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Figure 1.1 – The key players in cellular iron metabolism. Transferrin (Tf)-bound Fe3+ iron is recognized by Transferrin 

receptor 1 (TfR1) and internalized by clathrin-dependent endocytosis. In the endosome, the acidic environment causes 

ferric iron to dissociate from transferrin; then, Fe3+ is reduced to ferrous Fe2+ by the metalloreductase six transmembrane 

epithelial antigen of prostate 3 (STEAP3) and is transported to the cytoplasm by divalent metal transporter 1 (DMT1), 

forming the so-called Labile Iron Pool (LIP). Free cytoplasmic iron can finally be incorporated in iron-dependent enzymes, 

used for the synthesis of heme and Fe-S clusters, or be safely stocked in the iron storage protein ferritin. Excessive iron is 

then exported by the transmembrane channel ferroportin, whose activity is inhibited by the systemic hormone hepcidin, 

which also causes its internalization and degradation (from Torti and Torti, 2013). 
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Figure 1.2 – The “iron addiction” of cancer cells. In normal cells, adequate levels of transferrin receptor 1 (TfR1) 

supply the cell with enough iron, which is incorporated in iron enzymes to sustain DNA synthesis and repair, energy 

production in mitochondria and generation of heme groups and Fe-S clusters, while the excess amount of iron is safely 

stored in ferritin polymers. Cancer cells, having increased metabolic demands, resolve their higher need of iron with the 

upregulation of TfR1 and the degradation of ferritin, increasing the labile iron pool and, in turn, its incorporation in iron 

enzymes but, on the other hand, this iron increase leads to the production of free radicals through the Fenton reaction. 

Also, tumor cells are able to produce and secrete hepcidin, the main systemic iron-regulating hormone, which binds 

ferroportin-1 (FPN, the only known cellular iron exporter) and mediates its internalization and degradation that further 

increases intracellular iron (Fanzani and Poli, 2017). 
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Figure 1.3 – The key players in cellular fatty acids biosynthesis. ATP-citrate lyase (ACLY) mediates the production 

of acetyl-CoA from citrate derived from the TCA cycle. Then, acetyl-CoA carboxylase (ACC) mediates the production of 

malonyl-CoA, of which, together with a priming acetyl-CoA molecule, multiple units are sequentially condensed by fatty 

acid synthase (FASN) to form palmitate, a saturated fatty acid. Then, stearoyl-CoA desaturase mediates the first step in 

monounsaturated fatty acids (MUFAs) synthesis, and fatty acid desaturase 2 and 1 (FADS2/1) mediate the further 

production of polyunsaturated fatty acids (PUFAs), which will be either inserted in the cell membrane or stored in lipid 

droplets. Moreover, the import of fatty acids, both essentials and non-essentials, from the extracellular space is mediated 

by fatty acid translocase (FAT, or CD36) and by fatty acid transport proteins (FATPs) (modified from Yoon and Lee, 

2022). 
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Figure 1.4 – The general process of lipid peroxides formation. Arachidonic acid, the most representative 

polyunsaturated fatty acid (PUFA) involved in ferroptotic lipid peroxidation, is taken as example. The reaction begins with 

the removal of a hydrogen atom on the methylene carbon, generating a free radical. Due to the formation of a resonance 

hybrid, the molecule is converted into its more stable isomer, which has the radical carbon near only one double bond. 

Then, the interaction with molecular oxygen leads to the generation of the final lipid hydroperoxide (Gaschler and 

Stockwell, 2017). 
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Figure 1.5 – The three phases of non-enzymatic production of lipid peroxides. First, the interaction of iron with 

hydrogen peroxide (H2O2) produces a reactive hydroxyl radical, which catalyzes the production of a lipid radical. Then, 

this organic radical can interact with molecular oxygen, producing a lipid-peroxyl radical that can further interact with 

another lipid molecule, producing a lipid radical while transforming itself in its corresponding lipid alcohol. This chain 

process can be terminated with the acquisition of an electron derived from another reactive radical or an antioxidant, 

typically vitamin E or other synthetic equivalents (Gaschler and Stockwell, 2017). 
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Figure 1.6 – The cystine/cysteine cycle. Cystine (Cys-S-S-Cys), internalized by the system Xc
- with the extrusion of a 

glutamate (Glu) molecule, is made biologically available with the consecutive oxidation of two glutathione (GSH) molecule, 

liberating two free cysteine (Cys-SH) molecules. Cysteine can then be used for protein translation, glutathione synthesis 

or exported in the extracellular space, where, in oxidizing conditions, is converted to cystine or other cysteine-thiol 

conjugates. Then, cystine can be imported again in the cell, repeating the cycle (Conrad and Sato, 2012). 
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Figure 1.7 – The transsulfuration pathway. A molecule of methionine is ligated to adenosine, producing S-

adenosylmethionine, which losses a methylene group to form S-adenosylhomocysteine. Adenosine is then removed leaving 

a homocysteine molecule, which is condensed with serine, producing cystathionine, which is further split into α-

ketobutyrate and cysteine, thus providing an alternative pathway for cysteine supply in case of system Xc
- inhibition. The 

activation of the transsulfuration pathway has been reported to induce ferroptosis resistance in cells (Hayano et al., 2016). 
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Figure 1.8 – The antioxidant machineries involved in ferroptosis suppression. The enzymatic neutralization of 

membrane lipid peroxides to their non-toxic lipid alcohol form is mediated by the enzyme Glutathione Peroxidase 4 

(GPX4), which uses the antioxidant peptide glutathione (GSH) as a cofactor. GSH synthesis requires the amino acid 

cysteine, which is either imported in the cell by the antiporter System Xc
- or derived from the transsulfuration pathway. 

Alternatively, the antioxidant molecules Coenzyme Q10 (CoQ10) and tetrahydrobiopterin (BH4) can act as radical-trapping 

agents by non-enzymatically neutralizing lipid peroxides. Notably, interconnections exists between these three pathways 

because isopentenyl pyrophosphate (IPP) is involved in the production of the selenoenzyme GPX4, and BH4 can 

contribute to the synthesis of CoQ10 (modified from Zheng and Conrad, 2020). 
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Figure 1.9 – Schematic representation of ferroptosis pathway with its chemical inducers and inhibitors. 

Ferroptosis inducers (FINs) can be divided into three categories. First, there are system Xc- inhibitors (also known as class 

I FINs), represented by erastin (and its derivatives, piperazine erastin and imidazole ketone erastin), sorafenib, sulfasalazine 

and RSL5, capable of reducing cystine and cysteine intracellular levels. Inhibitors of GPX4 (catalogued as class II and class 

III FINs, respectively direct and indirect inhibitors of GPX4) comprise RSL3, FIN56, ML210, DPI compounds, 

altretamine, JKE-1674, NSC144988 and withaferin A, causing the failure of the antioxidant system even in presence of 

GSH. Class IV FINs (such as ferric ammonium citrate, ferrous ammonium sulfate, hemoglobin, hemin, or iron chloride) 

can increase cellular iron levels, promoting lipid peroxidation and ferroptosis. Ferroptosis inhibitors, instead, can be 

divided into radical-trapping antioxidants (like ferrostatin-1, liproxstatin-1, phenoxazine, BHT and α-tocopherol), which 

scavenge reactive molecules such as ROS and lipid peroxides, and iron chelators (such as deferoxamine and deferiprone), 

which reduce the labile iron pool, thus preventing non-enzymatic lipid peroxidation. (Stockwell and Jiang, 2020). 
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Table 3.1 – Graphical scheme of the subtypes comprised in “adult-type diffuse gliomas” (modified from Louis et al., 2021). 

Adult-type diffuse gliomas can be further subclassified in astrocytoma, IDH-wildtype, oligodendroglioma, IDH-wildtype 

(whose characteristic alteration, other than IDH1/2 genes mutations, is the codeletion of chromosome 1p and 19q), and 

glioblastoma, IDH-wildtype (which represents the most aggressive subtype of adult-type diffuse gliomas). 
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Figure 3.1 – The diagnostic algorithm used in clinical practice for the diagnosis of gliomas (from Melhem et al., 

2022). 
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Table 3.2. Primers sequences. g 

Hs TBP F GAACATCATGGATCAGAACAACA

Hs TBP R ATAGGGATTCCGGGAGTCAT

Hs NFE2L2 F CACATCCAGTCAGAAACCAGTGG

Hs NFE2L2 R GGAATGTCTGCGCCAAAAGCTG

Hs SLC7A11 F TCTCCAAAGGAGGTTACCTGC

Hs SLC7A11 R AGACTCCCCTCAGTAAAGTGAC

Hs NQO1 F CCTGCCATTCTGAAAGGCTGGT

Hs NQO1 R GTGGTGATGGAAAGCACTGCCT

Hs ACSL3 F GGCGTAGCGGTTTTGACA

Hs ACSL3 R CCAGTCCTTCCCAACAACGA

Hs ACSL4 F ACTGGCCGACCTAAGGGAG

Hs ACSL4 R GCCAAAGGCAAGTAGCCAATA

Hs GPX4 F GCCATCAAGTGGAACTTCAAC

Hs GPX4 R CTTCTCTATCACCAGGGGCTC

Hs AIFM2 F ATGGTTCGGCTGACCAAGAG

Hs AIFM2 R GCCACCACATCATTGGCATC

Hs HO-1 F GCTGTAGGGCTTTATGCCATGT 

Hs HO-1 R GGCTCCTTCCTCCTTTCCAGAG 

Hs CHAC1 F CCTGAAGTACCTGAATGTGCGAGA

Hs CHAC1 R GCAGCAAGTATTCAAGGTTGTGGC

Hs PTGS2 F ATGCTGACTATGGCTACAAAAGC

Hs PTGS2 R TCGGGCAATCATCAGGCAC

Hs TFRC F TTTCCACCATCTCGGTCATC

Hs TFRC R GGGACAGTCTCCTTCCATATTC

Hs SLC40A1 F ATCCATGTGCGTGGAGTACG

Hs SLC40A1 R AGGGGTTTTGGCTCAGTATCTTT

Hs FTH1 F AGAGGGAACATGCTGAGAAAC

Hs FTH1 R CACACTCCATTGCATTCAGC

Hs FTL F CCTAGATGAGGAAGTGAAGCTT

Hs FTL R AGAGATACTCGCCCAGCCC

Hs NFE2L2

Hs TBP

Hs NQO1

Hs TFRC

Hs SLC40A1

Hs FTH1

Hs FTL

Hs SLC7A11

Hs HMOX1

Hs CHAC1

Hs PTGS2

Hs AIFM2

Hs ACSL3

Hs ACSL4

Hs GPX4
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Figure 3.2 – RNAseq data on patient-derived GBM samples regarding ferroptosis- and iron-related genes. The 

samples were classified basing on their histology in conventional glioblastomas (GBM; n=15), primitive neuroectodermal 

tumors (PNET; n=6), and glioblastomas with primitive neuronal component (GBM-PNC, for which the GBM component 

[n=14] was separated from the PNC component [n=13] and analyzed separately). Then, the expression level of the 

considered genes was compared between the four groups (conventional GBMs vs. PNET vs. GBM component vs. PNC 

component). The statistical analysis was performed with ordinary one-way ANOVA, using Tukey’s method for statistical 

hypothesis testing (* p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001). 
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Figure 3.3 – RNAseq data on patient-derived GBM samples regarding ferroptosis- and iron-related genes. The 

samples classified as conventional glioblastomas (GBM) were ulteriorly subdivided into the classical (n=5), mesenchymal 

(n=5) and proneural (n=5) subtypes, and the expression level of the considered genes was compared between the three 

groups (classical vs. mesenchymal vs. proneural). The statistical analysis was performed with ordinary one-way ANOVA, 

using Tukey’s method for statistical hypothesis testing (* p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001). 
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Figure 3.4 – Characterization of the used GBM-CSC lines for ferroptosis-related genes and proteins. Primary 

GBM-CSCs lines BT302 (representative of the mesenchymal subtype of conventional GBM), BT334 (representative of 

the classical subtype of conventional GBM) and CT014 Φ (representative of GBM with primitive neuronal component, 

or GBM-PNC) were analyzed for the mRNA expression of NFE2L2 (A), SLC7A11 (B), NQO1 (C), ACSL3 (D), ACSL4 

(E), GPX4 (F), AIFM2 (G), HMOX1 (H), CHAC1 (I) and PTGS2 (J) by quantitative RT-PCR, and data were expressed 

as 2-ΔCt. Statistical analyses were performed with one-way ANOVA, using Tukey’s method for statistical hypothesis testing 

(* p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001). The protein expression of ACSL4 and FSP1 was analyzed by 

western blot, using β-tubulin as loading control (K). 
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Figure 3.5 – Characterization of the used GBM-CSC lines for iron-related genes and proteins. Primary GBM-CSCs 

lines BT302 (representative of the mesenchymal subtype of conventional GBM), BT334 (representativeof the classical 

subtype of conventional GBM) and CT014 Φ (representative of GBM with primitive neuronal component, or GBM-PNC) 

were analyzed for the mRNA expression of TFRC (A), SLC40A1 (B), FTH (C) and FTL (D) by quantitative RT-PCR, and 

data were expressed as 2-ΔCt. The protein expression of TfR1 and FPN was analyzed by western blot, using β-tubulin as 

loading control (E). the protein content of H-ferritin was evaluated by ELISA assay (F). Statistical analyses were performed 

with one-way ANOVA, using Tukey’s method for statistical hypothesis testing (* p < 0.05; ** p < 0.01; *** p < 0.001; 

**** p < 0.0001). 
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Figure 3.6 – The viability of primary GBM-CSCs lines is reduced after a treatment with ferroptosis inducers. 

BT302 (A-C), BT334 (D-F) and CT014 Φ cells (G-I) were treated with increasing concentrations of erastin (A, D, G), 

RSL3 (B, E, H) and ML162 (C, F, I) for 24, 48 and 72 hours. The cell viability was analyzed using RealTime-GloTM MT 

Cell Viability Assay. The values are expressed as percentage of viable cells over the not treated cells at the indicated time 

points. The statistical analysis was performed with two-way ANOVA, using Tukey’s method for statistical hypothesis 

testing; the light-colored stars correspond to the comparison between 24 h and 48 h, the medium-colored stars between 

24 h and 72 h and the dark-colored stars between 48 h and 72 h (* p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001). 
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Figure 3.7 – Ferroptosis inducers have cytotoxic effects on GBM-CSCs lines, impeding the normal formation of 

neurospheres. BT302 (A, D, G), BT334 (B, E, H) and CT014 Φ cells (C, F, I) were treated with increasing concentrations 

of erastin, RSL3, and ML162, for 24, 48 and 72 hours for BT302 and BT334, and for 7 days for CT014 Φ cells. LDH 

release (A-I) was analyzed using the LDH Cytotoxicity Assay Kit. The values are expressed as percentage of LDH released 

in tested sample over lysed cells at the indicated time points. The statistical analysis was performed with two-way ANOVA, 

using Tukey’s method for statistical hypothesis testing; the light-colored stars correspond to the comparison between 24 

h and 48 h, the medium-colored stars between 24 h and 72 h and the dark-colored stars between 48 h and 72 h (* p < 

0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001). The images for macroscopic analysis (J, K, L) were taken after 72 hours 

of the treatment for BT302 and BT334, and after 7 days for CT014 Φ cells. 
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Figure 3.8 – The co-treatment with FINs and ferroptosis inhibitors partially rescues the cell viability of 

GBM-CSCs lines. BT302, BT334 and CT014 Φ cells were co-treated with RSL3 (at the concentration of 5 µM for BT302, 

7 µM for BT334, and 8.9 µM for CT014 Φ, shown respectively in A, B and C) or ML162 (at the concentration of 4.5 µM 

for BT302, 5 µM for BT334, and 5 µM for CT014 Φ, shown respectively in D, E and F) and with the ferroptosis inhibitors 

100 µM DFO or 10 µM ferrostatin-1, Fer-1) for 24 hours. The cell viability was analyzed using RealTime-GloTM MT Cell 

Viability Assay. The values are expressed as percentage of viable cells over the not treated cells at the indicated time points. 

The statistical analysis was performed with ordinary one-way ANOVA, using Tukey’s method for statistical hypothesis 

testing (* p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001). 
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Figure 3.9 – BT302 cells show increased lipid peroxide content after both RSL3 and ML162 treatment. BT302 

cells were treated with 2.5 µM RSL3 or 1 µM ML162 in presence or in absence of both ferroptosis inhibitors 100 µM 

DFO and 10 µM Fer-1 for 24 hours. For the lipid ROS analysis, cells were stained with C11/BODIPY581/591 and 

counterstained with DAPI. Images were obtained by fluorescent microscopy using a 63x magnification (with immersion) 

using the FITC, RHOD and DAPI filters to visualize, respectively, the oxidized probe, the total probe, and the nuclei.  
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Figure 3.10 – TMZ reduces only the cell viability of BT302 cells, in which also increases the lipid peroxide 

content. For the cell viability experiments, BT302 (A), BT334 (B) and CT014 Φ cells (C) were treated with increasing 

doses of TMZ for 24, 48 and 72 hours. The cell viability was analyzed using RealTime-GloTM MT Cell Viability Assay. 

The values are expressed as percentage of viable cells over the not treated cells at the indicated time points. The statistical 

analysis was performed with two-way ANOVA, using Tukey’s method for statistical hypothesis testing; the light-gold stars 

correspond to the comparison between 24h and 48h, the gold stars between 24h and 72h and the dark-gold stars between 

48h and 72 h (* p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001). For the lipid ROS analysis (D), BT302 were treated 

with 100 µM TMZ for 24 hours. Then, cells were stained with C11/BODIPY581/591 and counterstained with DAPI. Images 

were obtained by fluorescent microscopy using a 63x magnification (with immersion) using the FITC, RHOD and DAPI 

filters to visualize, respectively, the oxidized probe, the total probe, and the nuclei.  
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Figure 3.11 – RSL3 increases the efficacy of TMZ in BT302 cells but not in BT334 nor CT014 Φ cells. BT302 (A), 

BT334 (B) and CT014 Φ cells (C) were treated with sublethal doses of TMZ (100 µM for BT302, 1000 µM for BT334, 

and 500 µM for CT014 Φ) and RSL3 (2.5 µM for BT302, 4.5 µM for BT334, and 2.5 µM for CT014 Φ), alone or in 

combination, for 24, 48 and 72 hours. The cell viability was analyzed using RealTime-GloTM MT Cell Viability Assay. The 

values are expressed as percentage of viable cells over the not treated cells at the indicated time points. The statistical 

analysis was performed with two-way ANOVA, using Tukey’s method for statistical hypothesis testing; the gold stars 

correspond to the comparison between the TMZ-RSL3 combined treatment and the TMZ-alone treatment, while the red 

stars correspond to the comparison between the TMZ-RSL3 combined treatment and the RSL3-alone treatment (* p < 

0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001). 
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Figure 4.1 – Schematization of alveolar (ARMS) and embryonal (ERMS) rhabdomyosarcoma frequency and their main 

molecular alterations. Among all cases of rhabdomyosarcoma (RMS), the 60% are classified as ERMS, of which 20% is 

caused by the more aggressive ARMS. However, a more precise classification has been proposed, dividing RMS in 

fusion-positive (FP-) and fusion-negative (FN-) RMS. The first is distinguished by the presence of fusion genes, the most 

frequent being PAX3-FOXO1 and PAX7-FOXO1, while the second is characterized by a wider mutational burden, such 

as loss of the region 11p15.5, whole chromosome gains and losses and a series of point mutations. In terms of prognosis, 

this new division fits better with prognostic values, with the PAX3-FOXO1 mutated tumors having the worst prognosis, 

while the other FP-tumors are characterized by a higher survival expectancy, together with all FN-tumors, with which 

prognostic resemblance occurs (Ramadan et al., 2020). 
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Figure 4.2 – An overview of the roles of caveolin-1 in cellular signaling. Caveolin-1 is an integral membrane protein 

with a hairpin-like conformation that is found in caveolae as a homodimer. The N-terminal domain of caveolin-1 extrudes 

into the cytoplasm, and can interact with various intracellular messengers that in turn modulate various biological processes 

(such as mitochondrial function, lipid transport and cholesterol homeostasis) and numerous signaling pathways (such as 

the MAPK cascade and the TGF-β signaling) (modified from Wang et al., 2017). 
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Figure 4.3 – Brief overview of the mechanism of action of didox. Developed based on the small molecule 

hydroxyurea, didox (3,4-dihydroxybenzohydroxamic acid) has been demonstrated as a potent inhibitor of RRM2. This 

protein is the regulatory subunit of the enzyme ribonucleotide reductase and, together with the catalytic subunit RRM1, is 

responsible for the rapid production of dNTPs necessary to the duplication of the genome. Also, after its first application 

as RRM2 inhibitor, didox has also been discovered an iron chelator, being able to reduce the amount of bioavailable iron 

in cancer cells. 
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Table 4.1 – Primers sequences. g 

Hs TBP F GAACATCATGGATCAGAACAACA

Hs TBP R ATAGGGATTCCGGGAGTCAT

Hs TxnR1 F GGTCCAACCTTGAAGGCTTA

Hs TxnR1 R CATATTGGGCTGCCTCCTTA

Hs HO-1 F GCTGTAGGGCTTTATGCCATGT 

Hs HO-1 R GGCTCCTTCCTCCTTTCCAGAG 

Hs α-SREBP1 F ACAGTGACTTCCCTGGCCTAT

Hs α-SREBP1 R GCATGGACGGGTACATCTTCAA

Hs α-SREBP2 F CTGCAACAACAGACGGTAATGA

Hs α-SREBP2 R CCATTGGCCGTTTGTGTCAG

Hs α-FASN F AAGGACCTGTCTAGGTTTGATGC

Hs α-FASN R TGGCTTCATAGGTGACTTCCA

Hs α-ACACA (ACC-α) F ATGTCTGGCTTGCACCTAGTA

Hs α-ACACA (ACC-α) R CCCCAAAGCGAGTAACAAATTCT

Hs α-ACLY F TCGGCCAAGGCAATTTCAGAG

Hs α-ACLY R CGAGCATACTTGAACCGATTCT

Hs SCD F TCTAGCTCCTATACCACCACCA

Hs SCD R TCGTCTCCAACTTATCTCCTCC

hACSL1 F CCATGAGCTGTTCCGGTATTT

hACSL1 R CCGAAGCCCATAAGCGTGTT

Hs ACSL3 F GGCGTAGCGGTTTTGACA

Hs ACSL3 R CCAGTCCTTCCCAACAACGA

Hs ACSL4 F ACTGGCCGACCTAAGGGAG

Hs ACSL4 R GCCAAAGGCAAGTAGCCAATA

Hs ACSL5 F CCCCATGTCCACTTCAGTCAT

Hs ACSL5 R GTGCATTCTGTTTGACCATAAGCT

Hs ACSL6 F GTGTTGGCTTCTTCCAGGGAGA

Hs ACSL6 R GGTGTGTTTGCCTGGCTGAAGA

Hs GPX4 F GCCATCAAGTGGAACTTCACC

Hs GPX4 R CTTCTCTATCACCAGGGGCTC

Hs ACSL4

Hs TxnR1

Hs ACSL6

Hs TBP

Hs GPX4

Hs α-ACACA (ACC-α)

Hs α-ACLY

Hs SCD

Hs ACSL1

Hs ACSL3

Hs ACSL5

Hs HO-1

Hs α-SREBP1

Hs α-SREBP2

Hs α-FASN
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Figure 4.3 – Didox reduces cell viability in RMS cell lines in a time- and dose-dependent manner. RD (A) and 

RH30 (B) cell lines (representing embryonal and alveolar RMS, respectively) were treated with 0-1-10-25-50-500-200-500 

µM didox for 24, 48 and 72 hours; then, MTT assay was performed to verify cell viability after treatment. The values are 

expressed as percentage of viable cells over the not treated cells at the indicated time points. The black dotted line is drawn 

in correspondence to the half maximal inhibitory dose (IC50). The graph represents the means of three independent 

experiments (N = 3) with three internal values for each experiment. The statistical analysis was performed with two-way 

ANOVA, using Tukey’s method for statistical hypothesis testing; the black stars correspond to the comparison between 

24h and 48h, the grey stars between 24h and 72h and the light grey stars between 48h and 72 h. * p < 0.05; ** p < 0.01; 

*** p < 0.001; **** p < 0.0001. 
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Figure 4.4 – Hydroxyurea reduces cell viability in RMS cell lines in a time- and dose-dependent manner. RD (A) 

and RH30 (B) cell lines (representing embryonal and alveolar RMS, respectively) were treated with 0-1-10-25-50-500-200-

500 µM hydroxyurea (HU) for 24, 48 and 72 hours; then, MTT assay was performed to verify cell viability after treatment. 

The values are expressed as percentage of viable cells over the untreated cells at the indicated time points. The black dotted 

line is drawn in correspondence to the half maximal inhibitory dose (IC50). The graph represents the means of three 

independent experiments (N = 3) with three internal values for each experiment. The statistical analysis was performed 

with two-way ANOVA, using Tukey’s method for statistical hypothesis testing; the black stars correspond to the 

comparison between 24h and 48h, the grey stars between 24h and 72h and the light grey stars between 48h and 72 h. * p 

< 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001. 

Table 4.2 – Calculation of IC50 values after a treatment with didox and hydroxyurea. The IC50 values (corresponding 

to the dose that reduced cell viability by 50%) for the treatment with didox and hydroxyurea for both RD and RH30 cells 

were interpolated from the data reported in Figure 1 and Figure 2 respectively, using GraphPad Prism 8’s integrated 

nonlinear regression tool and are the mean of three independent experiments. 
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Figure 4.5 – Didox causes cell death by apoptosis RD and RH30 cell lines. For apoptosis detection, RD cells 

(representative of embryonal RMS) were treated with 50 and 150 µM didox and RH30 cells (representative of alveolar 

RMS) with 25 and 50 µM didox, for 24, 48 and 72 hours. Then cells were stained with Annexin V-FITC and propidium 

iodide (PI) and signals were detected by flow cytometry. The histograms show the percentage of apoptotic cells (FITC-

positive cells) relatively to the entire population at each time point. The statistical analyses were performed with two-way 

ANOVA, using Tukey’s method for statistical hypothesis testing. * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001. 
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Figure 4.6 – Didox increases mitochondrial oxidative stress in RD and RH30 cell lines. For mitochondrial 

superoxide detection, RD cells were treated with 50 and 150 μM didox and with 25 and 50 µM didox, for 24, 48 and 72 

hours. Then, cells were stained with MitoSOXTM Red, fixed in 4% PFA, and images were obtained by fluorescent 

microscopy using a 63x magnification (with immersion) using the rhodamine filter (B). The histograms in D show the 

signal intensity of the probe normalized for the number of cells in the considered field. The statistical analyses were 

performed with two-way ANOVA, using Tukey’s method for statistical hypothesis testing. * p < 0.05; ** p < 0.01; *** p 

< 0.001; **** p < 0.0001. 
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Figure 4.7 – Didox decreases cellular motility of both embryonal and alveolar RMS subtypes and reduces their 

clonogenic capability in a dose-dependent manner. For the motility assay (A-C), RD (representative of embryonal 

RMS; A) and RH30 (representative of alveolar RMS; B) cells were seeded in 6-wells plates and, at 90% confluence, were 

pre-treated overnight with sublethal doses of didox (respectively, with 120 and 35 µM); then, the monolayer was 

interrupted using a pipette tip, and culture medium was changed with a fresh one containing the same concentrations of 

didox used for the pre-treatment. The graph shows the percentage of wound closure, considering the width of a fresh 

wound as 100%. Each value derives from four measurements made on two different wounds in the same well, and 

statistical analyses were performed with two-way ANOVA, using Sidak’s method for statistical hypothesis testing. For the 

clonogenic assay (D-E), 1000 RD and 500 RH30 cells (D) were seeded in Φ 3,5 cm dishes and, after respectively 48- and 

24-hours post-seeding, were treated with 0-1-10-25-50-100 µM didox for 48 hours. Then, the medium was changed with 

fresh one and, after respectively 7 and 4 days, cells were fixed in 3% PFA and stained with 0,1% Crystal Violet. The 

clonogenic capability of cells was evaluated by dissolving the coloration with 1% SDS in PBS 1X and by measuring the 

absorbance at 540 nm of the resulting solution. The graphed data derive from the normalization of each value over the 
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absorbance of the not-treated cells, and statistical analyses were performed with one-way ANOVA, using Dunnett’s 

method for statistical hypothesis testing. * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001. 
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Figure 4.8 – Didox affects iron-related proteins (TfR1 and H-ferritin) in RMS cell lines, acting as an iron chelator. 

RMS cells at 80% confluence were treated with sublethal doses of didox (25 and 100 µM) for 48 hours and analyzed for 

transferrin receptor 1 (TfR1) with immunoblot assay (A). Tubulin was used as loading control. Densitometry was 

performed using Image Studio Lite TM software and the values were normalized to tubulin as indicated. The expression 

of heavy subunits of ferritin (FtH) was analyzed by ELISA assay (B), and the labile iron pool was measured with the 

Calcein-AM assay (C). Statistical analyses were performed with two-tailed t-Test, using Holm-Sidak’s method for statistical 

hypothesis testing. * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001. 
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Figure 4.9 – Didox effectively inhibits the in vivo growth of RH30 cells in NOD-SCID mice. 5x106 RH30 cells 

were injected subcutaneously in the flanks of 9-11 weeks-old NOD-SCID mice (2 plugs per mice). After assessment of 

tumor growth, mice were given intraperitoneal injections of vehicle or didox (200 mg/kg) three times a week for three 

weeks, and tumor growth was monitored during time (A). At the experimental timepoint, mice were sacrificed, and tumors, 

livers, spleens, and blood samples were harvested. Tumors were weighted (B) and fixed in 10% buffered formalin (C), 

while livers and spleen were either fixed in 10% buffered formalin and snap-frozen for further analyses. Non-heme iron 

content (D-E) of both organs and serum iron levels (F) were assessed, and immunohistochemical analyses for Ki-67, 

CD31 and caspase-3 were conducted (G-H).  
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Figure 4.10 – Characterization of control and Cav-1-overexpressing cells at basal level for iron-related proteins, 

ferroptosis related genes, proteins, and lipid ROS. Western blot analysis for TfR1, FPN (A) and FSP1 (F) was 

performed, and tubulin was used as loading control. ELISA assay for ferritin-H (hFtH) protein content was performed 

and data were expressed as ng of FtH/ mg total protein content (B). For the analysis of mRNA expression (A), control 

and Cav-1-overexpressing cells (referred as RD mock and RD Cav-1 F2 respectively) were analyzed by qRT-PCR for the 

following genes: GPX4, HMOX1, TXNR. Data are expressed as 2-ΔCt, and statistical analyses were performed with 

two-tailed unpaired t-test (* p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001). For the lipid ROS analysis (C), control 

and Cav-1-overexpressing cells were stained with C11/BODIPY581/591 and counterstained with DAPI. Images were 

obtained by fluorescent microscopy using a 63x magnification (with immersion) using the FITC, RHOD and DAPI filters 

to visualize, respectively, the oxidized probe, the total probe, and the nuclei. 
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Figure 4.11 – Characterization of control and Cav-1-overexpressing cells at basal level lipid metabolism 

compartment. Western blot analysis for ACSL4 (A) was performed, and tubulin was used as loading control. For the 

analysis of mRNA expression (B-N), control and Cav-1-overexpressing cells (referred as RD mock and RD Cav-1 F2 

respectively) were analyzed by qRT-PCR for the following genes: ACSL1 (B), ACSL3 (C), ACSL4 (D), ACSL5 (E), 

ACSL6 (F), SREBP1 (G), SREBP2 (H), ACLY (I), ACACA (L), FASN (M) and SCD (N). Data are expressed as 2-ΔCt, 

and statistical analyses were performed with two-tailed unpaired t-test (* p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 

0.0001). For the lipid content analysis (O), control and Cav-1-overexpressing cells were stained with Oil Red O. Images 

were taken using a 40X magnification. 
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Figure 4.12 – Cav-1-overexpressing cells are more sensitive to triacsin C, in terms of cell viability, cell motility 

and clonogenicity. Control (RD mock, A) and Cav-1-overexpressing RD cells (RD Cav-1 F2, B) were treated with 0-

0.25-0.5-1-2.5-5-7.5-10 µM triacsin C for 24 and 48 hours; then, MTT assay was performed to verify cell viability. The 

values are expressed as percentage of viable cells over the untreated cells at the indicated time points. The black dotted 

line is drawn in correspondence to the half maximal inhibitory dose (IC50). The statistical analysis was performed with 

two-way ANOVA, comparing the 24h and the 48h treatment and using Tukey’s method for statistical hypothesis testing 

(* p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001). The motility assay (wound healing assay) was performed for 

both control and Cav-1-overexpressing RD cells. The cells were allowed to repair the wound in the presence of increasing 

concentrations of triacsin C for 10 hours, then cells were stained with Crystal Violet, and images were taken (C). The 

graphs (D) show the percentage of wound closure. The statistical analyses were performed with ordinary one-way 

ANOVA, using Dunnett’s method for statistical hypothesis testing (* p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 

0.0001). For the clonogenic assay, RD mock and RD Cav-1 F2 were treated with increasing concentrations of triacsin C 

for 24 hours. Then, the medium was changed with fresh one and, after, respectively, 6 and 3 days, cells were stained with 

Crystal Violet and images were taken (E). The graphed data (F) derive from the normalization of each value over the 

absorbance of the not-treated cells, and statistical analysis was performed with two-way ANOVA, using Sidak’s method 

for statistical hypothesis testing (* p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001). 
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Figure 4.13 – Triacsin C does not rescue FINs-induced cell death in Cav-1-overexpressing cells. 

Cav-1-overexpressing RD cells were pre-treated with 0.25 µM triacsin C for 16h, then cells were treated with 1 µM for 

erastin and RSL3 and 5 µM for ML162, in presence of 0.25 µM triacsin C for 24 hours, then MTT assay was performed 
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to verify cell viability. The values are expressed as percentage of viable cells over the not treated cells at the indicated time 

points. The statistical analysis was performed with two-way ANOVA, using Tukey’s method for statistical hypothesis 

testing. 

Figure 4.14 – ACSL4-specific silencing does not reduce FINs-induced cell death in Cav-1-overexpressing cells. 

Cav-1-overexpressing cells were transfected with esiRNA targeting EGFP (used as negative control) or ACSL4 mRNA. 

Then the cells were treated with 0.5 µM RSL3 for 24 hours. The efficiency of the silencing was evaluated by analyzing the 

protein level of ACLS4 in western blot (A). Cells were analyzed for lipid content (by Oil Red O staining; B). The evaluation 

of cell viability after RSL3 treatment was performed by MTT assay (C). 
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Figure 4.15 – The exposure to different fatty acids successfully alters the lipid content of Cav-1-overexpressing 

cells. Cav-1-overexpressing RD cells were treated for 24 hours with 62.5 (A), 125 (B) and 250 µM (C) of, respectively, a 

mixture of palmitic (PA) and oleic (OA) acids in a 1:2 ratio, linoleic (LA), α-linolenic (α-LNA), γ-linolenic (γ-LNA) and 

arachidonic (AA). Cells were stained with Oil Red O to verify lipid uptake, and images at 40X magnification were taken 

(A-C). The graphs in D and E report, respectively, the cell viability (crystal violet assay) and the lipid content quantification 

(Oil Red O staining. The data are the result of a single pilot experiment. 
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Figure 4.16 – Pre-treating of Cav-1-overexpressing cells with MUFAs or PUFAs affects their sensitivity to RSL3. 

Cav-1-overexpressing RD cells (RD Cav-a F2) were treated with sublethal doses of fatty acids: a mixture of palmitic (PA) 

and oleic acid (OA), in a 1:2 ratio at a concentration of 62.5 µM (PA:OA), 250 µM linoleic acid (LA), 250 µM α-linolenic 

acid (α-LNA), 62.5 µM γ-linolenic acid (γ-LNA) or 62.5 µM arachidonic acid (AA). After 16 h, cells were stained with Oil 

Red O to verify lipid uptake, and images at 40X magnification were taken (A). Lipid content (B) and cell viability, 

performed by MTT assay (C) were assessed both after 16 hours of treatment with fatty acids and after 16 hours of 

treatment with fatty acids plus 24 hours in normal medium. For the combined treatments with fatty acids and RSL3, cells 

were pre-treated with the considered doses of fatty acids for 16 hours; then with only 0.15 µM RSL3, and, after 24 hours 

of treatment, MTT assay was performed to verify cell viability. The values are expressed as percentage of viable cells over 

the not treated cells at the indicated time points (D). The statistical analysis was performed with ordinary one-way 

ANOVA, using Tukey’s method for statistical hypothesis testing (* p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001).  
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