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Fusion-positive rhabdomyosarcoma (FP-RMS) is a highly aggressive childhood
malignancy which is mainly treated by conventional chemotherapy, surgery and
radiation therapy. Since radiotherapy is associated with a high burden of late side
effects in pediatric patients, addition of radiosensitizers would be beneficial. Here, we
thought to assess the role of fenretinide, a potential agent for FP-RMS treatment, as
radiosensitizer. Survival of human FP-RMS cells was assessed after combination therapy
with fenretinide and ionizing radiation (IR) by cell viability and clonogenicity assays. Indeed,
this was found to significantly reduce cell viability compared to single treatments.
Mechanistically, this was accompanied by enhanced production of reactive oxygen
species, initiation of cell cycle arrest and induction of apoptosis. Interestingly, the
combination treatment also tr iggered a new form of dynamin-dependent
macropinocytosis, which was previously described in fenretinide-only treated cells. Our
data suggest that fenretinide acts in combination with IR to induce cell death in FP-RMS
cells and therefore might represent a novel radiosensitizer for the treatment of this disease.

Keywords: rhabdomyosarcoma, childhood cancer, fenretinide, radiation therapy, radiosensitizer, reactive
oxygen species
INTRODUCTION

Radiation therapy (RT) applying ionizing radiation (IR) is, along with chemotherapy and surgery,
part of the standard therapeutic regimen for many malignancies. In the pediatric patient population
this treatment is used e.g. in neuroblastoma, medulloblastoma, Ewing and soft tissue sarcomas (1).
Rhabdomyosarcoma (RMS) is the most common soft tissue malignancy in children and young
adolescents. Especially the fusion-positive rhabdomyosarcoma subgroup (FP-RMS) is associated
with a poor outcome due to its aggressiveness and a high risk of relapse (2–5).

The effectiveness of IR is well studied and has direct and indirect effects on cancer cells. As direct
action, IR damages DNA, proteins and lipids, which eventually results in genotoxic stress, cell cycle
arrest and cell death (6). Indirect effects occur through radiolysis of water and the production of
reactive oxygen species (ROS). The unpaired electrons in ROS are highly reactive and can induce
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DNA single- and double-strand breaks (7–10). Further, they act
as signaling molecules driving cells towards cell death.

On the other hand, IR is also associated with considerable off-
target effects and induces damage to non-diseased tissues and
organs depending on the absorbed dose. This may cause relevant
side effects especially in pediatric patients, which become
apparent only later in life, such as growth retardation, reduced
neurocognitive development, infertility, and most importantly
the risk to develop secondary malignancies (11, 12). One current
goal in radiobiology is therefore to minimize these side effects,
while at the same time maximizing radiation benefits against
tumor cells. Image-guided and intensity-modulated RT for
example has led to significant improvements in the field (13, 14).

Another well-recognized option to achieve this goal is the
simultaneous administration of radio sensitizers (15). Drugs are
defined as radio sensitizing agents when they render cancer cells
more vulnerable to radiation therapy. They have been
categorized based on their structures into three different
categories including small molecules, nanostructures, and
macromolecules (16).

Previously, we identified the small molecule fenretinide
(retinoic acid p-hydroxyanilide) as a potential additional
treatment option for RMS, as it was found to have strong
cytotoxic effects on FP-RMS cells (17). Fenretinide is a
compound that is well established in the treatment for multiple
malignancies during adulthood and that is already in clinical use
in children (Clinicaltrials.gov ID NCT02163356) (18, 19).
Importantly, its side-effect profile is very favorable with no
limiting toxicities (20).

Multiple studies suggest that fenretinide induced cell death
occurs mainly through apoptosis in most cell lines studied, either
through the production of reactive oxygen species (ROS) or the
involvement of lipid second messengers (21–25). In contrast,
experiments in RMS showed that the underlying mechanism of
cell death also depends on enhanced production of ROS and is
accompanied by increased accumulation of cytoplasmic vesicles
originating frommacropinocytosis pathways (26), characteristics
of a recently described new form of cell death (27, 28).

While fenretinide has not been investigated together with RT
for the treatment of RMS, this combination is currently under
investigation for the treatment of diffuse intrinsic pontine glioma
(DIPG), with promising results in mice (29).

In the current study, we therefore elucidate the potential of
fenretinide as radio sensitizer in RMS and describe the
underlying mechanisms of cell death occurring during
combination treatment in more detail. Overall, the study
highlights the combination of fenretinide and IR as potential
novel treatment option for FP-RMS.
MATERIAL AND METHODS

Gamma Irradiation
Irradiation was performed using an Xstrahl 200 kV X-Ray unit
(Ratingen, Germany) at 100 cGy/min. Depending on the question,
different intensities of radiation were applied to the cells.
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Cell Culture
The fusion-positive rhabdomyosarcoma cell line Rh4 (provided
by Peter Houghton, Greehey Children’s Cancer Research
Institute, San Antonio, Texas, USA) was maintained in high
glucose Dulbecco’s Modified Eagle Medium (DMEM, Sigma-
Aldrich, Buchs, Switzerland), supplemented with 100 U/ml
penicillin/streptomycin (Invitrogen, ThermoFisher, Waltham,
Massachusetts, USA), 2 mM L-glutamine (BioConcept,
Allschwil, Switzerland) or Glutamax (Gibco, ThermoFisher,
Waltham, Massachusetts, USA), and 10% fetal bovine serum
(FBS, Sigma-Aldrich, Buchs, Switzerland), in 5% CO2 at 37°C.
FP-RMS cell lines were regularly tested for mycoplasma
infection, authenticated by short tandem repeat analysis (STR
profiling) in 2011/2014 and positively matched with reference
data (30).

Cell Viability Assay
8,000 Rh4 cells were seeded in 96 well format (TC-Plate,
Standard F, Sarstedt, Nümbrecht, Germany) in 100 µl medium.
The studied compounds (see Supplementary Table 7) were
added for 72 h. For measurement of cell viability, 10 µl WST-1
reagent (Sigma-Aldrich, Buchs, Switzerland) was added. After
30 min incubation at 37°C in the dark, absorbance at 440 and 640
nm were measured with a Synergy™ HT multi-detection
microplate reader (BioTek, Winooski, Vermont, USA). The
difference of the two values was calculated (delta optical
density; DOD) and values from pure medium were subtracted
as background.

Clonogenic Assays
Clonogenic cell survival was determined by the ability of single
cells to form colonies in vitro (31). 50,000 cells were seeded per
10 cm dish (TC-Dish, 100, Standard, Sarstedt, Nümbrecht,
Germany). The following day, cells were treated with the
desired concentration of fenretinide and irradiated with the
desired intensity. After 12 days of culturing in 5% CO2 at 37°C
the medium was removed and the cells fixed with glutaraldehyde
(6.0%) and stained with crystal violet (CV) (0.5%). For data
processing, the images were exported as TIFF files and the mean
integrated density was quantified with the image processing
program Fiji (53).

Flow Cytometry
For all flow cytometry experiments, 150,000 Rh4 cells were
seeded per well in Corning Costar 6-well plates (Sigma-
Aldrich, Buchs, Switzerland). After treatments, cells were
detached from the plates using trypsin, washed once with PBS
and re-suspended in 0.5 ml indicated buffer. Data was acquired
with the LSRII Fortessa flow cytometer (BD Biosciences, San
Jose, California, USA) or the BD FACS Canto system (BD
Biosciences, San Jose, California, USA).

Acquired data was analyzed with FlowJo software, version
9.9.6 (Tree Star Inc., Ashland, Orlando, USA). All used
fluorescent stains are listed in Supplementary Table 8 in
Supplementary Material and Methods.
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Pan ROS Measurement
Cells were seeded and treated with the desired compounds
according to Supplementary Table 7 (in the Supplementary
Material and Methods). About 4 µM CellRox Deep red
(ThermoFisher, Waltham, Massachusetts, USA) solution was
simultaneously added to the medium. One hour after drug
treatment, cells were irradiated with the desired intensity. After
18 h, cells were detached, washed in PBS and re-suspended in
FluoroBrite live cell fluorescence imaging medium DMEM
(ThermoFisher, Waltham, Massachusetts, USA). CellRox signal
was measured by flow cytometry (50,000 events per sample) with
excitation laser 640 nm and emission filter 670/14.

Mitochondrial ROS Measurement
Cells were seeded and treated with the desired compounds
according to Supplementary Table 7 in Supplementary
Material and Methods.

One hour after drug treatment, cells were irradiated with the
desired intensity. After 18 h, cells were detached, washed in PBS
and re-suspended in MitoSox (ThermoFisher, Waltham,
Massachusetts, USA) solution (10µM MitoSox in PBS) for
30 min at 37°C in the dark. MitoSox signal was measured by
flow cytometry (50,000 events per sample) with excitation laser
561 nm, and emission filter 570 LP, 525/50.

Cell Cycle Analysis
Cells were seeded and treated with the indicated concentration of
fenretinide. One hour after drug treatment, cells were irradiated
with the desired intensity. After 24 and 48 h, cells were collected,
washed with PBS and fixed with ice-cold 70% ethanol for 4 h at
−20°C. Then cells were washed three times with PBS and
incubated for 30 min with 20 mg/ml propidium iodide (PI)
(Sigma-Aldrich, Buchs, Switzerland) and 200 mg/ml RNAse A
(Qiagen, Hilden, Germany) in 0.1% Triton-X in PBS (Sigma-
Aldrich, Buchs, Switzerland). PI signals were quantified by flow
cytometry (50,000 events per sample) with excitation laser 488
nm, and emission filter 585/42.

Acridine Orange (AO) Staining
Acridine orange (Sigma-Aldrich, Buchs, Switzerland) (AO) was
used to measure fluid-phase endocytic uptake induced by
fenretinide treatment and IR after 48 h.

Cells were seeded and treated with the indicated compounds
according to Supplementary Table 7 in Supplementary
Material and Methods. One hour after drug treatment, cells
were irradiated with the desired intensity. After 48 h, AO (2.7
mM) in FluoroBrite DMEM live cell fluorescence imaging
medium (ThermoFisher, Waltham, Massachusetts, USA) was
added to the cells 4 h prior to their preparation for flow
cytometry. Cells were then collected, washed in PBS and re-
suspended in PBS. AO signal (50,000 events per sample) were
acquired with excitation laser 488 nm and 561, emission filter
505 LP, 530/30 and 635LP, 670/30.

Epifluorescence Microscopy
All images were taken with the Zeiss Axio Observer microscope
(Zeiss, Oberkochen, Germany) equipped with a Hamamatsu
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Orca Flash 4.0 V2, sCMOS cooled fluorescence camera
(Hamamatsu, Hamamatsu City, Japan) and an objective with
20× magnification. All fluorescent stains used can be found in
Supplementary Table 2 in Supplementary Material
and Methods.

For data processing, images were exported as TIFF files and the
mean integrated density was quantified with the image processing
software Fiji (32). The integrated density value of an image was
divided by the number of cells (counted on the phase image). Per
treatment, a minimum of four pictures was taken.

Lucifer Yellow Fluorescence Microscopy
Some 50,000 cells per chamber were seeded in Falcon™

chambered cell culture slides (four wells, Corning) (Thermo
Scientific, ThermoFisher, Waltham, Massachusetts, USA) and
treated with 3 µM fenretinide. One hour after drug treatment,
cells were irradiated with the desired intensity. After 48 h, cells
were stained with Lucifer Yellow (820 µM) in FluoroBrite
DMEM for 4 h at 37°C, 5% CO2. Afterwards, cells were
washed with PBS and fixed with 4% PFA for 15 min at room
temperature. After three PBS washes, the chamber was removed
and the cells were mounted in Vectashield mounting medium
with 4′,6-Diamidin-2-phenylindol (Vector Laboratories,
Burlingame, California, USA).

Western Blot
Whole cell extracts were prepared from cells lysed with RIPA
buffer (50 mM Tris–Cl (pH 7.5), 150 mM NaCl, 1% NP-40, 0.5%
Na-deoxycholate, 1 mM EGTA, 0.1% SDS, 50 mM NaF, 10 mM
sodium b-glycerolphosphate, 5 mM sodium pyrophosphate, 1
mM sodium orthovanadate and supplemented with Complete
Mini Protease Inhibitor cocktail (all from Sigma Aldrich, Buchs,
Switzerland). Proteins were separated using NuPAGE™

Novex™ 4-12% Bis-Tris gels (ThermoFisher, Waltham,
Massachusetts, USA) and transferred to nitrocellulose
membranes (GE Healthcare Life Sciences). Membranes were
blocked with 5% milk in TBS/0.05% Tween and subsequently
incubated with primary antibodies overnight at 4°C. After three
times washing in TBS-0.05% tween, membranes were incubated
with horseradish peroxidase (HRP)-linked secondary antibodies
for 1 h at RT.

Following antibodies were used: Rabbit anti-phospho-
Histone H2A.X (Ser139) (Cat# 9718), rabbit anti-cleaved-
Caspase 7 (Cat# 9491), rabbit anti-cleaved PARP (Cat# 5625),
rabbit anti-GAPDH (Cat# 2118) all from Cell Signaling (Cell
Signaling Technology, Danvers, Massachusetts, USA).
Horseradish peroxidase-conjugated goat anti-rabbit antibody
from Cell Signaling (Cat# 7077) were used as secondary
antibodies. After three additional washing steps with TBS/
0.05% Tween, proteins were detected by chemiluminescence
using either the Pierce™ ECL Western blotting substrate
(ThermoFisher, Waltham, Massachusetts, USA) or supersignal
Western blotting reagent (ThermoFisher, Waltham,
Massachusetts, USA) and a ChemiDoc MP (BioRad
Laboratories AG, Cressier, Switzerland) imager. The images
were analyzed with the software Image Lab Version 6.0.
(BioRad Laboratories AG, Cressier, Switzerland).
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Statistics
The software GraphPad Prism (La Jolla, California, USA) was
used for all statistical analyses. Comparisons of differences
between two groups were analyzed by parametric paired t-test.
The data were considered significant when p ≤0.05. Radiation/
drug synergy was calculated using the Bliss independence model
in the free Synergy Finder WebApp (33).
RESULTS

We previously demonstrated that fenretinide efficiently induces a
novel dynamin-dependent cell death in FP-RMS cells (26). As
RT is part of the FP-RMS standard treatment regimens, we
questioned whether fenretinide would enhance the anti-tumor
effect of RT on FP-RMS cells. In a first step, we therefore co-
treated Rh4 cells with two single doses of radiation (5 and 10 Gy)
and two low concentrations of fenretinide (IC10 and IC20, equals
to 1.9 and 2.6 µM) and assessed cell viability after 72 h by WST-1
assay. Indeed, for all combination treatments, cell viability
decreased, however only significantly for the lower
concentration (Figure 1A, left panel, Supplementary Table 1).
We found a dose dependent synergistic effect of fenretinide with
IR, with calculated Bliss Scores of 30.275 according to the Bliss
independence model [SynergyFinder WebApp (33)], indicating a
very high synergistic effect (Figure 1A, right panel). Next, we
assessed the combinatorial effect on clonogenic cell survival. In
this setting, we observed a strong combinatorial effect already at
lower concentrations of fenretinide (0.5 µM) together with low
radiation doses of 2 Gy (Figure 1B, right and left panels).

Next, we investigated the mechanism of cell death that was
induced by the combination treatment. Western blot analysis of
cleaved Caspase 7 and cleaved PARP revealed induction of
apoptosis in single treated cells, which was enhanced by the
combination treatment. The addition of Z-vad, a pan-caspase
inhibitor abolished both caspase 7 and PARP cleavage (Figure
1C). Next, we were interested to see whether the combination
would induce enhanced phosphorylation of histone H2AX
(gH2AX), a well-established marker for DNA double-strand
breaks (34). Western blot analysis and the corresponding band
intensity index showed enhanced phosphorylation of gH2AX in
the combination treated cells, most prominently after 30 min and
rapidly decreasing over the next 4 h (Figures 1D, left and right
panel). Based on these findings, we further investigated the effect
of fenretinide and IR on cell cycle distribution. Fenretinide alone
did not change the cell cycle distribution after 24 h. In contrast,
single treatment of IR induced a dose-dependent G2/M arrest
(Figure 1E, left panel) which was further increased in the
combination. After 48 h, the G2/M arrest was less prominent,
but a Sub-G1 peak became evident indicating induction of cell
death after this treatment period (Figure 1E, right panel). These
data suggest that fenretinide combined with IR enhances a G2/M
cell cycle arrest.

Next, we wanted to see whether the combination treatment
affected generation of reactive oxygen species (ROS). Indeed,
increasing concentrations of fenretinide and to a lower extent
Frontiers in Oncology | www.frontiersin.org 4
also increasing doses of IR enhanced ROS production (pan-ROS)
compared to control cells. This was significantly more
pronounced in the combination treatment (Figure 2A and
Supplementary Table 2). To confirm specificity, we co-treated
cells with the hydrogen-peroxide scavenger N-acetylcysteine
(NAC) and observed a significant reduction of ROS
production (Figure 2A and Supplementary Table 2). Since we
previously found mitochondria derived ROS to be the main
source of ROS under fenretinide treatment, we also analyzed cells
with a mitochondria specific ROS staining (MitoSox). We
observed a s ignificant dose-dependent increase of
mitochondrial ROS upon fenretinide treatment alone, as well
as a further increase under combination treatment. Interestingly,
radiation alone did not enhance mitochondrial ROS production
(Figure 2B and Supplementary Table 3).

To further characterize and validate the impact of ROS
species on cell death, we treated the cells additionally with
Vitamin C as a well-recognized pan-ROS scavenger and
MitoTempo, a mitochondrial-specific ROS scavenger. We
observed an almost complete rescue from cell death by both
Vitamin C and MitoTempo (Figure 2C and Supplementary
Table 4).

Taken together, both fenretinide and IR induce the
production of ROS whereas mitochondrial derived superoxides
are mainly generated by fenretinide.

Previously, we could demonstrate that fenretinide induced
the formation of large phase lucent cytoplasmic vesicles, which
derive from increased macropinocytosis, an effect that could be
efficiently blocked by the dynamin-inhibitor dynasore.
Therefore, our next aim was to clarify whether fenretinide
would also enhance accumulation of cytoplasmic vesicles when
combined with IR. Hence, we co-treated cells with either
dynasore, Vitamin C or Z-vad and measured acridine orange
(AO) staining to assess endocytosis (Figures 3A–C and
Supplementary Figures 1A–C). These experiments revealed a
significant increase in dye uptake in the fenretinide-only treated
cells, which was further enhanced by IR treatment. Interestingly,
IR treatment alone only minimally affected the uptake of AO. In
addition, co-treatment of the cells with Vitamin C and dynasore
decreased the dye uptake in treated cells (Figures 3A, B and
Supplementary Figures 1 A, B and Supplementary Tables 5, 6).
No change was observed in the IR-only treated cells (Figures 3A,
B, Supplementary Figures 1 A, B and Supplementary Tables 5,
6). As expected, the addition of Z-vad did not change the levels of
endocytosis as measured by AO uptake (Figure 3C ,
Supplementary Figure 1A and Supplementary Tables 5, 6).

Finally, to validate these findings we used the fluid phase dye
Lucifer Yellow and performed fluorescence microscopy. We
confirmed a non-significant increase of dye uptake when cells
were treated with IR alone, whereas a significant increase was
observed in the combination treatments (Figure 3D). These
findings suggest that the combination of IR with fenretinide
significantly enhanced the uptake of fluid phase dyes whereas IR
alone does not. Further, enhanced endocytosis might depend on
mitochondrial ROS production and involve dynamin GTPases as
most likely triggering factors.
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A

B

D

E
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FIGURE 1 | Combinatorial treatment of aRMS cells with fenretinide and ionizing radiation leads to enhanced cell death. (A) Cell viability of Rh4 cells treated with
fenretinide in combination with ionizing radiation at the indicated concentrations and dosages as determined by WST assay (left panel). Synergy was calculated
according to the Bliss independence model using the SynergyFinder WebApp (33) (right panel). ns: p > 0.05, *p</=0.05, **p</=0.01. (B) Clonogenicity assay with
Rh4 cells treated with fenretinide and ionizing radiation at the indicated concentrations and dosages. Cells were grown for 12 days after treatment (left panel). Right
panel shows the mean density index of the crystal violet (CV) stainings (n = 3). ns: p > 0.05, *p</=0.05, ***p</=0.001. (C) Western Blot using whole cell lysates from
Rh4 cells treated with 0.5 mM fenretinide and 2 Gy IR. Cleaved PARP, Caspase 7 and GAPDH were detected. (D) Western Blot using whole cell lysates from Rh4
cells treated with 0.5 mM fenretinide and either 2 or 5 Gy IR. Phosph-H2AX and GAPDH were detected (left panel). Quantification of individual band intensities
assessed by BioRad Software: Depicted are the normalized ratios of gH2AX and GAPDH (right panel). (E) Cell cycle analysis determined by flow cytometry of Rh4
cells after 24 and 48 h treatment with fenretinide and IR at the indicated concentrations and dosages. Staining with propidium iodide (20 mg/ml).
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DISCUSSION

The aim of this study was to evaluate the potential of fenretinide
as radio sensitizer for co-treatment of FP-RMS cells together
with IR. In radiation therapy, timing, duration, and dose are
crucial factors for effectiveness and prevention of long-term side
effects. Therefore, identification of combinations of agents and
treatment modalities that act synergistically is highly
appreciated. Radiosensitizing agents are capable to broaden the
therapeutic window and selectively augment radiation effects in
tumor cells while simultaneously sparing the surrounding tissue.
Fenretinide combined with IR was studied in the context of
diffuse intrinsic pontine glioma (DIPG) and showed promising
Frontiers in Oncology | www.frontiersin.org 6
results in mouse experiments (29). However, up-to-now no other
studies exploring this combinatorial effect in additional tumors
have been performed.

We already showed that fenretinide has a strong anti-tumour
effect in FP-RMS cells through the production of mainly
mitochondria derived ROS, which induced a new form of a
dynamin-dependent cell death accompanied by accumulation of
cytoplasmic vesicles (26). Here, first experiments demonstrated a
dose-dependent combinatorial anti-tumor effect of fenretinide
together with IR. This enabled us to reduce both treatment
dosages with a persisting effect already at 2Gy, which also
impaired clonogenic growth.

As underlying cell death mechanism apoptosis was identified
in part. However, treatment also led to induction of ROS and
subsequent DNA damage. RT is known to induce G2 cell cycle
arrest following DNA damage (35), which was confirmed by our
findings. It is also known that fenretinide can induce cell cycle
arrest (36). Our results showed that impaired cell cycle
progression through G2/M is most pronounced upon
combination treatment. This is an important finding as one of
the hallmarks of cancer is sustained proliferative signaling, even
after DNA damage (37), and therefore restoration of a normal
physiological response such as induction of cell death
is desirable.

Our experiments using a pan-ROS detecting agent further
revealed a significant increase of ROS production in irradiated
cells. In our previous experiments, we were able to show that
fenretinide alone induces mitochondrial derived ROS (26). Here,
irradiation mainly induced the production of hydrogen peroxide,
which we were able to scavenge with NAC. Hence triggering
different ROS species in our combination treatment might be
important in the context of resistance development, as cancer
cells are known to upregulate antioxidant pathways (38).

To identify the cell death mechanism in more detail, we
evaluated whether IR would also trigger dynamin-dependent
macropinocytosis as this was found previously to be a relevant
mode of action of fenretinide in FP-RMS cells. As shown above,
we were able to identify increased macropinocytosis in the co-
treated cells. In cells irradiated only, this increase was minimal
when assessed by flow cytometry but slightly more prominent
when assessed by light microscopy. The discrepancy between
flow cytometry and light microscopy might actually be an
analysis bias and explained by the fact that ionizing irradiation
induces cell cycle arrest and senescence (as observed by
microscopy imaging) and subsequently morphological changes
of cells. As they become bigger, they might be capable to take up
more dye and the analysis will show an increased integrated
mean density index per cell. Due to the gating strategy applied in
flow cytometry, the cell size is not relevant. However, in contrast
to cells treated with fenretinide alone, in cells treated only by IR
dye uptake could neither be inhibited with a dynamin inhibitor
nor with a ROS-scavenger. Based on these findings it is unlikely
that IR induced cell death is the result of increased
macropinocytosis. However, this cell death mode can be
triggered and enhanced upon co-treatment with fenretinide,
most likely through the induction of a distinct population of ROS.
A

B

C

FIGURE 2 | The combination of fenretinide and ionizing radiation enhances
the production of reactive oxygen species. (A, B) Mean fluorescence index
analysis of flow cytometry data of Rh4 cells treated with fenretinide (0.5/1.4
µM) and IR (2/5 Gy), in presence or absence of 15 mM N-acetylcysteine
(NAC). Cells were stained with CellRox (4 µM) (A) and MitoSox (10 µM) (B).
*p</=0.05, **p</=0.01. (C) Cell viability of Rh4 cells treated with fenretinide
(1.4 µM) and IR (2 Gy) in presence or absence of the mitochondria specific
ROS scavenger MitoTempo (300 µM) or Vitamin C (50 µM) as determined by
WST assay. *p</=0.05.
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A
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D

C

FIGURE 3 | The combinatorial treatment of fenretinide and radiation therapy leads to an enhanced uptake of phase lucent dyes. (A–C) Mean fluorescence index
analysis of flow cytometry data of fenretinide (1.4/3 µM) and IR (2 Gy/5 Gy) treated Rh4 cells, co-treated with either dynasore (30 µM) (A), Vitamin C (50 µM) (B) or
Z-vad (100 µM) (C) and stained with acridine orange (2.7 µM) using two different bandpass filters, here 530/30 (Bandpass filter 670/30 Supplementary Figures
1A–C) *p</=0.05, **p</=0.01. (D) Fluorescence microscopy images of Rh4 cells left untreated or treated with fenretinide (1.4 µM), IR (5 Gy) or the combination
thereof and stained with Lucifer Yellow (820 µM). Quantification of the relative mean density index was performed with Fiji software: Total integrated density value of
an image was divided by the number of cells. ns: p>0.05, **p</=0.01. Supplementary Figure 1: The combinatorial treatment of fenretinide and IR therapy leads to
an enhanced uptake of phase lucent dyes. (A–C) Mean fluorescence index analysis of flow cytometry data of fenretinide (1.4/3 µM) and IR (2Gy/5Gy) treated Rh4
cells in presence or absence of dynasore (30 µM) (A), Vitamin C (50 µM) (B) or Z-vad (100 µM) (C) and stained with acridine orange (2.7 µM) using two different
bandpass filters, here 670/30 (Bandpass filter 530/30 A–C). **p</=0.01.
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Taken together our findings support the hypothesis that
fenretinide acts as a promising radiation sensitizer in co-
treatment of FP-RMS cells. Different modes of cell death
mechanisms are activated and enhanced by these two
treatment modalities. Reactive oxygen species and DNA
damage are the main underlying triggering factors, whereas
macropinocytosis as induced by fenretinide treatment plays
only a minor role in IR-only treated cells. A combinatorial
treatment with both modalities however may help to reduce
development of resistances and increases the therapeutic window
for local treatment. Hence, it might represent a promising
treatment regimen in paediatric patients with FP-RMS.
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of Dose for Improved Understanding of Radiation Effects in Normal Tissue. Int J
Radiat Oncol Biol. Phys (2010) 76:S135–9. doi: 10.1016/j.ijrobp.2009.06.093

12. Cèfaro A. Delineating Organs at Risk in Radiation Therapy. Milan: Springer
Science & Business Media (2013).
13. Raziee H, Moraes FY, Murgic J, Chua MLK, Pintilie M, Chung P, et al.
Improved Outcomes With Dose Escalation in Localized Prostate Cancer
Treated With Precision Image-Guided Radiotherapy. Radiother Oncol
(2017) 123:459–65. doi: 10.1016/j.radonc.2017.04.003

14. Kong F, Ying H, Zhai R, Du C, Huang S, Zhou J, et al. Clinical Outcome
of Intensity Modulated Radiotherapy for Carcinoma Showing Thymus-
Like Differentiation. Oncotarget (2016) 7:81899–905. doi: 10.18632/
oncotarget.11914

15. Bentzen SM. Preventing or Reducing Late Side Effects of Radiation Therapy:
Radiobiology Meets Molecular Pathology. Nat Rev Cancer (2006) 6:702–13.
doi: 10.1038/nrc1950

16. Wang H, Mu X, He H, Zhang XD. Cancer Radiosensitizers. Trends Pharmacol
Sci (2018) 39:24–48. doi: 10.1016/j.tips.2017.11.003

17. Herrero Martin D, Boro A, Schafer BW. Cell-Based Small-Molecule
Compound Screen Identifies Fenretinide as Potential Therapeutic for
Translocation-Positive Rhabdomyosarcoma. PloS One (2013) 8:e55072. doi:
10.1371/journal.pone.0055072

18. Maurer BJ, Kang MH, Janeba J, Villablanca JG, Groshen S, Matthay KK, et al.
Phase I Trial of Fenretinide Delivered Orally in a Novel Organized Lipid
Complex in Patients With Relapsed/Refractory Neuroblastoma: A Report
From the New Approaches to Neuroblastoma Therapy (Nant) Consortium.
Ped Blood Cancer (2013) 60:1801–8. doi: 10.1002/pbc.24643

19. Mohrbacher AM, Yang AS, Groshen S, Kummar S, Gutierrez ME, Kang MH,
et al. Phase I Study of Fenretinide Delivered Intravenously in Patients With
Relapsed or Refractory Hematologic Malignancies: A California Cancer
Consortium Trial. Clin Cancer Res (2017) 23:4550–5. doi: 10.1158/1078-
0432.CCR-17-0234

20. Garaventa A, Luksch R, Lo Piccolo MS, Cavadini E, Montaldo PG, Pizzitola
MR, et al. Phase I Trial and Pharmacokinetics of Fenretinide in ChildrenWith
Neuroblastoma. Clin Cancer Res (2003) 9:2032–9.

21. Chen NE, Maldonado NV, Khankaldyyan V, Shimada H, Song MM, Maurer
BJ, et al. Reactive Oxygen Species Mediates the Synergistic Activity of
Fenretinide Combined With the Microtubule Inhibitor ABT-751 Against
Multidrug-Resistant Recurrent Neuroblastoma Xenografts. Mol Cancer Ther
(2016) 15:2653–64. doi: 10.1158/1535-7163.MCT-16-0156

22. Suzuki S, Higuchi M, Proske RJ, Oridate N, HongWK, Lotan R. Implication of
Mitochondria-Derived Reactive Oxygen Species, Cytochrome C and Caspase-3
in N-(4-hydroxyphenyl)retinamide-induced Apoptosis in Cervical Carcinoma
Cells. Oncogene (1999) 18:6380–7. doi: 10.1038/sj.onc.1203024

23. Osone S, Hosoi H, Kuwahara Y, Matsumoto Y, Iehara T, Sugimoto T.
Fenretinide Induces Sustained-Activation of JNK/p38 MAPK and Apoptosis
in a Reactive Oxygen Species-Dependent Manner in Neuroblastoma Cells. Int
J Cancer (2004) 112:219–24. doi: 10.1002/ijc.20412
June 2021 | Volume 11 | Article 664462

https://www.frontiersin.org/articles/10.3389/fonc.2021.664462/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fonc.2021.664462/full#supplementary-material
https://doi.org/10.14670/hh-27.13
https://doi.org/10.1200/JCO.2009.26.3814
https://doi.org/10.1002/pbc.24488
https://doi.org/10.1002/pbc.24488
https://doi.org/10.1007/s00432-018-2603-y
https://doi.org/10.1016/0167-8140(90)90123-E
https://doi.org/10.1016/0167-8140(90)90123-E
https://doi.org/10.2307/3583517
https://doi.org/10.1038/nature07733
https://doi.org/10.1038/s41388-018-0340-y
https://doi.org/10.1016/j.canlet.2013.11.018
https://doi.org/10.1016/j.canlet.2013.11.018
https://doi.org/10.1016/j.ijrobp.2009.06.093
https://doi.org/10.1016/j.radonc.2017.04.003
https://doi.org/10.18632/oncotarget.11914
https://doi.org/10.18632/oncotarget.11914
https://doi.org/10.1038/nrc1950
https://doi.org/10.1016/j.tips.2017.11.003
https://doi.org/10.1371/journal.pone.0055072
https://doi.org/10.1002/pbc.24643
https://doi.org/10.1158/1078-0432.CCR-17-0234
https://doi.org/10.1158/1078-0432.CCR-17-0234
https://doi.org/10.1158/1535-7163.MCT-16-0156
https://doi.org/10.1038/sj.onc.1203024
https://doi.org/10.1002/ijc.20412
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Brack et al. Fenretinide as Radiosensitizer in Rhabdomyosarcoma
24. Goto H, Takahashi H, Fujii H, Ikuta K. Yokota S. N-(4-Hydroxyphenyl)
retinamide (4-HPR) Induces Leukemia Cell Death Via Generation of Reactive
Oxygen Species. Int J Hematol (2003) 78:219–25. doi: 10.1007/BF02983798

25. Tosetti F, Vene R, Arena G, Morini M, Minghelli S, Noonan DM, et al. N-(4-
Hydroxyphenyl)Retinamide Inhibits Retinoblastoma Growth Through
Reactive Oxygen Species-Mediated Cell Death. Mol Pharmcol (2003) 63
(3):565–73. doi: 10.1124/mol.63.3.565

26. Brack E, Wachtel M, Wolf A, Kaech A, Ziegler U, Schafer BW. Fenretinide
Induces a New Form of Dynamin-Dependent Cell Death in Pediatric
Sarcoma. Cell Death Differ (2020) 8:2500–16. doi: 10.1038/s41418-020-
0518-z

27. Maltese WA, Overmeyer JH. Methuosis: Nonapoptotic Cell Death Associated
With Vacuolization of Macropinosome and Endosome Compartments. Am J
Pathol (2014) 184:1630–42. doi: 10.1016/j.ajpath.2014.02.028

28. Overmeyer JH, Kaul A, Johnson EE, Maltese WA. Active Ras Triggers Death
in Glioblastoma Cells Through Hyperstimulation of Macropinocytosis. Mol
Cancer Res (2008) 6:965–77. doi: 10.1158/1541-7786.MCR-07-2036

29. Tsoli M, Yeung N, Valvi S, Joshi S, Franshaw L, Shen H, et al. Dipg-05.
Combination of Synthetic Retinoid Fenretinide With Receptor Tyrosine
Kinase Inhibitor as a Potential New Approach Against Diffuse Intrinsic
Pontine Glimoma. Neuro Oncol (2017) 19(Suppl 4):iv5–6. doi: 10.1093/
neuonc/nox083.020

30. Hinson AR, Jones R, Crose LE, Belyea BC, Barr FG, Linardic CM. Human
Rhabdomyosarcoma Cell Lines for Rhabdomyosarcoma Research: Utility and
Pitfalls. Front Oncol (2013) 3:183. doi: 10.3389/fonc.2013.00183

31. Franken NAP, Rodermond HM, Stap J, Haveman J, van Bree C. Clonogenic
Assay of Cells In Vitro. Nat Prot (2006) 1:2315. doi: 10.1038/nprot.2006.339

32. Schindelin J, Arganda-Carreras I, Frise E, Kaynig V, Longair M, Pietzsch T,
et al. Fiji: An Open-Source Platform for Biological-Image Analysis. Nat Meth
(2012) 9:676–82. doi: 10.1038/nmeth.2019
Frontiers in Oncology | www.frontiersin.org 9
33. Ianevski A, He L, Aittokallio T, Tang J. SynergyFinder: AWeb Application for
Analyzing Drug Combination Dose-Response Matrix Data. Bioinformatics
(2017) 33:2413–5. doi: 10.1093/bioinformatics/btx162

34. Bonner WM, Redon CE, Dickey JS, Nakamura AJ, Sedelnikova OA, Solier S,
et al. gh2ax and Cancer. Nat Rev Cancer (2008) 8:957–67. doi: 10.1038/nrc2523

35. Strasser-Wozak EM, Hartmann BL, Geley S, Sgonc R, Bock G, Santos AJ, et al.
Irradiation Induces G2/M Cell Cycle Arrest and Apoptosis in p53-deficient
Lymphoblastic Leukemia Cells Without Affecting Bcl-2 and Bax Expression.
Cell Death Differ (1998) 5:687–93. doi: 10.1038/sj.cdd.4400402

36. Cowan AJ, Frayo SL, Press OW, Palanca-Wessels MC, Pagel JM, Green DJ,
et al. Bortezomib and Fenretinide Induce Synergistic Cytotoxicity in Mantle
Cell Lymphoma Through Apoptosis, Cell-Cycle Dysregulation, and
IkappaBalpha Kinase Downregulation. Anticancer Drugs (2015) 26:974–83.
doi: 10.1097/CAD.0000000000000274

37. Hanahan D, Weinberg RA. Hallmarks of Cancer: The Next Generation. Cell
(2011) 144:646–74. doi: 10.1016/j.cell.2011.02.013

38. Schumacker PT. Reactive Oxygen Species in Cancer Cells: Live by the Sword,
Die by the Sword. Cancer Cell (2006) 10:175–6. doi: 10.1016/j.ccr.2006.08.015

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Brack, Bender, Wachtel, Pruschy and Schäfer. This is an open-
access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply with
these terms.
June 2021 | Volume 11 | Article 664462

https://doi.org/10.1007/BF02983798
https://doi.org/10.1124/mol.63.3.565
https://doi.org/10.1038/s41418-020-0518-z
https://doi.org/10.1038/s41418-020-0518-z
https://doi.org/10.1016/j.ajpath.2014.02.028
https://doi.org/10.1158/1541-7786.MCR-07-2036
https://doi.org/10.1093/neuonc/nox083.020
https://doi.org/10.1093/neuonc/nox083.020
https://doi.org/10.3389/fonc.2013.00183
https://doi.org/10.1038/nprot.2006.339
https://doi.org/10.1038/nmeth.2019
https://doi.org/10.1093/bioinformatics/btx162
https://doi.org/10.1038/nrc2523
https://doi.org/10.1038/sj.cdd.4400402
https://doi.org/10.1097/CAD.0000000000000274
https://doi.org/10.1016/j.cell.2011.02.013
https://doi.org/10.1016/j.ccr.2006.08.015
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

	Fenretinide Acts as Potent Radiosensitizer for Treatment of Rhabdomyosarcoma Cells
	Introduction
	Material and Methods
	Gamma Irradiation
	Cell Culture
	Cell Viability Assay
	Clonogenic Assays
	Flow Cytometry
	Pan ROS Measurement
	Mitochondrial ROS Measurement
	Cell Cycle Analysis
	Acridine Orange (AO) Staining

	Epifluorescence Microscopy
	Lucifer Yellow Fluorescence Microscopy

	Western Blot
	Statistics

	Results
	Discussion
	Data Availability Statement
	Author Contributions
	Funding
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


