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Thermal cycling-hyperthermia sensitizes non-small cell lung
cancer A549 cells to EGFR tyrosine kinase inhibitor erlotinib
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Abstract. Molecular targeted therapy has emerged as a main-
stream treatment for non-small cell lung cancer (NSCLC),
the most common type of lung cancer and the leading cause
of cancer-related death in both men and women. Erlotinib
(Erl), a targeted therapy inhibiting EGFR pathways, has
shown notable response rate in NSCLC cells. However,
limited efficacy of the treatment has been reported due to
resistance among a proportion of patients with NSCLC.
Therefore, sensitizers are required to potentiate the efficacy
of Erl in NSCLC treatment. The present study proposed
a novel thermal therapy, thermal cycling-hyperthermia
(TC-HT), as a supplement to amplify the effects of Erl. It
was demonstrated that TC-HT reduced the half-maximal
inhibitory concentration of Erl to 0.5 uM and TC-HT sensi-
tized A549 NSCLC cells to Erl via the downstream EGFR
signaling cascades. Furthermore, the combination treatment
of Erl and TC-HT induced G2/M cell cycle arrest and inhi-
bition of cell proliferation and migration. In addition, by
slightly raising the temperature of TC-HT, TC-HT treatment
alone produced antineoplastic effects without damaging the
normal IMR-90 lung cells. The method presented in this
study may be applicable to other combination therapies and
could potentially act as a starter for anticancer treatments,
with fewer side effects.
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Introduction

As one of the most common types of cancer, lung cancer was
the leading cause of cancer-related deaths worldwide according
to the World Health Organization in 2020 (1). Non-small cell
lung cancer (NSCLC) accounts for 85% of lung cancer-asso-
ciated deaths (2). Available therapies for NSCLC treatment
include surgery, chemotherapy, radiation and targeted therapy.
In order to enhance anticancer effects, there is urgent need for
combination treatments or new agents targeting one or more
molecular pathways.

Targeted treatment, intended to inhibit cancer malignan-
cies with a focus on critical molecules, has been regarded as
a promising therapy to treat patients with NSCLC (3). Among
various targeted therapies, anti-EGFR therapy has been the one
with the most extensive application in the clinical treatment of
NSCLC @). EGFR is a receptor tyrosine kinase of the ErbB
family which serves a key role in cell proliferation, survival,
differentiation and migration (5). When activated by ligand
binding, EGFR will autophosphorylate and trigger down-
stream signaling cascades, including MAPK and PI3K-Akt
pathways (6), leading to cell cycle progression and inhibiting
the activation of proapoptotic proteins. Therefore, several
EGFR-inhibiting agents, such as monoclonal antibodies and
tyrosine kinase inhibitors (TKIs) have been developed for
anticancer treatments (7). Erlotinib (Erl), a first generation
EGFR-TKI, has exhibited an improved survival rate in patients
with NSCLC , prolonging the survival of patients with advanced
NSCLC after chemotherapy (8). However, certain tumors will
develop acquired resistance to Erl over time (9), and prolonged
administration of high-dose Erl can lead to adverse effects,
including rashes and diarrhea (10). Additionally, certain patients
demonstrate intrinsic resistance to Erl, which further constrains
its therapeutic effectiveness (11-13). Therefore, it is worthwhile
to investigate the effect of combination treatment in potentiating
the efficacy of Erl at a low dose, in place of chemotherapy drugs,
such as cisplatin and pemetrexed, which have been applied
as sensitizers to enhance the efficacy of Erl (14,15), with side
effects such as hypertension and severe diarrhea (16).
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On the other hand, hyperthermia has emerged as a signifi-
cant therapeutic modality for cancer, recognized not only
for its capability to induce direct cytotoxic effects on cancer
cells, but also for its role in increasing tumor sensitivity when
used in combination with other treatment modalities (17).
Additionally, several studies have reported that hyperthermia
may exert a synergistic effect when paired with chemotherapy
or radiotherapy in cancer treatment (18-20). However, conven-
tional hyperthermia techniques may result in adverse effects
such as pain and discomfort, as well as non-specific thermal
damage to adjacent healthy tissues, potentially leading to
severe complications, such as pain, unpleasant sensations and
burns (18,21). Therefore, modifying conventional hyperthermia
and integrating it with pharmacological agents or therapies
to enhance both anticancer efficacy and safety represents a
promising strategy.

In the present study, a novel thermal therapy, thermal
cycling hyperthermia (TC-HT), was proposed as a substitute for
chemotherapy drugs or agents, to investigate whether TC-HT
may be an effective sensitizer to amplify the anticancer effect
of Erl. Given the safety and effectiveness of TC-HT reported
in our previous studies (22,23), the aim of the present study
was to investigate the role of TC-HT in effectively sensitizing
A549 cells to Erl, thereby improving therapeutic outcomes.

Materials and methods

Cell culture. The human NSCLC cell lines A549 (cat. no.
60074) and H460 (cat. no. 60373) and the normal lung cell line
IMR-90 (cat no. 60204) were purchased from the Bioresource
Collection and Research Center of the Food Industry Research
and Development Institute. Both A549 and IMR-90 cell lines
were cultured in DMEM (HyClone; Cytiva), while the H460
cell line was cultured in RPMI-1640 medium (Corning, Inc.).
All media were supplemented with 10% fetal bovine serum
(HyClone; Cytiva) and 1% penicillin-streptomycin (Gibco;
Thermo Fisher Scientific, Inc.), and all cells were maintained
in a humidified incubator with 5% CO, at 37°C.

Drug treatment and TC-HT exposure. Erl, purchased from
MedChemExpress, was dissolved in dimethyl sulfoxide
(Sigma-Aldrich; Merck KGaA) to a concentration of 5 mM as
the stock solution and stored at -20°C. A549 cells were seeded
in 96-well plates at 3x10* cells/well and incubated overnight
at 37°C before being treated with 0.5, 2.0, 8.0 or 10.0 uM of
Erl, TC-HT or a combination treatment. For the combination
treatment, TC-HT was applied for 1 h before Erl treatment.
After single or combination treatment, the cells were main-
tained at 37°C in the cell culture humidified incubator for an
additional 24, 48 and 72 h for further analyses. The TC-HT
parameters employed in this study were based on our previous
study involving different cell types (22-25), consisting of a high
temperature period for 3 min and a cooling period of 30 sec,
and this protocol was repeated continuously for 10 cycles
(Fig. 1A). A modified PCR system, which featured waterproof
capabilities in the heating area, was utilized to conduct TC-HT
(Fig. S1A). A minimal volume of water served as a thermal
conduction medium, with cell culture dishes placed directly on
the heating area, while the modified PCR apparatus regulated
the heating and cooling processes. The actual temperatures

sensed by the cells at the bottom of the well were measured by
a needle thermocouple (Fig. S1B).

Cell viability assay and cell morphology. The viability of
A549 cells was assessed by MTT assay (Sigma-Aldrich; Merck
KGaA). After drug or TC-HT treatment, the medium was
replaced by DMEM containing 0.5 mg/ml MTT and incubated
for 4 h at 37°C. The formazan crystals were dissolved using
10% SDS (Bioman Scientific Co., Ltd.) at room temperature
overnight. Thereafter, the optical density of formazan solution
was measured at 570 nm using the Multiskan GO spectro-
photometer (Thermo Fisher Scientific, Inc.). Background
absorbance at 690 nm was subtracted, and the final absorbance
value was expressed as a percentage of the untreated controls
to represent the cell viability. The cell morphology of A549
cells under different treatments was observed and imaged
using the Zyla 5.5 sCMOS camera (Andor Technology Ltd.).

Synergy quotient (SQ) calculation for synergism. The SQ
was calculated by subtracting the baseline values from all
treatment groups and dividing the resulting net effect of the
combination by the total of the individual effects as follows:
(Erl + TC-HT)/(Er]) + (TC-HT).

Western blotting. After treatment with Erl and/or TC-HT, cells
were washed with ice-cold PBS and lysed in RIPA lysis buffer
(MilliporeSigma) on ice for 30 min. Cell lysates were clarified
by centrifugation at 23,000 x g for 30 min at 4°C and the protein
concentration in the supernatant fraction was measured using
the Bradford protein assay (cat. no. BRA222; BioShop Canada
Inc.). Proteins (20-40 pg) were subjected to 10% SDS-PAGE
and electrotransferred to polyvinylidene fluoride membranes
(MilliporeSigma). After incubation in a blocking buffer
containing 5% bovine serum albumin (BioShop Canada Inc.) in
Tris-buffered saline with 0.1% Tween-20 (TBST) for 1 h at room
temperature, the membranes were immunoblotted with diluted
primary antibodies at 4°C overnight. The specific primary anti-
bodies against phosphorylated EGFR (p-EGFR; cat. no. 4407;
Cell Signaling Technology, Inc.), poly ADP-ribose polymerase
(PARP; cat. no. 9542; Cell Signaling Technology, Inc.),
p-JNK (cat. no. 4668; Cell Signaling Technology, Inc.), p-Akt
(cat. no. 4060; Cell Signaling Technology, Inc.), total Akt (t-Akt;
cat. no. 9272; Cell Signaling Technology, Inc.), MutT homolog 1
(MTHI; cat. no. 43918; Cell Signaling Technology, Inc.), p-p38
(cat.no. GTX133460; GeneTex, Inc.), Cdc2 (cat. no. GTX108120;
GeneTex, Inc.) and GAPDH (cat. no. GTX100118; GeneTex, Inc.)
were used. After being washed with TBST, the membranes were
incubated with horseradish peroxidase-conjugated secondary
antibodies (cat. no. 111-035-003; Jackson ImmunoResearch
Laboratories, Inc.). All the primary antibodies were diluted
at a 1:1,000 concentration and the secondary antibodies were
diluted at a 1:10,000 concentration, according to the manufac-
turer's instructions. The membranes were visualized with an
enhanced chemiluminescence substrate (Advansta Inc.) and
quantified using an Amersham Imager 600 imaging system
(AI600; GE Healthcare).

Mitochondrial membrane potential (MMP) measurement.
After treatment with Erl and/or TC-HT, cells were washed
and resuspended with PBS followed by staining with 20 nM
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Figure 1. In vitro-applied TC-HT. (A) Schematic representation of the high
and low temperatures and their duration settings during TC-HT treatment.
(B) Actual temperature with moderate temperature TC-HT setting in the
culture well measured every 15 sec using a needle thermocouple. TC-HT,
thermal cycling-hyperthermia.

3,3'-dihexyloxacarbocyanine iodide (DiOC¢(3); Enzo Life
Sciences, Inc.) for 30 min at 37°C in the dark. The fraction
of mitochondrial depolarization in cells was indicated by
a decrease in fluorescence intensity measured using a flow
cytometer (FACSVerse; BD Biosciences) and data were
analyzed using FlowJo (version 7.6.1; FlowJo LLC).

Wound healing assay. A549 cells were seeded and cultured
as a confluent monolayer in 35 mm Petri dishes. Wounds were
made by scratching straight lines across the cell monolayer
using a 10 pl pipette tip. Non-adherent cells and debris were
removed by gently rinsing the cells with PBS (HyClone;
Cytiva). After PBS was discarded and replaced with fresh
medium, the cells were treated with either Erl and/or TC-HT.
Each wound was observed and imaged using the Zyla 5.5
sCMOS camera (Andor Technology Ltd.) at 0 h and 24 h post
treatment. The distances between wound edges were measured
and analyzed using ImageJ (version 1.51j8; National Institutes
of Health).

Colony formation assay. A549 cells were seeded at a density
of 300 cells/dish in 35 mm Petri dishes overnight for cell
adherence. Subsequently, cells were treated with Erl and/or
TC-HT. The cell medium was replaced 24 h after treatment,
and the cells were cultured for additional 10 days, with fresh
medium replaced every 3 days during the culture period. The
cells were fixed with 4% paraformaldehyde (Sigma-Aldrich;
Merck KGaA) for 10 min at room temperature and stained with
0.1% crystal violet (Sigma-Aldrich; Merck KGaA) at room
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temperature for 15 min for visualization and cell counting. A
colony was defined as a cluster consisting of =50 cells. The
colonies were imaged using a light microscope and manu-
ally counted, and the number of colonies in each group was
normalized to the control group.

Cell cycle analysis. After 24 h of treatment with 10 yuM Erl
and/or TC-HT, the cells were harvested, rinsed with PBS and
fixed with 70% ethanol at 4°C for 30 min before staining. The
cells were stained for 30 min in the dark at room temperature
with propidium iodide and ribonuclease A (Gibco; Thermo
Fisher Scientific, Inc.). Subsequently, the stained cells were
subject to the cell cycle analysis using a flow cytometer
(FACSVerse; BD Biosciences), and data were analyzed using
FlowlJo (version 7.6.1; FlowJo LLC).

Statistical analysis. Results were expressed as the
mean + standard deviation (n=3). Statistical analyses were
performed using OriginPro 2015 (version 92E; OriginLab
Corporation). Statistical significance was determined using
one-way ANOVA followed by Tukey's post-hoc test. P<0.05
was considered to indicate a statistically significant difference.

Results

TC-HT for in vitro application. The thermal cycling treat-
ment was applied with a modified PCR machine as previously
described (22,23). The schematic temperature and duration
settings are shown in Fig. 1A, where the temperature was
increased to the desired high temperature setting and main-
tained for 3 min, followed by a natural cooling period for
30 sec. In practice, the heating device was switched off in the
cooling process, and the low temperature setting was chosen
to be 37°C to mimic human body temperature. A single cycle
containing a high temperature and a low temperature period
was repeated 10 times. Fig. 1B shows the actual temperature
in the culture well measured by a thermocouple at moderate
temperature TC-HT setting. The cycling temperature came to
an equilibrium state after the third heating period, thereafter
the temperature cycling between 41.5-43.0°C for moderate
temperature TC-HT (Fig. 1B). In the current study, the
moderate temperature TC-HT treatment (41.5-43.0°C) was
adopted in the subsequent experiments to study the synergistic
anticancer effect of Erl and TC-HT in A549 cancer cells.

TC-HT potentiates the anticancer efficacy of Erl in A549
NSCLC cells. To determine the effect of the combination of
Erl and TC-HT treatment on human NSCLC cell viability,
A549 cells were treated with different concentrations of Erl
with or without TC-HT. At 72 h post treatment, cell viability
was assessed using an MTT assay. Erl exhibited a significant
antineoplastic effect in a concentration-dependent manner
(Fig. 2A). The ICy, of Erl was ~10 M in A549 cells after 72 h
treatment. Compared with treatment with Erl alone, TC-HT
therapy sensitized A549 cells to Erl and reduced the cell
viability to ~30% of the control group (Fig. 2A). It is note-
worthy that the combination of Erl and TC-HT demonstrated
synergistic ability compared with Erl monotherapy, which
reduced the ICs, to 0.5 uM. To determine the synergistic
effect of TC-HT and Erl, SQ calculations were conducted,
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Figure 2. Effect of Erl or TC-HT or in combination on the cell viability and morphological changes of A549 cells at 72 h. (A) MTT viability assay of A549
non-small cell lung cancer cells treated with different concentrations of Erl or in combination with moderate temperature TC-HT treatment (41.5-43.0°C).
(B) MTT viability assay of IMR-90 normal lung cells treated with various concentrations of Erl or in combination with moderate temperature TC-HT treat-
ment (41.5-43.0°C). (C) Representative images of morphological changes of A549 cells under a light microscope after treatment with 10 M Erl, moderate
temperature TC-HT treatment (41.5-43.0°C) or in combination. Scale bar, 100 gm. Data are shown as mean + standard deviation (n=3). Statistical significance
was determined using one-way ANOVA followed by Tukey's post-hoc test. ““P<0.001. Erl, erlotinib; TC-HT, thermal cycling-hyperthermia; ctrl, control.

where an SQ value >1.0 indicated a synergistic effect (25-27).  of 0.5-8.0 uM (Table SI). The highest SQ value was observed
The SQ calculations of cell viability indicated a synergistic =~ with the combination treatment using 0.5 uM Erl, suggesting
effect when TC-HT was combined with Erl at concentrations  that the synergistic effects at lower concentrations of Erl
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Figure 3. Effect of Erl combined with TC-HT on p-EGFR protein expression in A549 cells. Western blotting of p-EGFR protein expression in A549 cells
treated with 10 uM Erl, moderate temperature TC-HT, and the combination treatment. The expression levels of p-EGFR were normalized to GAPDH.
Each relative expression level was compared with the control and represented as fold relative to the control. Data are shown as mean + standard deviation
(n=3). Statistical significance was determined using one-way ANOVA followed by Tukey's post-hoc test. “P<0.01, ““P<0.001. Erl, erlotinib; TC-HT, thermal

cycling-hyperthermia; p, phosphorylated; t, total; ctrl, control.

were more pronounced compared with those at higher
concentrations. To enhance understanding of the temporal
effects on cell viability, the viability of A549 cells was evalu-
ated at 24 and 48 h (Fig. S2A). Additionally, the investigation
was expanded to include the H460, another NSCLC cell line,
assessing the impact of the combination of Erl and TC-HT
on NSCLC (Fig. S2B). These results demonstrated that the
combination of Erl and TC-HT led to a significant time- and
dose-dependent decrease in cell viability in both A549
and H460 cell lines. To verify the effect of this combined
treatment in normal cells, the normal lung cell line IMR-90
was used and the same treatment conditions were applied.
The cell viability of IMR-90 normal lung cells decreased to
~90% when treated with 8 or 10 uM Erl, while it remained
unaffected by doses <2 M Erl and/or TC-HT (Fig. 2B).
Additionally, Erl and TC-HT combination treatment resulted
in notable morphological changes in A549 cells, including
shrinkage and fragmentation of cells as well as a decreased
number of cells (Fig. 2C). These result suggested that TC-HT
may serve as a sensitizer with minimal observed adverse

effects to increase the anticancer effect of targeted therapy
drugs (22,23).

Effect of Erl combined with TC-HT on EGFR protein expres-
sion in A549 cells. The signaling pathways involved in the
anticancer mechanism of Erl and TC-HT combination treat-
ment were investigated. Despite the application of targeted
therapy agents aimed at inhibiting EGFR activity, limited
efficacy remains a challenge in certain NSCLC cells with
intrinsic resistance to Erl (11-13). In vitro studies have identi-
fied A549 cells as resistant to the EGFR-TKI Erl (15,28,29).
Consequently, it is imperative to explore innovative strategies
to augment the anticancer effects of Erl (14,30-32). In the
present study, Erl alone caused a marked decrease in EGFR
phosphorylation compared with the control cells (Fig. 3).
Moreover, while TC-HT alone was capable of significantly
reducing p-EGFR expression compared with the control cells,
the combination of Erl and TC-HT resulted in a more substan-
tial inhibitory effect on p-EGFR expression compared with the
single treatment and control cells. Additionally, a comparable
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decrease in p-EGFR expression was also observed in the
combination of low-dose Erl and TC-HT, compared with both
low-dose Erl alone and the control cells (Fig. S3). Although
this combination was less effective in inhibiting p-EGFR
compared with higher concentrations of Erl in conjunction
with TC-HT, the lower doses of Erl still exhibited significant
inhibitory effects when combined with TC-HT. These results
suggested that TC-HT may modulate the resistance of A549
cells to Erl.

Effect of Erl combined with TC-HT on EGFR signaling
pathways in A549 cells. In the present study, the expres-
sion levels of JNK and Akt proteins (33) were examined in
A549 cells. JNK, an EGFR downstream protein belonging
to the MAPK family, is responsive to stress stimuli and
heat shock, with its phosphorylation capable of altering the
activities of several proteins that reside in mitochondria or
act in the nucleus to trigger apoptosis (34). TC-HT treatment
significantly increased the expression levels of the p-JNK
protein compared with the control or Erl-treated A549 cells
(Fig. 4A). Furthermore, it was demonstrated that the treatment
combining Erl and TC-HT was more effective in increasing
p-JNK protein expression levels compared with TC-HT alone.
On the other hand, another EGFR downstream protein, Akt,
is involved in cellular survival pathways by inhibiting the
apoptotic process (35). Once activated by phosphorylation,
Akt actively regulates several transcription factors facilitating
the expression levels of survival proteins. It was shown that
the protein expression levels of p-Akt in Erl-treated A549 cells
were significantly lower than that compared with untreated
cells, while the inhibitory effect on phosphorylation of Akt
was further enhanced upon TC-HT treatment and was more
pronounced in the combination Erl and TC-HT treatment group
(Fig. 4B). Meanwhile, t-Akt exhibited a trend similar to that of
the p-Akt protein, suggesting that decrease in the phosphory-
lation of Akt by these treatments was caused by a reduction
in the amount of Akt present, leading to a weakened survival
signal. Moreover, it has been reported that both JNK and Akt
signaling pathways are important regulators in influencing
mitochondrial function. In addition, mitochondria-dependent
apoptosis is associated with a loss in MMP, causing the
release of cytochrome ¢ and other apoptotic factors (36). To
confirm that the apoptosis caused by Erl and TC-HT could be
related to mitochondrial disruption, MMP was assessed with
DiOC6(3) fluorescence staining using flow cytometry. It was
confirmed that Erl and TC-HT individually had no effect on
MMP level compared with the control, but the combination
treatment caused significant MMP depolarization in A549
cells, indicating mitochondrial dysfunction in their apoptosis
mechanism (Fig. S4).

The injured mitochondria release cytochrome c into the
cytoplasm, cleaving caspase 9 and thus activating caspase 3
downstream (37), which enters further the nucleus and cleaved
PARP. It should be noted that PARP serves an important role
in mitochondria-mediated apoptosis, in addition to being a
key enzyme for DNA repair. In apoptosis, the PARP protein
is typically cleaved and inactivated, thereby suppressing
DNA repair and causing programmed cell death (38). To
understand the apoptosis mechanism in A549 cells triggered
by the combination Erl and TC-HT treatment, the present

study evaluated the expression levels of apoptosis-related
proteins using western blotting. It was shown that the ratio
of cleaved PARP to full length PARP in TC-HT-treated cells
was significantly higher compared with that in Erl-treated
cells (Fig. 4C). Moreover, it was demonstrated that the ratio
of cleaved PARP to full length PARP in combination Erl and
TC-HT treatment was significantly higher compared with that
in the TC-HT treatment alone, indicating that the combina-
tion treatment enhanced apoptosis of A549 cells via the
mitochondrial pathway. Furthermore, the MTHI protein has
received increasing attention in cancer treatment, due to its
key role in DNA repair (39). High expression level of MTHI1
is deemed to be a sign of NSCLC metastasis (40). Therefore,
the present study examined MTHI protein expression levels
via western blotting. MTH1 protein expression levels were
found to significantly decrease in Erl-treated cells compared
with controls, while the inhibitive effect on MTH1 protein
expression levels was significantly higher in the TC-HT
treatment group, which significantly increased further in the
combination Erl and TC-HT treatment group (Fig. 4D). These
results suggested that the combination of Erl and TC-HT may
prevent MTHI1-related DNA repair and induce the death of
cancer cells via apoptosis.

Combination treatment of Erl and TC-HT causes G2/M cell
cycle arrest in A549 cells. To further evaluate the anticancer
effects of the combination of Erl and TC-HT treatment on
human NSCLC, the cell cycle progression in A549 cells
was examined by flow cytometry. Treatment with moderate
TC-HT led to a significant increased in cell cycle arrest at
the G2/M phase (22.95+0.56%) compared with the group
treated with Erl (13.06%+1.16%) and the untreated cells
(12.66+1.18%; Fig. SA and B). Meanwhile, the combination
of Erl and moderate TC-HT caused significant accumulation
of cells in the G2/M phase (33.77+2.31%) compared with the
single treatments and the untreated cells, with a concomitant
reduction of cells in the GO/G1 phase. Besides, no significant
differences in the S phase were observed among the various
treatments tested. Next, relevant proteins involved in the G2/M
progression were examined to investigate the mechanism of
the combined treatment effect on cell cycle distribution. Cdc2
is a core regulator in the cell cycle and it binds to the cyclin B
complex guiding G2/M cell cycle transition (41,42). It has been
previously reported that the inhibition of Cdc2 expression
resulted in G2/M cell cycle arrest (43-45). In the present study,
the protein expression levels of Cdc2 were reduced signifi-
cantly upon treatment with the combination of Erl and TC-HT
compared with the single Erl and TC-HT treatments and the
control group (Fig. 5C). Meanwhile, as a well-known MAPK
member, p38 serves an important role in cell cycle regulation,
and numerous studies have reported that activation of the p38
pathway can induce G2/M cell cycle arrest via Cdc2 suppres-
sion in human NSCLC cells (46-48). Consistently, it was shown
that the protein expression levels of p-p38 were significantly
increased by the combination treatment of Erl and moderate
TC-HT (Fig. 5D). Taken together, these results suggested that
the combined treatment could synergistically induce cell cycle
arrest in the G2/M phase by increasing the activation of p38
while reducing Cdc2 expression in cells, thereby suppressing
cell cycle progression in human lung cancer A549 cells.
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Figure 4. Effect of Erl combined with TC-HT treatment on survival- and apoptosis-related protein expression in A549 cells. The anticancer experiments
were conducted in A549 cancer cells treated with 10 M Erl, moderate temperature TC-HT and the combination treatment. Western blotting of (A) p-JNK,
(B) p-Akt and t-Akt, (C) cleaved PARP and full-length PARP (D) MTHI. The protein expression levels of p-INK, p-Akt, t-Akt and MTHI1 were normalized
to GAPDH, and cleaved PARP was normalized to full-length PARP. Each relative expression level was compared with the control and represented as fold
relative to the control. Data are shown as mean + standard deviation (n=3). Statistical significance was determined using one-way ANOVA followed by
Tukey's post-hoc test. "P<0.05, “P<0.01, ““P<0.001. Erl, erlotinib; TC-HT, thermal cycling-hyperthermia; p, phosphorylated,; t, total; PARP, poly ADP-ribose

polymerase; MTHI, MutT homolog 1; ctrl, control; ns, not significant.

Anti-proliferation and anti-migration effects of the combi-
nation treatment (Erl + moderate temperature TC-HT)
in A549 NSCLC cells. Cancer mortality is associated
with cancer recurrence and metastasis, both of which are
common clinical issues in NSCLC (49,50). Therefore, it is
important to reduce the proliferation and migration ability
of cancer cells. To further confirm the anti-proliferative and

anti-migration activities of the Erl and TC-HT combination
treatment in NSCLC, wound healing (Fig. 6A) and colony
formation assays (Fig. 6B) were performed using A549 cells.
Erl-treated cells showed a significantly decreased migration
capacity compared with the control cells, while cells treated
with TC-HT alone exhibited a significant reduction in migra-
tion compared with single Erl treatment and the control
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Figure 5. Effect of Erl or TC-HT or in combination on the G2/M cell cycle arrest and protein expression levels of Cdc2 and p-p38 in A549 cells. Cell cycle and
protein expression level analysis were conducted in A549 cancer cells treated with 10 M Erl, moderate temperature TC-HT (41.5-43.0°C) and the combination
treatment. (A) Flow cytometry analysis on cellular DNA content profiles of each group of A549 cells. (B) Proportion of A549 cells in GO/GL, S and G2/M
phases of the indicated group. Western botting of (C) Cdc2 and (D) p-p38 protein expression. The protein expression levels of p-p38 and Cdc2 were normalized
to GAPDH. Each relative expression level was compared with the control and represented as fold relative to the control. Data are shown as mean + standard
deviation (n=3). Statistical significance was determined by one-way ANOVA followed by Tukey's post-hoc test. "P<0.05, ““P<0.001. Erl, erlotinib; TC-HT,
thermal cycling-hyperthermia; p, phosphorylated; t, total; ctrl, control; ns, not significant..

cells (Fig. 6C). Furthermore, the Erl and TC-HT combina- Compared with the control group, the wound closure
tion treatment caused a more significant decrease in A549  percentage in the Erl-treated group and the TC-HT-treated
cell migration compared with that of the single treatments.  group was 83.8 and 59.2%, respectively, while the wound
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Figure 6. Effect of Erl or TC-HT or in combination on the inhibition of A549 cell colony formation and migration. (A) Wound healing assay to determine
the effect of Erl, TC-HT or combination treatment on the migration ability of A549 cells. After scratch gaps were made, A549 cells were treated with 10 uM
Erl, moderate temperature TC-HT or the combination treatment. Yellow lines indicate wound edges detected by ImageJ (version 1.51j8; National Institutes of
Health). Magnification, x40. (B) Colony formation assay for A549 cells treated with 10 M Erl, moderate temperature TC-HT or the combination treatment.
(C) Wound closure rate for A549 cells was determined as the percentage of the area closed after 24 h from the initial wound area, and each group was normal-
ized to the control group and expressed as a fraction of 100. The areas of cell-free gaps were measured and quantified using ImageJ (version 1.51j8; National
Institutes of Health). (D) Colony formation rate for A549 cells at 10 days after treatment with 10 xM Erl, moderate temperature TC-HT or the combination
treatment. Each group was normalized to the control group and represented as a percentage. The colony counting was performed using ImageJ (version 1.51j8;
National Institutes of Health). Statistical significance was determined by one-way ANOVA followed by Tukey's post-hoc test. "P<0.05, “"P<0.01, ““P<0.001.
Erl, erlotinib; TC-HT, thermal cycling-hyperthermia; ctrl, control.


https://www.spandidos-publications.com/10.3892/or.2025.8891

10 LIN et al: THERMAL CYCLING-HYPERTHERMIA ENHANCES ERLOTINIB EFFICACY

A 46 -
44 -
o
< 42 -
o
p=}
©
S 40
£
@
38 -
36 -
-7 r - r - r - 1r -~ r - 1 1 - 1!
0 2 4 6 8 10 12 14 16
Time (min)
Erl (UM)
B A549 Erl (UM)
C IMR-90
*%k%
’ T T 11
120 *kk
[T 1T 11 120 -
*%k%k
100 -
_ RERR 100-
:\(,‘ 80 4 *%k%
> | £ 801 N
3 an >
g 0 ekl Z 60-
3 ] NE g
O 40+ S 40
O
0 T T 0 T T
Ctrl TC-HT Ctrl TC-HT

Figure 7. Effect of high temperature TC-HT or Erl or a combination treatment on cell viability. (A) Actual temperature with high temperature TC-HT
setting in the culture well measured every 15 sec using a needle thermocouple. (B) MTT viability assay of A549 non-small cell lung cancer cells treated
with different concentrations of Erl or combination with high temperature TC-HT treatment (42.5-45.6°C). (C) MTT viability assay of IMR-90 normal lung
cells treated with various concentrations of Erl or in combination with high temperature TC-HT treatment (42.5-45.6°C). Data are shown as mean =+ standard
deviation (n=3). Statistical significance was determined using one-way ANOVA followed by Tukey's post-hoc test. ““P<0.001. Erl, erlotinib; TC-HT, thermal

cycling-hyperthermia; ctrl, control.

closure percentage in the combined treatment group was
only 35.9%. The results indicated that the migration ability of
A549 cells was significantly suppressed after the application
of the Erl and TC-HT combination treatment. On the other
hand, it was demonstrated that colony formation ability of
A549 cells treated with either Erl or TC-HT was significantly
decreased compared with the control cells, whereas the
colony formation ability of cells treated with the combination
treatment was further significantly reduced compared with
that of the single treatments (Fig. 6D). Overall, the combina-
tion treatment was shown to impede A549 cell proliferation
and migration, indicating the potential anticancer efficacy of
the Erl and TC-HT combination treatment.

Discussion

The present study demonstrated the synergistic anticancer
effect of the combination of Erl, an EGFR-TKI, and TC-HT on
A549 NSCLC cells. EGFR is a receptor tyrosine kinase critical
for the initiation and development of malignant tumors via the
MAPK and PI3K/Akt pathways (6). Although EGFR-TKIs,
such as Erl, can target and inhibit the EGFR pathways (7), their
clinical benefit has been limited, due to the resistance to TKIs
among a proportion of patients with NSCLC (9). In certain
NSCLC tumors, the development of acquired resistance to Erl
occurs following prolonged treatment periods (9). Additionally,
the effectiveness of Erl is constrained by the intrinsic resistance
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present in specific patient populations (11-13), underscoring the
need to improve the sensitivity of these patients to Erl. Amid
the efforts to combat the resistance to EGFR-TKIs (51), combi-
nation treatment has been deemed as a promising approach
to overcome the resistance problem (52). Several studies have
investigated the effect of combining Erl and other anticancer
agents such as cisplatin, monoclonal antibodies, aspirin and
capsaicin (14,53-55), aiming to enhance the therapeutic effect
of this treatment. However, the combined use of multiple drugs
in clinical applications is often hampered by unpredictable
drug interactions or side effects. Therefore, alternate methods
are required to enhance the anticancer effect of these drugs by
combining physical stimulation with the use of a drug treat-
ment. It has been previously reported that mild hyperthermia,
when combined with other therapeutic approaches, has resulted
in enhanced anticancer effects in various clinical trials, with
treatment durations ranging from 10-90 min (56). Additionally,
studies focusing on NSCLC have implemented hyperthermia
therapies with durations of ~30 min (57-59). In accordance with
these established research protocols and recognizing that an
appropriate duration of thermal exposure may reduce damage
to normal cells, the present study demonstrated the efficacy
of TC-HT physical stimulation in augmenting the anticancer
effects of Erl. Compared with Erl or TC-HT mono treatment,
the combination treatment produced an increased inhibitory
effect on A549 and H460 NSCLC cells, without damaging
the IMR-90 normal lung cells, thereby circumventing drug
interaction issues and potentially minimizing the risk of side
effects by reducing the required dosage of Erl. To elucidate
the molecular mechanisms underlying the anticancer effect of
the combination treatment on A549 NSCLC cells, the expres-
sion levels of certain proteins in the apoptotic pathway were
evaluated. It has been previously reported that the relative
expression levels of phosphorylated proteins normalized to an
internal control are associated with cellular survival or apop-
tosis (60-63). The focus of the present study was to elucidate
the relative changes in signaling intensity and, to the best of
our knowledge, the present study represented the first report
into the enhanced apoptosis resulting from the combination of
TC-HT and Erl in A549 cells. It was demonstrated that TC-HT
significantly potentiated the efficacy of Erl in inhibiting the
phosphorylation of EGFR, which amplified the inhibitory
effect of Erl on A549 NSCLC cells. Subsequently, the expres-
sion levels of JINK and Akt proteins were investigated in
the EGFR downstream pathway. The activation of JNK is
involved in the induction of apoptosis (34), while the activa-
tion of Akt inhibits apoptosis (35). Additionally, both JNK
and Akt proteins serve a crucial role in the regulation of mito-
chondrial function (36), and thus investigating the activation
status of these proteins contributes to a better understanding
of cellular apoptotic tendency. The results of the current
study demonstrated that the combination of TC-HT and Erl
increased p-JNK expression levels while decreasing p-Akt
expression levels. Concurrently, the combination treatment of
Erl and TC-HT significantly increased MMP depolarization
in A549 cells, indicating that apoptosis induced by Erl and
TC-HT may be partly associated with mitochondrial apoptosis
pathways. In addition, the cleavage of the PARP protein and
the downregulation of MTH1 expression have been reported
to contribute to the initiation apoptosis in cancer cells (38,39).
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The present study demonstrated that a significant increase in
the expression level of cleaved PARP was accompanied by a
decrease in MTH1 expression levels. These findings suggested
that the combination treatment of Erl and TC-HT effectively
enhanced the apoptosis of A549 NSCLC cells.

Cell cycle dysregulation, a common feature of cancer,
could be ameliorated through the modulation of cell cycle
regulatory proteins, offering the potential to attenuate the
uncontrolled proliferation of cancer cells (44,46-48). The
present study demonstrated that the combination treatment
of Erl and TC-HT resulted in G2/M phase arrest. The Cdc2
protein is considered to be a core regulator involved in the
G2/M cell cycle transition (41,42). Significant downregula-
tion of Cdc2 expression levels was demonstrated in the Erl
and TC-HT combination treatment group. Furthermore,
the expression levels of p38 were investigated, as previous
studies in A549 NSCLC cells demonstrated that increased
p38 phosphorylation resulted in a reduction of the level
of Cdc2 protein expression, eventually leading to G2/M
cell cycle arrest (46-48). In the current study, it was also
demonstrated that the combined treatment of Erl and TC-HT
significantly increased the protein expression levels of p-p38.
These results indicated that the combination treatment of Erl
and TC-HT effectively reduced the occurrence of mitosis in
A549 NSCLC cells, inhibiting of cancer cell proliferation. It
has been previously reported that Erl treatment alone has a
mild or negligible effect on G2/M arrest, while combining Erl
with other approaches, such as protein kinase C-f inhibitor
enzastaurin and small molecule drug a-tocopheryl succinate
hold promise for improving its efficacy (64,65). Similarly, the
present study also demonstrated a negligible influence of Erl
on G2/M arrest when Erl was administered alone, whereas
a notable increase in G2/M arrest was observed when Erl
was combined with TC-HT. It is noteworthy that TC-HT,
as a method of physical stimulation, offers a novel method
to avoid potential drug-drug interactions, meriting further
investigation in anticancer applications.

Inhibiting cancer cell proliferation, recurrence and migra-
tion is an important part of cancer treatment, and high rates
of recurrence and metastasis are concerns for patients with
NSCLC (49,50). The present study demonstrated that the
combined treatment of Erl and TC-HT reduced the viability
of A549 NSCLC cells and induced G2/M cell cycle arrest.
Additionally, the proliferation and migration of A549 cancer
cells under the combined treatment of Erl and TC-HT was
investigated. These results demonstrated significant find-
ings concerning the migratory behavior of A549 cells under
different treatments. It was shown that single Erl or TC-HT
treatment reduced the migration area of treated cells in
comparison with control cells. Notably, the combination treat-
ment of Erl and TC-HT was more effective in inhibiting A549
NSCLC cell migration compared with either the single Erl or
TC-HT treatment. Moreover, A549 NSCLC cells treated with
Erl or TC-HT displayed reduced colony formation, whereas
the combination treatment of Erl and TC-HT exerted an
increased inhibitory effect on A549 cells compared with the
single treatments. Collectively, these findings highlighted the
combined treatment with Erl and TC-HT as a promising anti-
cancer strategy as it significantly impeded both A549 NSCLC
cell migration and colony formation.
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HT has long been a promising cancer treatment method,
to be applied alone or in combination with other conventional
therapies (66). However, this treatment can cause cellular
damage, due to an overdose of HT, a practical problem which
can now be overcome by TC-HT due to the ability to control
the thermal dosage applied, as the intermittent cooling process
can avoid excessive thermal dosage accumulation and subse-
quent cytotoxic cell damage. Excessive thermal dosage may
induce mitochondrial damage and oxidative stress not only in
cancer cells, but also in normal cells (67). However, a previous
study reported that cancer cells have higher levels of oxidative
stress and thus they are more sensitive to thermal stress (68).
Additionally, cancer cells are more thermosensitive compared
with normal cells (69). In the current study, the results
demonstrated that moderate temperature TC-HT treatment
(41.5-43.0°C) alone inhibited the viability of A549 NSCLC
cells, reducing their viability to 80% compared with the
control group, without damaging IMR-90 normal lung cells. To
further examine the effect of TC-HT alone on cancer cells at
a higher temperature, the temperature setting of TC-HT appli-
cation was raised to the range of a high temperature TC-HT
treatment (42.5-45.6°C). It was demonstrated that the high
temperature TC-HT treatment alone resulted in significant
inhibition in the viability of A549 NSCLC cells, with their
viability dropping to only 17.9% of that of the control group. It
is noteworthy that under high temperature TC-HT treatment,
the additional incorporation of Erl in the range of 0-10 yuM
did not cause a significant additional decrease in cell viability.
Moreover, the TC-HT treatment at high temperature alone did
not have an effect on the viability of IMR-90 normal lung cells,
which remained at 80% of that of the control group, even in the
case of combined treatment with 10 M Erl. Additionally, a
similar effect was observed in H460 NSCLC cells (Fig. S5).
These results suggested that TC-HT may be a potential future
anticancer treatment for NSCLC and reduce the current reli-
ance on drug treatments. However, further research to explore
its efficacy is required.

Hypoxia is also a common feature of NSCLC and can
contribute to drug resistance (70). Hypoxic cancer cells exhibit
an increased susceptibility to hyperthermia in both in vitro
and in vivo models (71-74). However, certain challenges
remain, as hypoxic conditions can lead to elevated expression
of heat shock factor 1 (HSF1) and heat shock proteins (HSPs),
which may confer protective effects (75,76). Additionally,
HT has been associated with the upregulation of HSF1
and HSP expression, further enhancing thermotolerance in
cancer cells (77,78). Studies have reported that EGFR-TKIs
can mitigate hypoxia (70,79,80), underscoring the potential
of the Erl and TC-HT treatment combination. Furthermore,
it has been reported that the concurrent application of HT
with HSF1 and HSP inhibitors may represent a promising
anticancer strategy (78). Therefore, exploring the combina-
tion of HSF1 and HSP inhibitors, or other EGFR-TKIs, with
TC-HT could significantly enhance therapeutic outcomes
for anticancer treatment and merits further investigation.
In practice, non-contact thermal modalities, such as radio-
frequency (RF) and focused ultrasound (FUS), present
promising localized heating techniques for cancer treatment.
These approaches may be applicable for the treatment of
NSCLC (20,81-83). Specifically, RF and multi-focal FUS can

effectively regulate the heating area and temperature used,
achieving precise thermal dissipation while maintaining the
desired temperature. Although additional research is neces-
sary to substantiate these possibilities, these features render
these techniques suitable for the implementation of TC-HT
in anticancer treatments.

In conclusion, the present study reported that TC-HT, a
novel thermal treatment, is capable of sensitizing A549 cells
to the EGFR-TKI Erl. The anticancer effect of the combina-
tion of TC-HT and Erl occurred through the downstream of
EGFR signaling cascades, including the MAPK and PI3K-Akt
pathways. These results showed that TC-HT could enhance
the anticancer efficacy of Erl on A549 cells, thereby reducing
Erl drug dosage and associated side effects. Furthermore,
TC-HT may have the potential to be used as a drug-free cancer
treatment method by raising the high temperature of TC-HT
in its application. These findings highlighted the potential
for TC-HT in combination therapy with other chemotherapy
or targeted therapy drugs, and further studies are needed to
examine specific TC-HT parameters in treating different types
of cancers.
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