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Rhabdomyosarcoma (RMS) is the most prevalent soft tissue sarcoma (STS) in children 

and adolescents. RMS Alveolar subtype (ARMS) is driven by PAX3-FOXO1, a fusion 

protein originated from a chromosomal translocation. Metabolic reprogramming is 

considered one of the main hallmarks of cancer. To sustain enhanced cell proliferation 

and build new biomass, many metabolic requirements must be satisfied by tumor cells 

through the activation of gene expression and protein regulation programs. The main 

objective of our research project is to analyze the effects of PAX3-FOXO1 expression on 

RMS metabolic landscape. Starting from transcriptomic analysis of publicly available 

data, we identified the Argininosuccinate Synthase 1 (ASS1), an enzyme of the urea 

cycle involved in the de novo synthesis of arginine, as a putative transcriptional target of 

PAX3-FOXO1. It has been described that ASS1 plays a role in enhancing tumor 

progression and invasion in different cancer types. Despite all the evidence that describe 

other STS as ASS1-deficient, we found that RMS cells overexpress ASS1. Particularly 

in ARMS, PAX3-FOXO1 silencing results in ASS1 mRNA downregulation, confirming 

that the fusion protein could regulate ASS1 transcription. CRISPR-Cas9-mediated ASS1 

knockdown impair ARMS migratory capability in vitro without affecting cell proliferation, 

suggesting that arginine metabolism rewiring could be promoting ARMS metastatic 

phenotype. Furthermore, in vivo tumorigenesis resulted to be notably delayed in mice 

injected with ASS1-silenced ARMS cells, confirming the oncogenic role of the enzyme in 

these cancers. Finally, we performed a microarray to study the transcriptional signature 

induced by ASS1 knockdown. The elongation factor EEF1A2, extensively described in 

literature to display oncogenic activity in cancer, resulted to be transcriptionally 

downregulated upon ASS1 silencing. Consequently, AKT phosphorylation was also 

found to decrease, together with the activation of S6K1 and S6 downstream effectors. 

Further experiments are needed to better describe the upstream signaling involved and 

the precise mechanism that links ASS1 to EEF1A2 downregulation. In conclusion, our 

work suggests that ASS1 upregulation could be involved in sustaining the tumorigenesis 

and metastatic process of ARMS. Thus, the inhibition of this pathway could represent a 

promising tool to target RMS metabolism, hopefully leading to the potential development 

of more effective targeted therapies. 
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1. Soft tissue sarcoma  

Soft tissue sarcomas (STS) are rare tumors of mesenchymal origin that account for less 

than the 1% of all adult cancers1. In 2021, the American Cancer Society estimated that 

13.460 new cases of soft tissues tumors were diagnosed in the United States2.   

Almost 50% of STS occurs in the extremities, although the anatomic distribution can also 

involve the trunk, the head and neck regions, the gastrointestinal tract, the retroperitoneal 

area and the uterus, arising in skeletal and smooth muscles, fat, connective, vascular 

and lymphatic tissues3.  

One of the main features of this group of malignancies is the heterogeneity: the fifth 

edition of the World Health Organization (WHO) Classification of Tumors of Soft Tissue 

and Bone describes more than 100 subtypes of these cancers, the majority of which are 

STS4. Each histological and molecular subtype presents a wide range of molecular and 

cellular characteristics and displays different clinical behaviour; therefore, STS diagnosis 

is a crucial and complex process that requires a multidisciplinary approach5. 

Immunohistochemical staining of biopsies and fluorescence in situ hybridization (FISH) 

are usually performed for STS diagnosis and tumor staging. According to the 

complementary molecular classification, two main sarcoma subtypes are distinguished: 

1) sarcomas characterized by specific genetic alteration, such as the presence of fusion 

genes as SYT-SSX for synovial sarcoma, or simple genetic mutations, as the mutation 

in the c-KIT gene that characterizes gastrointestinal stromal tumors, and 2) sarcomas 

with complex karyotype, characterized by multiple genetic abnormalities, such as 

leiomyosarcoma6. The combination of the histological and molecular criteria is the most 

widely used approach for STS diagnosis and to determine the correct clinical strategy. 

The overall relative 5-year survival of STS patients is approximately 50%. However, 

following metastatic disease, the 3-year survival rate decreases to only 20-25%.  

Metastatic spreading usually involves the lungs, but bones, liver, lymph nodes and brain 

can also be affected7. The standard treatment for these tumors includes surgical 

resection, with or without radiation and standard chemotherapy. However, for metastatic 

patients, there is the need for more effective targeted therapy based on an individualized 

approach8.  

STS may also affect children and young adults: in people under 20 years of age these 

cancers represent the 7% of all primary tumors9. Our research group is particularly 

interested in the study of childhood sarcomas and this thesis work is specifically focused 

on the most common pediatric STS, the Rhabdomyosarcoma (RMS). 
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2. Rhabdomyosarcoma 

RMS is the most common STS in children and adolescents, with an overall incidence 

rate of approximately 4 patients per million individuals under 20 years of age9. Although 

for children with localized disease, the cure rates are up to the 80%, the prognosis for 

patients that show metastasis is extremely poor10. Despite the incredible effort of basic 

and clinic research during the last decades, that has improved notably the biological 

understanding of this tumors, it is still essential to find successful targeted approaches 

for the treatment of children with advanced disease.  

2.1 Historical aspects 

In 1854, Dr. C.O. Weber identified for the first time a tumoral mass located in the tongue 

of a 21-year-old patient as derived from striated muscle cells. Only 90 years after, Dr. A. 

P. Stout published the first manuscript in which RMS was finally described as a tumor 

originated from skeletal muscle cells that could affect both sexes at all ages, in a variety 

of soft tissue districts throughout the body11. In 1958, a first classification of RMS was 

published, and four major subtypes were distinguished, according to their histologic 

features: alveolar (ARMS), embryonal (ERMS), pleomorphic and botryoid12. Since then, 

one of the most significative step forward has been the molecular characterization of 

these cancers: the identification of specific genetic abnormalities, including the 

t(2;13)(q35;q14) translocation, were associated to the ARMS subtype13,14, and finally the 

genes PAX3 or PAX7 (Paired Gene Box 3 or 7) and FKHR/FOXO1 (Forkhead Box 

Protein O1) were found to be involved in the chromosomal translocations 

t(2;13)(q35;q14) and t(2;13)(q35;q14)15,16, originating the fusion protein PAX3-FOXO1 

and PAX7-FOXO1 that characterize the ARMS subtype.  

2.2 Epidemiology and prognosis 

In the United States, approximately 350 new cases of RMS are diagnosed each year, 

accounting for almost the half of all pediatric STS17,18. According to a study based on 59 

cancer registries from 19 different countries, the incidence of these tumors in Europe is 

reported to be slightly superior, with 5.4 cases per million in children under 15 years of 

age19.  

Age is one of the factors that determine RMS incidence rates: ERMS subtype is more 

commonly diagnosed in very young patients under 4 years of age, while ARMS incidence 

does not seem to vary significatively throughout childhood9. More in general, ERMS 

diagnosis is reported to be approximately 2.5 times more frequent than ARMS20. On the 
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other hand, pleomorphic RMS is more common in young adults21. Biological sex also 

influences RMS incidence, with a slight predominance in male children compared to 

female (male: female ratio of 1.5:1)22.   

The prognosis for children with localized disease is usually favorable , with more than 

70% survival rate 5 years after the diagnosis23,24 and uncommon relapses, that are more 

frequently registered in patients that present unresectable tumors, located in unfavorable 

sites, or metastatic disease at diagnosis25. Other factors that can influence patients 

prognosis are the primary tumor localization and subtype, with a survival of 80% for 

ERMS versus 40-60% for ARMS patients26, but most importantly the presence and 

number of metastatic lesions: survival rates may decrease up to a 20% in metastatic 

RMS patients27. Regarding age, children up to 12 years of age present better outcome 

when compared to adolescents up to 19 years of age, with a 5-year survival rate of 67% 

versus 45%. For young adults, the prognosis is worst, and the 5-year survival can 

decrease up to 29%28.  

2.3 Risk factors 

2.3.1 Non-Genetic risk factors 

Environmental and prenatal factors can contribute to RMS etiology29. It has been 

demonstrated that parental habits as drug use30 or maternal smoking31, as well as the 

exposure to X-ray32 may affect RMS development, while no association with maternal 

and paternal age has been reported33. 

No clear association between birth weight and major chromosomal and non-

chromosomal genetic defects has been identified33,34. Further studies are needed to 

clarify the role of other factors that emerged as potentially associated with increased 

RMS risk, as children immunization35, breastfeeding36, and exposure to chemicals37.  

2.3.2 Genetic risk factors 

Various studies report that children affected by specific genetic disorders are more prone 

to develop RMS38. The most common syndromes associated with RMS diagnosis are Li-

Fraumeni Syndrome, caused by germline mutation of the tumor suppressor gene TP53 

(Tumor Protein P53)39, Costello Syndrome, caused by activating mutations in HRAS 

gene40, Neurofibromatosis Type I, associated to the inactivation of NF1 gene, that is 

involved in the RAS pathway41, as the mutations that lead to the Noonan syndrome42, 

also associated with increased RMS risk. Other syndromes that were described to 
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represent risk factors for RMS development are the DICER1 Tumor syndrome43, 

Rubinstein–Taybi Syndrome44, Retinoblastoma, caused by the inactivation of RB1 

gene45 and the Beckwith–Wiedemann Syndrome (BWS), associated with the epigenetic 

modifications of chromosome 1146.   

2.4 Clinical presentation  

RMS patients typically present an asymptomatic mass, or signs and symptoms that 

depend on the primary site in which the tumor arises: cranial nerve palsy can be caused 

by parameningeal tumors, or intra-abdominal masses may lead to swelling and bowel 

obstruction47. When the cancer originates in the bladder or in the prostate, urinary tract 

obstruction and hematuria can be observed. Vaginal and vulvar lesions are often 

associated with inflammation, bleeding, and local protrusions formation48. Pain is not 

considered to be a consistent symptom and it is usually associated to the compression 

generated by the growing mass upon the adjacent structures47.  

Ideally, RMS can originate in any anatomical site38, in or near skeletal muscle districts 

as well as in other areas that lack muscular tissue. Approximately the 40% of all RMS 

originate in the head and neck regions: commonly, it can arise in the parameningeal area 

(15%), near to the base of the skull and the meninges, including nasal cavities and 

nasopharynx, and the orbit (10%)49. A 20% of these tumors occurs in the genitourinary 

tract, including the bladder, the prostate, the paratesticular tissues, as well as the vagina, 

the vulva and the uterus (Figure I1). Another 20% of all RMS arises in the extremities, 

with a more common involvement for the lower part of the body. The remaining 

percentage of tumors may occur in different regions, as the trunk, the biliary tract and 

the retroperitoneum48.  

2.5 Diagnosis 

The correct diagnosis and classification are pivotal to determine the specific treatment 

of RMS patients, as well as the long-term follow up and the early detection of metastasis 

and recurrence.  

The physical examination of the mass allows to assess the size of the primary tumor, as 

well as its proximity to vital structure, therefore determining whether the tumor can be 

completely resected. Laboratory evaluation is then performed, including complete blood 

count, renal and liver function tests and urine analysis50. The following imaging 

investigation of the primary site includes magnetic resonance imaging (MRI), that allows 

cross-sectional analysis of the mass and regional lymph nodes, and the computed 
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tomography (TC), to detect small pulmonary nodes and metastatic lesions51. Metastasis 

detection and nodal involvement at diagnosis are crucial for patient management and 

the main technique for the evaluation of these two parameters is the whole-body [F-18]2-

fluoro-2-deoxyglucose positron emission tomography (18F-FDG PET)52. 

 

 

 

 

 

 

 

 

Figure I1: Schematic representation of the main body parts affected by RMS, with the 

histological and molecular criteria for its diagnosis and classification. Created with 

Slidesgo.com53 using images from Skapek et al., 2019 and Agaram et al., 2022 54,55.  

RMS diagnosis is confirmed by biopsy of the tumor. Bone marrow samples as well as 

lymph nodes tissues are usually also collected56.  The histopathological appearance as 

well as the immunohistochemical and molecular features guide RMS characterization 

(Figure I1). Typically, RMS cells resemble undifferentiated skeletal myoblasts, with scant 

cytoplasm and large round or oval nuclei. Polynucleated fused cells are also observed57. 

Based on the histological analysis, four subtypes are recognized: two main variants, 

ARMS and ERMS, and two less common subtypes, the pleomorphic and the spindle 

cells/sclerosing RMS. The specific histological description of each subtype is reported in 

the section 2.6 of this chapter.  

RMS immunohistochemical analysis includes the evaluation of a panel of specific 

muscular markers, as desmin, myogenin and Myogenic Differentiation 1 (MyoD1). 

Positive nuclear staining is employed not only for the identification of rhabdomyoblasts, 

but also as a criteria to distinguish between the different RMS subtypes57. Other 

molecular markers recently identified to be associated with RMS prognosis are P53, 

BCL-2, MDR-1 and Ki6758,59. 
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Molecular diagnosis and genetic assessment of RMS subtypes are recognized to be 

essential for patient management60. The molecular classification of RMS is based on the 

identification of the chromosomal translocations t(2;13)(q35;q14) and t(1;13)(p36;q14) 

that lead to the formation of PAX3/7-FOXO1 fusion proteins, therefore determining the 

distinction between fusion-positive and fusion-negative RMS61,62. PAX3/7-FOXO1 

presence is detected through fluorescence in situ hybridization (FISH) or RT-PCR 

assays63,64 and its state is one the most meaningful prognostic factors for RMS patients 

stratification65,66. In the section 2.7 of this chapter, RMS molecular classification and 

fusion proteins features are further introduced. 

2.6 Histological classification 

The most recent WHO classification identifies four main RMS subtypes: ARMS, ERMS, 

pleomorphic RMS (PRMS) and spindle cell/sclerosing RMS (SpRMS)67. In addition to 

the ones described in the previous classification, novel subtypes have been included, as 

RMS with EWSR1/FUS-TFCP2 fusion genes, grouped under the SpRMS subtype, and 

RMS with MEIS1-NCOA2 fusion gene.   

2.6.1 ARMS 

ARMS tumors represent approximately the 20% of all RMS, more commonly affecting 

adolescents and young adults than children68. Histologically, these cancers appear as 

round cells that cluster together to form cellular nests, separated by fibrovascular tissue, 

conferring the characteristic “alveolar” aspect55 (Figure I2A). Multinucleated giant cells 

are also frequently observed. Furthermore, ARMS tumors typically show strong positivity 

to MyoD and myogenin staining69. 

2.6.2 ERMS 

ERMS is the most common RMS subtype, accounting for almost the 60-70% of all cases. 

It is more frequent in children than young adults, with a peak incidence between 0 and 4 

years of age22. The histology of these tumors resembles the one of the embryonic 

skeletal muscle: it is possible to distinguish round undifferentiated cells organized in low-

cell density regions, localized in a myxoid submucosa, and high-cell-density regions, 

more in proximity to blood vessels57 (Figure I2B). The botryoid RMS subtype is 

recognized by the WHO as an ERMS variant. It is characterized by specific histologic 

features, as the formation of the so-called cambium layer, that appears as a linear cell 

aggregation located under the epithelium. Another variant of ERMS is the anaplastic, 

characterized by the presence of large atypical, polymorphous cells with hyperchromatic 
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nuclei. Immunohistochemical analysis of ERMS shows strong positivity to desmin, while 

the staining observed with MyoD and myogenin is variable55.  

2.6.3 PRMS 

PRMS represent only the 1% of all RMS cases and most frequently occurs in young 

adults21. Clinically, they appear as an aggressive rapidly growing mass, in most of the 

cases located in the lower extremities70. The histological analysis describes these tumors 

as formed by undifferentiated round cells with eosinophilic cytoplasm and pleomorphic 

nuclei (Figure I2C). Focal positivity to MyoD, myogenin and desmin is observed at the 

immunohistochemical analysis. Genetically, PRMS are characterized by a complex 

karyotype, with frequent chromosomal rearrangements and amplifications71. The 

prognosis associated to these tumors is generally poor72.   

2.6.4 SpRMS 

As PRMS, SpRMS represent a very rare subtype, most observed in adults than in 

children73. The prognosis associated to these cancers is usually favorable74. Regarding 

the histology, SpRMS subtype includes tumors formed by spindle cells with eosinophilic 

cytoplasm that resemble fibrosarcoma morphology, as well as the sclerosing variant, 

which main feature is the extensive deposition of hyalinizing extracellular matrix that can 

confer to these tumors a chondroid appearance75 (Figure I2D).  

 

 

 

 

 

 

 

 

Figure I2: Representative images of Haematoxylin and Eosin (H&E) staining of RMS 

histological subtypes. A. ARMS; B. ERMS; C. PRMS; D. SpRMS. Modified from Agaram 

et al., 202255. 
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2.7 Molecular classification 

Historically, the Children’s Oncology Group (COG) risk stratification criteria have relied 

on the histologic features of RMS, basing the clinical assessment of RMS patients on 

tumor size, local or distant metastatic spreading and tumoral mass localization76. In the 

last decades, PAX3/7-FOXO1 fusions status has been recognized as meaningful 

biomarker for the prediction of patients prognosis77. Indeed, the poorer outcome 

associated with ARMS subtypes relates more to the fusion protein detection than the 

histological appearance: Williamson and collaborators showed that in a cohort of 210 

patients, the clinical and molecular characteristics of fusion-negative ARMS and ERMS 

tumors, including the overall survival and the gene expression signature, were 

indistinguishable, while the differences observed with the fusion-positive cases were 

significative, underlying the need to include PAX3/7-FOXO1 fusions state as a molecular 

marker for RMS classification and management78. 

2.7.1 Fusion-positive RMS 

Approximately the 80% of RMS histologically classified as ARMS present a fusion protein 

originated from a chromosomal translocation; at the same time, more than the 95% of 

tumors defined as ERMS on histological bases, do not show any fusion gene79. 

The chromosomal translocations t(2;13)(q35;q14), observed in the 60% of ARMS80 and 

t(1;13)(p36;q14), observed in the remaining 20%, respectively lead to the formation of 

PAX3-FOXO115,16 and PAX7-FOXO181 fusion proteins. Based on the identification of 

these transcripts, RMS tumors can be distinguished into fusion-positive (FP-RMS) and 

fusion-negative RMS (FN-RMS), independently from their histological features82. 

PAX3 and PAX7 genes encode members of the paired box transcription factors family 

that are expressed in myogenic precursors and play an important role in the early 

development of neural and muscular tissues83,84. On the other hand, FOXO1 (originally 

referred as FKHR) is part of the FOXOs (Forkhead Box-containing proteins, O subfamily) 

transcription factors family, being involved in essential metabolic functions as well as 

cellular differentiation85. The molecular analysis of the translocation events shows that 

the N-terminal DNA binding domain (DBD) of PAX3 or PAX7 are fused to the C-terminal 

region of FOXO1 Transactivation domain (TAD) (Figure I3), originating an aberrant 

potent transcription factor that alters gene expression and contributes to the oncogenic 

initiation of RMS86. 

PAX3/7-FOXO1 fusion proteins present enhanced transcriptional activity compared to 

PAX3 and PAX7, due to their constitutive nuclear localization87 and since FOXO1 TAD 
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lacks the inhibitory effect of the wild type N-terminal domain of the two proteins88. 

Furthermore, the fusion proteins expression levels result to be higher than the original 

proteins, due to the increased transcription and amplification of the fusion genes89. In 

ARMS cells, PAX3-FOXO1 activity is also associated with the tumoral epigenetic 

reprogramming: the fusion protein is able to bind proteins that interact with chromatin as 

the bromodomain-containing protein 4 (BRD4) and the chromodomain helix DNA-binding 

protein 4 (CHD4)90,91, leading to the epigenetic remodeling of these tumors.   

 

 

 

 

 

 

 

 

Figure I3: Schematic representation of chromosomal translocations t(2;13)(q35;q14) 

and t(1;13)(p36;q14) to originate PAX3-FOXO1 and PAX7-FOXO1 fusion proteins. The 

N-terminal domain (NTD) of PAX3 or PAX7, containing the DNA Binding Domain (DBD) 

with the Paired Box domain (PB) and the Homeobox domain (HB), is fused together with 

the C-terminal domain (CTD) of FOXO1 (originally designated as FKHR). From Skapek 

et al., 201938.  

PAX3/7-FOXO1 fusion proteins act as main drivers of ARMS tumorigenesis, mainly 

dysregulating gene expression to stimulate cell proliferation, promote cell survival and 

block terminal differentiation92. Increasing research effort has been put in identifying 

PAX3-FOXO1 target genes, considering that this fusion variant results to be present in 

most ARMS cancers. Experiments of transcriptomic profiling of fusion-positive cells as 

well as the ectopic introduction of PAX3-FOXO1 in human or murine cells have allowed 

to spot the specific changes in gene expression induced by the fusion protein93–95. One 

of its main direct transcriptional targets is the oncogene N-MYC: several studies have 
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confirmed its overexpression upon PAX3-FOXO1 introduction in ERMS cells62,96, as well 

as its downregulation upon the fusion protein silencing in ARMS cells97.  

MET proto-oncogene receptor tyrosine kinase (MET) and the CXC-Chemokine Receptor 

4 (CXRC4) are other two PAX3-FOXO1 target genes identified to be key in ARMS 

tumorigenesis98,99. In particular, these two receptors are described to contribute to the 

metastatic process by inducing cell migration in a synergistic way100. Furthermore, both 

factors have been found to correlate with ARMS histology, advanced disease stage at 

the diagnosis and poor prognosis101.  

Other PAX3-FOXO1 target genes described to be relevant for ARMS oncogenesis are 

the Transcription Factor AP2β (TFAP2β), that mediates the fusion protein anti-apoptotic 

role in these cells97, as well as the Fibroblast Growth factor Receptor 4 (FGFR4), which 

enhanced transcription, together with activating mutations of the kinase domain, are 

described to promote tumor proliferation and survival102.  

Although PAX3/7-FOXO1 are considered the main modulators of ARMS genetic 

background, other mutations cooperate to the establishment of the malignant phenotype 

in these tumors. Indeed, the fusion protein introduction or silencing are respectively 

described to induce or inhibit the oncogenic transformation103–106. Nevertheless, in this 

sense, the maintaining a specific expression level is key: if introduced in murine cells at 

higher levels compared to what observed in ARMS cell lines, PAX3/7-FOXO1 can exhibit 

toxic effects and promote cell death61,107. Moreover, it has been described that PAX3-

FOXO1 transfection in cells alone is not sufficient to induce oncogenic transformation in 

mice108,109, confirming the hypothesis that other genetic events and a specific cellular 

background of the tumoral progenitors are required to induce ARMS tumorigenesis.  

Among the numerous genetic alterations described to collaborate with fusion proteins to 

ARMS transformation, it is worth mentioning TP53 loss, required for tumor formation in 

vivo110,111, and the amplification of chromosomes 2, 12 and 13112,113. These specific 

genetic events lead to the increased expression of genes as the TP53 regulator Mouse 

Double Minute 2 (MDM2), the zinc finger transcription factor GLI1 and the cell cycle 

regulator Cyclin-Dependent Kinase 4 (CDK4)114, the C13ORF25 gene115, that encodes 

the miR-17-92 microRNA cluster, and GPC5 gene, which upregulation leads to the 

consequent increase of tumor proliferation, mediated by the Fibroblast Growth Factor 2 

(FGF2), the Hepatocyte Growth factor (HGF) and the Wnt Family member 1A 

(WNT1A)116. 
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2.7.2 Fusion-negative RMS 

Genetically, FN-RMS are driven by a combination of events that confers to these tumors 

a complex karyotype. The most common alteration observed at genetic level is the Loss 

of Heterozygosity (LOH) at the chromosome 11117, registered in the 77% of FN-RMS27. 

The LOH at Chr11p15.5 leads to the overexpression of the Insulin Like Growth Factor 2 

(IGF2) gene118, that results to be upregulated in these tumors also due to another genetic 

mechanism that occurs in these cancers: the Loss of Imprinting (LOI)119.  

RAS family member alteration represents another frequent genetic event associated with 

FN-RMS: HRAS, KRAS and NRAS have been found to be the most commonly mutated 

genes in ERMS120, with the consequent aberrant activation of the RAS signaling 

pathway121. 

TP53 and MYOD have been identified as key players in FN-RMS tumorigenesis as well 

as established risk predictors: the 13% of FN-RMS shows TP53 mutations and is 

associated with worst overall survival122; on the other hand, MYOD1 mutations are 

associated with SpRMS cell phenotype and are predictive of poor prognosis123,124.  

2.8 Risk stratification and standard treatment  

RMS diagnosis, classification and management have been under constant evolution in 

the last decades. To promote collaboration and improve these fundamental processes, 

the International Soft Tissue Sarcoma Consortium INSTRuCT was initiated in 2018, with 

the aim to bring together the advances of the main clinical studies groups of Europe and 

United States, including the COG and the European Paediatric Soft Tissue Sarcoma 

Group (EpSSG)125.  

The current risk stratification is based on the Intergroup Rhabdomyosarcoma Study (IRS) 

trials I-IV126. According to IRS I and II, patients are classified after the surgical resection 

of the tumor into four clinical groups, based on the extension of the disease, metastatic 

spreading and lymph node involvement (Table I1).  

IRS III and IV included a staging system based on the pre-clinical treatment of the 

patients, independently from the surgical outcome, based on the localization and the size 

of the primary lesion, the presence of distant metastasis and the regional lymph nodes 

involvement (Table I2)126,127.  
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Table I1: Post-surgical clinical groups established by IRS. Modified from Haduong et al., 

2022127. 

Group Description 

I 

Localized disease, completely resected with no signs of lymph nodes 

involvement 

II 

Localized disease, grossly resected with: 

A. microscopic positive margins and no regional lymph nodes 

involvement 

B. Regional lymph nodes involvement, completely resected with no 

microscopic positive margins 

C. Regional lymph nodes involvement, grossly resected with evidence of 

microscopic residual disease 

III 
Localized disease, incompletely resected with residual disease 

IV 
Distant metastatic disease present at diagnosis 

 

Table I2: TNM staging system. T: Tumor. N: Regional Nodes; N0: No regional lymp 

nodes involvement; N1: Regional lymph nodes clinically involved; Nx: Lymph nodes 

status unknown. M: Metastasis; M0: No presence of distant metastasis; M1: Presence 

of distant metastasis. PM: Parameningeal. GU: Genitourinary. Modified from Haduong 

et al., 2022127. 

Stage T Site T Size N M 

1 

Orbit, head, neck (non-PM), 

GU (non-bladder, non-

prostate), biliary tract 

Any N0, N1 or Nx M0 

2 

Bladder and prostate, 

extremities, PM, others 
≤ 5 cm N0 or Nx M0 

3 

Bladder and prostate, 

extremities, PM, others 

≤ 5 cm N1 M0 

> 5 cm N0, N1 or Nx M0 

4 
Any Any N0 or N1 M1 

 

Based on tumor histology, fusion status, stage and group previously assigned, risk group 

stratification is determined (Table I3)127. 
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Table I3: RMS patients risk stratification proposed by the COG. FN: Fusion-negative; 

FP: Fusion-positive. Modified from Haduong et al., 2022127.  

Risk group Stage Clinical group Age Fusion status 

Low 

1 I, II, III 

Any FN 

2 I, II 

Intermediate 

1,2,3 I, II, III Any FP 

1 III 

Any FN 2,3 III 

3 I, II 

4 IV < 10 years FN 

High 
4 IV 

≥ 10 years FN 

Any FP 

 

The standard treatment for all RMS patients is based on a multi-modal approach that 

includes surgical resection of the tumor, chemotherapy and/or radiotherapy128. The 

administration of Vincristine, Actinomycin D and Cyclophosphamide (VAC) is the 

standard treatment for RMS patients129,130, adjusting cycles duration and dosage 

according to the risk stratification. The addition of Doxorubicin to the VAC regimen did 

not show any significative benefit to RMS patients131, as for the addition of Topotecan 

and Irinotecan132. Many recent clinical trials with the combination of various 

chemotherapeutic agents did not report a strong improvement in RMS patients 

outcome133. As clinical trials can be performed only on a small number of patients, it is 

important to choose accurately among the combinations and targets that can produce 

the best clinical benefit on most RMS patients128.  

2.9 New therapeutic approaches 

The recent advances made in understanding the molecular basis of RMS have led to the 

identification of new diagnostic biomarkers and therapeutic targets that hopefully will 

provide more effective strategies for the treatment of these pediatric cancers (Figure I4). 

Given the key role played by RTK/RAS pathway in both FP- and FN-RMS82, many 

different trials are currently investigating the possibility of targeting the activators of this 

axis. In this sense, the multi-kinase inhibitor Regorafenib is currently being tested134. 
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FGFR inhibition with Ponatinib in preclinical mouse models has also shown promising 

results135 as well as the combination of IGF-1R and MEK inhibition using Trametinib136. 

Another interesting strategy for RMS treatment is to target DNA repair mechanism in 

cancer cells, for example through the use of poly (ADP-ribose) polymerase (PARP) 

inhibitors. It has been demonstrated that PARP1 inhibitors Olaparib, Iniparib and 

Veliparib induce cell cycle arrest in STS cell lines137. Moreover, a pre-clinical study shows 

the synergy of Olaparib and the DNA-damaging agent Temozolomide in inhibiting tumor 

growth in a zebrafish RMS model138.  

Incredible research effort has been put in the last years for the specific targeting of 

PAX3/7-FOXO1 in FP-RMS, being the true oncogenic drivers of these cancers, only 

expressed in tumoral cells. Fusion proteins have been defined as “undruggable” targets, 

due to their intrinsic features and structures as well as their nuclear localization139, 

although several strategies are currently being tested to specifically target these proteins. 

The direct inhibition of PAX3-FOXO1 has been achieved in vitro and in vivo using 

liposome-protamine-siRNA (LRP) particles, with the consequent block of tumor 

growth140; however, the off-target effects induced by the siRNA technology do not 

encourage its translation into clinics. To overcome this limit, CRISPR-Cas9-based 

genetic editing could represent a promising alternative to selectively target RMS fusion 

proteins with increased efficiency134. In alternative to directly targeting the fusion 

proteins, modulators of their activity can be addressed, as the histone deacetylase 

HDAC, which inhibition with Entinostat results in PAX3-FOXO1 destabilization and 

decrease141.  

Lastly, another interesting approach for RMS treatment is immunotherapy: PAX3/7-

FOXO1 vaccines142, chimeric antigen receptor (CAR) T-cells therapies for specific 

antigens expressed by RMS tumoral cells, as the Epidermal Growth Factor Receptor 

(EGFR) and FGFR143, as well as the immune checkpoint blockade strategies are 

continuously under investigation as promising tools to explore for the improvement of 

RMS patients outcome (Figure I4).  
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Figure I4: Schematic representation of promising therapeutic options currently explored 

in clinical trials for RMS treatment. Modified from Giannikopoulos and Parham, 2021134. 
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3. Cancer metabolism 

Reprogramming energy metabolism has been recognized as one of the emerging 

hallmarks of cancer144. The very first observations of altered energy metabolism in 

cancer cells by Otto Warburg led to the definition of “aerobic glycolysis”, according to 

which malignant cells can increase their glucose uptake regardless of oxygen 

availability145. Since this first example of metabolic reprogramming in tumors, the 

research field has grown considerably, and the new insights gained during the last 

decades have provided promising therapeutic strategies to target cancer metabolic 

vulnerabilities. 

To meet the increased energetic demand and sustain biosynthetic pathways required to 

proliferate, tumor cells need to re-shape three fundamental steps of their metabolism: 1) 

increase the uptake of nutrients from the environment, 2) reprogramming the use of 

these nutrients and reaction intermediates in metabolic pathways and 3) induce global 

and long-term changes through metabolism, that can affect the cancer cell itself as well 

as the interaction with other components of the tumor microenvironment146.  

Glucose is one of the major energy sources for cells: through glycolysis, pyruvate 

generation contributes to acetyl-CoA production, for the fatty acids and lipid biosynthesis, 

as well as other non-essential amino acids, as asparagine and aspartate. Other 

pathways that require glucose-derived intermediates are the pentose phosphate 

oxidative pathway, from which NADPH and ribose for nucleotide synthesis are 

generated, as well as the hexosamine pathway for protein glycosylation, among 

others147,148. After glucose, glutamine is the second most consumed substrate by cancer 

cells, providing the nitrogen required for purines, pyrimidines and other non-essential 

amino acids synthesis. Through glutaminolysis, the glutamate produced from glutamine 

is converted to α-ketoglutarate, that fuels the TCA cycle to sustain cell survival and 

growth149. Indeed, TCA cycle intermediates are used by cancer cells as precursors in 

biosynthetic reactions, to generate “building blocks” and reducing power needed for the 

sustained expansion150. 

Metabolic changes in tumors do not only favour cancer growth, but also its metastatic 

potential. During the distal colonization process, cancer cells need to adapt to changing 

environments, frequently characterized by hostile conditions, as hypoxia and nutrient 

deprivation151. In this sense, the activation of specific metabolic pathways as well as the 

establishment of complex interactions with the extracellular compartment are key for the 

successful invasion of distant tissues152. For instance, tumoral cells can secrete factors 
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for the creation of a permissive microenvironment, the pre-metastatic niche, in which 

cancer seeding is favoured through mechanisms of metabolic priming153. An example is 

the release of exosomes containing miR-122 by primary breast cancer cells, that can 

suppress the glucose transporter GLUT1 expression on resident cells in lungs and brain, 

to increase glucose availability for tumoral metastasizing cells154. To date, no common 

metabolic pattern has been identified to characterize metastasizing cells: the tissue of 

origin, the genetic mutations that drive the tumor, as well as the features of the metastatic 

niche that characterize the organ to invade are important factors that shape the 

metabolism of metastasis155. 

The clear connection between tumorigenesis and cancer metabolism has led to the 

progressive increase of research interest in the field, with the final aim to identify new 

diagnostic and therapeutic opportunities for cancer treatment. However, the complex 

metabolic networks that characterize each different cancer type, as well as the 

heterogeneity of the metabolic status in patients, suggest that the most promising 

approach for metabolic cancer therapy should be based on the “personalized medicine” 

concept156. According to this principle, standard care of therapy with radiation, 

chemotherapy or immunotherapy to induce cytotoxicity in cancer cells, should be 

combined with the identification and targeting of specific driver mutations that induce a 

metabolic vulnerability in a particular cancer type157. 

 

4. Arginine metabolism in cancer 

L-Arginine is a conditionally essential amino acid: although it can be synthetized de novo 

by the adult organism, its dietary intake becomes essential during fetal and neonatal 

development, as well as under certain stress conditions, as renal or intestinal 

disfunctions158. Its concentration in the plasma goes from 95 to 250 µmol/L, while inside 

the cells it is approximately 1-2 mmol/L159. De novo synthesis of arginine takes place in 

the kidneys: the citrulline produced in the small intestine reaches the kidneys through 

blood circulation via the intestinal-renal axis160, where it is metabolized by the 

Argininosuccinate Synthase (ASS) to produce argininosuccinate, further converted to 

arginine by the Agininosuccinate Lyase (ASL)161 (Figure I5). Physiologically, arginine 

plays a key role in a variety of cellular and molecular pathways, including cell 

proliferation, hormonal balance, neurotransmission, immunity, muscle contraction as 

well as cell signaling and other amino acids synthesis162.  
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Numerous studies show that this amino acid and the products that originate from its 

metabolism are crucial also for cancer cell proliferation and tumor progression163. 

Experiments of arginine starvation on 26 different tumor cell lines showed that less than 

the 10% of the cell populations tested was able to survive164. Accordingly with tumor cells 

increased arginine demand, the expression of its transporters has also found to be 

upregulated in many different cancer types165–167. Following its uptake, arginine can 

modulate tumor metabolic state by regulating important pathways: together with 

glutamine and leucine, it can directly activate mTOR168, therefore increasing protein, lipid 

and nucleotide synthesis; furthermore, by binding the G-protein coupled receptor 

GPRCA6, arginine can induce RAS/ERK and PI3K/AKT pathways169,170. Recently, 

arginine has also been described to modulate cancer epigenetics171 inducing histone 

acetylation and the consequent upregulation of metabolic and DNA repair genes. 

Furthermore, arginine is also involved in maintaining the cellular nucleotides pool: 

glutamine, proline and serine derived from arginine metabolism are direct precursors of 

pyrimidines, therefore contributing to genome integrity172.  

One of the main arginine-derived metabolites involved in cancer is the nitric oxide (NO), 

synthetized from arginine by the Nitric Oxide Synthases enzyme family (NOS)173 (Figure 

I5). NO has been described to present a dual role in cancer174: from one side it can 

suppress neuroblastoma cell proliferation by inhibiting c-Myc expression175 and its high 

levels can contribute to induce apoptosis in tumor cells176, on the other hand it can act 

as a oncogenic metabolite, activating mTOR pathway in melanoma cells177 as well the 

Wnt/β-Catenin pathway, to promote proliferation and migration of breast and colon 

cancer cells178. Finally, arginine-derived NO has also been described to promote 

angiogenesis179 and induce epithelial-to-mesenchymal transition180. 

Polyamines are other important products of arginine metabolism that are described to be 

involved in sustaining cancer proliferation and metastatic process181. Indeed, inhibitors 

of the ornithine decarboxylase (ODC), one of the enzymes involved in the synthesis of 

putrescine, have been described to exert anti-proliferative effects on lung cancer and 

neuroblastoma182,183. 

Agmatine is produced from arginine by the arginine decarboxylase enzyme (ADC). This 

compound has been described to exert an inhibitory effect on tumor cell proliferation in 

different cancer types184,185, due to its role in modulating polyamines metabolism: indeed, 

agmatine interacts negatively with ODC, therefore inhibiting polyamines synthesis and 

modifying cell cycle progression; moreover, agmatine is involved in decreasing 

polyamines uptake and favouring their catabolism186. Due to this mechanism, arginine 
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has also been defined as a “two-faced” metabolite in cancer187: several studies suggest 

that arginine supplementation may be beneficial against tumorigenesis, also considering 

its role in modulating T cell metabolism and supporting the immune response188,189. 

Since arginine exhibits a pivotal role in cancer, the dependency of several tumor types 

on its availability has been recognized as a vulnerability to exploit for metabolic 

therapeutic strategies.  New treatment approaches that involve arginine metabolism are 

further reviewed in the section 6 of this chapter.   

 

 

 

 

 

 

 

 

 

Figure I5: Schematic representation of arginine metabolism main reactions. AS: 

Argininosuccinate; NO: Nitric Oxide; ASL: Argininosuccinate Lyase; ASS: 

Argininosuccinate Synthase; NOS: Nitric Oxide Synthase; ARG: Arginase; ADC: 

Arginine Decarboxylase; AGAT: Arginine/Glycine Amidinotransferase; AGM: 

Agmatinase; ODC: Ornithine Decarboxylase; OTC: Ornithine Transcarbamylase. 

Created with BioRender.com190.  

 

5. Argininosuccinate Synthase 1  

The Argininosuccinate Synthase (ASS, commonly referred as ASS1) is the enzyme that 

catalyses the reversible ATP-dependent formation of argininosuccinate from citrulline 

and aspartate. It was described for the first time in the liver as one of the enzymes 

involved in the urea biosynthesis191–193.  
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ASS1 gene is located on the long arm of chromosome 9, within 9q.34.11–9q34.12 and 

is composed by 16 exons194. It was first cloned in 1981 from human carcinoma cells195 

and it is notably conserved across species196. At least 14 pseudogenes have been 

identified, dispersed across 11 human chromosomes197, although the sequence located 

on chromosome 9 is the only one described to encode the functional enzyme198. Two 

mRNA isoforms have been identified199, but no biological function has been yet 

addressed to the splicing variants. The gene product is a homo-tetramer composed of 

45-kDa subunits of 412 amino acids200 and its crystal structure shows that the enzyme 

is formed by three domains: the nucleotide-binding domain, that displays an N-type 

consensus sequence for ATP pyrophosphatase, the synthase domain and a C-terminal 

domain201,202.   

5.1 ASS1 function 

As above mentioned, ASS1 catalyses the reaction that converts citrulline and aspartate 

into argininosuccinate, consuming ATP and producing AMP and pyrophosphate. ASS1 

activity has been detected in many tissues203, therefore it is recognized as an ubiquitous 

enzyme. However, depending on the cell type in which is expressed, the biological 

meaning of its function can vary: in the liver, argininosuccinate formation represents an 

important step of the urea cycle (UC) for ammonia detoxification; in the kidney, 

argininosuccinate is mainly used for arginine de novo synthesis; in most extra-hepatic 

tissues, where the so-called arginine-citrulline cycle takes place, ASS1 main function is 

related to NO production (Figure I6). 

The UC consists of a series of enzymatic reactions that lead to conversion of the toxic 

excess of nitrogenous compounds derived from protein metabolism into urea, a product 

that is excreted with the urine204,205. As already mentioned, UC takes place in the liver; 

however, the enzymes involved in the cycle are expressed in different tissues for the 

synthesis of UC intermediates, including arginine and NO. The Carbamoyl Phosphate 

Synthase 1 (CPS1) and the Ornithine Transcarbamylase (OTC) are expressed inside the 

mitochondria, and respectively transform ammonia into Carbamoyl Phosphate (CP) and 

CP and ornithine into citrulline; following its formation, together with aspartate, citrulline 

is metabolized by ASS1 to produce argininosuccinate, that is then transformed by the 

Argininosuccinate Lyase (ASL) into arginine and fumarate; finally, the Arginase (ARG) 

converts arginine into urea and ornithine, that can be metabolized by the first enzyme of 

the cycle or support polyamines synthesis outside the mitochondria206 (Figure I6). 
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Thus, ASS1 reaction is a recognized rate-limiting step for arginine and NO 

production207,208. Hepatic developmental ASS1 expression is controlled by hormones, as 

insulin and glucagon, that modulate the glucocorticoids response209, as well as by the 

nutritional status, especially the protein intake210,211 as well as fatty acids availability212. 

ASS1 expression and regulation in cancer are further addressed in the section 5.3 of this 

chapter.  

 

Figure I6: Schematic representation of nitrogenous compounds metabolization through 

UC (light blue arrows) and the arginine-citrulline cycle (green arrows). The interaction 

with the TCA cycle is also showed. ASA: Argininosuccinate; NO: Nitric Oxide; CP: 

Carbamoyl Phosphate; NAG: N-Acetyl Glutamate; CPS1: carbamoyl phosphate 

synthase 1; NAGS: N‑acetyl glutamate synthase; ASL: Argininosuccinate Lyase; ASS: 

Argininosuccinate Synthase; NOS: Nitric Oxide Synthase; ARG: Arginase; OTC: 

Ornithine Transcarbamylase; ORNT1: mitochondrial ornithine transporter 1; EMT: 

Epithelial-to-Mesenchymal Transition. In the pink boxes, the impact of the reaction 

intermediates at metabolic level is shown.  From Keshet et al., 2018206.  

5.2 ASS1 mutations and Citrullinemia Type I 

Urea cycle disorders (UCD) are a group of pathologies resulting from a deficiency in any 

of the enzymes or transporters involved in the UC213. Approximately, the incidence of 
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these diseases is 1:35000 births214 and their clinical characteristics and severity depend 

on the pathway step involved in the pathogenesis.  As UC is the only metabolic pathway 

for ammonia clearance, UCD lead to the accumulation of this product and other 

metabolites, with the consequent generation of the associated symptoms: although 

immediately after birth, the child may not present any sign of the pathology, after few 

days, failure to feed, somnolence and loss of thermoregulation may appear and progress 

to seizure episodes and coma215,216. 

The genetic disorder caused by ASS1 deficiency is named Citrullinemia type I (CTLN I, 

MIM#21570)217. Since the first time it was cloned195, 87 different mutations have been 

identified across ASS1 gene, throughout exon 3 to exon 15, with the G390R in exon 15 

being the most common one198. The highly conserved aminoacidic sites of the protein, 

as the binding sites for ATP and citrulline, are the main interested in amino acid loss and 

exchange198. CTNL I incidence is estimated to be 1:250000 births214 and the clinical 

manifestation of the disease can be notably heterogeneous, due to the high number of 

genetic variants that can be produced. The main symptoms shown at birth are associated 

with low arginine plasmatic levels and hyperammonemia, that in the most severe cases 

can lead to cognitive functions impairment or even be lethal218; however, patients 

affected by mild forms of CTLN I may not present any sign of the disease until adult 

age219.   

The management of patients that show acute hyperammonemia includes dialysis and 

pharmacological therapy with nitrogen scavenger agents, to rapidly lower ammonia 

plasma levels, as well as dietary protein restriction, that is maintained lifelong as part of 

the chronic therapy220. Liver transplantation is the only definitive curative option, and it is 

recommended for patients above 5 kg of weight221. 

The diagnosis is based on the measurement of ammonia, citrulline and amino acids 

concentration in plasma, together with the intracranial pressure and the evaluation of the 

neurologic state of the patient. Following the biochemical analysis and ASS1 enzymatic 

activity evaluation222,223, genetic testing is performed, including the sequencing of ASS1 

gene and a multigene panel analysis to identify mutations in genes of interests for the 

differential diagnosis220. 

5.3 ASS1 in cancer  

ASS1 is differentially expressed in a variety of tumor types, when compared to the 

correspondent healthy tissue224 (Figure I7). Given its fundamental role in arginine and 
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NO synthesis, this enzyme is strictly regulated in cancer through several different 

molecular mechanisms, at epigenetic, transcriptional and post-translational level.  

Most of cancer types are described as ASS1-deficient225: in pancreatic ductal carcinoma 

(PDAC), ASS1 low expression is associated with worst prognosis226; renal cellular 

carcinoma and pleural mesothelioma also show ASS1 loss, associated to increased 

sensitivity to arginine starvation227,228; melanoma has also been extensively described as 

susceptible to arginine deprivation, due to ASS1 deficiency229,230, as well as invasive 

bladder cancer231,232, clear cell renal cell carcinoma233, hepatocellular 

carcinoma229,230,234,235, small cell lung cancer236 and prostate cancer237. Bean and 

collaborators performed an immunohistochemical screening of more than 700 

specimens across 45 different sarcoma subtypes and found that the 87.2% of bone 

sarcoma and the 86.4% of STS were negative for ASS1 expression, defining a common 

alteration of these cancers238. Moreover, ASS1 reduced expression has been associated 

with increased pulmonary metastasis in osteosarcoma patients, describing this protein 

as a predictive prognostic biomarker239.   

Oncogenic regulators as P53 and c-MYC regulate ASS1 expression, respectively 

promoting its activity under genotoxic stress or arginine deprivation240,241. Epigenetic 

silencing is the main mechanism by which ASS1 enzyme is downregulated in cancer. 

The CpG islands methylation of its promoter, described in multiple tumor types228,242,243, 

leads to the establishment of a crucial dependency of these cancers on extracellular 

arginine, a metabolic mechanism known as arginine auxotrophy. This vulnerability has 

been defined as the “Achille’s heel” of many tumors244, giving rise to a series of clinical 

trials based on the administration of arginine-deprivation agents to target cancer cells 

that are incapable of synthesize this amino acid. Therapeutic strategies related to 

arginine metabolism are further discussed in the section 6 of this chapter. 

Although the somatic silencing of ASS1 in tumors is still poorly understood, one of the 

most recent hypotheses describes ASS1 downregulation as a mechanism to favour 

pyrimidine synthesis: the accumulation of aspartate leads to the carbamoyl-phosphate 

synthase 2, aspartate transcarbamylase, and dihydroorotase complex (CAD) activation, 

identifying this multifunctional enzymatic complex as a putative target for ASS1-deficient 

cancers245.   

Despite most commonly described as downregulated in cancers, ASS1 has also been 

found to be overexpressed in several tumors: ovarian cancer cells show increased ASS1 

expression when compared to healthy tissue, due to the TNF-α-mediated upregulation 

of the enzyme246; in colorectal cancer, ASS1 high expression is associated to increased 
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tumorigenesis and cancer cell motility247,248; in gastric cancer cells, where ASS1 

upregulation defines worst patient prognosis249, it also promotes migration and 

metastatic spreading by activating STAT3, broadly recognized to promote cancer 

proliferation and invasion250. In breast cancer, ASS1 upregulation has been found to be 

induced by the inflammatory cytokine interleukin-17 (IL-17), that also regulates NOS and 

arginine availability for NO synthesis251. These findings, together with the evidence of 

TNF-α-mediated regulation of the enzyme246,252 and novel studies that describe ASS1 as 

a key regulator of the pro-inflammatory microenvironment253, suggest an interesting link 

between this metabolic enzyme and the inflammatory response that could be further 

explored for a better definition of ASS1 role in cancer. 

 

6. Therapeutic strategies targeting arginine metabolism 

Metabolic profiles and biomarkers have been successfully described for many tumor 

types, offering an increasing number of therapeutic opportunities. However, it is 

important to consider that the inhibition of specific metabolic pathways could be 

systemically toxic if the therapeutic blockade of a certain enzyme or metabolic route 

interferes with its physiological function254. For this reason, the most promising option to 

selectively target cancer metabolism is represented by the identification of mutations in 

genes that encode for metabolic enzyme in tumors, producing an increased amount of 

specific products that in this case are named “oncometabolites”148,255. The first described 

oncometabolite is the 2-hydroxyglutarate (2HG): oncogenic mutations in the isocitrate 

dehydrogenase enzyme (IDH) lead to the excessive accumulation of 2HG, that 

contributes to tumorigenesis and progression256.  

Even in the absence of genetic mutations, other mechanisms can lead to the expression 

loss or gain of metabolic enzymes, inducing specific metabolic needs in cancer. These 

nutrient dependencies can be exploited for cancer therapy through different strategies, 

as dietary interventions, direct metabolites elimination and uptake or utilization 

blocking257. One of the best example of clinically exploited tumor dependency is the 

depletion of asparagine in serum through the administration of L-asparaginase, included 

in the first-line therapy for the treatment of pediatric and adult acute lymphoblastic 

leukemia258,259.  

The 70% of tumors show ASS1 decreased expression172. Consequently to their inability 

to synthetize arginine, these cancers are auxotrophic for arginine and develop a strict 

dependency on the uptake of this ammino acid from the extracellular compartment260. 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/isocitrate-dehydrogenase
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/isocitrate-dehydrogenase
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Indeed, while arginine deprivation induces reversible cell cycle arrest and quiescence in 

normal cells, in the tumoral counterpart the activation of cell death pathway has been 

described, including caspase-dependent or -independent apoptosis243,261,262, 

necroptosis238 or autophagic cell death263 (Figure I7). 

Different strategies to induce arginine deprivation have been employed to selectively 

target ASS1-deficient tumors: the establishment of dietary restriction, demonstrated to 

be effective only in a small subset of colon carcinoma studies, the inhibition of arginine 

sensing and uptake, and the enzymatic removal of arginine from the extracellular 

media264, being this last option the most exploited. Indeed, an increasing number of 

preclinical studies have focused on the use of recombinant enzymes for arginine 

deprivation, as a monotherapy or in combination with classic chemotherapeutic agents 

as Cisplatin, Docetaxel and Gemcitabine172.  

Polyethylene glycol (PEG)-modified Arginine Deiminase (ADI-PEG20) is a mycoplasmal 

enzyme that catabolizes arginine into citrulline and ammonia265. More than 20 clinical 

trials testing its efficacy in 12 different cancer types are completed or ongoing172, showing 

anti-proliferative effects and promising correlation with patients survival in many ASS1-

deficient cancers as hepatocellular carcinoma266, melanoma267, acute myeloid 

leukemia268,269, and interestingly, STS, in combination with Gemcitabine and Docetaxel 

(NCT03449901, phase II).  

The administration of Pegylated Recombinant Human Arginase I (PEG-rhARG1) is 

another effective strategy to induce arginine deprivation in tumors. These enzymes 

catalyse urea and ornithine production from arginine, therefore impacting on polyamines 

metabolism. As for ADI-PEG20, the use of PEG-rhARG1 have been extensively studied 

in preclinical and clinical assays for the treatment of ASS1-negative cancers, with 

interesting advances collected in hepatocellular carcinoma270,271, melanoma272 and in 

different pediatric solid tumors (NCT03455140, Phase I/II).  

Mechanisms of resistance towards arginine-deprivation-based therapies have been 

described273 (Figure I7). The main molecular reason of failure for these treatment options 

is ASS1 re-expression: in tumors that repress ASS1 expression through the methylation 

of its promoter, demethylation mechanisms have been reported274,275. HIF-1α and c-MYC 

have also been identified as factors involved in ASS1 re-expression following arginine 

starvation241. Moreover, molecular pathways associated with c-MYC activation, as the 

RAS-activated ERK/PI3K/AKT cascade, have also been described to be involved in 

these resistance mechanisms. This data suggests that the combination of ADI-based 

therapies with RAS-induced signaling inhibition may represent a potential strategy to 
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improve arginine metabolism targeting276. The development of neutralizing antibodies 

against ADI-PEG20 and the rapid recovery of plasma arginine levels have also been 

recognized as possible reasons for tumor relapses277,278. 

Finally, the use of small molecule inhibitors of ASS1 may also represent an effective 

strategy to lower this enzyme expression in tumors. ASS1 specific inhibitor N-methyl-DL-

aspartic acid (MDLA) have shown effectiveness in blocking colorectal cancer cell 

proliferation, affecting glycolytic capacity and lipid metabolism in these tumors247. ASS1 

inhibition also impairs serine and glycine synthesis, therefore affecting purines 

production, with the consequent improvement of the response to immune checkpoint 

inhibition therapy279.  

The encouraging safety profiles and the solid results collected in the clinics indicate that 

targeting arginine dependency represents a promising strategy for cancer treatment. 

However, considering the heterogeneity of tumor response towards metabolic stress, as 

for example the differentially regulation of ASS1 expression, further research effort is 

needed to build a more personalized approach to target arginine metabolism in cancer 

and explore the potential use of ASS1 as a biomarker for treatment response. 

 

Figure I7: Schematic representation of arginine deprivation-based therapeutic 

strategies: ADI-PEG and PEG-rhARG1 induce extracellular arginine depletion to target 

ASS1-deficient tumors (listed on the left). Resistance mechanisms induce ASS1 re-

expression in these tumors, that therefore become able to synthetize arginine, NO and 

polyamines as ASS1-expressing tumors (listed on the right). Created with 

BioRender.com190.   
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1. Hypothesis 

PAX3-FOXO1 has been recognized as the main driver of ARMS tumorigenesis and 

metastatic disease, as well as a predictor of poor prognosis in patients77,111. Its role in 

orchestrating major oncogenic events of these tumors, as the differentiation block and 

the transcriptional and epigenetic remodeling, have been extensively characterized. 

Nevertheless, very few evidence about PAX3-FOXO1 impact on ARMS metabolic 

rewiring have been collected to date280.  

Unraveling the metabolic landscape of tumors have emerged as a pivotal step to design 

new therapeutic strategies to effectively target specific vulnerabilities of cancers.  

We propose the hypothesis that PAX3-FOXO1 may act as a key regulator of ARMS 

metabolic profile, impacting on the tumorigenesis and metastatic potential of these 

pediatric tumors through the transcriptional regulation of metabolic genes, inducing 

specific vulnerabilities that may be exploited for the treatment of these young patients.  

 

2. Objectives  

The main objectives of this thesis are: 

I. Establish cellular models for the study of the effects induced by PAX3-FOXO1 

overexpression on ARMS metabolism. 

II. Identify key players in ARMS metabolic rewiring. 

III. Characterize ASS1 expression in RMS upon PAX3-FOXO1 silencing or 

introduction. 

IV. Elucidate ASS1 role in sustaining ARMS tumorigenesis and metastatic 

spreading. 

V. Explore the molecular mechanism underlying ASS1 pro-oncogenic function 

in ARMS. 

 

 

 

 

 

  



 

 
 

 

 

 

 

 

 

 

 

 



 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

MATERIALS AND METHODS 
 

 

 

 

 

 

 

 

  



 

 
 

 



 

47 
 

1. Cell culture 

1.1 Cell lines 

All cell lines used for this study are listed in the Table M1. The validation and 

authentication were provided by qGenomics (Esplugues de Llobregat, Barcelona). 

Laminar flow hoods were used to maintain a sterile environment for cell culture.  

To test for Mycoplasma presence, cells were periodically grown on coverslips, fixed, and 

stained using Hoechst 33342 to detect bacterial contamination through DNA staining.  

Table M1: List of the cell lines used for this study. Tumor type, cellular origin, acquisition 

and karyotype information are detailed.  

aGreehey Children’s cancer Research Institute, San Antonio, USA; bLeibniz Institute 

DMSZ – German Collection of Microorganisms and Cell Cultures, Braunschweig, 

Germany; cDepartment of Oncology and Children’s Research Center, University 

Children’s Hospital, Zurich, Switzerland; dSt. Anna Kinderkrebsforschung, Wien, Austria; 

eATCC American Type Culture Collection, Manassas, Virginia, USA; fCLS Cell Lines 

Service GmbH, Eppelheim, Germany. ARMS: Alveolar Rhabdomyosarcoma; ERMS: 

Embryonal Rhabdomyosarcoma; ES: Ewing Sarcoma; LMS: Leiomyosarcoma. 

 

Cell line Tumor subtype Acquisition Cellular origin Cariotype 

RH4 ARMS 
Dr. Peter 

Houghtona 
7-year-old patient 

t(2;13)(q35:q14) 
PAX3-FOXO1 

RH41 ARMS DSMZb 

Xenograft lung 
metastasis from 
the same patient 

as RH4 

t(2;13)(q35:q14) 
PAX3-FOXO1 

RMS13 ARMS 
Dr. Beat 
Schäferc 

16-year-old patient 
(not confirmed) 

t(2;13)(q35:q14) 
PAX3-FOXO1 

RH28 ARMS 
Dr. Beat 
Schäferc 

17-year-old patient 
metastatic axillary 

nodule 

t(2;13)(q35:q14) 
PAX3-FOXO1 

RH30 ARMS 
Dr. Peter 

Houghtona 

16-year-old patient 
metastatic bone 

marrow (probably 
same patient as 

RMS13) 

t(2;13)(q35:q14) 
PAX3-FOXO1 

RH36 ERMS 
Dr. Beat 
Schäferc 

15-year-old patient 
paratesticular 

relapse 
Unknown 
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1.2 Cell Culture Conditions 

With exception of C2C12 murine myoblasts and 293FT cells, maintained in Dulbecco’s 

Modified Eagle Medium (DMEM; Gibco) complete medium [10% heat-inactivated Fetal 

Bovine Serum (FBS; Gibco) 1% Penicillin-Streptomycin (PS; 10000 U/mL, Gibco)], all 

cell lines were maintained in RPMI complete medium [10% FBS and 1% PS RPMI 1640 

(Gibco)] at 37°C in a humidified incubator in the presence of 5% CO2. When reached a 

confluence of 70-80%, media was removed from the plates and cells were washed once 

with Phosphate Buffered Saline (PBS). 0.05% Trypsin-EDTA (Gibco) was added to 

dissociate cells from the plates. Trypsin was neutralized with complete media and 

detached cells were collected in tubes and centrifuged at 1200 rpm for 5 min. Pellets 

were resuspended in the correspondent media and cells seeded at the dilution chosen 

according to the experimental procedure to follow.  

RD ERMS DSMZb 
7-year-old 

patient pelvic 
mass 

Hyperploid 

A673 ES Dr. Heinrich Kovard 
15-year-old 

patient 
t(11;22)(q24:q12) 

EWS-FLI1  

RD-ES ES DSMZb 
19-year-old 

patient humerus 
t(11;22)(q24:q12) 

EWS-FLI1 

SK-ES ES DSMZb 
18-year-old 
patient bone 

t(11;22)(q24:q12) 
EWS-FLI1 

SK-
LMS1 

LMS ATCCe 
43-year-old 

patient uterine 
mass 

Hypotriploid to 
hypertriploid with 

abnormalities 

SK-UT1 LMS CLSf 
75-year-old 

patient uterine 
mass 

Hypodiploid to 
hyperdiploid 

293FT 
Embryonal 

human 
kidney 

DSMZb 
Derivative of 293 

cell line 

SV-40 large T-
antigen 

expression 

C2C12 
Immortalised 

murine 
myoblasts 

ATCCe C3H mice strain 
Tetraploid (Not 

Confirmed) 
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1.3 Cell thawing and cryopreserving procedures 

For cryopreserving, cells were harvested as previously described and pellets 

resuspended in freezing medium [90% FBS; 10% dimethyl sulfoxide (DMSO)]. 

Cryotubes were placed in freezing chambers containing RT isopropanol, to gradually 

reduce the temperature, and immediately stored at -80°C for at least 24 h. Vials were 

then moved to liquid N2 tanks at -196°C for long-term storage.  

Cryopreserved cells were rapidly thawed by maintaining the vials in agitation at 37°C in 

a water bath. After the addition of complete media, cells were transferred to tubes and 

centrifuged at 1200 rpm for 5 min. Pellets were resuspended in complete media and cells 

were seeded in 100 mm plates (p100). 

1.4 Cell pelleting 

For the obtention of pellets, cells were harvested as previously described and centrifuged 

for 10 min at 1800 rpm. After washing with PBS, cells were transferred to Eppendorf 

tubes and centrifuged again for 10 min at 1800 rpm. PBS was aspirated and pellets were 

stored at -80°C or immediately used for the following experimental procedure.  

1.5 Cell counting 

For cell counting, after pelleting and resuspending in complete media, 10 µL of cell 

suspension was loaded into a Kova Glasstic Slide chamber (ThermoFisher). The 

average of 4 independent counting areas was considered for confluence calculation. 

Viable and dead cells were distinguished by the addition to the cell suspension of Trypan 

Blue (Sigma-Aldrich), a dye that can diffuse to the cytoplasm of non-viable cells, in which 

membrane integrity is lost, producing a blue staining. Only viable, clear cells were 

considered when counting for experiment seeding.  

1.6 Treatment conditions 

For all the following experimental procedures, cells were seeded in 6 well plates in the 

correspondent complete media, at the adequate dilution to achieve a confluence of 60-

70% at the time of the treatment. 

1.6.1 Arginine deprivation 

The day after seeding, media was aspirated, and cells washed twice with PBS to remove 

the residual arginine present in the seeding media. Then, 10% FBS 1% PS SILAC RPMI 
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1640 Flex Media (Gibco), with the addition of 10 mM glucose (Gibco) and 40 mg/L L-

Lysine (Gibco), was added to the cells. Control cells were treated with the same media, 

with the addition of 200 mg/L Arginine (Gibco). After 24, 48 and 72 h from the media 

change, cells were collected and counted as previously described. Pellets were obtained 

and stored at -80°C or immediately used for the following experimental procedure.  

1.6.2 Serum deprivation 

The day after seeding, media was removed, and cells were washed twice with PBS to 

remove the residual FBS present in the seeding media. Then, RPMI was added to the 

cells. After 24 h, cells were collected and counted, and pellets were obtained and stored 

at -80°C or immediately used for protein extraction. 

1.6.3 PDK1 and S6K1 inhibitors 

The day after seeding, media was removed, and cells were washed once with PBS. 

Then, complete media containing different concentration of the inhibitors was added to 

the cells [1 µM or 10 µM BX912 (SantaCruz Biotechnology), 10 µM or 20 µM PF-4708671 

(Sigma-Aldrich) and 2,5 µM or 5 µM OSU03012 (SantaCruz Biotechnology)]. BX912 is 

a small competitive inhibitor of the 3-phosphoinositide dependent protein kinase 1 

(PDK1) that binds the ATP-binding pocket to inhibit phosphorylation, therefore affecting 

AKT signalling and cell growth. OSU03012 is a derivative of the Celecoxib, a 

cyclooxygenase-2 (COX2) inhibitor, lacking COX2 inhibitory activity. It is a potent 

inhibitor of PDK1 and suppress cell proliferation in a wide range of tumor cell lines. PF-

4708671 is a P70 ribosomal S6 kinase (S6K1) inhibitor that acts preventing S6 

phosphorylation without affecting the activity of S6K2 isoform, producing the inhibition of 

cell growth and proliferation. All the inhibitors were dissolved in DMSO (Sigma-Aldrich). 

Cells treated with the higher concentration of DMSO used for each treatment were used 

as a control. After 24, 48 and 72 h from the treatment, cells were collected and counted 

to determine the effect of the inhibitors on cell proliferation, and pellets were obtained 

and used to perform protein expression analysis and confirm S6K1 and PDK1 inhibition. 

 

2. Plasmid amplification 

The plasmids used for this study have been amplified from commercially available 

vectors, according to the procedure described below. 
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2.1 Bacteria transformation 

First, 50 µL of Escherichia Coli DH5α competent bacteria for subcloning (Invitrogen) 

were mixed with 50 µg of the chosen vector in polypropylene tubes and incubated on ice 

for 30 min. After that, tubes were transferred to a 42°C water bath for 45 sec to produce 

a heat shock and returned to ice for 2 min. Then, 250 µL of SOC (Super Optimal broth 

with Catabolite repression, ThermoFisher) media were added and tubes were incubated 

at 37°C for 1 h in a shaking incubator. Afterward, 50 µL of the culture were seeded on 

LB (Luria-Broth)- agar plates containing 100 µg/mL ampicillin to let the colonies form and 

grow overnight in a dry incubator at 37°C.  

2.2 Bacterial culture 

For the amplification of the plasmid DNA, high density liquid bacterial cultures were 

established. Using a sterile pipette tip, single colonies were isolated from the LB-agar 

plates and transferred to polypropylene tubes containing 5 mL of LB media in the 

presence of 100 µg/mL ampicillin and let grow overnight at 37°C in a shaking incubator. 

Afterwards, an aliquot of 3 mL of the culture was used to verify the presence of the vector 

of interest using the NucleoSpin Plasmid Mini Preparation kit (Macherey-Nagel), 

according to manufacturer instructions. The DNA concentration and quality were 

determined at NanoDrop. After confirming the presence and the purity of the plasmid, 

0,5 mL of the initial culture were inoculated in 200 mL of LB media with the addition of 

100 µg/mL ampicillin and let grow overnight at 37°C in a shaking incubator. The day 

after, the plasmid was purified using the maxiprep EndoFree Plasmid Maxi kit (Qiagen), 

following the manufacturer instructions. The concentration and quality of the plasmid 

DNA obtained were tested at NanoDrop. 

2.3 Restriction digest analysis  

For plasmid verification, inserts and backbones maps were analysed to search for 

restriction cut sites that allowed plasmid linearization or its cut in multiple specific sized 

fragments.  

The digestion was performed by incubating 500 ng of DNA with 0.5 µL of the chosen 

restriction enzyme and 2 µL of the correspondent buffer, in a final volume of 20 µL in 

nuclease-free water at 37 °C for 1 to 2 h. The resulting fragments were then analysed by 

gel electrophoresis. 
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2.4 Electrophoresis of nucleic acids 

To separate DNA fragments by size, after restriction digest, samples were loaded to 

agarose gels at different concentration (0.8-1%, depending on the expected fragments 

size), in the presence of 0.2 µg/µL ethidium bromide for DNA visualization under 

ultraviolet (UV) light. Electrophoresis was performed in 1X Tris-Acetic Acid-EDTA (TAE) 

buffer at constant voltage of 100 V for approximately 1 h. A molecular weight ladder was 

loaded as a reference for DNA fragments size determination.  

 

3. Transient transfection 

To perform transient transfection, cells were seeded in 6 well plates at the adequate 

confluence, depending on the selected cell line. The day after, once cells reached the 

confluence of 70%, 50 nM of short interfering RNA (siRNA) or 4 µg of the plasmid of 

interest were mixed together with the correspondent transfection agent: 4 µL of 

Dharmafect (ThermoFisher) for the transient silencing, or Lipofectamine 2000 

(Invitrogen), for the transient introduction, in a final volume of 400 µL of RPMI for each 

condition. After 20 min, the mix was added to the cells in antibiotic-free-growing media. 

After 6 h, media was discarded and replaced by fresh correspondent complete media, to 

preserve cells from the transfection agent toxicity. Cells were collected after 24, 48 and 

72 h from the transfection to proceed with the selected experimental procedure.  

siRNA sequences employed in this study were obtained from bibliographic analysis of 

previous publications and purchased from Sigma-Aldrich or Origene. A non-specific 

siRNA sequence (siNT, Non-Targeting) was used as transfection control. All siRNA 

sequences used for this study are listed in the Table M2.  

All the plasmid used to perform transient introduction are listed in the Table M3 displayed 

in the section 4. 

Table M2: List of siRNA sequences used for transient silencing. 

siRNA Sequence 

siNT UAAGGCUAUGAGAGAUAC  

siPAX3-FOXO1 GGCCUCUCACCUCAGAAUUCAAU  

siASS1 Pool 
Mix of 3 siRNA duplexes  

Sequences not disclosed   
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4. Stable transfection and clone selection 

To perform stable transfection, cells were seeded in 6 well plates in complete media. The 

day after, 4 µg of the plasmids of interest and 10 µL of Lipofectamine 2000 were mixed 

together in a final volume of 500 µL of media for each condition, incubated at RT for 20 

min and added to the cells, in antibiotic-free 10% FBS media. After 6h, media was 

discarded and replaced by fresh complete media. After 24 h, media containing the 

correspondent antibiotic concentration was added to the cells, to start the selection 

process. Several vials of the resistant pool obtained were frozen and stored as described 

above, and pellets were collected to proceed with protein expression analysis and check 

the presence of the protein of interest. 

For lentivirus-mediated stable transduction, highly transfectable embryonic human 

kidney 293FT cells were used as packaging cells for the generation of viral particles and 

seeded in T75 flasks in complete media. The day after, cells were co-transfected with 6 

µg of the plasmid of interest, 3 µg of psPAX plasmid and 3 µg of pMD2.G plasmid for 

viral particles generation, mixed with 30 µL of Lipofectamine 2000 in a final volume of 

1.5 mL for each condition. Complexes were incubated at RT for 20 min and added to the 

cells in antibiotic-free 10%FBS DMEM. The day after, media was changed to fresh 

complete DMEM. After 24 h, viral particles were collected in tubes and centrifuged at 

1200 rpm for 5 min to pellet any packaging cell material collected. The supernatant was 

then filtered using 0.42 µm pores sterile filters and added to the cells to transduce, 

previously seeded in 6 well plates in complete media. Viral supernatant was diluted at 

different concentrations in 10% FBS DMEM in the presence of 10 µg/mL Polybrene 

(SantaCruz Biotechnology) to facilitate the infection. After 48-72 h, media was changed 

to complete media containing the appropriate antibiotic concentration, to start the 

selection process. Resistant cells populations were expanded, and stocks were frozen 

and stored or harvested for RNA and protein expression analysis. 

The adequate antibiotic concentration for each cell line was previously determined by 

growing cells in the presence of increasing amounts of antibiotic, to determine the lowest 

concentration at which the 100% of cell death is produced after 15 days from seeding. 

For the stable introduction of PAX3-FOXO1 plasmid, the concentration of Neomycin 

(Geneticin G418; Gibco) set for the selection was 1000 µg/mL for both C2C12 and RD 

cells. For the stable introduction of luciferase (Luc) plasmid, RH4 cells were grown in the 

presence of 100 µg/mL Hygromycin (Invitrogen).  

For clonal selection, positive transfected pools were seeded in 96 well plates at a dilution 

of 1 cell per well in selection media, that was changed every 48-72 h. After 15-30 days, 
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clones that reached confluence were passaged to obtain enough material to check the 

selection efficiency. Cellular pellets were obtained and used for RNA and protein 

extraction, to confirm the stable introduction of the plasmid of interest by Real-Time 

quantitative PCR (qPCR) and Western Blot (WB). 

All the plasmids used for this study are listed in the Table M3.  

Table M3: List of the vectors used to achieve stable expression of the proteins of interest. 

The application, acquisition and correspondent antibiotic resistance are specified.  

aDepartment of Oncology and Children’s Research Center, University Children’s 

Hospital, Zurich, Switzerland; bJosep Carreras Leukaemia Research Institute (IJC), 

Badalona, Spain. 

Plasmid Application Acquisition Resistance  

CMV  Control  Dr. Beat Schäfera  Neomycin 

 PAX3-FOXO1 
 PAX3-FOXO1 

introduction 
Dr.  Beat Schäfera   Neomycin 

psPAX  
Viral packaging 

generation 
Dr. Manel Estellerb - 

pMD2.G 
Viral envelope 

generation 
Dr. Manel Estellerb - 

 CMV  Control  
VectorBuilder 

customed design 
 Neomycin 

 PAX3-FOXO1  
 PAX3-FOXO1 

introduction 
VectorBuilder 

customed design 
Neomycin  

LUC 
Luciferase 

introduction 
VectorBuilder 

customed design 
Hygromycin 

 

 

5. CRISPR-Cas9-mediated silencing  

To achieve stable silencing, Homology Directed Repair (HDR)-mediated CRISPR 

Knockout kit (Origene) was used. This system ensures the simultaneous knockout of the 

gene of interest and the knockin of a functional donor cassette with a reporter gene and 

a selection marker. The target sequence is cloned in 2 pCas Guide vectors (gRNA), that 

can produce the specific cleavage and the consequent interruption of protein coding 

activity. Once the targeted break is produced, the donor cassette containing the 

resistance to Puromycin and the Green Fluorescence Protein (GFP) reporter gene is 

inserted in the genome via HDR (Figure M1). 
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For the stable silencing of ASS1, RH4 cells were seeded in 6 well plates in complete 

media the day before the transfection, to obtain a confluence of 70% on the following 

day. Cells were then co-transfected separately with 10 µL of Lipofectamine 2000, 1 µg 

of each gRNA vector (G1 and G2) or the scramble control vector (SCR) and 1 µg of the 

donor vector, in a final volume of 500 µL of RPMI. Complexes were incubated at RT for 

20 min and added to the cells in antibiotic-free 10% FBS RPMI. 48 h post-transfection, 

cells were passaged and split 7 times for around 2 weeks to dilute out cells containing 

the donor vector in the episomal form. Then, selection with 0.6 µg/mL Puromycin was 

applied. Transfected pools culture was amplified, stocks were collected, and pellets were 

harvested to confirm the silencing by RNA and protein expression analysis.  

Clonal selection was performed by seeding the selected pools in 96 well plates at the 

dilution of 1 cell per well in selection media, as previously described. Resistant clones 

were isolated and tested for RNA and protein expression to confirm the silencing of the 

gene of interest and perform the functional characterization of the cellular population. 

 

Figure M1: Schematic representation of CRISPR-Cas9-mediated ASS1 silencing. 

Modified from OriGene CRISPR Knockout Kit Manual using BioRender.com190. 
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6. Gene expression analysis 

6.1 RNA extraction 

For the obtention of the total RNA, cellular pellets were thawed on ice and resuspended 

in the lysis buffer provided by the NucleoSpin RNA Kit (Macherey-Nagel). The extraction 

was performed according to manufacturer instructions. RNA concentration and quality 

were determined at NanoDrop. An absorbance ratio of 2-2.2 at 260/280 nm was set as 

reference to consider the sample as free of contaminants from the extraction process. 

RNA extracts were stored at -80°C or immediately used for retro-transcription.  

6.2 cDNA obtention by retro-transcription 

The cDNA was obtained through reverse transcription reaction, using the system of Oligo 

dT primers, that specifically anneal to the mRNA poly(A) tails. 500-2000 ng of RNA were 

mixed with 1 µL of Oligo-dT primers (Invitrogen), 2 µL of Dithiothreitol (DTT; Invitrogen) 

as a reducing agent for optimal enzyme activity, 1 µL of 10 mM deoxyribonucleotide 

triphosphates (dNTPs; Invitrogen), 4 µL of First-Strand reaction buffer (Invitrogen), 1 µL 

of MMLV reverse transcriptase (Invitrogen) in a final volume of 20 µL in nuclease-free 

water. Samples were then transferred to a thermocycler and submitted to one cycle at 

37°C for 1 h, followed by one cycle at 95°C for 5 min and cooling down at 4°C. cDNA 

was stored at -20°C or directly used for gene expression analysis through qPCR. 

6.3 Quantitative Real-Time PCR (qPCR) 

For gene expression analysis, qPCR reaction mix was prepared mixing 10 ng of cDNA, 

5 µL of MasterMix PCR buffer (ThermoFisher) and 0.5 µL of the commercial Taqman 

probe of interest (ThermoFisher), in a final volume of 10 µL in nuclease-free water. 

Samples were loaded in triplicate to 384 well plates and the reaction was conducted 

according to the LightCycler 480 II thermocycler (Roche) following protocol: 1 cycle of 2 

min at 50°C, 1 cycle of 10 min at 95°C and 40 cycles of 15 sec at 95°C followed by 1 min 

at 60°C. To calculate gene expression levels, the Pfaffl ΔΔCT mathematic method was 

applied281 and quantification was based on the fold-differences as compared to the gene 

expression of a control sample. The obtained values for each gene expression were 

normalized to the housekeeping gene β-actin, to correct variations related to RNA 

amount and quality.  
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The Taqman probes employed for this study are: PAX3-FOXO1 (Hs03024825_ft), ASS1 

(Hs01597989_g1), MYL1 (Hs00984899_M1), EEF1A2 (Hs00951278_m1), HTN3 

(Hs00264790_m1) and ACTB (Hs99999903_m1). 

6.4 Transcriptomic analysis 

To identify differences in gene expression across sample groups, Affimetrix ClariomD 

microarray (Applied Biosystem) was performed at the Institut Hospital del Mar 

d’Investigacions Mèdiques (IMIM). RNA extraction was performed as previously 

described, and quality and quantity of the samples were determined at NanoDrop. 1 µg 

of RNA for each sample in triplicate was sent to the External Service MARGenomics 

Laboratory Unit of IMIM, where the quality control and quantification were tested again 

before performing the microarray experiment. 

The bioinformatic analysis of the results obtained was performed in R (v.3.5.2), using 

RMA normalization (oligo package) and differential expression analysis using Limma 

(limma package). Significant differences were defined as p-value ≤ 0.005 and absolute 

log2 fold change ≥ 0.8 and differentially expressed gene were ranked according to these 

two parameters. Genes with the lowest p-value and highest absolute fold change values 

were selected as candidate targets for the in vitro array validation through qPCR.  

 

7. Protein expression analysis  

7.1 Protein extraction and quantification 

Cellular pellets were submitted to lysis using 30-80 µL of Radioimmunoprecipitation 

(RIPA) buffer (ThermoFisher), with the addition of 1 tab of Complete miniProtease 

Inhibitor Cocktail (SigmaAldrich) and 1 tab of PhosStop Phosphatase Inhibitor Cocktail 

(Roche) for 10 mL of RIPA buffer. Once resuspended, pellets were incubated on ice for 

30 min. Afterwards, 2 cycles of 7 sec of sonication at 100% amplitude, with a 7 sec 

incubation on ice in between, were performed. Finally, pellets were centrifuged at 13000 

rpm for 20 min at 4°C and the supernatant containing the total protein extract was 

collected in a new Eppendorf tube. For quantification, 1 µL of the extracts was diluted 

1:25 in Elix water. 200 µL of A:B buffers mix (1:50) from Pierce BCA Protein Assay kit 

(ThermoFisher) were added to the extracts and loaded to a 96 well plate. After 30 min 

incubation at 37°C, absorbance was read at 562 nm and concentration determined by 

extrapolation from a standard curve generated by a series of dilutions at known 
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concentration (0 – 2000 µg/µL) of Bovine Serum Albumin (BSA; ThermoFisher). After 

quantification, protein extracts were stored at 80°C or directly used for WB analysis. 

7.2 Western Blot (WB) 

For protein expression analysis, Mini-Protean Tetra Cell system (Bio-Rad) was used to 

perform WB. 25-50 µg of protein extract were mixed with 10 µL of loading buffer [5% 2-

mercaptoethanol (Bio-Rad) in 2X Laemmli buffer (Bio-Rad)] and denatured through 

incubation at 95°C for 10 min. To perform electrophoresis, samples were then loaded to 

SDS-acrylamide gels, together with the pre-stained protein ladder Precision Plus Protein 

All Blue Standards (Bio-Rad). Depending on the molecular weight of the protein of 

interest, for separating gels, different concentrations of acrylamide were used (6-12%); 

for stacking gels, 4% acrylamide was used. Electrophoresis was performed in 1X running 

buffer (Tris-Glycine-SDS buffer; BioRad) at a constant voltage of 120 V for 80-120 min. 

Proteins were then transferred to 0,2 µm pores nitrocellulose membranes through wet 

electroblotting at 400 mA for 70-85 min at 4°C in 1X transfer buffer (Tris-Glycine buffer; 

BioRad) with the addition of 20% methanol. Membranes were blocked in a solution of 

5% non-fat milk in 0,1% Tween PBS (PBS-T) for 1 h on a rocking platform and then 

incubated with the optimised primary antibody concentration, as detailed in the Table 

M4, in blocking solution overnight on a rocking platform. Following incubation, 

membranes were washed 3 times with PBS-T for 5 min and incubated with HPR-

conjugated secondary antibody in blocking solution (Table M4), for 1 h on a rocking 

platform at RT. Finally, membranes were washed again with PBS-T for 10 min and 

incubated with 1 mL of Pierce ECL WB substrate (ThermoFisher) or in alternative with 

ECL Prime WB Detection Reagent (GE Healthcare), when better sensitivity was 

required, and chemiluminescence detected using Amersham Imager 600. When needed, 

the intensity of the bands obtained was quantified by analysing the images using the 

software ImageJ (Fiji).  
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Table M4: List of the primary and secondary antibodies used for WB protein expression 

analysis. Commercial reference, dilution and molecular weight of the detected bands are 

specified. Mo: mouse; Rb: Rabbit. 

Primary Antibody Supplier ID Dilution 
Secondary 

Antibody 

Molecular 

Weight 

α-Tubulin 
Sigma Aldrich 

#T6199 
1:10000 Mo 1:20000 54 kDa 

β-Actin 
Abcam  

#ab49900 
1:10000 

HRP-
Conjugated 

42 kDa 

ASS1 
Cell Signaling 

#70720 
1:5000 Rb 1:10000 47 kDa 

FOXO1 
Cell Signaling  

#2880 
1:2000 Rb 1:4000 78-82 kDa 

ERK1/2 
Cell Signaling 

#4695 
1:2000 Rb 1:5000 42 kDa 

p-ERK1/2 
(Thr202/Tyr204) 

Cell Signaling 
#4376 

1:1000 Rb 1:2000 42 kDa 

mTOR 
Cell Signaling  

#2983 
1:1000 Rb 1:2000 289 kDa 

p-mTOR 
(Ser2448) 

Cell Signaling 
#2971 

1:1000 Rb 1:2000 289 kDa 

AKT 
Cell Signaling 

#9272 
1:2000 Rb 1:5000 60 kDa 

p-AKT (Ser473) 
Cell Signaling  

#4060 
1:2000 Rb 1:5000 60 kDa 

S6 
Cell Signaling 

#2217 
1:5000 Rb 1:10000 32 kDa 

p-S6 
Cell Signaling 

#4858 
1:2000 Rb 1:4000 32 kDa 

S6K1 
(Ser235/236) 

Cell Signaling 
#9202 

1:1000 Rb 1:2000 70-85 kDa 

p-S6K1 (Thr389) 
Cell Signaling 

#9205 
1:1000 Rb 1:2000 70-85 kDa 

 

 

8. Metabolomic analysis 

Metabolomic analysis was performed at Prof. Eyal Gottlieb’s laboratory, during a 

secondment spent at the Ruth and Bruce Rappaport Faculty of Medicine of Technion- 

Israel Institute of Technology (Haifa, Israel). Cells were plated using the corresponding 
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complete media. The day after, media was changed for Modified DMEM-F12, containing 

5% FBS, 2.5 mM glucose, 100 mM Pyruvate, 200 mM Glutamine. After 24 h, metabolites 

extraction was performed both from the conditioned media (CM) and the cells (Figure 

M2), using the metabolites extraction mix, a polar solvent composed by 50% Methanol, 

30% Acetonitrile and 20% water, stored at -20°C before use. 980 µL of extraction mix 

were added to 20 µL of CM (1:50 dilution) and vortexed for 10 min at 4 °C. Then, extracts 

were centrifuged at maximum speed for 10 min at 4 °C. The supernatants were 

transferred to glass HPLC vials and kept at -75 °C until the utilization. After media 

aspiration, cells were washed three times with cold PBS and a volume of approximately 

0.5-1 mL of extraction mix per 106 cells was added to the wells. The cell culture plates 

were then placed on a rocking shaker at 4 °C for 5 min. The extraction solutions were 

then transferred to Eppendorf tubes and centrifuged at maximum speed for 10 min at 4 

°C. The supernatants were transferred to glass HPLC vials and kept at -75 °C until the 

utilization. The extracts were analysed using Q Exactive Orbitrap (ThermoFisher) liquid 

chromatography coupled with mass spectrometry (LC/MS) system and the results were 

analysed using TraceFinder 4.1 software (ThermoFisher).  

 

Figure M2: Schematic representation of metabolites extraction protocol from CM and 

attached cells. Created with BioRender.com190.  

For the analysis, the mass and the retention times of the metabolites found in the 

samples were compared with an existing database of 171 standards metabolites for the 

identification of the compounds of interest. For each one of them, the peak area of the 
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extracted ion chromatogram at the correspondent retention time is determined and 

metabolic changes are detected by comparison of peak areas among different samples. 

Normalization among conditions was achieved by cell number. 

 

9. Histological analysis 

Tissues processing for histological analysis was performed by the Histology facility of the 

CMRB – Centre de Medicina Regenerativa de Barcelona (L’Hospitalet de Llobregat). 

Samples were embedded in paraffin and sections 3 µm thick were cut using a microtome, 

placed on glass slides onto water at 40°C and let dry at RT until used for 

immunohistochemistry procedure, as detailed in section 10, or for Haematoxylin and 

Eosin (H&E) staining. To that purpose, sections were incubated overnight at 60°C to 

facilitate the dewaxing procedure, that was realized by placing the slides in xylene (10 

min x3), ethanol (100% 5 min x3; 96% 5 min x3; 70% 5 min x1) and Elix water. 

Afterwards, sections were stained with Harris Haematoxylin (Sigma-Aldrich) for 1 min 

and washed with tap water for 5 min. After a quick passage in Acid Alcohol (1% 

hydrochloric acid in 70% ethanol) and a wash in tap water for 5 min, samples were 

stained with Eosin (Sigma-Aldrich) for 1 min and washed again in water for 5 min. Then, 

sections were submitted to dehydration process by quick washing in ethanol (70% x1, 

96% x3, 100% x3), followed by quick washing in xylene (x3). Finally, coverslips were 

placed on top of a drop of DePeX non-aqueous mounting media (Sigma-Aldrich), 

avoiding bubbles formation. Once dried, samples were observed at the optical 

microscope Eclipse 80i (Nikon). 

 

10. Immunohistochemistry 

Before starting with the immunohistochemistry (IHC) procedure, slides were placed at 

60°C overnight to facilitate the following dewaxing process, performed as previously 

described. Heat-induced epitope retrieval (HIER) was achieved by boiling the samples 

in a pressure cooker at 240°C for 10 min in sodium citrate buffer pH 6.0 (1.81 mM citric 

acid; 0.82 mM sodium citrate). Once de-pressurized and cooled down, slides were 

washed twice in PBS for 5 min and incubated for 15 min in a 3% hydrogen peroxide 

solution in methanol, to quench endogenous peroxidase activity. After washing in tap 

water for 15 min and PBS for 5 min, to reduce non-specific interactions with the primary 

antibodies, blocking was performed by incubating the samples in Antibody Diluent 

solution (Dako) for 30 min in a humidity chamber. 200 µL of primary antibodies dilution, 
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prepared in the same blocking solution as specified in the Table M5, were added to the 

slides, and incubated at 4°C overnight. The day after, primary antibody solutions were 

discarded, and samples washed three times in PBS for 5 min. Then, samples were 

incubated 30 min at RT with 200 µL of Biotinylated Link Universal solution (Dako) in a 

humidity chamber. After 3 washes of 5 min in PBS, and 30 min incubation in Streptavidin-

Horseradish Peroxidase solution (Dako), Diaminobenzidine (DAB) chromogen solution 

(Dako) was added to the slides and the intensity of the staining was monitored under a 

light microscope, to follow the formation of coloured precipitates in correspondence of 

the antigen expression sites. The reaction was stopped by placing the slides in Milli-Q 

water. Finally, samples were counterstained with Harris haematoxylin for 1 min, washed 

in tap water and maintained in Milli-Q water for 5 min, to then proceed with the 

dehydration process as described in the previous section. Coverslips were mounted 

using DePeX mounting media and sections were observed at optical microscope Eclipse 

80i (Nikon).  

 

11. Immunofluorescence 

Cells were seeded in Millicell EZ Slide 4 wells chambers (Merck), at the adequate dilution 

to obtain a confluence of 70-80% on the following day. The next day, cells were washed 

twice with 1 mL of PBS for 5 min, carefully removing the liquid from the chambers with a 

pipette. Cells were then fixed with a solution of 4% paraformaldehyde (PFA) for 20 min 

at RT. After 3 washes of 5 min with PBS, cell membranes permeabilization was achieved 

by 15 min incubation in a solution of 0.1% Triton-X100 in PBS at RT. Then, cells were 

washed again three times for 5 min in PBS and incubated in blocking solution (10% FBS 

in PBS) in a humidity chamber for 20 min at RT. Finally, primary antibodies diluted in 

blocking solution as specified in the Table M5, were added to the cells, and incubated 

overnight at 4°C in a humidity chamber. The day after, cells were washed three times for 

5 min in PBS and incubated with the corresponding secondary antibody solution (Table 

M5) for 1 h. Cells were washed first with PBS for 10 min twice and then with water for 10 

min twice. Prolong Gold antifade reagent with DAPI (Invitrogen) was used for nuclear 

staining and coverslip mounting. Slides were finally observed at the confocal microscope 

TCS SP5 DMI6000 (Leica) and images analysed using ImageJ software. 
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Table M5: List of the antibodies used for IHC and IF staining. For each primary and 

secondary antibody, commercial reference and dilution are specified. 

Primary 
Antibody 

Supplier ID Dilution Secondary Antibody (IF) 

ASS1 
Cell Signaling 

#70720 
1:1500 

AlexaFluor 488 #70720 
Rb 4 µg/mL 

FOXO1 
Cell Signaling 

#2880 
1:100 

AlexaFluor 488 #70720 
Rb 4 µg/mL 

 

12. Proliferation assay 

To determine their proliferative capacity, cells were seeded in complete media in 6 well 

plates at the adequate dilution for each cell line, treatment and condition. After 24, 48 

and 72 h from seeding, cells were harvested and counted as described in the section 

1.5. Pellets were collected and stored at -80°C for RNA and protein expression analysis.  

 

13. Migration assay 

To evaluate cell migratory capacity, Boyden chambers system was employed. According 

to this principle, cells are seeded on top of a permeable membrane insert. In the bottom 

part of the chambers, a chemoattractant agent is placed, to induce cell directional 

migration by the chemotactic gradient. Following an incubation period, cells that have 

passed through the membrane pores are fixed, stained and counted to quantify and 

compare the migratory capacity among different conditions. 

To perform migration assay, cells previously seeded in complete media, were harvested 

and centrifuged for 5 min at 1200 rpm. Then, pellets were washed with RPMI to remove 

any residual FBS, in this case used as chemotactic agent, and centrifuged again for 5 

min at 1200 rpm. Cells were resuspended in RPMI, counted and seeded on top of 

Transwell chambers (Corning) at a confluence of 150000 cells/ insert. 500 µL of complete 

media for each condition were pipetted in 24 well plates and inserts placed in contact 

with the media. After 24 h at 37°C in humidified incubator in the presence of 5% CO2, 

the inserts were collected and washed with PBS. A cotton swab was used to remove 

cells that did not migrate from the upper compartment of the membranes. Migrated cells 

on the bottom site of the inserts were then fixed with 70% ethanol for 30 min and stained 

with 2% Cristal Violet in 20% methanol solution in water for 20 min. After washing with 



 

64 
 

PBS, membranes were carefully cut and mounted on a slide for observation at optical 

microscope. Manual counting of migrated cells was realized using ImageJ software.  

 

14. In vivo assay 

14.1 Animals maintenance 

Female Athymic Nude-Foxn1nu mice at 6-7 weeks of age were purchased from Envigo 

and maintained under Specific Pathogen Free (SPF) conditions in individually ventilated 

cages, at 18-22°C with 60-70% relative humidity and 12 h light/dark cycles. Animals were 

fed ad libitum with Teklad irradiated diet (Envigo) and filtered water was available at all 

time.  

Animal care procedures were followed according to the Association for Assessment and 

Accreditation of Laboratory Animal Care International (AAALAC) guidelines. All the 

procedures employed are described in the protocol n. 9745, deposited by Dr. O. Martinez 

Tirado and approved by the Ministry of Climate Action, Food and Rural Agenda of the 

Generalitat de Catalunya.  

14.2 Orthotopic metastatic assay 

RH4 SCR, G2_2 and G1_4 ASS1 CRISPR clones were priorly transfected to stably 

express the luciferase enzyme, for cell visualization through In Vivo Imaging System 

(IVIS).  

Cells were tested for Mycoplasma absence and luciferase activity was confirmed at IVIS 

prior to the inoculation. Two days before inoculation, media was changed to antibiotic-

free media. After 48 h, cells at exponential growth were harvested, counted and 

resuspended at a concentration of 5x106 cells/ 100 µL of PBS per animal. Cells were 

then injected in the gastrocnemius muscle of the hind limb. After the inoculation, mice 

general wellness and weight was monitored every 48 h. Tumor development was 

followed by measurement with a digital caliper or once a week by IVIS imaging, after the 

intraperitoneal injection of 150 mg/kg D-luciferin. Once the tumors reached the critical 

volume of approximately 800 mm3, mice were anaesthetised in an induction chamber 

with a mix of 5% isoflurane and 2% oxygen and surgical resection was performed to 

carefully remove the tumoral mass. After the extraction, the wound was sutured, and the 

analgesic Buprenorfin was injected to the mice. In addition, the analgesic Meloxicam was 

injected two consecutive days after surgery. During the following days, all the mice were 
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completely recovered and active. IVIS lectures were performed on weekly basis to detect 

metastasis development282.  

After 90 days from the cell inoculation, or when the end point was set depending on the 

appearance of a recurrence tumor, mice were euthanized by cervical dislocation. Lungs 

perfusion with 4% PFA solution was performed. All the organs were examined to detect 

signs of visible metastasis. Lungs, lymph nodes and other organs suspicious of 

metastasis presence were then embedded in paraffin and submitted to histological 

analysis and H&E staining, as described in the section 9.  

 

15. Statistical analysis 

Unless specified, all the experiments were performed in triplicate. Results are shown as 

the average of the obtained values ± standard deviation (SD). One-way or 2way-analysis 

of variance (ANOVA) for multiple comparisons were used for statistical analysis, 

considering significant differences when pValue ≤ 0.05. All analyses were performed 

using GraphPad Prism 9 Software or Microsoft Excel 16.0 version.  

 

16. Figures composition 

When not otherwise specified by citing the bibliographic source, figures have been 

created using the Servier Medical Art: SMART figures database (Creative Commons 

Attribution 3.0 Unported License) and BioRender website tools and templates 

(BioRender.com190). 

 

17. Equipment and reagents 

All the equipment, materials and reagents used for this work are listed in the following 

sections.  

17.1 Equipment list 

Amersham Imager 600, Amersham 

Analogic Thermoblock, VWR 

Benchtop centrifuge 5804, Eppendorf 

Benchtop Centrifuge 5810R, Eppendorf 
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Cell Culture Incubator HERAcell 150, Thermo Scientific 

Confocal microscope TCS SP5 DMI6000, Leica 

Fluorescence microscope Eclipse 80i, Nikon 

Gel Doc System, Bio-Rad 

Horizontal gel electrophoresis system, BioRad 

Inverted microscope IX70, Olympus 

IVIS Lumina XR, PerkinElmer 

Mice caging system, Allentown 

Microcentrífuge CT15E/CT15RE, VWR 

Microcentrífuge Galaxy MiniStar, VWR 

Q Exactive Orbitrap mass spectrometer, ThermoFisher 

Spectrophotometer Nanodrop ND-100, ThermoFisher 

Thermal cycler 2720, Applied Biosystem 

Thermal cycler LightCycler 480 II, Roche 

Ultrasonic processor UP50H Ultrasonic Processor, Hielscher 

Vertical gel electrophoresis MiniProtean Tetra Cell system, BioRad 

Vertical laminarflow bench CV-100, Telstar 

Vibrating platform shaker Titramax 100/101/1000, Heidolph 

Vortex mixer ECN444-1378, VWR 

17.2 Consumable materials 

Bacteriological Petri dishes with lid, Fisher Scientific #10720052 

Conical flat cap microtube 0.5 mL, Sarstedt #72699 

Conical flat cap microtube 1.5 mL, Sarstedt #72690 

Conical round cap microtube 0.2 mL, Nirco #4095.9N 

Coverslips 12 mm diameter, Menzel-Gläsen #631-0713 

Coverslips 24 x 60 mm, Menzel-Gläsen #MZ3016 

Cryotubes 1,6 mL Quickseal screw cap, Sarstedt #72.380 

Kova glasstic slide, Fisher Scientific #10298483 

Lightcycler 480 multiwell plate 384, Roche Diagnostics #04729749001 

LightCycler 480 Sealing foils, Roche Diagnostics #04729757001 

Microscope slide SuperFrost Plus, VWR #631-0108 

Millicell EZ Slide 4 wells, Merck #PEZGS0416  
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Round bottom polypropylene tube 14 mL, Cultek #45352059 

Screw cap tube 15 mL, Sarstedt #62.554.502 

Screw cap tube 50 mL, Sarstedt #62.547.254 

Serological pipet 10 mL, Jet Biofil #GSP010010 

Serological pipet 25 mL, Jet Biofil #GSP010025 

Serological pipet 5 mL, Jet Biofil #GSP010005 

TC-treated culture dish 100 mm, Cultek #430167 

TC-treated culture dish 150 mm, Cultek #430599 

Tissue culture plate 12 wells, Jet Biofil #TCP011012 

Tissue culture plate 24 wells, Jet Biofil #TCP011024 

Tissue culture plate 6 wells, Jet Biofil #TCP011006 

Tissue culture plate 96 wells, Jet Biofil #TCP011096 

Transwell Permeable Supports, Cultek #3422 

17.3 Kits and reagents 

2-mercaptoetanol, Merck #8.057.400.250 

30%Acrylamide/Bis solution 29:1, Bio-Rad #161-0156 

Agarose SeaKem, Cambrex #50005 

Ammonium sulfate, Sigma-Aldrich #A5132 

Ampicillin, Sigma-Aldrich #A9518-5G 

Antibody diluent, Dako #52022 

ASS1 human gene knockout kit via CRISPR HDR mediated, Origene # N201130 

Bacto-agar, Difco #0140-01 

Biotinylated Link Universal solution, Dako #K0675 

BX-912, SantaCruz Biotechnology #CAS 702674-56-4 

Citric acid monohydrate, Merck #1002440500 

Complete mini–Protease Inhibitor Cocktail Tablets, Sigma-Aldrich #11836170001 

Cristal violet, Sigma-Aldrich #C3886-25G 

DharmaFECT 1 Transfection Reagent, Fisher Scientific #W9945D 

Diaminobenzidine, Dako #K3468 

Dimethyl sulfoxide, Sigma-Aldrich #D2650-100 mL 
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D-Luciferine firefly potassium salt, Biosynth #I82201G 

DMEM High glucose, pyruvate, ThermoFisher Scientific #41966 

DMEM/F12, no glutamine, ThermoFisher Scientific #21331-020 

dNTPs 10 mM MIX, Life Technologies #18427-013 

DPX mounting media, Merck #100579 

Dulbecco’s PBS 10X w/o calcium w/o magnesium, Biowest #X0515-500 

ECL Prime Western Blotting Detection Reagent, GE Healthcare #RPN2232 

EndoFree Plasmid Maxi kit, Qiagen #12362 

Eosin, Sigma-Aldrich #HT110232 

Ethanol 96%, Merck #50.651.071.000 

Ethanol absolute, Merck #1.00983.2500 

Ethiudium Bromide solution, Sigma-Aldrich #E1510-10 mL 

Fetal Bovine Serum qualified, Life Technologies #10270-106 

GeneRuler 1kb DNA ladder, #SM0313 

Geneticin G-418 Sulfate, Life Technologies #11811-031 

Glucose solution, ThermoFisher Scientific #A2494001 

Harris Haematoxylin, Sigma-Aldrich #HHS80-2.5L 

Hoechst 33342, Life Technologies #H3570 

Hydrochloric acid, Merck #1.00317.1000 

Hydrogen peroxide solution, Sigma-Aldrich #H1009-500 mL 

Hygromycin B, ThermoFisher Scientific #10687010 

Isopropanol, Merck #1.09634.2500 

Laemmli buffer, Bio-Rad #161-0737 

L-Arginine, Merck Life Science #A8094 

LB Broth, Acumedia #7290A 

L-Glutamine, ThermoFisher Scientific #25030024 

Lipofectamine 2000, Life Technologies #11668030 

Liquid DAB and substrate chromogen system, Dako #K3468 

L-Lysine, Merck Life Science #L8662 

Methanol, Merck #106009 

Methanol, Panreac #141091.1214 
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M-MLV Reverse Transcriptase 200 U/µL, Invitrogen #28025013 

Nitrocellulose membrane 0,2 µm, Bio-Rad #162-0112 

Nuclease free water, Cell Signaling #12931S 

NucleoSpin Plasmid kit, Macherey-Nagel #740588.250 

NucleoSpin RNA kit, Macherey-Nagel #740955.50 

Oligo-dT Primer, Life Technologies #18418-012 

OSU03012, SantaCruz Biotechnology #CAS 742112-33-0 

Penicillin/Streptomycin, Life Technologies #15140-122 

PF-4708671, Sigma-Aldrich #559273-10MG 

PFA solution 4%, VWR #1004969010 

PhosStop Phosphatase Inhibitor Cocktail Tablets, Roche #04906845001 

Pierce BCA Protein Assay, Thermo Fisher Scientific #23225 

Pierce Bovine Serum Albumin Standard Ampules, 2 mg/mL, ThermoFisher Scientific 

#23209 

Pierce ECL Western Blotting Substrate, ThermoFisher Scientific #4832106 

Polybrene, SantaCruz Biotechnology #SC-1324220 

Ponceau S solution, Applichem A2935 

Precision Plus Protein All Blue Prestained Protein Standards, BioRad #1610373 

ProLong Gold antifade mountant with DAPI, Life Technologies # P36941 

Puromycin, Sigma-Aldrich #P8833 

RIPA lysis and extraction buffer, ThermoFisher Scientific #89900 

RPMI 1640 GlutaMAX supplement, ThermoFisher Scientific #61870044 

SDS 10%, Applichem #A0676 

SILAC RPMI 1640 Flex Media, no glucose, no phenol red, ThermoFisher Scientific 

#A2494201 

SOC media, Life Technologies #46-0700 

Sodium citrate dihydrate, Sigma-Aldrich #S1804 

Sodium Pyruvate solution, Merck Life Science #S8636 

Streptavidin-Horseradish Peroxidase solution, Dako #K0675 

Subcloning Efficiency DH5α competent cells, Life Technologies #18265-017 

TAE buffer 50X, Severn Biotech #20-6001-10 

TaqMan 2X Universal PCR MasterMix, Life Technologies #4324018 
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Tris-glycine buffer 10X, Bio-Rad #161-0771 

Tris-glycine-SDS buffer 10X, Bio-Rad #161-0772 

Triton X-100, Merck #1.086.031.000 

Trypan Blue 0.4%, Sigma-Aldrich #T8154 

Trypsin-EDTA solution, Life Technologies #25300-054 

Tween-20, Sigma-Aldrich #P1379-500 mL 

Xylene, Merck #1.08681.2500 
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1. PAX3-FOXO1 introduction in C2C12 murine myoblasts 

With the aim to establish a cellular model for the study of ARMS metabolism, we started 

transfecting C2C12 murine myoblasts with the fusion protein PAX3-FOXO1, both 

transiently and stably. We used a lentiviral plasmid bearing the fusion protein construct, 

Neomycin resistance gene and the Green Fluorescent Protein (GFP) as a reporter. Cells 

transfected with an empty vector (CMV) were used as control.  

Following transient transfection with Lipofectamine 2000, we were able to obtain a 

considerable expression of PAX3-FOXO1 after 24 and 48 h from the transfection, while 

it resulted to be almost undetectable after 72 h (Figure R1). 

 

 

 

 

 

 

 

 

Figure R1: Representative WB analysis showing PAX3-FOXO1 expression levels after 

24, 48 and 72 h from its transient introduction in C2C12 myoblasts. Cells transfected with 

the empty vector (CMV) were used as transfection control. Parental RH4 cells were used 

as positive control (CTRL) for PAX3-FOXO1 expression. α-Tubulin was used as loading 

control. 

 

To achieve the stable expression of PAX3-FOXO1 in C2C12 cells, we performed a viral 

transduction using the same construct employed for the transient transfection. As shown 

in Figure R2A, different ratios of viral supernatant and media were used, to set the best 

experimental conditions for PAX3-FOXO1 introduction. Unfortunately, we were not able 

to obtain the stable expression of the fusion protein in C2C12 myoblasts, neither after 

lentiviral transduction (Figure R2A-B), nor performing the stable transfection of the same 

plasmid with Lipofectamine 2000, followed by antibiotic selection using the 

correspondent Neomycin concentration (Figure R2B). 
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Figure R2: A. Representative WB analysis showing PAX3-FOXO1 expression after 

lentiviral transduction of C2C12 cells with different ratios of viral supernatant (SN) and 

complete media. B. Representative WB analysis showing PAX3-FOXO1 expression 

after its stable transfection in C2C12 cells, followed by selection with 1 mg/mL Neomycin, 

and the lentiviral transduction of the same cells with different ratios of PAX3-FOXO1 viral 

SN and complete media. C2C12 transiently transfected with the fusion protein were used 

as positive control (CTRL). Cells transfected with CMV empty vector were used as 

transfection control.  α-Tubulin was used as loading control. 

 

2. PAX3-FOXO1 introduction in RD cell line 

Given the difficulties encountered in generating a murine muscle cell line stably 

expressing PAX3-FOXO1, we decided to switch to another model for the study of the 

fusion protein-related changes in the RMS cellular context, based on the stable 

transfection of PAX3-FOXO1 in the fusion-negative Embryonal RMS (ERMS) cell line 

RD. We performed viral transduction of RD cells using different viral particles 

concentrations. We obtained a heterogeneous pool of RD cells stably expressing PAX3-
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FOXO1 fusion protein (Figure R3A), from which we isolated several clones 

characterized by the higher expression of our protein of interest (Figure R3B). Selection 

was performed using 1 mg/mL Neomycin concentration. RD cells were compared to 

PAX3-FOXO1-transfected 293FT cells, epithelial cells from human embryonic kidney 

employed for the viral particle’s generation. Using liquid chromatography coupled with 

mass spectrometry techniques (LC-MS), the metabolomic profile of PAX3-FOXO1-

expressing clones will be compared to the parental RD cells metabolome, to individuate 

possible changes induced by the expression of the fusion protein.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure R3: A. Representative WB analysis showing RD and 293FT cells transduced with 

a control vector (CMV) or PAX3-FOXO1. For RD transduction, different ratios of viral SN 

and complete media were used. C2C12 cells transiently transfected with the fusion 

protein were used as positive control (CTRL). B. Representative WB analysis showing 

RD clones (RD PAX3-FOXO1) isolated from the positive pool shown in A. ARMS RH41 

cells were used as positive control for PAX3-FOXO1 expression. Parental RD cells were 

used as negative control. α-Tubulin was used as loading control. 
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3. PAX3-FOXO1 silencing in RH4 cell line 

To generate another tool for the study of the effects induced by PAX3-FOXO1 on ARMS 

metabolism, we performed the transient silencing of the fusion-positive RMS cell line 

RH4 using a siRNA against PAX3-FOXO1 (siPAX3-FOXO1) or a control siRNA (siNT). 

The transient silencing of the fusion protein was confirmed by WB analysis (Figure R4) 

after 24, 48 and 72 h from the transfection with Dharmafect, using 50 nM siRNA 

concentration. Together with the other established cellular models, PAX3-FOXO1-

silenced RH4 cells represent a useful tool to further investigate the role played by the 

fusion protein in modulating ARMS metabolism.  

 

 

 

 

 

 

 

 

 

Figure R4: Representative WB analysis showing RH4 cells transfected with the control 

siRNA (siNT) or a siRNA against PAX3-FOXO1 (siPAX3-FOXO1) after 24, 48 and 72 h 

from the transfection. Two different exposures times of the same image are shown. α-

Tubulin was used as loading control. 

 

4. Metabolomic analysis of PAX3-FOXO1-expressing cells  

To study PAX3-FOXO1 role in ARMS metabolic context, we performed metabolomic 

analysis at Prof. Eyal Gottlieb laboratory, during a secondment spent at the Ruth and 

Bruce Rappaport Faculty of Medicine at Technion Institute (Haifa, Israel). The aim of our 

experiments was to evaluate changes in the abundance of the six most exchanged 

metabolites in the conditioned media (CM) and the cellular extracts of RD cells stably 

transfected with PAX3-FOXO1 as previously described. Following viral transduction, two 
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clones characterized by the higher expression of our protein of interest were selected to 

perform the analysis (RD Clone 9 and RD Clone 17). Using LC-MS technique, extracts 

from PAX3-FOXO1-expressing clones, RD cells transfected with a control vector (CMV) 

and parental RD cells were compared, to individuate possible changes in the metabolic 

profile induced by the fusion protein expression (Figure R5). Metabolites extraction was 

performed both from the CM and the cellular compartment (data not shown). 

 

 

Figure R5: Metabolomic analysis showing the relative levels of glucose, glutamine, 

glutamate, lactate, alanine and pyruvate in the CM of PAX3-FOXO1-expressing RD 

clones (RD Clone 9 and RD Clone 17), cells transfected with a control vector (CMV) and 

parental RD cells (RD WT). Normalization among conditions was performed by cell 

counting.  

 

No significative differences were observed among the levels of the six most exchanged 

metabolites (glucose, glutamine, glutamate, alanine and pyruvate) in the extracts 

obtained from the CM of the four cell types. 

 

5. Transcriptomic analysis of PAX3-FOXO1-expressing cells 

Given the lack of significative changes among the profiles compared in the metabolomic 

study shown in the previous section, we decided to perform a transcriptomic analysis 
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using a script previously established by our group. We interrogated publicly available 

data with the aim to identify differences in metabolic genes expression related to the 

fusion protein presence. We selected three publication97,283,284 from which four lists of 

genes were analyzed, comparing the profile of parental ARMS cells silenced or not for 

PAX3-FOXO1 expression, ARMS and ERMS primary tumors as well as ARMS tumors 

and normal muscle cells. More than 50 de-regulated genes were found in common 

between the sets obtained with our analysis (Figure R6).  Among them, we found that 

the expression of the Argininosuccinate Synthase 1 (ASS1) was significatively 

upregulated at transcriptional level by PAX3-FOXO1. The complete list of de-regulated 

genes is shown in the Annex I (Table A1).  

 

 

Figure R6: Schematic representation of the Venn diagram showing the relation between 

the 4 sets of genes analysed by transcriptomics, based on the expression of PAX3-

FOXO1 fusion protein, and the biochemical reaction catalysed by ASS1 enzyme for the 

synthesis of argininosuccinate. Created with BioRender.com190. 

 

ASS1 is a key enzyme of the urea cycle that catalyzes the formation of arginosuccinate 

from aspartate, citrulline and ATP. Together with the Argininosuccinate Lyase (ASL), it 

is responsible for the biosynthesis of arginine in most body tissues. Both up- and down-

regulation of ASS1 have been associated to increased proliferation in tumor cells, tumor 

development, metastasis and drug resistance225. In particular, many types of sarcomas 

have been described as ASS1-deficient tumors238 and a clinical trial using arginine 

deprivation strategy in ASS1-deficient adult sarcomas is actually ongoing. Therefore, we 
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decided to further study ASS1 upregulation in ARMS as it could represent a unique 

metabolic signature of this specific pediatric malignancies. 

 

6. ASS1 is overexpressed in ARMS and partially correlates with PAX3-

FOXO1 expression 

To confirm the fusion protein mediated ASS1 upregulation detected with our 

transcriptomic analysis, we interrogated our previous metabolomics results to check the 

levels of urea cycle intermediates. As shown in Figure R7A, RD Clone 9 and RD Clone 

17 (RD CL9, RD CL17) presented undetectable levels of citrulline, one of ASS1 

substrates. On the contrary, the levels of argininosuccinate, ASS1 main product, resulted 

to be considerably higher in PAX3-FOXO1-expressing clones than in parental RD and 

CMV cells, suggesting an increased expression or activity of the enzyme. This was 

further confirmed by the analysis of several TCA cycle intermediates (Figure R7B), 

which levels resulted to be increased in RD CL9 and RD CL17, in accordance with what 

expected. 

Based on the metabolomic and transcriptomic analysis results obtained, we performed 

qPCR to evaluate mRNA levels of ASS1 in several ARMS and ERMS cell lines, as well 

as in PAX3-FOXO1-expressing RD clones (Figure R8A), with the aim of verifying the 

increment of its expression in a fusion-dependent manner. We found that ASS1 mRNA 

levels were increased in RH4 cells, as well as in the two fusion-positive RD clones 

analyzed, also at protein level, as shown by WB in the Figure R8B. On the contrary, 

ERMS cell line RD and RH36 as well as A673 Ewing Sarcoma (ES) cell line presented 

almost undetectable levels of ASS1 mRNA.  



 

80 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure R7: A. Metabolomic analysis showing aspartate, citrulline, argininosuccinate and 

arginine relative levels in RD parental cells, cells stably expressing PAX3-FOXO1 (RD 

CL9 and RD CL17) or a control vector (CMV). Metabolites extraction was performed after 

30 min and 24 h from the media change. Normalization among conditions was performed 

by cell counting. Data are expressed as mean ± SD from at least three different 

experiments. Statistical significance was achieved by 2way ANOVA test (ns: non-

significant, *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001). B. Schematic 

representation of metabolites levels related to ASS1 and arginine metabolism in the 

same cells (modified from Long et al., 2017).  
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Figure R8: A. qPCR analysis showing relative mRNA levels of ASS1 in different ARMS 

and ERMS cell lines compared to ES A673 cell line and RD ERMS cell line transfected 

with PAX3-FOXO1 (RD CL9 and RD CL17) or an empty vector (RD CMV). Obtained 

values are referred to RH4 ASS1 expression levels. Data are expressed as mean ± SD 

from at least three different experiments. Statistical significance was achieved by One-

way ANOVA test (*p ≤ 0.05, ****p ≤ 0.0001). B. Representative WB analysis showing 

PAX3-FOXO1 and ASS1 expression in parental RD cells, RD transfected with PAX3-

FOXO1 (RD CL9 and RD CL17) or an empty vector (CMV). α-Tubulin was used as 

loading control.  

 

Then, we analyzed ASS1 protein expression in a panel of RMS, ES and 

Leiomyosarcoma (LMS) cell lines (Figure R9). 

 

Figure R9. Representative WB analysis showing ASS1 expression in a panel of RMS, 

ES and LMS cell lines. α-Tubulin was used as loading control. 
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At protein level, both ARMS and ERMS cell lines showed increased ASS1 expression, 

mostly independently from PAX3-FOXO1 presence (Figure R9). Consistently as 

described for more than the 80% of primary STS and bone sarcoma tumors238,239, ASS1 

expression resulted to be undetectable or very low in A673 and RD-ES ES cell lines and 

SK-LMS1 and SK-UT1 LMS cell lines. 

ASS1 expression in ARMS was also confirmed by immunohistochemistry staining of ES 

and ARMS xenograft tumors (Figure R10). Tumors derived from RH4 and RH41 cells 

showed strong ASS1 expression, while tumors originated from A673 cells resulted to be 

completely negative for ASS1 staining. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure R10: Representative immunohistochemistry staining pictures showing ASS1 

expression in xenograft tumors generated from RH4 and RH41 ARMS cell lines and 

A673 ES cell line. Scale bar: 20 µm. 
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To better investigate the impact of the fusion protein on ASS1 expression, we employed 

our model of PAX3-FOXO1 transient introduction in C2C12 cells. As shown in the Figure 

R11, in this case, ASS1 protein levels were not significatively affected by PAX3-FOXO1 

ectopic expression.  

 

 

Figure R11: Representative WB analysis showing PAX3-FOXO1 and ASS1 expression 

in C2C12 cells transiently transfected with PAX3-FOXO1, after 24, 48 and 72 h from the 

fusion protein introduction. C2C12 transfected with the control vector (CMV) were used 

as transfection control. α-Tubulin was used as loading control. 

 

Then, we analysed the expression of ASS1 upon PAX3-FOXO1 transient silencing in 

RH4 cells. At mRNA level, we observed a decrease of ASS1 expression after 48 and 72 

h from PAX3-FOXO1 transient silencing (Figure R12A).  

Contrarily to what expected, when we analysed ASS1 protein level in the same cells, we 

were not able to observe any significative difference in its expression upon PAX3-FOXO1 

silencing (Figure R12B), suggesting that probably ASS1 protein levels and stability could 

be influenced by other factors that do not strictly depend on the fusion protein presence.  
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Figure R12: A. qPCR analysis showing PAX3-FOXO1 and ASS1 relative mRNA levels 

in RH4 cells transiently silenced for the fusion protein expression (siP3F1) after 24, 48 

and 72 h from the transfection. Obtained values are referred to RH4 ASS1 and PAX3-

FOXO1 expression at 24 h. Data are expressed as mean ± SD from two different 

experiments. B. Representative WB analysis showing PAX3-FOXO1 and ASS1 

expression levels in RH4 cells transiently silenced for PAX3-FOXO1 expression at 24, 

48 and 72 h from the transfection. Cells transfected with the control siRNA (siNT) were 

used as transfection control. α-Tubulin was used as loading control. 

 

To further validate this result, we performed the same experiment with other two ARMS 

cell lines characterized by a high expression of ASS1: RMS13 and RH41 cells. In the 

case of RMS13 cells, the results obtained were in accordance with what observed for 
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RH4: at mRNA level, a decrease of ASS1 expression was observed when PAX3-FOXO1 

was silenced, while at protein level no significative difference was detected (Figure 

R13A-B). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure R13: A. qPCR analysis showing PAX3-FOXO1 and ASS1 relative mRNA levels 

in RMS13 cells transiently silenced for PAX3-FOXO1 expression (siP3F1) at 24, 48 and 

72 h after the transfection. Values are referred to RMS13 ASS1 and PAX3-FOXO1 

expression at 24 h. Data are expressed as mean ± SD from two different experiments. 

B. Representative WB analysis showing PAX3-FOXO1 and ASS1 expression levels in 

RMS13 cells transiently silenced for PAX3-FOXO1 expression at 24, 48 and 72 h from 

the transfection. Cells transfected with the control siRNA (siNT) were used as 

transfection control. α-Tubulin was used as loading control. 
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On the other hand, in RH41 cells, ASS1 expression was notably reduced upon PAX3-

FOXO1 silencing, not only at mRNA but also at protein level, especially after 72 h from 

the transfection (Figure R14A-B), suggesting that PAX3-FOXO1 impact on ASS1 levels 

could also be cell line-dependent. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure R14: A. qPCR analysis showing PAX3-FOXO1 and ASS1 relative mRNA levels 

in RH41 cells transiently silenced for PAX3-FOXO1 expression (siP3F1) at 24, 48 and 

72 h after the transfection. Values are referred to RH41 ASS1 and PAX3-FOXO1 

expression at 24 h. Data are expressed as mean ± SD from two different experiments. 

B. Representative WB analysis showing PAX3-FOXO1 and ASS1 expression levels in 

RH41 cells transiently silenced for PAX3-FOXO1 expression after 24, 48 and 72 h from 

the transfection. Cells transfected with the control siRNA (siNT) were used as 

transfection control. α-Tubulin was used as loading control. 
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7. ASS1 transient silencing in RH4 cell line 

With the aim to assess its role in ARMS biology, we performed transient silencing of 

ASS1 in RH4 cells, using two different concentrations of the correspondent siRNA pool. 

ASS1 mRNA levels resulted to be considerably reduced both using 10 nM (Figure R15A) 

and 30 nM (Figure R15B) siRNA concentration after 48 and 72 h from the transfection. 

Surprisingly, at protein level we were not able to observe almost any decrease of ASS1 

expression when transfecting cells using 10 nM siRNA (Figure R16A). 48 h after the 

transfection, a 30% and 40% reduction of ASS1 levels was observed when treating cells 

with 30 nM (Figure R16B) and 50 nM siRNA (Figure R16C), respectively. After 72 h, 

ASS1 levels were reduced of a 60% using 30 nM siRNA and almost 70% when the 

concentration of siRNA employed was 50 nM. In this later case, a significative increase 

of cell death was observed following the transfection, also in cells treated with the control 

siRNA, suggesting that a certain level of toxicity was produced by the treatment.  

 

 

Figure R15: qPCR analysis showing ASS1 relative mRNA levels in RH4 cells transiently 

silenced for ASS1 expression (siASS1) 48 and 72 h after the transfection using 10 nM 

(A) and 30 nM (B) siRNA concentrations. Values are referred to RH4 ASS1 expression 

at 48 h. Data are expressed as mean ± SD from two different experiments. Cells 

transfected with the control siRNA (siNT) were used as transfection control. 
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Figure R16: Representative WB analysis showing ASS1 protein levels in RH4 cells 

transiently silenced for ASS1 expression (siASS1) 48 and 72 h after the transfection, 

using 10 nM (A), 30 nM (B) or 50 nM (C) siRNA concentrations. Cells transfected with 

the control siRNA (siNT) were used as transfection control. α-Tubulin was used as 

loading control. 

Given the toxicity observed when treating cells with 50 nM siRNA, we did not employ this 

condition for the phenotypic characterization of ASS1-silenced cells. However, no 

significative effect was observed on cell proliferation and migration of RH4 cells upon 

ASS1 silencing using 30 nM siRNA (data not shown). In our opinion, this was most likely 
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due to the low efficiency of the silencing and the transitory nature of the treatment, that 

probably led to the re-expression of the enzyme. On these bases, we decided to perform 

a stable knockout of ASS1 and study the effects of this protein loss in RH4 cells. 

 

8. ASS1 stable silencing in RH4 cell line through CRISPR-Cas9 

To better determine the role played by ASS1 in ARMS cells, we stably downregulated its 

expression using CRISPR-Cas9 technology, as previously described. We were able to 

isolate two clones (G2_2 and G1_4) from two pools of cells transfected separately with 

two different gRNA vectors. Selection was performed using 0.6 µg/mL Puromycin 

concentration. We compared ASS1 expression of the obtained clones with parental RH4 

cells and a pool of cells transfected with a control vector (SCR), both by qPCR (Figure 

R17A) and WB analysis (Figure R17B).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure R17: A. qPCR analysis showing relative ASS1 mRNA levels in parental RH4 

cells, cells transfected with the control vector (SCR) and two ASS1 CRISPR clones 

(G2_2 and G1_4). Values are referred to RH4 ASS1 relative expression. Data are 

expressed as mean ± SD from at least three different experiments. Statistical 

significance was achieved by One-way ANOVA test (****p ≤ 0.0001). B. Representative 

WB analysis showing ASS1 expression levels in the same cells. α-Tubulin was used as 

loading control. 
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As suggested by the residual expression of the protein observed in G2_2 and G1_4 

clones, it is probable that we were only able to obtain the monoallelic knockout of ASS1: 

only one of the two alleles of the gene was targeted and replaced by the GFP-Puro 

cassette.  

ASS1 downregulation was also confirmed by immunofluorescence staining of the same 

cells, as shown in Figure R18. ASS1 was found to be expressed mainly in the cytoplasm 

of RH4 cells, although nuclear localization was also observed. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure R18: Representative immunofluorescence staining pictures showing ASS1 

expression and localization in parental RH4 and SCR cells and in G2_2 and G1_4 ASS1 

CRISPR clones. DAPI was used to stain the nuclei. Scale bar: 20 µm. 
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9. ASS1 downregulation does not affect RH4 cell proliferation in vitro 

To characterize the phenotype of ASS1-deficient ARMS cells, we proceeded analyzing 

the proliferative capacity of G2_2 and G1_4 clones, both under basal cell culture 

conditions (Figure R19A) and when cells were grown under the stress of arginine 

deprivation (Figure R19B).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure R19: A. Proliferation assay showing of parental RH4, SCR, G2_2 and G1_4 

clones cell proliferation, counting after 24, 48 and 72 h from the seeding in the 

correspondent growing media. B. Proliferation assay showing cell proliferation of the 

same cells, counting after 24, 48 and 72 h under arginine deprivation. Data are 

expressed as mean ± SD from at least three different experiments. 
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In both cases, no significative difference was observed when comparing the proliferation 

rate of parental RH4 or SCR cells with G2_2 and G1_4 clones. This result suggests that 

ASS1 overexpression is not involved neither in conferring a proliferative advantage to 

these cells nor in preventing cell death induced by arginine deprivation in vitro. 

 

10. ASS1 downregulation impairs RH4 cell migration in vitro 

Once determined the impact of ASS1 silencing on cell proliferation, we analyzed its effect 

on the migratory capability of RH4 cells. We performed migration assays in Boyden 

chambers comparing parental and SCR cells with G2_2 and G1_4 clones. The migratory 

capability of ASS1-deficient clones resulted to be notably impaired (Figure R20A-B), 

letting us hypothesize that ASS1 could be modulating the metastatic potential of ARMS. 

 

 

 

Figure R20: A. Migration assay quantification showing migratory capability of RH4, SCR, 

G2_2 and G1_4 clones. Obtained values are referred to RH4 percentage of migrated 

cells. Data are expressed as mean ± SD from at least three different experiments. 

Statistical significance was achieved by One-way ANOVA test (ns: non-significant, *p ≤ 

0.05). B. Representative pictures of Boyden chambers membranes stained with Cristal 

Violet, showing migratory capability of the same cells.  
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11. ASS1 downregulation inhibits ARMS tumorigenesis in vivo 

To further study ASS1 role in ARMS tumorigenesis and metastatic spreading, we 

performed an orthotopic experiment injecting RH4 SCR or G2_2 and G1_4 cells, priorly 

transfected with luciferase (Luc) as reporter gene, in the gastrocnemius muscles of 

athymic nude Foxn1nu mice. Before the injection, Luc transfected-cells proliferation was 

checked, to detect any change in their proliferative capacity after the introduction of the 

reporter gene (Figure R21).  

 

 

 

 

 

 

 

 

Figure R21: Proliferation assay showing SCRLuc, G2_2Luc and G1_4Luc cell 

proliferation, counting after 24, 48 and 72 h from the seeding in the correspondent 

growing media. Data are expressed as mean ± SD from at least three different 

experiments. 

 

5 x 106 cells for each condition were injected in the gastrocnemius muscle of mice right 

hindlimb, and tumor development was followed by direct measurement and luciferase 

detection by IVIS. Ten mice were inoculated for each condition, and all of them (10/10) 

developed primary tumors. Surprisingly, ASS1 downregulation had a dramatic effect on 

tumor development in vivo (Figure R22), that resulted to be notably delayed in mice 

injected with G2_2Luc and G1_4Luc clones when compared to control mice (SCRLuc). 

The difference in tumor growth was important at the first days post-inoculation. Later, 

after day 30, the tumors originated from clones G2_2Luc and G1_4Luc injection grew 

faster, reaching the same tumor volume than the control but showing an evident delay: 

all the control mice have been operated by day 30, while for the clones G2_2Luc and 
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G1_4Luc this time was doubled. These results suggest that, differently from what we 

observed in our in vitro proliferation assays, ASS1 can play an important role in favoring 

tumor development and growth in the in vivo context.  

 

Figure R22: Tumor growth curve showing tumor development in mice injected with 

SCRLuc, G2_2Luc and G1_4Luc RH4 cells. Data are expressed as mean ± SEM of 

tumor measurements from 10 animals for each condition, each 3 or 5 days until surgery. 

Statistical significance was achieved by One-way ANOVA test (****p ≤ 0.0001). 

 

Once reached the critical volume of approximately 800 mm3, tumors were extracted and 

processed for histological analysis. No significative difference was observed among the 

conditions when tumors were stained with H&E (Figure R23). 
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Figure R23: Representative H&E staining pictures showing the histological pattern of 

xenograft tumors generated from SCRLuc, G2_2Luc and G1_4Luc cells. Scale bar: 20 

µm. 

 

After the surgical removal of the tumors, most of the mice developed relapses before any 

signal of metastatic spreading was detected at IVIS. Therefore, we were not able to 

observe any significative difference in metastasis formation among the conditions. Only 

two cases of metastatic spreading in the pelvic lymph nodes area were reported in 

animals bearing G1_4Luc tumors. This could be possibly due to ASS1 re-expression in 

these tumors, as confirmed by ASS1 immunohistochemistry staining: at the final point of 

the assay, G2_2Luc and G1_4Luc tumors presented the same expression level of the 

enzyme as SCRLuc tumors (Figure R24). Moreover, ASS1 re-expression in vivo could 

also explain the rapid tumor growth observed in G2_2Luc and G1_4Luc tumors 

approximately after 47 days from the injection, even if with a considerable delay when 

compared to SCRLuc tumors, as shown in Figure R22.  
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Figure R24: Representative immunohistochemistry staining pictures showing ASS1 

expression in xenograft tumors generated from SCRLuc, G2_2Luc and G1_4Luc cells. 

Scale bar: 20 µm. 

 

ASS1 expression was also assessed by immunohistochemistry in the two G1_4 

metastatic samples collected. As shown in Figure R25, the positivity for FOXO1 staining 

in the nuclei confirmed that both pelvic masses were derived from the spreading of 

PAX3-FOXO1-expressing RH4 G1_4Luc cells. As for their correspondent primary 

tumors, also the metastatic samples presented high levels of ASS1 expression.  
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Figure R25: Representative immunohistochemistry staining pictures showing FOXO1 

and ASS1 expression in pelvic lymph nodes metastatic tissues generated from G1_4Luc 

tumors. Scale bar: 20 µm. 

 

12. Pathway analysis of RH4 cells silenced for ASS1 expression 

Once established that ASS1 could play a role in ARMS tumorigenesis and metastatic 

spreading, we decided to focus on the signaling involved in this process. To this purpose, 

we performed a ClariomD transcriptomics array comparing the profile of parental RH4 

and SCR cells versus G2_2 and G1_4 ASS1 clones, to study the impact that the silencing 

of this enzyme can have on the transcriptional signature of ARMS. The expression of 

more than 200 genes was found to be differentially regulated upon ASS1 silencing 

(Figure R26). The list of the top 50 de-regulated genes is shown in the Annex I (Table 

A2).  
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Figure R26: Heatmap showing differentially expressed genes of parental and SCR RH4 

cells versus G2_2 and G1_4 ASS1 CRISPR clones. Upregulated genes upon ASS1 

silencing are represented in red; downregulated genes are represented in blue.  

 

To validate the results obtained with our in silico analysis, we analyzed by qPCR the 

mRNA levels of several top candidate genes, after selecting them according to fold 

change and statistical significance. The expression of Myosin Light Chain 1 (MYL1), 

Histatin 3 (HTN3) and Eukaryotic Translation Elongation Factor 1 Alpha 2 (EEF1A2) was 

measured in RH4, SCR cells and G2_2 and G1_4 clones, to confirm that ASS1 silencing 

was actually producing a downregulation of these genes expression (Figure R27). 
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Figure R27: qPCR analysis showing relative HTN3, MYL1 and EEF1A2 gene expression 

levels in RH4 parental, SCR cells, G2_2 and G1_4 ASS1-CRISPR clones. Values are 

referred to parental RH4 ASS1 relative expression. Data are expressed as mean ± SD 

from at least three different experiments. Statistical significance was achieved by One-

way ANOVA test (*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001). 

 

We focused our attention on the elongation factor EEF1A2 as a possible mediator of the 

phenotype we observed in our model. EEF1A2 has in fact being described to display 

oncogenic potential in a variety of cancers285, specifically acting on enhancing cell motility 

through the activation of AKT286. Thus, we analyzed by WB the expression of AKT and 

its phosphorylated form (Ser473), as well as the activation of the downstream effectors 

S6K1 and S6, that resulted to be downregulated in G2_2 and G1_4 clones (Figure R28), 

suggesting that this pathway could be involved in regulating ASS1-deficient cells 

behavior. S6K1 kinase and its main target, the ribosomal protein S6, have been 

extensively described as master regulators of important basic functions such as protein 

synthesis and splicing, but also cancer specific mechanisms, including apoptosis 

inhibition, cell proliferation and cytoskeleton reorganization287. Therefore, we also 

checked the expression of mTOR and its phosphorylated form, as it is considered the 

main activator of S6K1, but we did not observe significative differences among the 
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conditions (Figure R28), suggesting that the signaling could be regulated by other 

upstream mediators, such as PDK1. On the other hand, also ERK activation did not seem 

affected by ASS1 repression (Figure R28). This could explain the high proliferation rate 

maintained by ASS1-deficient clones when compared to parental and SCR RH4 cells. 

 

Figure R28: Representative WB analysis showing the expression levels of AKT, S6, 

S6K1, mTOR, ERK and their respective phosphorylated forms in RH4, SCR, G2_2 and 

G1_4 cells. α-Tubulin was used as loading control. 

 

To further confirm the involvement of this pathway in ASS1-mediated ARMS aggressive 

phenotype, we treated RH4 cells with two different PDK1 inhibitors, BX912 and 

OSU03012, and the S6K1 inhibitor PF-4708671, with the aim to recapitulate the same 

effects on cell proliferation and migration that we observed when downregulating ASS1 

expression. First, we treated RH4 with different concentration of PF-4708671 (10 µM and 

20 µM), BX912 (1 µM and 10 µM) and OSU03012 (2.5 µM and 5 µM) and confirmed by 

WB the inhibition of S6 activation (Figure R29A-B).  
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Figure R29: A. Representative WB analysis showing the expression levels of S6 and its 

phosphorylated form in RH4 cells treated with 10 µM and 20 µM PF-4708671 (PF10µM 

and PF20µM), after 24, 48 and 72 h from the treatment. Cells treated with 20 µM DMSO 

were used as control. β-Actin was used as loading control. B. Representative WB 

analysis showing the expression levels of S6 and its phosphorylated form in RH4 cells 

treated with 2.5 µM and 5 µM OSU03012 (OSU 2.5µM and OSU 5µM) or 1 µM and 10 

µM BX912, after 24, 48 and 72 h from the treatment Cells treated with 10 µM DMSO 

were used as control. α-Tubulin was used as loading control. 

 

Once confirmed the inhibition of S6 downstream activation, we measured RH4 cell 

proliferation upon the treatment with the three inhibitors. As shown in Figure R30A, 

treating RH4 cells with the S6K1 inhibitor PF-4708671 led to a significative inhibition of 

cell proliferation at both 1 µM and 10 µM concentrations, after 48 and 72 h from the 

treatment. The same result was obtained when treating cells with PDK1 inhibitors 

OSU03012, that caused the stop of cell proliferation at both concentrations employed, 

after 48 and 72 h from the treatment, and BX912, that considerably affected cell 

proliferation even after 24 h at the highest concentration tested of 10 µM (Figure R30B).  
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Figure R30: A. Proliferation assay showing RH4 cell proliferation counting after 24, 48 

and 72 h from the treatment with PF-4708671 (PF10µM and PF20µM). Data are 

expressed as mean ± SD from at least three different experiments. Statistical 

significance (DMSO20µM/ all treatments conditions at 48 and 72 h) was achieved by 

2way ANOVA test (*p ≤ 0.05, **p ≤ 0.01). B. Proliferation assay showing RH4 cell 

proliferation counting after 24, 48 and 72 h from the treatment with OSU03012 (OSU 

2.5µM and OSU 5µM) or BX912 (BX1µM and BX10µM). Data are expressed as mean ± 

SD from at least three different experiments. Statistical significance (DMSO 10µM/ 

BX10µM at 24 h, DMSO 10µM/ all treatments conditions at 48 and 72 h) was achieved 

by 2way ANOVA test (**p ≤ 0.01, ****p ≤ 0.0001). 
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Based on these results, migration assay experiments will be performed pre-treating RH4 

cells for 24 h with the same inhibitors concentrations tested, to avoid the effect observed 

on cell proliferation after 48 and 72 h of treatment. In this way, we will be able to evaluate 

the impact of the pathway inhibition on cellular motility independently from its effect on 

RH4 proliferative capacity. Further experiments are needed to confirm that PDK1 could 

be involved in the EEF1A2-mediated phenotype observed in these cells when ASS1 is 

downregulated and confirm that the inhibition of this pathway can block ASS1 impact on 

ARMS tumorigenesis and invasiveness. 
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1. Cellular models for the study of ARMS metabolism 

Despite all the molecular advances achieved in the past decades, that have enabled a 

considerable improvement of the molecular and biological understanding of RMS, the 

successful treatment of young patients affected by this disease still remains a challenge. 

However, following the implementation of new molecular tools, such as CRISPR-Cas9-

based techniques, single-cell gene expression profiling and large-scale DNA 

sequencing, new therapeutic approaches have emerged as promising alternatives. 

Given the low incidence of these cancers and the consequent unavailability of clinical 

specimens, the collaboration among investigators as well as the use of valid in vitro and 

in vivo models are essential for the study of RMS.  

Since the first observations about cancer cell anomalous metabolic features145,288, 

increasing research effort has been focusing on the field, up to recognize metabolism 

reprogramming as an emerging hallmark of cancer144. In order to sustain the increased 

energy demand for biomass generation and maintenance, tumors have to adjust their 

metabolism, implementing strategies to increase nutrients uptake and reprogram the 

reactions to utilize them, as well as to regulate metabolites function in driving gene 

regulation and interacting with tumor microenvironment146. To target metabolism for 

cancer therapy, it is crucial to uncover the main molecular actors that contribute to 

reshape the energetic landscape of tumors. So far, very little is known about cancer 

metabolism in RMS. Our effort with this thesis work was directed towards the 

identification of new metabolic vulnerabilities of these tumors, especially focusing on the 

most aggressive fusion-driven ARMS subtype. 

First, we aimed to establish several in vitro tools for the study of PAX3-FOXO1 role in 

modulating ARMS metabolism. As a first approach, we induced the fusion protein ectopic 

expression in C2C12 murine myoblasts. Although the cell of origin of RMS is still not well 

characterized, all subtypes resemble skeletal myoblasts features, including the 

expression of adult or embryonal myogenic markers, such as MyoD, myogenin and 

PAX3/7289. Therefore, the most accredited hypothesis sees the mesenchymal stem cell 

(MSCs) directed towards myogenesis as the putative cell of origin of RMS. Beside the 

common localization of primary tumors in or near skeletal muscle districts, RMS can also 

arise in areas that lack muscle tissue, such as the biliary and the genitourinary tract. In 

this sense, alternative hypotheses have been proposed, according to which RMS can 

originate from mesenchymal progenitor cells not committed to the myogenic lineage, but 

to the formation of the stromal components such as fat and fibroblasts290. On these 

bases, an ERMS mouse model originating from the adipocyte lineage through the 
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constitutive activation of Shh pathway has been described291. Furthermore, the more 

recent possible endothelial derivation of a fusion-negative RMS subtype has been also 

described292. One of our goals was to establish an in vitro system that could allow us to 

reproduce the cellular context in which ARMS arises and study the impact of PAX3-

FOXO1 especially on the metabolic rewiring of these tumors. Several cellular systems 

have been employed to study the fusion protein role in vitro. Ren and collaborators have 

shown that PAX3-FOXO1 introduction is essential for ARMS development in a model of 

dominant-negative p53 Ras-mutated MSCs, giving rise to tumors that fully resemble 

human ARMS at histological and transcriptional levels110. The introduction of PAX3-

FOXO1 has also been described in an immortalized human Duchenne muscular 

dystrophy myoblast cell line (Dbt)293, as well as in primary mouse myoblasts using 

CRISPR-Cas9 technology294.   

C2C12 cellular model has been broadly applied for the in vitro pharmaceutical and 

biomedical research, especially to study skeletal muscle differentiation process295,296 and 

metabolism297, mostly due to the biochemical similarity with human muscle cells and the 

availability of extensive and documented research protocols. C2C12 cells have been 

employed also for the preclinical development of a variety of compounds298, and for the 

study of RMS oncogenic pathways299,300, becoming a well-established model to 

understand this tumors biology. We were able to transiently transfect C2C12 myoblasts 

with PAX3-FOXO1, originating a tool that could be easily employed for the study of short-

term evaluation of the fusion protein-induced changes. However, in our case, obtaining 

the stable expression of the fusion protein was essential, considering our initial goal to 

use PAX3-FOXO1-expressing cells for metabolomics studies. Unfortunately, we were 

not able to obtain a stable transduced pool of C2C12 cells. This could be due to the 

notorious difficulty of genetically manipulating skeletal muscle cells in vitro, especially 

regarding the methods of gene transfer. As the transient introduction of PAX3-FOXO1 in 

C2C12 was obtained without any technical problem, we hypothesize that the 

transduction efficiency was the technical aspect to improve, reconsidering the 

parameters used for our experiments, such as the virus titration, cells confluency and 

the infection timing, as well as the features of the plasmids employed.  

Considering the importance of achieving the ectopic expression of PAX3-FOXO1 for the 

study of its impact on ARMS biology, we performed the stable introduction of the fusion 

protein in the RD ERMS cells.  Several studies have employed this fusion-negative cell 

line to the same purpose96,301, to study PAX3-FOXO1 role in regulating gene expression. 

Differently from what experienced with C2C12 transduction, we were able to obtain a 

pool of RD cells stably expressing PAX3-FOXO1, from which two clones were isolated 



 

109 
 

and used to perform the following experiments. Nevertheless, the metabolomic analysis 

performed comparing PAX3-FOXO1-expressing clones with RD parental and CMV-

transduced cells, did not give any significative results. In our opinion, this could be due 

to the tumoral background of parental RD cells, with all the transcriptional and metabolic 

modifications induced by the high number of mutations and aberrant pathway activation 

that characterize ERMS tumors. In fact, the wide genomic landscape of ERMS comprises 

a variety of mutations that can regulate their metabolism, such as the constitutive 

activation of the RTK/RAS/PI3K axis302,303 as well as the loss of heterozygosis (LOH) at 

11p15.5, that leads to IGF-2 overexpression82. The uptake of glucose and amino acids 

is in fact sustained by the PI3K/AKT pathway304, consequently promoting the glycolysis 

and the production of lactate305, as well as the lipogenesis306 and the protein synthesis 

via m-TOR307. Loss of p53 activity is also considered one of the main fusion-negative 

RMS gene signatures that could impact the metabolic landscape of these cancers308. It 

has been described that the uptake of glucose in RD cells is increased due to the 

upregulation of the glucose transporters GLUT1 and GLUT4 gene expression, directly 

caused by p53 loss309. Moreover, p53 activity can also regulate the expression of the 

phosphate-activated glutaminase (GLS2), inducing glutamine anapleurosis310. 

Altogether, this evidence suggest that the changes induced at metabolic level by the 

introduction of PAX3-FOXO1 in RD cells could be unnoticed due to the tumoral genetic 

background of these cells, that could have masked the effect that the fusion protein alone 

could have induced.  

Furthermore, it is important to underline that the metabolomic analysis of this cellular 

model was performed during a three-months secondment at Technion Institute in Haifa 

(Israel). Given the strict window of time to plan the experiments, perform metabolites 

extraction, LC-MS technique and data interpretation, the analysis of RD clones was 

prioritized. Due to a lack of time, we were not able to perform the same experiment using 

the other cellular tools obtained during the first part of this study: PAX3-FOXO1 transient 

introduction in C2C12 myoblasts could have let us analyse the metabolic profile of non-

tumoral cells, in which the main metabolic pathways of interest are not influenced by any 

oncogenic mutations; on the other hand, it could have been interesting also to integrate 

the results obtained analysing the metabolic profile of RH4 cells transiently silenced for 

PAX3-FOXO1 expression with the data referred to PAX3-FOXO1-expressing RD cells. 

This would have let us confirm the fusion-mediated ASS1 overexpression in the same 

ARMS cell line used to perform the following experiments of ASS1 silencing. Ultimately, 

the ideal cellular model to use would have been represented by human skeletal myoblast 

isolated from healthy tissues. We believe that the introduction of PAX3-FOXO1 in these 
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primary cells could have allowed to study the changes strictly induced by the presence 

of the fusion protein in a physiologic cellular context. Thus, the absence of other 

alterations and the human genetic background could had helped to better correlate the 

metabolic profile of transfected cells with the fusion protein expression. 

PAX3-FOXO1 is considered the true driver of ARMS initiation and progression, due to 

its enhanced transcriptional activity, that leads to the upregulation of several oncogenic 

downstream targets311. Multiple studies have focused on the epigenetic and 

transcriptional profile of PAX3-FOXO1-expressing cells91,94,301,312, but very little is known 

about the metabolic rewiring related to the fusion protein activity. The metabolism of STS 

is poorly understood, although some articles have analysed nutrient requirements or 

"glycolytic versus respiratory" characteristics of STS subtypes313. According to this study, 

ARMS cells show respiration rates and spare glycolytic capacity that appear to be lower 

than other sarcoma subtypes, suggesting that ATP production in these cells could rely 

more on glycolysis than mitochondrial respiration. Furthermore, PAX3-FOXO1 has been 

described to control glucose uptake via the transcriptional upregulation of GLUT4 

transporter314. In consistence with this, ARMS cells result to be more sensitive to glucose 

deprivation and treatment with the glycolysis inhibitor 2-deoxyglucose (2-DG) than 

ERMS cells315, suggesting that PAX3-FOXO1 could play a role in increasing glucose 

consumption.  

PAX3-FOXO1 has also been described to control the transcription of the phosphatase 

PTEN316, that inhibits PI3K downstream pathway. This way, the fusion protein is 

responsible of sustaining PI3K/AKT/mTOR metabolic axis.  

Another interesting transcriptional target of the fusion protein is the carnitine 

palmitoyltransferase gene (CPT1A). The activity of this mitochondrial enzyme leads to 

the formation of acyl carnitines and its PAX3-FOXO1-mediated upregulation has been 

described to increase lipid degradation317. The hypothesis suggested by Liu and 

collaborators sees this mechanism as a source of additional energy to supply ARMS 

metastatic spreading, unravelling a putative unique signature of fusion-positive RMS 

metabolism. In this sense, the identification of new metabolic target genes of PAX3-

FOXO1 could be extremely important to describe the molecular adaptations of these 

tumors and hopefully identify new potential vulnerabilities of these aggressive RMS 

subtype.  

With this in mind, we decided to perform a bioinformatic analysis of previously published 

data and compare gene expression across datasets, based on PAX3-FOXO1 
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expression, to individuate target genes of the fusion that could possibly play a role in 

modulating cancer metabolism. The studies we selected for our analysis97,283,284 

compared the profile of parental ARMS cells silenced or not for PAX3-FOXO1 

expression, ARMS and ERMS primary tumors as well as ARMS tumors and normal 

muscle cells. Including different sets of transcriptomic arrays, from patient samples to 

cell lines, allowed us obtaining a wider source of data to analyze with our bioinformatic 

tools, especially considering that the amount of published material from RMS studies is 

reduced, due to the low incidence of these tumors. Thus, it is important to underline that 

the collaboration among researchers by sharing pre-clinical and clinical data is key for 

the scientific progress in the field of rare diseases and pediatric cancers.  

We focused our attention on the identification of putative metabolic mediators of ARMS 

phenotype among the 56 upregulated genes we found in common between the lists 

obtained from our comparisons. Very few genes directly related to metabolic pathways 

were identified. Among them, the Dihydrofolate reductase (DHFR) called our attention 

as one of the key regulators of purine synthesis. Its inhibitor Methotrexate was previously 

employed in a phase II trial for children and adolescents with high-risk metastatic RMS318, 

and currently other clinical trials are ongoing to study its efficacy in combination with 

other chemotherapeutic agents in STS. For this reason, we decided to focus on another 

interesting candidate, ASS1, especially considering that to date there is no evidence 

describing its function in RMS, while in contrast it is well established that the majority of 

STS are ASS1-deficient238. Therefore, we selected this target to validate its expression 

in RMS and study its potential role as a specific metabolic signature of these cancers. 

 

2. ASS1 overexpression in ARMS and its partial correlation with PAX3-

FOXO1 

Our study suggests that new metabolites can be involved in the metabolic 

reprogramming of RMS tumor cells, such as the ASS1 pathway intermediates. ASS1 

dysregulation is linked to altered arginine metabolism, recognized as one of the most 

important metabolites for tumor cells proliferation174. This amino acid is, in fact, crucial 

for most of biological functions, and the inability of many cancer types to synthesize it de 

novo has been exploited for several arginine deprivation-based therapeutic strategies. 

Currently, the use of PEGylated arginine deiminase (ADI-PEG20) for extracellular 

arginine depletion is being tested in clinical trials for several ASS1-negative tumor types, 

including STS. Bean and collaborators profiled over 700 specimens from 45 different 
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STS subtypes and ASS1 negativity was assessed in more than the 90% of the 

samples238. The use of ADI-PEG20 together with the clinically available compound 

chloroquine, was described as a well-tolerated and wide applicable therapeutic 

alternative for these untreatable diseases. 

Although most sarcoma types have been described as ASS1-deficient, its 

overexpression in ARMS could be considered as a novel hallmark for these STS 

subtypes, unrevealing a new metabolic vulnerability that could represent a therapeutic 

target for the treatment of this pediatric cancer.  

Using the model of PAX3-FOXO1 introduction in RD cells, we were able to demonstrate 

that the relative levels of urea cycle metabolites were reflecting the upregulation of ASS1 

upon the fusion protein expression. It is interesting to observe that the protein expression 

analysis did not confirm such a significative upregulation of the enzyme in terms of 

protein levels, when comparing parental RD and CMV cells to RD PAX3-FOXO1-

expressing clones, suggesting that ASS1 expression could be not exclusively regulated 

by the fusion protein at transcriptional level. Indeed, other mechanisms controlled by 

PAX3-FOXO1 could influence its enzymatic activity. That is suggested also by the lack 

of changes in ASS1 expression at protein level upon PAX3-FOXO1 silencing in RH4 and 

RMS13 cells, or its introduction in C2C12 myoblasts. It is also interesting to notice that 

when silencing PAX3-FOXO1 in RH41, the decrease of ASS1 expression at protein level 

is dramatic. This suggests that the effect of the fusion protein on the enzyme expression 

could also be cell line dependent.  

The lack of correlation between the results obtained with the RNA and protein expression 

analysis once again could be explained by the fact that other mechanisms may be 

involved in regulating the activity of the enzyme as well as its stability. Although the bulk 

of published literature suggests that ASS1 regulation occurs primarily at transcriptional 

level, some recent findings report that this enzyme activity could be influenced by the 

interaction with other molecules, such as the NADPH sensor protein HSCARG319. 

Arginine availability in the tumor microenvironment as well as ASS1 subcellular 

localization, possibly linked to Caveolin-1 expression, may also affect ASS1 activity320. 

Also, it has been shown that human ASS1 can be inactivated by reversible nitrosylation 

at Cys-132321 and phosphorylated in response to VEGF treatment by protein kinase A 

(PKA) in vascular endothelial cells322, suggesting that other post-translational 

mechanisms may regulate its enzymatic activity. The main mechanism that regulates 

ASS1 expression in cancer is the methylation of its promoter275,323, that leads to its 

silencing and the consequent tumor auxotrophy for arginine. One of the most common 
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causes for the failure of treatments that exploit this metabolic vulnerability is ASS1 re-

expression: under arginine depletion, c-MYC translocates to the nucleus to bind ASS1 

promoter and enhance its transcription241,324.  

Overall, our data show that the increased expression of ASS1 in ARMS cells is not strictly 

dependent on PAX3-FOXO1 presence, suggesting that arginine synthesis in these 

tumors could be not only regulated at a transcriptional level by the fusion protein, but 

also by other effectors, as the arginine availability in the microenvironment or other post-

translational mechanisms that could act on ASS1 enzyme stability and activity. 

Even though ASS1 upregulation in ARMS could be unrelated to PAX3-FOXO1 presence, 

it seems clear that this enzyme is overexpressed in most of RMS cell lines, including 

ERMS RD cells. Although over 70% of cancers have been described as ASS1-

deficient172, there is evidence that ASS1 upregulation may also play a role in enhancing 

tumor progression and invasion in different malignancies.  In gastric cancer, ASS1 

overexpression was correlated with a worst prognosis249. Furthermore, its silencing led 

to a considerable reduction of liver metastasis, and arginine depletion inhibited gastric 

cell lines migration, suggesting that ASS1 could be involved in modulating the 

invasiveness of these cancers325. The mechanism suggested to explain this process 

indicates that ASS1 could sustain gastric cancer invasion through the inhibition of 

lysosome activity and cell autophagy, leading to the accumulation of active β-catenin, 

Snail and Twist326. 

Ovarian cancer has also been described to present high ASS1 expression in comparison 

with normal surface epithelium246. Another interesting mechanism for ASS1 expression 

regulation has been described in these tumors: the pro-inflammatory cytokine TNF-α co-

localizes with ASS1; furthermore, the expression of the enzyme is induced in ovarian 

cancer cells following stimulation with TNF-α, suggesting a possible correlation between 

tumor inflammation and arginine metabolism in this cancer type. 

In line with what has been described for ovarian cancer, in Caco-2 colon 

adenocarcinoma cell line, interleukin 1-β (IL-β) has also been addressed as a regulator 

of ASS1 expression, by activating the transcription factor NF-κB327. Interestingly, this 

mechanism is inhibited by glutamine addition that can reduce p65 levels, suggesting a 

novel molecular reciprocity between the effects of an amino acid and a cytokine on gene 

expression252. 

Bateman and collaborators described ASS1 as a colorectal cancer target that, when 

inhibited, lowers the levels of the tumor suppressing metabolite fumarate, leading to 

impaired cancer cell glycolytic capacity and lipid metabolism247. In these tumors, ASS1 
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upregulation is driven by a specific mutation of KRAS and its knockdown causes the 

inhibition of cancer growth in 3D culture systems, that is not rescued by arginine 

supplementation, confirming that its role is not only essential for arginine de novo 

synthesis, but also to produce the key metabolite fumarate328. 

In line with all the evidence that describe ASS1 as a key oncogenic player, our 

experiments confirm that it is overexpressed in RMS cell lines and ARMS xenograft 

tumors at RNA and protein level. It would be interesting to evaluate it in tissue 

microarrays (TMAs) from RMS primary samples, to validate our findings and possibly 

correlate its expression with patient outcome and stratification. It would be also crucial 

to identify the mechanism by which PAX3-FOXO1 regulates ASS1 expression or 

possibly its activity.  Experiments of chromatin immunoprecipitation combined with 

sequencing (ChIP-Seq) would be ideal to identify sites for PAX3-FOXO1 direct binding 

to ASS1 promoter and describe its direct function as transcriptional regulator, but also to 

individuate new interactors that could act as modulators of the enzyme expression in 

these tumors. 

 

3. ASS1 plays a role in sustaining ARMS tumorigenesis and metastasis 

To determine its role in ARMS, we silenced ASS1 expression in RH4 cells first 

transiently, using a commercially available pool of three specific siRNA sequences. We 

tried to set up the best experimental conditions to obtain a decrease of ASS1 protein 

expression, using different siRNA concentrations. Unfortunately, none of the conditions 

tested gave an enough level of silencing to study its effects on cell behaviour and 

phenotype. Indeed, when using 50 nM siRNA concentration, even if the level of silencing 

produced seemed to be adequate, the transfection itself resulted to affect cell viability. 

On the other hand, when using 30 nM siRNA concentration, no toxicity was observed 

but the percentage of silencing obtained was not significative, especially when 

considering the protein levels, that were not matching the RNA decrease. The most 

reasonable explanation for what we observed is related to the possible slow turnover of 

the enzyme: for proteins characterized by high stability and half-life, it could be difficult 

to observe a protein reduction that matches the mRNA decrease. It would be interesting 

to evaluate ASS1 stability in our model and determine its half-life, treating cells with the 

protein synthesis inhibitor Cycloheximide (CHX). Indeed, its use represents a well-

established technique to measure protein stability in a short window of time, inducing the 

stop of the translational machinery to observe progressive protein levels decrease upon 

treatment. While the amount of an unstable protein will decrease in a shorter period of 
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time, the reduction of a stable protein with a slow turnover will require more time, and 

possibly the decrease observed will be lower329,330. Following CHX treatment, comparing 

ASS1 levels in ARMS cells to a known protein characterized by a quick turnover rate, 

would shed light on the lack of correlation between ASS1 mRNA and protein levels and 

possibly explain the low silencing efficacy we obtained using siRNA.  

Given the difficulties encountered in performing ASS1 transient silencing, we decided to 

move on to the stable downregulation of its expression in RH4 using CRISPR-Cas9 

technology. We employed the HDR-mediated DNA reparation system, allowing the 

simultaneous knockout of ASS1 gene and the knockin of GFP, as reporter gene, and 

resistance to Puromycin, as selection marker. We were able to obtain the stable 

downregulation of ASS1 in both pools of cells transfected separately with each gRNA 

plasmids, G1 and G2, although both cellular populations maintained a certain level of 

ASS1 protein expression. Thinking that this could have been due to the heterogeneous 

nature of the two cell populations, we decided to isolate clones from each pool, seeding 

cells at a density of one cell per well in 96 wells plates. This way, we were able to expand 

various cell populations originated from a single cell, therefore homogeneous, and 

analyse ASS1 expression to individuate the clones characterized by the lowest protein 

levels. Surprisingly, all the clones analysed showed a certain level of ASS1 protein 

expression. This suggests that most likely we were only able to obtain the monoallelic 

knockout of ASS1, meaning that of the two gene alleles, only one was effectively 

targeted. To confirm that, it would be necessary to sequence the edited gene and 

determine the exact position of the indels in one or both alleles. Once confirmed the 

monoallelic knockout, it would be interesting to repeat the transfection of CRISPR-Cas9-

edited cells using another donor vector, containing a different selection marker from the 

one employed for the first round of silencing. This way, it would be possible to target the 

second unedited allele and check if the complete knockout of the enzyme would be 

compatible with cell viability. 

To perform phenotypic assays and study the impact of ASS1 downregulation in RH4, we 

selected G2_2 and G1_4 clones, as these were the two cell populations characterized 

by the lowest enzyme expression among all the clones isolated. Despite ASS1 residual 

expression, this model allowed to describe the impact of ASS1 upregulation on ARMS 

tumors behaviour. Although it does not seem to be involved in regulating cell proliferation 

in vitro, even when growing cells under the stress of arginine deprivation, we had 

evidence showing that tumorigenesis in vivo was notably delayed upon ASS1 silencing, 

suggesting that in a context that recapitulates better the tumor features, ASS1 plays an 

important role in determining tumor growth rate. Nevertheless, also G2_2 and G1_4 cells 
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injection led to tumor formation in mice. This was most likely due to the ASS1 re-

expression observed after 4 weeks from the orthotopic inoculation, as suggested by the 

staining pattern observed in these xenograft tissues by immunohistochemistry.  

To recapitulate in vivo the results obtained in vitro still remains one of the biggest 

challenges for cancer research, especially if metabolic therapeutic strategies are 

involved. The tumor microenvironment and the complex interactions that occur between 

the extracellular component, the stromal compartment and the malignant cells can affect 

tumor behaviour and contribute to its adaptation to extreme metabolic landscapes157. As 

previously discussed, the regulation of ASS1 expression can be influenced by many 

transcriptional and post-translational mechanisms. ASS1 re-expression in vivo is has 

been already shown as a common mechanism for ADI-PEG resistance: positivity to 

ASS1 staining was documented in tumor biopsies of patients that initially responded to 

the therapy, but later showed progression331. ADI-PEG-resistant melanoma cell lines 

have been described to present high ASS1 expression consequently to the constitutive 

c-Myc binding to the ASS1 promoter276. Interestingly, these cells also showed enhanced 

AKT signaling and sensitivity to PI3K/AKT inhibitors, in accordance with the results we 

obtained with ASS1-expressing ARMS cells.  

Several metabolites as hormones, nutrients and immunostimulants have been described 

to regulate tissue specific ASS1 expression209. Concerning arginine, it has been reported 

that in human epithelial cell lines, arginine concentration in culture can lead to the de-

repression of ASS1 transcription, therefore increasing the enzyme levels332. In our case, 

it would have been interesting to evaluate ASS1 protein levels in the RH4 model under 

the stress of arginine deprivation: although no effect was produced in terms of cell 

proliferation, it could have been useful to check if the lack of arginine availability was 

determining the re-expression of the enzyme in vitro, to then verify this hypothesis also 

in the in vivo context.  

A potentially effective strategy to overcome the differences in terms of nutrient availability 

between the in vitro and in vivo conditions is represented using human plasma-like 

medium (HPLM) for cell culture. This physiologic medium is characterized by a 

composition that resembles human plasma, with amino acids, nutrients and salt 

concentration that mimic the body cellular environment333. Although its use in cell culture 

is far from recapitulating in vitro the complexity of metabolic interactions that occur in 

vivo, growing cells in HPLM medium represents a well-established method that can be 

exploited to test cell response to nutrient deprivation in a more accurate manner. 

Growing cells in a 3D culture system can also represent a useful tool to study metabolic 
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alterations of solid tumors. Indeed, metabolites gradients in vivo can be responsible for 

the creation of a specific spatial organization, that involves the stroma as well as immune 

and malignant cells334. Therefore, the spatial differential concentration of nutrients can 

contribute to shape tumor metabolic features and vulnerabilities that would be very 

difficult to spot in a 2D cell culture system.  

Regarding the metastatic process, we demonstrated that ASS1 silencing leads to a 

significative impairment of RH4 migratory capability in Boyden chambers, as previously 

described in other cancer types325,326. Unfortunately, we were not able to confirm these 

findings in vivo, as, after tumors removal, relapses occurred in mice injected with SCR 

as well as G2_2 and G1_4 cells, before we were able to detect any metastasis formation 

through IVIS. The histological analysis of the tumor sections revealed the presence of 

only two cases of metastatic spreading in the pelvic lymph nodes area of mice bearing 

G1_4Luc tumors. We attributed this event to ASS1 re-expression in these tumors: our 

immunohistochemistry analysis confirmed ASS1 positivity not only in G2_2Luc and 

G1_4Luc tumors, but also in the two G1_4Luc metastatic tissues collected. This result, 

together with our findings in vitro, is in line with our hypothesis that ASS1 contributes to 

ARMS cells spreading.  

ASS1 role in modulating cancer metastasis is strictly dependent on the tumor type. For 

most cancers that are described as ASS1-negative, its downregulation is associated to 

poor survival and metastasis. Silberman and collaborators showed that in a cohort of 

648 patients across 14 different cancer types, ASS1 downregulation correlated with 

hypoxia-related gene overexpression and metastasis detection335. Furthermore, it has 

been described that from a bioinformatic analysis of different datasets for breast cancer 

bone metastasis, ASS1 emerged as one of the most significative validated targets 

among the downregulated genes, and its overexpression inhibited breast cancer cells 

motility in vitro336. 

Nevertheless, and consistently with our findings, several publications correlated ASS1 

overexpression with increased tumor invasion. According to a very recent study, ASS1 

depletion in SW-1116 colorectal cancer cells has been described to decrease cell 

migration, while its stable introduction in ASS1-deficient Caco-2 cells led to an increase 

in cell motility in vitro. Furthermore, a correlation between ASS1 upregulation, lymph 

node and distant metastasis, and shorter overall survival was established, suggesting 

that the enzyme could be considered as a novel biomarker for colorectal cancer 

diagnosis and prognosis248. From in-depth proteomics analysis and in vitro validation of 

endometrial cancer primary samples and sentinel lymph nodes (SLN), ASS1 emerged 
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as one of the proteins specifically overexpressed in high grade tumors and their 

corresponding SLN337. This data further suggests a possible link between this enzyme 

and cancer spreading to the lymph nodes. As previously discussed, ASS1 upregulation 

has also been reported to sustain cell migration in gastric cancer. Using shRNA against 

ASS1, gastric cancer motility resulted impaired through the suppression of STAT3, 

leading to the reduction of liver metastasis formation in vivo249. The molecular 

mechanism proposed to explain ASS1-mediated gastric cancer invasiveness involves 

the inhibition of autophagy and lysosome activity, with the consequent accumulation of 

Snail and Twist326.  

Another interesting aspect that emerged from our results regards ASS1 localization. To 

confirm the protein knockdown in our clones, we performed immunofluorescence 

staining of the enzyme and analysed the samples using a confocal microscope. This 

allowed us to obtain information about ASS1 localization in our cellular model: although 

mainly present in the cytoplasmatic compartment, ASS1 was also found to localize in the 

nuclei of RH4 cells.  

The bulk of published literature describes ASS1 as a cytoplasmatic enzyme, highly 

expressed in the liver, but also detected in most human tissues and organs, where its 

subcellular localization can vary320.  

Cohen and Kuda described for the first time that in the liver, ASS1 localizes around 

mitochondria, in proximity of the outer membrane cytoplasmic side338, where it 

transforms the citrulline that is synthetised on the inner mitochondrial membrane by the 

ornithine transcarbamoylase339. This spatial control avoids the exchange of the 

substrates and products of these reactions with other cellular and extracellular pools of 

the same metabolites.  

If in the liver ASS1 main role is related to the urea cycle, in the other human tissue its 

function is mainly oriented to arginine synthesis, for the consequent production of nitric 

oxide340. Indeed, ASS1 has been described to co-localize with both neuronal nitric oxide 

synthase (nNOS) in the gastrointestinal tract341, and with the epithelial isoform of the 

enzyme (eNOS), in endothelial cells, where it has been detected in correspondence of 

the plasma membrane structures caveolae342 and outside of the Golgi343.  

In cancer, ASS1 has been shown to localize in the cytoplasm249,344. Nevertheless, 

consistently with our results, the Human Protein Atlas reports the uncertain additional 

location of ASS1 in the nucleoplasm of A-431 epidermoid carcinoma cell line and MCF7 

breast adenocarcinoma cell line345.  
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It is well established that nutrients from the diets, genetic mutation and interactions with 

tumor microenvironment can produce changes in the metabolic status of the cancer that 

can impact histone methylation and therefore gene expression346. Indeed, many 

chromatin-modifying enzyme often require cofactors for their function that are 

proceeding from metabolic reactions, demonstrating the existence of a strict cooperation 

between epigenetics and metabolism for cancer progression347. Less is known about the 

role played by the direct translocation of metabolic enzymes inside the nucleus. ATP-

citrate lyase (ACLY) has been described to localize in the nuclei of different human 

cancer cell types, such as glioblastoma and colon carcinoma348 indicating that the 

production of acetyl-CoA can be involved in regulating gene expression.  

Another enzyme that was described to translocate to the nucleus is the pyruvate 

dehydrogenase complex (PDC). During the S phase, under serum deprivation, 

mitochondrial stress or growth factors stimulation, it has been observed that PDC nuclear 

levels increase, while a simultaneous decrease of the enzyme is observed in the 

mitochondria349. As for ACLY, PDC activity in the nucleus is upregulated in various tumor 

types and can contribute to sustain cancer growth and progression by increasing acetyl-

CoA formation, therefore impacting histone acetylation and cell cycle progression.  

Another important example of a metabolic enzyme translocation to the nucleus is 

represented by the glycolytic isozyme M2 of pyruvate kinase (PKM2), described for the 

first time on 1988 by Guminska and collaborators in Ehrlich ascites tumor and Morris 

hepatoma 7777350. Since then, an extensive bulk of literature has described a variety of 

nuclear PKM2 interactors and targets, such as the poly-ADP-ribose (PAR), as well as 

STAT3 different histone proteins and β-catenin, defining the role of nuclear PMK2 as key 

for cancer cell proliferation351. Interestingly, nuclear PMK2 has been identified also as an 

important player in cancer metastasis: sirtuin 6 (SIRT6)-mediated suppression of pro-

oncogenic PMK2 inhibits hepatocellular carcinoma spreading in vivo352.  

Apart from their role in metabolic pathways, there is growing evidence that metabolic 

enzymes may exhibit non-canonical or “moonlighting” functions, as gene expression 

regulation following nuclear translocation. Together with genetic mutations and changes 

in the enzymatic activity, the spatial re-distribution of metabolic enzymes could be crucial 

for the energetic rewiring of cancer353. Our study reports for the first time the putative 

nuclear localization of ASS1 in RH4 ARMS cells. Although further experiments are 

needed to confirm this result and verify the possible interaction with nuclear proteins and 

chromatin, we believe that this data may suggest a “moonlighting” function of ASS1 in 

ARMS, which can explain its upregulation and pro-tumorigenic role. Our hypothesis is 

https://www-sciencedirect-com.sire.ub.edu/topics/medicine-and-dentistry/glioblastoma
https://www-sciencedirect-com.sire.ub.edu/topics/medicine-and-dentistry/carcinoma-cell
https://www-sciencedirect-com.sire.ub.edu/topics/medicine-and-dentistry/ehrlich-ascites-tumor
https://www-sciencedirect-com.sire.ub.edu/topics/medicine-and-dentistry/morris-hepatoma
https://www-sciencedirect-com.sire.ub.edu/topics/medicine-and-dentistry/morris-hepatoma
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further supported by the lack of significative changes in cell proliferation when growing 

cells in the absence of arginine: ASS1 upregulation in ARMS may not be directed related 

to support arginine synthesis and metabolism, and its alternative subcellular 

compartmentalization may regulate cancer progression through alternative non-

metabolic interactions.  

 

4. EEF1A2 is involved in mediating ASS1 role in ARMS by activating AKT 

signaling  

In the last part of our study, we focused our attention on understanding the signaling 

produced by ASS1 overexpression in ARMS. We performed a transcriptomic array 

comparing parental RH4 or SCR cells with the two ASS1-deficient clones selected for 

our in vitro experiments. The bioinformatic results obtained showed that the expression 

of more than 200 genes resulted de-regulated upon ASS1 silencing. Although the in silico 

analysis did not display any specific pathway affected, we identified several 

downregulated genes that could be responsible of mediating the observed phenotype. 

We proceeded ranking the de-regulated genes according to their fold-change and the 

statistical significance of the differences observed. Among the top targets identified, we 

selected and validated the elongation factor EEF1A2 as one of the most interesting 

candidates for our study. The Eukaryotic Elongation Factor 1 alpha (EEF1A) is the 

second most abundant protein in eukaryotic cells after actin and is a key regulator of 

protein synthesis: by binding to amino-acylated tRNAs, it determines their recruitment to 

the ribosomes354. Two isoforms of EEF1A have been identified, namely EEF1A1 and 

EEF1A2, characterized by 92% sequence identity355. In addition to its canonical function, 

EEF1A2 has been largely described to be ectopically overexpressed in different cancer 

types, acting as an oncogene by regulating cytoskeleton modification, apoptosis, tumor 

progression and metastasis285. 

In breast cancer, EEF1A2 was described to be strongly upregulated in primary 

neoplasms and metastasis356, sustaining tumorigenesis through the activation of PI3K 

and AKT286. Furthermore, in ovarian cancer, EEF1A2 plays a role in favouring 

tumorsphere formation in vitro357 and its overexpression correlates with poor 

prognosis285. Also, lung cancer, hepatocellular carcinoma and pancreatic cancer cells 

have shown to be characterized by high EEF1A2 expression354, confirming the 

oncogenic role of this protein in a wide spectrum of malignancies.  

Regarding the mechanism by which EEF1A2 is involved in sustaining tumorigenesis, the 

most validated hypothesis sees the involvement of AKT as the main target of the 
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elongation factor. Indeed, EEF1A2 ectopic expression has been described to induce 

cytoskeletal remodeling through PI3K-mediated AKT activation, that leads to filopodia 

formation and increased cell motility286. Moreover, siRNA-mediated silencing of EEF1A2 

has shown to reduce phosphorylated-AKT levels, while its overexpression induces AKT 

phosphorylation in human colorectal cancer358, osteosarcoma359, in which also mTOR 

activation was observed, and pancreatic cancer, with the AKT-mediated upregulation of 

the matrix metalloproteinase 9 (MMP9)360.  

We found that EEF1A2 gene expression was significatively downregulated in G2_2 and 

G1_4 ASS1 clones, suggesting that it could be involved in mediating the aggressive 

phenotype associated with ASS1 overexpression. It would be interesting to assess 

EEF1A2 levels in ARMS cell lines and tumors samples, to validate its oncogenic role in 

these cancers. Furthermore, in line with the literature discussed above, we found that 

together with EEF1A2, also AKT, S6K1 and S6 phosphorylated forms were decreased 

upon ASS1 silencing, in accordance with the evidence that described AKT activation as 

downstream EEF1A2 oncogenic signaling.  

However, further experiments are needed to elucidate the ultimate molecular mechanism 

that links ASS1 and EEF1A2 overexpression in ARMS, as well as the downstream 

mediators involved in the metastatic behaviour of these tumors. Recent advances 

suggest that EEF1A2 could be directly involved in activating AKT and mTOR signaling: 

its ectopic introduction in U2OS osteosarcoma cells promotes mTOR phosphorylation at 

Ser2448 and Ser2441 residues, as well as AKT phosphorylation at Thr308 and Ser437, 

while its silencing in MG63 neuroblastoma cells  induces the opposite effect359. 

Moreover, EEF1A2 silencing in SH-SY5Y neuroblastoma cells has been reported to 

induce a slight reduction of mTORC1 and mTORC2 mRNA levels, as well as a decrease 

of AKT and mTOR protein phosphorylation, suggesting that this mechanism could be 

mediating the cell death phenotype observed following EEF1A2 silencing in these 

cells361. In our case, mTOR Ser2448-phosphorylation did not seem to be affected by 

ASS1 silencing. We also performed immunoprecipitation assays to identify a possible 

spatial interaction between ASS1 and Rictor, as part of mTORC2, or Raptor, as 

mTORC1 component, in our RH4 cellular model, but our results did not show any 

interaction between them (data not shown). Therefore, we hypothesized that other 

factors could be responsible for S6K1 downstream induction, such as PDK1. However, 

mTOR phosphorylation is a very complex process. Ser2448 residue has been largely 

used in the past as a marker of mTOR activation. Nevertheless, more recent studies 

show that actually this residue does not represent a AKT target for mTOR activation; on 

the contrary, S6K1 can phosphorylate Ser2448, inducing a negative feedback loop. 
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Therefore, Ser2448 phosphorylated levels alone do not represent a good marker to 

evaluate mTOR activity, that should be assessed also looking at the downstream 

effectors S6K1 and 4EBP1362. In our case, S6K1 and S6 phosphorylated forms were 

found to be decreased upon ASS1 silencing. Furthermore, arginine has been broadly 

described as a direct mTOR activator172. Therefore, it is not possible to firmly conclude 

that mTOR is not involved in the mechanism we proposed.   

To verify whether PDK1 was alternatively involved in activating the downstream pathway, 

we decided to perform experiments treating RH4 cells with PDK1 and S6K1 inhibitors 

trying to recapitulate the effects resulting from ASS1 downregulation in these cells and 

confirm this pathway involvement in the establishment of ASS1-mediated ARMS 

aggressive behaviour.  

PDK1 is a protein kinase described to be constitutively active in several different cancer 

types, being involved in signaling pathways that are often dysregulated in tumors, such 

as PI3K/AKT axis and MAPK cascade363. Indeed, AKT and S6K1 represent two of the 

main targets for PDK1 activity364. It would be interesting to evaluate its expression levels 

in ARMS cell lines to verify the existence of a direct connection between the ASS1 

enzyme and the kinase activity in these tumors. 

S6K1 was identified for the first time as the mitogen-inducible kinase that phosphorylates 

the ribosomal protein S6365. Since then, several other substrates of S6K1 

phosphorylation have been described, defining its role as crucial in a variety of important 

cellular processes, such as cell death, gene expression regulation and protein 

translation366. S6 is an evolutionarily conserved component of the 40S small ribosomal 

subunit. It has been extensively characterized as a key player of fundamental cellular 

functions, as protein synthesis and splicing, DNA repair and cell differentiation, but also 

cancer specific features: it is involved in inhibiting apoptosis, sustaining cell proliferation, 

and remodeling the cytoskeleton to promote cancer migration367. All this evidence 

sustains our hypothesis that this pathway could be involved in promoting ASS1-mediated 

ARMS tumorigenesis and aggressiveness. 

To verify PDK1 and S6K1 involvement in ASS1-mediated phenotype and reproduce the 

effects observed in ASS1-downregulated cells, we planned to treat our cells with two 

PDK1 inhibitors, BX912 and OSU03012, and the S6K1 inhibitor PF-4708671. We set up 

the experimental conditions and confirmed the inhibition of S6 downstream activation 

using different inhibitor concentrations. Unfortunately, we were only able to test RH4 cell 

proliferation upon treatments, as due to time reasons, we were not able to perform 

migration assays and test the effects on cell motility. This would have allowed us to verify 
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if the same reduction of cell migration observed after ASS1 silencing was also 

recapitulated following PDK1 or S6K1 inhibition, independently from the effect on RH4 

proliferative capacity.  

Further experiments are needed to confirm that PDK1 could be involved in the EEF1A2-

mediated phenotype observed in ARMS cells when ASS1 is downregulated and confirm 

that the inhibition of this pathway can block ASS1 impact on ARMS tumorigenesis and 

invasiveness. 

The results we collected with the in vivo assay strongly suggest that ASS1 expression in 

ARMS sustains tumor development and growth. That is also confirmed by its re-

expression in silenced cells in vivo and the following tumor size increase. Overall, our 

results suggest that the inhibition of ASS1 could represent a potential effective strategy 

to counteract ARMS tumorigenesis and progression. Bateman and collaborators have 

demonstrated that treating colorectal cancer cells with the specific ASS1 inhibitor N-

methyl-DL-aspartic acid (MDLA) not only reduces cell proliferation and survival, but also 

induces changes in the metabolomic profile of the tumor, leading to the decrease of 

fumarate and impairing glycolytic capacity and lipid metabolism247. ASS1 inhibition with 

MDLA has also shown to be affecting serine and glycine production, leading to a 

decrease in purine synthesis: tumors with high ASS1 levels, indeed, present purine-rich 

mutational signature, that is associated to a poor response to immunotherapy. Targeting 

ASS1 activity can revert this phenotype and improve cancer sensitivity to immune cell 

therapy279. Another interesting aspect to consider in that ASS1 levels have been 

described to potentially change during tumor progression: the analysis of a cohort of 

more than 600 breast primary tumors showed that cancers that developed metastasis 

presented significatively higher ASS1 levels, in comparison to the tumors that did not 

generate metastatic foci279. Therefore, tumors characterized by low ASS1 expression, 

that can be targeted with arginine deprivation-based strategies, can potentially progress 

to metastasis that do express ASS1 to sustain cell survival in nutrient-depleted 

microenvironment.  

 

5. Final resume  

New insights into tumor metabolic liabilities have definitively provided valid therapeutic 

strategies to target cancer. The main aim of this thesis was focused on the identification 

of new molecular actors that can re-shape ARMS metabolism in order to favour tumor 

progression and metastasis.  
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In the first part of this study, we have generated different cellular tools that allowed us to 

compare the impact of PAX3-FOXO1 expression or silencing on ARMS metabolism. 

Following the fusion protein ectopic expression in the RD ERMS cell line, we were able 

to obtain the metabolomic profile of the transduced cells and study PAX3-FOXO1 role in 

the metabolic context. The lack of significative results let us conclude that for the study 

of PAX3-FOXO1 impact on cellular metabolism, the integration of more than one cellular 

model would have facilitated the interpretation of the metabolomics data obtained. 

Indeed, taking advantage from the access to publicly available ARMS and ERMS 

datasets, we were able to perform a further bioinformatic analysis and finally identify a 

putative transcriptional target of PAX3-FOXO1, the urea cycle enzyme ASS1, which 

upregulation was later confirmed also in our metabolomic sets of data previously 

collected. 

Despite the lack of a clear correlation with the expression of the fusion protein in RMS 

cell lines, ASS1 resulted to be clearly overexpressed in PAX3-FOXO1-positive cells. To 

better address its potential role in regulating ARMS metabolism, we silenced its 

expression using CRISPR-Cas9 in RH4 cells. ASS1 downregulation led to the inhibition 

of ARMS migratory capacity in vitro and caused a significative delay in tumorigenesis in 

vivo. This data suggest that the enzyme could represent a novel molecular target that 

could be exploited to block ARMS tumor progression and invasion. Furthermore, to our 

knowledge, this is the first study showing nuclear ASS1 localization in cancer cells, 

unravelling a possible “moonlighting” function of this enzyme that could represent a 

unique targetable feature of these tumors.  

Analysing the transcriptomic profile of cells silenced for ASS1 expression, we were also 

able to identify a possible molecular mediator of the phenotype observed in ASS1-

deficient cells: the elongation factor EEF1A2, extensively described in literature to 

display oncogenic activity in cancer, resulted to be transcriptionally downregulated upon 

ASS1 silencing. Consequently, AKT phosphorylation was also found to decrease, 

together with the activation of S6K1 and S6 downstream effectors. Further experiments 

are needed to better describe the upstream signaling involved and the precise 

mechanism that links ASS1 to EEF1A2 downregulation.  

In conclusion, our work shed light on the role played by ASS1, a novel putative 

transcriptional target of PAX3-FOXO1, in contributing to ARMS tumorigenesis and 

invasiveness. The identification of new PAX3-FOXO1 targets involved in metabolic 

processes could be useful to better understand the molecular mechanisms underlying 

the features of fusion-positive RMS. Collecting detailed and complete information about 
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ARMS metabolic landscape, will hopefully lead to identify and test new altered metabolic 

mediators as therapeutic targets.  

 

Figure D1: Schematic representation of ASS1 role in sustaining ARMS tumorigenesis 

and metastatic potential. Created with BioRender.com190
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1. Urea cycle enzyme ASS1 expression is upregulated by PAX3-FOXO1 at 

transcriptional level in ARMS. 

2. Fusion protein-expressing RD cells present lower levels of ASS1 substrate 

Citrulline as well as higher levels of its product Argininosuccinate.  

3. ASS1 is highly expressed in most RMS cell lines, contrary to other STS cell lines.  

4. PAX3-FOXO1 regulates ASS1 mRNA levels but the silencing or overexpression 

of the fusion protein does not affect significatively ASS1 protein expression. 

5. CRISPR-Cas9-mediated ASS1 silencing inhibits RH4 cell migration in vitro and 

delays tumorigenesis in vivo. 

6. ASS1-silenced RH4 cells re-express ASS1 in vivo, leading to tumor formation 

and lymph nodes metastatic spreading.  

7. The elongation factor EEF1A2 expression is decreased upon ASS1 silencing in 

RH4 cells.  

8. ASS1 silencing leads to a reduction of AKT, S6K1 and S6 phosphorylation, but 

not mTOR, suggesting that PDK1 could be involved in activating the signaling.  
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Table A1: List of the 56 de-regulated genes upon PAX3-FOXO1 expression or silencing, 

obtained following the integration of bioinformatic analysis outcomes of previously 

published data97,283,284 

Gene Symbol Gene Name 

SLC46A3 solute carrier family 46 member 3 

CHD7 chromodomain helicase DNA binding protein 7 

JADE1 jade family PHD finger 1 

TNFAIP3 TNF alpha induced protein 3 

CCP110 centriolar coiled-coil protein 110 

ARRB1 arrestin beta 1 

ABAT 4-aminobutyrate aminotransferase 

CDH3 cadherin 3 

SKP2 S-phase kinase associated protein 2 

PPP1R16B protein phosphatase 1 regulatory subunit 16B 

VAV3 vav guanine nucleotide exchange factor 3 

NCOA1 nuclear receptor coactivator 1 

NXPE3 
neurexophilin and PC-esterase domain family 
member 3 

DFFB DNA fragmentation factor subunit beta 

IL4R interleukin 4 receptor 

TLE1 TLE family member 1, transcriptional corepressor 

PEG3 paternally expressed 3 

DAPK1 death associated protein kinase 1 

PIPOX pipecolic acid and sarcosine oxidase 

NBPF1 NBPF member 1 

SIRT2 sirtuin 2 

TOX3 TOX high mobility group box family member 3 

MN1 MN1 proto-oncogene, transcriptional regulator 

ALDH1A3 aldehyde dehydrogenase 1 family member A3 

ZFYVE16 zinc finger FYVE-type containing 16 

PKP1 plakophilin 1 

CEP104 centrosomal protein 104 

CRMP1 collapsin response mediator protein 1 

JAKMIP2 janus kinase and microtubule interacting protein 2 

NKAIN1 
sodium/potassium transporting ATPase interacting 
1 

IFI16 interferon gamma inducible protein 16 

PRKAR2B 
protein kinase cAMP-dependent type II regulatory 
subunit beta 

CNR1 cannabinoid receptor 1 

MICAL1 
microtubule associated monooxygenase, calponin 
and LIM domain containing 1 

DISC1 DISC1 scaffold protein 



 

160 
 

TFAP2A transcription factor AP-2 alpha 

TFAP2B transcription factor AP-2 beta 

ATP8B4 ATPase phospholipid transporting 8B4  

GCA grancalcin 

WSCD1 WSC domain containing 1 

SRD5A1 steroid 5 alpha-reductase 1 

AP1S2 adaptor related protein complex 1 subunit sigma 2 

BCL11A 
BAF chromatin remodeling complex subunit 
BCL11A 

FOXF1 forkhead box F1 

MCAM melanoma cell adhesion molecule 

ZNF804A zinc finger protein 804A 

SULF1 sulfatase 1 

POU4F1 POU class 4 homeobox 1 

ASS1 argininosuccinate synthase 1 

BMP5 bone morphogenetic protein 5 

MED13L mediator complex subunit 13L 

DHFR dihydrofolate reductase 

NELL1 neural EGFL like 1 

SLCO3A1 
solute carrier organic anion transporter family 
member 3A1 

ACKR3 atypical chemokine receptor 3 

FGFR2 fibroblast growth factor receptor 2 
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Table A2: List of the top 50 de-regulated genes upon ASS1 downregulation in RH4 cells. 

Probe Set ID: Affimetrix ClariomD microarray probe identity; logFC: logarithmic fold 

change of the gene expression.  

Probe Set ID logFC PValue Gene Symbol Gene Title 

TC0400007771.hg.1 
-4.57 1.45E-09 HTN3 histatin 3 

TC0400007770.hg.1 
-2.91 2.92E-09 STATH statherin 

TC0X00008207.hg.1 
 

-2.28 5.75E-10 AGTR2 angiotensin II receptor, type 2 

TC0400008556.hg.1 
-2.24 6.05E-03 MYOZ2 myozenin 2 

TC0100015819.hg.1 
-1.82 6.15E-03 S100A10 

S100 calcium binding protein 

A10 

TC0300011391.hg.1 
-1.77 4.59E-05 ADAMTS9 

ADAM metallopeptidase with 

thrombospondin type 1 motif 9 

TC0500013298.hg.1 
-1.71 2.97E-06 C1QTNF3 

C1q and tumor necrosis factor 

related protein 3 

TC0900011854.hg.1 
-1.70 2.71E-06 TMEM8C transmembrane protein 8C 

TC0400010944.hg.1 
-1.70 5.50E-06 CSN2 casein beta 

TC0100018271.hg.1 
-1.61 3.40E-07 OLFML3 olfactomedin like 3 

TC0200015607.hg.1 
-1.51 2.58E-04 MYL1 myosin light chain 1 

TC0200010447.hg.1 
-1.51 6.45E-07 CASP8 

caspase 8, apoptosis-related 

cysteine peptidase 

TC0900008953.hg.1 
-1.48 1.55E-08 ASS1 argininosuccinate synthase 1 

TC0800012319.hg.1 
-1.44 2.78E-04 LINC01111 

long intergenic non-protein 

coding RNA 1111 

TC0100015826.hg.1 
-1.43 4.88E-03 TCHH trichohyalin 

TC0100013534.hg.1 
-1.39 4.58E-02 LAPTM5 

lysosomal protein 

transmembrane 5 

TC0500010835.hg.1 
-1.37 3.73E-06 PLK2 polo-like kinase 2 

TC0200015194.hg.1 
-1.37 1.35E-06 TFPI 

tissue factor pathway inhibitor 

(lipoprotein-associated 

coagulation inhibitor) 

TC2000009813.hg.1 
-1.36 1.89E-06 EEF1A2 

eukaryotic translation 

elongation factor 1 alpha 2 

TC1900009752.hg.1 
-1.33 4.66E-04 PRDX2 peroxiredoxin 2 

TC1000008955.hg.1 
-1.31 4.04E-06 PLEKHS1 

pleckstrin homology domain 

containing, family S member 1 
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TC0300011454.hg.1 
-1.30 2.50E-03 LMOD3 leiomodin 3 (fetal) 

TC0400008345.hg.1 
-1.28 2.14E-05 SGMS2 sphingomyelin synthase 2 

TC0300011849.hg.1 
-1.28 5.97E-06 ABI3BP 

ABI family, member 3 (NESH) 

binding protein 

TC0500011418.hg.1 
-1.27 3.55E-06 MEF2C myocyte enhancer factor 2C 

TC2200008036.hg.1 
-1.24 1.33E-03 USP41 ubiquitin specific peptidase 41 

TC0300007013.hg.1 
-1.21 1.67E-06 ARPP21 

Camp-regulated 

phosphoprotein 21kDa 

TC1700009850.hg.1 
-1.14 4.53E-05 PMP22 peripheral myelin protein 22 

TC0400008813.hg.1 
-1.14 1.52E-03 MGST2 

microsomal glutathione S-

transferase 2 

TC1400010785.hg.1 
-1.14 2.57E-04 LINC01550 

long intergenic non-protein 

coding RNA 1550 

TC1600006510.hg.1 
-1.12 2.67E-05 LMF1-AS1 LMF1 antisense RNA 1 

TC0100006864.hg.1 
-1.12 7.51E-08 DRAXIN 

dorsal inhibitory axon guidance 

protein 

TC1000011904.hg.1 
-1.10 1.03E-04 ABLIM1 actin binding LIM protein 1 

TC1200006604.hg.1 
-1.10 2.32E-03 CD9 CD9 molecule 

TC1000012482.hg.1 
-1.09 5.69E-07 ENTPD1 

ectonucleoside triphosphate 

diphosphohydrolase 1 

TC1500010160.hg.1 
-1.09 6.43E-04 CTSH cathepsin H 

TC0700007034.hg.1 
-1.08 1.17E-05 CREB5 

Camp responsive element 

binding protein 5 

TC0400007542.hg.1 
-1.07 3.92E-05 KIT 

v-kit Hardy-Zuckerman 4 feline 

sarcoma viral oncogene 

homolog 

TC0700008657.hg.1 
-1.07 2.09E-06 LRRC17 

leucine rich repeat containing 

17 

TC1700006946.hg.1 
-1.07 3.39E-05 HS3ST3B1 

heparan sulfate (glucosamine) 

3-O-sulfotransferase 3B1 

TC1500007829.hg.1 
-1.06 1.50E-04 LOXL1 lysyl oxidase-like 1 

TC1100008886.hg.1 
-1.05 4.15E-04 TMEM133 transmembrane protein 133 

TC2100006854.hg.1 
-1.05 2.83E-04 MAP3K7CL MAP3K7 C-terminal like 

TC0700010420.hg.1 
-1.04 2.20E-06 ASS1P11 

argininosuccinate synthetase 1 

pseudogene 11 

TC0500007384.hg.1 
-1.04 7.91E-08 ASS1P9 

argininosuccinate synthetase 1 

pseudogene 9 



 

163 
 

TC0100016794.hg.1 
-1.03 5.04E-06 B3GALT2 

UDP-Gal:betaGlcNAc beta 1,3-

galactosyltransferase 2 

TC1700010015.hg.1 
-1.03 2.56E-05 B9D1 B9 protein domain 1 

TC1300009980.hg.1 
-1.02 4.59E-04 LMO7 LIM domain 7 

TC1700012359.hg.1 
-1.01 2.45E-04 COX10-AS1 COX10 antisense RNA 1 
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A B S T R A C T

Rhabdomyosarcoma (RMS) is the most common soft tissue malignancy in childhood and adolescence. Patients
with the most aggressive histological variant have an unfavorable prognosis due to a high metastasis incidence.
Lysyl oxidase-like 2 (LOXL2) is a lysyl oxidase, member of a family of extracellular matrix (ECM) crosslinking
enzymes that recently have emerged as important regulators of tumor progression and metastasis. We report that
LOXL2 is overexpressed in RMS, suggesting a potential role for LOXL2 in RMS oncogenic progression.
Consistently, transient and stable LOXL2 knockdown decreased cell migratory and invasive capabilities in two
ARMS cell lines. Furthermore, introduction of LOXL2 in RMS non-expressing cells using wild type or mutated
(catalytically inactive) constructs resulted in increased cell migration, cell invasion and number and incidence of
spontaneous lung metastasis in vivo, independently of its catalytic activity. To further study the molecular
mechanism associated with LOXL2 expression, a pull-down assay on LOXL2-transfected cells was performed and
analyzed by mass spectrometry. The intermediated filament protein vimentin was validated as a LOXL2-inter-
actor. Thus, our results suggest an oncogenic role of LOXL2 in RMS by regulating cytoskeleton dynamics and cell
motility capabilities.

1. Introduction

Rhabdomyosarcoma (RMS) is a heterogeneous family of pediatric
soft tissue tumors associated with the skeletal muscle lineage [1], ac-
counting for approximately 40% of all soft tissue sarcomas in children
and adolescents [2]. RMS comprises two main histological subtypes:
alveolar (ARMS) and embryonal (ERMS) [3]. ERMS is the most common
subtype, accounting for approximately 70–80% of RMS cases. Each
subtype is associated with distinct genetic and molecular alterations
[2,4]. Point mutations and loss of heterozygosity on the short arm of
chromosome 11 (the 11p15.5 region) are commonly associated with
ERMS [3,5]. In contrast, ARMS is linked with acquired specific

chromosomal translocations t(2;13)(q35;q14) and t(1;13)(p36;q14),
that result in the chimeric transcription factors PAX3-FOXO1 and PAX7-
FOXO1, respectively [4,6]. ARMS shows a more aggressive behavior
than ERMS and is associated with an unfavorable prognosis, which is
partially attributable to its propensity for early dissemination, poor
response to therapy and frequent relapses following therapy [7].

LOXL2 is a member of the lysyl oxidase family of proteins currently
comprising five members: LOX and four LOX-like proteins, LOXL1–4
[8]. They are secreted copper-dependent amine oxidases, with a tra-
ditional role of catalyzing the covalent crosslinking of collagen and
elastin in the extracellular matrix (ECM), through oxidative deamina-
tion of peptidyl lysine residues [8]. LOX proteins share a highly
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conserved C-terminal amine oxidase catalytic domain. However, they
differ at its N-terminus: LOX and LOXL1 have a pro-domain whereas
LOXL2-4 have four scavenger receptor cysteine-rich (SRCR) domains
[9]. LOX is catalytically activated in the ECM when bone morphoge-
netic protein-1 (BMP-1) cleaves the LOX pro-domain [10]. On the
contrary, LOXL2 undergoes proteolytic processing of the first two SRCR
domains at the N-terminus upon secretion. The processing site is unique
to LOXL2 in the LOX-family of proteins. PACE4 is the major protease
described that processes extracellular LOXL2. The processing of LOXL2
does not seem to be essential for its activity, suggesting a different
mechanism for regulation of LOX and LOXL2 catalytic activity [11].

Apart from their role in ECM remodeling, several members of the
family have recently appeared as important regulators of tumor pro-
gression [12,13]. In particular, a growing body of evidence has im-
plicated LOXL2 in the promotion of cancer cell migration, cell invasion,
metastasis and the malignant transformation of solid tumors; a corre-
lation between high LOXL2 expression and poor prognosis in patients
has been established [14,15]. However, LOXL2 has a complex role and
more research is needed to better understand its mechanisms of action,
which could be dependent or independent of its enzymatic activity, and
at the same time, on its intra- or extracellular form [14,15].

Here, we show that LOXL2 is expressed in most RMS cells lines and
through gain- and loss-of-function experiments we demonstrate that
LOXL2, independently of its catalytic activity, is essential for the ag-
gressive properties of ARMS. Additionally, our results strongly suggest
that LOXL2 interacts with vimentin, increasing its proteolysis, which
seems to be partially dependent on another novel LOXL2-interactor,
calpain-2. Consequently, LOXL2 could be a regulator of cell motility,
possibly due to remodeling of the cytoskeleton. Altogether, blocking
LOXL2 expression or function may be of therapeutic use for the treat-
ment of ARMS.

2. Materials and methods

2.1. Cell culture and transfection

RMS cell lines: RH4 and RH30 (gift from Dr. Peter Houghton),
RH28, RMS13, RH36 and RUCH2 (gift from Dr. Beat Schäfer), CW9019
(gift from Dr. Frederic Barr), RH41, RD and A204 (bought from Leibniz
Institute DSMZ, Braunschweig, Germany). Ewing Sarcoma (ES) cell
lines: A673 (gift from Dr. Heinrich Kovar), RH1 (gift from Dr. Peter
Houghton), RD-ES (bought from Leibniz Institute DSMZ) and A4573
(gift from Dr. Santiago Ramón y Cajal). Authenticity of the cell lines
was routinely confirmed by STR profiling analysis done at qGenomics
SL (Esplugues de Llobregat, Barcelona, Spain).

Cell lines were cultured in complete media: RPMI 1640-GlutaMAX
(RPMI; Life Technologies, Carlsbad, CA, USA) supplemented with 10%
heat-inactivated fetal bovine serum (FBS, Life Technologies) and 1%
penicillin-streptomycin (Life Technologies). All cell lines were in-
cubated at 37 °C in a humidified atmosphere of 5% CO2 in air and
checked regularly for mycoplasma infection. Exponentially growing
cells were used for all experiments.

To analyze secretory proteins, cells were seeded and 24 h later
complete media was replaced by RPMI for 48 h. Conditioned media

(CM) was collected and concentrated 20-fold by filtration in Centricon
10 K (Amicon Ultra-15 centrifugal filters, Millipore, Burlington, MA,
USA) at 4 °C.

For stable transfections, Lipofectamine 2000 (Life Technologies)
was used following the manufacturer's protocol. RH4 and CW9019 cells
stably expressing pRS-shLOXL2 vector (Origene, Rockville, MD, USA
#TG311699) were selected with 0.6 μg/mL and 0.25 μg/mL of pur-
omycin (Sigma-Aldrich, St. Louis, MO, USA), respectively. RH28
transfected cells stably expressing pCDNA3-LOXL2wt FLAG tagged
vector or pCDNA3-LOXL2oxmut FLAG tagged vector (gifts from Dr.
Sandra Peiró) were selected with 1.2 mg/mL of neomycin (Life
Technologies). Antibiotic-resistant pools and individual clones were
isolated for further analysis and maintained in the presence of anti-
biotics.

For transient gene silencing, cells were transfected with Dharmafect
(GE Healthcare, Chicago, IL, USA) following the manufacturer's pro-
tocol and using 100 nM of customized siRNA for LOXL2 (siLOXL2
5′-AGUAAAGAAGCCUGCGUGGUC-3′) and for vimentin (siVIM#1
5′-ACGCCAUCAACACCGAGUUCA-3′ and siVIM#2 5′ACCUUGAACGC
AAAGUGGAAUCUUU-3′). In addition, transient transfection for
48–72 h was performed in RH28 cells with pRP-CMV-LOXL2/mCherry
vector (constructed at VectorBuilder, en.vectorbuilder.com), using
Lipofectamine 2000.

2.2. Clinical material

For testing the expression of LOXL2 in a tissue micro-array (TMA),
tumor samples were collected at the Hospital Universitario Virgen del
Rocío, Seville, Spain. Written informed consent was obtained from each
patient. Staining of LOXL2 in the TMA was scored by a blinded, trained
pathologist on a positive-negative scale. LOXL2 staining in tumor xe-
nografts was considered as a positive control. Immunofluorescence (IF)
staining of TMA was performed at the Histology Service of the Centre
de Medicina Regenerative de Barcelona (CMRB), Hospitalet de
Llobregat, Spain, using LOXL2 antibody (LOXL2 1:100 #NBP1-32954
from Novus Biologicals, Centennial, CO, USA).

2.3. Cell treatments

For inhibiting N-glycosylation, cells were seeded, then incubated
with tunicamycin (Sigma-Aldrich) 24 h later. Concentrations between
20 and 100 ng/mL and 50–500 ng/mL were used for 48 h in RH4 and
CW9019 cell lines, respectively. In addition, tunicamycin was used to
induce cell death at 250 ng/mL in RH4 cells for 48 h.

For inhibiting caspases and calpains proteases, the pan-caspase and
calpain inhibitors Z-VAD-FMK (Z-VAD) and calpeptin, respectively,
were used. Cells were seeded, then incubated with the corresponding
drug 24 h later: Z-VAD (APExBIO, Boston, MA, USA) 10–50 μM for 48 h
and calpeptin (Sigma-Aldrich) 25–50 μM for 48 h.

2.4. Immunofluorescence

Immunofluorescence (IF) of RMS cells was performed as previously
described [16,17]. The primary antibodies used were: LOXL2 1:100

Abbreviations

ARMS alveolar rhabdomyosarcoma
Chro. Fr chromatinic fraction
CM conditioned media
Cyt. Fr cytoplasmic fraction
ECM extracellular matrix
EMT epithelial-to-mesenchymal transition
ERMS embryonal rhabdomyosarcoma

IF immunofluorescence
LOX lysyl oxidase
LOXL2 lysyl oxidase-like 2
MS mass spectrometry
Nuc. Fr nuclear fraction
RMS rhabdomyosarcoma
TMA tissue microarray
Wh. Lys whole lysate
wt wild type
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#NBP1-32954 (Novus Biologicals); vimentin 1:10 000 #V6630 and
vinculin 1:10 000 #V9131 (Sigma-Aldrich). Photographs were taken
with a confocal Leica TCS SP5 microscope (Leica Microsystems, Wet-
zlar, Germany) or Nikon Eclipse 80i (Nikon, Amstelveen, Netherlands).
Images were analyzed with ImageJ software (U. S. National Institutes of
Health) or Adobe Photoshop.

2.5. Fractionation of cellular extracts

Cells were lysed in buffer CE at pH 7.6 (10 mM HEPES, 60 mM KCl,
1 mM EDTA, 0.075% NP-40 and 1 mM DTT, supplemented with pro-
tease and phosphatase inhibitors [Complete, Mini Protease Inhibitor
Cocktail Tablets; PhosStop, Phosphatase Inhibitor Cocktail Tablets,
Roche, Basel, Switzerland]) for 5 min. All steps were performed at 4 °C.
Samples were then centrifuged at 1,500 rpm for 5 min. Supernatant was
collected (cytoplasmic fraction). Pellets were washed with CE buffer
without NP-40 and centrifuged again at 1,500 rpm for 5 min. The so-
luble nucleus was then separated from the pellet by resuspending in NE
buffer at pH 8 (10 mM HEPES, 420 mM NaCl, 1 mM MgCl2, 0.2 mM
EDTA and 1 mM DTT, supplemented with protease and phosphatase
inhibitors). After using a vortex for 10 min, both the nuclear and the
previous cytoplasmic fractions were centrifuged at 13 000 rpm for
10 min. The supernatants were the final nuclear (Nuc. Fr.) and cyto-
plasmic fractions (Cyt. Fr.). Finally, the pellets were resuspended in
CHR buffer (2% SDS, 50 mM Tris pH 7.5, 10% glycerol and 1 mM DTT,
supplemented with protease and phosphatase inhibitors). After soni-
cation and centrifugation at 13 000 rpm for 10 min, the supernatant
was the chromatinic fraction (Chro. Fr.). As a control of each fraction,
the following antibodies were used: α-tubulin (Cyt. Fr.); calreticulin
(endoplasmatic reticulum, to discard contamination of cytosolic orga-
nelles into the Nuc. Fr.); lamin A/C (Nuc. Fr.) and histone-3 (Chro. Fr.).

2.6. Site-directed mutagenesis

Mutagenesis was performed using QuikChange Site-Directed
Mutagenesis Kit (Agilent Technologies, Santa Clara, CA, USA) following
the manufacturer's protocol. pCDNA3-LOXL2wt FLAG tagged vector
was used as a template. To prevent LOXL2 N-glycosylation, potential N-
glycosylation Asn (N) residues were changed into Ala (Q): N288, N455
and N644. The forward primers used were: 5′-CACTGGACCCCATGAA
GCAGGTCACCTGCGAGAATGG-3′ for N288, 5′-AGGTGCTGGTGGAGA
GACAGGGGTCCCTTGTGTGGGG-3′ for N455 and 5′-CTATGACCTGCT
GAACCTCCAGGGCACCAAGGTGGCAGAGG-3′ for N644. After muta-
genesis, the full cDNA was sequenced to verify the mutations and to
confirm the absence of other possible unspecific mutations in the
coding sequence.

2.7. Immunoprecipitation

Immunoprecipitation was performed as previously described [16]
using magnetic beads coated with Protein G (Millipore). The antibodies
used were: vimentin 1:250 #V6630 (Sigma-Aldrich); calpain-1 1:100
#ab39170 and calpain-2 1:100 #ab39165 (Abcam, Cambridge, UK);
normal mouse IgG #sc-2025 and normal rabbit IgG #sc-2027 (Santa
Cruz Biotechnology, Heidelberg, Germany). Samples were analyzed by
Western blot.

2.8. Pull-down

Cells expressing pCDNA3-LOXL2 FLAG tagged vector or an empty
pCDNA3 FLAG tagged vector were harvested per standard protocol
(from 150 mm culture dishes). Cell pellets were lysed with 500 μL lysis
buffer (250 mM KCl, 1 mM EDTA, 1% Triton, 0.05% NP-40, 1 mM DTT,
10% glycerol, 50 mM Tris pH 7.8 supplemented with protease and
phosphatase inhibitors) and incubated for 4 h on ice with the Benzonase
nuclease (Sigma-Aldrich). Supernatants were collected after

centrifugation at 13 000 rpm for 10 min. The purification of im-
munocomplexes was carried out using the anti-FLAG M2 affinity gel
(Sigma-Aldrich). Prior to incubation, 40 μL per sample of anti-FLAG
beads were washed thrice in BC100 buffer (100 mM KCl, 0.05 mM
EDTA, 0.05% NP-40, 10% glycerol, 1 mM DTT and 10 mM Tris pH 7.8).
Protein extracts were then incubated with anti-FLAG beads overnight at
4 °C with agitation. The following day, beads were washed thrice in
BC100 buffer and thrice in BC500 buffer (500 mM NaCl, 0.05 mM
EDTA, 0.05% NP-40, 10% glycerol, 1 mM DTT and 10 mM Tris pH 7.8).
Finally, bound proteins were eluted based on competent binding with
40 μL 200 ng/mL FLAG peptide (Sigma-Aldrich). Eluates were mixed
with loading buffer, denaturated 10 min at 100 °C and analyzed by
Western blot.

2.9. Mass spectrometry

SDS-PAGE gel bands of interest were excised from gels and washed
with 10 mM ammonium bicarbonate and 50% acetonitrile (Sigma-
Aldrich). The gel bands were cut and digested with 10 ng/ul trypsin
(Promega, Madison, WI, USA), in a buffer containing 50 mM ammo-
nium bicarbonate, at 37 °C for 12–16 h. The digested peptides were
recovered by extraction twice with 50 mM ammonium bicarbonate and
70% acetonitrile. The resulting peptides were separated by reverse
phase liquid chromatography using a nano-capillary analytical C18
column, and then electrosprayed into an ion-trap mass spectrometer
(Amazon ETD Ion Trap [Bruker Daltonics, Billerica, MA, USA] and LTQ
Velos-Orbitrap [Thermo Fisher Scientific, Waltham, MA, USA]). Peptide
masses were analyzed at full scan MS, and then at MS/MS fragmenta-
tion for the most intense peaks. Data were analyzed using the Mascot
search engine (matrixscience.com) and the SwissProt (uniprot.com)
human database.

2.10. LOXL2 enzymatic activity

LOXL2 enzymatic activity was measured by coupling horseradish
peroxidase (HRP) activity to LOXL2 and using the conversion of Amplex
Red to resorufin, as previously described [18]. After LOXL2 pull-down,
beads were suspended in 50 μL reaction buffer: 50 μM sodium phos-
phate pH 7.4, 40 mM Amplex Red (Thermo Fisher), 2 U/ml horseradish
peroxidase (Sigma-Aldrich) and 4 mM benzylamine (Sigma-Aldrich).
Suspended beads were incubated at 37 °C for 4 h. Finally, samples were
centrifuged to separate agarose beads from the reaction mix and ab-
sorbance was measured on the supernatant by spectrometry
(λ = 560 nm).

2.11. Clonogenic assay

For clonogenic assays, 500 cells (for RH4 and CW9019) and 5
000 cells (for RH28) were seeded in 6-well plates. When colonies
reached saturation, approximately 14 days after seeding, cells were
fixed with cold methanol for 10 min, washed with Dulbecco's phosphate
buffered saline (PBS; Biowest, Nuaillé, France), stained with 1% crystal
violet (Sigma-Aldrich) for 20 min, and washed with water. Colonies
were discolored with a 10% glacial acetic acid solution and crystal
violet was quantified by spectrometry (λ = 570 nm).

2.12. Cell viability assay

For viability assays, 1 000 cells (for RH4 and CW9019) and 8
000 cells (for RH28) were seeded in 96-well plates. At 24, 48, 72, and
96 h after seeding, the culture medium was removed and 100 μL of a
1:10 dilution of water-soluble tetrazolium (WST-1, Roche) in the
medium was added to each well. After 120 min, cell viability was
quantified by spectrometry (λ = 440 nm).
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Fig. 1. LOXL2 is expressed in RMS thorough the cell, N-glycosylated and actively secreted. A) Upper: relative expression of LOXL2 by RT-qPCR in a panel of
RMS and ES cell lines. Black bars represent ARMS cells lines, gray bar represents CW9019 (as reference), blue bars represent ERMS, green bars represent ES. Below:
representative Western blot indicating protein levels among the same cell lines. B) Upper: representative images of LOXL2 expression evaluated by immuno-
fluorescence in tissue microarray samples (200X magnification). Lower: Kaplan-Meier curve showing differential survival trends among human RMS patients re-
garding LOXL2 expression (pos = positive; neg = negative). Statistical significance was assessed by Mantel-Cox test; p = 0.1563. C) Representative Western blot
showing LOXL2 expression in different subcellular fractions in RH4 and RH36 cells. As a control of each fraction was used: α-tubulin (Cyt. Fr.); calreticulin
(endoplasmic reticulum); lamin A/C (Nuc. Fr.) and histone-3 (Chro. Fr.). D) Representative Western blot showing LOXL2 expression in conditioned media (CM) in
different RMS cell lines. Albumin band in Coomassie stained gels is shown as loading control. E) Representative Western blot showing LOXL2 in both whole lysates
(Wh. Lys.) and CM of RH4 cells in control conditions or under treatment with glycosylation inhibitor tunicamycin. Albumin band in Coomassie stained gels is shown
as loading control. F) Representative Western blot showing LOXL2 in control conditions or under treatment with tunicamycin in different subcellular fractions of RH4
cells. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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2.13. Transwell migration assay

Cells were harvested per standard protocol. After an additional
wash with RPMI, 1.5 × 105 cells in 150 μL serum-free medium was
added to the top chamber of 8-μm pore polycarbonate transwells
(Transwell Permeable Supports, Corning, Corning, NY, USA).
Meanwhile, in the bottom chamber, 500 μL complete medium (10%
FBS) was added and used as a chemoattractant. After 6 h for RH4 and
CW9019, and 48 h for RH28, cells on the upper chamber were removed
with a cotton swab. Migrating cells on the membrane underside were
fixed for 30 min using 70% ethanol and stained with crystal violet.
Transwell membranes were collected and 5 pictures of each transwell
were acquired by optical microscopy (100 × ). The number of mi-
grating cells was counted manually using ImageJ. Alternatively, cells
were discolored with a 10% glacial acetic acid solution and crystal
violet was quantified by spectrometry.

2.14. Matrigel invasion assay

This assay was performed similarly to the migration assay, but
transwells were coated with 50 μL cold Matrigel (BD Biosciences,
Franklin Lakes, NJ, USA) diluted 1:20 in RPMI and placed in a 37 °C
incubator for 6 h. After Matrigel polymerization, cells were seeded,
stained, and counted as in the migration assay. Invasion times were
24 h for RH4 and CW9019, and 72 h for RH28.

2.15. Western blot

Protein analysis by Western blot was performed as previously de-
scribed [17,19]. Primary antibodies used were: LOXL2 1:1 000 #NBP1-
32954 (Novus Biologicals); FLAG 1/1 000 #F1804 and vimentin
1:10 000 #V6630 (Sigma-Aldrich); calpain-1 #ab39170, calpain-2 1/1
000 #ab39165, calreticulin 1/1 000 #ab2907 and histone-3 1/10 000
#ab24834 (Abcam); mCherry 1/1 000 #PA5-34974 (Thermo Fisher);
and lamin A/C 1/200 #NCL-LAM-A/C (Leica Biosystems). Secondary
antibodies used were horseradish peroxidase-conjugated goat anti-
rabbit and goat anti-mouse (Life Technologies). Peroxidase activity was
detected by enhanced chemiluminescence (Pierce, Thermo Scientific)
following the manufacturer's instructions. Immunodetection of α-tu-
bulin (#ab28439) or β-actin (#ab49900) from Abcam was used as
loading control.

2.16. RNA extraction, reverse transcription and quantitative real time PCR

Total RNA (2 μg) extracted by using the NucleoSpin RNA kit
(Macherey-Nagel, Düren, Germany) was used for cDNA synthesis with
SuperScript II Reverse Transcriptase (Life Technologies). Quantitative
reverse transcription-PCR (qRT-PCR) was performed under universal
cycling conditions on LightCycler 480 II instrument (Roche) using
TaqMan PCR Mastermix and TaqMan probes (Life Technologies, VIM
Hs00958111_m1, ACTB 4333762F, LOX Hs00942483_m1, LOXL1
Hs00935937_m1, LOXL2 Hs00158757_m1, LOXL3 Hs00261671_m1,
LOXL4 Hs00260059_m1). Cycle threshold (CT) values were normalized
to that of β-actin. Relative expression level of the target gene among the
different samples was calculated using the ΔΔCT method [20].

2.17. Orthotopic xenograft metastasis assay

This assay was performed as previously described [17]. Briefly,
2 × 106 cells resuspended in 100 μL PBS were injected into the gas-
trocnemius muscles of 6-week-old female athymic nude mice (Hsd:A-
thymic NudeFoxn1nu; Harlan, Indianapolis, IN, USA). Once primary
tumor-bearing limbs reached a volume of 800 mm3, the gastrocnemius
muscles were surgically resected. Tumors were fixed in 4% paraf-
ormaldehyde and embedded in paraffin. Tumor sections were stained
with hematoxylin and eosin or anti-LOXL2 IF was performed. At day 90

after injection, mice were euthanized and lungs were extracted, fixed in
4% paraformaldehyde and embedded in paraffin. Lung sections were
stained with hematoxylin and eosin and metastases were counted under
an optical microscope. In addition, anti-LOXL2 IF was performed in
lung sections (n = 9 for each condition). Animals were cared for ac-
cording to the Institutional Guidelines for the Care and Use of La-
boratory Animals. Ethics approval was provided by a locally appointed
ethics committee from IDIBELL, Barcelona, Spain. IDIBELL animal fa-
cility abides by the Association for Assessment and Accreditation of
Laboratory Animal Care (AAALAC) regulations.

2.18. Proximity ligation assay

This assay was performed using the Duolink In situ Red Starter Kit
mouse/rabbit (Merck), following the manufacturer instructions. The
primary antibodies used were: LOXL2 1:100 #NBP1-32954 (Novus
Biologicals) and vimentin 1:5 000 #V6630 (Sigma-Aldrich).
Photographs were taken with a confocal Leica TCS SP5 microscope
(Leica Microsystems, Wetzlar, Germany). Images were analyzed with
ImageJ software (U. S. National Institutes of Health) or Adobe
Photoshop.

2.19. Statistical analysis

Unless otherwise stated, data were analyzed for statistical sig-
nificance using Student's t-test. Fisher's exact test was used for evalu-
ating differences in lung metastasis incidence in mice. Data represented
in Kaplan-Meier plots was analyzed with Mantel-Cox test. Experiments
were performed thrice; p ≤ 0.05 was regarded as significant.

3. Results

3.1. LOXL2 is highly expressed, N-glycosylated and secreted in RMS cell
lines

LOXL2 has been linked to tumor progression and metastasis in
multiple cancer models [14]. To investigate its role in RMS, we first
confirmed high and variable LOXL2 expression levels in RMS cell lines
compared to other sarcoma cells, at RNA and protein levels (Fig. 1A).
We further analyzed LOXL2 expression by IF on a tissue microarray
(TMA) containing a panel of 34 RMS patients. Thirty-five percent of
samples were positive for LOXL2 (Supplementary Table S1), with a
cytoplasmic expression pattern (Fig. 1B upper). Survival information
was available for 25 patient samples. Interestingly, in Kaplan-Meier
representation those patients with positive LOXL2 expression showed a
tendency to worse survival (Fig. 1B lower). However, lack of clinical
information did not allow us to establish a statistically significant cor-
relation (Mantel-Cox test, p = 0.1563).

LOXL2 belongs to the LOX family, proteins that possess a highly
conserved catalytic domain [8]. mRNA expression of LOX members was
analyzed by RT-qPCR in RMS cells and one ES cell line (Fig. S1). All
other LOX members showed a lower expression than LOXL2, except
LOX in two cell lines (CW9019 and A204) and LOXL1, which had
higher mRNA levels, even in cells without LOXL2 expression. Accord-
ingly, their mRNA expression was analyzed in RH4 LOXL2 stable si-
lenced model (Fig. S2) and RH28 LOXL2 knock-in model (Fig. S3). No
changes in the mRNA of any LOX member were found, confirming an
absence of compensatory effect.

We also characterized a cytoplasmic and nuclear LOXL2 localization
in several RMS cell lines. The localization was confirmed by subcellular
fractionation, indicating that LOXL2 in the nuclei was also associated
with the chromatinic fraction (Fig. 1C). Regarding post-translational
modification, complete and cleaved LOXL2 forms were detected in the
conditioned media (CM) of nearly all RMS cells tested, demonstrating
LOXL2 secretion and cleavage (Fig. 1D). Furthermore, treatment with
the N-glycosylation inhibitor tunicamycin in RH4 cells suppressed
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LOXL2 secretion, confirming that N-glycosylation is essential for LOXL2
secretion (Fig. 1E). Finally, as shown by a light reduction of LOXL2
molecular weight after tunicamycin treatment, this modification was
present in all subcellular fractions of RH4 cells (Fig. 1F).

3.2. LOXL2 silencing reduces the clonogenic, viability, migratory and
invasive capabilities of ARMS cells

To decipher the involvement of LOXL2 in the progression of ARMS,
the most aggressive histological subtype of RMS, we established two
silenced models of LOXL2 using RH4 and CW9019 cells by stable
transfection with a shRNA against LOXL2 or a shRNA control. Several
LOXL2 knockdown clones were selected (RLsh# and CWLsh#) and
compared to control transfected cells (SCR; Fig. 2A). LOXL2 knockdown

significantly reduced clonogenic capacity in both cell lines (Fig. 2B).
Cell viability, as measured by WST1 tetrazolium-based assay, was sig-
nificantly reduced only in RH4 cells (Fig. 2C). Furthermore, the mi-
gratory and invasive capacity of ARMS cells was significantly reduced
after stable LOXL2 silencing (Fig. 2D–E). To confirm these results,
transient transfection was performed in the same cell lines using a
siRNA against LOXL2 or a control siRNA, siNT (Fig. S4A). Transient
LOXL2 knockdown in both cell lines significantly reduced both cell
viability and migration (Fig. S4B-C). Moreover, vinculin im-
munolabeling revealed a reduction in focal adhesions after transient
LOXL2 silencing (Fig. 2F), concordantly with reduced cell motility.

Fig. 2. LOXL2 promotes an onco-
genic phenotype in ARMS cells. A)
Representative Western blot showing
LOXL2 expression in knock-down
models generated from RH4 and
CW9019 cell lines. SCR = control
scrambled sequence; RLsh# and
CWLsh# = LOXL2 silenced selected
clones. B) Representative images and
quantification of clonogenic assays
from RH4 and CW9019 models of
LOXL2 stable silencing. C) WST-1 tet-
razolium-based viability assay in RH4
(above) and CW9019 (below) models
of LOXL2 stable silencing. D) Migration
assay in Boyden chambers using LOXL2
silenced models. E) Invasion assay in
Matrigel-coated Boyden chambers
using LOXL2 silenced models. In B, D
and E, clones “A”, “B” and “C” denote
clones RshL1 & CWshL13, RshL3 &
CWshL21 and RshL2.7 & CWshLSP2,
respectively. In B, C, D and E, SCR
models were set as reference (100%).
F) Representative images obtained by
immunofluorescence showing vinculin
intracellular distribution in RH4 and
CW9019 cells after transfection for 48 h
with non-targeting (siNT) and LOXL2
siRNA (siLOXL2). Nuclei were coun-
terstained with Hoechst 33342 (Ho).
“Negative” states the inverted un-
colored version of the image. Data are
presented as mean ± SD from at least
three different experiments. Statistical
significance was achieved by Student's
t-test, *p ≤ 0.05, **p ≤ 0.01.
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3.3. LOXL2 reintroduction in RMS non-expressing cells increases their
oncogenic phenotype in vitro and the formation of spontaneous metastasis in
vivo, independently of its catalytic activity

To further demonstrate the role of LOXL2 during the progression of
ARMS, we stably transfected RH28, the only ARMS cell line with un-
detectable LOXL2 levels, with wild type (wt) LOXL2 FLAG tagged
construct (RLwt). In addition, cells were transfected with a LOXL2/
FLAG catalytically inactive construct (RLoxmut; Fig. 3A) to clarify the
implication of LOXL2 enzymatic activity on its function. Individual
clones expressing LOXL2 wild type or LOXL2 oxidative mutant (Fig. 3B)
were functionally characterized. First, LOXL2 enzymatic activity was

determined in pulled-down LOXL2 proteins by coupled fluorimetric
assays for H2O2 production, confirming the absence of lysyl oxidase
activity in the mutants (Fig. S5A-B). Next, LOXL2 cytoplasmic, nuclear
and chromatinic localization was determined by subcellular fractiona-
tion (Fig. 3C), as well as LOXL2 secretion and processing by Western
blot of CM (Fig. 3D). When analyzing the phenotype, all transfected
cells, independently of LOXL2 catalytic activity, gained significant
viability and clonogenic abilities (Fig. 3E–F).

Moreover, LOXL2 reintroduction resulted in a significant increase of
the migratory and invasive capacity of RH28 cells in vitro (Fig. 4A–B).
Additionally, we performed an orthotopic spontaneous metastasis
assay, previously described by our group [17]. A significant increase in

Fig. 3. LOXL2 function in supporting
ARMS tumor phenotype is in-
dependent of its enzymatic activity.
A) Schematic representation showing
the single point mutations in LOXL2/
FLAG construct to render the protein
catalytically inactive (LOXL2oxmut/
FLAG). B) Representative Western blot
showing LOXL2/FLAG expression in
the RH28 reintroduction stable model.
RLwt# and RLoxmut# = LOXL2 wild
type or catalytically inactive mutant
selected clones, respectively; RH28/
FLAG = CMV/FLAG empty vector. C)
Representative Western blot showing
LOXL2 expression in different sub-
cellular fractions in RH28 reintroduc-
tion model. As a control of each frac-
tion, the following antibodies were
used: α-tubulin (Cyt. Fr.); calreticulin
(endoplasmic reticulum); lamin A/C
(Nuc. Fr.) and histone-3 (Chro. Fr.). D)
Representative Western blot showing
LOXL2 in both whole lysates (Wh. Lys.)
and conditioned media (CM) in RH28
reintroduction model. Albumin band in
Coomassie stained gels is shown as a
loading control. E) Representative
images and quantification of clono-
genic assays from RH28 reintroduction
model. Percentage of colonies was re-
lated to RH28/FLAG. F) Cell viability
measured by WST-1 in RH28 re-
introduction model. Fold change was
related to RH28/FLAG at 24 h. Data are
presented as mean ± SD from at least
three different experiments. Statistical
significance was achieved by the
Student's t-test, **p ≤ 0.01.
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the incidence of lung metastasis (Fig. 4C and E) and in the number of
metastases per mice was observed (Fig. 4D) when LOXL2-expressing
cells were injected. Interestingly, LOXL2 presented a cytoplasmic ex-
pression pattern in xenograft tumors (Fig. S6A) and in metastatic lung
cells (Fig. 4F). In contrast, non-significant differences were observed
regarding tumor growth (Fig. S6B). Altogether, these results strongly
suggest that aggressive progression of ARMS cells strongly relies on
LOXL2, independently of its catalytic activity.

3.4. A LOXL2 non-secretable mutant increases cell migration and invasion
but not its proliferative and clonogenic capabilities

To elucidate LOXL2 intracellular functions, we obtained a LOXL2
non-secretable mutant. As previously shown (Fig. 1E), N-glycosylation
is essential for LOXL2 secretion. Three N-glycosylation sites have been
predicted for LOXL2, two of which have been confirmed by mass
spectrometry (MS) [21]. Taking these into consideration, LOXL2 se-
cretion was avoided by site-directed mutagenesis in its N-glycosylation
sites: a double mutant (Lsecmut2x) in the two confirmed N-glycosyla-
tion sites and a triple mutant (Lsecmut3x) in all three potential sites
were produced. These constructs (Fig. 5A) were stably transfected in

Fig. 4. LOXL2 expression in RH28
increased its metastatic potential in
vitro and in vivo, independently of its
catalytic activity. A) Migration assay
in Boyden chambers using RH28 re-
introduction model. B) Invasion assay
in Matrigel-coated Boyden chambers
using RH28 reintroduction model. C)
Lung metastasis incidence in im-
munodepressed mice after injection of
tumor cells in the gastrocnemius;
n = 9. D) Quantification of individual
spontaneous metastases in orthotopic in
vivo murine experiment with LOXL2-
reintroduced RH28 cells. E)
Representative images from lungs (H&
E staining) from in vivo orthotopical
model in mice with LOXL2-re-
introduced RH28 cells. F)
Representative images showing LOXL2
expression by immunofluorescence in
lungs from in vivo orthotopical experi-
ment with LOXL2-reintroduced
RH28 cells. Pulmonary metastases are
indicated (arrow) in H&E staining.
Nuclei were counterstained with
Hoechst 33342 (Ho). In all experiments
RH28/FLAG was set as reference. Data
are presented as mean ± SD (A, B &
D). Statistical significance was
achieved by Student's t-test from at
least three different experiments (A &
B) and one experiment (D). Fisher's
exact test was used for evaluating dif-
ferences in lung metastasis incidence in
mice (C), *p ≤ 0.05 **p ≤ 0.01.
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RH28 cells and blockage of LOXL2 secretion was partially reached in
RLsecmut2x and almost completely achieved in RLsecmut3x pools of
cells (Fig. 5B). In contrast to LOXL2 wild type, non-secretable LOXL2
mutant cells were not able to increase clonogenic and proliferative cell
rates (Fig. 5C–D). More remarkably, these cells increased cell migratory

and invasive capabilities at the same levels as LOXL2 wild type
(Fig. 5E–F). These results strongly suggest that intracellular LOXL2 is
sufficient to increase cell migration and invasion, processes that are also
independent of N-glycosylated protein.

To additionally confirm LOXL2 function, LOXL2 was transiently

Fig. 5. Non-N-glycosylated and non-secreted LOXL2 is sufficient to increase cell migration and invasion. A) Schematic representation showing the single point
mutations in LOXL2/FLAG construct to generate non-secreteable mutants. Secretion was avoided by ablation of the N-glycosylation sites. A double mutant
(RLsecmut2x) with N455/644Q and a triple mutant (RLsecmut2x) with N288/455/644Q mutations were obtained. B) Representative Western blot showing LOXL2 in
both whole lysates (Wh. Lys.) and conditioned media (CM) in RH28 non-secreted LOXL2 model. Albumin band in Ponceau stained membrane is shown as loading
control. C) Representative images and quantification of clonogenic assays from RH28 non-secreted LOXL2 model. D) Viability assay using WST-1 in RH28 non-
secreted LOXL2 model. E) Migration assay in Boyden chambers using RH28 non-secreted LOXL2 model. F) Invasion assay in Matrigel-coated Boyden chambers using
RH28 non-secreted LOXL2 model. In all experiments RH28/FLAG was set as reference. Data are presented as mean ± SD from at least three different experiments.
Statistical significance was achieved by the Student's t-test, **p ≤ 0.01.
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Fig. 6. Vimentin is a novel LOXL2 partner involved in sustaining the RMS cell motility. A) Representative Western blot showing validation of LOXL2-vimentin
interaction after pulling down with anti-FLAG M2 affinity gel in two representative clones: RH28-LOXL2/FLAG wt (RLwt1) and oxidation mutant (RLoxmut12).
RH28/FLAG cells were used as negative control. Detection of the corresponding LOXL2/FLAG and vimentin proteins in the input fractions is shown in the right panel.
B) Representative Western blot showing LOXL2 in immunoprecipitated samples using vimentin antibody in samples from LOXL2-reintroduction RH28 model.
Detection of the corresponding vimentin and LOXL2 proteins in the input fractions is shown in the right panel. C) Graphs representing relative mRNA expression
levels of vimentin measured by RT-qPCR in RH4 cells transfected with non-targeting (siNT) and vimentin siRNAs (siVIM#1 and siVIM#2). D) Representative Western
blot showing vimentin expression in RH4 cells transfected with siNT and vimentin siRNAs. Completed and cleaved vimentin forms are shown. Quantification of
vimentin vs β-actin expression is indicated. E) Migration assay in Boyden chambers in RH4 cells transfected with siNT and vimentin siRNAs. F) Invasion assay in
Matrigel-coated Boyden chambers in RH4 transfected with siNT and vimentin siRNAs. G) WST-1 viability assay in RH4 cells transfected with siNT and vimentin
siRNAs. In E, F and G, siNT was set as reference. Data are presented as mean ± SD from at least three different experiments. Statistical significance was achieved by
the Student's t-test, *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001.
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silenced in the different RH28 knock-in models (LOXL2 wt, oxmut and
secmut3x; Fig. S7A). After siRNA transfection against LOXL2, the in-
creased neoplastic phenotype showed partially reduced clonogenic and
viability capabilities (Fig. S7B-C) and was completely abrogated at the
control cell level (RH28/FLAG) in cell migration and invasion (Fig.
S7D-E).

3.5. Vimentin and calpain-2 are novel LOXL2 interactors: LOXL2
expression increases vimentin cleavage partially due to calpain proteases

To gain insight into the molecular mechanism of LOXL2-mediated
oncogenic progression, we attempted to identify LOXL2 potential in-
teractors. Whole cell extracts from RH28 cells overexpressing LOXL2
FLAG-tagged wt (RLwt1) or oxmut (RLoxmut12) were im-
munoprecipitated with anti-FLAG M2 affinity gel (Fig. 6A) and proteins
were identified by mass spectrometry (Supplementary Table S2).
Among the proteins found in common between both clones, LOXL2 had
the highest coverage. The specific interaction between LOXL2 and the
cytoskeleton protein vimentin was validated by pull-down anti-FLAG
(Fig. 6A) and immunoprecipitation of vimentin (Fig. 6B). Vimentin is
the major intermediate filament protein in mesenchymal cells, con-
sidered an epithelial-mesenchymal transition marker. Apart from its
role in maintaining cellular integrity and providing resistance against
stress, it is also involved in tumor progression [22]. First, we confirmed
a high vimentin expression in all RMS cells (Fig. S8A). LOXL2-vimentin
interaction was further confirmed by coimmunofluorescence in cells
transiently transfected with fluorescent LOXL2 (LOXL2mCherry; Fig.
S8B) and by vimentin immunoprecipitation in RH4 cells (Fig. S8C).
Furthermore, LOXL-2-vimentin interaction was also confirmed using a
Proximity Ligation Assay in RH4 and RH28 cells and stably transfected
RH28/FLAG and RLwt1 clones (Fig. S8D). To elucidate the role of vi-
mentin in ARMS, we transiently knocked it down in RH4 cells using two
different siRNAs (Fig. 6C–D). Transient silencing of vimentin resulted in
a significant decrease in cell migration and invasion (Fig. 6E–F).
However, in cell viability assays, a significant reduction was only ob-
tained with one of the two siRNAs used (Fig. 6G). In addition, transient
knockdown of vimentin with two specific siRNAs in the RH28 model
(Fig. S9) resulted in a significant reduction of cell migration in LOXL2-
expressing cells (Fig. S9C).

We observed increased cleavage of vimentin in RH28 LOXL2-
transfected cells (Fig. 7A). Vimentin cleavage results in the disassembly
of intermediate filaments and could be due to the presence of caspases
or calpains [23]. To elucidate which proteases were implicated, RH28
control or LOXL2 wild type transfected cells (RLwt1) were treated with
a caspase or calpain inhibitor, Z-VAD and calpeptin, respectively. The
results suggested that caspases are not implicated in increased vimentin
cleavage (Fig. S10A); instead, calpeptin partially reduced vimentin
cleavage (Fig. 7B). The inhibitory effect of both drugs was corroborated
(Fig. S10B-C). The typical ubiquitously expressed calpains are calpain-1
and calpain-2 [24]. By pull-down anti-FLAG and immunoprecipitation,
we observed an interaction between LOXL2 and calpain-2 (Fig. 7C–D),
but not with calpain-1 (Fig. S10D-E). Altogether, our results indicate
that LOXL2 expression increases vimentin cleavage, which is at least
partially dependent on calpains.

4. Discussion

The present study demonstrates for the first time the role of LOXL2
in ARMS progression and metastasis, highlighting the fact that lysyl
oxidase enzymatic activity is not necessary in these processes. Our
findings also indicate that intracellular LOXL2 presence is enough to
increase cell migration and invasion. Proteomic analysis of LOXL2
partners revealed a specific and novel interaction between LOXL2 and
the cytoskeleton intermediate filament protein vimentin. LOXL2 ex-
pression increased vimentin proteolysis, which was partially calpain-
dependent. Among the two main ubiquitous calpains, we confirmed the

Fig. 7. Calpains are partially responsible for increased cleavage of vi-
mentin in the presence of LOXL2, which interacts with calpain-2. A)
Representative Western blot showing vimentin cleavage in different RH28
LOXL2 wild type or mutant models. B) Representative Western blot showing
vimentin cleavage in RH28 LOXL2 wild type cells after treatment with calpain
inhibitor calpeptin. DMSO (vehicle) is indicated as (−). C) Representative
Western blot showing LOXL2 in immunoprecipitated samples using calpain-2
antibody and IgG anti-rabbit in samples from LOXL2-reintroduction RH28
model. Detection of the corresponding LOXL2 and calpain-2 proteins in the
input fractions is shown in the right panel. D) Representative Western blot
showing calpain-2, complete and cleaved forms, in LOXL2-reintroduced
RH28 cells after anti-FLAG pull down. Detection of the corresponding calpain-2
and LOXL2 proteins in the input fractions is shown in the right panel.
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interaction between LOXL2 and calpain-2. This increased proteolysis
has been related to increased cell motility [23]. Thus, we hypothesize
that LOXL2-vimentin interaction and the increased vimentin cleavage,
which is partially dependent on calpains, may regulate cytoskeleton
dynamics and therefore cell motility. Altogether, our findings suggest a
rationale for inhibiting intracellular LOXL2 expression to block ARMS
progression.

LOXL2 characterization in ARMS cells reveals high, though variable
LOXL2 protein levels compared to ES cells. LOXL2 is a secreted protein
that localizes in RMS cell nuclei and cytoplasm, as in multiple other cell
types and tissues [8,25]. Due to its complex function and multiple lo-
calizations, different correlations between its subcellular distribution
and its molecular function and aggressiveness have been established,
such us increased cytoplasmic/perinuclear LOXL2 localization and poor
prognosis and metastasis [26–28]. Remarkably, LOXL2 staining in tis-
sues from ARMS xenografts or RMS patients is mainly cytoplasmic. In a
TMA of RMS human samples, LOXL2 was detected in 35% of the
samples showing a tendency towards worse prognosis. In addition, it is
important to point out that TMA included different RMS subtypes.
When focusing on ARMS samples, positive LOXL2 samples reached
55%. However, lack of clinical information hampered the establishment
of a significant correlation with overall survival.

Apart from its role in ECM stabilization, LOXL2 is involved in
multiple biological functions related to tumor progression and metas-
tasis in several tumor types. Secreted LOXL2 participates in the re-
modeling of the ECM of the tumor microenvironment, promoting tumor
progression and metastasis [12]. In addition, new intracellular func-
tions of LOXL2 have been described, such as its contribution to the
regulation of the epithelial-to-mesenchymal transition [29–31], epi-
thelial cell polarity [25], cell differentiation [26] and cell migration and
metastasis [32]. Using cellular models of gain-of-function and loss-of-
function we have demonstrated that LOXL2 affects prominently and
consistently the migration and invasion in vitro and metastasis forma-
tion in vivo. However, we did not observe a consistent effect on cell
viability, since no changes were clearly detected in vivo. Our results
were in agreement with other reports demonstrating the cell migration,
invasion and metastasis promoted by LOXL2 in other tumor entities,
without changes in tumor growth [33,34]. Furthermore, transfection of
RH28 cells with a LOXL2 catalytically inactive mutant reveals the same
competency in increasing the neoplastic phenotype compared to LOXL2
wild type. There is some controversy about the role of LOXL2's catalytic
activity. Some functions have been described to be dependent
[27,31,35] or independent [25,36,37] on its enzymatic activity. In our
model, both LOXL2 wild type and mutant reintroduction increased the
neoplastic phenotype of RH28 cells. However, the number of lung
metastases in mice injected with LOXL2 wild type cells were slightly
higher, but not significantly than LOXL2 mutant cells. Although a role
of LOXL2 catalytic activity in tumor microenvironment could not be
discarded, a larger number of mice with other clones would be needed
to show a significant difference.

LOXL2 contains three predicted N-linked glycosylation sites, two
validated by MS in Drosophila S2 transfected cells [21], and more re-
cently, all confirmed by MS in HEK transfected cells [38]. In RMS cells,
LOXL2 is N-glycosylated in all subcellular fractions and this modifica-
tion is essential for its secretion. To differentiate between LOXL2 in-
tracellular and extracellular functions, a non-secretable mutant in
RH28 cells revealed that cell migration and invasion relies on in-
tracellular LOXL2. In addition, our results underscore the importance of
the three glycans in secretion, in contrast to LOXL2 in Drosophila S2
cells, where glycans at Asn-455 and Asn-644 are each essential for
protein secretion but not at Asn-288 [21,39]. In other models, in-
tracellular LOXL2 is also sufficient to promote EMT [36,39] and in-
crease cell invasion [39].

The present report identifies vimentin as a new LOXL2 partner. RMS
cells express high vimentin levels and its expression is important for cell
migration and invasion. LOXL2 expression increases vimentin

proteolysis, at least partially due to calpains, likely calpain-2, another
new LOXL2-interactor. Multiple calpain activating mechanisms have
been described: binding to specific membrane phospholipids, interac-
tions with activating proteins, autolysis of the first prodomain, phos-
phorylation or the unbinding from the endogenous ubiquitous inhibitor
Calpastatin [40]. However, how LOXL2-calpain-2 interaction could be
affecting calpain-2 activity has not been addressed.

The role of calpains in RMS has been proposed previously, estab-
lishing a correlation between calpain expression and cell migratory
capacities of RMS cells [41]. In addition, calpain inhibition reduces
RMS cell migration and invasion, disturbing actin cytoskeleton orga-
nization [41]. Calpains have been related to tumor progression in dif-
ferent tumors and they have an important role in the proteolysis and
regulation of cytoskeleton proteins and, therefore, cell motility
[42–44]. The relevance of calpain-2 should be confirmed and the role of
other members of the family cannot be discarded, though here we have
focused on the two calpains that have been more extensively studied
and are constitutively expressed [24]. An increase in vimentin proteo-
lysis results in a pool of vimentin fragments that have been correlated to
angiogenesis [23] and cell migration and invasion [23,45]. Thus, we
hypothesize that LOXL2 increases calpain activity that in turns pro-
motes vimentin proteolysis, which allows an increase in cell motility.

Preliminary data suggests that LOXL2 might be inducing the stem
phenotype through activation of the MAPK signaling (data not shown).
The exact mechanisms involved in the induction of this putative stem
phenotype and its relationship with metastasis will be further explored.
We conclude a pro-oncogenic and pro-metastatic role of LOXL2 in
ARMS. Therefore, targeting LOXL2-expressing cells may be a new anti-
metastatic therapy in ARMS patients, for whom survival decreases
drastically with metastatic disease. Until now, the use of LOXL2 in-
hibitors such as monoclonal antibodies or chemical inhibitors
[27,46–48] against the enzymatic activity have not attained expected
results [14]. The present analysis of LOXL2 enzymatic function and
intracellular LOXL2 role highlights the need for developing specific
intracellular inhibitors not focused on the enzymatic activity, such as
small molecular inhibitors, since they are likely to have great ther-
apeutic value.
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