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Abstract

Purpose Tumor cells generally exhibit higher levels of reactive oxygen species (ROS), however, when stressed, tumor cells
can undergo a process of ‘Redox Resetting’ to acquire a new redox balance with stronger antioxidant systems that enable
cancer cells to become resistant to radiation therapy (RT). Here, we describe how RT affects the oxidant/antioxidant bal-
ance in human embryonal (RD) and alveolar (RH30) rhabdomyosarcoma (RMS) cell lines, investigating on the molecular
mechanisms involved.

Methods Radiations were delivered using an x-6 MV photon linear accelerator and their effects were assessed by vitality
and clonogenic assays. The expression of specific antioxidant-enzymes, such as Superoxide Dismutases (SODs), Catalase
(CAT) and Glutathione Peroxidases 4 (GPx4), miRNAs (miR-22, -126, -210, -375, -146a, -34a) and the transcription factor
NRF2 was analyzed by quantitative polymerase chain reaction (q-PCR) and western blotting. RNA interference experiments
were performed to evaluate the role of NRF2.

Results Doses of RT higher than 2 Gy significantly affected RMS clonogenic ability by increasing ROS production. RMS
rapidly and efficiently brought back ROS levels by up-regulating the gene expression of antioxidant enzymes, miRNAs as well
as of NRF2. Silencing of NRF2 restrained the RMS ability to counteract RT-induced ROS accumulation, antioxidant enzyme
and miRNA expression and was able to increase the abundance of y-H2AX, a biomarker of DNA damage, in RT-treated cells.
Conclusions Taken together, our data suggest the strategic role of oxidant/antioxidant balance in restraining the therapeutic
efficiency of RT in RMS treatment and identify NRF2 as a new potential molecular target whose inhibition might represent
a novel radiosensitizing therapeutic strategy for RMS clinical management.
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Introduction

Rhabdomyosarcoma (RMS), the most aggressive, highly
malignant and common childhood soft-tissue sarcoma,
arises from mesenchymal cells bearing developmental fea-
tures of skeletal muscle (Arndt et al. 2012). Histologically,
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the two most common subtypes are embryonal RMS
(ERMS) and alveolar RMS (ARMYS), respectively, com-
prising 60% and 25% of all RMS (Newton et al. 1988),
with the latter generally associated with a worse outcome
(Meza et al. 2006). Treatment of localized RMS provides
a multimodality approach based on the use of radiation
therapy (RT), combined or not with chemotherapy, per-
formed before or after surgery in localized clinically unre-
sectable or resectable tumors, respectively (Frezza et al.
2018). RT aims to reduce the tumor mass or to eradicate
residual tumor cells, especially when the surgical eradica-
tion is not complete or limited by the anatomic position,
therefore configuring as a prerogative for the multi-modal
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therapy. However, the survival rate of RMS patients has
not appreciably improved in the last 15 years (Smith et al.
2014), especially in adults (Wolden and Alektiar 2010),
and the treatment failure is commonly due to the ability of
RMS cells to become radioresistant. Thus, unraveling the
molecular mechanisms responsible for the radioresistance
is necessary to set up new radiosensitizing protocols in the
RMS clinical management.

RT induces cancer cell death by the direct or indirect
action of radiation on the DNA molecules. Indeed, radia-
tion can disrupt the DNA structure through direct mol-
ecule breaks or indirectly by increasing the water solvent
temperature that leads to the generation of reactive oxygen
species (ROS), this causing DNA damage (Desouky et al.
2015). Considering the relative abundance of water in the
body, the indirect mechanism of DNA breaks seems to
be the preferential one and, therefore, cancer cells often
develop antioxidant strategies aimed to counteract ROS
production to restrain the RT efficiency (Ciccarese and
Ciminale 2017).

ROS levels not only can trigger DNA damage but even
induce intracellular responses that help tumor cells to sur-
vive to radiation-induced damage (Liou and Storz 2010). An
increased threshold of ROS levels has been shown to impact
the expression of several antioxidant genes (Liou and Storz
2010) and microRNAs (miRNAs) (Banerjee et al. 2017), a
class of ~22-nucleotide small non-coding RNAs that post-
transcriptionally regulate gene expression and are frequently
deregulated in cancer (Lovat et al. 2011). It is still largely
unknown how RT modulates oxidative stress in RMS cells
and whether/which genes and miRNAs are involved.

This study describes the in vitro responsiveness of RD
(ERMS) and RH30 (ARMS) cell lines to increasing RT
doses. Herein we found that both RMS cells efficiently
counteract RT-induced ROS accumulation by upregulating
the expression of antioxidant-enzymes, such as superoxide
dismutases (SOD), catalase (CAT) and glutathione peroxi-
dases 4 (GPx4), and several miRNAs (miR-22, -126, -210,
-375, -146a, -34a) (Banerjee et al. 2017). By investigating on
the molecular mechanism modulated by RT, we found that
radiation increased the expression of NRF2 (nuclear factor
erythroid 2-related factor), a transcription factor known to
orchestrate the expression of pro- and anti-oxidant proteins,
this protecting normal cells and cancer cells from the oxida-
tive stress (Kansanen et al. 2013). NRF2 silencing counter-
acted the expression of anti-oxidant enzymes and miRNAs
and so amplified the RT-mediated toxicity. Altogether these
findings indicate, for the first time, a new potential radi-
oresistance-related mechanism based on the ability of RMS
cells to overcome RT-induced ROS-mediated toxicity by
activating an anti-oxidant response orchestrated by NRF2,
which mat represents a potential target for new radiosensitiz-
ing therapies in RMS tumors.
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Methods and materials

Cell cultures, radiation exposure and clonogenic
survival assay

Human RMS cell lines, RD (ERMS) and RH30 (ARMS)
were obtained by American Type Culture Collection and
maintained in high-glucose Dulbecco’s modified Eagle’s
medium supplemented with 10% fetal bovine serum (FBS),
1% v/v 1-glutamine, 100 pg/ml streptomycin and 100 U/ml
penicillin and grown at 37 °C in a humidified atmosphere
of 5% CO,. DNA profiling using the GenePrint 10 System
(Promega Corporation, Madison, WI, USA) was carried
out to authenticate cells, by comparing the DNA profile of
our cell cultures with those found in GenBank (Faggi et al.
2015).

For clonogenic survival, exponentially growing cells
(70% confluence) were cultured in regular medium and then
irradiated at room temperature (rt) with increasing doses of
radiation (05 Gy) using an X-ray linear accelerator (dose
rate of 200 cGy/min). Non-irradiated controls were handled
identically to the irradiated cells, except for the radiation
exposure. After treatment, cells were re-seeded into 6-well
plates (2000 cells/well) in triplicate; 14 days later, the
medium was removed and colonies were fixed with metha-
nol: acetic acid (10:1, v/v), stained with crystal violet and
photographed. Colony quantification was performed as pre-
viously described (Megiorni et al. 2017; Marampon et al.
2018).

Mitochondrial superoxide anion (-0,7) production

RMS cell lines were seeded in 6-well plates at a starting
number of 6 x 10* cells/well for 24 h in DMEM with 10%
FBS and, then, irradiated. Immediately and 12 h after radia-
tion 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 15 min at 37 °C in dark, to evaluate mitochon-
drial superoxide anion (-O,”) production. MitoSOX Red
was dissolved in DMSO at the final concentration of 5 uM.
Cells were then harvested by trypsin, collected into cytom-
etry tubes and centrifuged at 1500 rpm for 10 min. Besides,
1 x 10* cells per assay were resuspended in saline solution
and analyzed by flow cytometry. Data were analyzed with
CellQuest software (Becton Dickinson) and results were rep-
resented as median of fluorescence (AU) (Cheleschi et al.
2017).
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RNA isolation and qPCR

Twenty-four hours after radiation exposure total RNA was
extracted by using TriPure Isolation Reagent according to
the manufacturer’s instructions (Euroclone, Italy). The con-
centration, purity, and integrity of RNA were evaluated as
already described (Cheleschi et al. 2017). Reverse transcrip-
tion for target genes (SOD, CAT and GPx4) was performed
by using QuantiTect Reverse Transcription Kit (Qiagen,
Hilde, Germany), whilst miRNAs (miR-22, -126, -210,
-375, -146a and -34a) were retro-transcribed by using the
cDNA miScript PCR Reverse Transcription (Qiagen, Hilde,
Germany), according to the manufacturer’s instructions.
Target genes and miRNAs were analyzed by real-time PCR
(qPCR), as already described (Pelosi et al. 2017). For data
analysis, the C, values in each sample and the efficiencies of
the primer set were calculated using LinReg Software and
then converted into relative quantities (RQ) and normalized
according to the Pfaffl model. Normalization was carried out
using, as housekeeping genes, HPRT-1 for mRNA targets
and SNORD-25 for miRNAs.

Protein extraction and western blotting

Total extracts were prepared with RIPA buffer and protein
concentration was determined using the BCA protein assay
kit (ThermoFisher Scientific). Western blot experiments
were performed as already described (Scicchitano et al.
2018) by using the following primary antibodies: H2AX
(C-20), NRF2 (A10) and GAPDH (0411) by Santa Cruz
Biotechnology; phospho-H2AX (Ser139) (2577) by Cell
Signaling Technology (Danvers, MA, USA). Appropriate
horseradish peroxidase (HRP)-conjugated secondary anti-
bodies (Santa Cruz Biotechnology) were used for 1 h at rt.
Protein signals were detected by using Western Bright ECL
kit (Advansta, Menlo Park, CA, USA), according to the
manufacturer’s instructions, and visualized by ChemiDoc
XRS+ (Bio-Rad, Hercules, CA, USA). Densitometry was
performed to quantify changes in protein expression using
the Image Lab 5.1 software (Bio-Rad).

siRNA transfection

Small interfering RNAs (siRNAs) were transfected as
already described (Marampon et al. 2016). Briefly, RMS
cells were seeded at 50-60% confluence in 6-well plates.
Small interfering RNA (siRNA) against human NRF2
(NRF25RNA 5¢_37030 by Santa Cruz Biotechnology,
Dallas, TX, USA) or siRNA negative control (CTRSiRNA,
sc-37007 by Santa Cruz Biotechnology) were combined
with RNAIMAX (Invitrogen) and used at 60 nM final

concentration; NRF25RNA is a pool of three target specific
19-25 nt-siRNAs designed to specifically knock down the
targeted genes.

Statistical analysis

The results were expressed as the mean+ SD of three
independent experiments, each performed in triplicate.
Data normal distribution was confirmed by Shapiro—Wilk,
D’Agostino and 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 val-
ues 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, USA) and GraphPad Prism 6.1. A statistically signifi-
cant effect was indicated by a p value <0.05.

Results

RMS cells quickly and efficiently brought back

to lower than basal levels the reactive oxygen
species (ROS) release induced by increasing dose
of radiation

Clonogenic potential of RMS cells was assessed by treating
RD and RH30 cells with a single dose of radiation equal to
(2 Gy), lower (0.5-1 Gy) or higher (3-5 Gy) than the con-
ventional dose used in clinical practice (Fig. 1). As showed
in Fig. 1a, dose of RT equal to 2 Gy or higher, significantly
reduced the ability of RMS cell lines to form colonies (2,
3 and 5 Gy vs. 0 Gy), reaching the maximum efficiency
at 5 Gy both in RD and RH30 cells (5 Gy vs. 0.5-3 Gy)
(Fig. 1a). Mitochondrial ROS production was assessed
5 min (Fig. 1b) and 12 h (Fig. 1c) after RT, by measur-
ing the superoxide anion production. ROS production was
significantly increased 5 min after irradiation >2 Gy both
in RD and RH30 cells (Fig. 1b), whilst 12 h later resulted
significantly lower than in non-irradiated RMS cells, with-
out no statistically significant difference between the differ-
ent RT doses (Fig. 1¢). These data indicate that RMS cells
rapidly and efficiently counteracted the ROS accumulation
induced by RT.

RT induces the expression of anti-oxidant-related
enzymes and miRNAs

Gene expression of specific antioxidant enzymes, such as
superoxide dismutase (SOD-2), catalase (CAT), glutathione
peroxidase (GPx-4), (Fig. 2) and ROS-related miRNAs, such
as miR-22, miR-126, miR-210, miR-146a, miR-34a, and
miR-375 (Fig. 3), was assessed by q-PCR, 12 h after treating
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Fig.1 RT affects RMS clonogenic ability modulating mitochondrial
superoxide anion production. Human embryonal (RD) and alveolar
(RH30) rhabdomyosarcoma cell lines were treated on not with differ-
ent doses of radiation (0.5, 1, 2, 3 and 5 Gy). a Clonogenic assay;
staining was performed 14 days later RT. b, ¢ Mitochondrial super-
oxide anion production was assessed by MitoSox Red staining, 5 min
(a) or 12 h (b) after RT. Data were expressed as fold of change vs.
untreated cells (0 Gy). Single results are representative of three dif-
ferent experiments performed in triplicate. Statistical analyses:
*p<0.05, #p <0.01, ***p <0.001 vs. 0 Gy
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Fig.2 RT induces gene expression on antioxidant enzymes. Human
embryonal (RD) and alveolar (RH30) rhabdomyosarcoma cell lines
were treated on not with different doses of radiation (0.5, 1, 2, 3 and
5 Gy) and gene expression of antioxidant enzymes superoxide dis-
mutase (SOD-2), catalase (CAT), glutathione peroxidase (GPx)-4 and
nuclear factor erythroid 2 p45-related factor (NRF2) was investigated
by real-time PCR, 12 h after RT. The gene expression was referenced
to the ratio of the value of interest and basal conditions. The value of
basal conditions was reported equal to 1. Single results are represent-
ative of three different experiments performed in triplicate. Statistical
analyses: *p <0.05, **p <0.01, ***¥p <0.001 vs. 0 Gy
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Fig.3 RT induces gene expres- A
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cells with increasing doses of RT. Radiation therapy signifi-
cantly up-regulated gene expression of SOD-2 (Fig. 2a), CAT
(Fig. 2b), GPx4 (Fig. 2c), miR-22 (Fig. 3a), miR-126 (Fig. 3b),
miR-210 (Fig. 3c), miR-146a (Fig. 3e) and miR-34a (Fig. 3f)
both in RD and RH30 cells, whilst miR-375 over expression
(Fig. 3d) was observed in RH30 but not in RD cells. No cor-
relation between RT doses and gene expression was described
for any investigated target (Figs. 2, 3). Altogether, these evi-
dence indicate that RMS respond to irradiation-induced oxida-
tive stress by inducing the expression of anti-oxidant-related
enzymes and miRNAs.
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Antioxidant response activated by RT in RMS cell
lines is orchestrated by the expression of NRF2
whose silencing radiosensitizes RMS cells

by increasing irradiation-induced DNA damage

Gene expression levels of NRF2, known to protect against
oxidative damage by positively regulating the expression of
antioxidant genes (Menegon et al. 2016), were investigated.
RT doses, ranging from 2 to 5 Gy, significantly increased
NRF2 gene expression both at transcript (Fig. 4a) and
protein level (Fig. 4b) in RD and RH30 cell lines. NRF2
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Fig.4 RT induces Nrf2 gene expression and protein accumulation.
Human embryonal (RD) and alveolar (RH30) rhabdomyosarcoma cell
lines were treated on not with different doses of radiation (0.5, 1, 2,
3 and 5 Gy). 12 h after RT, Nrf2 a gene and b protein expression
were investigated by real-time PCR or western blot, respectively. The
gene and protein expression were referenced to the ratio of the value

mRNA and protein expression was not dose-dependent
(Fig. 4a, b); however, its expression increase was higher in
5 Gy than in 3, 2, 1, 0.5 Gy treated cells (Fig. 4a, b). The
role of NRF2 on RMS anti-oxidant responsiveness to RT
was investigated by transfecting RMS cells with specific
siRNAs directed against NRF2 (NRF25RNA) or a sequence
against the C. elegans (CTR®RNA), used as a negative con-
trol (Fig. 5). Western blotting analysis at 72 h after trans-
fection showed that NRF2 protein levels were specifically
reduced in NRF2*RNA_transfected cells than in mocked con-
trols (Fig. 5a). At this time, RMS cells were irradiated with
a single dose of 2 Gy and mitochondrial ROS production
(Fig. 5b) as well as SOD-2, CAT, GPx-4 gene expression
(Fig. 5¢) were assessed. Specifically, 12 h after RT, ROS lev-
els dropped down in CTR*RNA samples and remained at high
levels in NRF2-depleted cells (NRF2SRNA L RT vs. CTR
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sIRNA 4 RT, 12 h after RT), this suggesting that NRF2 silenc-
ing was able to counteract the ability of RD and RH30 tumor
cells to bring back ROS levels (Fig. 5b). In accordance with
this evidence, the expression of SOD-2, CAT and GPx-4
genes, able to detoxify cells from ROS accumulation, was
significantly downregulated after RT in NRF2RNA trans-
fected cells (Fig. 5S¢, NRF2SRNA L RT vs. CTRSRNA L RT).
To investigate the effects of NRF2 silencing in radiosentiz-
ing RD and RH30 cells, control- and NRF2 -siRNA trans-
fected cells were irradiated at 2 Gy and colony formation
assay was performed after treatment with ionizing radiation.
As shown in Fig. 6a, a significant reduction in the num-
ber of cell colonies were observed in NRF25RNA L RT cells
compared to control-siRNA transfected cells. We assessed
whether NRF2 silencing may sensitize RMS cells to ionizing
radiation by promoting the DNA damage. To this purpose,
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Fig.5 Nrf2 knocking down by RNA interfering affects RMS ability
to bring back RT-induced ROS accumulation and anti-oxidant gene
expression. Silencing Nrf2 was performed in RD and RH30 cells
(Nrf25RNA): control cells were obtained by transfecting cells with
non-targeting control siRNA (CTRYRNA). Seventy-two hours after
transfection cells were treated (4) or not (—) with 2 Gy of RT. Twelve
hours after RT, a cell lysate was collected and Nrf2 protein expres-
sion levels measured by Western blotting. Images show representative

control- and NRF25RNA transfected cells were irradiated
with a single dose of 2 Gy and cell lysates were processed 4
and 12 h after RT. The analysis of the abundance of y-H2AX
levels, a biomarker for DNA double-strand breaks, showed
that after 4 h from RT, silencing of NRF2 did not signifi-
cantly increased the RT-induced upregulation of y-H2AX
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Western blots of three independent experiments; GAPDH was used
as loading control. b Mitochondrial superoxide anion production was
assessed by MitoSox Red staining. ¢ SOD-2, CAT and GPx-4 gene
expression were investigated by real-time PCR. The value of basal
conditions was reported equal to 1. Single results are representa-
tive of three different experiments performed in triplicate. Statistical
analyses: *p <0.05, **p <0.01, **¥p <0.001 vs. CRTRNA 5 <0.05,
#¥p <0.01, ##%p <0.001 vs. CRTRNA L RT

levels (Fig. 6b, 4 h), whilst restrained the ability of RMS
cells to restore to basal levels y-H2AX at 12 h after RT
(Fig. 6b, NRF25RNA L RT vs. CTRSRNA £ RT). Altogether,
these findings indicate that NRF2 orchestrates the activation
of the anti-oxidant program that preserved RMS from RT-
induced DNA damage.
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Staining was performed 14 days later RT. b Cell lysate was collected

Discussion

RMS, arare and lethal neoplastic disease of mesenchymal
origin, is the third most common extracranial malignant
solid tumor in pediatric patients, accounting for approxi-
mately 5% of all pediatric cancers and about one-half of
all soft tissue sarcomas (Arndt et al. 2012; Newton et al.
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1988; Meza et al. 2006). RMS provides a complex thera-
peutic management and whether the radical excision is
still considered the standard of care for RMS, frequently
the anatomic site limits the complete tumor resection and
adjuvant or neoadjuvant radiotherapy (RT), with or with-
out chemotherapy becomes necessary (Frezza et al. 2018).
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The multimodal approach has significantly increased the
cure rates. In this regard, advanced RT techniques using
conformal treatment with intensity-modulated radiotherapy
and proton therapy, particularly advantageous for the treat-
ment of sites close to critical structures, such as the head
and neck and genitourinary system, have been shown to
play a key role in RMS treatment. However, many patients
frequently experience local recurrences, this indicating the
high intrinsic radioresistance of RMS cells (Frezza et al.
2018; Smith et al. 2014; Wolden and Alektiar 2010). RT
kills cancer cells by exploiting the ability of ionizing radia-
tion to induce irreparable damages in cell structures, firstly
in DNA molecules. Damages occur directly or, more fre-
quently, through the accumulation of reactive oxygen spe-
cies (ROSs), which are produced by the radiolysis of water
(Desouky et al. 2015; Ciccarese and Ciminale 2017). Thus
ROS, known to sustain cancer cells transformed phenotype
(Sosa et al. 2013), when in excess, can promote detrimen-
tal effects (Trachootham et al. 2009), this suggesting the
existence of a ROS concentration threshold, typical for each
type of tumor, below or above which ROS levels promote
or counteract tumor phenotype (Liou and Storz 2010). Low
levels of ROS have been shown to stimulate cancer cells
proliferation (Storz 2005) while higher levels are able to
induce growth arrest, senescence and apoptosis (Szatrowski
and Nathan 1991), which tumor cells try to counteract by
expressing increased levels of antioxidant proteins able to
detoxify from ROS. So, further considering that targeting
oxidative stress has been indicated as a strategic therapeutic
pathway in treating in RMS (Chen et al. 2013; Fanzani and
Poli 2017), we supposed that RMS radioresistance could
depend by the ability of these cells to counteract RT-induced
ROS accumulation. The present in vitro study supports this
hypothesis showing that radioresistance could really depend
by the ability of RMS cells to upregulate the expression of
several antioxidant molecules by the activation of specific
antioxidant-related transcription factors to protect DNA
from ROS-induced lethal damages.

Conventional RT treatment for RMS is performed by
treating patients with a total dose up to 60 Gy divided in
fraction of 2 Gy/day (5 fractions/week), in combination with
radiosensitizing chemotherapies (von Mehren et al. 2018);
however, doses have been tested such as hypofractionated
RT combined to chemotherapy in which a dose of 5 Gy/
days (5 fractions/week) has been used for a total dose of
25 Gy (Spencer et al. 2017). Herein, we found that RT sig-
nificantly affected the ability of RMS to form colony, a well-
known test for evaluating radiosensitivity (Williams et al.
2008), and increased ROS production starting from 2 Gy of
treatment. Particularly, whether no significant differences
were described between the doses of 2 and 3 Gy, 5 Gy of
treatment induced the maximum toxic effect by promoting
the highest accumulation of ROS. To investigate whether

and how RMS cells were able to activate an anti-oxidant
response, ROS levels were further assessed 12 h after RT,
because usually the production of ROS after RT persists for
at least 24 h after RT (Szatrowski and Nathan 1991; Azzam
et al. 2012). Surprisingly, we found that already after 12 h
from RT, RMS restored ROS to lower levels than those in
non-irradiated cells with no significant differences between
the dose used. Thus, the collected data indicate that whether
increasing dose of RT were able to induce an increased
production of ROS, RMS cells prevented the prolonged
accumulation in a dose-independent manner. These results
seem to suggest that RMS cells are particularly sensitive
to increased ROS accumulation and that their antioxidant
response is always maximal. Such an efficient response may
indicate that tumor cells are able to activate an equally effi-
cient antioxidant response.

Detoxification from ROS is a complex process that
involves the participation of different molecular mecha-
nisms, consisting of enzymatic [Catalase (CAT), Glutathione
peroxidase (GPx4), Superoxide dismutase (SOD2)] and non-
enzymatic (Vitamins, Glutathione, miRNAs) components
(Azzam et al. 2012; Copin et al. 2000; Mates and Sanchez-
Jimenez 2000). Oxidative stress, caused by increased free
radical generation and/or decreased antioxidant levels in
the target cells and tissues, has been suggested to play an
important role in carcinogenesis and that the production of
ROS combined to a decreased antioxidant enzyme level may
be characteristic of tumor cells (Moldogazieva et al. 2018).
However, several cancer types have been found to have
elevated levels of antioxidant enzymes, particularly SOD2
(Oberley and Oberley 1997) and the activation of antioxidant
systems can directly inhibit the antitumor activity of some
anticancer agent (Alexandre et al. 2006; Llobet et al. 2008)
and radiation therapy (Bairati et al. 2005). To date, the levels
of these antioxidant enzymes in RMS cells have not been
evaluated. However, it has been shown that cancer cells not
expressing antioxidant enzymes, upon drug treatment, can
over-express them by triggering a process named ‘Redox
Resetting’. Redox Resetting permits cancer cells to acquire a
new redox balance with higher levels of ROS accumulation/
resistance and stronger antioxidant systems (Liu et al. 2016).
Herein, the evidence that RT upregulated SOD2, CAT and
GPx4 in both RMS cell lines suggests that the ‘Redox Reset-
ting” may be one of the mechanisms through which RMS
tumors acquire their radioresistance. In support of this
hypothesis, we investigated whether RT was able to acti-
vate other anti-oxidant non-enzymes mechanisms, focusing
the attention on the expression of microRNAs (miRNAs).

miRNAs are small regulatory RNA molecules that bind-
ing the mRNA of target genes, induces its degradation
participating in the post-transcriptional regulation of gene
expression (van Kouwenhove et al. 2011). miRNAs control
several physiological processes (Li et al. 2009) and their
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up- or down-expression was found in human cancers (Zhang
et al. 2007), including RMS (Romania et al. 2012; Smolle
et al. 2017) and shown to actively participate in tumor onset,
progression and chemo- or radiotherapy-therapy resistance
(Drusco and Croce 2017; Kasinski and Slack 2011). In this
context, several miRNAs have been shown to sustain can-
cer cells radioresistance by preventing the DNA damages
trough the activation of the anti-oxidant status (Banerjee
et al. 2017; Fabrizio et al. 2018; Lan et al. 2018) beyond that
trough the promotion of the repair of damaged DNA (Hu and
Gatti 2011). Recent evidences indicate that miR-22 (Tang
et al. 2018), -126 (Yang et al. 2017), -210 (Magenta et al.
2013), -146a (Wan and Li 2018) act as anti-oxidants whilst
miR-375 (Guo et al. 2018) and -34a (Baker et al. 2016) as
positive oxidative stress mediators. Herein, we found that
after irradiation both RD and RH30 cells up-regulated the
expression of miR-22, -126, -210 and -146a and accordingly
with their anti-oxidant role, we suppose that these miRNAs
are expressed to negative control the RT-induced toxic accu-
mulation by ROS. We noticed also the up-regulation of the
pro-oxidant miR-375 and miR-34a; however, we noted that
miR-375 was not up-regulated in RD cells that clonogenic
assay show to be more resistant to radiation than RH30. It
remains to demonstrate whether the up-regulation of miR-
22, -126, -210 and -146a directly participate in reducing
RT-induced accumulation and whether RD cells prevent RT
toxicity by restraining miR-375 expression.

Antioxidant response is orchestrated by the nuclear factor
erythroid 2-related factor (NRF2) and the Kelch ECH asso-
ciating protein 1 (Keapl), the major regulators of cytopro-
tective responses to stresses caused by ROS (Kansanen et al.
2013). NRF2 promotes the expression of antioxidant genes
by preventing ROS-mediated cellular damage whilst Keap1
induces NRF2 degradation by the ubiquitin proteasome
pathway (Itoh et al. 1999). Physiologically, NRF2 levels are
very low and are increased upon oxidative stress whilst the
aberrant NRF2 expression and activation protects malignant
cancer cells against ROS accumulation induced by chemo-
and radiation-therapy. Ionizing radiation activates the NRF2
antioxidant response that in turn restrains the ROS medi-
ated toxicity induced by RT (McDonald et al. 2010; Zhao
et al. 2016; Zhou et al. 2013). Herein, accordingly with the
literature, we show that the key role of NRF2 in sustaining
RMS radioresistance. Indeed, we found that the mRNA and
protein expression of NRF2 resulted upregulated by RT and
that NRF2 knocking-down, by transfecting cells with spe-
cific siRNAs, counteracted the ability of RMS cells to bring
back the RT-induced ROS levels and to promote the expres-
sion of the anti-oxidant genes. Furthermore, according to
what shown in non small cell lung cancer (Zhao et al. 2016),
silencing NRF2 radio sensibilized RMS cells and promoted
the accumulation of y-H2aX, marker of DNA double-strand
break (Kuo and Yang 2008), as a possible consequence of
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ROS accumulation. We do not know whether silencing
NRF?2 also affect the molecular mechanisms responsible
for DNA damaged repair and experiments in this regard are
ongoning.

Different mechanisms have been reported to be involved
in NRF2 activation in cancer cells (Taguchi et al. 2011).
Somatic mutations within the NRF2 or KEAP1 genes, epi-
genetic silencing of the KEAP1 gene, the accumulation of
KEAPI interacting proteins that block NRF2 binding to
KEAP1 and KEAP1 modifications by oncometabolites,
have been shown to lead to NRF2 accumulation (Taguchi
and Yamamoto 2017). Furthermore, NRF2 is phosphoryl-
ated by several signal transduction pathways which can alter
the interactions between Nrf2 and KEAP1 affecting NRF2
localization, protein degradation, and DNA binding (Tagu-
chi and Yamamoto 2017). Je et al. (2012) found the tissue
expressions of NRF2 in 93% of the tissue sarcomas ana-
lyzed, indicating that NRF2 signaling might be activated in
most sarcomas. However, they showed that loss of KEAP1
expression was in 24% of the sarcomas, whereas neither
NRF2 nor KEAP1 somatic gene mutation was seen in the
sarcomas and data collected suggest that the pro-oncogenic
action of NRF2 in sarcomas could be due to mechanisms
independent by the simple protein accumulation. Embryonal
and alveolar rhabdomyosarcoma onset, progression and ther-
apy resistance have been respectively shown to be sustained
by RAS/MEKSs/ERKs (Ciccarelli et al. 2016; Marampon
et al. 2011) and PI3K/AKT pathways (Jothi et al. 2012; Barr
2001), known to regulate NRF2 nuclear localization in sev-
eral cancer types (Taguchi and Yamamoto 2017). Herein we
have not investigated on the molecular mechanisms respon-
sible of the RT-induced NRF2 accumulation, however, we
strongly suppose a potential role for these pathways as well
as the effects of RT on KEAP1 expression, intracellular dis-
tribution and interaction with NRF2 will be object of future
investigations.

Characterizing the response of the tumor cells to RT is
essential to understand the mechanisms through which they
develop radioresistance, so determining the failure of the
anti-cancer treatment itself. We have previously clarified
how different signals and molecular mechanisms determine
the radioresistance of RMS (Ciccarelli et al. 2016; Giannat-
tasio et al. 2018; Gravina et al. 2016; Megiorni et al. 2017;
Marampon et al. 2011); however, many other mechanisms
remain to be understood such as the one herein investigated.
The results of this study demonstrate that RMS can over-
come RT treatment by resetting the redox status through the
activation of the NRF2-regulated pathways and therefore
NRF2 targeting could represent an efficient strategy to radio-
sensitize and kill RMS cells.

Acknowledgements We are grateful to the Umberto Veronesi Founda-
tion for awarding a post-doctoral fellowship to Francesco Marampon



Journal of Cancer Research and Clinical Oncology (2019) 145:881-893

891

for the year 2018 and “FIVA Confcommercio” for supporting part of
our work.

Author contributions FMa, SC, FMe and ADF planned experiments;
SC, GLG, CF, DM, FDF, VN and ANS performed experiments; CD,
LP, AF VT and AF analyze data; SC and PT wrote the paper.

Compliance with ethical standards

Conflict of interest The other authors declare that they have no com-
peting interests.

Ethical approval Studies on animal models were not performed. This
article does not contain any studies with human participants performed
by any of the authors.

Informed consent This article does not contain any studies with human
participants performed by any of the authors.

References

Alexandre J, Batteux F, Nicco C, Chéreau C, Laurent A, Guillevin L,
Weill B, Goldwasser F (2006) Accumulation of hydrogen peroxide
is an early and crucial step for paclitaxel-induced cancer cell death
both in vitro and in vivo. Int J Cancer 119:41-48

Arndt CA, Rose PS, Folpe AL, Laack NN (2012) Common musculo-
skeletal tumors of childhood and adolescence. Mayo Clin Proc
87:475-487

Azzam EI, Jay-Gerin JP, Pain D (2012) Ionizing radiation-induced
metabolic oxidative stress and prolonged cell injury. Cancer Lett
327:48-60

Bairati I, Meyer F, Gélinas M, Fortin A, Nabid A, Brochet F, Mercier
JP, Tétu B, Harel F, Abdous B, Vigneault E, Vass S, Del Vecchio
P, Roy J (2005) Randomized trial of antioxidant vitamins to pre-
vent acute adverse effects of radiation therapy in head and neck
cancer patients. J Clin Oncol 23:5805-5813

Baker JR, Vuppusetty C, Colley T, Papaioannou Al, Fenwick P, Don-
nelly L, Ito K, Barnes PJ (2016) Oxidative stress dependent micro-
RNA-34a activation via PI3Ka reduces the expression of sirtuin-1
and sirtuin-6 in epithelial cells. Sci Rep 6:35871

Banerjee J, Khanna S, Bhattacharya A (2017) MicroRNA regulation of
oxidative stress. Oxid Med Cell Longev 2017:2872156

Barr FG (2001) Gene fusions involving PAX and FOX family members
in alveolar rhabdomyosarcoma. Oncogene 20:5736-5746

Cheleschi S, De Palma A, Pascarelli NA, Giordano N, Galeazzi M,
Tenti S, Fioravanti A (2017) Could oxidative stress regulate the
expression of MicroRNA-146a and MicroRNA34 a in human
osteoarthritic chondrocyte cultures? Int J Mol Sci 18(12):2660.
https://doi.org/10.3390/ijms 18122660

Chen X, Stewart E, Shelat AA, Qu C, Bahrami A, Hatley M, Wu G,
Bradley C, McEvoy J, Pappo A, Spunt S, Valentine MB, Valen-
tine V, Krafcik F, Lang WH, Wierdl M, Tsurkan L, Tolleman V,
Federico SM, Morton C, Lu C, Ding L, Easton J, Rusch M, Naga-
hawatte P, Wang J, Parker M, Wei L, Hedlund E, Finkelstein D,
Edmonson M, Shurtleft S, Boggs K, Mulder H, Yergeau D, Ska-
pek S, Hawkins DS, Ramirez N, Potter PM, Sandoval JA, Davidoff
AM, Mardis ER, Wilson RK, Zhang J, Downing JR, Dyer MA, St.
Jude Children’s Research Hospital-Washington University Pedi-
atric Cancer Genome Project (2013) Targeting oxidative stress in
embryonal rhabdomyosarcoma. Cancer Cell 24:710-724

Ciccarelli C, Vulcano F, Milazzo L, Gravina GL, Marampon F, Maci-
oce G, Giampaolo A, Tombolini V, Di Paolo V, Hassan HJ,

Zani BM (2016) Key role of MEK/ERK pathway in sustain-
ing tumorigenicity and in vitro radioresistance of embryonal
rhabdomyosarcoma stem-like cell population. Mol Cancer 15:16

Ciccarelli C, Di Rocco A, Gravina GL, Mauro A, Festuccia C, Del
Fattore A, Berardinelli P, De Felice F, Musio D, Bouché M,
Tombolini V, Zani BM, Marampon F (2018) Disruption of
MEK/ERK/c-Myc signaling radiosensitizes prostate cancer cells
in vitro and in vivo. J Cancer Res Clin Oncol 144:1685-1699

Ciccarese F, Ciminale V (2017) Escaping death: mitochondrial redox
homeostasis in cancer cells. Front Oncol 7:117

Copin JC, Gasche Y, Chan PH (2000) Overexpression of copper/
zinc superoxide dismutase does not prevent neonatal lethality
in mutant mice that lack manganese superoxide dismutase. Free
Radic Biol Med 28:1571-1576

Desouky O, Ding N, Zhou G (2015) Targeted and non-targeted
effects of ionizing radiation. J Radiat Res Appl Sci 8:247-254

Drusco A, Croce CM (2017) MicroRNAs and cancer: a long story
for short RNAs. Adv Cancer Res 135:1-24

Fabrizio FP, Sparaneo A, Trombetta D, Muscarella LA (2018) Epi-
genetic versus genetic deregulation of the KEAP1/NRF?2 axis in
solid tumors: focus on methylation and noncoding RNAs. Oxid
Med Cell Longev 2018:2492063

Faggi F, Chiarelli N, Colombi M, Mitola S, Ronca R, Madaro L,
Bouche M, Poliani PL, Vezzoli M, Longhena F, Monti E, Salani
B, Maggi D, Keller C, Fanzani A (2015) Cavin-1 and Caveo-
lin-1 are both required to support cell proliferation, migration
and anchorage-independent cell growth in rhabdomyosarcoma.
Lab Investig 95:585-602

Fanzani A, Poli M (2017) Iron, oxidative damage and ferroptosis in
rhabdomyosarcoma. Int J Mol Sci 18:1718

Frezza AM, Lee ATJ, Nizri E, Sbaraglia M, Jones RL, Gronchi A,
Dei Tos AP, Casali PG (2018) 2018 ESMO sarcoma and GIST
symposium: ‘take-home messages’ in soft tissue sarcoma.
ESMO Open 3:¢000390

Giannattasio S, Megiorni F, Di Nisio V, Del Fattore A, Fontanella
R, Camero S, Antinozzi C, Festuccia C, Gravina GL, Cecconi
S, Dominici C, Di Luigi L, Ciccarelli C, De Cesaris P, Riccioli
A, Zani BM, Lenzi A, Pestell RG, Filippini A, Crescioli C,
Tombolini V, Marampon F (2018) Testosterone-mediated acti-
vation of androgenic signalling sustains in vitro the transformed
and radioresistant phenotype of rhabdomyosarcoma cell lines. J
Endocrinol Investig. https://doi.org/10.1007/s40618-018-0900-6

Gravina GL, Festuccia C, Popov VM, Di Rocco A, Colapietro A,
Sanita P, Monache SD, Musio D, De Felice F, Di Cesare E,
Tombolini V, Marampon F (2016) c-Myc sustains transformed
phenotype and promotes radioresistance of embryonal rhabdo-
myosarcoma cell lines. Radiat Res 185:411-422

Guo J, Yang C, Zhang S, Liang M, Qi J, Wang Z, Peng Y, Sun B
(2018) MiR-375 induces ROS and apoptosis in ST cells by tar-
geting the HIGD1A gene. Gene 685:136-142

Hu H, Gatti RA (2011) MicroRNAs: new players in the DNA damage
response. J Mol Cell Biol J 3:151-158

Itoh K, Wakabayashi N, Katoh Y, Ishii T, Igarashi K, Engel JD,
Yamamoto M (1999) Keapl1 represses nuclear activation of anti-
oxidant responsive elements by Nrf2 through binding to the
amino-terminal Neh2 domain. Genes Dev 13:76-86

Je EM, An CH, Yoo NJ, Lee SH (2012) Mutational and expressional
analyses of NRF2 and KEAP1 in sarcomas. Tumori 98:510-515

Jothi M, Nishijo K, Keller C, Mal AK (2012) AKT and PAX3-FKHR
cooperation enforces myogenic differentiation blockade in alve-
olar rhabdomyosarcoma cell. Cell Cycle 11:895-908

Kansanen E, Kuosmanen SM, Leinonen H, Levonen AL (2013) The
Keap1-Nrf2 pathway: mechanisms of activation and dysregula-
tion in cancer. Redox Biol 1:45-49

@ Springer


https://doi.org/10.3390/ijms18122660
https://doi.org/10.1007/s40618-018-0900-6

892

Journal of Cancer Research and Clinical Oncology (2019) 145:881-893

Kasinski AL, Slack FJ (2011) Epigenetics and genetics. MicroRNAs
en route to the clinic: progress in validating and targeting micro-
RNAs for cancer therapy. Nat Rev Cancer 11:849-864

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

LanJ, Huang Z, Han J, Shao J, Huang C (2018) Redox regulation of
microRNAs in cancer. Cancer Lett 418:250-259

Li M, Marin-Muller C, Bharadwaj U, Chow KH, Yao Q, Chen C
(2009) MicroRNAs: control and loss of control in human physi-
ology and disease. World J Surg 33:667-684

Liou GY, Storz P (2010) Reactive oxygen species in cancer. Free
Radic Res 44:479-496

Liu Y, Li Q, Zhou L, Xie N, Nice EC, Zhang H, Huang C, Lei Y
(2016) Cancer drug resistance: redox resetting renders a way.
Oncotarget 7:42740-42761

Llobet D, Eritja N, Encinas M, Sorolla A, Yeramian A, Schoenen-
berger JA, Llombart-Cussac A, Marti RM, Matias-Guiu X, Dol-
cet X (2008) Antioxidants block proteasome inhibitor function
in endometrial carcinoma cells. Anticancer Drugs 19:115-124

Lovat F, Valeri N, Croce CM (2011) MicroRNAs in the pathogenesis
of cancer. Semin Oncol 38:724-733

Magenta A, Greco S, Gaetano C, Martelli F (2013) Oxidative
stress and microRNAs in vascular diseases. Int J Mol Sci
14:17319-17346

Marampon F, Gravina GL, Di Rocco A, Bonfili P, Di Staso M,
Fardella C, Polidoro L, Ciccarelli C, Festuccia C, Popov VM,
Pestell RG, Tombolini V, Zani BM (2011) MEK/ERK inhibitor
U0126 increases the radiosensitivity of rhabdomyosarcoma cells
in vitro and in vivo by downregulating growth and DNA repair
signals. Mol Cancer Ther 10:159-168

Marampon F, Gravina G, Ju X, Vetuschi A, Sferra R, Casimiro M,
Pompili S, Festuccia C, Colapietro A, Gaudio E, Di Cesare E,
Tombolini V, Pestell RG (2016) Cyclin D1 silencing suppresses
tumorigenicity, impairs DNA double strand break repair and
thus radiosensitizes androgen-independent prostate cancer cells
to DNA damage. Oncotarget 7:5383-5400

Marampon F, Leoni F, Mancini A, Pietrantoni I, Codenotti S, Leti-
zia F, Megiorni F, Porro G, Galbiati E, Pozzi P, Mascagni P,
Budillon A, Maggio R, Tombolini V, Fanzani A, Gravina GL,
Festuccia C (2018) Histone deacetylase inhibitor ITF2357 (givi-
nostat) reverts transformed phenotype and counteracts stemness
in in vitro and in vivo models of human glioblastoma. J Cancer
Res Clin Oncol. https://doi.org/10.1007/s00432-018-2800-8

Mates JM, Sanchez-Jimenez FM (2000) Role of reactive oxygen spe-
cies in apoptosis: implications for cancer therapy. Int J Biochem
Cell Biol 32:157-170

McDonald JT, Kim K, Norris AJ, Vlashi E, Phillips TM, Lagadec
C, Della Donna L, Ratikan J, Szelag H, Hlatky L, McBride
WH (2010) Ionizing radiation activates the Nrf2 antioxidant
response. Cancer Res 70:8886-8895

Megiorni F, Gravina GL, Camero S, Ceccarelli S, Del Fattore A,
Desiderio V, Papaccio F, McDowell HP, Shukla R, Pizzuti A,
Beirinckx F, Pujuguet P, Saniere L, der Aar EV, Maggio R, De
Felice F, Marchese C, Dominici C, Tombolini V, Festuccia C,
Marampon F (2017) Pharmacological targeting of the ephrin
receptor kinase signalling by GLPG1790 in vitro and in vivo
reverts oncophenotype, induces myogenic differentiation and
radiosensitizes embryonal rhabdomyosarcoma cells. ] Hematol
Oncol 10:161

Menegon S, Columbano A, Giordano S (2016) The dual roles of NRF2
in cancer. Trends Mol Med 22:578-593

Meza JL, Anderson J, Pappo AS, Meyer WH (2006) Children’s Oncol-
ogy Group. Analysis of prognostic factors in patients with non-
metastatic rhabdomyosarcoma treated on intergroup rhabdomyo-
sarcoma studies III and IV: the Children’s Oncology Group. J Clin
Oncol 24:3844-3851

@ Springer

Moldogazieva NT, Lutsenko SV, Terentiev AA (2018) Reactive
oxygen and nitrogen species-induced protein modifications:
implication in carcinogenesis and anticancer therapy. Cancer
Res 78:6040-6047

Newton WA Jr, Soule EH, Hamoudi AB, Reiman HM, Shimada H,
Beltangady M, Maurer H (1988) Histopathology of childhood
sarcomas, intergroup rhabdomyosarcoma studies I and II: clin-
icopathologic correlation. J Clin Oncol 6:67-75

Oberley TD, Oberley LW (1997) Antioxidant enzyme levels in cancer.
Histol Histopathol 12:525-535

Pelosi L, Forcina L, Nicoletti C, Scicchitano BM, Musaro A (2017)
Increased circulating levels of interleukin-6 induce perturbation in
redox-regulated signaling cascades in muscle of dystrophic mice.
Oxid Med Cell Longev 2017:1987218

Romania P, Bertaina A, Bracaglia G, Locatelli F, Fruci D, Rota R
(2012) Epigenetic deregulation of microRNAs in rhabdomyosar-
coma and neuroblastoma and translational perspectives. Int J Mol
Sci 13(12):16554-16579

Scicchitano BM, Sorrentino S, Proietti G, Lama G, Dobrowolny G,
Catizone A, Binda E, Larocca LM, Sica G (2018) Levetiracetam
enhances the temozolomide effect on glioblastoma stem cell pro-
liferation and apoptosis. Cancer Cell Int 18:136

Smith MA, Altekruse SF, Adamson PC, Reaman GH, Seibel NL (2014)
Declining childhood and adolescent cancer mortality. Cancer
120:2497-2506

Smolle MA, Leithner A, Posch F, Szkandera J, Liegl-Atzwanger B,
Pichler M (2017) MicroRNAs in different histologies of soft tissue
sarcoma: a comprehensive review. Int J Mol Sci 18(9):1960. https
://doi.org/10.3390/ijms 18091960

Sosa V, Moliné T, Somoza R, Paciucci R, Kondoh H, LLeonart ME
(2013) Oxidative stress and cancer: an overview. Ageing Res Rev
12:376-390

Spencer RM, Aguiar Junior S, Ferreira FO, Stevanato Filho PR, Kup-
per BE, Silva ML, Mello CA, Bezerra TS, Lopes A (2017) Neo-
adjuvant hypofractionated radiotherapy and chemotherapy in
high-grade extremity soft tissue sarcomas: phase 2 clinical trial
protocol. JMIR Res Protoc 6:¢97

Storz P (2005) Reactive oxygen species in tumor progression. Front
Biosci 10:1881-1896

Szatrowski TP, Nathan CF (1991) Production of large amounts of
hydrogen peroxide by human tumor cells. Cancer Res 51:794-798

Taguchi K, Yamamoto M (2017) The KEAP1-NRF2 system in cancer.
Front Oncol 7:85

Taguchi K, Motohashi H, Yamamoto M (2011) Molecular mechanisms
of the Keap1-Nrf2 pathway in stress response and cancer evolu-
tion. Genes Cells 16:123-140

Tang Q, Len Q, Liu Z, Wang W (2018) Overexpression of miR-22
attenuates oxidative stress injury in diabetic cardiomyopathy via
Sirt 1. Cardiovasc Ther. https://doi.org/10.1111/1755-5922.12318

Trachootham D, Alexandre J, Huang P (2009) Targeting cancer cells
by ROS-mediated mechanisms: a radical therapeutic approach?
Nat Rev Drug Discov 8:579-591

van Kouwenhove M. Kedde M, Agami R (2011) MicroRNA regulation
by RNA-binding proteins and its implications for cancer. Nat Rev
Cancer 11:644-656

von Mehren M, Randall RL, Benjamin RS, Boles S, Bui MM, Ganjoo
KN, George S, Gonzalez RJ, Heslin MJ, Kane JM 3rd, Keedy V,
Kim E, Koon H, Mayerson J, McCarter M, McGarry SV, Meyer
C, Morris ZS, O’Donnell RJ, Pappo AS, Paz IB, Petersen IA,
Pfeifer JD, Riedel RF, Ruo B, Schuetze S, Tap WD, Wayne JD,
Bergman MA, Scavone JL (2018) Soft tissue sarcoma, version
2.2018, NCCN clinical practice guidelines in oncology. J Natl
Compr Cancer Netw 16:536-563

Wan RJ, Li YH (2018) MicroRNA-146a/NAPDH oxidase4 decreases
reactive oxygen species generation and inflammation in a diabetic
nephropathy model. Mol Med Rep 17:4759-4766


https://doi.org/10.1007/s00432-018-2800-8
https://doi.org/10.3390/ijms18091960
https://doi.org/10.3390/ijms18091960
https://doi.org/10.1111/1755-5922.12318

Journal of Cancer Research and Clinical Oncology (2019) 145:881-893

893

Williams JR, Zhang Y, Zhou H, Gridley DS, Koch CJ, Slater JM,
Little JB (2008) Overview of radiosensitivity of human tumor
cells to low-dose-rate irradiation. Int J Radiat Oncol Biol Phys
72:909-917

Wolden SL, Alektiar KM (2010) Sarcomas across the age spectrum.
Semin Radiat Oncol 20:45-51

Yang HH, Chen Y, Gao CY, Cui ZT, Yao JM (2017) Protective effects
of MicroRNA-126 on human cardiac microvascular endothelial
cells against hypoxia/reoxygenation-induced injury and inflamma-
tory response by activating PI3K/Akt/eNOS signaling pathway.
Cell Physiol Biochem 42:506-518

Zhang B, Pan X, Cobb GP, Anderson TA (2007) microRNAs as onco-
genes and tumor suppressors. Dev Biol 302:1-12

Affiliations

Francesco Marampon'

Zhao Q, Mao A, Yan J, Sun C, Di C, Zhou X, Li H, Guo R, Zhang
H (2016) Downregulation of Nrf2 promotes radiation-induced
apoptosis through Nrf2 mediated Notch signaling in non-small
cell lung cancer cells. Int J Oncol 48:765-773

Zhou S, Ye W, Shao Q, Zhang M, Liang J (2013) Nrf2 is a potential
therapeutic target in radioresistance in human cancer. Crit Rev
Oncol Hematol 88:706-715

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

- Silvia Codenotti? - Francesca Megiorni® - Andrea Del Fattore* - Simona Camero® -

Giovanni Luca Gravina’ - Claudio Festuccia® - Daniela Musio' - Francesca De Felice - Valerio Nardone® -
Anna Natalizia Santoro’ - Carlo Dominici' - Alessandro Fanzani? - Luigi Pirtoli”#°1%1112. Antonella Fioravanti'3 -

Vincenzo Tombolini' - Sara Cheleschi'? - Paolo Tini

Department of Radiotherapy, Policlinico Umberto I,
“Sapienza” University of Rome, Rome, Italy

Division of Biotechnology, Department of Molecular
and Translational Medicine, University of Brescia, Brescia,
Italy

Department of Pediatrics, “Sapienza” University of Rome,
Rome, Italy

Multi-Factorial Disease and Complex Phenotype Research
Area, Bambino Gesu Children’s Hospital, IRCCS, Viale di
San Paolo 15, 00146 Rome, Italy

Department of Biotechnological and Applied Clinical
Sciences, University of L’Aquila, Via Vetoio, Coppito 2,
67100 L’Aquila, Italy

Unit of Radiation Therapy, Ospedale del Mare, Naples, Italy

Azienda Ospedaliera Universitaria Senese, Siena, Italy

:8,9,11,13

Unit of Radiation Oncology, Azienda Ospedaliera
Universitaria Senese, Siena, Italy

Istituto Toscano Tumori, Florence, Italy

Department of Medicine, Surgery and Neurosciences,
University of Siena, Siena, Italy

Department of Biology, College of Science and Technology,
Temple University, Philadelphia, PA, USA

Department of Medicine, Surgery and Neuroscience,
Rheumatology Unit, University of Siena, Policlinico Le
Scotte, Siena, Italy

Sbarro Health Research Organization, Temple University,
Philadelphia, PA, USA

@ Springer


http://orcid.org/0000-0002-0588-3039

	NRF2 orchestrates the redox regulation induced by radiation therapy, sustaining embryonal and alveolar rhabdomyosarcoma cells radioresistance
	Abstract
	Purpose 
	Methods 
	Results 
	Conclusions 

	Introduction
	Methods and materials
	Cell cultures, radiation exposure and clonogenic survival assay
	Mitochondrial superoxide anion (·O2−) production
	RNA isolation and qPCR
	Protein extraction and western blotting
	siRNA transfection
	Statistical analysis

	Results
	RMS cells quickly and efficiently brought back to lower than basal levels the reactive oxygen species (ROS) release induced by increasing dose of radiation
	RT induces the expression of anti-oxidant-related enzymes and miRNAs
	Antioxidant response activated by RT in RMS cell lines is orchestrated by the expression of NRF2 whose silencing radiosensitizes RMS cells by increasing irradiation-induced DNA damage

	Discussion
	Acknowledgements 
	References


