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Abstract

AIM

To investigate whether autophagic cell death is involved
in hyperthermic sensitization to ionizing radiation in
human hepatocellular carcinoma cells, and to explore
the underlying mechanism.

METHODS

Human hepatocellular carcinoma cells were treated
with hyperthermia and ionizing radiation. MTT and
clonogenic assays were performed to determine cell
survival. Cell autophagy was detected using acridine
orange staining and flow cytometric analysis, and the
expression of autophagy-associated proteins, LC3
and p62, was determined by Western blot analysis.
Intracellular reactive oxygen species (ROS) were
quantified using the fluorescent probe DCFH-DA.

RESULTS

Treatment with hyperthermia and ionizing radiation
significantly decreased cell viability and surviving
fraction as compared with hyperthermia or ionizing
radiation alone. Cell autophagy was significantly
increased after ionizing radiation combined with
hyperthermia treatment, as evidenced by increased
formation of acidic vesicular organelles, increased
expression of LC3II and decreased expression of p62.
Intracellular ROS were also increased after combined
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treatment with hyperthermia and ionizing radiation.
Pretreatment with N-acetylcysteine, an ROS scavenger,
markedly inhibited the cytotoxicity and cell autophagy
induced by hyperthermia and ionizing radiation.

CONCLUSION

Autophagic cell death is involved in hyperthermic
sensitization of cancer cells to ionizing radiation, and
its induction may be due to the increased intracellular
ROS.

Key words: Autophagic cell death; Hyperthermia;
Ionizing radiation; Hepatocellular carcinoma; Reactive
oxygen species

© The Author(s) 2017. Published by Baishideng Publishing
Group Inc. All rights reserved.

Core tip: Increased cell autophagy and intracellular
reactive oxygen species (ROS), accompanied by
decreased cell viability and surviving fraction, were
observed in HepG2 cells treated with hyperthermia and
ionizing radiation. Pretreatment with N-acetylcysteine,
an ROS scavenger, markedly inhibited the above
cytotoxicity and cell autophagy. The results suggest that
autophagic cell death is involved in the hyperthermic
sensitization to ionizing radiation, and its induction may
be due to the increased intracellular ROS.

Yuan GJ, Deng JJ, Cao DD, Shi L, Chen X, Lei JJ, Xu XM.
Autophagic cell death induced by reactive oxygen species is
involved in hyperthermic sensitization to ionizing radiation in
human hepatocellular carcinoma cells. World J Gastroenterol
2017; 23(30): 5530-5537 Available from: URL: http://www.
wjgnet.com/1007-9327/full/v23/i30/5530.htm DOI: http://dx.doi.
org/10.3748/wjg.v23.130.5530

INTRODUCTION

Hepatocellular carcinoma (HCC) is the third most
common cancer and the second leading cause of
cancer-associated mortality in China. A majority of
patients with HCC present unresectable or advanced
disease at the time of diagnosis; the choice of
treatment is limited and the prognosis is poor®.
With the development of radiotherapy techniques,
including intensity-modulated radiotherapy (IMRT)
and stereotactic body radiation therapy (SBRT), the
use of radiotherapy has increasingly been adopted for
the treatment of HCCP. Hyperthermia, elevation of
temperature inside tumor up to 40-42 C, is an effective
treatment modality for cancer®. Hyperthermia is
a potent radiation sensitizer™, and its combination
with radiotherapy is a promising method for cancer
treatment. Several studies have demonstrated the
efficacy of combined treatment with radiotherapy and
hyperthermia against HCC, head and neck cancer,
breast cancer, and melanoma'®®. Hyperthermia can
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increase tumor perfusion and oxygenation, and inhibit
repair of DNA damage in tumor cells, all of which may
enhance tumor radiosensitivity™ ', However, the
underlying mechanisms of the radio-sensitizing effect
of hyperthermia are not fully elucidated.

Autophagy is an evolutionarily conserved process
in which cellular organelles and long-lived proteins
are sequestered into double-membrane vesicles,
the autophagosomes, and subsequently delivered to
the lysosomes to be degraded or recycled™. It can
be induced by a variety of stimuli, such as nutrient
deprivation, hypoxia, reactive oxygen species (ROS),
protein aggregates, and damaged organelles'?,
Anticancer therapies, such as chemotherapy, radio-
therapy and hyperthermia, are also shown to induce
autophagy within tumor cells!***®), Studies have
shown that increased basal autophagy is required for
cells to survive after physical or chemical damage!'”’.
However, excessive autophagy can induce type II
programmed cell death (autophagic cell death), a form
of nonapoptotic cell death™®. In the present study,
we showed that autophagic cell death is involved in
hyperthermic sensitization to ionizing radiation in
human HCC cells, and its induction may be due to the
increased intracellular ROS.

MATERIALS AND METHODS

Cell culture

Human HCC cell line HepG2 was obtained from
Wuhan University Cell Center. Cells were cultured in
RPMI 1640 medium supplemented with 10% fetal
bovine serum, 100 U/mL streptomycin and 100 U/mL
penicillin in a humidified 5% CO: atmosphere at 37 C.

Treatment of cells with hyperthermia and ionizing
radiation

Water-bath warming was performed and the tem-
perature was controlled at 43 °C. Cell culture bottles
were packaged and put into the water at 43 °C for
0.5 h. Then cells were irradiated with 4 Gy of 6 MV
X-ray beam (field, 10 cm x 10 cm; source-to-surface
distance, 100 cm; dose rate, 0.8 Gy/min), using a
Varian Clinac 23iX (Varian Medical Systems, Inc.)
at room temperature. The period between the two
treatments was less than 1 h. After irradiation, the
cells were immediately returned to the cell incubator
and incubated at 37 °C for 72 h.

MTT assay

MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
tetrazolium bromide] colorimetric assay was used
to determine the survival rate of cells. After the
above treatment, the cells were washed with
phosphate buffered saline (PBS), and incubated with
1 x MTT at 37 C for4 h. Then the absorbance
at 570 nm was measured, and the survival rate
of the cells was calculated according to the following
equation: survival rate = (experimental absorbance

August 14, 2017 | Volume 23 | Issue 30 |



Yuan GJ et a/. Autophagic cell death is involved in hyperthermic sensitization to radiation

>

120 -
100
80
60
40

Survival rate (%)

20

0

& S @
) & S8
& N S5
& S

120 -
100
80
60
40
20

Clonogenic survival (% of control)

Figure 1 Hyperthermia enhances the cytotoxicity of ionizing radiation to hepatocellular carcinoma cells. HepG2 cells were treated with hyperthermia (43 'C
for 0.5 h) followed by ionizing radiation (4 Gy). After 72 h of incubation, the cells were assessed for cell viability using MTT assay (A), or plated in dishes and incubated
for clonogenic survival assay (B). The results are presented as the mean + SD of three different experiments. °P < 0.05 vs treatment of ionizing radiation alone.

value/control absorbance value) x 100%.

Clonogenic assay

After treatment with hyperthermia or ionizing radiation,
the cells were trypsinized into single-cell suspension,
plated in 60-mm dishes and incubated for 14 d to
allow for colony growth. Then, the cells were fixed and
stained with crystal violet, and colonies having at least
50 cells were counted using a microscope.

Acridine orange staining and flow cytometric analysis
Formation of acidic vesicular organelles, a morphological
characteristic of autophagy, was detected using
acridine orange staining. Cells were incubated with
acridine orange (Invitrogen) at 1 ug/mL for 15 min.
Red (650 nm, stained cytoplasmic vesicles) vs green
(510-530 nm, stained nuclei) fluorescence (FL3/FL1)
from cells illuminated with blue (488 nm) excitation
light was measured with a FACScan flow cytometer
(Beckman Coulter, Brea, CA, United States). The data
are presented as the fold changes with an arbitrary
setting of autophagy in cells without treatment of drug,
hyperthermia or radiation.

Western blot analysis

Protein lysates were prepared using a total protein
extraction kit (ProMab, SJ-200501), and stored at
-20 'C until assay. The protein concentrations were
assayed using the Bradford method. Equivalent
aliquots of protein were separated by 10% SDS-
PAGE, and transferred onto nitrocellulose membranes.
The membranes were blocked with 5% nonfat dry
milk in PBS for 2 h at 37 °C, washed with PBST (PBS
with Tween 20) and incubated with rabbit polyclonal
antibody against LC3 (dilution 1:500, CST) or p62
(dilution 1:500, CST) or mouse polyclonal antibody
against GAPDH (glyceraldehyde 3-phosphate
dehydrogenase, dilution 1:800, SANTA) at 4C
overnight. After washing with PBST four times, the
membranes were incubated with a secondary antibody
(HRP-conjugated goat anti-rabbit IgG, SANTA,
dilution 1:40000, for LC3 and p62; goat anti-mouse
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IgG, ZYMED, dilution 1:80000, for GAPDH) for 1 h
at room temperature. The immunoreactive proteins
were detected using an enhanced chemiluminescent
detection system.

Determination of intracellular ROS

Intracellular ROS were measured using a ROS assay
kit. After the above designated treatment, the cells
were harvested and incubated with 10 umol/L of
DCFH-DA (a fluorescent probe, which may be oxidized
by ROS in viable cells to 2’,7'-dichlorofluorescein, DCF)
for 30 min at 37 'C. After washing three times with
PBS, DCF fluorescence was quantified with a multi-
detection microplate reader (485 nm excitation and
535 nm emission).

Treatment of cells with N-acetylcysteine
N-acetylcysteine is an ROS scavenger. Cells were
pretreated with N-acetylcysteine (10 mmol/L) for
1 h and then treated with hyperthermia or ionizing
radiation as above.

Statistical analysis

Data were pooled from at least three independent
experiments, and presented as mean £ SD unless
otherwise indicated. Differences between groups were
analyzed using one-way analysis of variance (ANOVA).
All the statistical analyses were performed with
SPSS13.0. P values less than 0.05 were considered
statistically significant.

RESULTS

Hyperthermia enhances radiation cytotoxicity to HCC
cells

The cytotoxicity induced by ionizing radiation with
or without hyperthermia was assessed by MTT and
clonogenic survival assays. As shown in Figure 1A, cell
viability was decreased when the cells were treated
with ionizing radiation or hyperthermia. The cell viability
was significantly decreased after combined treat-
ment with ionizing radiation and hyperthermia when
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compared with each treatment alone. Furthermore, the
clonogenic survival of the cells was also significantly
decreased after ionizing radiation with hyperthermia as
compared with radiation alone (Figure 1B).

Hyperthermia increases cell autophagy induced by
ionizing radiation in HCC cells

Cell autophagy is characterized by the formation of
numerous acidic vesicular organelles, which can be
detected using acridine orange staining™®.. The acridine
orange staining was quantified using flow cytometry.
No obvious increase in cell autophagy was observed
in HepG2 cells following 2 Gy ionizing radiation, or
until 48 h after 4 Gy ionizing radiation. Therefore, in
the present study, 4 Gy ionizing radiation was given
to cells, and the cells were tested 72 h after ionizing
radiation. As shown in Figure 2A and B, cell autophagy
was significantly increased after combined treatment
with ionizing radiation and hyperthermia compared
with each treatment alone.

The expression of autophagy-related proteins
was also detected by Western blot, among which the
increase of LC3II protein and reduction of p62 protein
are the hallmarks of the induction of autophagy™. A
significant increase in LC3II expression and a reduction
of p62 expression were observed in cells undergoing
combined treatment as compared with those receiving
ionizing radiation or hyperthermia treatment alone
(Figure 2C).

N-acetylcysteine inhibits cytotoxicity and cell autophagy
induced by hyperthermia and ionizing radiation in HCC
cells

The intracellular ROS in ionizing radiation or hyper-
thermia-treated HepG2 cells were measured using a
fluorescent probe, DCFH-DA. Treatment with ionizing
radiation or hyperthermia induced an increase in
intracellular ROS content, which was further increased
by the combined treatment; however, the increase
was completely inhibited by N-acetylcysteine, an ROS
scavenger (Figure 3A).

To evaluate whether ionizing radiation or hyper-
thermia-induced autophagic cell death is related to
intracellular ROS in HepG2 cells, pretreatment with
N-acetylcysteine was performed. N-acetylcysteine
pretreatment significantly improved cell viability in
ionizing radiation or hyperthermia-treated HepG2
cells using MTT assay (Figure 3B). Furthermore, the
autophagy rate was decreased (Figure 3C), and the
expression of autophagy-related proteins, LC3II and
p62, was reversed by N-acetylcysteine pretreatment in
the ionizing radiation or hyperthermia-treated HepG2
cells (Figure 3D), suggesting that cell autophagy was
inhibited.

DISCUSSION

In the past, radiotherapy was less considered in the
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treatment of HCC due to the belief that HCC is not a
“radiosensitive” tumor and that radiotherapy is too
“toxic” for the liver. However, recent studies have
demonstrated that HCC is a radiosensitive tumor and
its radiosensitivity is equivalent to poorly differentiated
squamous cell carcinomas®. With the development of
radiotherapy techniques, including IMRT and SBRT, a
high radiation dose can be delivered to the tumor while
the dose to the normal tissues can be simultaneously
reduced. Therefore, at present radiotherapy is in-
creasingly used for the treatment of HCC™!. In the
present study, we observed that the cell viability
and clonogenic survival of HCC cells were decreased
following ionizing radiation, suggesting that HCC cells
are sensitive to radiation. Hyperthermia is a potent
radiation sensitizer™, and combined treatment with
radiotherapy and hyperthermia has been shown to be
efficacious against HCC'®. Our study also showed that
ionizing radiation combined with hyperthermia led to a
significant decrease in the cell viability and clonogenic
survival of HCC cells as compared with each treatment
alone.

Autophagy is a major intracellular degradation
mechanism for long-lived proteins and cytoplasmic
organelles, the products of which are recycled to
maintain cellular homeostasis. Increased basal
autophagy is a cell survival mechanism in response
to several stresses, such as nutrient deprivation,
hypoxia, damaged mitochondria, protein aggregation
and pathogens'”*!, However, excessive autophagy
may result in cell death, which is designated as
type Il programmed cell death (autophagic cell
death)™®, Autophagy is frequently activated in tumor
cells following anticancer therapies, such as chemo-
therapy, radiotherapy and hyperthermiat**®!, Although
several studies showed that induction of autophagy
after irradiation acts as a protective and prosurvival
mechanism and contributes to radioresistance in breast
tumor cells and glioma cells®***, most experimental
data have suggested that radiation-induced autophagy
in cancer cell lines is related to cell death mechanisms
and that autophagy-inducing agents may act as
radiosensitizers™. In the present study, radiation-
induced autophagy was significantly increased after
combined treatment with hyperthermia in HCC
cells, as evidenced by increased formation of acidic
vesicular organelles, increased expression of LC3II and
decreased expression of p62. The increased autophagy
was accompanied with decreased cell viability and
clonogenic survival in HCC cells, suggesting that
autophagic cell death is involved in the enhancement
of cellular radiosensitivity by hyperthermia.

ROS are small and highly reactive molecules
that can oxidize proteins, DNA and lipids. They are
generated as by-products of cellular metabolism
primarily in mitochondria, and can also be produced
in response to a variety of stimuli such as growth
factors, inflammatory cytokines, ionizing radiation,
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Figure 2 Hyperthermia increases ionizing radiation-induced autophagy in hepatocellular carcinoma cells. HepG2 cells were treated with hyperthermia (43 ‘C
for 0.5 h) followed by ionizing radiation (4 Gy). After 72 h of incubation, the cells were assessed for autophagy by flow cytometry using acridine orange staining (A and
B), or by Western blot analysis of LC3Il and p62 expression (C) (Lane 1: Control; 2: Hyperthermia; 3: Radiation; 4: Hyperthermia + radiation). Results are presented
as the mean + SD of three different experiments, or representative of three different experiments. P < 0.05 vs treatment of ionizing radiation alone.
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Figure 3 Intracellular reactive oxygen species formation and effect of N-acetylcysteine on the cytotoxicity and cell autophagy in hepatocellular carcinoma
cells after treatment with ionizing radiation or hyperthermia. HepG2 cells were treated with hyperthermia (43 °C for 0.5 h) followed by ionizing radiation (4 Gy).
After 72 h of incubation, the cells were assessed for intracellular ROS contents using DCFH-DA (A). HepG2 cells were pretreated with N-acetylcysteine (NAC, 10
mmol/L) for 1 h, and then treated with hyperthermia or ionizing radiation as above. After 72 h of incubation, the cells were assessed for cell viability using MTT assay
(B), or for autophagy by flow cytometry using acridine orange staining (C) and by Western blot analysis of LC3Il and p62 expression (D) (Lane 1: Hyperthermia; 2:
Hyperthermia + NAC; 3: Hyperthermia + radiation; 4: Radiation; 5: Hyperthermia + radiation + NAC; 6: Radiation + NAC). Results are presented as the mean + SD
of three different experiments, or representative of three different experiments. °P < 0.05 vs treatment of ionizing radiation or hyperthermia alone. °P < 0.05 vs no

pretreatment of NAC (e.g., radiation vs NAC + radiation).

chemotherapy agents and toxins*>’. Hyperthermia
has been also shown to induce production of ROS. A
sharp increase in ROS generation has been observed
after hyperthermia in a cellular model, using electron
paramagnetic resonance spin trapping®®. In the
present study, we showed that intracellular ROS
content was increased after treatment with ionizing
radiation or hyperthermia, and was further increased
by their combined treatment. Once ROS are produced,
they act as signaling molecules that trigger diverse
physiological and pathological responses, including
induction of autophagy. Accumulating evidence has
shown that oxidative stress is the converging point of
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many different inducers of autophagy, such as nutrient
deprivation, viral infection and genotoxic stress®’’.
In the present study, we found that pretreatment
with N-acetylcysteine, an ROS scavenger, abolished
the induction of autophagy by ionizing radiation or
hyperthermia, and improved cell viability of HepG2
cells after the above treatment. These facts suggest
that the induction of autophagic cell death by ionizing
radiation and hyperthermia treatment in HCC cells is
due to the increased intracellular ROS.

In conclusion, autophagic cell death is involved in
hyperthermic sensitization of cancer cells to ionizing
radiation, and its induction may be due to the increased
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intracellular ROS.

COMMENTS

Background

With the development of radiotherapy techniques, radiotherapy has increasingly
been used for the treatment of hepatocellular carcinoma (HCC). Hyperthermia
is a useful adjuvant to radiation therapy in the treatment of many cancers, and
it is a potent radiation sensitizer. However, the underlying mechanisms of the
radio-sensitizing effect of hyperthermia are not fully elucidated. Autophagy
is a major intracellular degradation mechanism for long-lived proteins and
cytoplasmic organelles, and excessive autophagy may result in cell death,
which is designated as type II programmed cell death (autophagic cell death).
The role autophagic cell death in hyperthermic sensitization to ionizing radiation
has not been explored.

Research frontiers

Many studies have shown that radiation-induced autophagy is related to cell
death mechanisms in cancer cell lines and that autophagy-inducing agents may
act as radiosensitizers. Oxidative stress has been proven to be the converging
point of many different inducers of autophagy, such as nutrient deprivation, viral
infection and genotoxic stress.

Innovations and breakthroughs

The novel findings of this study are that autophagic cell death is involved in
hyperthermic sensitization to ionizing radiation, and its induction may be due to
the increased intracellular reactive oxygen species.

Applications
The study provides a novel theoretical basis for hyperthermia in the treatment
of malignant tumors, especially combined with radiotherapy.

Terminology

Autophagy is an evolutionarily conserved process in which cellular organelles
and long-lived proteins are sequestered into double-membrane vesicles, the
autophagosomes, and subsequently delivered to the lysosomes to be degraded
or recycled. Autophagic cell death is a kind of nonapoptotic programmed cell
death (also known as type II programmed cell death), characterized by using
autophagosome to degrade cell content in dying cells.

Peer-review

HCC is still the object of research and this paper provides some information
on the mechanism of hyperthermic sensitization of cancer cells to ionizing
radiation.
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