levels were analyzed by SDS-PAGE
and Western blotting after treatment as follows. (A and B) Cells exposed to 41˚C heat shock for 2.5 h in the absence or presence of 10, 20, or 50 μM
LY294002 (A), or presence of 10, 20, or 50 μM U0126 (B) were further incubated in 37˚C for 18 h. (C) A549 cells were incubated in GD medium for the
indicated times. (D) A549 cells were exposed to 37˚C or 41˚C for 2.5 h, and further cultured in normal growth medium (GD-) or GD medium (GD+) for 18 h.
(E) A549 cells were either incubated in GD medium alone or pretreated with 10 μM MG132, 10 μM lactacystin or 10 μM ALLN and exposed to GD medium
in the presence of the inhibitors. (F) After incubation in GD medium for the indicated times, cells were collected, lysed in RIPA solution, then soluble and
insoluble fractions were divided by centrifugation (12,000 rpm). Equal amount of proteins were taken for soluble protein analysis (Soluble), while insoluble
protein aggregates were solubilized in Laemmli's sample buffer and equal volumes of the solution were taken (insoluble). At respective time, medium was
also taken and concentrated (medium) and then subjected to Western blotting. (G) Soluble and insoluble proteins were obtained after incubation in the GD
medium for 8 h in the presence or absence of 10 μM U0126. (H) A549 cells were exposed to heat shock in the absence or presence of LY294002 or U0126
and then treated with the GD medium for 18 h.
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HSP70, and p53 (Fig. 5C). However, when heat shock was
pretreated, the GD-mediated decrease of HSP27, HSP70, and
p53 was significantly recovered (Fig. 5D). In general, several
damaged cellular proteins are recognized by ubiquitin system
and subsequently degraded by proteasome (37) or calpain
that plays important roles in the necrotic death of many cells
(38). However, reduction of p53 and HSP27 was not changed
by the proteasome inhibitors MG132 and lactacystin, or the
calpain inhibitor ALLN, indicating that proteasome or calpain
may not be responsible for decrease of p53 and HSP27 protein
(Fig. 5E). p53 and HSP27 were detected in a RIPA-insoluble
fraction after GD, indicating that p53 and HSP27 proteins
may form insoluble large aggregates during GD. The RIPA-
insoluble aggregates formation increased in a time-dependent
manner (Fig. 5F). Upon GD-induced oxidative stress, proteins
could be oxidized, tend to aggregate and become cytotoxic.
Cell death by polypeptide aggregation has been well studied
as a causative factor of various human neurodegenerative
disorders. U0126 accelerated aggregate formation of p53 and
HSP27, and reversed the heat shock effect that prevents
GD-triggered protein aggregation (Fig. 5G and H). We have
previously shown that in A549 cells, GD was accompanied by
release of cytosolic CuZnSOD into extracellular medium,
resulting in strong oxidative stress (39). In this regard, aggre-
gation of p53 and HSP27 appears to be closely associated
with incurrence of excessive oxidative stress. 

Our results indicate that PI3K-dependent HSP27 and p53
induction and PI3K- and ERK1/2-dependent inhibition of the
GD-induced increase in RIPA-insoluble HSP27 and p53
protein levels by heat play a key role(s) in heat shock-mediated
switch of the GD-induced necrosis to apoptosis. Heat shock-
potentiated conversion of necrosis to apoptosis is likely to
require at least 2 separate events; blocking of necrosis and
induction of apoptosis. 
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Figure 6. A schematic model for mild heat shock-mediated cell death mode
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