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Microwave hyperthermia promotes caspase-3-dependent
apoptosis and induces G,/M checkpoint arrest via the
ATM pathway in non-small cell lung cancer cells
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Abstract. Post-operative microwave (MW) hyperthermia has
been applied as an important adjuvant therapy to enhance
the efficacy of traditional cancer treatment. A better under-
standing of the molecular mechanisms of MW hyperthermia
may provide guided and further information on clinical hyper-
thermia treatment. In this study, we examined the effects of
MW hyperthermia on non-small cell lung carcinoma (NSCLC)
cells in vitro, as well as the underlying mechanisms. In order to
mimic clinical treatment, we developed special MW heating
equipment for this study. Various NSCLC cells (H460, PC-9
and H1975) were exposed to hyperthermia treatment using
a water bath or MW heating system. The results revealed
that MW hyperthermia significantly inhibited cell growth
compared with the water bath heating system. Furthermore,
MW hyperthermia increased the production of reactive
oxygen species (ROS), decreased the levels of mitochondrial
membrane potential (MMP) and induced caspase-3 dependent
apoptosis. It also induced G,/M phase arrest through the
upregulation of the expression of phosphorylated (p-) ataxia
telangiectasia mutated (ATM), p-checkpoint kinase 2 (Chk2)
and p21, and the downregulation of the expression of cdc25c,
cyclin Bl and cdc2. On the whole, the findings of this study
indicate that the exposure of NSCLC cells to MW hyper-
thermia promotes caspase-3 dependent apoptosis and induces
G,/M cell cycle arrest via the ATM pathway. This preclinical
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study may help to provide laboratory-based evidence for MW
hyperthermia treatment in clinical practice.

Introduction

Non-small cell lung carcinomas (NSCLCs) comprise approxi-
mately 85% of lung cancers and have an overall 5-year survival
rate of 17.1% (1). The gold standard for the treatment of lung
cancer is surgical resection, combined with chemotherapy and
radiation therapy (2). Even though some molecular targeting
drugs [such as tyrosine kinase inhibitors (TKIs)] have been
applied to the treatment of patients with NSCLC with epidermal
growth factor receptor (EGFR) mutations (3,4), the overall
survival of patients with this disease remains discouraging.
Therefore, the development of novel therapeutic strategies is
required to improve the clinical outcomes.

Recently, post-operative hyperthermia has been applied
as an important adjuvant therapy to enhance the efficacy of
traditional chemotherapy and/or radiotherapy (5,6). As past
technologies have not been able to deliver heat to tumor
sites effectively and homogeneously without damaging the
surrounding non-tumor tissue, the development of hyper-
thermia is relatively outdated in modern medical research.
Recent novel techniques (such as computer modeling and
non-invasive thermometry) which directly apply heat treat-
ment, led us to focus on hyperthermia again. Numerous
clinical data have suggested that microwave (MW) ablation
can improve the oncologic outcomes of patients with hepa-
tocellular carcinoma (7), colorectal liver metastases (8) and
recurrent colorectal lung metastases (9). MW hyperthermia
(temperature usually ranges between 42 and 45°C) has been
widely employed in clinical trials of superficial tumors,
including head and neck cancer, or breast cancer recurrences
to the chest wall (10-13). It can also be used effectively in
conjunction with radiation therapy and chemotherapy, and
promotes body's immune response to fight against the target
tumor (14,15). MW therapy is able to kill cancer cells through
thermal as well as non-thermal effects (16). According to
previous studies, MW hyperthermia has been shown to be
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a promising alternative non-invasive treatment strategy for
various types of cancer, including lung cancer (17,18). A
better understanding of the molecular mechanisms under-
lying its effects may provide further information on clinical
hyperthermia treatment, to a certain extent; however, the
precise mechanisms through which MW hyperthermia affects
NSCLC remain undetermined.

In parallel to clinical research, several aspects of heat action
have been examined in numerous preclinical studies. Due to the
lack of special experimental devices, and the fact that clinical
hyperthermia devices are difficult to be applied in preclinical
studies, the water bath is the common heating system used
in vitro and in vivo in experimental studies (19,20). When using
a water bath to study hyperthermia, the temperature is the
only indicator being evaluated; the non-thermal effects of MW
are not considered. Additionally, differences in the biological
effects induced by various heat treatments (including a water
bath and MW hyperthermia) under isothermal conditions are
not yet clear. In order to resolve this issue, we developed a
special heating equipment (21) which can provide MW irradia-
tion under certain temperatures. In this study, using this system,
we investigated the mechanisms underlying the effects of MW
hyperthermia on NSCLC cells in vitro.

Therefore, the aim of this study was to investigate the effects
on NSCLCs induced by two types of heating systems (water
bath and MW hyperthermia) under different temperature condi-
tions and to explore the potential underlying mechanisms. We
found that MW hyperthermia induced markedly more potent
cytotoxic effects, increased reactive oxygen species (ROS)
production, promoted mitochondrial dysfunction and promoted
G,/M checkpoint arrest, thereby inducing the apoptosis of
NSCLCs to a greater degree than the water bath heating system.

Materials and methods

Cells and cell culture. The human NSCLC cell lines, H460
(EGFR wild-type), PC-9 (exon 19-deletion EGFR mutant) and
H1975 (T790M + L858R EGFR mutant) and the normal human
lung epithelial cell line, BEAS-2B, were purchased from the
American Type Culture Collection (ATCC, Manassas, VA,
USA). The NSCLC cell lines were maintained in RPMI-1640
supplemented with 10% fetal bovine serum (FBS) (Gibco, NY,
USA) and 1% penicillin/streptomycin at 37°C in a 5% CO,
humidified atmosphere. The BEAS-2B cells were maintained
in DMEM supplemented with 5% FBS. Primary astrocyte
cultures were separated from the cerebral cortex of 1-day-old
post-natal Sprague-Dawley rats as previously described (22,23),
with slight modifications. The 1-day-old post-natal rats were
purchased from the Animal Center of the Zhejiang Academy
of Medical Sciences. All the animals were raised at a specific
pathogen-free level (SPF) laboratory at the Animal Center of
the Zhejiang Academy of Medical Sciences. After purchase,
the rats were sacrificed immediately to obtain primary astro-
cytes. The animals were anaesthetized with pentobarbital
(40 mg/kg, intraperitoneal injection) and then decapitated.
The whole brains were dissected under sterile conditions. The
globulin, striatum, hippocampus and basal brain tissue were
removed; cerebral cortex was collected, freed from adherent
meninges. All experimental procedures were performed
according to the National Institute of Health Guild for the
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Care and Use of Laboratory Animals and were in accordance
with the Experimental Animal Welfare Ethics Committee of
Zhejiang Academy of Medical Sciences (2018-045). The tissue
was then washed in phosphate-buffered saline (PBS), cut into
small fragments and digested with trypsin. Cell suspensions
were centrifuged at 150 x g for 10 min and precipitation was
re-suspended in Dulbecco's modified Eagle's medium (DMEM,
Life Technologies, Grand Island, NY, USA) supplemented with
25 mM glucose, 10% FBS, 2 mM glutamine and 1% penicillin/
streptomycin. The cells were seeded on poly-D-lysine-coated
flasks, and grown in medium for the first 24 h. The medium was
replaced every 3 days. After 12-14 days, the confluent cultures
were shaken overnight to minimized microglial contamination.
The number of glial fibrillary acidic protein (GFAP)-positive
cells in these cultures was >95% (data not shown).

MW hyperthermia system. A novel MW applicator (21) was
developed for the experimental hyperthermia treatment of
cancer in vitro, which was equipped with a 433 MHz MW
generator and temperature auto-control system (Fig. 1). The
MW hyperthermia device consists of an auto-control system
(computer), 2 fiber-optic thermometer probes, a MW generator
and a MW radiator. The MW radiator is connected to a MW
generator via a flexible cable and enclosed in a circulating
water bath used as a protection against overheating of the cells.
During MW hyperthermia treatment, the temperature of the
cultured cells was measured with a temperature sensor under
the dishes, and the temperature of surrounding circulating
water was monitored via another sensor probe. Compared
with a common thermistor thermometer, these thermometer
probes used in our device can avoid the effects of electro-
magnetic waves, such as MW and allow for the measurement
of temperatures within +0.2°C of accuracy. The temperature
was automatically controlled by a decrease/increase in the
power output to maintain the temperature at the set value. Cell
culture dishes or plates are positioned in the sealed box under
the MW radiator. The MW heating system in vitro model is
schematically illustrated in Fig. 1. Following initial irradia-
tion, the temperatures and MW output reached a plateau with
an output value of approximately 50 W, and the maximum
output value of MW was set at 200 W.

Hyperthermia treatment. The cells were seeded in culture
plates prior to treatment. For MW hyperthermia treatment, the
cell culture dishes or plates were exposed to MW irradiation
at the indicated temperatures for the indicated periods of time.
For water bath treatments, the cell culture dishes or plates were
immersed in a circulating water bath (IKA group, Staufen,
Germany) at 43°C for 60 min or 90 min (Fig. 1F). For recovery
following hyperthermia treatment, the cells were placed in an
incubator at 37°C until further analysis.

Cell viability assay (cell counting kit-8 assay). The inhibitory
effects on tumor cell viability observed following treatment with
the MW hyperthermia device or water bath were determined
by CCK-8 assay. The NSCLC cells, H460, PC-9 and H1975,
were seeded in 96-well plates at 1x10* cells/well. The cells were
exposed to different temperatures (moderate hyperthermia) for
60 or 90 min. In the negative control group, the cells were incu-
bated at 37°C in a CO, incubator instead of MW irradiation or the
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Figure 1. Schematic principles of the microwave hyperthermia device. (A) Photographic appearance of the microwave hyperthermia device: The novel irradiation
system consisted of a (B) 433 MHz microwave generator and computer control system with MW radiator and (C) a temperature sensor. (D) Schematic representa-
tion of the MW hyperthermia device. Petri dishes or plates were positioned under the radiator and exposed to microwave radiation at 433 MHz. (E) Changes in
temperature and output of microwave. Blue line indicates the temperature of the cultured cells measured using thermometer probe 1 under the Petri dishes. Green
line indicates the temperature of the surrounding circulating water measured by thermometer probe 2. The red line indicates the output of the incident wave.

(F) Photographic appearance of the water bath system.

water bath, and then incubated in a CO, incubator. After 6, 12 or
24 h of treatment, 10 ul of CCK-8 solution (MedChem Express,
Princeton, NJ, USA) were added to each well, and the cells were
cultured for a further 1-3 h at 37°C. Cell viability in each group
was measured at 450 nm using a Multiskan Spectrum spec-
trophotometer (Thermo Fisher Scientific, Rockford, IL, USA).
The cells were also pre-treated with or without the caspase-3
inhibitor, Ac-DEVD-CHO (Selleckchem, Houston, TX, USA),
for 3 h prior to MW hyperthermia (43°C for 90 min) for 24 h.
Cell viability in each group was then measured.

Apoptosis detection by flow cytometry. For each cell line,
2x10° cells/well were seeded in a 6-well plate. Following hyper-
thermia treatment with MW or the water bath system, the cells
were harvested and then stained with the Annexin V-FITC
Apoptosis kit (BD Biosciences, Franklin Lakes, NJ, USA)
according to the manufacturer's instructions and analyzed
using a flow cytometer (BD Biosciences). Annexin V*/PI cells
were considered early apoptotic and Annexin V*/PI* cells
were considered late apoptotic. The cells were also pre-treated
with or without Ac-DEVD-CHO (50 M) for 3 h prior to MW
hyperthermia (43°C for 90 min) for 24 h.

Caspase-3 activity assay. Caspase-3 activity was determined
using a Caspase-3 Activity Assay kit (Beyotime Institute of
Biotechnology, Shanghai, China) following the manufacturer's
instructions. Briefly, the cells were treated with heat using a
water bath or MW hyperthermia device and collected. The
cells were washed with PBS twice. Lysis buffer was added by
incubation on ice for 20 min. Cell lysates were centrifuged
at 12,000 x g for 15 min at 4°C, and the protein concentra-
tion of the supernatants was determined using the Bradford

protein assay kit (Beyotime Institute of Biotechnology). This
was followed by incubation at 37°C for 1-2 h and the addition
of Ac-DEVD-pNA (10 ul) and mixing with the cell lysates.
The activity of caspase-3 was then quantified at 405 nm with
a Multiskan Spectrum spectrophotometer (Thermo Fisher
Scientific). The cells were also pre-treated with or without
Ac-DEVD-CHO (50 yM) for 3 h prior to MW hyperthermia
(43°C for 90 min) for 24 h.

Measurement of intracellular ROS generation. The detection of
intracellular ROS generation following treatment was performed
using the fluorescence probe, 2'7'- dichlorodihydrofluorescein
diacetate (DCFH-DA, Beyotime Institute of Biotechnology).
The cells were seeded in a 35-mm culture plate (Thermo Fisher
Scientific) at a density of 5x10° cells/ml in a volume of 1 ml.
The cells were treated with 43°C (moderate hyperthermia)
with MW or a water bath for 90 min. After 6 h of treatment,
the cells were pre-loaded with 10 uM DCFH-DA in FBS-free
RPMI-1640 medium for 20 min. After washing 3 times for
10 min with PBS, the cells were mounted under a fluorescenc
microscope (Olympus BX61; Olympus, Tokyo, Japan) at an exci-
tation of 488 nm and emission of 525 nm. Using the Image-Pro
Plus program, the mean fluorescence intensity of the images
was assessed and normalized to obtain relative ratios that were
compared between the experimental groups.

Detection of mitochondrial membrane potential (MMP). MMP
was determined using the fluorescent probe, JC-1 (Beyotime
Institute of Biotechnology), according to the instructions of
the manufacturer. JC-1 is a cationic dye. Under normal condi-
tions, the mitochondrial membrane exhibits red fluorescence;
when MMP is depolarized, red fluorescence turns into green
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Figure 2. Microwave (MW) hyperthermia inhibits growth in different cell lines. (A-D) NSCLC cells (1x10%/well) were seeded in a 96-well plate and were
exposed to the water bath or MW hyperthermia for different periods of time. Following incubation for 6, 12 or 24 h, cell viability was determined by CCK-8
assay. (E) Primary astrocytes (1x10*/well) and human normal lung epithelial cells, BEAS-2B cells (1x10*/well) were seeded in a 96-well plate and exposed to
MW hyperthermia for 60 or 90 min. Following incubation for 24 h, cell viability was determined by CCK-8 assay. Data are expressed as the means + SEM of

3 independent experiments. "P<0.05 vs. the control group, “P<0.01 vs. the control group, *

fluorescence. Briefly, following treatment, the cells were incu-
bated with 5 yg/ml JC-1 staining solution for 20 min. After
washing 2 times with PBS, the cells were observed under a
confocal fluorescence microscope (Leica Microsystems AG,
Mannheim, Germany). At least 10 visual fields in each were
analyzed. All experiments were repeated at least 3 times.

Cell cycle analyses by flow cytometry. In order to obtain the
distribution of cells in different phases of the cell cycle, the
cells were fixed with 70% ice cold ethanol, stored overnight
at -20°C, and subsequently stained using the cycle test plus
DNA reagent kit according to the manufacturer's instructions
(BD Biosciences). The samples were finally analyzed using a
flow cytometer (BD Biosciences).

Western blot analysis. Following the different treatments, total
protein was extracted using RIPA lysing buffer. Lysates were
centrifuged at 15,000 x g for 10 min at 4°C. Protein was quantified
using a BCA protein kit (Thermo Fisher Scientific). Equal amounts
(40 pg) of tissue lysates were separated by 10% SDS-PAGE and
transferred onto PVDF membranes (Bio-Rad, Hercules, CA,
USA). The PVDF membranes were blocked with 5% non-fat milk
at room temperature for 1-2 h and then incubated with specific
primary antibodies at 4°C overnight. The following antibodies
were used: anti-ataxia telangiectasia mutated (ATM; sc-377293,

“P<0.01 vs. the control group.

1:500, Santa Cruz Biotechnology, Santa Cruz, CA, USA),
anti-phosphorylated (p-)ATM (130508, 1:1,000, Cell Signaling
Technology, Danvers, MA, USA), anti-p-checkpoint kinase 2
(Chk2; 21978, 1:1,000, Cell Signaling Technology), anti-p21
(ab109520, 1:1,000, Abcam, Cambridge, MA, USA), anti-cdc
25c (46888, 1:1,000, Cell Signaling Technology), anti-cyclin Bl
(122318, 1:1,000, Cell Signaling Technology), anti-cdc 2 (28439S,
1:1,000, Cell Signaling Technology), anti--actin (sc-47778,
1:1,000, Santa Cruz Biotechnology). After washing with TBST,
the membranes were incubated with secondary antibodies
(anti-rabbit IgG, sc-2357, 1:5,000 and anti-mouse IgG, sc-2005,
1:5,000 from Santa Cruz Biotechnology) at room temperature
for a further 2 h. The protein bands were visualized using the
ECL system (Beyotime Institute of Biotechnology). Images were
captured using the Odyssey infrared imaging system (LI-COR
Biosciences, Lincoln, NE, USA). All experiments were repeated
at least 3 times.

Statistical analysis. All analyses represented at least in
triplicate experiments in vitro. Data are presented as the
means + SEM. The student t-test was used for single-group
comparisons, and one-way ANOVA followed by Tukey's
post hoc test was used for multiple comparisons. A value of
P<0.05 was considered to indicate a statistically significant
difference.
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Figure 3. Microwave (MW) hyperthermia promotes apoptosis. H460, PC-9 and H1975 cells were exposed to a water bath or MW hyperthermia at 43°C
for 90 min, then allowed to recover at 37°C until 24 h. (A, C and E) Representative images of flow cytometry results. (B, D and F) Quantitative analyses of
Annexin-FITC positive H460, PC-9 and H1975 cells are shown. (G-I) Quantitative analyses of Annexin-FITC positive H460, PC-9 and H1975 cells subjected
to different treatments are shown. “P<0.05 vs. the control group, “P<0.01 vs. the control group.

Results

MW hyperthermia treatment inhibits tumor cell viability.
To examine the inhibitory effect of hyperthermia on tumor
cell growth, CCK-8 assay was used to evaluate cell viability.
All 3 different NSCLC cells (H460, PC-9 and H1975) were
treated with MW hyperthermia or a water bath, while the
control cell monolayers were maintained at 37°C. Following
90 min of heat treatment and a subsequent 6 h of incubation,
heat treatment using a water bath or MW did not affect cell
viability, while 12 h of incubation attenuated the viability of
the PC-9 and H1975 cells treated with MW hyperthermia
(Fig. 2A). After of 24 h pf incubation, cell viability was
decreased significantly by MW hyperthermia treatment in all
3 cell lines (Fig. 2A). As shown in Fig. 2B-D, the mean value
of percentage cell viability based upon the control (100%) was
77.35+1.89% (MW at 43°C for 90 min, P<0.001) in the H460
cell line, 69.75+1.82% (MW at 43°C for 90 min, P<0.001)
in the PC-9 cell line, and 81.84+2.93% (MW at 43°C for
60 min, P<0.01) and 57.88+3.42% (MW at 43°C for 90 min,
P<0.001) in the H1975 cell line. Compared with the control
group, no significant differences were observed in the 3 cell

lines treated with the water bath. Furthermore, we examined
the side-effects of MW hyperthermia on some normal cells
(murine primary astrocyte and human lung epithelial cells,
BEAS-B2). In primary astrocytes, cell viability decreased as
the irradiation time and temperature increased (MW at 43°C
for 90 min, P<0.001). As for the normal lung epithelial cells,
the BEAS-2B cells were the least sensitive to MW irradiation
in the experiments shown in Fig. 2E. MW hyperthermia did
not affect the viability of the BEAS-2B cells treated with 43°C
mild hyperthermia for 60 min, although it induced 11.85% cell
death with 43°C MW hyperthermia for 90 min (P<0.05).

MW hyperthermia treatment induces caspase-3-dependent
apoptosis. In order to determine the type of cell death induced
by MW hyperthermia, the effects of heat treatment on apop-
tosis were examined. Annexin V-positive and PI-negative cells
represent early apoptotic cells, and double-positive cells are
defined as late apoptotic cells. For the H460 cells, the total
number of apoptotic cells (including early apoptotic and late
apoptotic cells) increased significantly (3.89-fold compared to
the control) following treatment with MW at 43°C for 90 min
(Fig. 3A and B). For the PC-9 cells, a 5.56-fold increase in the
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total number of apoptotic cells was observed following treat-
ment with MW at 43°C for 90 min (Fig. 3C and D). For the
H1975 cells, an 8-fold increase in the total number of apoptotic
cells was observed following treatment with MW at 43°C for
90 min (Fig. 3E and F). The mean value of percentage apoptosis
of the cells treated with MW hyperthermia was 12.45+1.20%,
40.00+11.22% and 37.70+9.17% in the H460, PC-9 and H1975
cells, respectively. No significant differences were observed
between the control groups and water bath-treated groups
in all 3 NSCLC cell lines. These results suggested that the
enhanced the inhibitory effects on cancer cell survival were
associated with cell apoptosis in the cells treated with MW
hyperthermia. Increasing the temperature of the water bath
proportionally increased the percentages of apoptotic cells,
which were 4.54+1.87%,9.30+0.70%, 17.83+2.62% in the H460
cells (Fig. 3G), 6.33+1.24%, 13.26+4.71% and 38.30+5.89% in
the PC-9 cells (Fig. 3H), and 7.06+1.83%, 12.10+2.95% and
47.43+13.87% in the H1975 cells (Fig. 3I) at 43, 45 and 47°C,
respectively.

To examine whether caspase-3 activation is involved
in the apoptosis triggered by MW hyperthermia, the cells

were treated with Ac-DEVD-CHO, a caspase-3 specific
inhibitor for 3 h prior to MW hyperthermia. Following MW
treatment in the presence or absence of Ac-DEVD-CHO,
cell viability was examined at 24 h. As shown in Figure 4A,
Ac-DEVD-CHO markedly attenuated MW hyperthermia-
induced cell death compared with the cells treated with
MW alone. Furthermore, the apoptosis induced by MW was
partially reversed by Ac-DEVD-CHO (Fig. 4B). Compared
with each control group, the level of caspase-3 activation
was markedly increased in the MW hyperthermia group
(8.52-fold in the H460 cells, 4.14-fold in the PC-9 cells and
1.64-fold in the H1975 cells). Furthermore, we found that
Ac-DEVD-CHO significantly attenuated the increase in
caspase-3 production compared with the cells treated with
MW hyperthermia alone for 24 h (Fig. 4C). These results
indicated that caspase-3 was involved in the apoptosis
induced by MW hyperthermia.

MW hyperthermia treatment increases ROS levels. To inves-
tigate whether oxidative stress contributes to the apoptosis
induced by MW hyperthermia, we measured intracellular ROS
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production using a DCFDA fluorescence probe, an indicator of
total cellular ROS. ROS production increased 6 h following
MW hyperthermia (2.07-fold in the H460 cells, 2.31-fold in
the H1975 cells and 4.41-fold in the PC-9 cells; Fig. 5), while
heat-treatment using a water bath induced a slight, yet insig-
nificant, increase in ROS levels (1.49-fold in the H460 cells,
1.04-fold in the H1975 cells and 1.01-fold in the PC-9 cells),
compared to each control group. Taken together, our results
demonstrated that oxidative stress contributed to the apoptosis
of NSCLC cells induced by MW hyperthermia.

MW hyperthermia treatment decreases MMP in NSCLC cells.
To determine whether the change in MMP was induced by MW
hyperthermia, JC-1 staining was performed. JC-1 is an ideal
fluorescent probe commonly used to detect MMP. In normal
healthy cells, JC-1 accumulates in the mitochondria with red
fluorescence, while in apoptotic cells, it depolarizes MMP, and
JC-1 is diffused in the cytosol with green fluorescence. Thus,
the transition from red fluorescence to green fluorescence of

ok

P<0.001 vs. the control group in PC-9

JC-1 staining suggests mitochondrial depolarization and apop-
tosis. We found that MMP was decreased in the NSCLC cells
following treatment with MW hyperthermia (Fig. 6).

MW hyperthermia treatment induces G,/M arrest. The cells
were treated with MW hyperthermia or a water bath, and the
cell cycle distributions were analyzed by flow cytometry. As
shown in Fig. 7A-C, the water bath treatment had no signifi-
cant effect on cell cycle distribution, while MW hyperthermia
treatment markedly induced G,/M phase arrest, indicated by
the was significant increase in the G,/M phase cell popula-
tion compared with that of the other groups. Compared with
the control group, the proportion of cells in the G,/M phase
increased with MW hyperthermia treatment (2.72-fold for the
H460 cells, 1.88-fold for the PC-9 cells and 2.10-fold for the
H1975 cells; Fig. 7A-C).

To examine the effects of MW hyperthermia on the cell
cycle in more detail, the cell cycle regulator proteins for cell
transiting through the G,/M phase were examined by western
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Figure 6. Microwave (MW) hyperthermia treatment alters mitochondrial membrane potential (MMP). Cells were seeded onto 6-well plate at 2x10%/well and
then exposed to a water bath or MW radiation at 43°C for 90 min. Following incubation for 6 h, MMP was examined by JC-1 staining with a confocal micro-
scope. (A-C) Representative photographs from DCF fluorescence staining in the H460, PC-9 and H1975 cells, respectively. Scale bars, 50 gm. (D) Quantitative
analyses of relative fluorescence are shown. “*P<0.001 compared to each control group.

blot analysis. In all cell lines, ATM protein expression was not
altered considerably, while the phosphorylation of ATM was
increased in the MW hyperthermia group at 6 and 12 h, when
compared with the control group. p-Chk?2 protein expression
was increased in the MW group at 6 and 12 h, but was not
detected at 24 h. We speculated that Chk2 phosphorylation
was detected transiently following MW exposure, which in
turn rapidly activated downstream signaling pathways. In the
PC-9 cells, Chk2 phosphorylation was increased slightly in the
cells treated with the water bath at 6 h, compared with the
control group. The expression of p21 was markedly increased
in the MW hyperthermia group at 6, 12 and 24 h in all cell
lines. The expression levels of cdc25c, cdc2 and cyclin Bl in
the MW hyperthermia group were markedly decreased at 6, 12
and 24 h in the various NSCLC lines. The protein expression
levels of regulators of the G,/M checkpoint were not mark-
edly altered with water bath treatment (Fig. 7D). Our results
indicated that the ATM signaling pathway may play a critical
role in G,/M arrest induced by MW hyperthermia.

Discussion

In this study, we examined the effects of MW hyperthermia
(433 MHz) on different NSCLC cells in vitro using a
self-developed device. Under the isothermal conditions (43°C
for 90 min), MW hyperthermia inhibited cell survival and
increased the cell apoptotic rates to a greater extent than water

bath treatment in vitro, and induced G,/M cell cycle arrest.
The mechanisms involved may be related to the activation of
the ATM pathway.

Over the past few decades, scientists have developed a
large number of equipment and techniques for use in clinical
hyperthermia (24). Previous studies have indicated the posi-
tive effects of hyperthermia treatments in clinical trials (25);
however, the potential underlying mechanisms remain unclear.
The goal of thermal biological research is to disclose the
mechanisms responsible for the thermal effects, in order to
further reveal the mechanisms of thermal radiosensitization
and chemosensitization. In preclinical research, water baths
are the most common heating system used to investigate
hyperthermia, due to the lack of special thermal therapy
instruments. It is difficult to explain the antitumor mecha-
nisms of hyperthermia in the clinical setting. Water baths
exert thermal effects alone, while MW hyperthermia therapies
also exert non-thermal effects on cancer cells. A specifically
designed device is needed that will mimic the clinical treat-
ment on heating cancer cells in vitro. Electromagnetic heating
devices operating from 8-915 MHz have been proposed for the
hyperthermia treatment of cancer (24,26). To mimic the clin-
ical conditions, we developed a novel MW applicator for the
experimental hyperthermia treatment of cancer in vitro, which
was equipped with a 433 MHz (ISM frequency in Europe: a
frequency allocated for industry, science and medicine) (27)
MW generator (Fig. 1). Using this novel MW system, we
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Figure 7. Microwave (MW) hyperthermia induces G,/M arrest. Cells were seeded onto 6-well plate at 1x10%well and then exposed to a water bath or MW at
43°C for 90 min. The cells were cultivated for 24 h, cell cycle distribution were analyzed by flow cytometry. (A-C) The cell cycle distributions following treat-
ment of H460, PC-9 and H1975 cells. (D) Western blot analysis of ATM, p-ATM, p-Chk2, p21, cdc25c, cyclin Bl and cdc2 in NSCLC:s cells. B-actin expression
was included as an internal control. Values were the means of triplicate analyses.

found that the viability of the H460, PC-9 and H1975 cells
was decreased by MW hyperthermia, but not by the water bath
at 43°C. These results indicated that the thermal-tolerant cells
could be killed by MW hyperthermia. Caspase-3 was found
to be involved in MW hyperthermia-induced apoptosis. Our
results are consistent with those of another study in that MW
hyperthermia induced cell apoptosis (28). The efficacy of
hyperthermia depends on the treatment temperature and dura-
tion in cancer cells (29). Furthermore, we found that increasing
the temperature of the water bath resulted in similar apoptotic
rates to MW hyperthermia at 43°C (Fig. 3G-I). Pawlik et al
reported that heat-treated cells at 43.5 and 45°C exhibited
marked apoptotic phenomena (30). This indicated that the
degree of temperature was one of the essential parameters in
inducing apoptosis, but most importantly, MW may play a key

role in the antitumor effects. Our results indirectly confirmed
that MW hyperthermia exerted non-thermal effects on cancer
cell death. Asano et al reported that normothermic MW irra-
diation induced cell death via heat-independent apoptosis (31).
The potential mechanisms underlying these non-thermal
effects of MW warrant further investigation. These results
indicated that our novel MW device may be applied to preclin-
ical studies in thermal biology, which is difficult to achieve
when employing typically used water bath device. Moreover,
we found that long-term exposure to MW (90 min) may have
some side-effects on primary astrocytes and normal lung
epithelial cells, BEAS-2B cells (Fig. 2E). Our results indicated
that local treatment with MW hyperthermia in the clinical
setting may be beneficial for eliminating the damage to normal
surrounding tissue. On the whole, our results provide give
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a clear explanation of the distinct cell-killing effect of MW
hyperthermia and the intrinsic molecular mechanisms using
this novel device.

Hyperthermia may enhance the production of intracel-
lular (ROS) (32,33). Hyperthermia-induced oxidative stress is
crucial in the initiation of apoptotic cell death (28,34). Therefore,
we speculated that ROS may play a role in cell apoptosis induced
by MW hyperthermia. The results revealed that the accumula-
tion of ROS was observed in the MW-treated NSCLC cells. It
has been recognized that ROS can damage a variety of cellular
components, leading to DNA damage, mitochondrial dysfunc-
tion and apoptosis. The excessive accumulation of ROS can open
the mitochondrial permeability transition pore, releasing pro-
apoptotic proteins, and finally activating the caspase cascade and
inducing apoptosis (35). Furthermore, we found that MMP was
depolarized in all NSCLC cell lines following treatment with
MW hyperthermia. It is well known that depolarized MMP is
an indicator of mitochondrial dysfunction during apoptosis (36),
and it is an early event that coincides with caspase activation.
The level of caspase-3 activation was markedly increased in the
MW hyperthermia group (8.52-fold in the H460 cells, 4.14-fold
in the PC-9 cells and 1.64-fold in the H1975 cells; Fig. 4C).
The caspase-3 specific inhibitor, Ac-DEVD-CHO, significantly
attenuated the increase in caspase-3 activity compared with MW
hyperthermia alone. Our data suggested that ROS accumulation
and MMP depolarization contributed to the MW hyperthermia-
induced caspase-3-dependent apoptosis of human NSCLC cells.

There is accumulating evidence to indicate that hyper-
thermia inhibits cell growth via inducing apoptosis and/or cell
cycle checkpoint activation in tumor cells (37,38). Cell cycle
checkpoints are important for regulating cell growth. In the
present study, the results indicated that MW hyperthermia
was found to arrest the cell cycle of NSCLC cells at the G,/M
phase. Furthermore, we focused on investigating the potential
molecular mechanisms of MW hyperthermia-induced G,/M
checkpoint arrest. It is well known that cell cycle progres-
sion requires the precise expression and activation of several
cyclins proteins and cyclin-dependent kinases (39). The ATM
plays a key role in the activation of cell cycle checkpoints (40).
The ATM pathway responds not only to DNA double-strand
breaks, but also to damage induced by various types of
stress (41-43). p21 is an important member of the family of
cyclin kinase inhibitors, mediated G,/M cell cycle arrest (44).
When DNA damage occurs, activated ATM induces Chk?2
phosphorylation and p21 activation, consequently regulating
cdc25c. Chk?2 can induce G,/M cell cycle arrest by decreasing
the protein expression of cdc25c (45). It is well known that in
the G,/M checkpoint, cdc2 and cyclin Bl are the important
regulators, and the activated cyclin Bl/cdc 2 complex can
trigger the transition from the G, to the M phase (46,47). In the
present study, we found that MW hyperthermia activated ATM
and Chk2, further regulating the protein expression levels of
p21, cdc25c, cyclin Bl and cdc2. Our results indicated that the
mechanisms responsible for the effects of MW hyperthermia
on G,/M phase arrest may be related to the regulation of the
ATM-Chk2/p21-cdc25c signaling pathway.

Of note, we found that MW hyperthermia treatment
induced a significantly higher proportion of apoptotic NSCLC
cells with EGFR mutations (40.00+11.22% in the PC-9 cells
with exon19 deletion in the EGFR gene, 37.70+9.17% in the
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H1975 cells with L858R/T790M double mutations in the
EGFR gene) than in the H460 cells with wild-type EGFR
(12.45+1.20%) (Fig. 3B, D and F). Thus, we hypothesized that
the sensitivity of the cells to MW may differ among cells with
different EGFR gene types. It has been reported that EGFR
mutation-positive NSCLC is associated with the regression
of patient tumors to intrapleural perfusion with hyperthermic
chemotherapy complete treatment in clinical trials, and that
the mechanisms involved may be related to the decreased
protein level of EFGR (48). Our results provide experimental
evidence to support the thesis that EGFR mutation-positive
NSCLC cells may be more sensitive towards hyperthermia.
These results indicate that MW hyperthermia may be one of
the most promising adjuvant therapies against NSCLC tumors
with mutations in the EGFR gene.

In conclusion, in this study, we report for the first time, at
least to the best of our knowledge, that the exposure of NSCLC
cells to a specially designed MW device (433 MHz) increases
ROS production, mitochondrial dysfunction, promotes
caspase-3-dependent cell apoptosis and induces G,/M cell
cycle arrest by regulating the ATM signaling pathway. Heat
treatment under a water bath did not have the same effect.
Our results demonstrated that the MW hyperthermia device
specially designed by our group may be a good tool for hyper-
thermia research in vitro.
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