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Abstract 

The aim of this work was to investigate whether Caveolin-1 (Cav-1), a membrane scaffolding protein widely 

implicated in cancer, may play a role in radioresistance of rhabdomyosarcoma (RMS), a pediatric soft tissue 

tumor. For this purpose, we employed human RD cells in which Cav-1 expression was stably increased by 

gene transfection. After irradiation, we observed that Cav-1 limited cell cycle arrest in the G2/M phase and 

enhanced cell survival by protection from senescence and apoptosis via reduction of p21Cip1/Waf1, p16INK4a and 

Caspase-3 cleavage. Cav-1-mediated radioresistance was characterized by low accumulation of H2AX foci, 

as confirmed by Comet assay, marked neutralization of reactive oxygen species and enhanced DNA repair via 

activation of ATM, Ku70/80 complex and DNA-PK. Increased Cav-1 expression led to higher content of 
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glutathione and greater catalase expression, which protected RD cells against treatment with hydrogen 

peroxide. Furthermore, pre-treatment of irradiated cells with PP2 or LY294002 compounds restored 

radiosensitivity, indicating a role for Src-kinases and Akt pathways in Cav-1-mediated RD radioresistance. 

These findings were confirmed using RD and RH30 lines with acquired radioresistance obtained by 

hypofractionated radiotherapy, which showed marked increase of Cav-1, catalase and Akt, and sensitivity to 

PP2 and LY294002 treatment. In conclusion, these data suggest that Cav-1 enhances ROS protection and DNA 

repair through Src-kinase/Akt signaling cooperation in RMS. Furthermore, these data indicating a critical role 

of Cav-1 in governing catalase expression identify a vital mechanism for RMS cells to circumvent oxidative 

cell death.  
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Introduction 

Rhabdomyosarcoma (RMS) is a myogenic soft tissue tumor that represents about 4.5% of all childhood cancer 

cases. It is subdivided into two main groups, termed embryonal (ERMS) and alveolar (ARMS), which show 

distinct tumor location, histology, genetic signatures, and outcomes 1. ERMS represents about 70% of all RMS 

cases and typically affects children less than 10 years. ARMS, affecting adolescents, is more aggressive 

because of a chromosomal translocation leading to the fusion of paired box 3 (PAX3) gene (in a minority of 

cases the PAX7 gene) and the forkhead box O1 (FOXO1) gene, which generates a chimeric transcription factor 

with pro-metastatic activity 2. To improve local control and outcome, RMS treatment involves a combined 

approach, based on radiotherapy and chemotherapy. However, these treatments may give rise to resistance 

mechanisms that lead to relapse and treatment failure 3. Thus, identification of the molecular mechanisms 

underpinning radio- and chemoresistance is a challenge to overcome aggressive tumors. Caveolin-1 (Cav-1) 

is the major protein component of caveolae, cholesterol-enriched lipid rafts of the plasma membrane implicated 

in several processes, including endocytosis, mechano-protection and regulation of signal transduction 4, 5. In 

cancer, it is widely accepted that loss of Cav-1 correlates with early-stage tumor progression 6, 7, while its re-

expression and phosphorylation is associated with recurrence and metastatic disease 8, 9. Cav-1, being involved 

in the regulation of cell signaling 10,  oxidative stress response 11 and DNA repair 12, has been associated with 
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chemo- and radioresistance in several tumors 13, 14, including pancreatic cancer 15, lung cancer 16, breast cancer 

17, lymphoblastoid cancer cells 18, squamous carcinoma cell line 19, colorectal cancer 20 and gliomas 21. Over 

the last 10 years, we and others have shown that Cav-1 cooperates to tumor growth and metastatic potential in 

ERMS 22-27. In the present work, we show that increased Cav-1 expression in human RD cells enhances both 

protection against oxidative stress and DNA repair, therefore promoting radioresistance.  

 

Materials and Methods 

Reagents and antibodies were from Sigma-Aldrich (Milan, Italy) and Santa Cruz Biotechnology (Dallas, TX, 

USA), respectively, unless otherwise stated. 

Antibodies. 

Primary antibodies were: anti-total and -phosphorylated Cav-1 (Tyr14) (code sc-894; code 611338, BD 

Biosciences, Buccinasco, Italy), anti-total and -phosphorylated checkpoint kinase 1 (Chk1) (Ser345) (code sc-

8408; code 2348, Cell Signaling Technology, Danvers, MA, USA), anti-total and -phosphorylated checkpoint 

kinase 2 (Chk2) (Thr68) (code sc-5278; code 2197, Cell Signaling Technology, Danvers, MA, USA), anti-

Caspase-3 (code NB100-56113, Novus Biological Europe, Abingdon, UK), anti-p21Cip1/Waf1 (code sc-6246), 

anti-p16INK4a (code sc-1207), anti-total and -phosphorylated histone H2AX (Ser139) (code sc-517336; code 

9718, Cell Signaling Technology, Danvers, MA, USA), anti-total and -phosphorylated ataxia telangiectasia 

mutated (ATM) (Ser1981) (code sc-377293; code sc-47739), anti-Ku70 (code sc-17789), anti-Ku80 (code sc-

5280), anti-total and -phosphorylated DNA-dependent protein kinase (DNA-PK) (phospho S2056) (code sc-

390698; code ab18192, Abcam, Cambridge, UK), anti-Catalase (H9) (code sc-271803), anti-total and -

phosphorylated Ak strain transforming murine thymoma viral oncogene (Akt) (Ser473) (code sc-8312; code 

sc-7985), anti-beta-Tubulin (code MA5-16308, Thermo Scientific, Rockford, USA). The secondary antibodies 

were anti-mouse (code sc-516102) and anti-rabbit (code sc-2357). 

Beta-galactosidase assay. 

Cell senescence was evaluated by using a specific β-galactosidase assay kit (Cells Biolabs Inc., San Diego, 

CA, USA) on cultured living cells, according to the manufacturer’s instructions.  

Catalase assay. 
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The enzymatic activity of catalase was determined by the method of Beutler. RDctrl (1.5×105), RDCav-1 (1.2×105) 

and RDCav-1/F2 (1.2×105) cells were plated in 6-well plates. After 48 hours, cells were washed twice with 

phosphate buffer solution (PBS) and scraped in 5 mM KH2PO4/Na2HPO4 buffer (containing 3 mM KF and 3 

mM β-Mercaptoethanol, pH 7.5). The obtained suspension was sonicated three times with 10 seconds pulse 

and then centrifuged at 12,000×g for 10 minutes (4°C). Ethanol was added to the supernatant to stabilize the 

lysate by breaking down ‘complex II’ of catalase and hydrogen peroxide (H2O2). After the addition of 50 µl of 

1M Tris-HCl, 5mM EDTA (pH 8.0), 450 µl of H2O2 and 450 µl of H2O to the cuvettes, the reaction was 

incubated for 10 minutes (37°C); then sample is added, and catalase activity was measured 

spectrophotometrically by monitoring the decrease in absorbance at 230 nm wavelength caused by the 

disappearance of H2O2. One unit of catalase activity is defined as 1 µmol of H2O2 decomposed per minute 

under the assay conditions (ε230=0.071). Catalase activity was expressed as U/mg of proteins. 

Cell culture. 

Human RD and RH30 cell lines were purchased from the European Collection of Cell Cultures (ECACC, 

Salisbury, UK). RD cells engineered for Cav-1 overexpression (RDCav-1) and lung metastasis derived RDCav-

1/F1 and RDCav-1/F2 lines were obtained as previously described 23, 26. All cell lines were routinely maintained in 

a humidified incubator at 37°C, 5% CO2 in high-glucose Dulbecco’s Modified Eagle’s Medium (DMEM) 

supplemented with 10% fetal bovine serum (FBS) (Life Technologies, Monza, Italy), 100 mg/ml 

penicillin/streptomycin antibiotics and 1 mM L-glutamine. Stably transfected cells were maintained in G418 

antibiotic-supplemented growth medium.  

Clonogenic assay. 

Post-irradiated cells were trypsinized and plated into 6-well plates in triplicate (at a density of 500 cells/well) 

to evaluate clonogenic survival. After 11 days, colonies were fixed with 3% paraformaldehyde (PFA)/PBS 

solution for 20 minutes (4°C) and stained with 0.2% crystal violet/PBS solution (with 20% methanol) for 10 

minutes at room temperature (RT). Wells were washed with deionized water and pictures of colonies were 

taken. Then, the dye was solubilized in 1% sodium dodecyl sulfate (SDS)/PBS solution. Plates were shaken 

until complete dissolution was achieved, and then absorbance was measured by reading the plate at 595 nm 

emission wavelength.  

Comet assay. 
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The neutral comet assay was performed by using the Comet Assay Kit (Abcam, Cambridge, UK), according 

to the manufacturer’s instructions. Images were acquired by a fluorescent Axiovert microscope (Carl Zeiss, 

Oberkochen, Germany) using the ImagePro Plus software (Media Cybernetics Inc., Rockville, MD, USA). 

The percentage of tail DNA was calculated using OpenComet plugin from ImageJ software. 

Drug inhibitor and irradiation treatments. 

The PP2 and LY294002 compounds, two potent inhibitors of several Src-kinase and Phosphatidylinositol-4,5-

bisphosphate 3-kinase (PI3K) family members, respectively, were dissolved in dimethyl sulfoxide (DMSO) 

vehicle. Irradiation (IR) treatment was performed at RT on 80% confluent cells at different Gray (Gy) doses 

using an X-ray linear accelerator (dose rate of 2 Gy/minute). 

FACS analysis. 

Post-irradiated cells were harvested after 24 hours and pellets were fixed in 0.5% PFA/PBS solution for 1 hour 

(4°C). Then, samples were washed with PBS twice and suspended in PBS with 50% fetal calf serum (FCS) 

and 70% ethanol. Cells were left at 4°C, avoiding light exposure, until FACS analysis was performed using 

Coulter Epics XL Flow Cytometer (Beckman Coulter, Brea, CA, USA). 

Glutathione assay. 

To determine the cellular content of reduced glutathione (GSH), RDctrl (1.5×105), RDCav-1 (1.2×105) and RDCav-

1/F2 (1.2×105) were plated in 6-well plates. After 48 hours, cells were washed twice with PBS, detached by 

scraping with a rubber policeman and immediately lysed with 100 µl of lysis buffer (0.1% Triton X-100, 0.1 

M Na2HPO4, 5 mM EDTA, pH 7.5). Thereafter, 15 µl of 0.1 M HCl and 140 µl of precipitating solution (100 

ml containing 1.67 g of glacial metaphosphoric acid, 0.2 g of disodium EDTA and 30 g of NaCl) were added. 

After recovery, samples were kept on ice for 10 minutes and then centrifuged at 12,000×g for 10 minutes 

(4°C). Six hundred µl of 0.3 M Na2HPO4 were added to 200 µl of the acid extract (Blank) and then 80 µl of 

1% 5,5-dithio-bis-2-nitrobenzoic acid (DTNB) solution/sodium citrate solution. GSH determination was 

measured spectrophotometrically at 412 nm wavelength (ε412=13600 M−1 cm−1). Pellet protein content was 

assayed by Bradford’s method. 

Immunoblotting. 
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Sample preparation was made as previously described 26. Band densitometry was calculated using the Gel Pro 

Analyzer 4 software (MediaCybernetics Inc., Rockville, MD, USA) and expressed by arbitrary density units, 

setting control to 1. 

Radioresistance protocol. 

Radioresistant RD and RH30 lines were obtained as reported herein 28. Briefly, parental lines were exposed to 

a final equivalent radiation dose of 66 Gy, fractionated in six rounds of IR delivered with a dose rate of 2 

Gy/minute within a period of 33 days. Twenty-four hours after each IR round, cells were trypsinized and plated 

at 30% confluence before receiving the subsequent dose at 80% confluence. In our setting, radioresistance was 

maintained over ten passages.  

Real-time PCR.  

Post-irradiated cells were subjected to total RNA extraction after 24 hours by using TriPure Isolation Reagent 

(Euroclone, Milan, Italy), according to the manufacturer’s instructions. The reverse transcription was 

performed by using the QuantiTect Reverse Transcription kit (Qiagen, Hilde, Germany), according to the 

manufacturer’s instructions, for detection of nuclear factor erythroid 2-related factor (NRF2), superoxide 

dismutase 2 (SOD-2), catalase (CAT) and glutathione peroxidase 4 (GPx4) gene expression by real-time PCR. 

The cDNA miScript PCR Reverse Transcription kit (Qiagen, Hilde, Germany) was instead used, according to 

the manufacturer’s instructions, for detection of miR-22, -34a, -126, -210 expression. Normalization was 

carried out using hypoxanthine phosphoribosyl transferase 1 (HPRT-1) and small nucleolar RNA, C/D box 25 

(SNORD-25) as housekeeping gene and miRNA, respectively. 

ROS detection. 

Mitochondrial superoxide anion (O2∙−) production was assessed by using the MitoSOX Red probe (Thermo 

Fisher Scientific, Milan, Italy) at the final concentration of 5 µM, according to the manufacturer’s instructions. 

Data were analyzed by CellQuest software (BD Biosciences, Buccinasco, Italy) and results were represented 

as median of fluorescence. Total intracellular reactive oxygen species (ROS) were measured by using the 

OxiSelect Intracellular ROS assay kit (Cell Biolabs Inc., San Diego, CA, USA), which is based on the use of 

a cell-permeable fluorogenic probe 2’,7’-dichlorodihydrofluorescin diacetate (DCFH-DA), according to the 

manufacturer’s instructions. The fluorescent intensity, which is proportional to the ROS level within the cell 
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cytosol, was quantified by Fluoroscan Ascent FL (Thermo Fisher Scientific, Milan, Italy) at 485 nm 

excitation/538 nm emission wavelengths. 

Statistical analysis. 

Statistical significance was assessed by Unpaired Student’s t-test and One-Way Anova test, using GraphPad 

Prism 5 software (GraphPad Software, San Diego, CA, USA). Statements of significance were based on a p-

value of less than 0.05. 

TUNEL assay. 

Post-irradiated cells were fixed in 4% PFA/PBS solution for 20 minutes (4°C). Then, cells were stained using 

the TUNEL kit (Roche, Milan, Italy) to assess apoptosis, according to the manufacturer’s instructions.  

 

Results 

Cav-1 promotes radioresistance in the human embryonal RD cell line. 

We have previously shown that Cav-1 is expressed at low level in the human embryonal RD cells and its 

increased expression through stable gene transfection promotes aggressive behavior of RD cells in vitro and 

in vivo 23. In order to assess whether Cav-1 may also influence radioresistance, we evaluated IR sensitivity in 

three RD lines carrying a higher expression of Cav-1 (total and phosphorylated form) 26, called RDCav-1, RDCav-

1/F1 and RDCav-1/F2 (Fig. 1A). After IR, these lines formed a greater number of colonies compared to control 

(RDctrl), as detected by a clonogenic assay (Fig. 1B). Specifically, the IR50 Gy doses were 3.5 in RDctrl, 5 in 

RDCav-1, 5.5 in RDCav-1/F1 and 6.0 in RDCav-1/F2 (Fig. 1B), suggesting that greater Cav-1 levels correlate with 

radioresistance in RD cells.  

Cav-1 counteracts radiotherapy-induced senescence and apoptosis. 

IR-induced DNA damage activates checkpoint pathways that inhibit cell progression through the G1 and 

G2 phases and induce a transient delay in progression through the S phase. The cells are more radiosensitive 

in the G2-M phase, less sensitive in the G1 phase, and even less sensitive during the last fraction of the S phase 

29. By immunoblotting, we observed that IR induced a faster and higher phosphorylation/activation of Chk1 

and Chk2 checkpoint mediators 30 in RDCav-1 compared to RDctrl line (Fig. 2A). As detected by flow cytometry 

analysis, IR treatment significantly increased the percentage of cells in the G2 phase in RDctrl line (from 7.32% 

to 41.37%) but not in RDCav-1 cells (from 8.65% to 15.52%). In addition, RDCav-1 cells also showed an increase 
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of cells in the S phase (Fig. 2B). Radiotherapy administered in fractional doses aims to increase the number of 

tumor cells arrested in G2/M, which will be more sensitive to the subsequent IR 31. For this reason, we tested 

the effects of an additional IR treatment (4 Gy), administered 24 hours after the first one. We detected a 

significant increase of apoptotic and senescent cells in RDctrl compared to RDCav-1 line, as detected by TUNEL 

and β-galactosidase assays, respectively (Fig. 2C, D). Consistent with this, the cleaved Caspase-3 form and 

the senescence-related markers p21Cip1/Waf1 and p16INK4a were increased in post-irradiated RDctrl cells compared 

to RDCav-1 (Fig. 2E, F). Overall, these data indicate that Cav-1 counteracts both IR-induced G2/M growth arrest 

and the mechanisms leading to cellular senescence and apoptosis. 

Cav-1 protects from IR-induced DNA damage by enhanced ROS neutralization and DNA repair. 

Radiotherapy produces extensive DNA damage via direct or indirect effects. Therefore, we evaluated the 

accumulation of histone H2AX foci, which are predictive of DNA double strand breaks (DSBs) 32. Over a 12-

hour time course, we found by immunoblotting lower H2AX phosphorylation (γ-H2AX) in post-irradiated 

RDCav-1 cells compared to RDctrl (Fig. 3A), and similar results were also obtained in RDCav-1/F1 and RDCav-1/F2 

(not shown). We performed a neutral comet assay to quantify the DNA damage. After 1- and 4-hours post-IR, 

RDctrl cells showed visibly longer comet tails compared to RDCav-1 cells, indicative of higher DNA 

fragmentation (Fig. 3B). By software quantification, we found that irradiated RDCav-1 cells showed an 

approximately four-fold reduction in tail DNA fragmentation compared to RDctrl (Fig. 3B). Since roughly two-

thirds of radiation-mediated DNA damage is caused by ROS accumulation 33, we assayed the oxidative stress 

detection in post-irradiated cells 34. Five minutes after different IR doses, RDCav-1 cells showed lower O2∙− 

levels compared to RDctrl (Fig. 3C). As reported in supplementary figure 1, we found that IR treatment 

promoted a strongest antioxidant transcriptional signature in RDCav-1 cells compared to RDctrl through the 

upregulation of antioxidant genes (NRF2, SOD-2, CAT and GPx-4) and miRNAs (miR-22, miR-34a, miR-

126, miR-210), as detected by real-time PCR. This suggests that Cav-1 could increase the antioxidant response 

in post-irradiated cells to prevent abnormal ROS accumulation. We next investigated whether the reduced 

DNA damage observed in RDCav-1 cells may be caused by increased repair of damaged DNA. For this purpose, 

we analyzed by immunoblotting the expression of proteins involved in both homologous recombination (HR) 

and non-homologous end joining (NHEJ) pathways. Compared to the RDctrl, we detected in RDCav-1 cells an 

increased phosphorylation of ATM, which is needed for DSB repair by HR pathway 35. In addition, RDCav-1 
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cells also showed greater expression of Ku70/80 and phosphorylation of DNA-PK, which are key components 

of the NHEJ pathway 35 (Fig. 3D). Overall, these data suggest that the reduced DNA damage observed in post-

irradiated RDCav-1 cells could be the result of a concomitant increased ability to neutralize ROS species and 

accelerate DNA repair. 

Cav-1 increased GSH content and enhanced protection against H2O2 treatment by elevating catalase 

expression. 

Radioresistance is conventionally acquired by tumor cells thanks to elevated antioxidant defense mechanisms, 

which minimize the effects of IR treatments 36. We therefore hypothesized that the increased cell survival of 

RDCav-1 cells might be due to higher expression of antioxidant systems. By using a specific GSH assay, we 

determined that the intracellular GSH content in RDCav-1 and RDCav-1/F2 cells was approximately of 30 and 22 

nmol/mg of protein, respectively, compared to 15 nmol/mg of protein as detected in RDctrl (Fig. 4A). We next 

evaluated the total ROS production in cells treated with increasing H2O2 doses (from 500 up to 20,000 µM) by 

using the DCFH-DA probe. Under these conditions, we detected a marked increase of ROS in RDctrl cells but 

not in the RDCav-1 and RDCav-1/F2 lines, which maintained low the oxidative stress (Fig. 4B). Due to this unusual 

resistance to H2O2 treatment, we decided to assay the expression of catalase, the enzyme responsible for the 

H2O2 neutralization 37. We found the enzymatic activity of catalase increased up to 4- and 6-fold in RDCav-1 and 

RDCav-1/F2 compared to RDctrl, respectively (Fig. 4C). Consistent with this, immunoblotting showed that the 

specific protein band of 64 kDa was significantly higher in RDCav-1 and RDCav-1/F2 (Fig. 4D). Taken together, 

these results indicate that radioresistant RDCav-1 and RDCav-1/F2 cells are characterized by increased catalase 

expression and GSH content already under basal conditions. 

Pharmacological inhibition of Src-kinase and Akt pathways abrogated radioresistance of RDCav-1 cells. 

Given the higher content of phosphorylated Cav-1 observed in the radioresistant lines, we hypothesized the 

activation of Src-kinases, which are known to mediate Cav-1 phosphorylation 38, 39. In addition, we 

hypothesized the activation of the serine/threonine kinase Akt, a master regulator of cell survival that activates 

in response to several genotoxic and damaging agents 40. By immunoblotting, we found that IR treatment 

induced pronounced phosphorylation of both Cav-1 and Akt in RDCav-1 cells compared to RDctrl (Fig. 5A, B). 

We treated cells with pharmacological inhibitors to evaluate whether the Src-kinase and Akt inhibition could 

result in diminished radioresistance. By pretreating cells for 2 hours with the Src-kinase inhibitor PP2 or with 
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the PI3K inhibitor LY294002, we found that the radiosensitivity of RDCav-1 line was restored, as determined 

by clonogenic assay. In fact, the surviving colony fraction in post-irradiated RDCav-1 cells, respectively treated 

with PP2 and LY294002, was decreased by approximately 35% and 62% compared to untreated cells (Fig. 

5C, D). In addition, we found that these treatments increased IR susceptibility also in RDctrl cells (Fig. 5C, D). 

Taken together, these data suggest that Src-kinase and Akt play an important role in radioresistance of RMS.  

RD and RH30 lines with acquired radioresistance are characterized by increased expression of Cav-1, 

Akt and catalase. 

By using two recently characterized cell models of ERMS and ARMS radioresistance 28, we evaluated the 

expression of Cav-1, Akt and catalase. As shown in figure 6A, the radioresistant RD and RH30 lines, named 

RDRR and RH30RR, showed significant increased colony survival after IR compared to parental lines (up to 

30% for RDRR and 59% for RH30RR). By immunoblotting, we detected that the total and phosphorylated forms 

of Cav-1 and Akt were significantly increased in RDRR and RH30RR compared to parental lines (Fig. 6B). 

Furthermore, both radioresistant lines were characterized by the increased basal expression of catalase (Fig. 

6B). Finally, we found that radioresistance was significantly inhibited by treatment with PP2 and LY294002 

inhibitors (Fig. 6C). Overall, these data confirm that RMS radioresistance is dependent on the concerted 

activity of Cav-1, Akt and catalase. 

 

Discussion 

The data presented here give new insight into the mechanisms of radioresistance in RMS 4, a myogenic tumor 

that falls into the group of small blue round cell tumors together with neuroblastoma, non-Hodgkin's 

lymphoma, and the Ewing's family of tumors. Multimodal therapy results in an overall 5-year survival >70% 

for localized RMS tumors, while metastatic disease has an unfavorable outcome. Radiotherapy is useful in 

almost all patients with RMS; however, the appearance of resistance mechanisms can promote tumor regrowth 

and recurrence, leading to treatment failure. This evidence was achieved in a pilot study using ARMS and 

ERMS lines implanted in xenograft models that developed radiation resistance after fractionated radiotherapy 

41. In 2015, Woods et al. 42 also showed a greater propensity for radiotherapy to induce metastasis in some 

cancer models, including ARMS, suggesting that metastases and recurrent tumors following radiotherapy share 

underlying molecular mechanisms. In the past decade, our laboratory has documented for the first time the 
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expression of Cav-1 in RMS tumors 22. Since in the human RD line, an in vitro model of ERMS, Cav-1 is 

expressed at modest levels, we established engineered cell lines with higher Cav-1 expression, termed RDCav-

1, RDCav-1/F1 and RDCav-1/F2. These lines showed marked tumor aggressiveness and metastatic properties, as 

observed in vitro and in vivo 23, 25, 26. Here we demonstrated that Cav-1 also mediates an increased ability to 

counteract oxidative stress and repair DNA damage, interfering with cell senescence and apoptosis, and 

therefore determining a radioresistant cell phenotype. A strong antioxidant signature was associated with Cav-

1-mediated radioresistance. In RDCav-1 cells, the radiotherapy promoted a significant transcriptional 

upregulation of NRF2, SOD-2, CAT and GPx4 genes, which have been widely associated with resistance 

mechanisms 43. In this regard, it is important to emphasize that this does not necessarily translates into a net 

protein increase due to numerous factors. We also found a stronger up-regulation of miR-22 44, -34a 45, -126 

46, and -210 47, which have been implicated in cell differentiation of RMS 44, and senescence, inflammation 

mechanisms and oxidative stress protection in muscle cells 45-47. Certainly, among the markers indicating the 

presence of antioxidant signature in RDCav-1 cells, the elevated expression of catalase is particularly intriguing. 

This homo-tetrameric enzyme (EC 1.11.1.6) is responsible for the decomposition of H2O2 
37, 48, and is 

considered a hallmark of aggressive cancers that develop resistance to chronic exposure to various agents 49, 

such as cisplatin 50, bleomycin 51, and IR 52. In addition, catalase overexpression has been shown to protect 

cells against DNA damage induced by UVB and X-rays 53, 54. A potential link between Cav-1 and H2O2 

production has emerged in recent years. In this regard, the loss of Cav-1 has been shown to accentuate the 

production of H2O2, promoting oxidative stress in the tumor microenvironment 55. Conversely, Cav-1 has been 

reported to attenuate the production of H2O2, negatively affecting the endothelial adhesion of lung cancer cells 

56 and limiting DNA damage in lung cancer cells 57. It is of interest the detection of the highest catalase 

expression and activity in the more radioresistant RDCav-1/F2 cells, which were derived from lung xenograft 

noduli and exhibit pronounced metastatic properties 26, suggesting that high catalase expression may represent 

a hallmark influencing both radioresistance and dissemination processes. It is likely that additional GSH-

dependent antioxidant enzymes may be relevant to stress adaptation mechanisms during radioresistance, given 

the increased amount of GSH found in RDCav-1 cells. GSH has been widely implicated in chemotherapy and 

radiotherapy resistance of cancer cells 58, and we have recently shown that RDCav-1 cells are vulnerable to 

oxidative cell death induced by drug depletion of GSH 59. Enhanced DNA repair is another critical hallmark 
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recognized in radioresistant cancers. It has been shown that Cav-1 could promote activation of DNA repair 

pathways 12, as observed in human bronchial carcinoma cell lines 19 and non-small cell lung carcinoma cells 60 

by a Cav-1-dependent nuclear translocation of Epidermal growth factor receptor (EGFR) 61, 62. This mechanism 

would explain the impaired therapy effectiveness by EGFR antibodies in tumors with nuclear EGFR 63. In our 

setting, increased Cav-1 expression associated with stronger activation of the HR and NHEJ pathways, 

although establish the priority of each pathway in the Cav-1-driven radioresistance requires further work. 

Interestingly, while Ku70 mediates DNA repair via the NHEJ pathway as part of the Ku70/Ku80 complex 64, 

Ku70 itself has been reported to inhibit apoptosis 65. Interestingly, in colon cancer cells Ku70 has been shown 

to inhibit chemotherapy drug-induced apoptosis by association with Cav-1 66. This would suggest that the 

increased Ku70 levels detected in RDCav-1 cells could be involved in both DNA repair and inhibition of the cell 

apoptosis. Targeting the activity of Src-kinase and Akt radiosensitized the RDCav-1 cells. The role of these 

proteins in oxidative stress resistance and DNA repair has been widely documented. Src is aberrantly elevated 

in may cancers and can activate by receptorial mechanisms 67-69 and increased ROS caused by lipid 

peroxidation 70. On the other hand, the serine/threonine Akt kinase is conventionally involved in signaling 

pathways that inhibit cell apoptosis by increasing protection against oxidative stress 71. In addition, the Akt1 

isoform can also enhance DNA repair in post-irradiated tumor cells by forming a functional complex with the 

catalytic subunit of DNA-PK 40. In RMS, Src and Akt are often hyperactivated affecting survival mechanisms 

72-74 and drug resistance 75, 76. Through analysis of RD and RH30 lines that have been repeatedly irradiated to 

acquire the radioresistance, we obtained confirmation that an adaptative increased expression of Cav-1 and 

catalase together with the activation of Src-kinase and Akt is critical for radioresistance. Notably, radioresistant 

lines were characterized by increased Cav-1 phosphorylation, which is known to be mediated by Src-kinase 

members 38, 39. Cav-1 phosphorylation, which may increase in response to growth factors 77, 78 and oxidative 

stress 79-82, activates a variety of intracellular pathways that influence cell morphology 83, 84, migration 85-90, and 

metastatic properties 8, 9. Since the Src-inhibition abrogated RMS radioresistance, the hypothesis that Src-

kinase through Cav-1 phosphorylation could signal radioresistance mechanisms is fascinating, though requires 

further investigation. Currently, the development of combined targeted therapies is of great interest to 

circumvent treatment resistance mechanisms and enhance clinical efficacy in RMS 91. To our knowledge, while 

the availability of novel inhibitors of Src-kinase, Akt 92, 93 and DNA damage response pathways 94-96 is 
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continuously expanding, specific catalase inhibitors are not currently available. In this regard, the effectiveness 

of tea flavonoids in exhibiting some anticancer properties was related to the ability of the compound 

epigallocatechin gallate to selectively inhibit catalase 97. In conclusion, the data reported here suggest that a 

concerted activity of multiple proteins (Cav-1, catalase) and pathways (HR, NHEJ, Src-kinase, Akt) 

contributes to oxidative stress protection and DNA repair, and therefore their targeting may represent a 

promising strategy to overcome radioresistance mechanisms in RMS. 
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Figure legends 

Figure 1. Analysis of cell survival in post-irradiated cells. A) Immunoblotting detection of Cav-1, total and 

Tyr-14-phosphorylated (pCav-1) forms, in RDctrl, RDCav-1, RDCav-1/F1, and RDCav-1/F2 lines. Total protein 

homogenates were prepared after 48 hours of cell growth. Tubulin served as loading control and protein 

quantification is expressed by arbitrary density units (n=4). Data are Mean ± SEM, *** p-value<0.0001; One-

Way Anova test. B) Clonogenic evaluation of cell survival in lines treated with increasing IR doses. The images 

show surviving cell colonies after crystal violet staining. The graph represents the fraction of the surviving cell 

colonies after the colorimetric quantification of the crystal violet (n=2). Data are Mean ± SEM, ** p-

value<0.001; *** p-value<0.0001; One-Way Anova test.  

Figure 2. Analysis of cell cycle, apoptosis and senescence markers in post-irradiated cells. A) Immunoblotting 

detection of Chk1 or Chk2, total and phosphorylated forms (pChk1 and pChk2), on post-irradiated control and 

RDCav-1 lines at the indicated time points. Tubulin served as loading control and protein quantification is 

expressed by arbitrary density units (n=4). Data are Mean ± SEM, ** p-value<0.001; *** p-value<0.0001; 

One-Way Anova test. B) FACS analysis performed 24 hours after IR on control and RDCav-1 lines. The pie 

charts show the percentage of cells in the G1, S and G2 phases of the cell cycle (n=3). C-F) Control and RDCav-

1 lines were given two consecutive IR doses (4 Gy each) 24 hours apart. C,D) The histogram report the 

percentage of apoptotic cells (C) and senescent cells (D), detected after 1, 3, and 6 days from the second IR 

treatment by TUNEL test and β-galactosidase test, respectively (n=3). Data are Mean ± SEM, ** p-

value<0.001; *** p-value<0.0001; Unpaired Student's t-test. E, F) Immunoblotting detection of the cleaved 

Caspase-3 (E) and p21Cip1/Waf1 and p16INK4a (F) 24 hours after the second IR treatment. Tubulin served as 

loading control and protein quantification is expressed by arbitrary density units (n=3). Data are Mean ± SEM, 

** p-value<0.001; *** p-value<0.0001; Unpaired Student's t-test. 

Figure 3. Analysis of DNA damage, ROS levels and DNA repair proteins in post-irradiated cells. Control and 

RDCav-1 lines were given IR treatment (4 Gy). A) Immunoblotting detection of ɣ-H2AX in post-irradiated cells 

at the indicated time points. Tubulin served as loading control and protein quantification is expressed by 

arbitrary density units (n=3). Data are Mean ± SEM, * p-value<0.05; ** p-value<0.001; *** p-value<0.0001; 

One-Way Anova test. B) DNA fragmentation was evaluated 1 and 4 hours after IR by the comet assay. The 

pictures were taken at 10x magnification. The graph represents the percentage of fragmented DNA in the comet 
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tail after quantification (n=3). Data are Mean ± SEM, ** p-value<0.001; *** p-value<0.0001 vs untreated 

cells; One-Way Anova test. # p-value<0.05; # # # p-value<0.0001 vs RDctrl cells; Unpaired Student's t-test. C) 

Control and RDCav-1 lines were given increasing IR doses. After 5 minutes, the O2∙− production was detected 

(n=3). Data are Mean ± SEM, * p-value<0.05; ** p-value<0.001; Unpaired Student's t-test. D) Immunoblotting 

detection of total and phosphorylated ATM form (pATM), Ku70, Ku80, and total and phosphorylated DNA-

PK form (pDNA-PK) in post-irradiated cells at the indicated time points. Tubulin served as loading control 

and protein quantification is expressed by arbitrary density units (n=3). Data are Mean ± SEM, * p-value<0.05; 

** p-value<0.001; *** p-value<0.0001; One-Way Anova test. 

Figure 4. Analysis of antioxidant scavenger systems. A) The amount of GSH content was quantified in the 

different lines (n=3). Data are Mean ± SEM, ** p-value<0.001; *** p-value<0.0001; One-Way Anova test. B) 

The fluorogenic probe DCFH-DA was administered to quantify the total ROS production in control, RDCav-1 

and RDCav-1/F2 cells treated or not with increasing H2O2 doses (n=3). Data are Mean ± SEM, *** p-

value<0.0001; One-Way Anova test. C) The enzymatic activity of catalase was assayed in the lines after 48 

hours of cell growth. (n=3). Data are Mean ± SEM, * p-value<0.05; *** p-value<0.0001; One-Way Anova 

test. D) Immunoblotting detection of catalase in the different cell lines. Tubulin served as loading control and 

protein quantification is expressed by arbitrary density units (n=3). Data are Mean ± SEM, *** p-

value<0.0001; One-Way Anova test. 

Figure 5. Analysis of Cav-1 and Akt phosphorylation in post-irradiated cells. A, B) Immunoblotting detection 

of Cav-1 (total and pCav-1) (A) and Akt (total and pAkt) (B) in post-irradiated control and RDCav-1 lines at the 

indicated time points. Tubulin served as loading control and protein quantification is expressed by arbitrary 

density units (n=3). Data are Mean ± SEM, * p-value<0.05; *** p-value<0.0001; One-Way Anova test. C, D) 

Clonogenic evaluation of cell survival in post-irradiated control and RDCav-1 cells pre-treated or not with PP2 

(C) or LY294002 (D) compared to DMSO. The images show surviving cell colonies after crystal violet 

staining. The graph represents the fraction of the surviving cell colonies after the colorimetric quantification 

of the crystal violet (n=3). Data are Mean ± SEM, * p-value<0.05; *** p-value<0.0001; Unpaired Student's t-

test.   

Figure 6. Analysis of radioresistant RDRR and RH30RR lines. A) Clonogenic evaluation of cell survival in post-

irradiated radioresistant and parental lines. The images show surviving cell colonies after crystal violet 



staining. The graph represents the fraction of the surviving cell colonies after the colorimetric quantification 

of the crystal violet (n=2). Data are Mean ± SEM, *** p-value<0.0001; Unpaired Student's t-test. B) 

Immunoblotting detection of Cav-1 (total and pCav-1), Akt (total and pAkt) and catalase in radioresistant and 

parental lines. Cells were collected after 48 hours of cell growth. Tubulin served as loading control and protein 

quantification is expressed by arbitrary density units (n=4). Data are Mean ± SEM, ** p-value<0.001; *** p-

value<0.0001; Unpaired Student's t-test. C) Clonogenic evaluation of cell survival in post-irradiated RDRR and 

RH30RR lines, pretreated for 2 hours with either PP2 or LY294002 compared to DMSO-treated cells. The 

images show surviving cell colonies after crystal violet staining. The graph represents the fraction of the 

surviving cell colonies after the colorimetric quantification of the crystal violet (n=3). Data are Mean ± SEM, 

** p-value<0.001; *** p-value<0.0001; One-Way Anova test.  

Figure S1. Real-time PCR analysis on post-irradiated control and RDCav-1 lines. The expression of antioxidant 

genes (A-D) and miRNAs (E-H) was evaluated in cells 12 hours after IR treatment (n=3). Data are Mean ± 

SEM, * p-value<0.05; ** p-value<0.001; *** p-value<0.0001 vs untreated cells; Unpaired Student's t-test. # 

# # p-value<0.0001 vs RDctrl cells; Unpaired Student's t-test.  
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