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ABSTRACT ARTICLE HISTORY
Purpose: Radiation therapy (RT), by using ionizing radiation (IR), destroys cancer cells inducing Received 20 September 2019
DNA damage. Despite several studies are continuously performed to identify the best curative dose Revised 25 January 2020

of IR, the role of dose-rate, IR delivered per unit of time, on tumor control is still largely unknown. Accepted 7 February 2020
Materials and methods: Rhabdomyosarcoma (RMS) and prostate cancer (PCa) cell lines were irra-
diated with 2 or 1.0Gy. delivered at dose-rates of 1.5, 25,55 and 10.1 Gy/min. Cell-survivali rate Rhabdomyosarcoma: pros-
and cell cycle distribution were evaluated by clonogenic assays and flow cytometry, respectively. tate cancer; radiotherapy;
The production of reactive oxygen species (ROS) was detected by cytometry. Quantitative poly- dose rate; reactive oxygen
merase chain reaction assessed the expression of anti-oxidant-related factors including NRF2, species; double-strand
SODs, CAT and GPx4 and miRNAs (miR-22, -126, -210, -375, -146a, -34a). Annexin V and caspase-8, DNA breaks

-9 and -3 activity were assessed to characterize cell death. Senescence was determined by assess-

ing f-galactosidase (SA-f-gal) activity. Immunoblotting was performed to assess the expression/

activation of: i) \Bhosphorylated H2AX (p-H2AX), markers of DNA double strand breaks (DSBs); ii)

p19KiPV/CiRPT 721 Wafl/CIPT and p27XiP1/CP " senescence-related-markers; iii) p62, LC3-I and LC3-Il, reg-

ulators of autophagy; iv) ATM, RAD51, DNA-PKcs, Ku70 and Ku80, mediators of DSBs repair.

Results: Low dose-rate (LDR) more efficiently induced apoptosis and senescence in RMS while

high dose-rate (HDR) necrosis in PCa. This paralleled with a lower ability of LDR-RMS and HDR-PCa

irradiated cells to activate DSBs repair. Modulating the dose rate did not differently affect the anti-

oxidant ability of cancer cells.

Conclusion: The present results indicate that a stronger cytotoxic effect was induced by modulat-

ing the dose-rate in a cancer cell-dependent manner, this suggesting that choose the dose-rate

based on the individual patient’s tumor characteristics could be strategic for effective RT exposures.

KEYWORDS

1. Introduction RT, by using ionizing radiation (IR), products multiple

More than half of cancer patients receive radiotherapy (RT) types of lesions in DNA, lnCIUdH?g the mf)st lefthal DNA
that finally contributes to 40% of curative oncological treat- double-strand breaks (DSBs) that, if unrepaired, induce cell

ment. However, due to the intrinsic radioresistance of can- death. IR induces DSBs directly and indirectly by reactive
cer cells, cure rates remain suboptimal for many cancer ©OXygen species (ROS) generated through the IR-mediated
types (Baskar et al. 2012) indicating that new radiosensitiz- water ionization and determining two-thirds of DSBs
ing strategies occur. (Srinivas et al. 2018). Notably, cancer cells have developed a
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wide range of strategies that individually or collectively
restrain the toxic action of IR with anti-oxidant activity and
DSBs repair representing the main mechanisms responsible
for radioresistance (Cortese et al. 2018).

In order to escape from ROS toxicity, cancer cells activate
anti-oxidant response orchestrated by nuclear factor eryth-
roid 2-related factor 2 (NRF2) signaling pathway, whose
dysregulation has been largely demonstrated in various type
of cancer (Ayers et al. 2015; Marampon et al. 2019; Rojo de
la Vega et al. 2018). NRF2 controls the expression of several
anti-oxidants proteins, such as superoxide dismutase 2
(SOD-2), catalase (CAT), glutathione peroxidase 4 (GPx-4)
(Nguyen et al. 2009) and miRNAs, including miR-22, -34a,
-126, -210, -1464a, -375, respectively shown to restrain oxida-
tive stress injury by regulating the activity and or expression
of Sirt 1 (Tang Q et al. 2018 Guo Y et al. 2017),
ERBB receptor feedback inhibitor 1 (ERRFI1) (Wang W
et al. 2019), iron-sulfur cluster assembly protein (ISCU)
(Sun W et al. 2017), pro-inflammatory cytokine production
(Qu X et al. 2019), connective tissue growth factor (CTGF)
(Ou J et al. 2017). The cell fate decision following IR expos-
ure depends on the amount and quality of DSBs. Low levels
and/or potentially easily repairable DSBs trigger DNA dam-
age response (DDR) mechanisms, which induce reversible
cell cycle growth arrest and allow cells to repair DNA before
returning to the proliferative pool (Morgan and Lawrence
2015). This a very complex process that provides the activa-
tion of DDR and then of two major DNA repair pathways:
the more error-prone non-homologous end joining (NHE])
and the more accurate homologous recombination (HR),
respectively occurring in the G,/M and S phase of the cell
cycle (Hufnagl et al. 2015). Cancer cells, by over-activating
DSB repair mechanisms, can overcome IR-associated tox-
icity. Furthermore, when NHE] signaling is recruited, cancer
cell can accumulate chromosomal aberrations responsible
for the selection of more radioresistant cells (Sishc and
Davis 2017). Thus, any potential strategies able to amplify
ROS production, prevent the anti-oxidant and pro-DSBs
repair abilities of cancer cells could play a key role in
improving the therapeutic efficiency of IR (Ciccarese and
Ciminale 2017).

Recent developments in RT, both in technical advances
and in clinical approaches, permit to deliver high dose of
IR in less time (Sutera et al. 2019) even though the role
of the dose-rate, radiation delivered per unit of time, on
tumor control is largely unknown and the development of
linear accelerator able of ultra-high-dose-rates has newly
prompted the discussion. A wide range of dose-rates has
been used in radiobiology or RT and it is generally con-
sidered that the cell-killing effect of IR decreases continu-
ously as the dose-rate decreases, due to the ability of
cancer cells to repair sub-lethal DSBs during the irradi-
ation (Hall 1972; Ling et al. 2010). On this regards, other
evidences show that respect high-dose-rate (HDR), low-
dose-rate (LDR) can more easily kill cancer cells (Matsuya
et al. 2018; Steel et al. 1987; Terashima et al. 2017;
Williams et al. 2008). Thus, characterizing if there is a
‘more efficient’ dose-rate for any tumor type should be

investigated also because often patients with different
tumors are treated with the same dose-rate while the
same tumor type is treated with different dose-rate
between different radiotherapy department.

This study describes the in vitro activity of modulating
dose-rate on epithelial-derived castration-resistant prostate
(PCa) and mesenchimal-derived embryonal (ERMS) and
alveolar (ARMS) rhabdomyosarcoma (RMS) cancer cell
lines, which are used as models of highly radioresistant
tumors (Gravina et al. 2014; Ciccarelli et al. 2016; Gravina
et al. 2016; Marampon et al. 2016a, 2016b; Ciccarelli et al.
2018). Herein we found that dose-rate modulation differ-
ently affected the surviving fraction of cancer cells by inter-
fering with their ability to detoxify from IR-induced ROS
accumulation and to repair DSBs. Taken together, our data
suggest that modifying the dose-rate in a cancer-type-
dependent-manner can represent a key strategy to enhance
RT efficacy against tumor cells.

2. Material and methods
2.1. Cell culture

Alveolar rhabdomyosarcoma RH30 cell line was obtained
from DSMZ (Braunschweig, Germany). Embryonal rhabdo-
myosarcoma RD, androgen independent androgen-receptor
positive DU145 or negative PC3 prostate cancer cell lines
were obtained from American Type Culture Collection. Cell
lines were maintained as previously described (Marampon
et al. 2011; Gravina et al. 2013).

2.2. Irradiation and colony formation assay

Irradiation was carried out using an ONCOR Impression
Linear Accelerator (Siemens Medical Solutions USA, Inc,
Concord, CA) at a dose rate of 2 or 10 Gy (1.5, 2.5, 5.5 and
10.1 Gy/min). RMS and Pca cells (3 x 10°) were incubated in
six-well cell culture plates overnight to allow cell adhesion
and then irradiated. After 4h incubation at 37°C, 5% CO2,
2 x 107 cells/well were seeded in 24-well plates in triplicate.
Medium was replaced every 3 days and after 12 days, colo-
nies were stained with 0.1% crystal violet for 5min at room
temperature (RT). Colonies were photographed, and then
crystal violet was solubilized in 30% acetic acid in water for
15min at RT; absorbance was measured by using the
Biochrom Libra S22 UV/VIS spectrophotometer (Biochrom,
Berlin, DE) at wavelength of 595nm; 30% acetic acid in
water was used as the blank (Marampon et al. 2016a,
2016b). Colony formation capacity in IR-treated cells was
calculated in comparison to non-irradiated cells, arbitrarily
set to 1. The results were plotted as means+SD of three
separate experiments having three determinations per assay
for each experimental condition.

2.3. Cell cycle analysis by flow cytometry

For the cell cycle analysis, cancer cells (3 x 10°) were incu-
bated in six-well cell culture plates overnight to allow cell



adhesion. Cells were irradiated or not and then incubated
for additional 24h at 37°C. Samples were stained with
Propidium Iodide (PI) solution and subjected to flow cytom-
etry by using a BD FACSCalibur (BD Biosciences, Franklin
Lakes, NJ), as previously described (Marampon et al. 2014).
Flow cytometry data were quantified by using the ModFit
LT 3.0 program (Verity Software House). The results were
plotted as means+SD of three separate experiments having
three determinations per assay for each experimen-
tal condition.

2.4. Apoptosis, caspases activation status and SA-f-gal
quantification

Approximately 2 x 10° cells were stained with Annexin V
and 7-Amino-Actinomycin (7-AAD) for 15min at RT in the
dark (ab214663, Abcam, Cambridge, UK). Fluorescence
intensities of treated samples and controls were analyzed by
flow cytometry by using the BD Cell Quest Pro software.
Experiments were performed at least twice. Caspase-Glo®3
(G8090), 8 (G8200) and 9 (G8210) assays from Promega
were used to measure the caspase activity. Detection of SA-
p-gal activity was assessed by using Cellular Senescence
Assay Kit from Cells Biolabs, INC. All assays were per-
formed according to the manufacturer’s instructions. The
results were plotted as means +SD of three separate experi-
ments having three determinations per assay for each
experimental condition.

2.5. Protein extraction and Western blotting

Total protein extracts and Western blotting assays were per-
formed as previously described (De Palma et al. 2017; Gravina
et al. 2017), by using the following primary antibodies: Cyclin-
dependent kinase inhibitor 1 or p21WAF (C-19, 1:250),
Cyclin-dependent kinase inhibitor 1B or p27*'', (F-8, 1:250),
Sequestosome-1 or p62 (D-3, 1:250), H2A histone family mem-
ber X or H2AX (C-20, 1:250), phosphorylated-Ataxia-telangi-
ectasia. mutated or ATM-po4 (10H11.E12, 1:250), Ataxia-
telangiectasia mutated or ATM (G-12, 1:250), Rad51 (H-92,
1:250), DNA-dependent protein kinase, catalytic subunit or
DNA-PKCs (G-4, 1:250), Ku70 (E5, 1:250) (Santa Cruz
Biotechnology, Dallas, TX, USA), phosphorylated-H2A histone
family member X or y-H2AX (Ser139, 1:1000) (2577) (Cell
Signaling Technology, Danvers, MA, USA), phosphorylated-
DNA-PKCs (phosphor S2056, 1:1000) (as18192), Ku80 (5C5,
1:1000) (ab119935) (Abcam, Cambridge, UK), LC3-I/II
(ABC929, 1:1000) (Sigma-Aldrich, St. Luis, MO, USA).
Antibody against o-Tubulin (TU-02, 1:5000) (Santa Cruz
Biotechnology, Dallas, TX, USA) was used as a loading control.
Appropriate horseradish peroxidase (HRP)-conjugated second-
ary antibodies (Santa Cruz Biotechnology, Dallas, TX, USA)
were used for 1h at room temperature. Three separate experi-
ments having three determinations per assay for each experi-
mental conditions, were performed.
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Table 1. List of the primers used for the RT-PCR.

miRNA Genes Cat. No. (Qiagen)
miR-22 MS00003220
miR-126 MS00003430
miR-210 MS00003801
miR-375 MS00031829
miR-146a MS00003535
miR-34a MS00003318

Target genes
SOD-2 QT01008693
CAT QT00079674
GPx4 QT00067165
NRF2 QT00027384
ACTB QT00095431

miRNA: microRNA; SOD-2: superoxide dismutase 2; CAT: cata-
lase; GPx4: glutathione peroxidase 4; NRF2: nuclear factor
erythroid 2 like 2; ACTB: Actin Beta.

2.6. RNA extraction and quantitative real time PCR
(g-PCR)

Cells were grown and maintained in 6-well dishes at a start-
ing density of 3 x 10° cells/well until they became 60-70%
confluent. Then, cells were irradiated. Total RNA, including
miRNA, was extracted by using TriPure Isolation Reagent
(Euroclone, Milan, Italy) according to the manufacturer’s
instructions and was stored at —80°C. The concentration,
purity and integrity of RNA were evaluated by measuring
the OD at 260 nm and the 260/280 and 260/230 ratios with
Nanodrop-1000 (Celbio, Milan, Italy). The quality of RNA
was also verified by electrophoresis on agarose gel (FlashGel
System, Lonza, Rockland, ME, USA). Reverse transcription
for SOD-2, CAT, GPx-4 genes and miR-22, -126, -210,
-146a, -34a, -375 miRNAs was carried out by the ¢cDNA
miScript PCR Reverse Transcription (Qiagen, Hilden,
Germany), while the same procedure for target genes by
QuantiTect Reverse Transcription Kit (Qiagen, Germany),
according to the manufacturer’s instructions. MiRNA and
target genes were examined by real-time PCR by using
miScript SYBR Green (Qiagen, Hilden, Germany) and
QuantiFast SYBR Green PCR (Qiagen, Hilden, Germany)
kits, respectively (Cheleschi et al. 2018). A list of the used
primers is reported in Table 1. Three separate experiments
having three determinations per assay for each experimental
conditions, were performed.

2.7. Mitochondrial superoxide anion (¢02~) production

Cancer cells (3 x 10°) were incubated in six-well cell culture
plates overnight to allow cell adhesion and then irradiated
or not. Immediately and 12h after radiation exposure, flow
cytometry analysis was performed. Medium was discarded,
and cells were incubated in Hank’s Balanced Salt Solution
(HBSS) (Sigma-Aldrich, Milan, Italy) and MitoSOX Red
(Thermo Fisher Scientific, Milan, Italy) for 15minutes at
37°C in dark, to evaluate mitochondrial superoxide anion
(#027) production. MitoSOX Red was dissolved in DMSO
at the final concentration of 5 M. Cells were then harvested
by trypsin, collected into cytometry tubes and centrifuged at
1500 rpm for 10 minutes. Besides, 1x 10* cells per assay
were resuspended in saline solution and analyzed by flow
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cytometry. Data were analyzed with CellQuest software
(Becton Dickinson) and results were represented as median
of fluorescence (AU) (Cheleschi et al. 2017). The results
were plotted as means+SD of three separate experiments
having three determinations per assay for each experimen-
tal condition.

2.8. Statistical analysis

The results were expressed as the mean +SD of three inde-
pendent experiments, each performed in triplicate. Data nor-
mal distribution was confirmed by Shapiro-Wilk,
D’Agostino & Pearson and Kolmogorov-Smirnov tests.
Real-time PCR experiments were evaluated by one-way
(ANOVA) with a Tukey’s post hoc test using 2-AACt values
for each sample. Flow cytometry data were analyzed by
ANOVA with a Bonferroni post hoc test. All analyses were
performed using the SAS System (SAS Institute Inc., Cary,
NC) and GraphPad Prism 6.1. A statistically significant
effect was indicated by a p value <.05.

3. Results

3.1. LDR on RMS and HDR on PCa improve the ability of
IR to induce DSBs and related toxicity,
independently from the total dose delivered

The effects of modulating dose-rate on responsiveness to IR
of cancer cells were assessed by clonogenic assay. To this
purpose RMS (RD and RH30) and PCa (PC3 and DU145)
cell lines were irradiated with a dose of 2 Gy or 10 Gy, deliv-
ered at the dose-rate of 1.5, 2.5, 55 and 10.1 Gy/min.
Independently from the total dose delivered, IR more effi-
ciently reduced the surviving fraction at the dose-rates of
1.5-2.5Gy/min on RMS (Figure 1(A), RD and RH30, 1.5
and 2.5Gy/min vs. 5.5 and 10.1 Gy/min.) and 5.5-10.1 Gy/
min on PCa RMS (Figure 1(A), PC3 and DU145, 1.5 and
2.5Gy/min vs. 5.5 and 10.1 Gy/min). Next experiments were
then performed by treating cancer cells with 2Gy at the
dose-rate of 1.5Gy/min (LDR) or 10.1 Gy/min (HDR). The
ability of modulating the dose-rate on inducing DSBs was
investigated by assessing the amount of phosphorylated/acti-
vated form of H2AX (y-H2AX) (Kuo and Yang 2008). As
shown in Figure 1(B), 1.5 Gy/min on RMS (Figure 1(A), RD
and RH30, 1.5 Gy/min vs. 10.1 Gy/min.) and 10.1 Gy/min on
PCa (Figure 1(A), PC3 and DU145, 1.5 Gy/min vs. 10.1 Gy/
min.), more rapidly (4h), efficiently and persistently (12h)
upregulated y-H2AX. Cell cycle growth arrest occurred after
IR and, although controversial, this is perhaps the most
important determinant of IR sensitivity, with cells being
most radiosensitive in the G,/M phase, less sensitive in the
G, phase, and least sensitive during the latter part of the S
phase (Hufnagl et al. 2015). Investigating the effects of mod-
ulating the dose-rate on the cell cycle distribution, we found
that irradiated cells showed growth arrest in G,/M phase
without any significant difference between the dose-rate
used (Figure 1(C)).

3.2. LDR in RMS and HDR in PCa improve toxicity of
conventional dose fractionation by progressively
inducing G,/M cell cycle growth arrest

According to the radiobiological concept of redistribution,
fractionating the dose can synchronize tumor cells in the
G,/M phase of the cell cycle, known to be the most radio-
sensitive, thus promoting a greater toxicity of subsequent
fractions (Hahnfeldt and Hlatky 1996). The effects of modu-
lating the dose-rate on daily treated cells, 2Gy for 5 con-
secutive days, were investigated on surviving fraction and
cell cycle distribution by flow cytometry, performed after the
first, third and fifth day of treatment (Figure 2(A)). 1.5, Gy/
min. on RMS and 10.1 Gy/min. on PCa more efficiently
reduced the surviving fraction and this become evident
starting after the 2™ fraction (Figure 2(A), RMS and PCa,
1.5Gy/min. vs. 10.1 Gy/min.). Flow cytometry shows that
both 1.5 and 10.1 Gy/min. progressively increased the per-
centage of cancer cell arrested in the G,/M cell cycle phase
(Figure 2(B), % of cells in G,/M, 5 fractions > 4>3 >
2> 1). However, it occurred more efficiently on LDR-irradi-
ated RMS and HDR-irradiated PCa (Figure 2(A), RMS and
PCa, % of cells in G,/M, 5 fractions 1.5Gy/min. vs.
10.1 Gy/min.).

3.3. LDR in RMS and HDR in PCa differently induces
apoptosis, senescence and modulates the
autophagic flux

Apoptosis, necrosis, cellular senescence and autophagy are
key responses of an irradiated cell (Eriksson and Stigbrand
2010). The ability of modulating the dose-rate to induce
these biological events was investigated on RMS and PCa
treated with a single dose of 2 Gy at the dose-rate of 1.5 Gy/
min. and 10.1Gy/min. Annexin V/7-amino-actinomycin
staining was performed in order to discriminate apoptosis
from necrosis (Zimmermann and Meyer 2011). As shown in
Figure 3(A), IR induced apoptosis in RMS and necrosis in
PCa, more efficiently in RMS-LDR and PCa-HDR-treated
cells, respectively (Figure 3(A), RMS and PCa, 1.5 Gy/min.
vs. 10.1 Gy/min). No differences between LDR and HDR
were described about the ability of IR to activate caspase-9
and -3 in RH30 and PCa cell lines and (Figure 3(B), RH30,
PC3 and DUI145) also caspase-8 in RD cells (Figure 3(B),
RD). The expression levels of p62 and LC3-II respectively
down- and up-regulated during autophagy, (Bjerkey et al.
2009; Kabeya et al. 2000) were investigated. On RMS cells,
LDR increased the expression of p62 (Figure 4, RD and
RH30, 1.5 Gy/min. vs. 10.1 Gy/min.) and reduced the expres-
sion levels of LC3-1I in RH30 (Figure 4, RH30, 1.5 Gy/min.
vs. 10.1 Gy/min.) but not in RD cells (Figure 4, RD, 1.5 Gy/
min. vs. 10.1 Gy/min). No modulation of p62, LC3-I and
LC3-II were described in PCa cells (Figure 4, PCa). IR
increased the senescence-associated f-galactosidase (SA-
f-gal) activity more efficiently at the LDR in RMS (Figure
5(A), RMS, 1.5 Gy/min. vs. 10.1 Gy/min.), whilst no statistic-
ally significant differences between LDR- and HDR-treated
cells were described on PCa cells (Figure 5(A), PCa, 1.5 Gy/
min. vs. 10.1 Gy/min.). The expression of p21W/CiPL
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Figure 1. Dose-rate modulating differently affects the ability of IR to induce DSBs and related toxicity, independently from the total dose delivered. Human embry-
onal (RD), alveolar (RH30) rhabdomyosarcoma and prostate cancer cell lines (PC3 and DU145) were treated on not with different doses of radiation (2 or 10 Gy),
delivered at increasing dose-rate (1.5, 2.5, 5.5 or 10.1 Gy/min). (A) Clonogenic assay; staining was performed 14 days later IR. Data were expressed as fold of change
vs. untreated cells (Black Bar), taken as 1. Single results are representative of three different experiments performed in triplicate. (B) Cell lysate was collected from
1.5Gy/min and 10.1 Gy/min treated cells and phosphorylation of H2AX (y-H2AX) levels measured by western blotting. H2AX was used as loading control.
Densitometric analysis of three independent experiments is reported below the blots; data were expressed as fold of change vs. untreated taken as 1 (0 Gy). (C)
Flow cytometry analysis performed 24 h after IR. Images shows data from three independent experiments. Bars showing the percentage of cell cycle phases.
Statistical analyses: *p < .05, **p < .01, ***p < .001 vs. untreated, °p < .05, %%p < .01, %%5p < .001 vs. 1.5 Gy/min, £p < .05, #p < .01, #£p < 001 vs. 2.5 Gy/min, p <
.05, #p < .01, ¥ p < 001 vs. 5.5 Gy/min, °p < .05, °°p < .01, °°°p < .001 vs. 10.1 Gy/min.

p275PYCEPL and p19KIPYCPL ] the most widely used bio-
marker for senescent and aging cells (Dimri et al. 1995),
resulted significantly increased both in RMS and PCa cells
(Figure 5(B), RMS and PCa). On RD cells, HDR more effi-
ciently upregulated the expression of p21W*™/CP! and
p275PYCPL yhilst LDR modulated p19¥PY<"P! Jevels (Figure

S(B), RD, p21Waf1/Cipl’ p27Kip1/Cip1 and p19Kip1/Cip1) 1.5 GY/
min. vs. 10.1 Gy/min.). On RH30 cells, LDR more efficiently
upregulated the expression of p19*PYP! (Figure 5(B),
RH30, p19¥PYSP! 1.5Gy/min. vs. 10.1 Gy/min), whilst no
difference was described about the levels of p21*"*1/“P! and
p275PYCPL (Figure 5(B), RH30, p21"*OP! and p275PY
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Figure 2. Dose-rate modulation affects the toxicity of conventional dose fractionation by progressively inducing G,/M cell cycle growth arrest. Human embryonal
(RD), alveolar (RH30) rhabdomyosarcoma and prostate cancer cell lines (PC3 and DU145) were treated on not with a dose of 2 Gy of radiation, delivered at the
dose-rate of 1.5 or 10.1 Gy/min. (A) Clonogenic assay; staining was performed 14 days later IR. Data were expressed as fold of change vs. untreated cells (Black Bar),
taken as 1. Single results are representative of three different experiments performed in triplicate. (B) Flow cytometry analysis performed 24 h after IR. Images shows
data from three independent experiments. Bars showing the percentage of cell cycle phases. Statistical analyses: *p < .05, **p <.01, ***p <.001 vs. untreated,
$5p < .01, %%5p < .001 vs. 1.5 Gy/min, °p < .05, °°p < .01, °°°p < .001 vs. 10.1 Gy/min.

©P1 1.5Gy/min. vs. 10.1 Gy/min). HDR more efficiently

upregulated the expression of p19¥PY“P! both in PC3 and
: Kip1/Cip1

11);}(1}45 (.:eus (Figure S(B)’. pes énd DU14.5’ pIOTE, differently affect the anti-oxidant response of RMS

.5Gy/min. vs. 10.1 Gy/min), whilst no differences were

described about the expression of p21"*™/“P! (Figure 5(B), and PCa cells

PC3 and DU145, p21V*"/OP! and p275PY“P! 1 5Gy/min. The effects of dose-rate modulation on ROS production

vs. 10.1 Gy/min.). and the expression of NRF2, SOD-2, CAT, GPx-4 genes

3.4. Modulating the dose-rate does not change the
ability of IR to induces ROS accumulation but
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Figure 3. Radiation-induced apoptosis is not significantly affected by modulating the dose-rate. Human embryonal (RD), alveolar (RH30) rhabdomyosarcoma and
prostate cancer cell lines (PC3 and DU145) were treated or not with a dose of 2 Gy of radiation, delivered at the dose-rate of 1.5 or 10.1 Gy/min. (A) Percentage of
viable, apoptotic and necrotic cells assessed by Annexin V assay 12 h later. Images shows data from three independent experiments performed in triplicate. (B)
Caspase 3, 8 or 9 activity assays were performed 12 h later IR. Images shows data from three independent experiments performed in triplicate. Statistical analyses:
#%p <01, ***p < 001 vs. untreated, 3°%p < .001 vs. 1.5 Gy/min, °°°p < .001 vs. 10.1 Gy/min.

and miR-22, -126, -210, -146a, -34a, -375 miRNAs, were
assessed on RMS and PCa cells treated with a single dose
of 2Gy at the dose-rate of 1.5Gy/min. and 10.1 Gy/min.
No differences between LDR and HDR were described on
ROS production immediately and 24h after RT (Figure
6(A), RMS and PCa, 1.5Gy/min. vs. 10.1 Gy/min.). q-PCR,
performed on mRNA and miRNAs collected 2 and 24h
after RT, shows that NRF2, SOD-2, CAT and GPx-4
expression was significantly and persistently increased in
RMS without differences between the dose rates used
(Figure 6(B), RD and RH30, 1.5Gy/min. vs. 10.1 Gy/min.).
On PCa cells, the expression of NRF2 was significantly

and persistently increased, whilst SOD-2, CAT and GPx-4
levels were downregulated both in PC3 and DU145 with-
out differences between the dose rates used (Figure 6(B),
PC3 and DUI145, 1.5Gy/min. vs. 10.1 Gy/min.). As con-
cerning miRNAs, we found that HDR more efficiently
increased the expression of miR-146a, miR-34a, miR-22,
miR-126 and miR-210 in RD (Figure 6(C), RD, 1.5Gy/
min. vs. 10.1 Gy/min), miR-34a, miR-22, miR-126, miR-
210 and miR-375 in RH30 (Figure 6(C), RH30, 1.5Gy/
min. vs. 10.1 Gy/min), miR-375 in PC3 (Figure 6(C), PC3,
1.5 Gy/min. vs. 10.1 Gy/min) and miR-210 in DU145 cells
(Figure 6(C), DU145, 1.5 Gy/min. vs. 10.1 Gy/min).
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Figure 4. Dose-rate modulation differently induces autophagy. Human embryonal (RD), alveolar (RH30) rhabdomyosarcoma and prostate cancer cell lines (PC3 and
DU145) were treated on not with a dose of 2 Gy of radiation, delivered at the dose-rate of 1.5 or 10.1 Gy/min. Cell lysate was collected 4 and 12 h after IR; p62, LC3-
I and LC3-Il levels measured by western blotting. Images show representative western blots of three independent experiments; -Tubulin was used as loading con-
trol. Densitometric analysis of three independent experiments is reported below the blots; data were expressed as fold of change vs. untreated taken as 1 (0 Gy).

Statistical analyses: *p < .05, ***p < .001 vs. untreated.

3.5. Dose-rate modulation differently affects the
activation of DNA DSB mechanisms in RMS and PCa
radioresistance

The activation status of the homologous recombination
(HR) and nonhomologous end joining (NHE]) pathways,
whose aberrant activation participates in determining radio-
resistance (Morgan and Lawrence 2015), was investigated by
assessing the phosphorylation and/or expression levels of
ATM and RAD51 (NHEJ) and DNA-PKCs, Ku70 and Ku80
(HR) in western blot experiments. On RD cells line, HDR
more efficiently increased the phosphorylation/activation
status of ATM and DNA-PKcs (Figure 7, RMS, 1.5 Gy/min.
vs. 10.1 Gy/min.) whilst no differences were described about
the IR-induced up-regulation of Ku80 (Figure 7, RMS,
1.5 Gy/min. vs. 10.1 Gy/min.). On RH30 cells line, the phos-
phorylation/activation status of ATM and DNA-PKcs was
more efficiently increased by HDR and LDR, respectively
(Figure 7, RMS, 1.5Gy/min. vs. 10.1 Gy/min.) whilst HDR
more efficiently induced up-regulation of Ku80 (Figure 7,
RMS, 1.5 Gy/min. vs. 10.1 Gy/min.). On PCa cells lines LDR
more efficiently increased the phosphorylation/activation
status of ATM and DNA-PKcs (Figure 7, PCa, 1.5 Gy/min.
vs. 10.1 Gy/min.).

4. Discussion

In order to achieve the best favorable tradeoff between
tumor control and treatment-related toxicity, the radiation

oncologist, following the most up-to-date guidelines, indi-
cates the number of fractions in which to deliver the max-
imum possible dose of IR. The new linear accelerator are
able to treat patients reaching very high doses delivered with
high or ultra-high-dose-rate thus reducing patients’ exposure
time to IR and potentially inducing less toxicity (Durante
et al. 2018). Notably, whether several dose-escalation studies
are continuously performed, no sufficient evidences have
been collected on the role of the dose-rate. On this regards,
some investigators suggest the use of high-dose-rate (HDR)
whilst others claim the highest efficiency of low-dose-rate
(LDR) (Hall 1972; Steel et al. 1987; Williams et al. 2008;
Ling et al. 2010; Terashima et al. 2017; Matsuya et al. 2018).
The experiments herein performed show that modulating
the dose-rate differently affected the surviving fraction of
epithelial-derived PCa and mesenchymal-derived RMS can-
cer cell lines suggesting that choosing the right dose-rate
could really affect the therapeutic efficiency of IR.

IR induces DSBs directly or by inducing ROS accumula-
tion. DNA damage response of mammalian cells usually
involves the activation of checkpoint mechanisms that
induce cell cycle arrest that allows cells to have enough time
to repair the damaged DNA. Unsuccessful DNA repair leads
to cell death or senescence (Hufnagl et al. 2015). In this
context, cancer cells can escape IR-induced death and reen-
ter the cell cycle by activating several molecular mecha-
nisms. Herein, despite modulating the dose-rate did not
differently induced ROS accumulation, we found that the
phosphorylation of H2AX (y-H2AX), biomarker of DSBs
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Figure 5. Dose-rate modulation differently induces senescence. Human embryonal (RD), alveolar (RH30) rhabdomyosarcoma and prostate cancer cell lines (PC3 and
DU145) were treated on not with a dose of 2 Gy of radiation, delivered at the dose-rate of 1.5 or 10.1 Gy/min. (A) Percentage of SA-f-Gal expressing cells assessed
by ELISA were performed at 1 and 3 days after IR. Images shows data from three independent experiments performed in triplicate. (B) Cell lysate was collected 4
and 12 h after IR; p21Wef/AP1 p27KIPT/CPT 5ng p19KP1/TPT Javels measured by western blotting. Images show representative western blots of three independent
experiments; a-Tubulin was used as loading control. Densitometric analysis of three independent experiments is reported below the blots; data were expressed as
fold of change vs. untreated taken as 1 (0 Gy). Statistical analyses: *p < .05, **p < .01, ***p < 001 vs. untreated, ***p < .001 vs. 1.5 Gy/min, °p < .05, °°p < .01,

°°°p <.001 vs. 10.1 Gy/min.

(Kuo and Yang 2008) was more significantly and persistently
up-regulated in LDR-RMS and HDR-PCa treated cells. We
found that in the presence of the more toxic dose-rate, can-
cer cells less efficiently activated NHE]J and HR DSBs repair
pathways. Notably NHE] is known to be a error-prone DSBs
repair pathway that may convert endogenously induced
DSBs to frameshift mutations, potentially responsible of
resistance to therapies (Rodgers and McVey 2016; Sishc and
Davis 2017; da Silva-Diz et al. 2018). This evidence has sev-
eral important clinical significances because, depending on
the dose-rate used it could be possible to counteract the
repair of IR-induced DSBs and prevent the accumulation of
radioresistance-inducer mutations. Furthermore, since RT
efficacy might be enhanced by using DSBs inhibitors (Biau

et al. 2019), the use of a more toxic dose-rate could amplify
the effects of these drugs.

Based on the radiobiological principle of redistribution,
IR are conventionally delivered with daily fractions. This
permit to induce cell cycle arrest in the G,/M phase that
being the most radiosensitive phase of the cell cycle
(Hufnagl et al. 2015) would allow the next fraction to have
a greater cytotoxic effect (Hahnfeldt and Hlatky 1996).
Daily treating cancer cells with LDR in RMS and HDR in
PCa more efficiently increased the percentage of cancer
cells arrested in the G,/M. Thus choosing the most toxic
dose-rate could not only improve the efficacy of a single
treatment but amplify the therapeutic efficiency of a frac-
tionated schedule. Moreover, characterizing the type of
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Figure 6. Dose-rate modulation does not affect IR-induced ROS accumulation and anti-oxidant ability of cancer cells. Human embryonal (RD), alveolar (RH30)
rhabdomyosarcoma and prostate cancer cell lines (PC3 and DU145) were treated on not with a dose of 2 Gy of radiation, delivered at the dose-rate of 1.5 or
10.1 Gy/min. (A) Mitochondrial superoxide anion production was assessed by MitoSox Red staining, immediately (0 h) or 24 h after IR. Data were expressed as fold
of change vs. untreated cells taken as 1. Images shows data from three independent experiments performed in triplicate. (B) Gene expression of antioxidant
enzymes SOD-2, CAT, GPx4, NRF2 and (C) miRNAs miR-146a, -34a, -22, -126, -210 and 375 was investigated by real-time PCR, 2 and 24 h after IR. The gene expres-
sion was referenced to the ratio of the value of interest and basal conditions. Images shows data from three independent experiments performed in triplicate and
the value of basal conditions was reported equal to 1. Statistical analyses: *p < .05, **p < .01, ***p < .001 vs. untreated, 5°p < .01, %%5p <.001 vs. 1.5 Gy/min.

cell death induced by IR we found that LDR in RMS and
HDR in PCa more efficiently induced apoptosis in RMS
and necrosis in PCa even though caspase-9, -8 and -3
resulted activated in both cell types. IR-induced apoptosis
in RMS and necrosis in PCa may depend on the different
activation of the caspase-3 subfamily as already shown in
other cell type exposed to IR (Coelho D et al. 2000).
Interestingly, both on surviving RMS and PCa cells, IR
induced senescence known to create a microenvironment

that facilitates neoplastic growth (Tabasso et al. 2019).
This could provide a rationale to test the addition of anti-
senescent drugs, some of which are already available in
the clinic, to radiotherapy protocols.

Experiments performed on mouse models show a
remarkable sparing of normal tissue and a maintained
tumor control level after irradiation at ultra-high dose-
rate (Durante et al. 2018). The evidence herein collected
indicate that each tumor has a different sensitivity to
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Figure 7. Dose-rate modulation differently affects the activation of DNA double-strand break repair mechanisms of cancer cells. Human embryonal (RD), alveolar
(RH30) rhabdomyosarcoma and prostate cancer cell lines (PC3 and DU145) were treated on not with a dose of 2 Gy of radiation, delivered at the dose-rate of 1.5 or
10.1 Gy/min. Cell lysate was collected 4 and 12 h after IR; phosphorylated ATM (ATMP°4), total ATM (ATM), RAD51, phosphorylated DNA-PKcs (DNA—PKcsP°4), DNA-
PKcs, Ku70 and Ku80 levels measured by western blotting. Densitometric analysis of three independent experiments is reported below the blots; data were
expressed as fold of change vs. untreated taken as 1 (0Gy). o-Tubulin was used as loading control. Data were expressed as fold of change vs. untreated
(0 Gy).Statistical analyses: *p<.05, **p<.01, ***p<.001 vs. untreated, 35p<.01, $**p<.001 vs. 1.5 Gy/min, °°°p<.001 vs. 10.1 Gy/min.

different dose rates, thus suggesting that the use of high
dose-rates in a non-tumor-specific manner may not guar-
antee the best result on tumor control. We suppose that
the dose-rate should be chosen in a cancer-cell type
dependent manner and/or based on the molecular fea-
tures of any individual patient. This could allow to
improve the therapeutic ratio in RT and to prevent the
selection of radioresistant cells responsible for recur-
rences and metastases.
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