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Abstract
Purpose High-intensity focused ultrasound (HIFU/FUS) has expanded as a noninvasive quantifiable option for hyper-
thermia (HT). HT in a temperature range of 40–47°C (thermal dose CEM43≥ 25) could work as a sensitizer to radiation
therapy (RT). Here, we attempted to understand the tumor radiosensitization effect at the cellular level after a combination
treatment of FUS+RT.
Methods An in vitro FUS system was developed to induce HT at frequencies of 1.147 and 1.467MHz. Human head and
neck cancer (FaDU), glioblastoma (T98G), and prostate cancer (PC-3) cells were exposed to FUS in ultrasound-penetrable
96-well plates followed by single-dose X-ray irradiation (10Gy). Radiosensitizing effects of FUS were investigated by
cell metabolic activity (WST-1 assay), apoptosis (annexin V assay, sub-G1 assay), cell cycle phases (propidium iodide
staining), and DNA double-strand breaks (γH2A.X assay).
Results The FUS intensities of 213 (1.147MHz) and 225W/cm2 (1.467MHz) induced HT for 30min at mean temperatures
of 45.20± 2.29°C (CEM43= 436± 88) and 45.59± 1.65°C (CEM43= 447± 79), respectively. FUS improves the effect of
RT significantly by reducing metabolic activity in T98G cells 48h (RT: 96.47± 8.29%; FUS+RT: 79.38± 14.93%; p= 0.012)
and in PC-3 cells 72h (54.20± 10.85%; 41.01± 11.17%; p= 0.016) after therapy, but not in FaDu cells. Mechanistically,
FUS+RT leads to increased apoptosis and enhancement of DNA double-strand breaks compared to RT alone in T98G and
PC-3 cells.
Conclusion Our in vitro findings demonstrate that FUS has good potential to sensitize glioblastoma and prostate cancer
cells to RT by mainly enhancing DNA damage.
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PI Propidium iodide
RT Radiation therapy
US Ultrasound

Introduction

High-intensity focused ultrasound (HIFU) or focused ultra-
sound (FUS) plays an increasing role in medical applica-
tions because of thermal and mechanical effects on cells,
biological molecules, and tissue, thus expanding the tradi-
tional application of ultrasound in diagnostic imaging to
therapeutic applications [1, 2]. Various magnetic resonance
imaging (MRI)- and ultrasound imaging (US)-guided HIFU
systems are CE marked and approved by the FDA (Food
and Drug Administration) for treatment of benign uterus
myomas, ablation of prostate tissue, palliative pain man-
agement of bone metastasis, and neurological indications
like essential tremor [3, 4]. While hyperthermia (HT) and
tissue ablation with HIFU/FUS are technically feasible ther-
apeutic methods [5], there is great potential with low FUS
intensity less than 5W/cm2 for FUS-mediated delivery of
therapeutic agents [6–9] including chemotherapeutics, ge-
netic material [10], proteins, and small molecules to cells
and solid tumors [11]. FUS can deliver various levels of
acoustic energy at desired sites in the body with minimal
damage to tissue adjacent to the target. As mentioned above,
MRI-guided HIFU/FUS enables not only the generation of
high temperatures (>55°C) to induce coagulation and tissue
necrosis, but it also provides a method to generate quantifi-
able and local HT (40–47°C) in the target area [12].

In oncology, surgery, image-guided ablation, local radi-
ation therapy (RT), and systemic chemotherapeutics are the
four clinical treatment modalities, but all are accompanied
by significant adverse effects [13, 14]. RT commonly used
in the management of head and neck tumors causes skin
burns and affects voice, jawbone, and teeth [15]. Glioblas-
toma is highly resistant to clinical radio- and chemother-
apy and is often inoperable, leading to low survival rates
[16, 17]. Thermal ablation is usually not applicable either.
Prostate cancer is the most common cancer in males in
Europe and metastatic prostate cancer can lead to incapaci-
tating pain and fractures. As examples of highly aggressive
cancer entities, head and neck tumors, glioblastoma, and
metastatic prostate cancer subtypes require novel and more
effective treatment regimens, and were thereby chosen in
our study.

To enhance the treatment outcome, reduce radiation
dose, and simultaneously avoid radiation-induced adverse
effects, growing interest lies on the radiosensitization of
the tumor cells. Heating of tumor cells up to high temper-
atures (40–47°C) in a thermal dose cumulative equivalent
minutes at 43°C (CEM43) range of 25–200min showed

beneficial radiosensitizing effects [12, 18]. The underlying
mechanism of RT is the induction of DNA double-strand
breaks leading to cell death [19]. Application of HT was
reported to increase the tumor radiosensitivity by enhancing
DNA damage, inhibition of DNA repair mechanism, and
reduction of hypoxia [20, 21]. Different mechanisms like
induction of apoptosis mediated by an inhibition of heat
shock proteins [22, 23] or directly by damage of DNA [24]
are also described as leading to radiosensitization effects.

Currently, HT is mostly delivered by microwave, ra-
diofrequency, or FUS in clinic. Microwave and radiofre-
quency generate heating by electromagnetic waves caus-
ing rotation of water molecules in cells, inducing frictional
heating [25]. In early 1989, the effect of combined water
bath HT and RT was published: higher cytotoxicity was ob-
served 24h after exposure to 43°C for 1h and single-dose
radiation at 5–10Gy compared to RT alone [26]. Moreover,
irradiation of 10Gy and microwave-induced HT at 44°C
for 1h were reported to significantly enhance cell death
of breast cancer cells 72h after treatment [27]. The de-
scribed effects of HT are intensively studied experimentally
in vitro and in vivo in a high variety of cancer models [21].
Nevertheless, the electromagnetic wave-based HT methods
lack reproducibility in target precision and heating capac-
ity, and do not allow the quantification of the thermal dose
through MR temperature mapping. Therefore, electromag-
netic wave-based HT is not accepted as a standard proce-
dure in clinical practice. Main challenges to establishing
HT are the invasiveness of temperature control techniques,
generation of uncontrollable heat spots, and focused heat-
ing with adequate penetration depth. Electromagnetic waves
cannot be focused as precisely as is possible with ultrasound
waves.

In contrast, ultrasound waves are mechanical waves gen-
erating heat through mechanical friction, which has the ad-
vantage of tissue penetration up to 20cm.When FUS propa-
gates through tissue or cells, the acoustic intensity decreases
as the energy of the wave is absorbed by the medium and
as a result, local heating occurs. FUS is the only nonin-
vasive technique in the thermal therapy field [28]. Besides,
the main advantage of FUS-induced HT is the precise treat-
ment planning under MRI guidance, which allows limited
heating in the target region without damage to surrounding
tissues. However, due to the lack of a reproducible in vitro
FUS system, only a few studies have reported combined
FUS and RT, and the biological effects and mechanisms
are not sufficiently investigated.

To translate the benefits of FUS-induced HT to support
RT, a certain number of experiments in vitro are required
to form the basis for preclinical in vivo studies. However,
studies regarding the interaction of FUS fields with cells
and comparative evaluation is difficult due to the lack of
a standardized technique for FUS delivery. On the other
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hand, the attenuation and absorption of acoustic energy are
much less in cell culture medium compared to soft tissues.
For instance, cancer cells were exposed to ultrasound in
centrifuge tubes in an in vitro study using a clinical HIFU
system [29]. The complicated handling of the clinical sys-
tem makes the experiment with various ultrasound param-
eters difficult. We developed a high-throughput laboratory
in vitro FUS system that mimics the principles of clinical
application, allowing the generation of FUS-induced HT in
a standard-size 96-well plate. Using the device can reduce
instrument-related variability in the results, improve the re-
producibility of acoustic fields, and facilitate the translation
of results to in vivo experiments and, ultimately, to medical
practices.

This study aimed to investigate the short-term radiosensi-
tizing properties of FUS-induced HT at the molecular level
with a newly developed in vitro experimental setup. The
impact of combination treatment including FUS and X-ray
irradiation on human glioblastoma, head and neck tumor,
and prostate cancer on cellular metabolic activity, induc-
tion of apoptosis, DNA double-strand breaks, and cell cycle
phase changes was investigated.

Methods

Tumor cell lines and cell culturing

Human glioblastoma cell line T98G was purchased from
American Type Culture Collection (ATCC) and LN405
from German Collection of Microorganisms and Cell Cul-
ture GmbH (DSMZ). Cells were cultured in Dulbecco’s
Modified Eagle’s Medium (DMEM, Gibco, Thermo Fisher
Scientific, Darmstadt, Germany). Human prostate cancer
cell line PC-3 was purchased from the European Collection
of Authenticated Cell Cultures (ECACC, Salisbury, UK)
and grown in Ham’s F-12K (Kaighn’s) medium (Gibco,
Thermo Fisher Scientific, Darmstadt, Germany). The head
and neck cancer cell line FaDu and UTSCC-8 (Onco-
Ray, National Center for Radiation Research in Oncology,
Dresden, Germany) were cultured in DMEM medium
supplemented with 2% HEPES (1M, PAA Laboratories,
Pasching, Austria), 1% sodium pyruvate (100mM, Sigma-
Aldrich GmbH, Munich, Germany), 1% MEM non-essen-
tial amino acids (100×, Sigma-Aldrich GmbH, Munich,
Germany). All cell culture media were supplemented with
10% (v/v) fetal bovine serum (FBS, Gibco, Thermo Fisher
Scientific, Darmstadt, Germany), 100U/mL penicillin, and
100mg/mL streptomycin (Biochrom GmbH, Berlin, Ger-
many) for culturing of the cell lines at 37°C in a humidified
incubator supplemented with 5% (v/v) CO2. For experi-
ments, cells were routinely washed with phosphate-buffered
saline (PBS, Biozym Scientific GmbH, Hessisch Oldendorf,

Germany), and detached using trypsin/EDTA (Biozym Sci-
entific GmbH, Hessisch Oldendorf, Germany). Cells used
in this experiment were in the exponential growth phase
and the passage number was less than 20. The cells were
negative for mycoplasma as routinely determined via PCR.

Focused ultrasound in vitro setup

The FUS in vitro system (Fig. 1a) consists of a Perspex box
with separate compartments for water where the ultrasound
transducer and the cell culture 96-well µClear plates are
placed. Deionized water was boiled for 5min and cooled
down to room temperature in a sealed container for de-
gassing [30]. Degassed water was circulated in the water
tank with a self-priming water pump (Lei Te Co., Ltd.,
Guangdong, China) to reduce ultrasound artifacts and pre-
vent air bubble formation underneath the plate. Temper-
ature was kept close to physiological levels at 34°C us-
ing an external heater (ETH 200, Hydor UK, Shropshire,
UK). The temperature was maintained 3°C lower than hu-
man body temperature to avoid neighbor overheating and
formation of air bubbles. To reach the target temperature
quickly, two transducers with frequencies of 1.142 and
1.467MHz at acoustic intensities of 213 and 225W/cm2

were chosen in this study to reach the target temperature
of 45°C (Fig. 1b, c). These two transducers are geometri-
cally focused with piezoceramic bowls (Meggitt-Ferroperm
Piezoceramics, Kvistgaard, Denmark). The focus points of
the transducers fit into the size of one well of the 96-well
plate, 6.96mm in diameter and 10.9mm in depth, when the
focus point is positioned at the bottom of the well (Sup-
plementary Table S1, Fig. S1). The acoustic intensities at
1.14 and 1.467MHz inside the well were calibrated with
hydrophone (Supplementary Table S2 and S3). The real-
time temperature in the wells during FUS treatment was
monitored using an infrared thermal camera PI450 (Optris
GmbH, Berlin, Germany) and imaging software (PI connect
version 2.10) with a feedback loop to the motor (VELMEX
Inc., Bloomfield, NY, USA) for the treatment of three non-
adjacent wells simultaneously.

As the thermal dose plays a major role in most hyper-
thermia research [31], the cumulative number of equivalent
minutes at 43°C (CEM43) in terms of the thermal dose
was used to quantify thermal exposure during treatment
(Table 1). It was calculated according to the equation pub-
lished by A. Szasz et al. [32].

CEM43 =
R t

0 RŒ43−T .r;�/�d�

R =

8
<

:

0; if T < 39°C
0.25; if 39 � T < 43°C

0.5; if T � 43°C

(1)

K



Strahlenther Onkol (2021) 197:730–743 733

Fig. 1 The in vitro focused ultrasound (FUS) system. a For FUS exposure the ultrasound signal was generated by a piezoelectric focused transducer
immersed at the bottom of a tank filled with degassed water. The transducer is driven by a signal generator (Agilent 33120A) and an RF power
amplifier (Electronics and Innovation A075). Alongside the water bath, an X-Slide linear stage connected to a programmable motor controller
and a stepper motor (VELMEX NEMA 17) translates an attached Perspex holder carrying a cell culture well plate. The whole assembly slides
through the water above the transducer on two parallel aluminum tracks using small linear bearing carriages (Drylin N). A thermal camera monitors
temperature in real time inside the wells with a feedback loop to the linear stage to enable FUS in 3 wells in parallel. b The temperature generated
by the FUS transducer with frequency of 1.142MHz at intensity of 213W/cm2 to the mean temperature of 45.20± 2.29°C and c for frequency of
1.467MHz at intensity of 225W/cm2 to the mean temperature of 45.59± 1.65°C was measured by infrared thermal camera. The blue, black, and
red lines represented the real-time temperatures in three in-parallel sonicated wells

Table 1 Sonication duration per well and thermal dose

Frequency [Hz] Mean temperature [°C] Sonication duration per well [min] Thermal dose (CEM43)

1.142 45.20± 2.29 10.06± 0.80 436± 88

1.467 45.59± 1.65 10.18± 0.31 447± 79

Experimental protocol for in vitro focused
ultrasound treatment

Cells were cultured as described above and seeded into spe-
cial ultrasound-penetrable 96-well cell culture plates with
a 200µm thin foil µClear bottom (Greiner Bio-One Ltd,

Stonehouse, UK). FaDu and T98G cell lines at cell density
in a range of 2500–5000 cells/well, and PC-3 cells at cell
density in a range of 5000–10,000 cells/well were seeded in
the corresponding cell culture medium to reach 90–100%
confluency at the desired timepoint after treatment. The
seeding was performed 1 day prior to the FUS treatment.
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Before sonication, up to 420µL/well of cell culture medium
was added to each well and the plate was sealed with Titer-
tops (Electron Microscopy Sciences, Hatfield, PA, USA)
plate-sized US transparent films, avoiding air bubble for-
mation. The plate was placed in the FUS system using
the plate holder located above the transducer. FUS was
applied continuously for 30min at intensities of 213W/cm2

(1.147MHz) or 225W/cm2 (1.467MHz) to hold the tem-
perature stable at mean temperature of 45.20± 2.29°C
(1.147MHz) and 45.59± 1.65°C (1.467MHz; Fig. 1b, c)
for the FUS treatment. A nearly parallel sonication regime
was defined in MATLAB® based on the feedback from the
camera as follows: (1) move to the well with the lowest
temperature; (2) sonicate the well until its temperature
reaches the target temperature; (3) repeat until the length of
30min is reached. After sonication, the cells were observed
under optical microscopy, the entire volume of cell culture
medium was removed from the plate and refilled with
100µL/well fresh medium followed by incubation of cells
for a further 1–72h to investigate the short-term effects.

X-ray irradiation of cancer cell lines

Cells cultured in 96-well plates with corresponding cell
density in a range of 2500–10,000 cells/well were irra-
diated with a single dose using a 150kV X-ray machine
(DARPAC 150-MC, Raytec Inc., Swindon, UK) at a dose
rate of 1.276Gy/min. For determination of the non-lethal
radiation dose, radiation dose curves with 0 to 20Gy were
obtained. To quantify the cell proliferation after irradiation,
BrdU assay (Roche, Basel, Switzerland) was performed
96h post treatment. Based on the preliminary radiation dose
curves, a single dose of 10Gy was used in all combination
experiments (Supplementary Fig. S3).

Treatment protocol of combination of FUS and RT

The cancer cells were seeded in 96-well plates with
µClear bottom 24h before treatment at the density of
2500–10,000 cells/well in the corresponding culture
medium. The cells were first exposed to FUS-induced
hyperthermia as the protocol described above, followed by
single-dose X-ray irradiation at 10Gy with an interval time
of 60min (Fig. 2a). After treatment at respective endpoints,
cell metabolic activity, apoptosis, cell cycle distribution,
and DNA damage were evaluated.

Microscopic analysis andmeasurement of metabolic
activity

Cell morphology was analyzed by microscopy before and
after treatment (ZEISS Axio Observer, Carl Zeiss mi-
croscopy GmbH, Jena, Germany). To determine the short-

term impact of the different treatments on the metabolic
activity of the human cancer cell lines, the tetrazolium
salt-based metabolic activity assay WST-1 (Roche, Basel,
Switzerland) was performed 24, 48, and 72h after treat-
ment. According to the manufactures’ instructions, the
medium was discarded and cells were incubated with fresh
cell culture medium including WST-1 reagent (final 10%)
in the 96-well µClear cell culture plates. The absorbance
at 435nm was measured using a plate reader (Synergy H1,
BioTek, Bad Friedrichshall, Germany).

Annexin V-FITC assay

To detect apoptotic and necrotic cells an annexin V-FITC
assay (Cayman Chemical, Ann Arbor, MI, USA) was per-
formed 4, 24, and 72h post treatment according to the man-
ufacturers’ instructions. In brief, the staining solution was
prepared freshly by mixing annexin V-FITC (1:500) and
propidium iodide (PI, 1:2000) with binding buffer. 50µL
staining solution was added to each well and incubated at
room temperature for 10min in the dark, centrifugation for
5min at 400g was performed afterwards. Finally, staining
solution was discarded and 100µL binding buffer was added
to each well followed by fluorescence microscopy using
ZEN 2.3 software (ZEISS Axio Observer, Carl Zeiss mi-
croscopy GmbH, Jena, Germany). Apoptotic cells stained
with annexin V-FITC were detected at excitation/emission
maxima at 485/535nm and PI-stained dead cells at excita-
tion/emission maxima at 535/617nm. Flow cytometry (At-
tuneNxT, Thermo Fisher Scientific, Darmstadt, Germany)
was used additionally to quantify the number of stained
cells.

Cell cycle analysis and apoptosis detection

The effects of FUS and RT on apoptosis-induced DNA
fragmentation and cell cycle phase distribution were in-
vestigated by Nicoletti assay [33] using flow cytometry 4,
24, and 72h after treatment. Briefly, cells were trypsinized
from 96-well plates with 100µL trypsin/EDTA per well and
harvested into one 1.5ml reaction tube, washed twice with
PBS, and fixed with 70% ethanol at –20°C overnight. Cells
were washed again twice with PBS and incubated with
60µL RNaseA solution (Sigma-Aldrich GmbH, Munich,
Germany) at a final concentration of 0.1mg/mL at 37°C
for 20min. Afterwards, the DNA content was stained by
propidium iodide (PI, Sigma-Aldrich GmbH, Munich, Ger-
many) at a final concentration of 50µg/mL at 4°C for 5min
and cells were assessed by flow cytometry (AttuneNxT,
Thermo Fisher Scientific, Darmstadt, Germany).
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Fig. 2 The combination of FUS and RT (10Gy) decreases the cell metabolic activity in a time-dependent manner. Cancer cell lines were treated
with the FUS in vitro system at mean temperature of 45°C for 30min followed by irradiation of 10Gy 60min later in the combination groups.
a The experimental timing scale describes the treatment procedure in the FUS and RT combination group. b Relative cellular metabolic activity was
measured by WST-1 assay. Data were normalized to the untreated control, which was set as 100%. c Representative microscopy images showing
alterations in cell morphology 72h after treatment. Scale bar= 50µm. d Quantification of observed cell aspect ratio 72h after treatment. Data are
presented as mean± SD. N= 9, significantly different from untreated control (*p≤ 0.05), significantly different from RT (#p≤ 0.05). FUS focused
ultrasound, RT radiation therapy
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Detection of DNA double-strand breaks

To determine DNA double-strand breaks (DSBs), γH2A.X
assay was performed 1 and 24h post treatment. The cell cul-
ture medium was aspirated from each well, and cells were
fixed with 4% formaldehyde at 37°C for 10min, chilled
on ice for 1min, the fixative was removed, and cells were
washed three times with 1× PBS. Cells were permeabilized
with 90% methanol on ice for 30min, and again washed
three times with PBS. Non-specific antibody binding was
blocked by 0.5% bovine serum albumin (BSA, Cell Sig-
nalling Technology, Danvers, MA, USA, 100µL/well) in
PBS at room temperature for 10min. After removing the
block solution (0.5% BSA in PBS), cells were incubated
with 50µL/well phospho-histone H2A.X (Ser139) rabbit
primary monoclonal antibody (#9718, Cell Signalling Tech-
nology, Danvers, MA, USA) at a concentration of 1:400
diluted with block solution at room temperature for 1h.
Cells were washed three times with antibody-free BSA so-
lution and incubated with 50µL/well secondary antibody
(anti-rabbit IgG conjugated with Alexa Fluor® 594 fluores-
cent dye; #8889, Cell Signalling Technology, Danvers, MA,
USA) at a concentration of 1:1000 diluted with block solu-
tion at room temperature in the dark for 30min. Cells were
finally washed three times with block solution and mounted
with Fluoromount-GTM (Thermo Fisher Scientific, Darm-
stadt, Germany) including DAPI to stain cell nuclei. DNA
double-strand breaks were visualized at excitation/emission
at 561/594nm and blue nuclei at 358/461 using fluorescence
microscopy. The mean numbers of stained foci per cell nu-
cleus were semi-quantitatively analyzed by ImageJ software
Find Maxima tool, counting all nuclei (80–120 nuclei) in
the images.

Statistical analysis

Statistical analysis was performed using the statistical pro-
gram Origin (Origin 6.0, OriginLab, Northampton, Mas-
sachusetts, USA). All data of metabolic activity (WST-1
assay), cell cycle (PI), and DNA double-strand breaks
(γH2A.X) are expressed as means± standard deviation of
three independent experiments with three replicates. The
significance of difference between two mean values was
assessed by one-way ANOVA test. A p-value≤ 0.05 was
considered to be statistically significant.

Results

Effective combination of FUS and RT leads to
reduction in metabolic activity and morphologic
changes in glioblastoma and prostate cancer cells

To evaluate the short-term effects on cancer cell morphol-
ogy and metabolic activity after combination of FUS and
RT treatments, cell morphology and cellular metabolic ac-
tivity were evaluated 24, 48, and 72h post treatment. The
combination of FUS and RT did not affect cell metabolic
activity of T98G cells significantly at 24h, whereas a signif-
icant decrease was observed in FaDu (95.28± 4.74%) and
PC-3 (85.82± 16.44%) cells compared to untreated con-
trols. A significant reduction (p≤ 0.05) of metabolic ac-
tivity compared to RT alone was observed in T98G cells
from 96.47± 8.29% (RT only) to 79.38± 14.93% (FUS+RT;
48h) and in PC-3 cells from 54.20± 10.85% (RT only) to
41.01± 11.17% (FUS+RT; 72h; Fig. 2b, red arrow). In con-
trast, no significant changes of metabolic activity in FaDu
cells were noticed at 48 and 72h in the FUS+RT group
compared to RT alone. FUS alone only showed a notable
effect on metabolic activity in FaDu cells (91.45± 6.55%)
at 24h and in PC-3 cells (75.49± 26.61%) at 72h com-
pared to untreated controls, the effect was not observed in
T98G cells. A typical cobblestone-like phenotype was ob-
served in all cell lines after ionizing radiation (Fig. 2c).
As demonstrated by quantification of morphology, the cell
aspect ratio was significantly reduced in the RT-only and
FUS+RT group 72h after treatment compared to the control
group (Fig. 2d).

Combination of FUS and RT triggers programmed
cell death

Next, we explored whether thermal effects induced with
FUS and the combination of FUS and RT are able to cause
apoptosis detected via annexin V-FITC/PI. Representative
fluorescence microscopy images revealed no apoptotic or
necrotic events in the untreated control (Fig. 3a). FUS alone
and RT alone induced only a small number of early (green,
annexin V+/PI–) and late apoptotic cells (green and red,
annexin V+/PI+). A higher number of late apoptotic cells
(annexin V+/PI+) was noticed after combination of FUS
and RT compared to RT alone 72h post combination treat-
ment, especially in T98G and PC-3 cells. Only a few or no
necrotic cells (annexin V–/PI+) were observed in FaDu,
T98G, and PC-3 cells at this timepoint. To quantify apop-
totic rates after treatment, the annexin V-FITC/PI staining
was analyzed by flow cytometry in a single experiment
72h after treatment. The combined FUS and RT treatment
(Fig. 3b) showed early apoptotic levels higher by 1.4-fold
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Fig. 3 Combination of FUS and
RT (10Gy) enhances apoptotic
rate in PC-3 cells. a Representa-
tive fluorescence microscopy
images showing single an-
nexin V-FITC-stained (green)
early apoptotic cells (trian-
gle a) and single PI-stained
(red) necrotic cells (triangle b).
Double staining indicates late
apoptotic cells (white arrows).
Scale bar= 100µm. b Quanti-
fied flow cytometric analysis of
annexin V-FITC/PI was shown
72h post treatment, early apop-
tosis and total apoptosis are
given as percentage of total
cells (*p≤ 0.05, significantly
different from RT). FUS focused
ultrasound, RT radiation therapy

in FaDu cells, by 1.5-fold in T98G, and by 1.6-fold in PC-3
compared to RT alone.

Combination of FUS and RT leads to an increase in
apoptosis and G2 phase arrest

To determine the potential role of FUS as a radiosensi-
tizer, the cell cycle phase distribution of cancer cells and
the apoptotic sub-G1 fraction indicating apoptotic cells was
measured 4, 24, and 72h after treatment. Compared to the
untreated control and FUS alone, the sub-G1 phase cell
population was significantly enhanced after RT alone and

further enhanced after combined FUS+RT in all three cell
lines 72h post treatment (Table S4). In comparison to un-
treated controls, a dramatic increase of the sub-G1 popu-
lation was observed after combined FUS+RT, by 6.3-fold
in FaDu after 72h, 3.8-fold in T98G after 24h, and 4.4-
fold in PC-3 after 72h. Compared to RT alone, the sub-G1
fraction was increased by 1.3-fold, 1.8-fold, and 1.6-fold,
respectively.

Changes in cell cycle phase distribution were observed,
showing an increased sub-G1 population with a subsequent
reduction of G0/G1 cells by approximately 30% in all cell
lines after RT and FUS+RT compared to the untreated con-
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Fig. 4 FUS and RT (10Gy) combination impacts sub-G1 and G2/M cell cycle phase. a Representative flow cytometry cell cycle measurements
24 or 72h post treatment. Depending on different doubling times of the cell lines, different timepoints after treatment are shown in the diagrams.
b Graphical representation of the cell cycle distribution of FaDu, T98G, and PC-3 cells under control conditions and in response to treatment 24 or
72h post treatment. Cell populations in sub-G1, G0/G1, S, and G2/M phases are given as percentage of total cells (*p≤ 0.05, significantly different
from control; #p≤ 0.05, significantly different from RT). FUS focused ultrasound, RT radiation therapy

trol. FUS alone showed no significant impact on cell cycle
distribution at different timepoints for any cell lines. No
regulation of S phase was seen in any single or combi-
nation treatment group. The percentage of cells in G2/M
phase was enhanced 1.4-fold in FaDu, 3.6-fold in T98G,
and 1.4-fold in PC-3 after FUS+RT treatment compared to
untreated controls (Fig. 4b). Interestingly, the populations
of T98G and FaDu cells in G2 phase decreased dramatically
at 72h compared to 24h after RT; however, this reduction
was not observed in PC-3 cells (Supplementary Table S2).

Increase of DNA double-strand breaks after
combined FUS and RT

DSBs were employed to explore the potential of FUS to af-
fect DNA repair mechanisms by scoring the γH2A.X foci 1
and 24h post treatment (Fig. 5, Table S5). Representa-
tive fluorescence microscopy images of stained γH2A.X
foci showed the highest number of stained initial (1h) and
residual (24h) foci in all cell lines in the combination
group (FUS+RT) (Fig. 5a, red foci). All cell lines revealed
only a limited number of DSBs in the untreated control at
low levels ranging from 0.75 to 1.6 foci/nucleus (Fig. 5b).
Similar numbers of initial γH2A.X foci per cell were de-
tected after FUS alone in FaDu cells (2.12 foci/nucleus) and
PC-3 cells (2.19 foci/nucleus). In contrast, a higher initial

γH2A.X number was observed in T98G cells (10.21 foci/
nucleus) in the FUS-only treatment group. In comparison to
RT alone, significantly higher numbers of initial foci were
measured in T98G (1.4-fold) and PC-3 (1.8-fold) cells af-
ter the combination of FUS and RT. The residual foci were
scored 24h post treatment, and displayed similar results
with a slight reduction compared to initial foci number. Nei-
ther initial nor residual foci enhancement was observed in
FaDu cells after FUS+RT treatment compared to RT alone.

Discussion

Regarding the translation of the combined FUS and RT ef-
fect found in this in vitro study to the clinical situation, we
first want to mention that the applied frequency range of
1.0 to 1.5MHz is reasonable, since most of the clinically
approved HIFU and FUS platforms provide frequencies of
0.8–1.5MHz for body applications including, e.g., ablation
of uterine fibroids and bone metastasis [3, 34]. Moreover,
the clinically available HIFU-HT platform Sonalleve (Pro-
found medical, Canada) works in the described frequency
range [35]. Lower frequencies ≤0.5MHz which are, e.g.,
applied by Exablate (Insightec, Israel) for blood–brain bar-
rier opening [36] or higher frequencies like 3MHz used in
the Echopulse system (Theraclion, France) have only a lim-
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Fig. 5 Combination of FUS and
RT (10Gy) enhanced the number
of DNA double-strand breaks
compared to single treatment.
a Representative microscopy im-
ages showed more γH2A.X foci
(Alexaflour568 red) in the cell
nucleus (blue) after combination
treatment (FUS+RT) compared
to single FUS and single RT
treatments. Scale bar= 10µm.
b Quantification of γH2A.X foci
1h and 24h after treatment. The
data represent the mean± SD,
n≥ 6, *significantly different
from RT (p≤ 0.05). FUS focused
ultrasound, RT radiation therapy

ited penetration depth [37] and would thus not be suitable
for flexible applications in clinical use cases.

Use of a normal polystyrene 96-well plate is not advis-
able for studying the effects of FUS in vitro, because the
FUS beams cannot penetrate but are even absorbed and re-
flected by the plastic parts. Therefore, special cell culture
plates should be used which have a sufficiently thin foil
bottom for transfer of the FUS waves to the cells.

The response of cancer cells to combination treatment
with HT and RT is dependent on time interval and treatment
sequence [38]. As reported in a clinical study, a short time
interval (≤79.2min) displayed significantly higher 5-year
survival compared to the long time interval group [39]. With
a short interval time of 1h, the beneficial effects were simi-
lar in cancer cells regardless of the treatment sequence [40].
Due to the practical transportation, the FUS treatment was
performed before RT with an interval time of 60min in our
study.

Since HT-induced cytotoxicity and DNA damage can be
observed during 24h and these effects can be recovered by
time as reported in the literature [41, 42], it is essential to
evaluate the cell metabolic activity with same time scale.
In contrast, clonogenic assay, which is typically used in ra-
diation research, measures the reproductive cell death by
assessing the long-term effect after 2–3 weeks [43]. There-
fore, cell metabolic activity was measured within 72h for
investigation of short-term biological effects.

Interestingly, no significant changes were detected on
cellular metabolic activity and morphology after the FUS

alone treatment. That reveals that FUS at temperatures in
a range of 43–47°C has no cytotoxic effects, indicating that
FUS waves do not lead to structural damage or detachment
of monolayer cells, even if the thermal dose CEM43 is over
400. Brüningk et al. [44] reported that high-temperature HT
induced by PCR thermal cycler at 47°C (CEM43 up to 700)
reduced cell viability by approximately 40% in CAL27 cells
(squamous cell carcinoma cell line) if the thermal dose was
above 350. FUS treatment induces the thermal effects by
mechanical waves, which is different to the PCR thermal
cycler and may consequently result in different biological
effects. The temperature curve of a PCR thermal cycler is
more stable compared to the FUS treatment in our study,
which shows rapid temperature fluctuations. During FUS
treatment, the temperature changed very fast due to the
movement of 96-well plate; therefore, the cells cannot be
exposed to the maximum temperature of 48°C for a long
duration, but the thermal dose was dramatically increased
in our case. In addition, cells treated by PCR thermal cy-
cler were often in suspension; however, cancer cells are
more sensitive to heat treatment in suspension compared
to monolayer [45]. Further investigations of FUS regarding
different heat induction mechanisms and heating profiles
are required in comparison to conventional HT.

The typical cobblestone-like shape of cells was induced
mainly by ionizing radiation [46]; the combination of FUS
and RT did not lead to significant morphologic changes
in the cell aspect ratio compared to RT alone. The signifi-
cant reduction of cell metabolic activity post FUS+RT treat-
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ment in comparison to the RT-only group indicates radio-
additive effects of FUS for the investigated glioblastoma
and prostate cancer cell lines. This finding is in accordance
with a study of McDonald et al., who previously reported
about an additive effect on glioblastoma cells when modu-
lated electro-HT was combined with X-ray radiation [47].
No reduction of metabolic activity was seen in the head
and neck cancer cell line FaDu, displaying an overall lower
sensitivity of this tumor cell line to combined FUS and RT
treatment. In this context, a relatively high resistance of
head and neck tumors to radiotherapy is reported in the lit-
erature [48]. In the clinic, this circumstance is still a major
cause of poor survival rates after RT of head and neck tu-
mors, revealing the need for radiosensitization of this tumor
entity.

After HIFU ablation treatment, the tissues are typically
in a necrotic state and need to be cleared by the body, which
may cause inflammation [49]. Therefore, programmed cell
death (apoptosis) avoiding tissue coagulation and necrotic
events is preferred using temperatures below 50°C. No-
tably, higher numbers of early and late apoptotic cells and
the sub-G1 phase cell population were observed 72h post
combination treatment in T98G and PC-3 cells compared
to RT alone. The higher number of apoptotic cells after
FUS+RT indicates the additive effects of FUS to support
RT. In addition, no necrotic cells were noticed, illustrating
that necrosis is a rare event after treatment at 72h. More-
over, fragmentation of DNA is described as a hallmark of
apoptosis [50] and was visualized by the sub-G1 peak in
the histograms, confirming the results of the annexin V as-
say. In general, HT has been reported in numerous studies
to induce programmed cell death [51], thus enhancing ra-
diosensitivity. Nevertheless, it is possible in our study that
the temperature fluctuations in the 96-well plates during the
FUS in vitro treatment with the current setup led to only
a few apoptotic events. These differences between heating
processes may have an impact on apoptosis and do not in-
duce detectable apoptosis with FUS alone. Whether this
effect is responsible for the differences in sensitivity to RT
of the various cell lines or if the anti-cancer effect of FUS
could be enhanced in FaDu with more stable temperatures
over time remains to be investigated.

The success of irradiation is mainly caused by damage
of DNA ending in apoptotic catastrophe [24]. Generally, it
is known that RT of cells prolongs the G1 and G2 phase
to repair induced DNA damage [43, 52, 53]. Here, the cell
population in G2/M phase increased in the RT alone and
FUS+RT groups, but not in the FUS-only group, indicat-
ing an RT-induced G2 phase arrest in all cell lines. The
significant recovery of FaDu and T98G cells in G2 phase
probably demonstrates the occurrence of complete DNA re-
pair with progression of the cell cycle or induction of cell
death, respectively. On the contrary, no complete recovery

was noticed in PC-3 cells, implying a slightly higher ra-
diosensitivity of this prostate cancer cell line compared to
the other used cell lines or a prolonged time for DNA repair
in PC-3. In the context of prolonged G1 and G2 phases, it
needs to be noted that wildtype p53 protein is required for
G1 phase arrest and apoptosis [54]. Since only human p53-
mutant cancer cell lines were used in this study, an arrest
in G1 was not expected.

The increase of direct DNA damage as DSBs was dis-
played as the foci number of the phosphorylated histone
protein H2A.X (γH2A.X), while histone phosphorylation
is the first marker of DNA DSBs [55]. Combination of
FUS and RT leads to significant enhancement of initial and
residual foci in T98G and PC-3 cells compared to RT alone,
highlighting the radiosensitization effects of FUS. The sig-
nificantly higher numbers of initial foci in T98G and PC-
3 cells are probably caused by the inhibition and damage
of DNA repair proteins [41]. Regarding detection of a lim-
ited recovery of foci in the RT and FUS+RT groups, we
hypothesize that these DSBs are difficult to repair or re-
main unrepaired unless the cells die [56]. The pan-γH2A.X
signal indicated the damage of S-phase cells after combi-
nation treatment. S-phase cells are hypersensitive to heat-
induced killing, as reported by Wong [57]. The DNA DSBs
of S-phase cells occur due to the encounter of DNA replica-
tion forks with single-strand breaks [58]. When the breaks
were not repaired, persistent DNA damage signal were de-
tected. Only a few increases in foci were observed in the
head and neck cell line after FUS+RT treatment compared
to RT alone, illustrating that the radio-additive effects are
cell type dependent. This finding in DSBs is supposed to be
the reason for no reduction in the cellular metabolic activity
in FaDu cells. The potential molecular mechanism may ex-
plain the different reaction of FaDu cells. Epidermal growth
factor receptor (EGFR) is overexpressed in head and neck
cell lines, ionizing radiation induces translocation of EGFR
into the nucleus [59] and leads to activation of PI3K and
RAS pathway, which supports proliferation and survival of
head and neck tumor cells. Additionally, translocation of
EGFR may result in increased repair of radiation-induced
DSBs and consequently increase the radioresistance of head
and neck cells [60]. Therefore, the results indicate that ra-
diosensitization events induced by FUS are not a general
phenomenon, a finding that is in accordance with previous
reports [61, 62]. Potential mechanisms in molecular level
need further investigation.

Notably, application of FUS treatment alone demon-
strated no impact on cell metabolic activity, apoptosis, cell
cycle distribution, and DNA damage, indicating that FUS
in the applied temperature range is not a lethal treatment
modality but can cause sensitization of tumor cells to RT.
Chae et al. reported that HIFU-induced HT at 42–43°C for
40min could be tolerated by mice and showed a limited
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impact on tumor growth compared to the untreated control
group [63].

Radiosensitizing effects of HT are still discussed contro-
versially in the clinic. A clinical phase II study in prostate
cancer patients showed a significant improvement in sur-
vival rates after combination of transrectal ultrasound HT
at 42°C and RT compared to RT alone [64]. In contrast,
a randomized trial in head and neck cancer patients demon-
strated no significant differences in tumor response when
HT was used as adjuvant therapy for RT [65]. This is impor-
tant as it reflects different sensitivities to the combination
of HT and RT depending on the tumor entities.

We provide a standard FUS treatment system for in vitro
study and some general observations regarding the molec-
ular mechanism of FUS were made. However, there are
several limitations in our study due to practical aspects.
To measure the temperature inside the wells without per-
turbing the ultrasound field during the FUS treatment, an
infrared thermal camera was used, as the usually applied
metal thermocouples are known to disrupt the US field and
lead to unnatural heating at the thermocouple surface [66].
As a compromise for temperature measurement, the ultra-
sound waves are reflected at the medium–air interface and
the standing waves in our experimental setup were simu-
lated (Supplementary Fig. S2). Moreover, cavitation events
initiate at pressures above 0.7MPa at 0.74MHz, according
to the report of Giesecke et al. [67]. Since the cell culture
medium was not degassed, cavitation events might occur
during FUS exposure and have potential biological effects
on cancer cells.

Since HT has been reported in vivo and in clinical set-
tings to sensitize tumor cells to RT by reducing tumor hy-
poxia and increasing tumor perfusion [21, 68], these com-
plex processes cannot be depicted in an in vitro study; here
are the limits of our preclinical study presented in this work.

Conclusion

Our study with the in vitro FUS experimental setup demon-
strated that combination of FUS-induced HT and RT re-
sulted in a significant radiosensitization effect seen in the
reduction of metabolic activity based on the enhancement
of apoptosis levels and DNA double-strand breaks found in
the human glioblastoma cell line T98G and prostate can-
cer cell line PC-3. Our results suggest that FUS treatment
alone does not harm cancer cells and has great potential to
enhance the effects of RT. This is currently being further
investigated in vivo.

Supplementary Information The online version of this article (https://
doi.org/10.1007/s00066-021-01774-5) contains supplementary mate-
rial, which is available to authorized users.

Acknowledgements The authors would like to thank Dr. Annegret
Glasow and Vera Blaschke for their help in the in vitro experiments.

Funding This study was funded by the German Federal Ministry
of Education and Research (BMBF) under the grant no. 03Z1L511
(SONO-RAY project) and Marie Curie Industry-Academia Partner-
ships and Pathways (IAPP) of FP7 under grant agreement 230674
(Nanoporation project).

Author Contribution X. Zhang participated in the design of the study,
carried out the experimental assays, performed the statistical analyses,
and drafted the manuscript. M. Bobeica, M. Unger, and B. Gerold de-
sign and modified the FUS setup. A. Bednarz performed some of the
experimental assays. I. Patties took part in research instruction and the
development of the manuscript. A. Melzer reviewed and revised the
manuscript. L. Landgraf participated in the design of the study and
drafted and revised the manuscript.

Funding Open Access funding enabled and organized by Projekt
DEAL.

Conflict of interest X. Zhang, M. Bobeica, M. Unger, A. Bednarz,
B. Gerold, I. Patties, A. Melzer, and L. Landgraf declare that they have
no conflict of interest.

Open Access This article is licensed under a Creative Commons At-
tribution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long as
you give appropriate credit to the original author(s) and the source, pro-
vide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included
in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view
a copy of this licence, visit http://creativecommons.org/licenses/by/4.
0/.

References

1. Sheybani ND, Price RJ (2019) Perspectives on recent progress in
focused ultrasound immunotherapy. Theranostics 9(25):7749–7758.
https://doi.org/10.7150/thno.37131

2. Hynynen K, McDannold N (2004) MRI guided and monitored fo-
cused ultrasound thermal ablation methods: a review of progress.
Int J Hyperthermia 20(7):725–737. https://doi.org/10.1080/026567
30410001716597

3. ter Haar G (2016) HIFU tissue ablation: concept and devices.
Adv Exp Med Biol 880:3–20. https://doi.org/10.1007/978-3-319-
22536-4_1

4. Mihcin S, Melzer A (2018) Principles of focused ultrasound. Minim
Invasive Ther Allied Technol 27(1):41–50. https://doi.org/10.1080/
13645706.2017.1414063

5. ter Haar GR (2001) High intensity focused ultrasound for the treat-
ment of tumors. Echocardiography 18(4):317–322. https://doi.org/
10.1046/j.1540-8175.2001.00317.x

6. ter Haar G (2007) Therapeutic applications of ultrasound. Prog
Biophys Mol Biol 93(1-3):111–129. https://doi.org/10.1016/j.
pbiomolbio.2006.07.005

7. Deckers R, Moonen CTW (2010) Ultrasound triggered, image
guided, local drug delivery. J Control Release 148(1):25–33. https://
doi.org/10.1016/j.jconrel.2010.07.117

8. Santos MA, Goertz DE, Hynynen K (2017) Focused ultrasound hy-
perthermia mediated drug delivery using thermosensitive liposomes

K

https://doi.org/10.1007/s00066-021-01774-5
https://doi.org/10.1007/s00066-021-01774-5
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.7150/thno.37131
https://doi.org/10.1080/02656730410001716597
https://doi.org/10.1080/02656730410001716597
https://doi.org/10.1007/978-3-319-22536-4_1
https://doi.org/10.1007/978-3-319-22536-4_1
https://doi.org/10.1080/13645706.2017.1414063
https://doi.org/10.1080/13645706.2017.1414063
https://doi.org/10.1046/j.1540-8175.2001.00317.x
https://doi.org/10.1046/j.1540-8175.2001.00317.x
https://doi.org/10.1016/j.pbiomolbio.2006.07.005
https://doi.org/10.1016/j.pbiomolbio.2006.07.005
https://doi.org/10.1016/j.jconrel.2010.07.117
https://doi.org/10.1016/j.jconrel.2010.07.117


742 Strahlenther Onkol (2021) 197:730–743

and visualized with in vivo two-photon microscopy. Theranostics
7(10):2718–2731. https://doi.org/10.7150/thno.19662

9. Wood AK, Sehgal CM (2015) A review of low-intensity ultrasound
for cancer therapy. Ultrasound Med Biol 41(4):905–928. https://
doi.org/10.1016/j.ultrasmedbio.2014.11.019

10. Hernot S, Klibanov AL (2008) Microbubbles in ultrasound-trig-
gered drug and gene delivery. Adv Drug Deliv Rev 60(10):1153–1166.
https://doi.org/10.1016/j.addr.2008.03.005

11. Pitt WG, Husseini GA, Staples BJ (2004) Ultrasonic drug deliv-
ery—a general review. Expert Opin Drug Deliv 1(1):37–56. https://
doi.org/10.1517/17425247.1.1.37

12. Zhu L, Altman MB, Laszlo A, Straube W, Zoberi I, Hallahan DE,
Chen H (2019) Ultrasound hyperthermia technology for radiosensi-
tization. Ultrasound Med Biol 45(5):1025–1043. https://doi.org/10.
1016/j.ultrasmedbio.2018.12.007

13. Shoukat S, Zheng D, Yusuf SW (2019) Cardiotoxicity related to
radiation therapy. Cardiol Clin 37(4):449–458. https://doi.org/10.
1016/j.ccl.2019.07.010

14. Barani IJ, Larson DA (2015) Radiation therapy of glioblastoma.
Cancer Treat Res 163:49–73. https://doi.org/10.1007/978-3-319-
12048-5_4

15. M. J, Science ECfCDaC (2005) Understanding radiotherapy for
head and neck cancer: a guide for adults and their caregivers com-
parative effectiveness review summary guides for consumers. M. J,
Science ECfCDaC, Rockville

16. Anjum K, Shagufta BI, Abbas SQ, Patel S, Khan I, Shah SAA,
Akhter N, Hassan SSU (2017) Current status and future therapeu-
tic perspectives of glioblastoma multiforme (GBM) therapy: a re-
view. Biomed Pharmacother 92:681–689. https://doi.org/10.1016/j.
biopha.2017.05.125

17. Chargari C, Moncharmont C, Levy A, Guy JB, Bertrand G, Guil-
bert M, Rousseau C, Vedrine L, Alphonse G, Toillon RA, Ro-
driguez-Lafrasse C, Deutsch E, Magne N (2012) Cancer stem cells,
cornerstone of radioresistance and perspectives for radiosensitiza-
tion: glioblastoma as an example. Bull Cancer 99(12):1153–1160.
https://doi.org/10.1684/bdc.2012.1666

18. van Rhoon GC (2016) Is CEM43 still a relevant thermal dose pa-
rameter for hyperthermia treatment monitoring? Int J Hyperthermia
32(1):50–62. https://doi.org/10.3109/02656736.2015.1114153

19. Lomax ME, Folkes LK, O’Neill P (2013) Biological consequences
of radiation-induced DNA damage: relevance to radiotherapy. Clin
Oncol 25(10):578–585. https://doi.org/10.1016/j.clon.2013.06.007

20. Srivastava M, Raghavan SC (2015) DNA double-strand break repair
inhibitors as cancer therapeutics. Chem Biol 22(1):17–29. https://
doi.org/10.1016/j.chembiol.2014.11.013

21. Elming PB, Sorensen BS, Oei AL, Franken NAP, Crezee J, Over-
gaard J, Horsman MR (2019) Hyperthermia: the optimal treatment
to overcome radiation resistant hypoxia. Cancers. https://doi.org/
10.3390/cancers11010060

22. Kabakov AE, Kudriavtsev VA, Makarova Iu M (2010) Inhibitors of
the heat shock protein 90 activity: a novel class of tumor radiosen-
sitizers. Radiatsionnaia Biol Radioecol 50(5):528–535

23. Schilling D, Kuhnel A, Konrad S, Tetzlaff F, Bayer C, Yaglom J,
Multhoff G (2015) Sensitizing tumor cells to radiation by targeting
the heat shock response. Cancer Lett 360(2):294–301. https://doi.
org/10.1016/j.canlet.2015.02.033

24. Morgan MA, Lawrence TS (2015) Molecular pathways: overcom-
ing radiation resistance by targeting DNA damage response path-
ways. Clin Cancer Res 21(13):2898–2904. https://doi.org/10.1158/
1078-0432.CCR-13-3229

25. Saldanha DF, Khiatani VL, Carrillo TC, Yap FY, Bui JT, Knutti-
nen MG, Owens CA, Gaba RC (2010) Current tumor ablation tech-
nologies: basic science and device review. Semin intervent Radiol
27(3):247–254. https://doi.org/10.1055/s-0030-1261782

26. Herman TS, Teicher BA, Holden SA, Collins LS (1989) Inter-
action of hyperthermia and radiation in murine cells: hypoxia

and acidosis in vitro, tumor subpopulations in vivo. Cancer Res
49(12):3338–3343

27. Hader M, Savcigil DP, Rosin A, Ponfick P, Gekle S, Wadepohl M,
Bekeschus S, Fietkau R, Frey B, Schlucker E, Gaipl US (2020)
Differences of the immune phenotype of breast cancer cells after
ex vivo hyperthermia by warm-water or microwave radiation in
a closed-loop system alone or in combination with radiotherapy.
Cancers. https://doi.org/10.3390/cancers12051082

28. Jolesz FA (2009) MRI-guided focused ultrasound surgery. Annu
Rev Med 60:417–430. https://doi.org/10.1146/annurev.med.60.
041707.170303

29. Ning Z, Zhu Z, Wang H, Zhang C, Xu L, Zhuang L, Yan X,
Wang D, Wang P, Meng Z (2019) High-intensity focused ultra-
sound enhances the effect of bufalin by inducing apoptosis in
pancreatic cancer cells. Onco Targets Ther 12:1161–1170. https://
doi.org/10.2147/OTT.S185953

30. Fowlkes JB, Carson PL (1991) Systems for degassing water used
in ultrasonic measurements. J Acoust Soc Am 90(2):1197–1200.
https://doi.org/10.1121/1.402029

31. Yarmolenko PS, Moon EJ, Landon C, Manzoor A, Hochman DW,
Viglianti BL, Dewhirst MW (2011) Thresholds for thermal damage
to normal tissues: an update. Int J Hyperthermia 27(4):320–343.
https://doi.org/10.3109/02656736.2010.534527

32. Szasz A, Vincze G (2006) Dose concept of oncological hyperther-
mia: heat-equation considering the cell destruction. J Can Res Ther
2(4):171–181. https://doi.org/10.4103/0973-1482.29827

33. Riccardi C, Nicoletti I (2006) Analysis of apoptosis by propidium
iodide staining and flow cytometry. Nat Protoc 1(3):1458–1461.
https://doi.org/10.1038/nprot.2006.238

34. Siedek F, Yeo SY, Heijman E, Grinstein O, Bratke G, Heneweer C,
Puesken M, Persigehl T, Maintz D, Grull H (2019) Magnetic reso-
nance-guided high-intensity focused ultrasound (MR-HIFU): tech-
nical background and overview of current clinical applications (part
1). Fortschr Geb Rontgenstr Nuklearmed 191(6):522–530. https://
doi.org/10.1055/a-0817-5645

35. Hijnen N, Kneepkens E, de Smet M, Langereis S, Heijman E,
Grull H (2017) Thermal combination therapies for local drug
delivery by magnetic resonance-guided high-intensity focused ul-
trasound. Proc Natl Acad Sci USA 114(24):E4802–E4811. https://
doi.org/10.1073/pnas.1700790114

36. McDannold N, Arvanitis CD, Vykhodtseva N, Livingstone MS
(2012) Temporary disruption of the blood-brain barrier by use of
ultrasound and microbubbles: safety and efficacy evaluation in rhe-
sus macaques. Cancer Res 72(14):3652–3663. https://doi.org/10.
1158/0008-5472.CAN-12-0128

37. Peek MC, Ahmed M, Douek M (2015) High-intensity focused
ultrasound for the treatment of fibroadenomata (HIFU-F) study.
J Ther Ultrasound 3:6. https://doi.org/10.1186/s40349-015-0027-6

38. Horsman MR, Overgaard J (2007) Hyperthermia: a potent en-
hancer of radiotherapy. Clin Oncol 19(6):418–426. https://doi.org/
10.1016/j.clon.2007.03.015

39. van Leeuwen CM, Oei AL, Chin KWTK, Crezee J, Bel A, Wester-
mann AM, Buist MR, Franken NAP, Stalpers LJA, Kok HP (2017)
A short time interval between radiotherapy and hyperthermia re-
duces in-field recurrence and mortality in women with advanced
cervical cancer. Radiat Oncol. https://doi.org/10.1186/s13014-017-
0813-0

40. Overgaard J, Nielsen OS, Lindegaard JC (1987) Biological basis
for rational design of clinical treatment with combined hyperther-
mia and radiation. In: Field SB, Franconi C (eds) Physics and tech-
nology of hyperthermia. Springer, Dordrecht, pp 54–79 https://doi.
org/10.1007/978-94-009-3597-6_3

41. Oei AL, Vriend LE, Crezee J, Franken NA, Krawczyk PM (2015)
Effects of hyperthermia on DNA repair pathways: one treatment
to inhibit them all. Radiat Oncol 10:165. https://doi.org/10.1186/
s13014-015-0462-0

K

https://doi.org/10.7150/thno.19662
https://doi.org/10.1016/j.ultrasmedbio.2014.11.019
https://doi.org/10.1016/j.ultrasmedbio.2014.11.019
https://doi.org/10.1016/j.addr.2008.03.005
https://doi.org/10.1517/17425247.1.1.37
https://doi.org/10.1517/17425247.1.1.37
https://doi.org/10.1016/j.ultrasmedbio.2018.12.007
https://doi.org/10.1016/j.ultrasmedbio.2018.12.007
https://doi.org/10.1016/j.ccl.2019.07.010
https://doi.org/10.1016/j.ccl.2019.07.010
https://doi.org/10.1007/978-3-319-12048-5_4
https://doi.org/10.1007/978-3-319-12048-5_4
https://doi.org/10.1016/j.biopha.2017.05.125
https://doi.org/10.1016/j.biopha.2017.05.125
https://doi.org/10.1684/bdc.2012.1666
https://doi.org/10.3109/02656736.2015.1114153
https://doi.org/10.1016/j.clon.2013.06.007
https://doi.org/10.1016/j.chembiol.2014.11.013
https://doi.org/10.1016/j.chembiol.2014.11.013
https://doi.org/10.3390/cancers11010060
https://doi.org/10.3390/cancers11010060
https://doi.org/10.1016/j.canlet.2015.02.033
https://doi.org/10.1016/j.canlet.2015.02.033
https://doi.org/10.1158/1078-0432.CCR-13-3229
https://doi.org/10.1158/1078-0432.CCR-13-3229
https://doi.org/10.1055/s-0030-1261782
https://doi.org/10.3390/cancers12051082
https://doi.org/10.1146/annurev.med.60.041707.170303
https://doi.org/10.1146/annurev.med.60.041707.170303
https://doi.org/10.2147/OTT.S185953
https://doi.org/10.2147/OTT.S185953
https://doi.org/10.1121/1.402029
https://doi.org/10.3109/02656736.2010.534527
https://doi.org/10.4103/0973-1482.29827
https://doi.org/10.1038/nprot.2006.238
https://doi.org/10.1055/a-0817-5645
https://doi.org/10.1055/a-0817-5645
https://doi.org/10.1073/pnas.1700790114
https://doi.org/10.1073/pnas.1700790114
https://doi.org/10.1158/0008-5472.CAN-12-0128
https://doi.org/10.1158/0008-5472.CAN-12-0128
https://doi.org/10.1186/s40349-015-0027-6
https://doi.org/10.1016/j.clon.2007.03.015
https://doi.org/10.1016/j.clon.2007.03.015
https://doi.org/10.1186/s13014-017-0813-0
https://doi.org/10.1186/s13014-017-0813-0
https://doi.org/10.1007/978-94-009-3597-6_3
https://doi.org/10.1007/978-94-009-3597-6_3
https://doi.org/10.1186/s13014-015-0462-0
https://doi.org/10.1186/s13014-015-0462-0


Strahlenther Onkol (2021) 197:730–743 743

42. Hadi F, Tavakkol S, Laurent S, Pirhajati V, Mahdavi SR, Ne-
shastehriz A, Shakeri-Zadeh A (2019) Combinatorial effects of
radiofrequency hyperthermia and radiotherapy in the presence of
magneto-plasmonic nanoparticles on MCF-7 breast cancer cells.
J Cell Physiol 234(11):20028–20035. https://doi.org/10.1002/jcp.
28599

43. Patties I, Kallendrusch S, Bohme L, Kendzia E, Oppermann H,
Gaunitz F, Kortmann RD, Glasow A (2019) The Chk1 inhibitor
SAR-020106 sensitizes human glioblastoma cells to irradiation, to
temozolomide, and to decitabine treatment. J Exp Clin Cancer Res
38(1):420. https://doi.org/10.1186/s13046-019-1434-2

44. Brüningk SC, Rivens I, Box C, Oelfke U, Ter Haar G (2020) 3D tu-
mour spheroids for the prediction of the effects of radiation and hy-
perthermia treatments. Sci Rep 10(1):1653. https://doi.org/10.1038/
s41598-020-58569-4

45. Margulis BA, Barlovskaia VV, Semenova EG (1987) Effect of hy-
perthermia on protein synthesis in monolayer and suspension cul-
tures of mouse L cells. Tsitologiia 29(10):1196–1200

46. He E, Pan F, Li G, Li J (2015) Fractionated ionizing radiation pro-
motes epithelial-mesenchymal transition in human esophageal can-
cer cells through PTEN deficiency-mediated Akt activation. PLoS
ONE 10(5):e126149. https://doi.org/10.1371/journal.pone.0126149

47. McDonald M, Corde S, Lerch M, Rosenfeld A, Jackson M, Tehei M
(2018) First in vitro evidence of modulated electro-hyperthermia
treatment performance in combination with megavoltage radiation
by clonogenic assay. Sci Rep 8(1):16608. https://doi.org/10.1038/
s41598-018-34712-0

48. You GR, Cheng AJ, Lee LY, Huang YC, Liu H, Chen YJ, Chang JT
(2019) Prognostic signature associated with radioresistance in head
and neck cancer via transcriptomic and bioinformatic analyses.
BMC Cancer 19(1):64. https://doi.org/10.1186/s12885-018-5243-
3

49. Shi L, Wang J, Ding N, Zhang Y, Zhu Y, Dong S, Wang X, Peng C,
Zhou C, Zhou L, Li X, Shi H, WuW, Long X,Wu C, LiaoW (2019)
Inflammation induced by incomplete radiofrequency ablation ac-
celerates tumor progression and hinders PD-1 immunotherapy. Nat
Commun 10(1):5421. https://doi.org/10.1038/s41467-019-13204-
3

50. Kajstura M, Halicka HD, Pryjma J, Darzynkiewicz Z (2007) Dis-
continuous fragmentation of nuclear DNA during apoptosis re-
vealed by discrete “sub-G1” peaks on DNA content histograms.
Cytometry A 71(3):125–131. https://doi.org/10.1002/cyto.a.20357

51. Ahmed K, Tabuchi Y, Kondo T (2015) Hyperthermia: an ef-
fective strategy to induce apoptosis in cancer cells. Apoptosis
20(11):1411–1419. https://doi.org/10.1007/s10495-015-1168-3

52. Terasima T, Tolmach LJ (1963) Variations in several responses of
HeLa cells to x-irradiation during the division cycle. Biophys J
3:11–33. https://doi.org/10.1016/s0006-3495(63)86801-0

53. Srivastava P, Sarma A, Chaturvedi CM (2018) Targeting DNA re-
pair with PNKP inhibition sensitizes radioresistant prostate cancer
cells to high LET radiation. PLoS ONE 13(1):e190516. https://doi.
org/10.1371/journal.pone.0190516

54. Kastan MB (1997) Checkpoint controls and cancer. Introduction.
Cancer Surv 29:1–6

55. Kuo LJ, Yang LX (2008) Gamma-H2AX—a novel biomarker for
DNA double-strand breaks. In Vivo 22(3):305–309

56. Noda A (2018) Radiation-induced unrepairable DSBs: their role in
the late effects of radiation and possible applications to biodosime-
try. J Radiat Res 59(suppl_2):ii114–ii120. https://doi.org/10.1093/
jrr/rrx074

57. Wong RS, Kapp LN, Krishnaswamy G, Dewey WC (1993) Critical
steps for induction of chromosomal aberrations in CHO cells heated
in S phase. Radiat Res 133(1):52–59

58. Velichko AK, Petrova NV, Razin SV, Kantidze OL (2015) Mech-
anism of heat stress-induced cellular senescence elucidates the ex-
clusive vulnerability of early S-phase cells to mild genotoxic stress.
Nucleic Acids Res 43(13):6309–6320. https://doi.org/10.1093/nar/
gkv573

59. Alsahafi E, Begg K, Amelio I, Raulf N, Lucarelli P, Sauter T, Tavas-
soli M (2019) Clinical update on head and neck cancer: molecular
biology and ongoing challenges. Cell Death Dis 10(8):540. https://
doi.org/10.1038/s41419-019-1769-9

60. Hutchinson MND, Mierzwa M, D’Silva NJ (2020) Radiation re-
sistance in head and neck squamous cell carcinoma: dire need for
an appropriate sensitizer. Oncogene 39(18):3638–3649. https://doi.
org/10.1038/s41388-020-1250-3

61. Resendez A, Tailor D, Graves E, Malhotra SV (2019) Radiosensi-
tization of head and neck squamous cell carcinoma (HNSCC) by
a podophyllotoxin. ACS Med Chem Lett 10(9):1314–1321. https://
doi.org/10.1021/acsmedchemlett.9b00270

62. Ekshyyan O, Rong Y, Rong X, Pattani KM, Abreo F, Caldito G,
Chang JK, Ampil F, Glass J, Nathan CO (2009) Comparison of
radiosensitizing effects of the mammalian target of rapamycin in-
hibitor CCI-779 to cisplatin in experimental models of head and
neck squamous cell carcinoma. Mol Cancer Ther 8(8):2255–2265.
https://doi.org/10.1158/1535-7163.MCT-08-1184

63. Chae SY, Kim YS, Park MJ, Yang J, Park H, Namgung MS,
Rhim H, Lim HK (2014) High-intensity focused ultrasound-in-
duced, localized mild hyperthermia to enhance anti-cancer effi-
cacy of systemic doxorubicin: an experimental study. Ultrasound
Med Biol 40(7):1554–1563. https://doi.org/10.1016/j.ultrasmedbio.
2014.01.005

64. Hurwitz MD, Hansen JL, Prokopios-Davos S, Manola J, Wang Q,
Bornstein BA, Hynynen K, Kaplan ID (2011) Hyperthermia com-
bined with radiation for the treatment of locally advanced prostate
cancer: long-term results from Dana-Farber Cancer Institute study
94–153. Cancer 117(3):510–516. https://doi.org/10.1002/cncr.
25619

65. Kapp DS, Petersen IA, Cox RS, Hahn GM, Fessenden P, Pri-
onas SD, Lee ER, Meyer JL, Samulski TV, Bagshaw MA (1990)
Two or six hyperthermia treatments as an adjunct to radiation ther-
apy yield similar tumor responses: results of a randomized trial.
Int J Radiat Oncol Biol Phys 19(6):1481–1495. https://doi.org/10.
1016/0360-3016(90)90361-m

66. Karaböce B, Çetin E, Durmuş HO, Özdingiş M, Korkmaz H, Al-
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