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ABSTRACT

ARTICLE HISTORY

Purpose: Modulated electro-hyperthermia (mEHT), known as oncothermia, is an anticancer therapy
that induces radiofrequency thermal damage to the cancer tissues. This study aimed to evaluate the
potential effectiveness of mEHT as a therapeutic tool in ovarian and cervical cancer.
Materials and methods: We used both tumor-bearing mice and ovarian and cervical OVCAR-3, SKOV-3, HeLa and SNU-17 cancer cell lines to investigate the effects of mEHT in vivo and in vitro, respectively, and determine whether it was enhanced by cotreatment with an autophagy inhibitor.
Results: We discovered that phosphorylation of p38, a stress-dependent kinase, was induced at the
Thr180/Tyr182 residue in cancer cells exposed to mEHT. Apoptotic markers such as cleaved caspase-3
and poly-ADP ribose polymerase (PARP) were increased in OVCAR-3 and SNU-17 cells. Fluorescenceactivated cell sorting (FACS) analysis showed a significant increase in the population of sub-G1 mEHTexposed cells, which are dying and apoptotic cells. mEHT also reduced both weight and volume of
xenograft tumors in mice transplanted with ovarian and cervical cancer cells and patient-derived cancer tissues. We determined that mEHT-induced cellular damage recovery was mediated by autophagy
and, therefore, expectedly, cotreatment with mEHT and 3-methyladenine (3-MA), an autophagy inhibitor, more effectively inhibited cancer cell growth than individual treatment did.
Conclusions: mEHT treatment alone was sufficient to inhibit cancer growth, while a combined treatment with mEHT and an autophagy inhibitor amplified this inhibition effect.
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Introduction
Worldwide, 766,000 women were diagnosed with gynecologic cancer (ovarian, cervical, and uterine) [1], and gynecological cancer have the fifth and sixth highest mortality rates
of all cancers affecting women in the US [2]. Although considerable efforts have been made to improve the 5-year survival rate of both ovarian and cervical cancer, the rates are still
as low as 45% and approximately 30–60%, respectively [3,4].
One effort to improve the survival rate was reported by the
Cancer Genome Atlas (TCGA), which has created a growing
interest in targeted therapy [5,6]. To date, numerous targeted
therapeutic drugs such as Olaparib have been approved by
the US Food and Drug Administration (FDA) for clinical trials,
but the results have not been as expected [7–10].
Hyperthermia, also known as thermotherapy, refers to the
method of treating cancer by raising the tumor temperature to
up to 45  C for a period [11]. This is followed by the exposure
to temperatures of 42  C or below for a certain period, and
under these conditions, cancer tissues with structurally abnormal blood vessels are unable to dissipate the heat rapidly.
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Consequently, heat is accumulated, leading to a rapid increase
in temperatures in cancer tissue, which enhances their sensitivity to heat damage compared to normal tissues because of
chronic hypoxia, acidosis, and energy deprivation [11,12].
Hyperthermia is used diversely depending on the energy source
(microwave, radiofrequency and ultrasound) and characteristics
of the cancer tissues [11]. Previous clinical reports suggest that
the use of hyperthermia as a combination treatment could
enhance cancer tissue sensitivity to radiotherapy, chemotherapy, gene therapy, or immunotherapy [11,13,14].
Modulated electro-hyperthermia (mEHT), known as oncothermia, refers to a loco-regional hyperthermic method using
a specific radiofrequency (RF) that was used to treat tumors
approximately 20 years ago [15,16]. The principle of mEHT
for anticancer therapy is that it leads to the accumulation of
heat-induced damage mostly in tumor cell membranes, especially the lipid rafts, at capacitive-coupled energy of
13.56 MHz radiofrequency [15–17]. This targeted effect occurs
because the electromagnetic properties of lipid rafts (electrical conductivity and permittivity) of cancer cells are different from those of surrounding normal tissue. Thus, the
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normal tissues are minimally damaged in the course of
mEHT treatment [15]. According to a comparative study of
conventional hyperthermia (water bath or Thermotron RF-8)
and mEHT (Lab-EHY-100) in the human lymphoma (U937)
and hepatocarcinoma (HepG2) cell lines, the biological effect
differed depending on the heating method, and mEHT
induced stronger oxidative stress and apoptosis than that by
other heating methods [15,17]. In addition, in vitro and in
vivo experiments using colorectal HT29 cancer cells showed
induction of caspase-independent apoptosis [18]. In the CT26 murine colon cancer model, heat shock protein 70
(HSP70) was released in the extracellular region after mEHT
treatment, accompanied by immunological responses and
eosinophil infiltration in the surrounding tumor regions [19].
In glioma, mEHT increased E2F1-induced apoptosis, and
reduced spheroid formation and migration ability [20].
Studies have been conducted on the anticancer effects of
mEHT and its molecular mechanism in various cancers; however, its effects on gynecological cancers are still unexplored.
Macroautophagy is the process of packaging the constituents of cells, breakdown of cellular components or recycling
decomposition products [21]. Macroautophagy is increased
by various stresses, the most well known being nutrient
deprivation [22]. Hypoxia, infection, DNA damage, and hyperthermia are also known to enhance autophagy [23–26].
Autophagy is generally considered to be an important mechanism for cellular protection against extra-stimuli [22], but
can be a pathogenic feature as dysregulated autophagy
involved in cancer, cardiovascular disease, and autoimmune
disease [27–29]. In cells and tissues exposed to hyperthermia,
a significant amount of misfolded proteins and aggregates
accumulate in the cell [23,25], thereby promoting many cellular mechanisms, including cell death [30]. Among them,
macroautophagy is activated to decompose the misfolded
proteins and aggregates through lysosome protease, thereby
increasing cell survival [26].
Therefore, this study evaluated the anticancer effect of
mEHT in ovarian and cervical cancers and investigated
whether cotreatment with an autophagy inhibitor enhances
the effect of mEHT.

Material and methods
Cell culture and materials
OVCAR-3, SK-OV-3 and HeLa cell lines were purchased from
American Type Culture Collection (ATCC, Manassas, VA, USA)
and SNU-17 cells were obtained from Korean Cell Line Bank
(KCLB). OVCAR-3 cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal
bovine serum (FBS) with antibiotics. SK-OV-3, while HeLa and
SNU-17 cells were maintained in Roswell Park Memorial
Institute (RPMI), supplemented with 10% FBS with antibiotics.
Anti-HSP90 (sc-69703), anti-HSP70 (sc-24), anti-unc-51-like
autophagy activating kinase 1 (Ulk-1, sc-33182), and antib-tubulin (sc-9104) antibodies were purchased from Santa
Cruz Biotechnology (Santa Cruz, CA, USA). Anti-phospho-p38
(#4511), anti-p38 (#9212), anti-cleaved caspase-3 (#9664),
anti-poly-ADP ribose polymerase (PARP, #9542), anti-Beclin-1

(#3495), and anti-light-chain 3 (LC3) A/B (#12741) antibodies
were obtained from Cell Signaling Technology (Danvers, MA,
R
USA). LysotrackV
Green DND-26 were purchased from
Molecular Probes (Life Technologies, Eugene, OR, USA) while
3-methyladenine (3-MA) was purchased from Tocris
Bioscience (Bristol, UK). The 5 and 20 mg/mL stock solutions
for cultured cells and the in vivo mouse experiments,
respectively, were dissolved in saline (0.9% sodium chloride [NaCl]).

Protein extraction and Western blotting
Total cell lysates were isolated using cell lysis buffer [150 mM
NaCl, 50 mM Tris pH 7.4, 1% NP-40, and 1 mM each of ethylenediaminetetraacetic acid (EDTA), sodium orthovanadate,
sodium fluoride (NaF), and sodium pyrophosphate] containing proteinase inhibitor cocktail (Roche, Nutley, NJ, USA).
Cells were harvested on ice, lysed, the lysates were centrifuged at 13 000 rpm for 15 min, protein concentrations were
determined using the bicinchoninic acid (BCA) assay (SigmaAldrich, St. Louis, MO, USA), and the samples were subsequently stored at 20  C. For the western blot analysis, the
proteins were separated using sodium dodecyl sulfate-polyacrylamide gel electrophoresis) (SDS-PAGE) and then transferred to 0.2 mm nitrocellulose membranes (Pall Corporation,
Port Washington, NY, USA). The protein bands were visualized using a chemiluminescence detection kit (Santa Cruz
Biotechnology, Santa Cruz, CA, USA) after binding with the
horseradish
peroxidase
(HRP)-conjugated
secondary antibody.

Cell viability measurement
Cancer cells were exposed to mEHT or general hyperthermia
(at 43  C for 1 h), detached using 0.25% trypsin-EDTA
(HyCloneTM, Logan, UT, USA), and then they were seeded in
a 24-well plate at a density of 4  104 cells/well. After the
indicated incubation times, cells were fixed using 10% acetic
acid solution with 10% methanol and stained with 0.5% crystal violet for 1 h, photographed, and extracted using 1% SDS
solution. The absorbance of the crystal violet cell extract was
measured at 595 nm using the VERSA maxTM microplate
reader (Molecular Devices, Sunnyvale, CA, USA). To count the
cell number directly, cancer cells were seeded in a 24-well
plate at a density of 4  104 cells after mEHT or general
hyperthermia and were cultured for 24 or 48 h.
Subsequently, 10 lL of 100 lL resuspended cells was measured using the LUNAIITM automated cell counter (Logos
Biosystems, Inc., Republic of Korea). All experiments were
performed for eight times.

Fluorescence-activated cell sorting (FACS) analysis
Cancer cells were exposed mEHT or general hyperthermia (at
43  C for 1 h), cultured for the indicated periods, total cells
were harvested using trypsinization, collected by centrifugation, and then washed in PBS for propidium iodide (PI) staining. The cells were subsequently fixed with 70% ethanol and
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resuspended in PBS containing 50 mg/mL PI and 0.1 mg/mL
RNase A. The fluorescence intensity was measured using the
FACScan flow cytometer (BD Biosciences) at excitation and
emission wavelengths of 488 and 620 nm, respectively.
Samples were gated based on the forward versus side scatter
of cell size or intracellular granularity, respectively, and the
sub-G1 results are presented as the percentage of apoptotic cells.

mEHT treatment and in vivo xenograft mouse model
LabEHY-100 (Oncotherm GmbH, Troisdorf, Germany) for
inducing hyperthermia in the in vivo and in vitro assays was
provided by HOSPICARE, Co., Ltd., (Republic of Korea,
Supplemental Figure S1A). The precision of the mEHT
method used was based on the suggestions of previous
studies [15,17]. For in vitro experiments, a LabEHY-100 device
equipped with a special cuvette chamber applicator was
used. Microscope cover glasses (24  32 mm, Paul Marienfeld
GmbH, Germany) were coated with 0.2% gelatin, placed in
60 mm culture dish, and then 1  106 cancer cells per dish
were seeded. After 24 h, the cells seeded on the cover glass
were inserted into the cuvette chamber filled with culture
medium (Supplemental Figure S1B) and the cells were
exposed to hyperthermia at 43  C for 1 h using the machine
at a power range of 6 to 10 Watt (Supplemental Figure S2B).
The cells were treated with general hyperthermia for the
indicated times in a CO2 incubator set at 43  C.
Five-week-old female athymic nude mice (Envigo Korea
Co., Ltd., Republic of Korea) were injected with OVCAR-3 and
SNU-17 cells (3  106 cells/mouse) in the right flank to form
xenograft tumors. Three (OVCAR-3 cells) and six (SNU-17
cells) mice were included in the control and test groups,
which were treated at 39  C and 41  C for 15 min, using direct contact with the electrode textile that was dampened
with saline (Supplemental Figure S1A and S2A). Before applying mEHT at the indicated temperature for 15 min, the xenograft mice were intraperitoneally injected with 200 mL of the
R in saline at a
anesthetic agents ZoletilTM50 and RompunV
ratio of 1:1:7, respectively.
The tumor dimensions were measured using digital calipers daily, and the tumor volume was calculated
according to the following formula: tumor volume
(mm3) ¼ length  width2  0.5. Tumor xenografts were harvested 7 days after the first application of mEHT. Cancer tissues from patients with endometrial (PDTX-04), ovarian highgrade serous type (PDTX-09), and cervical (PDTX-19) cancer
were cut into pieces of approximately 3 mm and transplanted into the left and right flanks of athymic nude mice
to establish the PDTX. When the xenograft tumors reached
an average of 500 mm3, they were first exposed to mEHT at
39  C or 41  C for 15 min. We previously tested various mEHT
conditions using in vivo mouse experiments. Under our
experimental conditions, we discovered that exposure to
mEHT for 15 min at 41  C caused burns in the xenograft
tumor skin.
Therefore, the optimized mEHT protocol for the mouse
experiment was determined to be <41  C for 15 min for each
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exposure. The method used to measure the PDTX size was
the same as that used for the cell line xenografts. However,
the final volumes of the PDTX-04 and PDTX-09 were determined as the change in tumor size value (D tumor volume ¼ final tumor volume – initial tumor volume,
Supplemental figure S4). Additionally, to analyze the hematoxylin and eosin (H&E) images, the pathologist marked the
damaged and whole tissue regions on the H&E slides
(Supplemental Figure S5). The marked regions on the H&E
slides were quantified using the Image J 1.48v software
(National Institutes of Health [NIH] Bethesda, MD, USA).
All animal experiments were approved by the Institutional
Animal Care and Use Committee of Yonsei University in the
Republic of Korea (IACUC Approval No. 2014–0346). Before
this study commenced, approval was obtained from the
Institutional Review Board (IRB) of Gangnam Severance
Hospital (IRB No. 3–2014-0184), written informed consent to
participate in the study was obtained from each patient, and
all experiments were performed in accordance with relevant
guidelines and regulations. Tissue samples of patients with
cancer were provided by the Korea Gynecologic Cancer Bank
[KGCB] through the Bio and Medical Technology
Development Program of the Ministry of Education, Science
and Technology, Korea.

Autophagy detection
OVCAR-3 cells were seeded on 0.2% gelatin-coated glass coverslips and were exposed mEHT at 43  C for 1 h.
Subsequently, cells were divided into 24-well plates, incubated for 24 h, and then the live cells were stained with
R Green DND-26 and 1 mg/mL Hoechst 33342
1 mM LysotrackV
for 25 min. Images of the cells were acquired using an
R
EVOSV
FL cell imaging system (ThermoFisher Scientific,
Rockford, IL, USA). The images were quantified using the
ImageJ 1.48v software, and all experiments were performed
in triplicate.

Statistical analysis
The results are expressed as the means ± standard error (SE)
and all analyses were performed using the GraphPad Prism 6
software. Differences were considered significant at a
p < .05, p < .01, and p < .001.

Results
mEHT inhibited the growth rate in ovarian and cervical
cancer cells
To determine the optimized mEHT conditions for the in vitro
experiment, various conditions were tested using HeLa cells
(treatment conditions were temperatures of 42  C to 44  C
for 30 min and 1 h, and an incubation time of up to 72 h).
The optimal condition for mEHT was confirmed to be the
heat shock at 43  C for 30 min and 1 h (Supplemental figure
S3). Subsequently, to determine the effect of mEHT on ovarian and cervical cancer cells, they were heat-shocked using
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(A)

(B)

Figure 1. Modulated electro-hyperthermia (mEHT) diminished growth of ovarian and cervical cancer cells. (A) OVCAR-3, SK-OV-3, HeLa, and SNU-17 cells were
exposed to mEHT (at 43  C for 0.5 or 1 h using mEHT device) or hyperthermia (at 43  C for 0.5 or 1 h using CO2 incubator), then they were incubated for 0 to 72 h
in 5% CO2 incubator at 37  C. Cell viability was measured using crystal violet assay. Results are means ± standard error (S.E., n ¼ 4). (B) OVCAR-3, SK-OV-3, HeLa,
and SNU-17 cells were incubated for 24 and 48 h after mEHT treatment (at 43  C for 1 h). Cell number was directly counted using LUNA IITM automated cell counter (Logos Biosystems, Inc., Republic of Korea). (C) After exposure to mEHT or hyperthermia for 30 min or 1 h at 43  C, expression levels of indicated protein and
phosphorylated form of p38 (Thr180/Tyr182) were examined using western blot analyses. (D) OVCAR-3, SK-OV-3, and HeLa cells were exposed to hyperthermia at
indicated temperatures (37  C up to 49  C for 1 h). Expression levels of indicated protein were detected using western blot analyses. (E) OVCAR-3 cells were exposed
to mEHT at 43  C for 1 h. Further, mEHT-exposed cells were incubated for 0 to 48 h. Cell cycle was measured using propidium iodide (PI) staining with fluorescence-activated cell sorting (FACS) analysis. Representative histogram images of four separate experiments are shown (left). Line graph shows quantification of
Sub-G1 population of FACS results (right). Results are means ± S.E., n ¼ 4.

an mEHT device (LabEHY-100) at 43  C for 30 min, and 1 h
and the effect was compared with that of general hyperthermia under the same conditions (using a CO2 incubator). The
cell viability was measured using the crystal violet assay. The
result revealed that heat shock with mEHT at 43  C for 1 h
significantly reduced the cell growth rate compared with
that of the untreated control cells. Additionally, mEHT
showed enhanced cell growth inhibition compared with general hyperthermia (following incubation for 72 h after mEHT

treatment at 43  C for 1 h, the cell growth rate compared
with the control was 51.6%, 60.3%, 57.2% and 67.4% and
corresponding values of general hyperthermia were 86.8%,
101.9%, 96.4% and 84.0% in OVCAR-3, SK-OV-3, HeLa, and
SNU-17 cells, respectively, Figure 1(A)). In addition, OVCAR-3
and HeLa cells were exposed to mEHT at 43  C for 1 h, incubated for 24 or 48 h in a 5% CO2 incubator at 37  C, and
then cell numbers were determined using the LUNAIITM
automated cell counter. The results showed there were fewer
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Figure 1. Continued

mEHT-exposed OVCAR-3 and HeLa cells at 24 h or 48 h than
there were control cells. The variation in the OVCAR-3 cell
number was 52.2% at 24 h and 58.3% at 48 h, while that of
the HeLa cells was 80.3% at 24 h and 56.3% at 48 h (Figure
1(B)). The western blot analysis revealed that OVCAR-3, SKOV-3, HeLa, and SNU-17 cells that were heat-shocked with
mEHT showed higher phosphorylation levels of p38, a stressdependent kinase, than those by cells exposed to general
hyperthermia (Figure 1(C)). In addition, the levels of cleaved
apoptosis markers, caspase-3 and PARP, increased in OVCAR3 and SNU-17 cells, whereas intracellular HSP90 and HSP70
showed no changes in expression (Figure 1(C)). Interestingly,
p38 was phosphorylated at over 46  C along with the
increase in cleaved caspase-3 and PARP in cells exposed to
general hyperthermia (Figure 1(D)). This result indicates that
mEHT more effectively induced cellular damage under similar
treatment conditions than that by general hyperthermia.
After exposing OVCAR-3 cells to mEHT at 43  C for 1 h, the
sub-G1 population was monitored using FACS analysis for up
to 48 h. The results revealed that OVCAR-3 cells exposed to
mEHT showed the largest sub-G1 population between 5 and
7.5 h, which gradually declined with time (Figure 1(E)). These
results indicate that the increased apoptosis after the initial
exposure to mEHT was reduced with time. Therefore,

although mEHT inhibited the growth rate of cancer cells, a
single mEHT stimulus was insufficient to inhibit the growth
of cancer cells completely.

mEHT effectively suppressed tumor growth in
mouse model
To examine the effectiveness of mEHT in a xenograft mouse
model, 3  106 OVCAR-3 and SNU-17 cells were injected into
athymic nude mice subcutaneously. When the tumor volume
reached approximately 400–500 mm3, the xenograft tumors
were exposed to mEHT treatment at 39  C and 41  C once a
day for 7 days (OVCAR-3 and SNU-17 xenografts). The growth
rate of mEHT-treated tumors was markedly reduced (Figure
2(A and B)). The final volume and weight of xenograft
tumors treated with mEHT at both 39  C and 41  C were also
lower than those of the controls, which were not exposed to
mEHT (Figure 2(C)). We sought to determine if mEHT was
effective against cancer tissue from the patients with endometrial, ovarian, and cervical cancer. First, the effects of
mEHT were tested on PDTX-04 and PDTX-09 (endometrial
and ovarian cancer tissues, respectively). mEHT was administered at 41  C for 15 min for each exposure (five and four
times for PDTX-04 and PDTX-09, respectively). The PDTX-04
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(A)

(B)

(C)

Figure 2. Modulated electro-hyperthermia (mEHT) suppressed xenograft tumor growth. Flanks of groups of athymic nude mice were inoculated subcutaneously
with 3  106 OVCAR-3 and SNU-17 cells, and parallel groups were transplanted subcutaneously with patient-derived tumor xenograft pieces of approximately
3 mm in length and width (patient-derived xenograft [PDX]-19, cervical cancer). mEHT was directly applied to the surface of each xenograft tumor at indicated temperature (cell line xenograft: 39  C or 41  C for 15 min/day, seven times; PDX-19 xenograft: 39  C for 15 min/day, 15 times). Subsequently, xenograft tumor diameters were measured daily before applying mEHT using digital calipers. (A) Gross images of tumor masses from xenograft mice from each group. Scale bar ¼1 cm.
(B) Xenograft tumor growth rate. (C) Final volume and weight of xenograft tumor. Results are means ± standard error (SE; OVCAR-3 and PDX-19, n ¼ 3; SNU-1,
n ¼ 5/per group (p <.05 and p <.01).

xenograft was exposed to mEHT treatment on day 35 to 44
after transplantation, and the tumor volumes were at
524.6 ± 86.5 to 940.9 ± 238.4 mm3 and 810.4 ± 201.2 mm3 to
673.1 ± 344.8 mm3 for the control and mEHT groups, respectively. For the PDTX-09 xenograft, mEHT treatment was
administered from day 85 to 104 after transplantation, and
the
tumor
volumes
were
at
509.5 ± 101.8
to
771.1 ± 69.66 mm3 and 838.4 ± 145.4 to 804.8 ± 156.6 mm3 for
the control and mEHT groups, respectively. Finally, the variation in tumor volume in the mEHT group was less than that
of the control group (PDTX-04 and PDTX-09 xenografts,
p ¼ .1668 and p < .0185, respectively, Supplemental Figure S4
and Supplemental Table S1). For the PDTX-19 cervical cancer
tissue xenograft, the results showed that the growth rate following mEHT exposure was suppressed more than that of

the control group was (mean volume of control and mEHT
groups, 1763.0 ± 294.3 and 411.6 ± 141.8, respectively, Figure
2(A and B), right and bottom, respectively). The final volume
and weight of the mEHT-treated PDTX-19 tumors were lower
than those of the control group (Figure 2(C), bottom). These
results indicate that mEHT significantly reduced the growth
rate of tumors in an in vivo xenograft mouse model of
PDTX tumors.

Size and intracellular granularity of heat-shocked
cancer cells were increased
The cell number and size of mEHT-exposed cancer cells was
measured using an automated cell counter, and the mEHTtreated cells were fewer than the control cells were after
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Figure 3. Modulated electro-hyperthermia (mEHT)-exposed cancer cells increased in size and intracellular granularity. OVCAR-3 and HeLa were exposed to mEHT
at 43  C for 1 h and incubated for 0, 24, or 48 h at 37  C in a CO2 incubator. (A) Cell size was measured at indicated times using automatic cell counter LUNA II
(Logos Biosystems, Inc., Republic of Korea). Results are means ± standard error (SE, n ¼ 10, p < .001). (B) Cell size (FSC) and intracellular granularity (SSC) of
OVCAR-3 cells exposed to mEHT were examined using fluorescence (FACS) analysis with propidium iodide (PI) staining. Representative scatter plots of four separate
experiments are shown (top). Quantification of FACS analysis results (bottom, line graph). Results are means ± SE, n ¼ 4 (p < .001).

24 and 48 h (Figure 1(B)). Interestingly, the mEHT-exposed
cancer cells were larger than the control cells (Cell size:
11.60 ± 0.16 to 12.97 ± 0.12 mm and 10.81 ± 0.21 to
13.11 ± 0.06 mm at 24 and 48 h, respectively for OVCAR-3
cells; 14.98 ± 0.07 to 15.61 ± 0.08 mm and 14.59 ± 0.07 to
15.17 ± 0.08 mm at 24 and 48 h, respectively for HeLa cells;
Figure 3(A)). These results could be attributable to errors in
the automatic cell counter, and an FACS analysis was additionally used to measure the cell size and intracellular
granularity. FACS analysis of OVCAR-3 cells exposed to
mEHT at 43  C for 1 h showed increases in both intracellular
granularity (side scattered light, SSC) and cell size (forward
scattered light, FSC) at 24 and 48 h, compared to the
control
cells
(increased
population:
SSC ¼ 14.1%,
FSC ¼ 8.16% based on R-1 or R-2 gate, respectively at 48 h,

Figure 3(B)). These results indicate there were substantial
physical or physiological changes in cancer cells after
mEHT treatment.

Autophagy was induced in mEHT-exposed
OVCAR-3 cells
Previous reports showed that intracellular granularity was
increased by autophagic vacuoles induced by intracellular
autophagy processes [31,32]. Thus, to determine if the
increased intracellular granularity was correlated with
autophagy, OVCAR-3 cells were treated with mEHT (43  C for
0.5 and 1 h), followed by western blotting to detect Beclin-1,
Ulk1 and LC3 A/B, which are major proteins involved in the
regulation of autophagy. The result showed that the levels of
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(C)

Figure 4. Autophagy was induced in OVCAR-3 cells by modulated electro-hyperthermia (mEHT) treatment. OVCAR-3 ovarian cancer cells were exposed to mEHT at
43  C for 1 h and harvested directly for cell lysate preparation. (A) Expression levels of indicated protein were evaluated using western blot analysis. (B) Samples
were incubated long-term (24 and 48 h) after exposure to 43  C for 1 h, followed by western blot analysis. (C) OVCAR-3 ovarian cancer cells were exposed to 43  C
for 1 h in the presence of 1 mM 3-methyladenine (3-MA) for 24 h, and then stained with 1 lg/mL Hoechst 33342 and 1 lM Lysotracker for 25 min. Representative
images of three separate experiments are shown (left). Scale bar ¼500 lm. Fluorescence images were quantified using ImageJ 1.48v software (right, bar graph).
Results are means of relative stained intensity ± standard error (SE, n ¼ 3; p < .05 and p < .01). (D) Cell size (FSC) and intracellular granularity (SSC) were measured using fluorescence-activated cell sorting (FACS) analysis. Representative images of three separate experiments are shown (top, scatter plots). Quantification of
R-1 (SSC) or R-2 (FSC) gate of scatter plots (bottom, bar graphs). Results are means ± SE, n ¼ 3 (p < .001).

Ulk1 and type II LC3 A/B were increased in a time-dependent
manner by mEHT treatment (Figure 4(A)). We investigated
changes in the autophagy markers following cell damage
recovery, by exposing OVCAR-3 cells to mEHT (43  C for 1 h),
followed by incubation for 24 and 48 h, and then the expression of indicated proteins was measured using western blotting (Figure 1(C and D)). The results revealed that all the
increased phosphorylation levels of p38, cleaved PARP, and
cleaved caspase-3 observed 1 h after mEHT exposure disappeared after 24 and 48 h, whereas the high-level expression
of type II LC3 A/B persisted (Figure 4(B)). In addition, the

increased lysotracker signal induced by mEHT was decreased
by treatment with the autophagy inhibitor, 3-MA
(157.8% ± 5.1 in mEHT; 129.9% ± 6.9 in mEHT with 3-MA). The
results revealed that the autophagy level increased after
mEHT treatment (Figure 4(C)). Moreover, inhibition of
autophagy by 3-MA after mEHT exposure reduced the mEHTinduced increase in intracellular granularity and cell size
(15% to 8.97% and 28.54% to 20.41% in R-1 and R-2 gates,
respectively, Figure 4(D)). Thus, it appeared that the mEHTinduced increase in intracellular granularity and cell size
were mediated by autophagy.
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Figure 4. Continued.

Inhibition of autophagy significantly enhanced
sensitivity to mEHT-induced apoptosis
We investigated the effect of inhibiting the mEHT-induced
autophagy increase in OVCAR-3 and HeLa ovarian cancer
cells using 3-MA. The crystal violet assay of the cell growth
rate for up to 96 h revealed that it was clearly lower following cotreatment with mEHT and 3-MA than following treatment with either agent alone (Figure 5(A) and Supplemental
Figure S5A). Moreover, the western blotting results of the
OVCAR-3 cells showed that cotreatment with mEHT and 3MA decreased levels of type II LC3 A/B, ULK1, and Beclin-1
autophagy markers, whereas it clearly increased those of the
apoptosis markers, cleaved PARP, and caspase-3 (Figure 5(B)).
Additionally, we determine the effects of cotreatment of
OVCAR-3 cells with bafilomycin, an inhibitor of the late phase
of autophagy, and mEHT. The result showed a more diminished cell growth rate occurred with cotreatment than with
either agent alone, similar to the results of 3-MA cotreatment
(Supplemental Figure S5B). We also determine the effect of
cotreatment on an in vivo mouse model of athymic nude
mice to determine the degree of tissue damage in the xenograft tumor tissues. Two xenograft tumors per one mouse
using OVCAR-3 cell lines were formed in six mice. When the
tumor volume reached 502.3 ± 41.43 mm3, three mice were
pretreated with 2 mg/kg 3-MA and treated with one flank of
xenograft tumor at mEHT 39  C for 30 min. After 12 h, xenograft tumors were harvested. (Figure 5(C)). The results of the

analysis of the pathologist showed that the area of the damaged tissue was higher following the cotreatment with mEHT
and 3-MA than it was with mEHT alone (relative damaged
tissue area: 16.10 ± 7.72%, 31.23 ± 5.27%, 19.23 ± 8.54%, and
86.57 ± 11.23%; control, mEHT, 3-MA, and mEHT plus 3-MA
groups, respectively; Figure 5(D) and Supplemental Figure
S6). These results indicate that cotreatment with mEHT and
the autophagy inhibitor inhibited the growth of ovarian cancer cells more effectively than that by mEHT alone.

Discussion
mEHT is a loco-regional hyperthermia method that has been
proven effective in various in vitro, in vivo and clinical studies
for over 20 years since its initial development [15]. This study
aimed to validate the anticancer effect of mEHT on ovarian
cancer and investigate whether cotreatment would improve
its anticancer effect. Ovarian (OVCAR-3 and SK-OV-3) and cervical (HeLa and SNU-17) cancer cells treated with mEHT
showed reduced cell growth and increased apoptosis. In
addition, mEHT greatly decreased tumor growth in xenograft
mouse models established using cancer cell-based and
patient-derived tumor xenografts. These results were consistent with those of previous studies reporting that apoptosis
of U937 lymphoma [33–35], HepG2 hepatocarcinoma [17],
and HT-29 colorectal carcinoma [18] cells was induced by
exposure to mEHT. Our results were unusual in that
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Figure 5. Autophagy protected against apoptosis of modulated electro-hyperthermia (mEHT)-exposed OVCAR-3 ovarian cancer cells. OVCAR-3 ovarian cancer cells
were exposed to 43  C for 1 h in the presence of 1 mM 3-methyladenine (3-MA) using mEHT device for up to 96 h. (A) Cell viability was measured using crystal violet assay. Results are means ± standard error (SE, n ¼ 4). (B) OVCAR-3 cells were incubated for 24 h after mEHT exposure at 43  C for 1 h, and then harvested to prepare protein lysates. Indicated protein expression levels were examined using western blot analyses. (C) Athymic nude mice were inoculated subcutaneously in one
flank with 3  106 OVCAR-3 cells. After 15 days, xenograft cancer tissues were exposed to 39  C for 15 min in the presence of 2 mg/kg 3-MA using mEHT device.
Subsequently, mice were euthanized and xenograft cancer tissues were harvested 12 h after treatment with mEHT and 3-MA. Gross images of tumor masses from
xenograft mice from each group. Scale bar ¼ 1 cm. (D) Slides of sectioned formalin-fixed paraffin-embedded (FFPE) xenograft cancer tissue blocks were stained
using hematoxylin and eosin (H&E, left, tissue images). Scale bar ¼ 2.5 mm. Measured area was quantified using ImageJ 1.48v software (right, bar graph). Results
are means of relative ratio value of damage area in cancer tissue ± SE, n ¼ 3 (p < .05 and p < .01).

OVCAR-3 cells exposed to mEHT showed no accumulated
cell damage after 24 h but, instead, the cells recovered.
Interestingly, the FACS results revealed that intracellular
granularity and cell size increased 24 and 48 h after mEHT
exposure, and the increased cell size was confirmed using
an automatic cell counter. Intracellular granularity has been
reported to increase during terminal growth arrest and cell
death stages after the treatment with anticancer drugs [36].
This was also observed with increases in senescence

[37,38], apoptosis [39], and autophagic vacuoles induced
by autophagy [31,32]. In addition, intracellular granularity
increased with autophagic cell death when pancreatic cancer cells were treated with benzo[alpha]phenoxazines derivatives [40]. During osteoblast differentiation, cell size and
granularity were elevated as well as autophagy [41]. Thus,
it is highly likely that the larger size and higher granularity
of OVCAR-3 ovarian cancer cells after mEHT treatment
than before treatment could be related to autophagy. To
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examine this hypothesis, OVCAR-3 cells were exposed to
mEHT, which elevated the expression level of the autophagy markers. Especially, the expression level of the LC3
type II form was maintained in cells even after 24 and
48 h exposure to mEHT, corresponding to the recovery
stage from heat-induced damage. Furthermore, treatment
with 3-MA, an autophagy inhibitor, decreased the mEHTinduced autophagy, which was accompanied by a reduction in cell size and granularity. Moreover, cotreatment
with mEHT and 3-MA reduced the cell growth more markedly than that by individual treatments. Although not all
the results were confirmed by the same experimental
method, the results of cervical cancer HeLa cells were similar to those of the OVCAR-3 cells. Additionally, this was
confirmed in the xenograft mouse model using OVCAR-3
cells. Thus, we found that autophagy was increased in the
mEHT-treated ovarian and cervical cancer cells, and mEHTinduced cellular damage was recovered by autophagy.
In conclusion, we demonstrated that mEHT induced the
death of ovarian and cervical cancer cells through apoptosis,
and its anticancer effect was enhanced by inhibiting mEHTinduced autophagy. Therefore, it is expected that mEHT
could be used to treat cancer as an adjuvant or complementary therapy. However, further, more details are required to
verify these findings.
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