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ABSTRACT 

Melanoma, displaying a high mortality rate and an increasing incidence worldwide is considered the 

most aggressive forms of skin cancer. Several therapies have been approved during the last few years 

including target and immunotherapy but unfortunately, all strategies failed for the resistance acquired 

by tumor cells or for the severe side effects. In this context new therapeutical strategies urge to be 

discovered and the cytotoxic onconase (ONC), an RNase variant deriving from Rana pipiens’ 

oocytes, may become a valid choice. This ribonuclease shows remarkable activity against different 

types of cancer in patients, reaching phase II and phase III clinical trials for non-small cell lung cancer 

and for malignant mesothelioma, respectively. Unfortunately, nowadays the most important limit for 

a therapeutic application of ONC is its renal toxicity even if reversible. Oligomeric species of this 

enzyme can be generated to overcome this problem, since enlarging ONC moiety dimension through 

dimerization should limit glomerular filtration and increase its circulating half-life. Interestingly, the 

dimeric form of ONC (ONC-D) displays an enzymatic activity similar to that of ONC.  

In this thesis, different human cancer cell lines were incubated with increasing concentrations of ONC 

and ONC-D with the aim of comparing their biological activities. Besides two human cell lines from 

melanoma (A375 and MeWo), glioblastoma cell line (U251) and hepatocellular carcinoma cell line 

(HepG2) were also tested. In all cell lines, ONC-D exhibits slightly lower cytotoxic and cytostatic 

effects compared to the monomer. Therefore, the molecular mechanism of ONC and ONC-D 

antitumor activity has been deeply investigated in A375 and MeWo melanoma cells. Indeed, both 

ONC species demonstrated to inhibit the phosphorylation level of the proto-oncogene tyrosine-kinase 

Src (Src). Importantly, a strong inhibition of Tyr705 phosphorylation of the Signal Transducer and 

Activator of Transcription 3 (STAT3) was also registered with both ONC and ONC-D. This event 

could depend on the reduced Src activity because STAT3 is a target substrate of Src kinase. In 

addition, both Ser727 phosphorylation of STAT3 and the STAT3 total protein expression level were 

decreased. This suggests a complete downregulation of STAT3 transcriptional activity, which is 

highly activated in cancer, thus partially explaining the antitumor action of both ONC species. 

Moreover, the number of apoptotic cells increased after ONC and ONC-D treatments. This result 

correlates with the lower expression level of the anti-apoptotic B cell lymphoma 2 (Bcl2) protein that 

is upregulated by STAT3. 

Even if non-coding RNA species seem to be the preferential targets of ONC ribonucleolytic activity, 

the target specificity of this enzyme is still unclear. So, in this thesis we investigated the ONC ability 

to modulate the expression of several microRNAs (miRNAs) in the A375 and FO1 BRAF-mutated 

melanoma cell lines. RT-PCR, used to measure the expression levels of miRNAs, revealed that the 
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onco-suppressors miR-20a-3p, miR-29a-3p and miR-34a-5p were highly expressed in 48-h ONC-

treated A375 cells. Moreover, immunoblots were carried out to study the expression level of some 

proteins that are codified by target genes of such overexpressed miRNAs.  

Here it was also confirmed that ONC inhibits A375 cell proliferation, and its cytostatic effect was 

mechanistically explained by the sharp inhibition of proteins involved in cell cycle progression such 

as cyclins D1 and A2, as well as retinoblastoma protein and cyclin-dependent kinase 2. In addition, 

the expression of kinases ERK1/2 and Akt and of the hypoxia inducible factor-1α, proteins controlling 

pro-survival pathways, was inhibited by ONC. Finally, many crucial proteins involved in cell 

metabolism, migration, invasion, and metastatic potential were downregulated, as well. Since all 

mRNAs coding these proteins are predicted or validated targets of miR-20a-3p, miR-29a-3p and/or 

miR-34a-5p which are upregulated by ONC, we suggest that ONC anti-proliferative and anti-

metastatic activities in A375 melanoma cells might depend on the upregulation of these onco-

suppressor miRNAs.  

In conclusion, the results obtained strongly suggest that ONC displays a pleiotropic anti-tumor effect 

against different human melanoma cell lines. Again, the possible oligomerization of this enzyme 

could break down the limit for ONC therapeutic application. 
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1. INTRODUCTION 

 

1.1 Melanoma  

 
Among skin cancers, melanoma is associated with the highest mortality rate as it is the most 

aggressive one1. It arises from the neoplastic transformation of melanocytes, the pigmented cells that 

are present in epidermis, eyes, and in the epithelium of nasal cavity, anus, vagina, and urinary tract. 

Under normal conditions, melanocytes produce melanin in response to solar ultraviolet radiation 

(UV) for skin protection. Conversely, the UV radiation, together with environmental exposure to 

toxic agents and the presence of genetic predisposition, are the main risk factors related to the onset 

of melanoma. In particular, fair skin individuals display a higher risk for melanoma because their 

epidermis presents lower amounts of melanin and consequently a higher quantity of UV radiation can 

penetrate, leading to sun-induced DNA damages. So, the melanocytes of people with fair skin 

phenotype are more prone to neoplastic transformation 2. Concerning genetic alterations only 10% of 

melanomas are hereditary due to a mutation in the cyclin-dependent kinase inhibitor 2A/P16 

(CDKN2A/P16), a tumor suppressor protein that plays an important role in cell cycle regulation. 

Moreover, in dysplastic nevi a large number of cells have been found to display driver mutations, in 

particular gain of function mutations that activate the mitogen-activated protein kinase (MAPK) 

pathway. Indeed, more than 50% of melanomas display mutations in the kinase domain of the BRAF 

oncogenic protein that lead to the constitutive activation of BRAF kinase, independently to the 

presence of extracellular stimuli and cause the over activation of the downstream MAPK/ERK 

pathway involved in cell proliferation and survival3,4. In 90% of epidemiological cases the 

aforementioned mutation is a substitution of the valine in the aminoacidic position 600 with a 

glutamic acid (BRAF V600E)5. The current World Health Organization (WHO) classification for 

melanoma subtypes is still based on the one proposed in the seventies by Clark6. By looking at the 

microscopic growth patterns in association with the age of the patient and the anatomic site of the 

primary tumour, Clark and colleagues distinguish four main types of melanoma: superficial spreading 

melanoma (SSM), lentigo maligna melanoma (LMM), nodular melanoma (NM), and acral 

lentiginous melanoma (ALM)7. Moreover, even if melanoma is still an unpredictable disease, its 

progression can be described by the same model (Figure 1). According to Clark, melanoma arises 

from the controlled proliferation of normal melanocytes that produce an initial lesion called benign 

nevus. If the melanocytes in a pre-existing nevus undergo abnormal growth, the initial lesion turns 

into pre-malignant lesion. Eventually melanocytes can proliferate horizontally in the epidermis (radial 

growth) giving rise to melanoma in situ. Once vertical growth begins the mesenchyme is invaded and 
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later malignant melanocytes can spread to lymph nodes, blood vessels and other organs (metastatic 

melanoma). More recently a new classification has been proposed by Bastian in the attempt to 

integrate clinic-pathological features with genetic alterations such as mutations in BRAF, NRAS and 

KIT genes8. Malignant melanoma is an important socio-economic problem considering that its 

incidence is constantly increasing worldwide: starting from 1960s, melanoma has become one of the 

most frequent cancers in fair-skinned individuals belonging to Caucasian population9. Notably, 

melanoma is now the fifth most common cancer in men and the sixth in women in the United States 

where the incidence has increased by 270% from 1973 to 2002. Melanoma, contrary to other cancer 

types, affects young and middle-aged population. The incidence is also sex-related, according to 

Markovic et al.10: women up to 40-year-old have a higher probability to develop melanoma than men 

of the same age, but then the situation completely changes as the probability becomes 3-times higher 

for men compared to women 10,11. Prevention and therefore early detection of this malignancy is the 

key factor for a lower mortality as the poor prognosis is directly proportionate to the neoplastic stage 

at diagnosis. To support this concept, the drastic reduction in dermatological treatments during 

lockdown caused by 2019 coronavirus pandemic (COVID-19)12, lead to fewer early recognition of 

new melanoma in 2020 in comparison to 2018-201913 and consequently resulted in increased 

morbidity and mortality worldwide14. Indeed, the cutaneous melanoma location is an advantage in 

cure compared to other cancers because early detection is possible through non-invasive 

approaches15. The European Society for Medical Oncology clinical practice guidelines for cutaneous 

melanoma highlight the importance of a detailed diagnosis (tumor location, stage, and genetic profile) 

for a proper therapy choice. The therapeutic options approved by the US Food and Drug 

Administration (FDA) and the European Medicines Agency (EMA) may be surgical resection, 

chemotherapy, radiotherapy, photodynamic therapy, immunotherapy, or targeted therapy16. 

Unfortunately, the invasion capability, the resistance to radiotherapy or chemotherapy and the adverse 

events (Aes) related to immune reactions are at the bases of its elevated mortality17–19.  
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           Figure 1. Schematic representation of melanoma progression according to the Clark’s model20. 
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1.2 Melanoma therapies 

 
Surgery, radiotherapy, immunotherapy, targeted therapy, and chemotherapy are some of the 

treatments currently used in clinic for melanoma. After surgical removal of the primary melanoma, 

radiotherapy and/or chemotherapy may be used when cancer has an extensive spread to the lymph 

nodes or skin. Concerning immunotherapy, that was initially employed for melanoma treatment, 

interferon and interleukin cytokines, such as IFN-α and IL-2, which had already been approved by 

the FDA for a long time, were administered21. Unlikely, this approach did not show notable benefits 

for patients, due to the severe side effects such as capillary leak syndrome and to the low percentage 

(10%) of people experiencing a complete response22–24. 

More recently, immune checkpoint inhibitors have been used. They belong to a new class of cancer 

therapeutics that have the physiological purpose to regulate the activation of T cells25. Among them, 

the cytotoxic-T lymphocytes antigen 4 (CTLA-4) and the programmed cell death protein 1 (PD-1) 

are the most studied targets25.However, better results were obtained combining ipilimumab and 

nivolumab (inhibitors of CTLA-4 and PD-1, respectively) in comparison to each drug administered 

alone. In particular, the combined treatment can reduce the size of the tumor and delay its growth, 

even if its causes far more side effects. 

Targeted therapies: the proto-oncogene B-Raf (BRAF) and mitogen-activated kinase kinase (MEK) 

inhibitors revolutionized melanoma treatment in 2011, when these therapies were approved by FDA. 

Since BRAF is the most frequently mutated oncogene in melanoma, its inhibitors, such as dabrafenib 

and vemurafenib, have shown promising results in several clinical trials. Additionally, trametinib 

represents the first drug of the class of MEK inhibitors, to be approved by FDA as a single agent. A 

translational investigation led to the evidence of a possible synergistic relationship between MEK and 

BRAF inhibitors. In fact, many combinatorial approaches of these two types of inhibitors have shown 

very promising results, although presenting many side effects26. 

Dacarbazine (dimethyltriazeno-imidazol carboxamide) and temozolomide are the gold standard for 

melanoma chemotherapy. Dacarbazine (DTIC), approved by the FDA in 1975, is an alkylating agent. 

Similarly, to other chemotherapeutic drugs, it is not highly selective for cancer cells over healthy 

cells, and a high number of clinical trials have reported a modest anti-tumor efficacy. Nevertheless, 

dacarbazine remains one of the first-line treatments for metastatic melanoma27. Temozolomide 

displays the same molecular mechanisms of DTIC, but differently to DTIC, it can pass the brain blood 

barrier, reaching the central nervous system, one of the most common sites of melanoma metastasis28. 

The therapeutic strategies for melanoma have evolved significantly over the last decade shifting from 

cytotoxic chemotherapies like dacarbazine to targeted- and immune-therapies including immune 
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checkpoint inhibitors. These new drugs have extended the life of melanoma patients with an advanced 

disease. Nevertheless, a very effective and resolutory therapy is still not known so far because, 

unfortunately, tumor-resistance appears very fast after each treatment. For instance, the acquired 

resistance to BRAF inhibitors, commonly administered to BRAF-mutated melanoma patients, could 

be due to the re-activation of extracellular-signal regulated kinases (ERK)-1/2 by alternative 

pathways or to the induction of other pro-survival kinases, as phosphoinositide-3-kinase (PI3K) and 

protein kinase B (AKT)29. So, it is necessary to find new effective therapeutic tools. 
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1.3 Cancer Cell Death 

 

Whenever a loss of balance between cell division and cell death is present, cancer may arise30. 

Similarly to normal cells, cancer cells may undergo either programmed cell death (apoptosis, 

autophagy, ferroptosis, necroptosis, pyroptosis) or necrosis. Interestingly, as they are tightly regulated 

some of these programmed cell deaths can be modulated by drug therapy31. As it has already been 

demonstrated ONC is able to trigger apoptosis in A375 melanoma parental cells as well as in A375 

dabrafenib resistant cell subtype32, we further investigated if apoptosis was triggered in other 

melanoma cells treated not only with ONC but also with its dimer or trimer.  

Unlike necrosis, apoptosis is an active process that may occur both in physiological and pathological 

conditions. Apoptosis is a very complex process that, under physiological conditions, occurs once 

DNA damage is not repairable by the cell. During apoptosis, a family of cysteine-aspartate proteases, 

known as caspases, are activated by cleaving in response to stimuli33. In turn, caspases cleave a wide 

range of substrates, such as other downstream caspases and enzymes including Poly (ADP ribose) 

Polymerase 1 (PARP1). The latter is a 116 kDa, highly conserved poly-(ADP-ribosylating) enzyme. 

PARP1 is a DNA nick sensor that uses NAD+ to form polymers of ADP-ribose to facilitate DNA 

repair. During apoptosis PARP1 on one hand is induced to synthesize poly (ADP ribose) and on the 

other hand is cleaved by activated caspases34. PARP1 is cleaved in vivo by active caspase-3 and active 

caspase-7, preferentially in correspondence of the DEVD motif. After cleavage, an 89 kDa fragment 

containing the catalytic domain and a 24 kDa fragment containing the DNA binding domain are 

generated35. It is important to point out that the exact cellular function of the cleaved products has not 

been yet clearly understood. However, PARP1 cleavage may prevent DNA repair and block energy 

depletion-induced necrosis in order to promote apoptosis34. Thus, it can be used as cellular 

biochemical marker for apoptosis together with activated caspases. PARP1 can also be considered a 

sensor of DNA damage and for this reason several studies have aimed to understand the PARP1-

mediated NF-κB (nuclear factor-kappa B) activation. The pleiotropic function of NF-κB in melanoma 

lead to the development of several drugs that specifically target NF-κB36. In particular, this 

transcription factor induces many anti-apoptotic genes, such as Bcl-XL and the inhibitor-of-apoptosis 

protein 1 and 2. An interesting study demonstrated the link between PARP1 and NF-κB. As show in 

figure 2, once PARP1 recognize a DNA strand break its autoribosylation takes place and a complex 

containing IKKγ (IkB kinase γ), PIASγ (Protein Inhibitor of Activated STAT-γ) and ATM (Ataxia, 

Telangiectasia Mutated) proteins is formed. This complex is then able to activate IKKs and NF-κB37. 

Considering that the evasion from the apoptotic cell death is essential for tumor progression and 

uncontrolled proliferation, the majority of drugs used in melanoma therapy are pro-apoptotic drugs, 

such as cisplatin that is an activator of the apoptotic mitochondrial pathway38. Indeed, cell apoptosis 
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induction helps to reduce the tumor metastatic potential. Subsequently the Signal Transducer and 

Activator of Transcription 3 (STAT3) will be described as it can hamper apoptosis by inducing the 

expression of the anti-apoptotic protein Bcl2 39.   

 

 

 

 

 

 

    Figure 2. Schematic representation of the link between PARP1 and NF-kB40. 
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1.4 STAT-3 signalling pathway in cancer 

Signal Transducer and Activator of Transcription 3 (STAT3) is a transcription factor that mediates 

many extracellular signals, usually generated by the ligand binding to each cell surface receptor, and 

the transmission of these signals to the nucleus. Several studies strongly suggested that the 

constitutive activation of STAT3 is a common feature in human tumor cells. In fact, aberrant STAT3 

activation signalling promotes initiation and progression of human cancers by inhibiting apoptosis, 

inducing cell proliferation, and activating angiogenesis, invasion, and metastasis. On the contrary, 

suppression of STAT3 activation results in apoptosis induction. For this reason, STAT3 is an 

important target in cancer therapy41. STAT3 can be activated by more than 40 different polypeptide 

ligands including many cytokines, growth factors, oncogenic proteins, as well as by numerous 

carcinogens. In normal cells, this signalling is highly regulated and the process is transient. The 

STAT3 is activated through the phosphorylation of its Tyr705 residue by several tyrosine kinase 

belonging to the Janus kinases (JAK) and Src kinases families. Therefore, Tyr705 phosphorylation 

converts STAT3 from an inactive form to an active form, allowing its dimerization, nuclear 

translocation and binding to the specific promoter sequences on its target genes 42. Additionally, 

STAT3 transcriptional activity is further enhanced by Ser727 phosphorylation carried out by the 

Mitogen-Activated Protein-Kinases (MAPKs), the most important of which are ERK1/2. 
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1.5 ERK/MAPK signalling pathway and HIF-1α  

The mitogen-activated protein kinase/extracellular signal-regulated kinase pathway (MAPK/ERK) 

plays a critical role in the regulation of several fundamental cellular processes such as cell 

proliferation, differentiation, and cellular response to different extrinsic stresses43. The ERK cascade 

is one of four distinctive MAPK pathways, together with c-Jun N-terminal kinase (JNK), p38 and 

bone marrow tyrosine kinase BMK cascades44. When a ligand binds to a transmembrane protein 

receptor tyrosine kinase (RKT), the pathway is activated45. Specifically, the ERK/MAPK cascade 

starts when the activation of small G proteins, such as Ras, transmit the signal from the cell membrane 

to Raf kinases which activates MAP3K also known as MEK, one of the possible kinases that 

phosphorylates ERK1/246. ERK proteins can transmit different and sometimes conflicting signals in 

the same cells. The resulting signalling cascade culminates in the translocation of ERK into the 

nucleus, where ERK activates transcription factors driving gene expression45 (Figure 3). In particular, 

in BRAF-mutated cells, such as A375 or FO1 melanoma cells, MAPK/ERK pathway activation can 

promote hypoxia inducible factor-1 alpha (HIF1-α) expression47. Together with the mammalian 

phosphoinositide 3-kinase/protein kinase B/rapamycin target (PI3K/Akt/mTOR) pathway, HIF-1α is 

a crucial regulator of tumor cell proliferation and glycolytic metabolism48. Considering that the 

activation of the MAPK/ERK pathway leads to sustained proliferation of tumor cells49, blood supply 

may be insufficient, resulting in oxygen tension reduction below physiological levels. Hypoxic areas 

are common features of rapidly growing malignant tumors and their metastases and HIF-1 

transcription factor complex, consisting of both HIF-1α and HIF-1β, is a major mediator of cellular 

responses to hypoxia50. HIF-1α is the oxygen-regulated subunit since its expression is stabilized under 

hypoxia51. Under normoxic conditions, hydroxylation of proline residues within the oxygen-

dependent regulatory domain of the HIF-1α subunit facilitates binding of the von Hippel-Lindau 

protein, which in turn enables the HIF-1α ubiquitination and subsequently the transport in the 

proteasome for its degradation52. 

Under O2 limiting conditions, proline hydroxylation is inhibited, thereby HIF-1α is stabilized, and 

can translocate to the nucleus and bind to the constitutively expressed HIF-1β subunit, forming the 

active HIF-1 complex53. HIF-1 activates a multitude of O2-reactive genes, such as vascular 

endothelial growth factor (VEGF) and erythropoietin, which are involved in various normal cellular 

functions such as survival, apoptosis, glucose metabolism and angiogenesis54,55. The expression of 

HIF-1α is regulated by the MAPK/ERK and Akt/PI3K pathways50. Ras oncogene has been shown to 

regulate HIF-1α expression via the RAF/MEK/ERK pathway56. Under normoxic conditions, the 

activity of oxidative phosphorylation (OXPHOS) usually depends on NADH and FADH2 produced 

in the citrate cycle57. The oxidative decarboxylation of pyruvate to acetyl-CoA, CO2 and NADH 
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catalyzed by pyruvate dehydrogenase complex (PDC)57 links glycolysis in the cytosol to the citrate 

cycle in the mitochondria. The aberrant expression of HIF-1α affects the disconnection of OXPHOS 

from energy generation and cells preferentially use glycolysis for fuel. Tumor cells of malignant 

melanoma can lead to metabolic reprogramming 58 and overexpress HIF-1α in an attempt of de novo 

vascularization (by VEGF upregulation) and to compensate O2 deficiency59. 

 

 

 

 

Figure 3. A model of the MAPK / ERK pathway. 

After activation of the membrane receptor, the adapter proteins recruit RAS proteins to activate steps that 

lead to ERK activation. Subsequent phosphorylation steps amplify the signal, Raf → MEK → ERK, until 

ERK activates its cytoplasmic and / or nuclear targets. The PI3K-AKT pathway interacts with the MAPK / 

ERK node under normal conditions and in the cancer cells60. 

 

 

 

 

 



18 
 

1.6 Cell cycle regulation 
 

Cell cycle is a tightly regulated process. Such regulation relies on the activity of cyclins and cyclin-

dependent kinases (CDKs), which form complexes and catalyse the progression through cell cycle61. 

Cell cycle can be divided into two main phases, mitosis (M), or duplication phase and interphase. The 

interphase includes 3 subphases (G1, S, G2), during which cells replicate their molecular 

constituents62. Eventually, G0 phase may take place if cells result to be quiescent i.e., they do not 

divide or do not prepare to divide63. As shown in figure 4, CDKs, are key factors in cell cycle 

regulation even if they are only transiently activated64. Once activated by cyclins, CDKs 

phosphorylate specific substrates that drive cell cycle and cell division events through the 

“checkpoints”: before moving onto the next phase each previous process must be completed62. If the 

process is found to be incomplete or damaged at these checkpoints, the regulatory activity of cyclin-

CDK is blocked to solve these problems62,65. For instance, the detection of DNA damage signals 

immediately leads to the inhibition of these CDKs inducing cell cycle arrest. CDK4, CDK6, CDK2 

and CDK1, are the main CDKs sequentially involved in the progression of interphase, regulating the 

output and the entry of cell into the subphases66. 

  

 

 

Figure 4. The role of CDKs in the cell cycle cascade. 

CDKs bind to specialized cyclins to form active complexes that guide the progression of the cell cycle phase 

and the transition to subsequent phases. Growth and mitogen signals induce cyclin D and activate CDK4, 

thereby inactivating Rb and releasing E2F to trigger the progression to G1 phase67. 
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During G1 phase, cyclin D increases in response to growth/mitogenic stimuli and complexes with 

CDK4/6. The CDK4/6-cyclin D complex phosphorylates the retinoblastoma sensitive protein (Rb), 

causing the dissociation of the transcription activator E2F from Rb68. Thus, activated E2F promotes 

cell cycle progression by mediating the transcription of cyclins E and A and other proteins, including 

ribonucleotide reductase (RNR), thymidylate synthase, dihydrofolate reductase and DNA 

polymerase, which are required for the subsequent DNA synthesis67. Thereafter, cyclin E binds to 

CDK2 to form the CDK2-cyclin E complex, which can initiate S phase. When cyclin A replaces 

cyclin E forming the CDK2-cyclin A complex, S phase progression is promoted. During the G2 

phase, CDK1 replaces CDK2 to form the CDK1-cyclin A complex. Cdc25C is responsible for the 

dephosphorylation and activation of CDK1-cyclin A to facilitate the progression along the G2 

phase67. The aforementioned Rb, when hypophosphorylated is considered to be a tumor suppressor 

controlling the G1 restriction checkpoint66. Conversely, the hyperphosphorylation of Rb (pRb) allows 

E2F release, which promotes the cells through the cycle69. 
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1.7 Pro-metastatic proteins 

Metastasis is a process regulated by several signalling pathways and modulated by the surrounding 

extracellular matrix. Local invasion, intravasation, survival in circulation, extravasation, and 

colonization are the stages that tumor cells undergo to spread from the primary tumor to distant organs 

through blood and lymphatic vessels70. 

Epithelial-mesenchymal transition (EMT) is a process that allows polarized epithelial cells to acquire 

a mesenchymal phenotype, enhancing their migratory and invasive capabilities71. EMT turns plays a 

crucial role in promoting tumor progression and metastasis72. Cadherins are proteins involved in cell 

adhesion, in the control of cell morphology, motility and intracellular signalling events73. A low 

expression of E-cadherin is at the basis of the EMT activation74,75 and in this way the cell-cell contact 

turns to be based on N-cadherin76. 

A protein that binds to the cadherin/catenin complex is zonula occludens (ZO) protein-177. ZO1 is a 

membrane-associated component of tight, adherent junctions found at cell-cell contact sites. ZO-1 

was first described as a component of tight epithelial junctions together with claudins and 

occludins78,79. It is found in normal human skin where it is expressed mainly in the granular  

and in the transition layers of the epidermis and in the upper part of the spinous layer, as well as in 

the endothelial cells of the blood vessels of the dermis. In the granular layer and endothelium, ZO-1 

is probably involved in the formation of tight junctions80–82. Instead, in malignant melanoma the 

upregulation of ZO-1 is associated with a more aggressive phenotype since it co-localizes and 

interacts with N-cadherin contributing to cell invasion and adhesion83. 

SIRT1 is a nicotinamide adenine dinucleotide (NAD+ Protein Deacetylase) -dependent, belonging to 

the mammalian sirtuins family. SIRT1 is involved in many physiological processes, including cellular 

metabolism, senescence, and stress responses84,85. Over the past decades, several studies have shown 

that SIRT1 is involved in the initiation and progression of various cancers by altering cellular 

processes, such as cell proliferation, apoptosis, invasion, and metastasis86–88. However, the molecular 

mechanism of SIRT1 in melanoma progression and metastases remains poorly investigated. Only 

recently, Sun et al. reported that SIRT1 induces the EMT by accelerating the degradation of E-

cadherin through autophagy, facilitating melanoma metastasis89 (Figure 5).  

SOX2 is a key regulatory gene that encodes for a transcription factor important in embryonic stem 

cell pluripotency90,91. Since its initial characterization in embryogenesis and development, SOX2 

expression has been found in poorly differentiated neoplasms affecting a variety of organs92,93. It has 

recently been found that SOX2 is preferentially expressed in human primary and metastatic 

melanoma compared to non-malignant nevi94. Furthermore, in melanoma specimens SOX2 
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immunopositivity was related to dermal invasion, as assessed by the correlation with increased tumor 

thickness, a marker of poor prognosis94. 

The hepatocyte growth factor/scattering factor tyrosine kinase receptor c-Met plays a crucial role in 

the development of the invasive phenotype of neoplastic cells, thus representing an attractive 

candidate for targeted therapy in a variety of malignant tumors, including melanoma95. In fact, c-Met 

is a cell surface tyrosine-kinase receptor constitutively active in melanoma cells95,96. C-Met 

expression level was investigated together with the expression of the tyrosine-protein kinase receptor 

UFO (AXL), an oncoprotein involved in metastasis and resistance to various anti-cancer drugs97, as 

well as the expression of Fos-related antigen 1 (Fra1) protein belonging to the transcription factor 

activator protein 1 (AP1) complex98. 

MAPK activation comprises the major signalling cascade that regulate differentiation-associated gene 

expression in the epidermis99,100. The cascade consists of the already mentioned upstream regulatory 

proteins (new protein kinase C and Ras), a MAPK module (MEKK1, MEK3 and p38 δ) and 

transcription factors AP1134. The activator protein transcription factors one (AP1) is one of the most 

interesting and important regulators of the epidermis growth101. An initial stimulus causes a cascade 

of sequential phosphorylation and activation of kinases leading to an increased level of transcription 

factor AP1. The AP1 binding to its DNA response element in the target genes leads to an increase in 

transcription100,102. AP1 complex includes members of the jun (c-jun, junB, junD) and fos (c-fos, 

FosB, Fra-1, Fra-2) protein families, which form jun/jun and jun/fos homo- or hetero-dimers103,104. 

AP1 proteins control keratinocyte proliferation105,106, differentiation107 and apoptosis108 and are 

important in tumor progression132,133,142. Fos-like antigen-1 (Fra1) is frequently overexpressed in 

epithelial tumors where it can regulate the expression of several target genes109–111. Regulation of 

Fra1 occurs at both transcriptional and post-translational level98. Fra1 can affect many biological 

functions, such as tumor proliferation, differentiation, invasion, and apoptosis. Fra1 is overexpressed 

in breast, lung, colorectal, prostate, nasopharynx, thyroid, and other cancers including melanoma111–

113.  

 

 

 

 

 

Figure 5. Schematic diagram of the mechanism of SIRT1-mediated autophagic degradation of E-cadherin 

stimulating EMT in melanoma cells89. 
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1.8 Onconase 

Onconase (ONC), also known as Ranpirnase or P30 protein, is a 12 kDa highly basic protein (pI 9.7) 

extracted from oocytes and early embryos of Rana pipiens. It is a monomeric member of the secretory 

pancreatic type ribonuclease A superfamily 114. The ONC physiological functions have not been 

investigated. Perhaps, we suggest it can protect frog oocytes and embryos by the exogenous RNAs 

since ONC has been reported to be active against many pathogens. In contrast to its supposed 

protective effects in the extracellular fluids, it is well known that ONC becomes very dangerous if 

enters the cells where it is able to degrade intracellular RNAs. Thus, it is not surprising that this 

enzyme has shown antitumor properties against different types of cancer for which it reached phase 

II clinical trial for non-small cell lung cancer and phase III for malignant mesothelioma115. Thanks to 

its basic charge, it is better internalized in cancer cells which display more negatively charged residues 

on their plasma membranes than normal ones. Indeed, the presence of sulphate, phosphate and 

carboxylate groups of carbohydrates and lipids of the cancer cell membrane favours the establishment 

of Coulomb interactions with ONC116. Thus, ONC affects more selectively cancer cells than normal 

ones. It has been demonstrated how ONC enters the cells through AP-2/clathrin-mediated endocytosis 

to be routed to the receptor recycling compartment. Once in the early endosome, ONC neutralises the 

low endosomal pH so that an efficient translocation to the cytosol takes place117. 

As the other members of RNase family, it hydrolyses the phosphodiester bonds present in RNAs. 

However, the specificity of action against the different RNA types and the molecular mechanism 

involved in ONC-mediated cytotoxicity is still debated. It has been hypothesized that ONC, once in 

the cytosol, degrades tRNA leading to protein synthesis inhibition and therefore apoptosis 

induction118, although other Authors reported that ONC antitumor activity is not ascribable to a 

generalized protein synthesis inhibition119 (Figure 6). Moreover, Saxena et al. demonstrated that ONC 

selectively cleaves tRNA leading to an increased level of both tRNA turnover and synthesis120. More 

recently it has been discovered that, not only tRNAs, but also miRNA precursors are targets of ONC, 

some of which are known to induce resistance to PARP inhibitors, a class of molecules used in clinic 

to counteract several tumors including melanoma121. Furthermore, ONC displays other interesting 

properties, such as its extraordinary conformational stability (Tm = 87°C), and its resistance to 

proteases. The major contribute to its cytotoxicity is the ability to evade the endogenous ribonuclease 

inhibitor 121. In fact, the cellular negatively charged RNase Inhibitor (RI), present either in the cytosol 

and in the nucleus of eukaryotic cells, usually acts as a barrier for other RNases, such as RNase A, 

RNase 1 and angiogenin (ANG), forming very tight complexes in order to hinder their enzymatic 

activity 122,123. Notably, the Kd values of such interactions are comprised between the pico- and the 

femto-molar range124. Contrarily, amphibian ONC can evade RI as it lacks many of the flexible 
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regions and loops containing the key residues responsible for the RNase-RI interaction125,126. In fact, 

the Kd of ONC-RI complex is measurable only at salt concentrations lower than the physiological 

ones127, and for this reason the intracellular ribonucleolytic activity of ONC is not affected or only 

partially reduced in the presence of RI. 

 

ONC displays, both in vivo and in vitro, a synergic effect with several anti-cancer drugs, such as 

tamoxifen, cisplatin, vincristine, lovastatin128 and doxorubicin129. In addition, it was recently 

demonstrated that A375 melanoma cell line treated for long time with the PARP inhibitor AZD2461 

were more susceptible than the parental cells to ONC treatment suggesting that ONC can be an 

important tool to counteract melanoma following a previous chemotherapeutic treatment130. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. Schematic representation of intracellular routing of ONC. 

Cytotoxicity of ONC is linked to its internalization in cancer cells and degradation of 

different types of RNA (miRNA, tRNA). It leads to inhibition of protein synthesis, cell 

cycle arrest, and/or apoptosis (programmed cell death). 
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1.9 Onconase oligomerization 

The ONC small dimension allows its glomerular filtration and renal accumulation, so that the limit 

for ONC therapeutic use is its reversible nephrotoxicity131. The enlargement of ONC moiety 

dimension could help to limit its renal uptake and may represent a promising strategy to reduce side 

effects and increase the lifetime of the enzyme in the blood. It is known that some pt-RNases, such 

as RNase A and the natively dimeric bovine seminal ribonuclease (BS-RNase), can oligomerize 132,133 

through the three dimensional domain swapping (3D-DS) mechanism134 when they are lyophilized 

from 30-50% acetic acid (Hac) solutions135 or after thermal incubation in various solvents, such as 

40% aqueous ethanol (EtOH)136. These enzymes can be assembled in non-covalently linked dimers, 

trimers, and oligomers124,137–139 by swapping both their N- and C-termini, so they can shape in 

different dimeric and multimeric RNase conformers 132,133,133,136,140,141. Moreover, it had already been 

reported that RNase A oligomers display a cytostatic effect in acute myeloid leukemia cell lines and 

reduce tumor growth derived from human melanoma cells transplantation in nude mice 142. Also ONC 

can form one dimer (ONC-D) through the same 3D-DS mechanism 143, and reconstitutes its active 

site and function upon dimerization143 (Figure 7). Certainly, ONC can self-associate only through the 

swapping of its N-termini because the C-terminus is blocked by a disulfide involving Cys87 and the 

C-terminal residue Cys104. This constraint reduces its oligomerization tendency144, but provides an 

increased enzyme stability145. Surprisingly, the recently resolved crystal structure of ONC-D has 

shown to be structurally quite different from the model that was previously proposed, although it was 

confirmed that it is N-swapped. Finally, it must be recalled that the ribonucleolytic activity of ONC 

is definitely lower that of RNase A, but it is necessary for its antitumor effect146.  

 

 

 

 

 

 

 

Figure 7. Structures and crystallographic structure. A) Amphibian onconase (ONC); B) Onconase dimer 

(ONC-D) crystallographic structure 147. 
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1.10 Micro RNAs 

Micro RNA (miRNAs) are small non-coding RNAs (ncRNAs), about 20-24 nucleotides long, with 

regulatory functions. They were found for the first time in nematodes, and later observed also in other 

animals, plants and viruses148. MiRNAs are essential for mRNAs post-transcriptional regulation and 

they are implicated in many cellular processes and in protein expression as they control mRNAs 

degradation and/or translational repression of their target genes149. It must be pointed out that one 

single miRNA can bind to different targets thus affecting the expression of more than one protein but 

also a single mRNA may be the target of many different miRNAs150. Not surprisingly, miRNA 

dysregulation is linked to different human pathologies including cancer151. In fact, cumulative 

evidence showed that miRNAs are abnormally expressed in different tumor types. Thus, miRNAs 

displaying only inhibitory actions, may exhibit either tumor-suppressive or tumor-promotive effects 

depending on the function of their target genes. In cancer, miRNAs targeting tumor-suppressor genes 

are usually upregulated, in this way eliciting lower expression of such tumor-suppressors. At the same 

time, miRNAs that target oncogenes are downregulated, leading to an increase of oncogene 

expression and supporting malignant progression. 

In order to become functional, miRNAs must undergo a complex maturation process consisting of 

two endonucleolytic cleavages carried out by multiprotein complexes. Such complexes, comprising 

RNase III enzymes Drosha in the nucleus and Dicer in the cytoplasm, are responsible for turning the 

primary miRNAs (pri-miRNAs) into precursor miRNAs (pre-miRNAs) first and subsequently into 

mature miRNAs150,151. Their biogenesis process is highly regulated and relies on the coordinated 

action of coactivator and corepressor RNA-binding proteins150. In addition, miRNAs expression is 

influenced by any change that may occur in the cellular environment, since a complex crosstalk 

between miRNAs and signal transduction effectors takes place in the cell, as, on one hand many 

signalling pathways regulate miRNAs biogenesis and on the other, miRNAs expression controls cell 

signalling downstream151. 

Although noncanonical binding sites exist, mature miRNAs usually bind the 3’untranslated region 

(3’UTR) of their target mRNAs to reach the inhibitory effect on translation 152.  

Considering their importance in several cellular processes, miRNAs may have a key role in the 

development of new therapeutical strategies against different cancers.  
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2. AIMS OF THE THESIS 

 

Therapy for malignant melanoma is far from being successful, therefore the main aim of this thesis 

is to find alternative therapeutical strategies to counteract melanoma progression and relapse. In this 

context, the antitumor effect of the cytotoxic ribonuclease ONC, was tested on several types of 

melanoma cell lines different for aggressiveness and/or for the presence or absence of specific 

mutations in their genome. Despite the promising in vitro results, nephrotoxicity is the main limit for 

a continuous therapeutical application of ONC in vivo. So, to decrease ONC filtration in kidneys and 

at the same time preserve its antitumor activity, enlarging the size of ONC exploiting its 

oligomerization tendency, could be a possible strategy. Therefore, in the laboratory of Professor 

Gotte, ONC-D has been produced by ONC lyophilization from 30-50% HAc solutions and its 

purification has been carried out. At the same time, ONC-D has been crystalized and its structure 

resolved for the first time in the laboratory of Professor Merlino, in Naples.  

Our aim has been the study in parallel of ONC and ONC-D antitumor activity on several human 

cancer cell lines to better understand the influence of oligomerization on the antitumor activity of this 

enzyme. Therefore, we measured: 

 

• Cell viability  

• Cell proliferation rate  

• Apoptosis 

• Anchorage-independent growth capability. 

 

Furthermore, the exploration of ONC molecular mechanism of action has been an important object 

of our study, as well. In detail both ONC species can inhibit the activation of signalling pathways 

crucial for cancer cell growth or death, such as STAT3 pathway. 

Moreover, considering its ribonucleolytic activity, it is reasonable to think that ONC anti-melanoma 

effect could regulate the stability of some ncRNA species, which usually control protein expression 

in cell. The expression level of 16 miRNAs were analysed in A375 and FO1 cell line treated with 

ONC. 

The following miRNAs were stabilized in ONC-treated samples: 

• MiR-34a-5p: a tumor suppressor with a central role in cell proliferation and apoptosis 

• MiR-20a-3p: studied in relation to malignant neoplasms in which it presents an altered 

expression 
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• MiR-29a-3p: generally considered to be a tumor suppressor miRNA 

In the end, our attention has been focused on the expression level of proteins encoded by target genes 

of these upregulated miRNAs. Our investigations aimed at finding out which key proteins among 

those related to the overexpressed miRNAs were downregulated by ONC.   
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3. MATERIALS AND METHODS 

 

3.1 Protein Production 

 
Recombinant wide type-ONC monomer, dimer and trimer were produced from E. coli and purified 

using a Superdex 75 HR 10/300 column equilibrated with 0.1M Tris-acetate, 0.3M NaCl, pH 8.4 by 

Prof. Gotte, Neuroscience, Biomedicine and Movement Sciences Department, University of Verona. 

 

 

3.2 Cell cultures and Mycoplasma detection 

 

Human melanoma A375 and FO1 (CRL-12177) cell lines as well as Hepatocellular carcinoma 

HEPG2, glioblastoma U251 and Normal human epidermal melanocytes NHEM cell lines were grown 

in high glucose Dulbecco’s modified Eagle Medium (DMEM, Gibco, BRL Invitrogen Corp., 

Carlsbad, CA, USA) supplemented with 10% heat-inactivated fetal bovine serum (FBS; Gibco, BRL 

Invitrogen Corp., Carlsbad, CA, USA), and 1% antibiotic antimycotic solution (Gibco, BRL 

Invitrogen Corp., Carlsbad, CA, USA). Instead, Metastatic melanoma MeWo cells were cultured in 

Roswell Park Memorial Institute 1640 medium (RPMI, Gibco, BRL Invitrogen Corp., Carlsbad, CA, 

USA) supplemented with 10% heat-inactivated fetal bovine serum (FBS; Gibco, BRL Invitrogen 

Corp., Carlsbad, CA, USA), and 1% antibiotic antimycotic solution (FBS; Gibco, BRL Invitrogen 

Corp., Carlsbad, CA, USA). 

All cell types were cultured at 37°C in a humidified atmosphere with 5% CO2 and were purchased 

from ATCC, Manassas, VA, USA.  

Mycoplasmas represent a large group of microorganisms that often infect cell cultures interfering 

with cell physiology and metabolism153. Considering that experiment results may be altered by 

Mycoplasma infections, all cell lines were tested once a month to detect such infection according to 

the following protocol. 

. To extract DNA, cell pellets were resuspended in 10 mM Tris-HCl, PH 8.8 and heated at 95°C for 

10 min and then at 56°C for 5 minutes. Proteinase K (20 μg/μl) was added, and the samples were 

placed again at 56 °C for 10 minutes and at 95 °C for 10 minutes. Quantification was performed using 

Nanodrop UV-vis spectrophotometer (Thermo Scientific, Milan, Italy) and Polymerase Chain 

Reaction (PCR) was carried out as reported in figure 8 using primers for specific mycoplasma 
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detection. PCR products were electrophoresed on 1% agarose gel at 100 V and the signal was detected 

by ChemiDoc (Bio-Rad, Hercules, CA, USA). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8.  Primer used and schematic representation of PCR steps for mycoplasma detection. 
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The results of one of the PCR carried out with the primers specifically designed for Mycoplasma 

genome detection are shown in Figure 9 Contrary to what happened in positive control samples in 

correspondence of 700 bp no bands appeared, suggesting that all cell lines were not infected by such 

microorganism. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9. Polymerase chain reaction (PCR) revealed that all cell lines used in this thesis (A375, MeWo, 

HEPG2, NHEM and FO1) are Mycoplasma free. Indeed, no bands are detected in correspondence of 700 bp 

while for the positive controls a strong signal is visible. 
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3.3 Cell viability assay (Sulforhodamine B assay) 

 

Cells were seeded in 96-well plates at different densities (A375, FO1, HEPG2 and U251: 2.9 × 103 

cells/well; MeWo and NHEM 5 × 103 cells/well). After 24 hours, cells were treated with different 

concentrations of ONC monomer, dimer or trimer or RNase A monomers or dimers for 24, 48 or 72 

hours. Cells were fixed by adding 25 µL/well of 50% (W/V) trichloroacetic acid (TCA) directly into 

the culture medium. Plates were incubated at 4 °C for 1 hour, washed four times with dd-H2O and 

dried at room temperature (RT). Staining was performed by adding 50 µL/well of 0.04% (W/V) 

sulforhodamine B sodium salt solution (SRB, Sigma-Aldrich, Milan, Italy). After 1 h incubation at 

RT, plates were rinsed with 1% acetic acid (HAc) and air-dried. SRB was solubilized in 10 mM Tris-

base solution, at pH 10.5, and Abs540 measured in the Tecan NanoQuant Infinite M200-Pro plate 

reader (Tecan Group Ltd., Männedorf, Switzerland). Four to six replicates were performed for each 

condition. 

 

3.4 5-Br-2′-deoxy-Uridine cell proliferation assay 

 

Cell proliferation was assessed with a colorimetric immunoassay based on the measurement of 5-Br-

2′-deoxy-Uridine (BrdU) incorporation during the DNA synthesis phase. MeWo or A375 cells were 

seeded in 96-well plates at the same concentrations used for SRB assays. 24 hours after seeding, cells 

were incubated with or without ONC monomer or dimer. Four hours before the end of the treatment 

BrdU (BrdU Elisa Kit; Merck, Darmstadt, Germany) was added to each well and incubated until 

completing the treatment. Then, the medium was aspirated, and cells were incubated with a fixing-

denaturing solution for 30 min. Plates were washed three times and the anti-BrdU detector antibody 

was added for 90 min. After a 30 min incubation at RT with peroxidase goat anti-mouse IgG conjugate 

antibody, plates were washed three times. The tetramethylbenzidine chromogenic peroxidase 

substrate was added and plates left 5 min in the dark. Finally, a stop solution (1 M H2SO4) was added 

and the Abs450 measured using TECAN NanoQuant Infinite M200 Pro reader (Tecan Group Ltd.) 

 

 

 

 

 

 



32 
 

3.5 Flow cytometry experiments 

 

2–5 × 105 A375 or MeWo cells were harvested after the desired treatment, pelleted by centrifugation 

(3 min, 300g, 4 °C) and resuspended in 100 μL of 1× Binding Buffer. Then, 2.5 μL of Annexin V-

FITC (Invitrogen, Thermo Fisher Scientific, Carlsbad, CA, USA) were added to each sample. After 

10 min incubation at RT, cells were washed and resuspended in 100 μL of 1× Binding Buffer. Before 

measuring fluorescence by MACS-Quant 10 analyzer (Miltenyi Biotec, Bergisch Gladbach, 

Germany), 20 μg mL-1 of propidium iodide were added to each well. Data analysis of four 

independent experiments was performed using FlowJo software version 10 (Tree Star, Ashland, OR, 

USA). 

 

 

3.6 Soft agar colony formation assay 

 

Before seeding cells in a 6-well plate, the bottom layer of each well was filled with 1% low gelling 

temperature agarose and 2× DMEM supplemented with 10% FBS and 1% Antibiotic Antimycotic 

Solution (Gibco, BRL Invitrogen Corp., Carlsbad, CA, USA) and air-dried for 30 min. A375 or 

MeWo cells (500,000 cell/well) were suspended in 0.6% agarose and 2× DMEM supplemented with 

10% FBS and 1% Antibiotic Antimycotic Solution (Gibco, BRL Invitrogen Corp.) and placed over 

the 1% agarose layer. 0.2, 0.8μM ONC or ONC-D were added directly into each well, and 100 μL of 

fresh media were added twice a week. 14 days later cell colonies appeared, and they were stained 

with Crystal violet solution. The semi-solid cultures were performed in triplicate and images captured 

with the EVOS FL AutoCell Imaging System (Thermo Fisher Scientific, Carlsbad, CA, USA). 

 

 

3.7 RNA extraction and reverse transcription  

 

Cells were seeded in 12-well plates (150000 cells/well) and 1 μM ONC was added to the culture 

medium for 48 hours. At the end of the treatment, the culture medium was aspirated from the plate 

and 1 ml/well of Trizol Reagent (ThermoFisher Scientific, Carlsbad, CA, USA) was added. The 

content of each well was then transferred to 1.5 ml tubes and centrifuged for 5 minutes at 12000 g, 

4°C. After adding 200 μl of chloroform, the samples were mixed by inversion, incubated for 3 minutes 

at RT and centrifuged for 15 minutes at 12000 g, 4° C. 
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The supernatant, containing the RNA, was placed into a new tube and 500 μl of 100% isopropanol 

were added. The samples were then incubated 10 minutes at room temperature and centrifuged for 

10 minutes at 12000 g, 4° C. Isopropanol was removed and the pellet containing RNA was washed 

with 75% ethanol and centrifuged for 5 minutes at 7500 g. The supernatant was removed, and the air-

dried pellet was resuspended in 30 μl of RNase free H2O. RNA was quantified using Nanodrop UV-

vis spectrophotometer (Thermo Scientific, Milan, Italy). 

 

 

3.8 Real Time – PCR 

 

After performing reverse-transcription, miRNA expression levels were determined by real-time 

polymerase chain reaction (RT-PCR). TaqMan Fast Advanced Master Mix and the specific probes 

for 16 selected miRNAs (Thermo-Fisher Scientific) were used. The expression levels were 

normalized on miR-191-5p. The real-time PCR was performed in the Bio-Rad CFX Connect Real-

Time System using the TaqMan Advanced miRNA probes (Thermo-Fisher Scientific, Milan, Italy). 

Relative quantification was calculated by Pfaffl’s formula154. Each measurement was carried out in 

triplicate in three different experiments. Differences in the relative expression levels were analysed 

using unpaired, two-tailed Student’s t test. 

 

3.9 Total protein extracts and sample preparation for western blot analysis 

 

A375, MeWo or FO1 cells were seeded in 6 cm Petri dishes (190 300 cells/dish) and treated with or 

without 1 μM ONC monomer or dimer. After 48-72 h-treatment, cells were scraped using warm 1X 

sample buffer (2% SDS, 10% glycerol, 50 mM Tris-HCl, 1,75% β-mercaptoethanol, and 

bromophenol blue) and boiled at 99 °C for 10 min. Total protein extracts were kept at -80 °C until 

use. 
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3.10 Western blot analysis 

Protein extracts were electrophoresed on a 7.5-10 % polyacrylamide SDS-PAGE and transferred to a 

polyvinylidene difluoride membrane (PVDF, ThermoFisher Scentific, Waltham, MA, USA). 

Membranes were blocked at RT for 1 h with TBST buffer (10 mM Tris-HCl pH 7.5, 100 mM NaCl, 

0.1% Tween20) containing 5% bovine serum albumin (BSA, Serva Electrophoresis GmbH, 

Heidelberg, Germany). Then, they were incubated on a shaker, overnight at 4 °C, with a 5% BSA 

solution containing primary antibody against cleaved PARP (#5625, 1:1000), pTyr705 STAT3 

(#9145, 1:1000), pRb (#8516, 1:2000), pThr202/Tyr204 ERK (#9101, 1:1000), LDHA (#3582, 

1:1000), pSer473 Akt (#4060, 1:2000) (Cell Signaling Technology, Danvers, CO, USA); pTyr527 

Src (GTX133473, 1:3000), Bcl2 (GTX100064, 1:4000), Akt (GTX121937, 1:3000), ALDO A 

(GTX101408, 1:3000), Cyclin D1 (GTX106624,1:3000), Cyclin A2 (GTX-103042, 1:3000), cMet 

(GTX100637), CREB (GTX112846, 1:3000), pThr160 Cdk2 (GTX-133862, 1:3000), p21 (GTX-

629543, 1:3000), p27 (GTX100446, 1:3000), ENO-1 (GTX101803, 1:3000), ERK1/2 (GTX134462, 

1:3000), G6PD (GTX101218, 1:3000), HIF1α (GTX127309, 1:3000), PDK1 (GTX 105999, 1:3000), 

PGM2 (GTX119168, 1:3000), pSer37 PKM2 (GTX133886, 1:3000), SOX2 (GTX101507, 1:3000), 

Src (GTX134412, 1:3000), uPAR (GTX100467, 1:3000), ZO-1 (GTX108592, 1:3000) (Genetex, 

Alton Pkwj Irvine, CA, USA); AXL (813196-1-AP, 1:2000) (Proteintech, Manchester, UK); SIRT1 

(Sc-74465, 1:1000), pSer727 STAT3 (Sc-136193, 1:1000) (Santa Cruz Biotechnology, Dallas, TX, 

USA).  Membranes were washed three times with TBST buffer for 30 min, and then incubated for 1 

h with a horseradish peroxidase-conjugated secondary antibody (anti rabbit 1:6000, Genetex, Alton 

Pkwj Irvine, CA, USA or 1:400 anti-mouse, Cell Signaling Technology, Danvers, CO, USA). After 

this second incubation, membranes were washed other three times for 30 min with TBST buffer. 

Protein extracts were then normalized with a β-actin protein antibody (GTX-124214, 1:10000; 

Genetex). Immuno-detection was carried out with an ECL kit (GE-Healthcare, Little Chalfont, UK) 

and the chemiluminescence signals were detected with ChemiDoc (Bio-Rad, Hercules, CA, USA). 
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3.11 Gelatin zymography 

 

A375 cells were cultured in a six-well plate in high glucose Dulbecco’s Eagle’s Medium (DMEM) 

supplemented with 10% FBS, 1% Antibiotic Antimycotic Solution (Gibco, BRL Invitrogen Corp., 

Carlsbad, CA, USA) and treated with or without 1µM ONC for 48 hours. The FBS containing medium 

was then removed and cells were washed twice with FBS-free medium.  Cells were serum-starved 

for 24 hours, and the condition media was collected and concentrated 10X by using an Amicon Ultra-

2 Centrifugal Filter Unit (Millipore, USA). The concentrated conditioned media were quantified using 

Bradford assay and 0.5 μg of each sample were added to 2 μl of non-reducing sample buffer (50 mM 

Tris HCl pH 6.8, 2% SDS, 10% glycerol, 0.1% bromophenol blue). The samples were then 

electrophoresed through a 7.5 % SDS-polyacrylamide gel containing gelatin (4 mg/ml) to separate 

proteins by molecular weight. Gel was run at 200 V, 350 mA for around 60 minutes at 4 °C. The gel 

was washed twice for 30 minutes with washing buffer (2.5 % Triton X-100, 50 mM Tris- HCl PH 

7.5, 5 mM CaCl2, 1 μM Zn Cl2) in order to remove SDS. 

After placing the gel in incubation buffer (1 % Triton X-100, 50 mM Tris- HCl PH 7.5, 5 mM CaCl2, 

1 μM Zn Cl2) for 24 hours at 37 °C the gel was stained with staining solution (20% ethanol, 10% 

acetic acid, 0.5% Coomassie Brilliant Blue R-250, H2O) for at least one hour. After rinsing the gel 

with water, it was incubated with destaining solution (methanol, acetic acid, H2O) until white bands 

clearly appeared. The white bands correspond to the activity of gelatinases. 
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3.12 Glycolysis-cell based assay 

 

To evaluate the glucose amount flowing into glycolytic pathway, L-lactate, the end-product of this 

metabolic process, was detected in ONC treated or non- treated cells. The commercial Glycolysis 

Cell-Based Assay kit (600450, Cayman Chemical, Michigan, USA) was used. A375 and FO1 cells 

were seeded in a 96-well plate (2.9 × 103 cells/well) and treated with or without ONC in FBS free 

medium for 48 hours. At the end of the treatment the plate was centrifuged at 1000 rpm for 5 minutes 

and 10 μl of the supernatant of each well was transferred into a new plate. The assay was carried out 

according to manufacturer instructions, the absorbance at 490nm (Abs490) was measured in the 

Tecan NanoQuant Infinite M200-Pro plate reader (Tecan Group Ltd., Männedorf, Switzerland). Four 

replicates were performed for each condition.  

 

 

3.13 Statistics 

 

All the results are reported as a mean value ± SD. p values were determined using unpaired, two-

tailed Student’s t test, (*, if p < 0.05, or **, if p < 0.01). For each type of experiment, a minimum of 

three independent biological replicates were performed. 
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4. RESULTS 

 

4.1 Anti-Tumor Activity of RNase A Dimers on Human MeWo and A375 

Melanoma Cell Lines  

Before investigating the anti-melanoma activity of ONC, we analysed the possible cytotoxic effect 

of some dimeric forms of RNase A, which is not cytotoxic in its natural monomeric form. It is know 

that bovine seminal RNase (BS-RNase) together with other RNases display a cytotoxic activity on 

malignant cells only when they are in the dimeric form since in this form they can escape the 

inhibitory action of intracellular RI155. So, the antitumor activity of RNase A dimers was analysed 

after incubation of human MeWo and A375 melanoma cells with 25, 50, 100 μg/mL of N- or C-

dimers obtained applying the two HAc- or EtOH-methods on RNase A monomer. Preliminary results 

(not shown) indicated the antitumor activity of the dimeric species suffers time latency, similarly to 

that exerted by ONC in A375 cell line32,130. Therefore, in figure 10 only the results of the SRB cell 

viability assay performed after 72 h cells incubation were reported. The two RNase A monomer 

species (M-H, or M-Et) at high concentration (100 µg/mL) did not affect cell viability at all in both cell 

lines. Similarly, in MeWo cells, no significant reduction of cell viability was detected after 72 h 

incubation with 25 and 50 µg/mL CD-H or CD-Et species, but a significant decrease occurred at the 

highest concentration (100 µg/mL) of CD-Et, but not of CD-H. Conversely, both ND-H and ND-Et exerted 

a concentration-dependent reduction of MeWo cell viability (EC50: 100 µg/mL). Indeed, in A375 

cells both dimeric species, regardless to the method used for their oligomerization, and except for CD-

H and ND-H at 25 µg/mL, were able to significantly decrease cell viability (figure 10). 
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Figure 10. Effects of RNase A monomers or of N- or C-swapped dimers on MeWo and A375 human melanoma cell 

viability. SRB assays were performed after 72h treatments with the indicated concentrations of the different RNase A 

species. Blue bars show the effect of 0.8 µM of ONC on cell viability and it was used as positive control. All values 

reported are the mean ± S.D. of four to five independent experiments, each performed in six replicates. The 

statistically significant differences in cell viability induced by the dimeric species vs. each relative monomer are 

shown (* p < 0.05; ** p < 0.01). 
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4.2 ONC reduces cell viability in melanoma cells  

It had already been demonstrated that ONC reduces cell viability of parental A375 melanoma cells 

and, at higher extent, on dabrafenib resistant and AZD2461-long treated A375 cells32,130. Moreover, 

ONC effect seems to be cancer cell-specific considering that no reduction in viability was detected in 

ONC-treated normal human epithelial melanocytes (NHEM). At this point we wondered whether 

ONC displayed a good cytotoxic/cytostatic activity also in FO1 cells, another BRAF mutated 

melanoma cell line. As shown in figure 11 A, ONC reduces cell viability of FO1 cells in a dose 

dependent manner, even if at lower extent when compared to A375 cells (EC50: 0.5μM). Moreover, 

the immunoblot analysis was performed to understand whether ONC might induce apoptosis in FO1 

cells. Indeed, the expression of the anti-apoptotic protein Bcl2 did not significantly change upon ONC 

treatment while Bcl-XL, another anti-apoptotic protein, slightly decreased. Notably, similarly to the 

results reported in Raineri et al. for A375 cells32, the level of the well-known marker of apoptosis 

cleaved PARP 1 was significantly increased in treated cells compared to non-treated ones (Figure 11 

B). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11.  ONC effect on FO1 melanoma cell line. 

A) Sulforhodamine B (SRB) assay performed on FO1 melanoma cells attesting ONC ability in reducing viability. All 

values reported are the average of at least four independent experiments, each performed in four replicates, ± S.D. 

B) Representative immunoblots showing the expression levels of apoptosis-related proteins: ONC treatment significantly 

increases the expression of the apoptotic marker cleaved PARP1, the expression of the anti-apoptotic protein Bcl-XL is 

decreased while Bcl2, another anti-apoptotic protein is not significantly affected.  
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4.3 ONC-D reduces cell viability in melanoma cells  

ONC dimerization leads to a structural variation that may affect the antitumor activity of such 

ribonuclease. Therefore, in order to understand whether ONC-D may reduce cell viability, SRB assay 

was performed on two melanoma cell lines. The BRAF mutated A375 melanoma cells and the wt-

BRAF but p53 mutated MeWo cells were cultured in the presence or absence of increasing ONC or 

ONC-D concentrations for 24, 48, 72 and 96h. The results showed that cell viability was increasingly 

affected by both ONC and ONC-D in a time-dependent manner (Figure 12 A). Thus, we decided to 

perform further experiments only after 72h of treatment. As shown in figure 12 B, A375 cell viability 

was reduced in a concentration-dependent manner after 72 h-treatment with both ONC (red bars) and 

ONC-D (light red bars), but in the case of ONC-D the effect was less prominent. The effective 

concentration (EC) able to reduce A375 cell viability to 50% (EC50) was 0.35 μM for ONC and of 0.8 

μM for ONC-D. Notably, the monomer EC50 value is similar to those previously reported in Raineri 

et al.32. 

MeWo cells behaviour is similar: the viability is affected by both treatments even at lower 

concentrations compared to those used for A375 cells (Figure 12 B). Indeed, for MeWo cells the EC50 

was 0.22 μM for ONC and 0.4 μM for ONC-D. Interestingly, the differences registered between ONC 

and ONC-D activities tend to disappear in both cells lines when their concentration increases. 

The ability of both ONC forms to reduce MeWo cell viability achieve a plateau at concentrations 

higher than 0.8 µM. From these results emerges that ONC-D at low and medium concentrations was 

less active than ONC, but in any case, both ONC species were able to dose-dependently reduce cell 

viability of A375 and MeWo melanoma cells. Finally, NHEM cell viability was not significantly 

affected also by high ONC or ONC-D concentration (Figure 12 C). This behaviour could be explained 

by the melanoma cell features, that makes tumor cells more sensitive to ONC species than normal 

melanocytes. Indeed, tumor cells display a higher number of negatively charged sialic acid chains on 

their membranes116, which facilitate ONC binding and its subsequent internalization in cells. 
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Figure 12. Cell viability (SRB) assay performed on A375 and MeWo cells treated with increasing 

concentrations of ONC or ONC-D. 

A) ONC and ONC-D reduces cell viability of both A375 and MeWo cells in a dose and time 

dependent manner. 

B) SRB performed after 72h ONC or ONC-D treatment. For each concentration, ONC and ONC-D 

comparison in MeWo cell line (0.1–0.4 μM), and in A375 cell line (0.1–0.8 μM) are statistically 

significant (p< 0.02). Instead, differences are not significant with higher ONC or ONC-D 

concentrations. 

C) ONC and ONC-D treatments do not affect Normal Human Melanocytes cell viability at the 

same concentrations that were active in melanoma cell lines. 

All values reported are the average of at least four independent experiments, each performed in 

six replicates, ± S.D. 
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4.4 ONC can oligomerize into a trimer (ONC-T) that reduces cell viability in 

melanoma cells similarly to ONC 

When the purified ONC after the oligomerizing procedure is chromatographed into a Superdex 75 

HR 10/300 Increase SEC column three different peaks are obtained. The peak eluted at about 13.5 

ml, corresponding to ONC, is preceded by a peak at 11.5 ml that is the ONC-D but also by a very 

little peak at 10.6 ml elution. This last peak could correspond to traces of a trimeric ONC specie 

(ONC-T) as the calculated molecular weight is about three times the ONC one. Considering the very 

low yield of ONC-T obtainable at every purification cycle we were able to perform only few 

experiments including SRB assay on A375 and MeWo melanoma cells. In both cell lines different 

concentrations of ONC-T after 72h-treatment strongly reduced cell viability in a dose dependent 

manner. Contrary to ONC-D, the trimeric form of ONC seemed to be at least as active as ONC. 

Indeed, the EC50 was 0.25 μM for ONC-T compared to 0.35 μM and 0.8 μM for ONC and ONC-D 

respectively in A375 cells (Figure 13 A).  This trend was confirmed also in MeWo cells (Figure 13 

B). 
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Figure 13.  Sulforhodamine B (SRB) assay performed on A375 (A) and MeWo (B) cells attesting ONC-T ability in 

reducing viability similarly to ONC. All values reported are the average of at least four independent experiments, each 

performed in six replicates, ± S.D. 
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4.5 ONC species reduce cell viability in other cancer cell types 

To validate the hypothesis that the two ONC species may be effective in reducing cell viability of 

human cancer cell types different from melanoma we performed SRB assays on hepatocellular 

carcinoma HepG2 and glioblastoma U251 cell lines. In detail ONC and ONC-D reduced cell viability 

in HepG2 and U251 cells respectively after 72h or 96h treatment (Figure 14). Even if the differences 

between the two ONC species were maintained in both cell lines, glioblastoma cells seemed to be 

more sensitive. Indeed, the calculated EC50 for HepG2 cells was 0.8 μM for ONC and higher than 0.8 

μM for ONC-D (Figure 14 A) while for U251 cells EC50 was 0.1 μM for ONC and 0.4 μM for ONC-

D (Figure 14 B). As shown in figure 13 B U251 cell were also treated with increasing concentration 

of ONC-T. Similarly, to what happened in A375 and MeWo cells, ONC-T showed to be as active as 

the monomer in U251 cell line with a EC50 of about 0.2 μM 
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Figure 14. Sulforhodamine B (SRB) assay performed on cancer cell lines, other than melanoma, attesting ONC, ONC-

D or ONC-T effect on viability is not melanoma specific.  A) After 72h treatment with ONC or ONC-D the 

hepatocellular carcinoma HepG2 cell viability is reduced in a time dependent manner even if at lower extent when 

compared to A375 or MeWo cells. B) ONC, ONC-D and ONC-T exert a cytotoxic/cytostatic activity on U251 

glioblastoma cell line after 96h treatment. All values reported are the average of at least four independent experiments, 

each performed in six replicates, ± S.D. 
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4.6 ONC, ONC-D and ONC-T reduces cell proliferation 

 Sulforhodamine B sodium salt assay showed a total loss in cell mass induced by the treatments, but 

it does not discriminate between increased cell death and decreased cell proliferation. Both processes, 

in fact lead to an overall loss in cell mass. To determine whether the ONC species affect cell 

proliferation rate, the measurement of 5-Br-2’-deoxy-Uridine (BrdU) incorporation during DNA 

synthesis was performed. After 72 hours of incubation with different concentrations of ONC, ONC-

D or ONC-T, cells were treated with BrdU for 4 hours. A dose dependent reduction of BrdU 

incorporation was detected in A375 and MeWo cell lines treated with ONC species (Figure 15). 

However, for the poor yield of the trimeric form of ONC, it must be pointed out that only one 

experiment was performed with MeWo cells treated with ONC-T, for this reason no standard 

deviation can be measured in correspondence of that results in figure 15. These results demonstrated 

that the quantitative relationship existing between treatment types and concentrations used in the cell 

proliferation assays accurately reflects the results obtained under the same conditions with the SRB 

viability test. Furthermore, these suggest that a substantial part of cell viability reduction could 

depend on a cytostatic effect. 
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Figure 15. BrdU incorporation was carried out either in ONC, ONC-D or ONC-T treated 

cells. The comparison between ONC and ONC-D effects is statistically significant for each 

concentration (p < 0.001 for MeWo cells; p< 0.01 for A375 cells). All values reported, except 

for MeWo cells treated with ONC-T, are the average of at least four independent experiments, 

each performed in four replicates, ± S.D 
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4.7 ONC, ONC-D and ONC-T induces apoptosis only in A375 cells 

It had already been reported that, several A375 cells underwent apoptosis after ONC treatment32, so 

we evaluated ONC or ONC-D ability to induce apoptosis in both A375 and MeWo cell lines. The 

expression of Poly (ADP-ribose) Polymerase (PARP) cleaved form, the anti-apoptotic protein Bcl2 

by Immunoblot, and the cell positivity to Annexin V/Propidium Iodide (PI) in flow cytometry assay 

have been investigated (Figure 16 A & B). The percentage of Annexin V positive plus Annexin V/PI 

positive A375 cells after 72 h treatment with either ONC or ONC-D was about 22% and 11%, 

respectively, in comparison with a 5% value registered in not-treated samples. Data demonstrate that 

A375 cell line undergoes apoptotic cell death at a higher extent after ONC or ONC-D incubations 

than in the not treated control. Instead, no significant differences in the number of cells undergoing 

apoptosis occurs for either ONC/ONC-D treated or not-treated MeWo cells, as registered by flow 

cytometry and confirmed by cleaved-PARP immunoblotting (Figure 16 A & B). Due to the low yield 

of ONC-T only one flow cytometry experiment was performed. However, the preliminary result 

reported in figure 16 C shows that the percentage of Annexin V positive A375 cells after 72 h 

treatment with ONC-T was 51.9% in comparison with a 5% value registered in not-treated samples. 

Notably, for MeWo cells the 72h treatment with ONC-T did not lead to a remarkable increase in 

Annexin V positive cells (14.8%). 
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Figure 16 ONC, ONC-D or ONC-T induce apoptosis in A375 melanoma cells. 

A) Representative flow cytometry experiment of cells labeled with Annexin V/PI: significant 

differences in Annexin V positive plus Annexin V/PI double-positive A375 cells incubated 

with 0.8μM ONC or ONC-D for 72h in comparison with not-treated control sample are 

shown; instead, no differences with the untreated control sample is visible in MeWo cells 

treated with ONC or ONC-D. The right panel shows the mean percentage (±S.D.) of 

apoptotic cell death after incubating cells with ONC or ONC-D, in comparison to the control. 

Values are calculated from four independent experiments; ** p < 0.01. 

B) Left: representative immunoblot of the expression level of the apoptotic marker cleaved PARP, 

the antiapoptotic protein Bcl2 and β-actin in A375 and MeWo cells treated for 72h with 0.8 μM ONC 

or ONC-D. Right: quantification from three/four independent experiments. All comparisons were 

performed vs each control sample; * p < 0.05; **p < 0.01. 

C) Preliminary flow cytometry experiment of A375 and MeWo cells treated with 0.8 μM ONC-T for 

72h and labeled with Annexin V/PI. The percentage of Annexin V positive A375 cells in the treated 

sample is remarkably higher than the control (51.9% and 5% respectively). For MeWo cells the 72h 

treatment with ONC-T do not lead to a conspicuous increase in Annexin V positive cells (14.8%). 
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4.8 ONC and ONC-D affect Signal Transducer and Activator of Transcription 3 

expression and activity 

STAT3 is an important target in cancer therapy150 as its activation regulates multiple gene functions 

during cancer, such as cell proliferation, apoptosis, metastasis, and angiogenesis. When different 

growth factors bind to their receptors the intracellular signalling can activate STAT3 156. In addition, 

Janus Kinases or the proto-oncogene tyrosine-kinase Src (Src) are able to induce STAT3 activation 

by the phosphorylation of its Tyr705 residue, allowing STAT3 nuclear translocation and binding to 

the promoter regions of many target genes156. 

Immunoblot results reported in figure 17 displayed high level of STAT3 Tyr705 phosphorylation in 

not-treated A375 cells after 72 h culture. Whereas phosphoTyr705-STAT3 level was strongly reduced 

in A375 cells incubated for 72 h with either ONC or ONC-D. Differently, MeWo control cells, at the 

same time of culture, showed a lower phosphoTyr705-STAT3 level than A375 cells, suggesting that 

MeWo cells are less subject to stimuli capable of activating STAT3. In this cell line, ONC was still 

able to reduce STAT3 phosphorylation in tyrosine, whereas ONC-D appeared to be less active.  

STAT3 can be phosphorylated also on serine 727 by several serine-kinases. ONC and ONC-D are 

able to decrease the phosphoSer727-STAT3 level in both melanoma cell lines, as well. Despite 

differences registered in their phosphorylation levels, STAT3 total protein is similarly expressed in 

both A375 and MeWo control cells. ONC and ONC-D can still reduce total STAT3 expression in 

both cell lines, although ONC-D in a less extent.  

Finally, we tested by immunoblot the activation of tyrosine-kinase Src, the most important upstream 

kinase able to phosphorylate STAT3. In both A375 and MeWo cells, the expression level of the 

phosphorylated form of Src, as well as its total protein level, were well correlated with those of 

STAT3 Tyr705 and total STAT3, respectively (Figure 17). Notably, these results are comparable, as 

all the experiments were performed simultaneously with both cell lines. 

In summary, these data suggest that the monomeric and the dimeric ONC can hinder STAT3 

signalling at least by affecting Src expression and activity. 
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Figure 17 ONC, ONC-D affect STAT3 signalling pathway. 

A) Representative immunoblot of the expression level of phospho-Tyr705 

STAT3, STAT3, phospho-Ser727-STAT3, pSrc and β-actin in A375 and 

MeWo cells treated for 72h with 0.8 μM ONC or ONC-D. 

B) Quantification from three/four independent experiments. All comparisons were 

performed vs each control sample; * p < 0.05; **p < 0.01.  
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4.9 ONC and ONC-D effect on anchorage-independent cell growth 

Tumor cells can grow in an anchorage-independent manner. The soft agar colony formation assay is 

a well-established method for characterizing this capability157. Figure 18 shows a picture of A375 

and MeWo colonies present in soft agar after 0.2 and 0.8 µM ONC or ONC-D incubations in 

comparison with untreated samples (CTR). ONC and ONC-D reduce at the same extent the colony 

formation capability of both cell types in a concentration-dependent manner.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 18. ONC and ONC-D affect anchorage-independent growth. A375 and MeWo cell lines 

were seeded on the upper soft agar layer in 6-well plate and treated with ONC or ONC-D. After 

14 days, cell colonies were stained with a crystal violet solution and colony images detected with 

the EVOS FL Auto Cell Imaging System. 
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4.10 miRNAs are modulated by ONC in A375 and FO1, two BRAF-mutated 

melanoma cell lines 

ONC is a ribonuclease that is known for damaging tRNA species and other non-coding RNAs. 

Nevertheless, its specific targets are still unknown. To deepen the knowledge of ONC mechanisms 

of action inside the cell, the monomer was chosen to perform the following experiments. In a first 

screening performed on A375 melanoma cells treated with or without 1µM ONC, the expression 

levels of 25 miRNAs that had been previously related to cancer have been measured by RT-PCR (not 

shown). In this case, 1µM ONC concentration was chosen according to the previous results of cell 

viability assay and considering that the cells were treated for 48 hours instead of 72 hours. The only 

two down-regulated miRNAs and many up-regulated miRNAs with at least 2.5-fold change 

expression were selected for further analysis. Then, the two downregulated miRNAs were not 

confirmed either in a second or a third experiment, therefore they have been excluded. From the other 

ones, 16 have been selected for their level of expression that were resulted rather comparable in a 

second and a third experiment. All of which were discovered to have onco-suppressor functions. 

Thus, in this thesis the effect of ONC on the expression of such 16 onco-suppressor miRNAs, was 

evaluated. In detail figure 19 A shows that miR-20a-3p, miR-29a-3p, and miR-34a-5p were 

significantly upregulated (p < 0.01), while other three miRNAs, miR-128-3p, miR-20a-5p and miR-

941, were upregulated, but with lower p-values. The expression levels of the same up-regulated 

miRNAs (miR-20a-3p, miR-20-5p, miR-34a-5p, mirR-128-3p, miR-941, and miR-29a-3p) were also 

measured on FO1 melanoma cells treated with or without 1µM ONC. Data reported in figure 19 B 

show in FO1 cells a significant over-expression of miR-20a-3p, miR-34a-5p and miR-29a-3p, in 

agreement with the expression level of these miRNAs in A375 cells but with lower p-values (p < 

0.05), except for miR-20a-3p that resulted highly expressed (p < 0.01) in both cell lines. 
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Figure 19. Relative expression of miRNAs after 48 h incubation of A375 (A) or FO1 (B) cells with 

ONC. Cells were cultured for 48 h with 1 µM ONC. Red bars refer to the onco-suppressor miRNAs 

that were upregulated by ONC at a statistically significant level; the blue ones refer instead to 

miRNAs whose expression level was not significantly different from the one relative to the 

untreated control. The mean values ± S.D. of miRNAs expression level measured by RT-PCR and 

deriving from three independent experiments are shown. All comparisons were performed vs. each 

control sample after normalization to miR-191 expression; * p < 0.05, ** p < 0.01. 
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4.11 Predicted mRNA-target interactions 

In order to drive our investigation towards specific proteins that might be up or down regulated in 

ONC treated cells different databases were queried to determine the interactions occurring between 

the upregulated miRNAs and the mRNAs of proteins involved in cell cycle regulation, metabolism 

and signalling pathways usually altered in melanoma. In figure 20 the genes that in literature have 

been predicted and/or validated to be targets of each miRNA of interest. This bioinformatic analysis 

was performed thanks to a collaboration with the Department of Neuroscience, Biomedicine and 

Movement Sciences, Biology and Genetics Section of the University of Verona. 

 

 

 

 

 

Figure 20. miRNA-target interaction: the table shows predicted and validated interactions between 

the miRNAs of interest and their targets. CDK2, CDKN1A, MAPK1, SIRT1, STAT3 are common 

targets of miR-20a-3p, miR-29a-3p, and miR-34a-5p. 
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4.12 ONC downregulates the expression level of key proteins involved in A375 

and FO1 cell cycle progression  

We had already described that ONC exerts a strong cytostatic effect in the A375 BRAF mutated cell 

line by reducing the BrdU incorporation into DNA in a time- and concentration-dependent manner32. 

Indeed, A375 cell proliferation was reduced of about 50–60% after 48 and 72 h incubation with 1 µM 

ONC. In this thesis, the mechanism of this cytostatic effect in the same melanoma cell line and in the 

BRAF mutated FO1 melanoma cells was investigated. The bioinformatic analysis, that was 

previously described, drove the investigation on the effect of ONC treatment on the expression of key 

proteins involved for instance in cell cycle progression. Immunoblot performed on A375 cells treated 

with 1 µM ONC for 48 or 72 h showed a robust reduction of both activated forms of RB (pRB) and 

Cdk2 (pCdk2) (Figure 21 A). Knowing that RB hyperphosphorylation is principally triggered by 

cyclin D1, and cyclin A2/Cdk2 binding is required for cells to enter S-phase, the expression level of 

both cyclins was analysed through immunoblot. A strong reduction of cyclins D1 and A2 was 

registered after 48 h from ONC administration, and this reduction was almost totally maintained for 

a further 24 h (Figure 21 A). These data suggest that ONC can hinder A375 cell cycle progression, 

by inhibiting cyclin D1 expression, which controls RB hyperphosphorylation and the G1/S transition 

point. In addition, cell cycle is further hampered by both Cdk2 phosphorylation and cyclin A2 

expression reduction. The expression level of some of Cdks inhibitors such as P21/Cip1, P27/Kip1 

and P16/Ink4A were investigated as well158. Their increase could be responsible for the pRB and 

pCdk2 low expression levels. Conversely, as shown in figure 21 A, immunoblot showed that the 

expression of P16 did not change at all, while the protein amount of both P21 and P27 was sharply 

lowered. To summarise, the ONC-elicited blockage of cell cycle progression cannot result from a 

P21, P27 or P16 different expression. Importantly, the same results were obtained by performing 

immunoblot analysis on FO1 cells treated with or without 1 µM ONC for 72 h (Figure 21 B). 
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Figure 21. Cell cycle-related proteins expression is inhibited in A375 and FO1 melanoma cells 

treated with 1 µM ONC for 48 or 72 h. A) left: representative immunoblots showing the 

expression levels of cell cycle-related proteins in A375 cells; right: histograms reporting the 

mean values ± S.D. of protein expression level measured by densitometry and deriving from 

three to four independent experiments.  

B) left: representative immunoblots showing the expression levels of cell cycle-related proteins 

in FO1 cells; right: histograms reporting the mean values ± S.D. of protein expression level 

measured by densitometry and deriving from three to four independent experiments.  

All comparisons were performed vs. each control sample after normalization with β-actin 

expression; * p < 0.05, ** p < 0.01. 
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4.13 ONC differently affects the expression level of proteins involved in A375 and 

FO1 cell survival signalling and metabolism  

When the MAPK/ERK pathway is activated in BRAF-mutated melanoma cells, as A375 cells are, it 

can promote HIF1α expression, leading to a high glycolytic rate159. HIF1α, as well as 

PI3K/Akt/mTOR pathways are crucial regulators of cancer cell proliferation and glycolytic 

metabolism48. Furthermore, pyruvate dehydrogenase kinase 1 (PDK-1) is able, upon its inhibitory 

phosphorylating effect on pyruvate dehydrogenase (PDH), to trigger the switch to glycolysis by 

hindering the oxidative metabolism of pyruvate159. Figure 22 A shows that both ERK1/2 and Akt 

total proteins expression levels together with pAkt expression level significantly decreased after 48h 

incubation with 1 µM ONC. Whereas the amount of the phosphorylated and active form of ERK1/2 

did not change with the treatment.  

HIF-1α was expressed in A375 cells after 48h culture at normal oxygen pressure. Remarkably, cell 

incubation with 1 µM ONC decreased almost totally the HIF1α protein level (Figure 22 A). At this 

point the expression level of some key enzymes were investigated to understand whether the 

metabolic phenotype of the A375 cell line was altered. The expression level of glucose-6-phosphate 

dehydrogenase (G6PD), phospho-glucomutase-2 (PGM2), enolase-1 (ENO1), lactate dehydrogenase 

A (LDHA), and the phosphorylated form of pyruvate kinase M-2 (pPKM2) did not vary upon 48h 

ONC incubation, so these enzymes were also exploited as housekeeping proteins for normalization. 

On the other hand, both aldolase A (ALDO A) and PDK1 significantly decreased their expression 

level (Figure 22 A). Importantly, similar results were obtained by performing immunoblot analysis 

on FO1 cells treated with or without 1 µM ONC for 72 h, except for PGM2 and LDHA that were 

decreased (Figure 22 B). 
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To further understand whether ONC treatment altered the glycolytic rate of the cells, a glycolysis 

cell-based assay was carried out. This colorimetric method is based on L-lactate detection. L-lactate, 

the end product of glycolysis, is secreted by cultured cells and, when lactate dehydrogenase is added 

to the cell culture medium at the end of the treatment, it reacts with NAD+ leading to pyruvate and 

NADH formation. Subsequently NADH directly reduces a tetrazolium salt, present in the reaction 

solution supplied by the manufacturer, to a coloured formazan. The quantity of formazan produced 

is proportional to the quantity of lactate in the culture medium and therefore it is an indirect 

measurement of glycolysis. In table 1 the result of this assay performed on A375 and FO1 cells is 

reported. Lactate release is not significantly reduced in ONC treated cells in both cell lines 

considering that the number of cells is reduced by the treatment as well (see the last row). These 

results are partially in line with immunoblot analysis results. 

 

 

 

 

 

 

 

 

Figure 22. The expression level of proteins involved in cell proliferation signalling and 

metabolism is altered in A375 and FO1 melanoma cells cultured with 1 µM ONC for 48 h.        

A) Left: representative immunoblots showing the expression levels of extracellular signal-

regulated kinase (ERK) and protein kinase B (Akt) and their active forms, and of many enzymes 

involved in metabolism in A375 cells; right: histograms reporting the mean values ± S.D. of the 

protein expression level measured by densitometry and deriving from three to four independent 

experiments. All comparisons were performed vs. each control sample after normalization with 

enolase-1 (ENO1) and phospho-glucomutase-2 (PGM2) expression; * p < 0.05, ** p < 0.01. 

B) Left: representative immunoblots showing the expression levels of the same proteins in FO1 

cells; right: histograms reporting the mean values ± S.D. of the protein expression level 

measured by densitometry and deriving from three to four independent experiments.  

 

Table 1: Result of the glycolysis cell-based assay performed on A375 and FO1 melanoma cells. 

Lactate release is not significantly reduced in ONC treated cells. These results were normalized on 

the cell number. 



60 
 

4.14 ONC treatment downregulates the expression of key proteins involved in 

A375 melanoma cells metastatic potential  

As previously reported by us32, ONC affects A375 cells capability to form colonies in an anchorage 

independent manner as well as migration capability, considering that the wound closure time after 

scratching is strongly decreased. Metalloproteinase (MMP)-2 activity is also impaired by ONC 

treatment32. In fact, in this thesis it was once again confirmed, by gelatin zymography, the strong 

inhibition of MMP2 activity in A375 cells administered with 1µM ONC (Figure 23).  

 

 

 

 

 

 

 

 

 

 

Moreover, immunoblot analysis was carried out to study the expression level of key proteins involved 

in biological processes correlated to an increased metastatic potential such as ZO1, involved in the 

regulation of cell–cell contacts83, or SIRT1 that induces EMT and facilitates melanoma 

metastasis89,160. In addition, SOX2 is an embryonic stem cell transcription factor associated with 

dermal invasion capability of melanoma cells161, Urokinase plasminogen activator receptor (uPAR) 

is involved in melanoma and metastasis162,163, while the cAMP response element-binding protein 

(CREB) is a transcription factor playing an important role in the acquisition of the metastatic 

phenotype of human melanoma cells164. The expression level of all the protein listed above (ZO1, 

SIRT1, SOX2, uPAR and CREB) were significant decreased in A375 cells treated with ONC for 48 

h (Figure 24 A). Once again, similar results for the texted proteins ZO1, ZEB1, and CREB were 

Figure 23. Gelatin zymography revealed that MMP2 activity is strongly reduced in A375 

melanoma cells treated for 48 h with 1 µM ONC compared to non-treated cells. 
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obtained by performing immunoblot analysis on FO1 cells treated with or without 1 µM ONC for 72 

h (Figure 24 B). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 24. The expression levels of proteins involved in cell migration, invasion and tumor progression is 

inhibited in A375 and FO1 melanoma cells treated for 48 h with 1 µM ONC. Left: representative 

immunoblots showing the expression levels proteins involved in cell invasion in A375 (A) or FO1 (B) 

melanoma cells; right: histograms reporting the mean values ± S.D. of the protein expression level 

measured by densitometry and deriving from three to four independent experiments. All comparisons were 

performed vs. each control sample after normalization with β-actin expression; * p < 0.05, ** p < 0.01.  

A375 48h 

FO1 72h 
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4.15 ONC-elicited downregulation of cMet and AXL tyrosine-kinase receptors 

and Fra1 transcription factor correlates with the upregulation of miR-34a-5p and 

miR-20a-3p expression in A375 cells 

Importantly, Fra1 expression correlates with cell transformation to a more invasive phenotype165. The 

expression level of AXL and c-Met tyrosine-kinase receptors, as well as of Fra1 transcription factors, 

was lower in ONC-treated A375 cells (Figure 25 A). Taken together these immunoblot results, a 

possible correlation with the upregulation of some miRNAs was investigated. Indeed, miR-34a-5p 

and miR-20a-3p, the two most upregulated miRNAs in ONC treated A375 cells were chosen to find 

a possible link to cMet, AXL, Fra1 and cyclin A2 modulated expression. Thus, A375 cells were 

transfected with miR-34a-5p and miR-20a-3p mimics or negative control and protein expression was 

analysed through immunoblot after 72h. As shown in figure 25 B, overexpression of miR-34a-5p lead 

to a decreased expression level of all the analysed proteins. MiR-20a-3p overexpression partially 

downregulated cMet expression but showed no effect on AXL, Fra1 and cyclin A2 (Figure 25 B). To 

further verify if the downregulation of cMet, AXL, Fra1 and cyclin A2 protein expression elicited by 

ONC was related to the upregulation of these miRNA species, ONC treated A375 cells were 

transfected with miR-34a-5p or miR-20a-3p inhibitors, or with negative control. Seventy-two hours 

after the miR-inhibitor transfection and ONC treatment, immunoblot results showed that the miR-

34a-5p inhibitor could partially revert the effect of ONC on cyclin A2, AXL, cMet and Fra1. These 

last results indicated that miR-34a-5p has a role in decreasing protein expression elicited by ONC 

(Figure 25 C). MiR-20a-3p inhibitor partially reverted the ONC effect on cyclin A2 and Fra1 

expression level (Figure 25 C), thus indicating that miR-20a-3p might take part in the regulation of 

the last-mentioned proteins. Considering that for FO1 cells the results of the immunoblot analysis 

shown in figure 25 D did not shown a decrease in the expression, the possible correlation between 

miRNAs upregulation and protein expression was not investigated. Indeed, c-Met tyrosine-kinase 

receptor expression was surprisingly increased in FO1 ONC-treated cells for 72h while, AXL and 

FRA1 expression was not affected at all by the same treatment, contrary to what happened in A375 

cells. 
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Figure 25. Representative immunoblots and densitometric data representing the correlation between 

mesenchymal– epithelial transition factor (cMet), tyrosine-protein kinase receptor UFO (AXL), Fos-

related antigen 1 (Fra1) and cyclin A2 protein level and miR-34a-5p and miR-20a-3p in A375 cells. 

A) A375 melanoma cells were treated for 48 h with or without ONC; expression of cMet, AXL, and 

Fra1 proteins. 

B) Effects of the overexpression (72 h) of miR-34a-5p and miR-20a-3p on cMet, AXL, Fra1 and 

cyclin A2 protein level in untreated cells. 

C) Effects of miR-34a-5p and miR-20a-3p inhibitors on cMet, AXL, Fra1 and cyclin A2 protein 

levels on ONC-treated A375 cells transfected with 50 nM miRNAs inhibitors for 72 h. 

D) Expression of the same miRNAs correlated proteins in FO1 cells. All the histograms of this figure 

report the relative mean values ± S.D. of protein expression level measured and deriving from three 

independent experiments. All comparisons were performed vs. each control sample after 

normalization with LDHA expression; * p < 0.05, ** p < 0.01. 
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5. DISCUSSION 

For its worldwide increasing incidence, melanoma is becoming one of the major causes of mortality 

for malignancies of the Caucasian population9. Several treatments have been approved, going from 

surgical resection for non-invasive stages to chemotherapy for invasive phenotypes16. DTIC was the 

first drug to be approved for melanoma therapy. It is an alkylating agent that causes breaks in the 

DNA strand, but it correlates with a low response in patients due to many off target effects and 

acquired chemoresistance166. The characterization of the specific mutation V600E on BRAF kinase 

gene, which is harboured by the majority of melanoma patients and causes a constitutive activation 

of the MAPK pathway, led to the development of therapeutic tools based on drugs directed against a 

specific target167. Different BRAF inhibitors, such as dabrafenib and vemurafenib, have been 

approved in the last years, but, unfortunately, cellular responses to BRAF inhibitors are short-lived 

because patients in few months develop different mechanisms of resistance that involve the activation 

of alternative signalling pathways168. Immunotherapy is also employed in melanoma treatment, but 

the administration of interferon and interleukin cytokines, which had already been approved by the 

FDA for other types of cancer did not show notable benefits for patients21. Additionally, FDA 

approved ipilimumab in 2011, an anti-CTLA-4 monoclonal antibody that acts inducing the production of 

pro-inflammatory cytokines, favoring T-cells expansion and infiltration in the tumor 
169,170 and 

nivolumab, a high affinity anti-PD-1 monoclonal antibody, that can inhibit the binding between PD-1 

(Programmed cell death receptor protein 1) receptor and its ligands 171–173 increasing the immune response. 

Indeed, only 10% of people experiences a complete response after this kind of treatments, also due 

to severe side effects, like capillary leak syndrome22,23.  

For these reasons, new strategies for the treatment of advanced melanoma patients urge to be 

discovered.  

BS-RNase and the oligomeric forms of RNase A, together with other secretory RNases, can become 

cytotoxic for their ability to digest intracellular RNA species when internalized in cells155. Indeed, we 

confirmed in A375 and MeWo melanoma cells that high concentrations of dimeric species of RNase 

A were able to decrease cell viability (Figure 10). 

ONC is a small secretory ribonuclease, discovered in Rana Pipiens oocytes116. It is better internalized 

in cancer cells compared to non-malignant cells because of its structure and biochemical features. 

Remarkably, ONC can escape from the binding to the intracellular ribonuclease inhibitor contrarily 

to most of other secretory RNases124,174 and, for this reason, it can be more active against tumors. 

Indeed, several studies had already proved that ONC exerts cytostatic and cytotoxic effects on many 

cancer cell lines. Cytostatic effect is related to the blockage of cells before the S-phase that finally 
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results in fewer DNA replicating cells. While its cytotoxicity was ascribed to apoptosis induction175. 

Interestingly, ONC displays a synergic effect with several anti-cancer drugs, such as tamoxifen, 

cisplatin, vincristine, lovastatin128 and doxorubicin129. In addition, it was recently demonstrated by 

our research group that A375 melanoma cell line treated for long time with the PARP inhibitor 

AZD2461 were more susceptible than the parental cells to ONC cytotoxicity suggesting that ONC 

can be an important tool to counteract melanoma following a previous chemotherapeutic treatment 

130. ONC, is also able to restore anti-melanoma activity in dabrafenib-resistant A375 human 

melanoma cells affecting cell migration, invasion, and colony formation capability32. It has been 

previously reported that ONC can decrease the viability of two conjunctival melanoma cell lines, 

although its mechanism of action has not been clarifyed176. This ribonuclease was tested also in vivo 

revealing, for instance, that mice affected by Ml09 Madison carcinoma after ONC administration 

displayed 12-fold longer life compared to untreated control group177. Moreover, ONC has already 

reached phase II and III clinical trial for non-small cell lung cancer and mesothelioma, two types of 

tumor characterized by poor prognosis as well115. Considering that the major limitation for the 

therapeutical application of ONC is its renal accumulation and toxicity131 and that the ONC dimeric 

form increased the apoptotic effect on pancreatic cancer cells143, in this thesis the anti-melanoma 

effects of ONC dimer or trimer after in vitro oligomerization was explored. Therefore, it may 

represent a valuable horizon for the anticancer potential of this enzyme. Exactly as other pt-RNases, 

such as RNase A and the natively dimeric BS-RNase, ONC can oligomerize48,49,52,56 through the three 

dimensional domain swapping (3D-DS) mechanism134 when lyophilized from 30-50% acetic acid 

(HAc) solution135. Thanks to the collaboration with Professor Gotte and Professor Merlino, OND-D 

was produced and its crystallized structure of ONC-D was solved147 revealing several structural 

variations compared to the already proposed model of ONC-D based on the structure of RNase A 

dimer143. As shown in figure 26, the comparison between the structures of ONC and ONC-D reveals 

that the positive charged residues Arg15 and Arg40 assume different positions in the protein 

conformation upon dimerization. Consequently, we wanted to investigate whether these differences 

could also lead to a change in their antitumor activity (Figure 26 A).  

Actually, the different charge density and solvent exposure of some of their AA side chains noticed 

between ONC and ONC-D could have an impact on the interaction of these two species with cell 

membrane, RI or many RNA targets, influencing their antitumor activity (Figure 26 B). 
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Figure 26. A) Structural differences between ONC-D Model143 on the left side and ONC-D 

crystallographic structure 147 on the right. 

B) Electrostatic surface potential of ONC species. ONC (left) and ONC-D (Crystal 1, right) positively 

charged, negatively charged, and uncharged atoms are colored in blue, red, and white, respectively147. 

 

 

So, to compare the antitumor activity of both ONC species, we mainly used A375 and MeWo cells: 

two different human melanoma cell lines. The A375 cell line derived from a primary melanoma and 

displays a common V600E-BRAF-mutated genotype, while MeWo cells derived from a lymph nodal 

melanoma metastasis and exhibit a wt-BRAF but mutated p53 genes. Additionally, ONC and ONC-

D were tested in other human cancer cell lines: the hepatocellular carcinoma HepG2 (Figure 14 A) 

and the glioblastoma U251 cell lines (Figure 14 B) assuring us that the antitumor effect of both ONC 

species occurred in other cancer types, besides melanoma. Our data suggest that ONC-D is able to 

inhibit the viability of all the tested cancer cell lines, although with slightly less efficiency in 

comparison to ONC. In particular, in the two melanoma cell lines, the reduction of cell growth seems 

to be the prevalent effect, even if A375-treated cells showed an increase of apoptosis as well. Overall, 

the antitumor effect of both ONC species is dependent on the cell-type studied, as demonstrated by 

the differences discovered between A375 and MeWo cell lines that are following discussed. The 
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reduced efficiency in inhibiting the intracellular targets could be derived by the differences in the 

exposure at the surface of the arginine residues of ONC-D in comparison to ONC. To quantify the 

cytotoxic activity of both ONC species, a flow cytometry analysis was performed on the two 

melanoma cell lines. The results shown in Figure 16 A revealed that only in A375 cells, death was 

increased by ONC or ONC-D treatment. So, both ONC forms were able to trigger apoptosis in A375 

cells but not in MeWo cells. These results were confirmed by immunoblot (Figure 16 B) where the 

expression level of cleaved PARP, a marker of apoptosis, was analyzed. Indeed, in A375 treated cells 

an increased level of cleaved PARP was registered, while in MeWo cells it did not change in 

comparison with not-treated control. Either ONC or ONC-D were able to decrease Bcl2 expression 

in both cell lines, highlighting that these RNases can inhibit the expression of an important target in 

cancer therapy. Moreover, Bcl2 protein level was higher in control MeWo cells than that expressed 

in A375 control sample. Although ONC species can decrease its level, the expression of this anti-

apoptotic effector after the treatment remained higher in MeWo cell line in comparison with A375 

cells. Hence, it may be suggested that the high expression level of Bcl2 could be involved in the 

stronger resistance to apoptosis displayed by the metastatic MeWo cell line. 

We previously reported 32,130 that ONC can affect the NF-κB activity. In this thesis, we show that 

another pro-survival transcription factor has been affected by ONC. The hyperactivation of STAT3 

pathway is a common characteristic of melanoma development171,172. For this reason, STAT3 is an 

important target in melanoma therapy41. Interestingly, in a mouse melanoma model, the silencing of 

STAT3 expression strongly inhibits tumor growth, thus suggesting that inhibiting STAT3 activation 

can reverse the malignant phenotype178. Different growth factors and cytokines after binding to their 

receptors can induce STAT3 activation. STAT3 can be switched on through the phosphorylation of 

Tyr705 residue by JAK or Src tyrosine kinases in addition to some tyrosine-kinase receptors. 

Following Tyr705 phosphorylation, STAT3 nuclear translocation and its binding to the promoter 

regions of many target genes occur156. STAT3 activation regulates multiple downstream genes 

involved in several cancer-promoting pathways, such as cell proliferation, apoptosis, metastasis, and 

angiogenesis. For instance, the anti-apoptotic Bcl2 is a gene target of STAT3 transcriptional activity. 

Considering our results, a reduction in the expression level of Bcl2 is in line with the inhibition of 

STAT3 activity elicited by ONC or ONC-D. ONC and ONC-D can firstly reduce STAT3 total protein 

level in both cell lines, while several cell type peculiarity emerged from investigating the expression 

level of phosho-Tyr705-STAT3 and phospho-Ser727-STAT3, the two active forms of STAT3. On 

one side, the level of the phosphorylated forms of STAT3 reflect its total amount in A375 cells. On 

the contrary, lower STAT3 molecules seem to be phosphorylated in Tyr705 in MeWo cells, 

suggesting that STAT3 could be a signalling pathway less active in this cell line. It should be 
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remembered that Ser727 phosphorylation of STAT3 was also inhibited. Data strongly suggest that 

ONC and in a less extent ONC-D exert a downregulation of STAT3 transcriptional activity, which is 

highly activated in cancer.  

In this thesis we also demonstrated that both ONC and ONC-D species can inhibit the phosphorylation 

and the total (Figure 17) level of the proto-oncogene tyrosine-kinase Src. The phospho-Tyr705-

STAT3 inhibition, indeed, could depend on the reduced Src activity because such STAT3 residue is 

a target of Src.  

STAT3 can induce other important features of cancer cells, such as migration, invasion, and 

metastasis formation. It has been previously reported that ONC was able to reduce A375 colony 

formation32, another hallmark of cancer cells. To this regard, to investigate whether ONC-D have an 

impact on the anchorage independent growth capability, we performed the soft agar colony formation 

assay by matching the two ONC species. Data showed that, compared the control cells, both ONC 

and ONC-D were able to strongly decrease the number of colonies in both cell lines and in a 

concentration dependent manner. Our data are very promising considering that the aberrant activation 

of STAT3 can increase metastatic potential of cancer cells.  

Even though ONC-D maintains a substantial anticancer activity, some differences with ONC 

appeared both in the viability effects and in the ability to inhibit different molecular targets. In these 

cases, the ONC-D anticancer activity appears slightly reduced in comparison with its monomeric 

form. These differences can depend on the type of cells analyzed suggesting that intracellular targets 

of ONC species could be in a large number and specific for each cell-type. Interestingly ONC-T 

anticancer activity seem to be comparable to ONC one. Indeed, preliminary cytofluorimetric results 

showed a strong increase of apoptotic cell death in A375 cells treated with the trimeric form of ONC 

(Figure 16). 

Subsequently, due to the limited availability of ONC-D, in first place we investigated important 

molecular targets for melanoma progression only for the monomer. The results obtained here with 

ONC are aimed to direct future experiments that will be carried out with ONC multimeric species. 

Thus, the molecular mechanism underlying the high cytostatic effect of ONC in A375 melanoma 

cells that had been previously described32 has been investigated. Data suggest that ONC hinders cell 

cycle progression by inhibiting RB hyperphosphorylation and Cdk2 activity, as well as by reducing 

the expression level of cyclins D1 and A2, which are involved in the cell cycle phases G1/S and S/G2 

checkpoints, not only in A375 cells but also in another BRAF mutated melanoma cell line FO1 

(Figure 21 B). Considering that the specific intracellular RNA targets of ONC are still less known we 

tried to deeply investigate this aspect. ONC, as a ribonuclease that is internalized in the cells, has 

been reported not to be able to digest mRNA species but is able to digest preferentially ncRNAs. 
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Indeed, both tRNAs120,179 and miRNAs precursors180,181 can be targets of the ribonucleolytic activity 

of ONC. Considering that the most investigated proteins were downregulated by ONC, we 

hypothesized that ONC can upregulate some onco-suppressor miRNAs, that in turn may reduce cell 

cycle-related protein expression. This could occur either by ONC-increased miRNA precursors 

processing 182  or by ONC-elicited degradation of lncRNAs and circRNAs, which usually sponge 

miRNA species. Among the miRNAs whose expression has been measured in A375 cells, the tumor-

suppressor miR-20a-3p, miR-29a-3p and miR-34a-5p were the most upregulated after 48 hours of 

ONC treatment (Figure 19 A). The same miRNAs were also overexpressed in ONC-treated FO1 

melanoma cells (Figure 19 B). Remarkably, cyclin D1 and cyclin A2 can be targets of miR-29a-3p 

and miR-34a-5p, while CDK2 could be a target of miR-20a-3p, miR-29a-3p and miR-34a-5p. The 

high expression level of these miRNAs can induce a decrease of cyclins and Rb/Cdk expression or 

activity, thus hampering cell cycle progression. P21, P27 and P16 are inhibitors of cyclin-dependent-

kinases and, in turn, of cell cycle progression. Thus, an increase of their expression level could prevent 

Cdks activation. Unexpectedly, a sharp decrease of P21 and P27 expression level in A375 cells treated 

with ONC has been found. This result, although without explaining the interference in the cell cycle, 

are not surprising since both P21 and P27 could be a target of the some of the overexpressed miRNAs. 

Many studies have evaluated the ability of miRNAs to control cellular growth. For example, Shao et 

al. reported that miR-29a-3p downregulation promotes glioma cell proliferation183. Again, ectopic 

expression of miR-34a has been shown to induce cell cycle arrest184. Furthermore, transfection of 

miR-34a into uveal melanoma cells led to a significant decrease in cell growth and migration185. A 

recent study reported that A375 and A875 melanoma cell proliferation decreased after miR-34a 

overexpression and increased when miR-34a expression was suppressed186. 

The expression level of proteins controlling survival signalling pathways and metabolism has also 

been investigated in ONC-treated A375 cells and FO1 cells. Kupha et al. recorded a marked HIF-1α 

activity in melanoma cell lines under normoxic conditions187. Our immunoblot data confirm that not-

treated A375 cells display high expression level of HIF1α, even if they were grown under normal 

oxygen pressure, whereas ONC administration nearly suppresses this expression. Recent studies have 

revealed that HIF-1α can be induced by several signalling pathways, such as the PI3K/Akt/mTOR, 

RAS/RAF/MEK/ERK, JAK/STAT and NF-κB pathways, controlling melanoma tumor growth, 

metabolism, motility, and avoidance of apoptosis188. 

Previously, it has been shown that ONC reduces the expression and activity of the transcription 

factors NF-κB32,130 and STAT3147 in A375 melanoma cells. In this study, we recorded the ability of 

ONC to lower Akt expression and phosphorylation levels, as well as the total protein expression of 

the kinases ERK (Figure 22). Therefore, the ONC-induced downregulation of these proteins involved 
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in signalling may fully contribute to the suppression of pro-survival pathways. The ONC-triggered 

downregulation HIF-1α led us to study other proteins involved in the metabolic state of A375 cells. 

The expression of many cytosolic enzymes belonging to glucose metabolism are not affected by 

ONC, except for ALDO A which is less expressed and may be a target of miR-34a-5p. It is known 

that the PDH mitochondrial enzyme controls the metabolic fate of pyruvate linking glycolysis with 

oxidative metabolism159. PDH activity is inhibited if the enzyme is phosphorylated by its PDK 

regulatory kinases. In tumor cells, PDK1 is induced by HIF-1α189. A lower expression level of PDK1 

was shown, in agreement with the loss in HIF-1α expression. Thus, might result in increased PDH 

activity favoring in this way the oxidative metabolism of pyruvate. Both HIF-1α and PDK1, which 

protein expression were decreased, can be targets of miR-29a-3p and/or of miR-34a-5p.  

Interestingly, miR-20a-3p was shown to be the most widely expressed miRNA after ONC treatment. 

In relation to cancer, its decrease has been associated with both breast cancer190 and with the 

progression of pancreatic ductal adenocarcinoma191. MiR-20a-3p can target several genes, including 

MAPK1/ERK, STAT3 and CREB1. Thus, together with miR-34a-5p, miR-20a-3p may participate in 

ONC-induced growth inhibition and may counteract the metabolic phenotype of cancer. Furthermore, 

in silico analysis of predicted targets demonstrated that PDK1, HIF1α and ERK could be targets of 

miR-29a-3p, suggesting a possible role of miR-29a-3p as well in metabolism, in agreement with its 

role in insulin receptor signalling in the liver of diabetic rats192. 

Many oncoproteins are involved in the ability of melanoma cells to grow in anchorage-independent 

manner, as well as to increase motility and digest the extracellular matrix193. The increased expression 

of tumor-suppressor miRNAs that was found in A375 and FO1 cells treated with ONC could be a 

rationale for the previously shown inhibition of A375 metastatic potential32. For instance, miR-29a-

3p can play a pivotal role, as inhibition of miR-29a-3p in melanoma cells improved colony-forming 

ability, and conversely, its transfection reduced the growth of A375 cells194. 

The trans-differentiation mechanisms, which allow reversible changes from epithelial to 

mesenchymal phenotypes and vice versa by reactivating embryonic transcriptional programs, are the 

main determinants of tumor stem cell (CSC) phenotype195–197. MiR-34a downregulates many CSC-

related transcription factors, including SOX2 in head and neck squamous carcinoma cells198. Indeed, 

Sun et al. claim that miR-34a restoration significantly inhibited EMT and CSC phenotypes and 

functionally reduced both clonogenic and invasive capacity198. It was also found that miR-34a is 

involved in the regulation of osteosarcoma dedifferentiation by acting via SOX2 down-regulation199. 

SOX2, whose expression is reduced by ONC (Figure 24), is also involved in resistance to therapy 

with BRAF inhibitors in a Src- and STAT3-dependent manner200. We have previously reported a 

downregulation of both STAT3 phosphorylated forms and its upstream Src kinase in ONC-treated 
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A375 cells147. STAT3 and Src are validated targets of miR-34a. In addition, the restoration of miR-

34a in triple negative breast cancer cell lines inhibited proliferation and invasion by targeting the 

proto-oncogene c-Src201. 

Histone deacetylase SIRT1 is downregulated by ONC (Figure 24) and has been reported to induce 

EMT and facilitate melanoma metastasis89. SIRT1 could be a target of miR-34a, as has been shown 

in a murine melanoma cell line202. In cervical cancer, miR-29a-3p has also been reported to target 

SIRT1203. 

Importantly, miR-34a inhibited cell migration and invasion also by silencing the expression of 

Metalloproteinase (MMP) 2, disrupting MMP2-mediated cell motility204. These results are in line 

with our previous data demonstrating the ability of ONC to decrease MMP2 activity and A375 cell 

motility32. 

Tumor progression is also characterized by increased expression of the uPA/uPAR system. Inhibition 

of uPAR expression with a specific uPAR antisense oligonucleotide inhibits cell invasion, 

angiogenesis, metastases and MMPs162. uPAR is downregulated by ONC (Figure 24) and could be a 

target of miR-34a-5p. 

A key role of CREB in tumor growth and human melanoma metastasis has been demonstrated using 

a mutated dominant negative CREB gene within its DNA binding domain164. Cells transfected with 

a negative CREB gene showed a marked decrease in their ability to form colonies on agar, suggesting 

that CREB may be involved in the tumorigenicity and metastatic potential of human melanoma 

cells164. Previous data on the ability of ONC to decrease A375 colonies in soft agar32 could also result 

from a decrease of CREB expression (Figure 24), possibly via miR-20a-3p and miR-34a-5p increased 

activity (Figure 24). 

Finally, we discuss the role of cMet, AXL and Fra1, a cluster of proteins highly expressed in 

melanoma and involved in signalling. Both cMet and AXL belong to the class of cell surface receptors 

with tyrosine kinase (RTK) activity. RTKs can amplify the signal from growth factors and transduce 

it into the intracellular kinases, that is Src, ERKs, Akt, or the transcription factors such as STAT3, 

NF-ҝB and AP1, leading to an invasive cell growth program96,205. Indeed, many RTKs, including 

cMet and AXL, are overexpressed in malignancy showing oncogenic promotion of cancer 

progression and metastatic disease96. Indeed, high cMet expression was found in melanoma samples 

and it has been correlated with poor clinical outcome96. Additionally, increased cMet or AXL 

signalling can develop drug resistance, particularly to BRAF or MEK inhibitors206. Consequently, a 

combination therapy with BRAF/MEK inhibitors and a cMet or AXL inhibitor was considered for 

enrollment in a clinical trial207. Both cMet and AXL can be targets of miR-34a-5p, miR-128-3p and 

miR-20a-5p (Figure 20). 
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The RTK signalling can activate the AP1 transcription factor complex and Fra1 protein expression. 

Fra1 transcriptional activity, similarly to the other AP1 proteins, is involved in many stages of 

metastatic dissemination, including tissue invasion and colonization at distant sites197. A recent study 

has shown that Fra1 overexpression in melanocytes is sufficient to drive pro-tumor characteristics 

and dedifferentiation197. In fact, the silencing of FOSL1, the gene that codes for Fra1, decreased the 

expression of pERKs, as well as the proliferation rate in A375 and A2058 melanoma cells. This also 

induces a significant decrease in the soft-agar colony formation165. Cancer-associated downregulation 

of multiple tumor suppressor miRNAs contributes to the accumulation of Fra-1 in tumors197. Recent 

studies report that FOSL1 transcript is a target of miR-34a in many cell lines165,208,209. 

In figure 25 A, a decrease in ONC-induced expression of cMet, AXL and Fra1, in A375 cells after 48 

hours from the ONC administration, was shown. This decrease is particularly evident for the 

expression level of Fra1. The data could explain the very potent effect of ONC in lowering the Fra1 

protein level. In FO1 cells, contrary to what happened in A375 cells, AXL and Fra1 expression was 

not affected at all by the same treatment while c-Met tyrosine-kinase receptor expression was 

increased (Figure 25 B). Considering these results, the possible explanation of these contradictory 

data will be investigated in the future.  

In conclusion, our data, summarized in figure 27, may help explaining the molecular mechanism 

underlying the suppressive effect of ONC exerted on some important oncoproteins in A375 melanoma 

cells. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 27. Schematic representation of ONC pleiotropic effect in A375 melanoma cells.  
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6. CONCLUSION 

This study shed light on ONC cellular effects confirming the ribonuclease selectivity for cancer cells 

compared to normal ones. Contrarily to what happens for normal human melanocytes, ONC reduces 

cell viability of A375, MeWo and FO1 melanoma cell lines as well as U251 glioblastoma cells and 

HepG2 hepatocellular carcinoma cells in a time- and concentration-dependent manner. Despite its 

well-known antitumor activity, ONC use in clinic is limited by the induction of a reversible 

nephrotoxicity131 and therefore exploiting ONC dimerization may be a good strategy to overcome 

this problem. Here it was compared ONC and ONC-D activity finding that the dimeric form displays 

a ribonucleolytic activity comparable to that of the monomeric enzyme and it reduces the viability of 

different cancer cell lines by targeting Src-kinase, STAT3 and Bcl2, although it displays an EC50 

slightly lower than that of ONC. The slightly different antitumor effects registered within the two 

ONC species could be related to variations, caused by dimerization, in the relative position and/or 

conformation of some charged residues on the protein surface. However, this antitumor activity 

against more than one tumor cell line143 is definitely promising and the possibility to produce ONC 

dimer or trimer through oligomerization may represent a valuable horizon for the anticancer potential 

of this enzyme. Despite the promising results obtained, the dimer is particularly difficult to study 

considering its low yield.  

Considering that the specific ONC targets are still unknown, the modulation of the expression of 

several onco-suppressor miRNAs in the A375 and FO1 BRAF-mutated melanoma cell lines was 

studied. ONC is able to upregulate the expression level of miR-20a-3p, miR-29a-3p, and miR-34a-

5p, together with a downregulation of many miRNAs-associated onco-proteins. These results could 

explain the pleiotropic anti-melanoma activity induced by ONC treatment involving cell cycle 

progression, survival signalling pathway, metabolism, and metastatic potential. Moreover, this data 

may lead to the hypothesis that ONC ribonucleolytic activity may be directed towards long-non-

coding-RNA or circular-RNAs responsible for miRNAs stability210. Hopefully, this study may 

represent a first step towards the development of a new therapeutic strategy in which ONC must be 

considered an important tool against the onset of tumor metastasis.  
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