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Sommario  

 

Il melanoma è una delle forme più aggressive di cancro della pelle, caratterizzata 

da un alto tasso di mortalità a causa dell’elevato potenziale metastatico. Negli ultimi 

anni sono state approvate diverse terapie innovative come l’uso di farmaci che 

agiscono contro specifici bersagli molecolari. Ad esempio, gli inibitori di BRAF 

(BRAFi) sono molto utilizzati contro il melanoma che presenta il gene BRAF 

mutato. Sfortunatamente, fino ad ora tutte le strategie terapeutiche non hanno dato 

risultati soddisfacenti a causa della resistenza acquisita verso i farmaci antitumorali. 

Gli enzimi poli (ADP-ribosio) polimerasi (PARP) hanno un ruolo cruciale nella 

risposta ai danni al DNA e l'inibizione di PARP provoca l'accumulo di DNA 

danneggiato causando morte cellulare. I PARP inibitori (PARPi) sono 

comunemente usati in chemioterapia sia singolarmente che in associazione con altri 

farmaci. Il PARPi più usato nella terapia antitumorale è l'olaparib, anche se esso 

viene rapidamente espulso dalle cellule ad opera della P-glicoproteina, canale di 

membrana che favorisce l’efflusso dei farmaci dalla cellula. Per questo motivo è 

stata progettata una nuova generazione di PARPi di cui l’AZD2461 è un esempio 

selezionato per una più bassa affinità di legame alla P-glicoproteina. 

Studi in vitro ed in vivo hanno dimostrato che la proteina Onconasi (ONC), grazie 

alla sua attività ribonucleasica, agisce da antitumorale in diversi tipi di cancro. 

Pertanto, in questo lavoro sono stati valutati gli effetti di ONC sulla linea cellulare 

A375 di melanoma umano, la quale presenta una mutazione nel gene codificante 

per l’enzima BRAF chinasi. I risultati dimostrano che ONC è capace di ridurre la 

vitalità di cellule A375, mentre nessuna citotossicità è stata riscontrata in melanociti 

umani normali. Inoltre, il trattamento ha prodotto una riduzione dell'incorporazione 

di BrdU e dell'espressione della proteina Ki67, indice di un effetto citostatico di 

ONC, come anche una riduzione della sintesi proteica. ONC ha anche azione 

citotossica in quanto il trattamento di cellule A375 con questa ribonucleasi ha 

prodotto un aumento della fluorescenza di Annexin V-FITC e dell'espressione della 

forma tagliata di PARP1, entrambi indici di apoptosi.  

Per studiare i bersagli intracellulari di ONC, sono stati esaminati i cambiamenti di 

espressione delle proteine intracellulari, indotti da ONC, mediante analisi 
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proteomica in spettrometria di massa. È stata osservata una diminuzione 

dell’espressione delle proteine coinvolte nell'allungamento dei telomeri, nello 

sviluppo delle cellule mesenchimali e nella biogenesi delle subunità ribosomiali.  

Quando ONC è stata somministrata in combinazione con il PARPi AZD2461 non 

sono stati ottenuti forti benefici dal trattamento congiunto se confrontati con gli 

effetti dei farmaci somministrati singolarmente. Sia ONC che AZD2461 si sono 

dimostrati capaci di inibire la trascrizione genica di TNF-α e la capacità di NF-κB 

di legarsi al DNA, mentre non è stato osservato alcun effetto additivo quando i due 

farmaci sono stati usati in combinazione. Al fine di ottenere cellule resistenti 

all’AZD2461, le cellule A375 sono state trattate per due mesi con questo farmaco 

senza ottenere cloni resistenti. Ciò nonostante, le cellule trattate a lungo con 

AZD2461, rispetto alle parentali, sono risultate più sensibili all'azione pro-

apoptotica di ONC. Successivamente, è stata creata una sottopopolazione di cellule 

A375 resistenti al dabrafenib (A375DR), selezionate dopo un lungo trattamento con 

il farmaco. Le cellule A375DR, rispetto alle parentali (A375P), hanno mostrato 

attivazione dei marcatori di cellule staminali tumorali CD133 e NANOG, ed una 

più alta espressione delle proteine legate alla transizione epitelio-mesenchimale: N-

caderina e β-catenina nucleare. Inoltre, le cellule A375DR hanno mostrato un 

aumento del livello di fosforilazione di ERK1/2, suggerendo una riattivazione di 

queste chinasi solitamente bloccate dall’azione del dabrafenib. Confrontando 

A375P e A375DR, è stato dimostrato che ONC ha diminuito la vitalità totale e 

l’indice di proliferazione e ha indotto apoptosi in entrambe le sottopopolazioni 

cellulari. Tra i suoi effetti pleiotropici, ONC ha ridotto i livelli di p65 NF-κB nel 

nucleo e delle forme fosforilate di IκB kinasi, così come l’attività di 

metalloproteinasi-2 in entrambe le sottopopolazioni cellulari. Infine, ONC ha 

diminuito la formazione delle colonie, la migrazione e la capacità di invasione in 

modo più cospicuo nelle cellule A375DR rispetto alle A375P. 

 

In conclusione, ONC ha dimostrato capacità di inibire il fenotipo maligno delle 

cellule A375 specialmente nella sottopopolazione di cellule resistenti al BRAFi. 

Quindi, ONC potrebbe diventare uno strumento terapeutico efficace per contrastare 

le recidive di melanoma. 
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ABSTRACT 

Melanoma is one of the most aggressive form of skin cancer, characterized by high 

mortality rate due to the metastatic potential of its cells. Several therapies have been 

approved during last few years. Recently, the melanoma molecular characterization 

led to development of drugs acting against specific targets. For instance, BRAF 

inhibitors (BRAFi) have been tested against BRAF-mutated melanoma. 

Unfortunately, all chemotherapy strategies failed for the resistance acquired by 

tumor cells.  

Poly (ADP-ribose) polymerase (PARP) enzymes are crucial in the DNA damage 

response and the PARP inhibition causes the accumulation of unrepaired DNA, 

inducing cell death. PARP inhibitors (PARPi) are commonly used in chemotherapy. 

The most used PARPi in cancer therapy is olaparib, although it can be quickly 

throwing outside the cells by the P-glycoprotein drug efflux transporter. For this 

reason, a new PARPi generation has been designed, such as AZD2461 that 

demonstrated a lower binding affinity to the P-glycoprotein than olaparib. 

 In vitro and in vivo studies showed that the protein onconase (ONC) exerted an 

antitumor effect in different cancer types, due to its ribonuclease activity. 

Therefore, in this work, the ONC effects on A375 human melanoma cell line that 

harbors a mutation in the BRAF kinase gene, has been evaluated. A reduction in 

A375 cell viability has been observed with ONC treatment, while no cytotoxicity 

was registered in normal human melanocytes. In A375 cells a reduction in BrdU 

incorporation and a decrease in Ki67 protein expression occurred, suggesting that 

ONC elicits a cytostatic effect. In addition, an increase of both Annexin V-FITC 

fluorescence and cleaved PARP1 expression level were observed, suggesting that 

ONC induces apoptotic cell death. In order to investigate the ONC intracellular 

targets, changes in the proteome profile have been investigated using mass 

spectrometry. A decreased expression level of proteins involved in telomere 

elongation, in the mesenchymal cell development and in the ribosomal subunit 

biogenesis has been obtained. A decrease in protein synthesis in ONC-treated cells 

was also demonstrated. Besides ONC, AZD2461 PARPi can reduce A375 cell 
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viability, conversely, no strong benefits were obtained when ONC was 

administered in combination with AZD2461, in comparison with each single drug 

treatment. ONC and AZD2461 have displayed an inhibitory effect on both TNF-α 

gene transcription and NF-κB DNA binding activity, but no additive effect was 

observed when they were used in combination. In order to obtain A375 cells 

resistant to AZD2461, cells were treated for two months with AZD2461, but this 

long treatment did not induce resistance. Nevertheless, the AZD2461 long-time 

treated cells resulted more responsive to the ONC pro-apoptotic action, if compared 

to the parental ones. Subsequently, resistance against the BRAFi dabrafenib has 

been induced in A375 since long time treatment with increasing drug concentrations 

of dabrafenib induced a sorting of an A375 resistant cell (A375DR) subpopulation. 

A375DR cells displayed activation of the cancer stem cells markers CD133 and 

NANOG and increase expression of epithelial-mesenchymal transition-related 

proteins N-cadherin and nuclear β-catenin, in comparison with A375 parental 

(A375P) cells. In addition, A375DR showed an increase in the ERK1/2 

phosphorylation level, suggesting a reactivation of the MAPK pathway. By 

comparing A375P and A375DR, ONC treatment can inhibit the total viability and 

the proliferation rate in both cell subpopulations and induce apoptotic cell death. 

Moreover, among its pleiotropic effects, ONC reduced nuclear p65 NF-κB amount 

and IκB kinase phosphorylation level, as well as metalloproteinase-2 activity in 

both cell subpopulations. Finally, ONC decreased cell colony formation, migration 

and invasion capability more extensively in A375DR than in A375P cells. 

 In conclusion, ONC successfully counteracts malignant phenotype of A375 cells 

especially in BRAFi resistant cells and could become a helpful tool for therapy of 

melanoma recurrence. 
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1. INTRODUCTION 

1.1 MELANOMA   

Melanoma is a malignant tumor that arises from neoplastic transformation of 

melanocytes, cells localized principally in the skin and eyes where they produce 

melanin, the pigment that defines skin and hair colour1. Malignant melanoma is 

classified into different subgroups, based on tumor localization: mucosal, uveal and 

cutaneous forms. The cutaneous is the most common and represents 90% of all 

cases, is one of the most aggressive form of skin cancer and is related with high 

mortality rate, due to its metastatic potential2,3. Melanoma progression is described 

by Clark into different clinically and histologically defined stages (Fig.14): starting 

by the common melanocytic nevus, that accumulates mutations and gains 

hyperplasia and dysplasia, followed by a non-tumorigenic radial growth phase that 

could be in situ or invasive, carrying on with the vertical phase, characterized by 

invasion and tumorigenicity and finally leads in the metastatic phase5.  

 

 

Fig.1. Biologic events and molecular changes in melanoma progression. 

 

The incidence of malignant melanoma has been increasing worldwide, resulting in 

an important socio-economic problem. Starting from 1960s, the incidence of this 

cancer has increased in Caucasian population and, thus, melanoma has become one 

of the most frequent cancers in fair-skinned populations6. Melanoma is now the 

fifth most common cancer in men and the sixth in women in the United States, 

where the incidence is increased by 270% from 1973 to 2002. Currently, 1.6% 
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people in US population will develop melanoma during their lifetime. Melanoma, 

different to other cancers, affects a young and middle-aged population. The people 

average age at the diagnosis has estimated around 57 years and it was observed that 

the incidence increases linearly after 25 until 50 years and then reduces, especially 

in females. The incidence sex-related, according with Markovic et al., is grater in 

women than men until 40 years, however, by 75 years, is 3-times higher in men 

than in women7,8. The pathogenesis of melanoma is a complex phenomenon in 

which environmental, genetic, and host factors play different roles. Several risk 

factors have been identified by epidemiological studies. Pigmentation has a 

significant influence on skin susceptibility to malignant changes. Indeed, subjects 

with red/blond hair, blue eyes, fair skin, and developing sunburns have higher 

melanoma risk than subjects with brown hair/eyes and skin9. Regarding genetic 

alterations, 10% of melanoma are hereditary due to a mutation in cyclin-dependent 

kinase inhibitor 2A/p16 (CDKN2A/p16), a tumor suppressor that plays an 

important role in cell cycle regulation. In the dysplastic nevus it has been found a 

large number of cells that display driver mutations, well known as gain of function 

mutations that activate the mitogen-activated protein kinase (MAPK) pathway. 

More than 50% of melanoma have mutations in the kinase domain of BRAF 

oncogenic protein that render the BRAF kinase constitutively active, independently 

of a previous activation by extracellular stimuli and causing over activation in the 

downstream MAPK/ERK pathway involved in cell proliferation and survival10,11 

(Fig.212). 

 

 

Fig.2. (A). Normal activation of Ras by extracellular factors. (B). Mutations 

induce constitutive activation of Raf, independent to the extracellular signals. 
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In 90% of epidemiological cases the mutation is a substitution of glutamic acid for 

valine at amino acid 600 (BRAF V600E)13. The most already known environmental 

factor, implicated in the development of cutaneous melanoma, is UV radiation. 

Epidemiologic studies, according to the world health organization (WHO), reveal 

that excessive sunlight exposure, also associated with sunburn, especially in 

childhood years, could trigger the transformation of benign melanocytes into a 

malignant phenotype and consequent melanoma development14. 

Early detection of malignant melanoma and its treatment remains the key factor in 

lowering mortality. The prognosis in melanoma is directly proportionate to the 

neoplastic stage. The cutaneous location is an advantage in melanoma cure, 

compared to other cancers, because permits its early detection through non-invasive 

approaches15. The European Society for Medical Oncology clinical practice 

guidelines for cutaneous melanoma highlight the importance of a detailed diagnosis 

for the establishment of the tumor stage and, in some cases, a mutation test is also 

required16. 

Several therapies have been approved by the US Food and Drug Administration 

(FDA). Depending on the features of the tumor (location, stage, and genetic 

profile), the therapeutic options may be surgical resection, chemotherapy, 

radiotherapy, photodynamic therapy, immunotherapy, or targeted therapy 17. 

Two types of limitations are relevant in melanoma therapy: the adverse events 

(AEs), which can lead to skin and gastrointestinal toxicity usually related to 

immune reactions or lack of specificity of drugs for tumor cells, and a reduced 

treatment efficiency, which can be due to immune, chemo/targeted therapies 

resistance 18,19,20. 

1.2 MELANOMA THERAPIES 

Dacarbazine (DTIC), an alkylating agent, that causes brakes in DNA strands, has 

been approved in 1974 by FDA. DTIC is the standard chemotherapy medication for 

metastatic melanoma. In clinical it is administered intravenously, and it requires a 

metabolic activation. The first problem related to this drug is that it has no effect 

against brain metastasis, that are found in two-thirds of patients, because DTIC is 

not able to cross the blood-brain barrier21. Studies reported that a complete response 
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was achieved in <5% and 5-year survival in 2%–6% of patients, although DTIC is 

still used also in combination with other drugs22. Recently a novel alkylating agent, 

temozolomide (TMZ), a DTIC analog, has been tested against different solid tumors 

including metastatic melanoma. TMZ displays some advantages compared to 

DTIC: is administrated orally, it passes through the blood-brain barrier and is 

converted in the active form spontaneously in physiological condition23,24,25. With 

both drugs, the low chemotherapeutic response is due to intrinsic or acquired 

resistance, associated with increased expression of the DNA repair protein O6-

alkylguanine DNA alkyltransferase26,27. The recent characterization of the 

molecular alterations in melanoma leads to the development of target therapies. 

These treatments are based on the specific molecular mutations and on the related 

intracellular signaling pathways2. Indeed, the discovery that the kinase BRAF is 

activated by mutations in a high percentage (50-60%) of melanoma species has 

opened the research on specific BRAF inhibitors (BRAFi). The first agent 

developed to target oncogenic BRAF was sorafenib, a multikinase inhibitor that 

inhibits BRAF (wild type or V600E) activity but even VEGFR, PDGFR, cKIT, and 

FLT3. This drug proved to be inefficient in the treatment of malignant melanoma28. 

In 2011 FDA has approved vemurafenib, a small-molecule kinase inhibitor directed 

on BRAF V600E mutation. It binds the nucleotide-binding pocket of BRAF 

mutated with higher affinity than ATP and renders the kinase unable to 

phosphorylate downstream targets. The reduction in BRAF phosphorylation 

activity, consequently, displays a reduction in ERK phosphorylation by causing a 

cell-cycle arrest29. However, nearly all tumors demonstrated reactivation of the 

MAP kinase pathway with promotion of ERK phosphorylation at the time of 

resistance due to different mechanisms involved in acquired resistance30. 

Vemurafenib has also been shown to be a substrate of ATP-binding cassette sub-

family G member 2 (ABCG2) transporter. The overexpression of this efflux pump 

has described as a resistant mechanism observed in preclinical melanoma models31. 

Another drug, dabrafenib, more selective than vemurafenib for BRAF mutations, 

was approved in 2013 by FDA for unresectable or metastatic melanoma. Both 

vemurafenib and dabrafenib can be useful in controlling brain metastasis, because 

they display a good brain-barrier penetration32. This last BRAFi is usually used in 
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combination treatment with mitogen-activated protein kinase inhibitors (MEKi), 

this combined treatment extends the drug duration response during the therapy33. 

Unfortunately, cellular responses to the BRAFi are short live because patients in 

few months develop different mechanisms of acquired drug resistance that involve 

activation of alternative signaling pathways34. Also the expression of another RAF 

isoform, such as CRAF, can reduce the sensitivity to BRAFi and drive resistance 

via direct MEK activation or via paradoxical trans activation of RAF dimers and 

subsequent ERK signalling35,36. In some cell lines, a 61KDa variant form of BRAF 

(V600E), lacking the exons 4-8, has been discovered. This variant dimerizes in 

higher amount compare to full-length BRAF (V600E) and restores the proliferation 

signal through the activation of ERK37. 

It is known that tumors are linked with immune system functionality, indeed,  

cancer often develops in sites characterized by chronic inflammation38. During 

antitumoral responses, T-cells should recognize specific antigens on tumor cells, 

inducing T-cells immune activation and acquiring ability to destroy cells that 

exposed tumor specific antigens. Unfortunately, cancer cells can escape from T-

cells control39. It has been shown that tumor infiltrating lymphocytes mediate the 

host immune response against cancer cells, because they are associated with 

positive outcome in patients affected by malignant melanoma40. Based on these 

observations, immunotherapy could be a promising option in the advanced 

melanoma treatment, and, in some cases, it has been demonstrated a durable 

complete response in patients better than with other previous treatments. 

Nevertheless, immunotherapy resistance can occur, due to a lack in antigen 

recognition by T-cells, that involves different components such as regulatory T-

cells and M2 macrophages41. In addition, the immunogenic mediators in tumor 

microenvironment can influence the success of immunotherapy42. The first 

immunotherapy approved by FDA was INFα-2b, used as an adjuvant therapy for 

the treatment of resected stage 3 melanoma, although only few patients were 

responsive and the primary tumor ulceration was the predictive factor for IFNs 

sensitivity43,44. In 2011 FDA approved ipilimumab, an anti-CTLA-4 antibody that 

acts inducing the production of pro-inflammatory cytokines, favoring T-cells 

expansion and infiltration45,46. Melanoma patients must show immune-related 
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response criteria to undergo anti-CTLA-4 treatment because adverse effects, 

including autoimmune alterations, such as dermatitis, colitis and  hepatitis, can 

occur47. Programmed cell death receptor protein 1 (PD-1) binding its ligands can 

suppress T-cells activation. In 2014 FDA approved nivolumab, a high affinity anti-

PD-1 monoclonal antibody, that can inhibit the binding between PD-1 receptor and 

its ligands. This immune-drug was currently used in the treatment of metastatic 

melanoma inducing immune system responses and reducing tumor 

progression48,49,50. Unfortunately, similar to the previous immune-treatments, it 

shows some adverse effects17. For these reasons, new therapeutic strategies need to 

be developed against advanced melanoma. 

1.3 CANCER CELLS RESISTANT TO THERAPY 

Drugs resistance is the major problem in cancer therapy. The establishment of drug 

resistance can develop when a new tumor cell subpopulation becomes able to 

escape chemotherapy51. This process involved a lot of causes based on drug efflux, 

target alteration, DNA damage repair, epithelial-to-mesenchymal transition, 

alteration in cells receptor and so on. It has been shown that melanoma cells, that 

acquire resistance upon treatment with vemurafenib, display a cancer stem cells 

(CSC) phenotype producing melanosphere52. CSC are also able to undergo cell 

cycle arrest (quiescent state) that supports their ability to become resistant to 

chemo- and radiotherapy53. Indeed, common chemotherapeutic drugs target the 

proliferating cells. Although successful cancer therapy eradicates the bulk of 

proliferating tumor cells, a subpopulation of those, composed of CSC, can survive 

and promote cancer relapse54. CSC, also known as tumor-initiating cells, have been 

intensively studied in the past decade, focusing on the possible source, origin, 

cellular markers, mechanism, and development of therapeutic strategies targeting 

their survival pathways55. Although their origin is unclear and controversial, some 

hypotheses suggest that CSC might be derived from either adult stem cells, 

progenitor cells that have undergone mutation, or from differentiated cancer cells 

that obtained stem-like properties through dedifferentiation processes53,56,57,58. This 

CSC subpopulation can be recognized by some markers that belong either to 

undifferentiated or to embryonic state. CSC subpopulation is enriched by several 
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cell surface markers, for example CD271 and CD133, and by high expression of 

additional intracellular proteins, such as Sox2, Oct4 and NANOG, that are 

important determinants of cancer malignancy59. CSC are particularly resistant to 

therapy, this characteristic promotes tumor relapse followed by cells migration and 

new niches colonization, finally developing metastasis (Fig.360). This behavior has 

been studied also in a mice model under vemurafenib treatment, in which scientists 

have seen tumor onset in mice implanted with a heterogeneous population of 

sensitive and vemurafenib-resistant A375 melanoma cells, compared to mice 

implanted exclusively with A375 sensitive cells, where they did not observed  

tumor growth61. 

 

 

 

Fig.3. CSC are resistant to chemotherapy and radiotherapy; the tumor can 

relapse after treatment from CSC. 

 

The BRAFi-resistant cells undergo to the epithelial-to-mesenchymal transition 

(EMT) process, downregulating the expression of cell-cell adhesion molecules, 

such as E-cadherin or integrins, typical markers of epithelial cells. At the same time, 

resistant cells acquire migratory and invasive capacity that permit the penetration 

through the extracellular matrix (ECM) in order to colonize new body sites62,63. 

Interesting, it is reported that melanoma cells become able to migrate one-by-one 

through channels crossing on the nearby stroma64. These cells prone to invasion 

often display loss in E-cadherin, induction of N-cadherin expression and 

translocation of the β-catenin in the nucleus65. Sinnberg et al. demonstrated that β-

catenin is involved in the vemurafenib resistance and they confirmed this data, in 

vitro, with a vemurafenib resistant melanoma cells. They also reported that 50% of 

melanoma biopsies were positive to β-catenin localization in the nucleus 66. Finally, 
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in order to cross the ECM, a mechanic barrier against cells mobility, cells need to 

overexpress matrix metalloproteinases (MMPs). 

1.4 METALLOPROTEINASES (MMPs) 

MMPs belong to zinc-finger endopeptidases family involved in degradation of 

ECM component, with both physiologic and pathologic activities. In cancer 

pathology those protein activity cover an essential step in cell invasion, migration 

and metastasis formation67. Most of them are secreted by the cells in an inactive 

form (proMMPs) requiring proteolytic multistep activation processes68. Their 

expression and activity are highly controlled by transcriptional and post-

transcriptional mechanisms. Indeed, the MMPs activity is regulated by tissue 

inhibitors of metalloproteinase (TIMPs) through the binding of their catalytic 

domain69. The expression of MMPs and TIMPs have been widely studied in 

melanoma cell lines. Overexpression of TIMPs in B16-F10 murine melanoma cells 

has been shown to reduce tumor growth and metastasis formation when cells were 

injected in mice70. MMP-2, known as gelatinase, has been found in high amount in 

the melanoma cells conditioned medium. Rotte et al., studying melanoma biopsies 

from different stages, observed that MMP-2 expression level negatively correlates 

with patient survival71,72. In particular, the increased expression of MMP-2 and the 

presence of its active form has been associated with melanoma progression. Active 

MMP-2 was only observed in highly invasive cell lines, but was absent in poorly 

invasive ones73. MMP-2 activity directly modulates melanoma cell adhesion, 

suggesting that MMP-2 may also facilitate migration and invasion74. Indeed, 

cellular localization of the active form of MMPs plays a crucial role in cell invasion, 

in fact, integrin αvβ3 can bind and place the active MMP-2 on the cell surface of 

melanoma cells75.  

In conclusion, it is important to find different therapeutic approaches that, on the 

one hand cause cytotoxicity and, on the other, block cell migration, invasion and 

MMPs release. 

https://www.sciencedirect.com/topics/medicine-and-dentistry/melanoma-cell
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1.5 Ki67 

Abnormal cell proliferation is a characteristic feature observed in tumor onset and 

progression. The Ki67 protein is expressed in all cell cycle phases, except in G0 

and, for this reason, is consider a sensitive marker for cell proliferation76. Indeed, it 

is widely used in clinical laboratories as a diagnostic tool because is highly 

expressed in malignant compared to normal tissues77,78. Moreover, Ki67 protein 

expression tends to increase proportionally with a decreasing in tumor 

differentiation and is correlated with the presence of occult metastasis79,80. In the 

lesions of primary melanoma less than 1,5 mm thickness the Ki67 expression has 

been considered an indicator of poor prognosis since it is a predictor of metastatic 

progression81. Moreover, it has been demonstrated that antibodies against Ki67 

microinjected in mice are able to interfere with the progression of the cell cycle, 

proving that the presence of Ki67 protein is essential for cell proliferation and tumor 

growth82.  Accordingly, inhibition of cell proliferation has previously been shown 

by transfecting human IM-9 cells with an anti-sense oligonucleotide 

complementary to the translational start site of the Ki-67 transcript83. In the recent 

years, other authors, using RNA interfering technique, confirmed the 

antiproliferative effects obtained by Ki67 inactivation and suggested that Ki-67 

protein can be an important target in anticancer therapy80,84.  

1.6 CELL DEATH 

In the last decades, many authors have underlined the differences between an 

accidental cell death (ACD) opposed to a regulated cell death (RCD). ACD occurs 

after physical stresses, such as osmotic forces. RCD, instead, is programmed by 

defined machinery and can be modulated by drug therapy85. Different mechanisms 

of cell death share overlapping pathways which can be related to the emerging of 

drug-resistance. Apoptosis is the earliest characterized programmed cell death and 

it works as a homeostatic control of tissue growth. This RCD is mediated by 

initiators and effectors such as proenzymes and caspases, which propagate through 

a proteolytic cascade ended in cell death86. The apoptotic process at the early stage 

is also characterized by the flipping of phosphatidylserines (PS) from the inner to 

the outer surface of plasma membrane, this event works as a signal for the other 
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cells designed to engulf the apoptotic bodies87. Then, apoptotic cells change 

morphology, showing nuclear condensation and membrane blebbing. Apoptosis is 

activated by three different pathways: the extrinsic, known also as death receptor 

pathway, the intrinsic, described as mitochondrial way and the granzyme where T-

cell mediated cytotoxicity and killing of cells. The extrinsic involves death 

receptors, that belong to the tumor necrosis factor (TNF) receptor superfamily88. 

Upon ligand binds to receptor, in the cytoplasm an adaptor is recruited and 

constitutes with caspase-8 a death-inducing complex, that auto-activate caspase-

889,90. Otherwise, the intrinsic one involves stimuli that cause changes in the inner 

mitochondrial membrane, followed by opening of the mitochondrial permeability 

transition pores, loss of the mitochondrial transmembrane potential and release into 

the cytosol of pro-apoptotic factors, such as cytochrome c and SMAC/DIABLO 

proteins. In this way, the intrinsic pathway can activate the caspase-dependent 

mitochondrial pathway, starting from the cytochrome-c/Apaf1/procaspase-9 

interaction, constituting the apoptosoma91,92. Other proteins, such as apoptosis-

inducing factor are release from the mitochondria as a late event after the induction 

to cell death93. To date, there are a lot of evidences that underline an influence 

between these mechanisms94. Finally, all the previous pathways converge on the 

activation of the effector caspase 3, that causes DNA damage and protein 

breakdown of several targets including the enzyme poly (ADP) ribose polymerase 

1 (PARP1). The protein breakdown is triggered when active caspase 3 recognizes 

a specific conserved amino acid sequence present on its protein targets95. 

The evasion from the apoptotic cell death is essential for cancer cells leading to 

uncontrolled proliferation and tumor progression. Instead, the majority of drugs 

used in melanoma therapy are pro-apoptotic drugs, such as cisplatin that is an 

activator of the apoptotic mitochondrial pathway96. Indeed, cell apoptosis induction 

helps to reduce the tumor metastatic potential97. 

1.7 DNA DAMAGES 

An important hallmark in cancer development is its genomic instability, which is 

associated with a propensity to accumulate mutations98. Afterwards, in the cancer 

progression, the high proliferative index is connected to high DNA damage and, if 
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this is not repair, cells are going to die. Thus, in tumor cells we observed an 

increased expression in elements that drive the DNA damage response (DDR), 

which include signaling events and enzyme activities involved in the detection and 

repairment of DNA damages. Chemotherapeutic drugs and radiotherapy produce 

single- or double-stranded DNA breaks, that induce an activation of DNA-damage 

sensors99. One of the most known sensors is PARP1, that belongs to the PARP 

family. PARP enzymes include 17 members, involved in transferring of the ADP-

ribose negative group from NAD+ to some amino acid residues present in the 

protein targets recognized as PARPs substrates100. This process, that takes place 

near the DNA damage site, is known as poly (ADP-ribose) ylation (PARylation), a 

post-translational protein modification that consists in the binding up to 200 ADP-

ribose chains on the protein target. The high number of negative charges added to 

the protein targets leads to the recruitment of DNA repairing proteins in the damage 

site and to activate several biological processes, such as cell cycle arrest (Fig.4 

101)102,103. PARP1 itself, which is responsible for about 90% of polyADP 

ribosylation activities in the cells, is polyADP-ribosylated together with histones, 

nuclear repair enzymes and transcriptional factors104. PARylation is a transient and 

reversible protein modification because PARs turnover is also depending on poly 

(ADP-ribose) glycohydrolase (PARG) that degrades PARs105. 

 

 

Fig.4. PARylation mechanism. Active PARP1 dimers recognize and bind DNA 

breaks, PARP1 synthesizes poly (ADP-ribose) (PAR) from NAD+ by modifying 

itself and other proteins involved in DNA repair. 
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In addition, PARylation is followed by the phosphorylation of  H2AX (γH2AX) 

histone variant, that is essential for the recruitment and retainment of several factors 

nearby DNA strand brakes106. Downstream to DNA sensors, transcription factors 

like p53 and NF-κB mediate the responses to damage. On the one hand, p53 induces 

cells cycle arrest and cell death, on the other, NF-κB favors cell survival107,108. 

Notably, the ability to escape apoptotic cell death could be an useful way for cancer 

cells to become resistant to chemotherapeutic drugs that induce DNA damage109,110. 

1.8 NF-κB 

Nuclear Factor-κB (NF-κB) is a transcriptional factor composed by five subunits,  

NF-κB1/p105, NF-κB2/p100, RelA/p65, RelB, and c-Rel, which can interact in 

homo-hetero dimeric manner and bind to DNA at the promoter regions of several 

responsive genes. The upstream regulators of NF-κB are NF-κB inhibitors (IκBs) 

and IκB kinases α/β/γ activator (IKKs). In unstimulated conditions NF-κB is present 

in the cytosol in the inactive state because it is binding to one of the three inhibitor 

factors, IκBα, IκBβ, and IκBε, that blocks the NF-κB nuclear translocation111,112. 

NF-κB is activated by different extracellular or intracellular stimuli, such as Tumor 

Necrosis Factor α (TNFα), lipopolysaccharide (LPS), viral double-stranded RNA, 

ionizing radiation and intracellular reactive oxygen species (ROS). The NF-κB 

activation is trigged by two different pathways: canonical and non-

canonical113,114,115. Both pathways have in common the activation of IKK complex 

(KK1/IKKα, IKK2/IKKβ, and NEMO/IKKγ), that phosphorylating the IκBs 

proteins, produce their ubiquitination and degradation in the proteasome. Hence, 

NF-κB is released from its inhibitor and translocates into the nucleus, where 

activates the transcription of several genes involved in inflammation, cell 

differentiation, proliferation, defense against infections and cellular stress. NFκB is 

also involved in the inhibition of apoptosis process since it induces the transcription 

of several anti-apoptotic proteins, such as Bcl-XL and the protein inhibitors of 

apoptosis (Fig.5116)112,117,118. 
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Fig.5. NF-κB signaling pathway. 

 

Several members of NF-κB subunits have been found mutated in different types of 

cancer, especially in malignancy of hematopoietic origin, indeed, NF-κB2/p100 is 

frequently activated through chromosomal translocations in lymphoma and 

leukemia119. Instead, mutations that directly cause the NF-κB activation are very 

rare in solid tumors in which its constitutive activation is due to microenvironment 

influence120. In melanoma, recent studies show that some NF-κB components are 

overexpressed in dysplastic nevi and melanoma cells, compared to healthy 

melanocytes121. In some cases, it has been described an increase in IKKs activity, 

causing fast degradation of IκBs followed by NF-κB nuclear translocation. In 

Hs294T melanoma cells an imbalance between IκBs synthesis/degradation has been 

demonstrated122. The widely diffuse BRAF mutation in melanoma has been also 

associated with an increase in IKKs activity123. All these previous described 

processes increase melanoma cell survival. 

Because NF-κB can activate the transcription of several genes eliciting cell growth, 

anti-apoptotic pathway and inflammation, NF-κB can be used as a target in the 

melanoma therapy124. Indeed, different compounds has been tested against this 

pleiotropic transcriptional factor, such as bortezomib, a proteasome inhibitor that 

inhibits IκBs degradation; curcumin, a polyphenol with anti-cancer properties that 

induces programmed cell death in B16-R melanoma cell resistant to doxorubicin; 

and BMS-345541, a selective inhibitor of IKKs125,126. In vitro, BMS-345541 

induces inhibition of cells proliferation in different melanoma cell lines, including 
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A375 cell line, and it also induces apoptosis, as shown by the presence of PARP1 

cleaved form, marker for the apoptotic cells death127. Unfortunately, all of the 

previously cited treatments have shown very important side effects in clinical trials, 

such as high hematological toxicity caused by bortezomib, as well as off-target 

effects because they inhibit not only cancer cells proliferation but also the immune 

response during the anti-cancer therapy128,129,130. The presence of PARP1 is 

important for NF-κB activity because PARP1 functions as a co-activator of NF-κB 

at the promoter sites131. A study reported that PARP1 silencing in malignant 

melanoma B16 cells reduces tumor onset, tumor progression and drug-resistance 

when this cell line is implanted in mice. Indeed, PARP1 silencing decreases the 

expression of the NF-κB dependent pro-inflammatory cytokines, for example TNF-

α132. Many reports underline the importance of PARP inhibitors (PARPi) on the 

NF-κB activity and on its downstream signaling. Hence, NF-κB inhibition by 

PARPi could be more safety in cancer treatment compare to the use of specific NF-

κB inhibitors133,134. 

1.9 PARP INHIBITORS 

Clinical trials validated the antitumor effect of PARPi  in patients with mutations 

in BRCA1/2 genes in breast and ovarian cancer because this mutation results in a 

deficient  homologous recombinant (HR) DNA repair process135. In clinic, different 

PARPi have been used until now: olaparib, rucaparib, niraparib, talazoparib and 

veliparib136. After inhibitor treatment, PARP is trapped onto single strand break 

(SSB), blocking the replication fork progression followed by its collapse and 

generation of genotoxic double strand breaks (DSBs)137. Olaparib (Lynparza®) is 

the first one that has demonstrated efficacy in maintenance therapy in patients with 

ovarian cancer, approved by both FDA and European Medicines Agency (EMA)138. 

Olaparib demonstrates in vitro a nanomolar inhibitory activity against PARP1 and 

PARP2 enzymes139. Olaparib is well tolerated as a single agent. Recent reports 

demonstrate that some type of cancer cells acquire resistance against this drug 

through different mechanisms, including loss of  p53-binding protein 1 (53BP1) or 

overexpression of ATP-binding cassette (ABC) drug transporter, a P-glycoprotein 

that prevents the accumulation of anticancer drug in cells140,141. 53BP1 is a crucial 
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player in maintaining the balance between HR and non-homologous end joining, 

loss of 53BP1 activity partially restores HR in BRCA1-deficient tumors, thereby 

reducing their hypersensitivity to PARP inhibition142. In order to overcome the 

resistance mechanism connecting to drug efflux outside the cells, olaparib has been 

administrated in combination therapy with tariquidar, the P-glycoprotein inhibitor, 

this approach has restored the PARPi sensitivity in breast tumor143. 

AZD2461 is a new generation PARPi, structurally analog to olaparib, but less prone 

to bind the P-glycoprotein compare to olaparib144. It has been shown that after the 

onset of olaparib resistance, when tumor was treated with AZD2461, it was 

responsive to treatment also in absence of tariquidar142. It is important to underline 

that for this new drug a Phase I clinical trial has been completed145. Anyway, in 

general it is known that PARPi work better in combination therapy with other 

drugs146. 

1.10 ONCONASE 

To counteract extracellular RNA, onconase (ONC) is a 104 residues basic secretory 

protein extracted from the Rana Pipiens frog oocytes, which belongs to the 

“pancreatic-type” ribonuclease super-family147 (Fig.6). ONC has a similar fold 

compared to the proto-type RNase A although they share only 30% of sequence 

homology148.  

 

Fig.6. Onconase structure. 

 

This low homology is explained by a deletion in some amino acid residues, that 

occurs predominantly in loops that are important sites of binding for the 

ribonuclease inhibitor (RI) present in the cytosol of all mammalian cells149. For this 
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reason, ONC, if internalized in the cells, is not sequestered by RI and can exert its 

ribonuclease activity. Conversely, other monomeric RNases of the same family are 

not cytotoxic because their ribonucleolytic action is hindered by RI binding150. 

Moreover, compared to normal cells, ONC is better internalized by cancer cells 

through energy-dependent endocytosis mediated by AP-2/clathrin151. Some studies 

describe that the electrostatic forces play a key role in ONC binding to the cell 

membrane. Indeed, its basic charge (PI>9.5) allows ONC internalization in cancer 

cells, because they have more negatively charged membranes than normal ones. In 

particular, it is known that cancer cells with high metastatic potential have stronger 

electronegative membrane152. This RNase gets access inside the cytosol bypassing 

the Golgi and Endoplasmic Reticulum. The current model of ONC-mediated 

cytotoxicity predicts that ONC, once inside the cells, first degrades tRNAs through 

its ribonuclease activity151. Although ONC effects are different from those exerted 

by other protein synthesis inhibitors, the tRNAs breakdown leads to the ubiquitous 

inhibition of protein synthesis, finally inducing cell death153. The ONC cytostatic 

and cytotoxic effects have been studied in human leukemic HL-60, submaxillary 

carcinoma A-253 and colon adenocarcinoma Coo 320-CM cells. The cytostatic 

effect is caused by a decrease in frequency of DNA replicating cells (S-phase 

blockage), and the cytotoxicity by the apoptosis induction154. It is already known 

that ONC is active against many human cancer cell types, such as glioma and 

lymphoma B cells155,156. Moreover, other results showed that it promotes cell death 

in human pancreatic adenocarcinoma cell lines through a ROS/autophagy 

dependent pathway157. Other evidences, in malignant pleural mesothelioma cell 

lines, show that ONC affects the expression of miRNAs, noncoding RNA which 

induce gene silencing through interaction with 3’-untraslated regions (3’-UTR) of 

the messenger RNAs. miRNAs control cell proliferation, invasion, migration, and 

cell death158. Among them, miR-622 is known to induce resistance to PARPi159. In 

malignant mesothelioma ONC is also able to inhibit the nuclear translocation of 

NF-κB  induced by TNF-α, and to reduce the activity of MMP9 decreasing tumor 

invasion160. Another study in the same tumor type has underlined that  ONC, 

through its RNase activity on miRNAs, downregulates the expression of NF-κB, 

decreasing colony formation, motility, invasion and cells proliferation158. The first 
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in vivo preclinical study has analyzed the survival of mice with M109 Madison 

carcinoma: mice treated with ONC had a survival rate 12-fold longer compared to 

untreated controls161. ONC has already been used in Phase III clinical trials against 

malignant pleural mesothelioma, an aggressive tumor characterized by a poor 

prognosis162,163. In this clinical trial, the ONC-treatment was combined with 

doxorubicin (DOX), and the life-extension was compared to DOX alone. A 

significant advantage for survival was found only for patients who experimented 

the ONC treatment after having previously received a DOX therapy. Phase II 

human clinical trials with ONC in metastatic kidney cancer was also completed164. 

It should be noted, however, that numerous clinical studies have found ONC to 

possess an acceptable safety profile, being generally well-tolerated by the majority 

patients165. Clinical trials evaluating ONC effects on non-resectable malignant 

mesothelioma, reported a reduction of tumor growth even though adverse side-

effects in some patients were mentioned162. There are evidences that ONC produced 

synergic effects in many cancer types when administered with other drugs, 

including tamoxifen and cisplatin166. Despite its cytotoxic activity on cancer cells 

of different types of tumors in vitro, ONC displayed some problems during in vivo 

experimentation. Indeed, the fast clearance from circulation, caused by renal 

filtration due to its low molecular mass, produces ONC kidney retention and 

nefrotoxicity167. Homo-oligomerization or hetero-oligomerization with other 

proteins, as already experimented in preclinical studies by fusion protein with 

immunotoxin, could solve these problems150.   
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2. AIM OF THE STUDY 

Because malignant melanoma therapy is far from being successful and quickly 

drug-resistance is established either in in vitro studies using melanoma cell lines or 

in clinic during the treatment of patients, the principal aim of this thesis is to 

experiment alternative and more efficacious therapeutic strategies to counteract 

melanoma progression and relapse. In this context, the antitumor effect of the 

cytotoxic ribonuclease ONC, by itself or in association with other chemotherapeutic 

drugs, was tested on A375 cells, an extremely aggressive melanoma cell line.   

Aims of the study are: 

- To measure the ONC effects on cell viability in A375 cells and normal 

human melanocytes. Notably, no data are available, so far, concerning the 

antitumor effects of ONC in any cutaneous malignant melanoma cell line.  

- To characterize the effects of ONC on A375 cell proliferation rate and 

programmed cell death. 

- To characterize the effects of ONC in countering the metastatic potential of 

A375 cells. In particular, the ONC capability to decrease cell migration, 

invasion and colony formation. 

- To measure the potential synergistic effect of ONC treatment in association 

with AZD2461. 

- To investigate the cytotoxic effects of ONC on two A375 cell 

subpopulations: one treated for a long time with AZD2461 PARPi and the 

other that has become resistant to dabrafenib BRAFi. 

- To characterize the capability of ONC to interfere with NF-κB activation, a 

signaling pathway that is important in tumor progression, tumor cell 

dissemination and metalloproteinase activity. 

To investigate, by proteomic analysis, all the protein expression 

modifications elicited by ONC in A375 cells in order to study its molecular 

mechanisms of action.  
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3. MATERIALS AND METHODS 

All chemicals, solvents, and buffers were from Sigma-Aldrich (St.Louis, MO, 

USA) unless noted otherwise. 

3.1 Protein production  

Recombinant wide type-ONC was 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 

Human melanoma cell line (A375) and Normal human epidermal melanocytes 

(NHEM) (ATCC, Manassas, VA, USA), were cultured in high glucose Dulbecco’s 

Eagle’s Medium (DMEM) supplemented with 10% FBS, 1% Antibiotic 

Antimycotic Solution (Gibco, BRL Invitrogen Corp., Carlsbad, CA, USA), at 37° 

C in a humidified atmosphere of 5% CO2. A375 cells were treated for a long period 

with increasing AZD2461 concentration (AZD long treated), starting form 5 µM up 

to 80 µM, to investigate if cells could develop resistance mechanisms. The human 

melanoma A375 cell line was induced to generate dabrafenib resistance (DR) with 

the aim of selecting a A375DR subpopulation. In order to do this, A375 cells were 

cultured at 37 °C with different concentrations of dabrafenib (Selleckchem, 

Houston, TX, USA) that gradually increased from 1 nM up to 5 µM, until a 

subpopulation grew in the constant presence of this concentration. Subsequently, 

A375DR cells were maintained in culture with 5 µM dabrafenib for six months. 

 3.3 Cells Viability assay 

NHEM and both dabrafenib-sensitive parental, A375P, and A375DR A375 cells 

were seeded in a 96-well plate (2.9 x 103 cells/well). After 24 h culture, A375 were 

incubated with different concentrations of dabrafenib (Selleckchem, Houston, TX, 

USA), AZD2461, olaparib (Calbiochem, CA, USA) or ONC and cells were 

harvested at 72 h after treatment. Drug combination studies were performed by 

combining ONC and AZD2461, seeding cells in 24-well plates (17*103 cells/well) 
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In a parallel experiment, NHEM cells were treated with ONC to compare their cell 

viability with the ones of both A375 subpopulations. In the experiments performed 

with A375DR cells, dabrafenib was removed from the culture medium one day 

before starting the 72 h incubation with ONC or with dabrafenib. To measure cell 

viability, each cell sample was washed at the end of treatment with 1X PBS solution 

(Gibco BRL Invitrogen Corp., Carlsbad, CA, USA) and stained with crystal violet 

(0.75% crystal violet powder, 8% formaldehyde, 50% ethanol) for 5 min. Crystal 

violet was solubilized in PBS/1% SDS solution, and OD595 was measured using 

Tecan NanoQuant INFinite M200 Pro plate reader (Tecan Group Ltd., Männedorf, 

Switzerland). Six replicates were performed for each condition/time point.  

3.4 Br-deoxy-Uridine (BrdU) cell proliferation Elisa kit (colorimetric) 

Cells proliferation was evaluated with a colorimetric immunoassay based on the 

measurement of BrdU incorporation during DNA synthesis. A375P and A375DR 

cells were seeded in 96-well plates (2.9*103 cells/well). After 24 h, cells were 

incubated with ONC (0.5 and 1µM) for 24, 48 and 72 h, and, subsequently, for other 

4 h with BrdU (Abcam, Cambridge, UK). Medium was aspirated and cells were 

fixed for 30 min. Plates were washed three times and anti-BrdU detector antibody 

was added for 1h at room temperature (RT). Plates were then washed three times, 

incubated for 30min at RT with peroxidase goat anti-mouse IgG conjugate and then 

washed three times again. The tetramethybenzidine chromogenic peroxidase 

substrate (TMB) was added and plates were incubated for 30 min in dark. Finally, 

stop solution was added and absorbance was measured at 450nm using a plate 

reader, Tecan NanoQuant INFinite M200 Pro. 

3.5 Protein synthesis assay kit  

A375P were seeded in 96-well clear bottom, black plates (2.9*103 cells/well). After 

24 h cells were treated with 1µM ONC and then protein synthesis assay was done.  

This assay is based on the incorporation in live cells of O-Propargyl-puromycin 

(OPP), that is a puromycin analog containing an alkyne moiety. It is cell-permeable 

and, once inside cells, it is incorporate into the C-terminus of translating 

polypeptide chains, thereby stopping translation. The truncated C-terminal alkyne-
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labeled proteins can subsequently be detected via copper-catalyzed click chemistry 

(FAM-azide). Cycloheximide was used for negative control. OPP working solution 

was added for 30 min, cells were fixed and washed. Cells were incubated with 

FAM-azide in dark for 30 min. Plates were washed and FITC fluorescence (ex/em 

485/535) was detected by a plate reader (GENios Pro, Tecan, Männedorf, 

Switzerland). 

3.6 Annexin V-FITC assay 

Cells were seeded in 96-well clear bottom, black plates (2.9 × 103 cells/well) and, 

the day after, treated with 1 µM ONC for 48 h. Cells were washed and fixed with 

2% paraformaldehyde in PBS at room temperature for 30 min. Cells were washed 

twice with PBS and incubated with Annexin V/FITC (eBioscience, San Diego, CA, 

USA) in binding buffer solution (10 mM HEPES/HCl pH 7.4, 140 mM NaCl, and 

2.5 mM CaCl2) for 10 min in the dark. Cells were washed with binding buffer and 

fluorescence was measured with a plate reader (ex/em 485/535) (GENios Pro, 

Tecan, Männedorf, Switzerland). Fluorescence values were normalized on cell 

content by crystal violet assay. 

3.7 Wound closure cell migration assay  

A375P cells were seeded in 6-well plates (2 × 105 cells/well) and, upon reaching 

confluence, the monolayer was scratched with a sterile 200 μL pipette tip. A375DR 

cells were seeded in 6-well plates (4 × 105 cells/well) and, when they reached 

confluence, the monolayer was scratched with a sterile 10 μL pipette tip. Wells were 

then washed with complete medium to remove detached cells and, afterwards, 

refilled with fresh medium containing 10% FBS. 1 μM ONC was added and 

samples were compared with ONC-free one. A375P cells were incubated for 17 h 

(1020min), while A375DR cells for 54h (3240min) and both cell subpopulations 

were monitored with EVOS FL Auto Cell Imaging System. Cells were kept at 37°C 

with 5% CO2 in humified atmosphere in an EVOS Onstage Incubator (Thermo 

Fisher Scientific, Waltham, MA, USA). A375P cells movement frames were 

captured every 30 min for 17 h, with a 5X magnification, while the A375DR cells 

frames every 2 h during the mentioned 54 h, with a 10X magnification. A time-
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lapse video was created with the acquired frames, and the relative images were 

quantitatively analyzed by using the ImageJ computing software, MRI Wound 

Healing Tool. In the graphic, the mean value of each point calculated from four 

independent experiments ± S.D. are reported. 

3.8 Total and nuclear protein purification  

In order to purify the total proteins content, cell pellets were resuspended in ~50-

100 μL of radioimmunoprecipitation assay buffer (RIPA) (150mM NaCl, 5mM 

EDTA pH 8.0, 50mM Tris pH 8.0, 1% NP-40, 0.5% sodium deoxycholate, 0.1% 

SDS) in the presence of protease and phosphatase inhibitors (Proteoloc protease 

inhibitor cocktails, and Phosphatase Inhibitor Cocktail 2, respectively; Tema 

Ricerca, Bologna, Italy). Samples were incubated on ice for 20 min and centrifuged 

for 25 min at 25000 g at 4 °C. The supernatant, containing soluble proteins, was 

collected. Nuclear extracts were prepared using a detergent solution (HEPES 10mM 

pH 7.9, Nonidet-P40 0.1%, KCl 10mM, MgCl2 1.5mM) in the presence of protease 

and phosphatase inhibitors, incubated for 10 min in ice, centrifugated for 10 min a 

2000g. The supernatant was discarded, and the proteins were extracted from nuclei 

with a hypertonic solution (HEPES 20mM pH 7.9, NaCl 420mM, MgCl2 1.5mM, 

glycerol 25%, EDTA 0.2mM), in the presence of protease and phosphatase 

inhibitors and incubated on ice for 15 min, centrifuged for 25 min at 25000 g at 4 

°C.  

Proteins concentration was measured using Bradford assay (Thermo Scientific, 

Waltham, MA, USA) in a Jasco V-650 spectrophotometer. In order to prepare the 

samples for western blot analysis, a reducing sample buffer was added (Sample 

buffer: Tris-HCl 625mM pH 6.8, 2% SDS, 8% Glycerol, 0.25% Bromophenol blue, 

5% β-mercaptoethanol). Proteins sample containing 40 μg of total protein extract 

or 15 μg of nuclear protein extract were boiled for 3 min and placed in ice to aid 

protein denaturation. 

 3.9 Western blot assay 

Protein extracts were electrophoresed by a 5-10 % polyacrylamide SDS-PAGE, 

then were transferred on polyvinylidene difluoride membrane (PVDF, Merck-
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Millipore, Burlington, MA, USA). Membranes were blocked with TBST (10 mM 

Tris-HCl pH 7.5, 100 mM NaCl, 0.1% Tween 20) containing 5% bovine albumin 

serum (BSA, Serva, Heidelerg, Germany) for 1 h at RT, then were incubated 

overnight on a rocker at 4 °C, with a 5% BSA solution containing primary 

antibodies for: cleaved PARP1, p65 NF-κB, pIKKα/β (Ser176/180), pERK1/2 (Cell 

Signaling, Danvers, CO, USA), N-cadherin, NANOG, CD133, γH2AX, β-catenin 

(Genetex, San Antonio, Texas, USA), Ki-67 (Dako, Santa Clara, CA, USA). After 

that, membranes were washed three times with TBST buffer for 30, then incubated 

for 1 h with horseradish peroxidase-conjugated secondary antibody (anti-rabbit 

1:4000, Cell Signaling, Danvers, CO, USA), and washed with TBST three times 

again. All protein extracts were normalized with β-actin (1:1000) or Lamin B 

(1:1000) for nuclear extract (Cell Signaling, Danvers, CO, USA). Immunodetection 

was carried out with ECL kit (GE-Healthcare, Chicago, IL, USA) and the 

chemiluminescence signals were detected with ChemiDoc (Bio-Rad, Hercules, CA, 

USA). 

3.10 Proteomic analysis 

Whole protein extracts from A375P control and treated cells were used in proteomic 

analysis. Analysis was done by prof. Cecconi, Department of Biotechnology, 

University of Verona, using Mascot and Protein Pilot FDR 1% for protein 

identification. Proteins were quantified by Skyline software and normalized by MS 

Stat. 

3.11 Drug combination studies 

Drug combination analysis were performed using ONC in combination with 

AZD2461. Cells were seeded in 12-well plates (43 × 103 cells/well) and the day 

after incubated with AZD2461, ONC and with AZD/ONC combination. After 72 h 

cells were stained with a crystal violet solution and the dye was solubilized in PBS 

containing 1% SDS. OD was measured at 595 nm using a plate reader. All values 

are means (±SD) of three independent biological replicates, each performed using 

six technical replicates. 
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3.12 Transwell invasion assay 

Both A375P and A375DR cells were incubated with 1μM ONC for 72 h. 

Afterwards, cells were detached with trypsin, counted and seeded in transwell 

composed of polycarbonate membrane inserts of 8 μm pore size, and coated with a 

uniform layer of dried basement membrane matrix solution. Cell invasion was 

measured by using CytoSelectTM cell invasion assay kit (CELL BIOLABS, San 

Diego, CA, USA) according to the manufacturer instructions. 0.5 mL of complete 

media was added to the lower chamber wells as chemoattractant, while 0.3 mL of 

cell suspension consisting of 1 x 10^6cells/mL in DMEM serum-free were seeded 

on the upper chamber. Invasion capability was analyzed after 48 h. Non-invading 

cells were removed by cotton swab scrubbing, and the invading cells were stained 

with staining solution. Finally, the OD450 was measured using the Tecan NanoQuant 

infinite M200 Pro plate reader.  

3.13 Gelatin zymography 

Both A375P and A375DR cells subpopulations were cultured in presence or 

absence of ONC for 48 h, then, they were serum-starved for 30 h. The conditioned 

medium was collected and concentrated 10X by using an Amicon Ultra-2 

Centrifugal Filter Unit (Millipore, Burlington, MA, USA). Proteins concentration 

was determined with Coomassie (Thermo Scientific, Waltham, USA) and samples 

were prepared with non-reducing sample buffer. In order to separate proteins, a 

7.5% SDS-PAGE, contained 4 mg/mL gelatin, was performed. Gels were washed 

with 50mM Tris-HCl pH 7.5, 5mM CaCl2, 1μM ZnCl2 supplemented with 2.5% 

Triton X-100 (Serva Electrophoresis, Heidelberg, Germany) buffer, and kept 24 h 

in the incubation buffer (1% Triton X-100, 50mM Tris-HCl pH 7.5, 5mM CaCl2, 

1μM ZnCl2) to allow the digestion by the MMP-2 gelatinase. This buffer contained 

the cofactors necessary to keep MMP-2 active so that it could degrade the gelatin 

present in the gel. The gel was stained with 0.5% Coomassie Brilliant Blue R-250 

in 20% Ethanol-10% Acetic acid and the gelatinase activity was detectable by 

evaluating presence and intensity of clear bands on the blue background.  
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3.14 Real time PCR analysis 

RNA was extracted with the Pure link RNA kit (Ambion, Invitrogen Corp., 

Carlsbad, CA, USA), quantified with the Nanodrop UV-vis spectrophotometer and 

its quality checked by 1% agarose gel. Reverse transcription into cDNA was 

performed (500 ng RNA in 10 μl) by using the SuperScript VILO cDNA synthesis 

kit (Invitrogen Corp., Carlsbad, CA, USA), according to manufacturer’s 

instructions. The expression levels of specific genes were determined with real time 

(RT)-PCR by using the SensiFAST Sybr No-ROX kit (BIOLINE, London, UK). 

TATA-box binding protein (TBP) was used to normalize the gene expression level 

in each sample. PCR reactions were performed in triplicate in a Rotorgene Q 

(Qiagen, Hilden, Germany), with the following amplification primers: 

 

Gene For (5’-3’) Rev (5’-3’) 

CD133 GCATTGGCATCTTCTATGGTT CGCCTTGTCCTTGGTAGTGT 

NANOG AGTCCCAAAGGCAAACAACCCAGTTC TGCTGGAGGCTGAGGTATTTCTGTCTC 

TNF-α GAGCACTGAAAGCATGATCC CGAGAAGATGATCTGACTGCC 

TBP TGTATCCACAGTGAATCTTGG ATGATTACCGCAGCAAACC 

 

A comparative quantification of gene expression was performed using a Pfaffl’s 

efficiency corrected calculation168. 

3.15 Soft agar colony formation assay  

Cells were seeded in flasks and treated with 1μM ONC for 72 h. Before seeding, 6 

wells plates were prepared with soft agar as follows: 1% agarose low gelling 

temperature and DMEM 2X supplemented with 10% FBS and 1% Antibiotic 

Antimycotic Solution (Gibco, BRL Invitrogen Corp., Carlsbad, CA, USA) was 

placed at the bottom layer, while with 0.6% agarose and DMEM 2X supplemented 

with 10% FBS and 1% Antibiotic Antimycotic Solution was placed on its top. 

Treated and control cells were detached, counted and seeded in 6 wells plates (5000 

cells/well), together with the upper soft agar solution. 100 μL of fresh media/well 

was added twice a week. After 21 days, crystal violet was used to stain cell colonies. 

The semi-solid cultures were performed in triplicate and images were captured with 

the EVOS FL Auto Cell Imaging System (Thermo scientific, Waltman, USA). 
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3.16 Electrophoretic mobility shift assay (EMSA) 

Nuclear extracts were prepared in the presence of protease inhibitors. After 

measuring protein concentration, nuclear extracts (6 μg) were incubated at RT for 

20 min with 32P-labelled double-stranded oligonucleotide (5′-

GATCATGTGGGATTTTCCCATG-3′), in a 15 μl reaction mixture containing pH 

7.9 20mM HEPES, 50mM KCl, 10% glycerol, 0.5mM DTT, 0.1mM EDTA and 2 

μg poly(dIdC). Products were separated on a non-denaturing 5% polyacrylamide 

gel in TBE (Tris-Borate-EDTA buffer, 0.5X). The oligonucleotide, whose sequence 

derives from the IL6 promoter, reproduces the DNA-binding site of NF-κB and, 

besides this, also the CBF1 DNA-binding site. Thus, in the same gel can be visible 

either the two faint and low mobility shift bands belonging to NF-κB dimers or the 

band relative to the DNA-binding of the constitutively expressed CBF1 

transcription factor. This latter large band with high mobility has been used as a 

loading control. The competition experiment was performed using 200 X non-

labelled free probe, and the intensity of the retarded bands measured with a 

Phosphorimager (Molecular Dynamics, Sunnyvale, CA, USA). 

3.17 Statistics  

All results are reported as a mean value ± SD. Unless differently noted otherwise, 

p values were determined using unpaired, two-tailed Student’s t test. For each type 

of experiment, a minimum of three independent biological replicates were 

performed. 
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4. RESULTS 

4.1 ONC treatment decreases A375 cells viability in a concentration-dependent 

manner. 

To determine the effect of ONC on cells viability, A375 and NHEM cells were 

treated with different ONC concentrations (A375: 0.1, 0.2, 0.35, 0.5, 1 µM; NHEM: 

0.5, 1, 2, 4 µM) for 72 h. Crystal violet assay results highlighted a significant 

reduction in cell viability in ONC-treated A375 cell, in a concentration dependent 

manner, with an IC50 of 0.48 µM (Fig.7 A). Instead, NHEM cell viability was not 

significantly affected also by the highest ONC concentration (Fig.7 B). This 

behavior could be explained by the melanoma cell phenotype, that makes tumor 

cells more sensitive to ONC than normal melanocytes, due to the high negative 

tumor membrane charges152. 
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Fig.7. ONC treatment affects cells viability only in A375 cells line. 

 

(A). A375 cell viability (% of ONC-free control) evaluated by crystal violet assay 

after 72 h treatment with increasing concentration of ONC. The IC50 is 0.48 µM.  

(**) Differences between treatments and control are statistically significant (p < 

0.01).  

(B). NHEM viability (% of ONC-free control) evaluated by crustal violet assay after 

72 h treatment with increasing concentration of ONC. Differences between 

treatments and control are not statistically significant.  

Each histogram column reported represents the average of three independent 

experiments performed in sextuplicate ± S.D. 
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4.2 ONC induced cytostatic and cytotoxic effects in tumor cells. 

Changes in cell viability could be a consequence of cytostatic outcome, that affects 

the proliferation rate, and/or cytotoxic effect, which causes cell death and the related 

cell mass decrease. In order to study the cytostatic effect, the cells proliferation 

index has been evaluated by BrdU assay, based on the incorporation of this 

thymidine analog into DNA of dividing cells. After 24 and 48 h a 4 h pulse of BrdU 

on live cells showed that the proliferation index is lower in A375 ONC-treated cells 

than in ONC-free A375 control cells (Fig.8 A). This result is also confirmed by a 

significant decrease in Ki67 protein expression level at 48 h, measured by WB 

analysis. As previously reported, Ki67 expression is correlated with cell 

proliferation and widely used in clinic to evaluate tumor growth76 (Fig.8 B). 

 

 

 

Fig.8. Cytostatic effect of ONC treatment. 

 

 (A). Cells proliferation measured by BrdU incorporation. Reduction in the 

proliferation index in A375 cells after 24 or 48 h from ONC (1 µM) administration. 

(**) Difference between ONC-treated A375 cells and each control is statistically 

significant (p < 0.01). Each histogram column reported represents the average of 

three independent experiments ± S.D. 

(B). A375 cells treated with 1µM ONC for 48 h show a strong reduction in the Ki67 

protein expression level measured by WB analysis. Lamin B1 is used as a loading 

control. This blot is a representative result of three independent experiments. 
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In order to analyze if a cytotoxic effect was also present, the early stages of 

apoptosis have been investigated. Annexin V-FITC assay was used to evaluate the 

exposure of the phosphatidylserines on the outer surface of cell membrane. This 

modification is one of the first phenotypic changes occurring in a programmed cell 

death. 48 h after ONC treatment, Annexin V-FITC fluorescence, that is proportional 

to the phosphatidylserine exposure on the surface of cells membrane, increased in 

treated cells compared to the control sample (Fig.9 A). To confirm this data, the 

expression level of cleaved PARP1 in the nuclei has been analyzed. PARP1 is 

cleaved by activated effectors caspases 3 or 7 in the apoptotic cell death pathway169. 

After 48 h of treatment, an increase in cleaved PARP1 expression level was 

measured in ONC-treated cells compared to the control cells (Fig.9 B). 

 

 

 

Fig.9. Cytotoxic ONC-treatment effect. 

 

(A). ONC-treated A375 cells show an increase of Annexin V-FITC fluorescence 

related to the exposure of phosphatidylserine on the outer site of cell membrane. 

Each histogram column reported represents the average of three independent 

experiments ± S.D. (**) The difference between ONC-treated and control cells is 

statistically significant (p < 0.01).  

(B). Increase of cleaved PARP1 form measured by WB analysis in A375 cells after 

ONC (1µM) administration compared to not treated cells (CTR). Lamin B1 is used 

as a loading control. This blot is a representative result of three independent 

experiments. 
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4.3 Proteomic analysis of A375 cells; evaluation of ONC influence on protein 

expression compared to control cells. 

In collaboration with prof. Cecconi (Biotechnology Department, University of 

Verona), after 48 h of ONC administration a proteomic analysis has been 

performed. It is know that the ONC intracellular ribonuclease activity is 

multitargets, in particular it affects the stability of tRNAs and miRNAs153,158. Thus, 

the proteome’s changes have been evaluated in order to understand the effect of 

ONC activity on the protein expression profile of A375 cell line. Results show that 

48 protein were downregulated and 52 upregulated (Fig.10 A). The biggest 

modulation is related to a decrease in the expression of proteins involved in 

telomeres elongation. It is known that this effect can produce a lack of telomerase 

activity and a consequent loss in tumor cell immortalization170. Other modulations 

involve a down-expression of small ribosomal subunits and a decrease in the 

expression of proteins clustered in the mesenchymal cells’ development groups 

(Fig.10 B). This data could explain the reduction in cell proliferation connected to 

a decrease in telomerase activity, as well as the failure in protein production, as 

described in the next chapter. A switching to a less aggressive cells phenotype 

connecting to a reduction in the expression of mesenchymal markers was suggested. 

In summary, the ONC-elicited modifications in protein expression could justify the 

loss of the typical behavior of tumor cells.  
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Fig.10. Proteomic analysis of ONC-treated versus control cells at 48 h. 

 

(A). Figure shows the proteomic analysis at 48 h after ONC administration in 

comparison with ONC-free A375 cells. 48 proteins were downregulated and 52 

upregulated.  

(B). The biggest clusters include proteins involved in telomeres regulation, in 

ribosomal biogenesis and in mesenchymal cell development. 
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Since the proteomic analysis underlined a reduction in the expression level of 

ribosomal proteins and chaperons, has been proposed that ONC treatment could 

affect protein synthesis. Thus, the protein synthesis activity after 24 and 48 h of 

treatment was quantified by measuring the incorporation of a puromycin analog. In 

ONC-treated cells, a significant reduction in the fluorescence signal, that is directly 

related with a reduction in the protein synthesis, was detected (Fig.11). 

 

 

Fig.11. ONC treatment reduced protein synthesis in A375 cells. 

 

Histogram shows the quantification of de novo protein synthesis measured in A375 

cells after 24 and 48 h from ONC (1 µM) administration, compared to control cells 

(CTR). Each histogram column reported represents the average of three 

independent experiments ± S.D. (**) At each time point, the differences between 

ONC-treated and control cells are statistically significant (p < 0.01). 
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4.4 Effect on A375 cell viability after AZD2461 or olaparib single treatments 

and combined ONC/AZD2461 treatment. 

The antitumor effect of the PARP inhibitors olaparib and AZD2461, in comparison 

with ONC, was evaluated (Fig.12). After 72 h, AZD2461 alone induced a decrease 

in A375 cell viability, concentration-dependently, with an IC50 of 60 μM (Fig.12 

A). Thus, the effect of the new AZD2461 PARPi was compared to the well-known 

PARPi olaparib. Olaparib decreased A375 cell viability with an IC50 of 22 μM 

(Fig.12 B). Notably, ONC was even more effective than both PARPi since the 

administration for 72 h of only 0.5 μM of this RNase induced a 50% reduction of 

A375 cell viability (Fig.12 C).  

To test the effect of combined treatments, A375 cells were treated for 6 h with low 

ONC concentrations (0.1, 0.2, 0.35 μM). Then, AZD2461 was added to the culture 

medium at the increasing concentrations of 5, 10, 20, 40 μM. The concentrations 

used in the combined treatments were chosen below the IC50 value measured in 

each single treatment. After 72 h, crystal violet assays were performed. Only the 

treatment with 0.35/20 μM (respectively ONC/AZD2461) was statistically more 

effective to reduce A375 cell viability in comparison with each drug administered 

alone at the same concentration (Fig.12 D). Instead, no strong benefit was obtained 

upon performing a combined therapy with the other drug concentrations used. 
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Fig.12. A375 cell viability after incubation with AZD2461, olaparib, ONC single 

treatment, and ONC/AZD2461 combined.  

 

Cell viability of A375 upon 72 h incubation with increasing concentrations of (A) 

AZD2461, (B) olaparib, (C) ONC, or (D) ONC/AZD2461. Each histogram column 

reported represents the average of four to ten independent experiments, each 

performed in sextuplicate ± S.D.  

(A, B, C). (*) (p < 0.05) (**) (p < 0.01) Differences between treatments with their 

control are statistically significant.  

(D). (*) Differences between the ONC/AZD2461 combined treatment in comparison 

to both (ONC or AZD2461) single treatments at the same concentration are 

statistically significant (p < 0.05). 
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4.5 Effects of single or combined treatment on A375 DNA damage and 

apoptosis. 

It is known that the H2AX histone variant is phosphorylated (γH2AX) in response 

to DNA damage106. Thus, the expression level of γH2AX was measured in A375 

melanoma cells to evaluate the damage effects of each drug on DNA.  A375 cells 

in basal condition, after 72 h culture, are characterized by low level of 

phosphorylated H2AX, as shown by western blot analysis (Fig.13 A). The average 

of three independent blots revealed a slight and not significant increase in the 

intensity of γH2AX band in 0.35 μM ONC-treated A375 cells (Fig.13 B), instead, 

the level of γH2AX was higher in the cell sample treated with 40 μM AZD2461. In 

Fig.13 was shown that the co-treatment, performed with 0.35/40 μM 

(ONC/AZD2461), induced the same amount of γH2AX than those obtained with 

AZD2461 single treatment. 

The pro-apoptotic activity of AZD2461 and ONC alone, or in combination, were 

analyzed by measuring the expression level of cleaved PARP1. In the cells, the 

activation of effector caspase 3 or 7 triggers PARP1 protein cleavage, resulting in 

two fragments of 85 and 24 KDa. The intensity of the 85 KDa band is directly 

related to the number of cells undergoing apoptosis. A375 cells treated for 72 h with 

0.35 μM ONC showed a slight increase of cleaved PARP1 amount. A remarkable 

increase was also visible upon the treatment with 40 μM AZD2461 in comparison 

with control cells (Fig.13). The incubation performed with the combination of two 

drugs induced the same effect detected with each single treatment. 
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Fig.13. WB analysis of the cleaved PARP1 and γH2AX histone variant. 

 

(A). A representative WB experiment relative to the expression level of the cleaved 

PARP1 and the phosphorylated histone variant H2AX (γH2AX) in A375 cells after 

incubation with 40 μM AZD2461 and 0.35 μM ONC, administered alone or in 

combination. The β-actin expression level was shown as loading control. 

(B). The histogram reports the average ± S.D. of three independent experiments. 

(**) Differences are statistically significant in comparison to each control sample 

(p < 0.01).  



 

47 

 

4.6 AZD2461 and ONC effects on NF-κB DNA-binding activity and TNF-α 

gene expression. 

In order to study the capability of NF-κB transcription factor to bind the specific 

sequence on the promoter of its responsive genes, EMSA experiments were 

performed, by using nuclear protein extracts from A375 cell cultures at 24, 48 and 

72 h (Fig.14 A). The oligonucleotide sequence used for the experiment has been 

selected from the human IL-6 promoter that contain both the NF-κB and CBF1 

binding sites very close each other. The DNA-binding of NF-κB dimers resulted in 

two low mobility weak bands in the gel, whereas the DNA-binding of the 

constitutively expressed CBF1 transcription factor, that could be used as a loading 

control, appeared as a large band with higher mobility. The NF-κB DNA-binding 

bands in the control cells were very weak after 24 h culture, but their intensity 

increased during cell culture (48 and 72 h). This effect may be due to some activator 

factors secreted by the cells and accumulated in the medium after two- or three-

days culture. Notably, the ONC-incubation almost completely blocks NF-κB DNA 

binding, while the band representing CBF1 binding shows the same intensity of the 

control one (Fig.14 A). Differently to the ONC incubation, the treatment with 

AZD2461 was not able to reduce NF-κB DNA-binding, whereas the reduction of 

NF-κB bands intensity caused by ONC alone was maintained in the samples treated 

with a combination of the two drugs (Fig.14 B).  

In order to investigate the transcriptional activity of NF-κB, a real-time PCR was 

performed to measure the mRNA level of TNF-α. TBP gene expression was used 

as internal standard. Notably, the TNF-α promoter holds a NF-κB binding site, 

hence TNF-α is a NF-κB-responsive gene. Here, a significant reduction of TNF-α 

gene expression was measured in A375 cells treated for 72 h with 0.1 and 0.35 μM 

ONC, while treatments with 20 and 40 μM AZD2461 induced a lower reduction of 

TNF-α mRNA level with an uncertain concentration dependence. The combination 

of the two drugs had no additive effect (Fig.15). 
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Fig.14. EMSA shows NF-κB DNA binding activity. 

 

NF-κB DNA-binding activity upon A375 incubation with (A) 0.35 μM ONC and (B) 

40 μM AZD2461 alone or in combination with 0.35 μM ONC. DNA-binding of 

CBF1 transcription factor has been used as a loading control. In the last line of the 

panel B was reported EMSA result obtained with control sample after 72 h of 

culture in the presence of 200X of unlabeled probe for competition.  
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Fig.15. TNF-α mRNA expression level. 

 

 Histogram representing the normalized mRNA expression level of TNF-α obtained 

by RT-PCR experiments. The expression level of TATA box binding protein (TBP) 

housekeeping gene has been used as internal standard. Each histogram column 

reported represents the average of three independent experiments ± S.D. (**) 

Differences between ONC-treated and ONC-free samples are statistically 

significant (p < 0.01). 

4.7 Cell viability and protein expression in A375 melanoma cells treated with 

AZD2461 for two months. 

Because A375 melanoma cells are sensitive to AZD2461, it has been investigated 

if these cells progressively decrease their drug sensitivity. A375 cells were treated 

for two months with increasing AZD2461 concentrations, starting from 5 up to 80 

μM. Data demonstrate that no significant differences in drug sensitivity emerged: 

in fact, cells remained sensitive to AZD2461 (Fig.16 A). The cells response to ONC 

treatment has been analyzed also in these cells treated for long-time with AZD2461. 

Therefore, the AZD2461 administration was stopped one day before the ONC 

incubation, so AZD2461 was not present in the cell culture medium during the ONC 

incubation. Unexpectedly, despite no drug-resistance was found in the cells pre-

treated with AZD2461 for two months, a subsequent treatment of these cells with 

low ONC concentrations was more efficacious than that observed in parental ones 

(Fig.16 B). For all ONC concentrations, except 0.1 μM ONC, differences in cell 
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viability between A375P and A375 long treated with AZD2461 are statistically 

significant (p<0.05). 

 

 

 

Fig.16. Viability in parental and AZD2461 long time treated A375 cells. 

 

(A). Cell viability of A375 parental (A375P) cells treated for 72 h with AZD2461 in 

comparison with A375 cells previously treated for two months with AZD2461 (A375 

AZD LT) and treated for 72 h with the same drug. Differences in viability between 

the two populations (A375P and A375 AZD LT) are not statistically significant. 

(B). Cell viability of A375P cells compared to A375 AZD LT after 72 h treatment 

with ONC. (*) Differences between the two subpopulations are statistically 

significant (p < 0.05). 

 For (A) and (B) Each histogram column reported represents the average of four 

independent experiments performed in sextuplicate ± S.D.  
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According to the viability results, cytotoxicity, studied by western blot analysis, 

showed higher cleaved PARP1 expression level in the cells pre-treated for two 

months with AZD2461 and then incubated with 0.35 μM ONC for 72 h compared 

to the ONC-treated parental ones (Fig.17 A and B). This result is promising, 

because the pro-apoptotic effect of ONC in A375 melanoma cells has been 

potentiated by a previously two-month treatment with AZD2461. 

 

 

 

 

Fig.17. Cleaved PARP1 amount in A375P and A375 long treated with 

AZD2461. 

 

 (A). A representative western blot shows the cleaved PARP1 expression level 

detected after 72 h culture with or without 0.35 μM ONC in A375P and A375AZD 

LT cells. The β-actin bands were used as loading control.  

(B). Quantification of WB analysis for cleaved PARP1. Each histogram column 

reported represents the average of three independent experiments ± S.D. (**) 

Differences between ONC-treated A375AZD LT cells and all other samples are 

statistically significant (p < 0.01). 
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4.8 ONC strongly affects cell viability of both parental and dabrafenib 

resistant A375 cells. 

Because loss of sensitivity to the treatment is one of the major problems in 

malignant melanoma therapy with BRAFi27, A375 cell line, harboring a mutation 

in the BRAF gene, was cultured with increasing concentrations of the BRAFi 

dabrafenib to induce drug-resistance. Indeed, one month after, A375 cells started to 

acquire resistance to dabrafenib (A375DR). Afterward, cells were maintained under 

drug selective pressure. To confirm this data, the drug sensitivity was measured at 

different dabrafenib concentrations, on both A375P and A375DR cells with crystal 

violet assay. As shown in Fig.18 A, A375P cells were highly sensitive to 

dabrafenib, with an IC50 of 2.7 nM. Instead, the A375DR cells viability was not 

significantly affected until 50 nM dabrafenib. Consequently, the relative IC50 value 

was not measurable or definitively >>5 µM since A375DR cells showed growth 

also in the presence of this drug concentration. All differences in the viability 

observed between A375P and A375DR cells are statistically significant, except 1 

nM (Fig. 18 A). Subsequently, the effect of ONC on A375P versus A375DR 

subpopulation was evaluated. Fig.18 B shows that both cell subpopulations have 

the same viability reduction after 72 h ONC treatment with the calculated IC50 value 

of 0.40 and 0.32 µM for A375P and A375DR cells, respectively.   
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Fig.18. Effects of dabrafenib or ONC in melanoma A375P and A375DR cell 

subpopulations. 

 

Parental (A375P) and dabrafenib resistant (A375DR) cell viability evaluated 

after 72 h incubation with increasing concentrations of dabrafenib (A), and 

ONC (B). (**) For each dabrafenib concentration tested, almost all 

comparisons between A375P and A375DR are statistically significant (p < 

0.01), while differences found upon ONC incubations are not statistically 

significant.  Each histogram column reported represents the average of four to 

five independent experiments performed in sextuplicate, ± S.D. 
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4.9 ONC decreases the proliferation rate of both A375P and A375DR cell 

subpopulations. 

To identify the causes related to the ONC-elicited viability reduction the A375P 

and A375DR cell proliferation rates were compared, by performing BrdU assay. 

After 24, 48, 72 h culture, A375P and A375DR cells have been incubated for 4h 

with BrdU. Both A375 cell subpopulations displayed a significative reduction of 

the proliferation rate in the ONC-treated samples in comparison with each ONC-

free control. Nevertheless, ONC-treated cells have shown a smaller reduction of the 

BrdU incorporation level in A375DR than in A375P (Fig.19 A, B and C). At all the 

time-point the differences, emerging by comparing the two ONC-treated cell 

subpopulations, are statistically significant, except for 1 µM ONC at 72 h.  It should 

be highlighted that A375DR control cells incorporated a lower amount of BrdU 

than A375P control ones (Fig.19 D), suggesting that, with or without ONC, 

A375DR cell subpopulation replicate slower than its parental counterpart. 

In conclusion, these data indicate that ONC decrease the proliferation rate of both 

A375P and A375DR cells, although, in comparison with A375P one, A375DR cell 

subpopulation is less responsive to the antiproliferative effect of ONC.    
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Fig.19. Proliferation rate in two A375 cell subpopulations. 

 

 The graphs show % of BrdU incorporation measured at 24 (A), 48 (B) and 72 

(C) h in A375P or A375DR cells, after their incubation with 0.5 or 1 µM ONC, 

in comparison with each ONC-free control. In figure D is represented the 

different proliferation rate between A375P and A375DR ONC-free control 

cells. (*) Differences are statistically significant (p < 0.05). 

Each histogram column reported represents the average of four independent 

experiments performed in triplicate, ± S.D. 

 

4.10 ONC induces cell death by triggering apoptosis principally in A375 DR 

cells. 

To verify if ONC treatment induce apoptosis in both cell subpopulations, the 

expression levels of cleaved PARP1 were compared. A representative WB was 

shown in Figure 20 A, while the average of cleaved PARP1 expression level, 

relative to four independent experiments and quantified after normalization with β-

actin expression, was reported in Figure 20 B. The amount of cleaved PARP1 

increased significantly in all ONC-treated cells compared to each control sample, 

thus confirming that 1 µM ONC concentration induced the A375 apoptotic cell 

death. Remarkably, ONC-treated A375DR cells show a higher increase of cleaved 

PARP1 amount in comparison with ONC-treated A375P ones. In conclusion, 

although ONC-treated A375DR cells showed less reduction in cell proliferation rate 

than ONC-treated A375P ones, they are more prone to undergo apoptotic cell death. 
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Fig.20. Changes in the amount of cleaved PARP1, in both A375P and 

A375DR cell subpopulations with or without ONC (1 µM). 

 

(A). Representative WB for cleaved PARP1. (CTR=ONC-free A375P cells, 

ONC=ONC-treated A375P cells, CTRDR=ONC-free A375DR cells, 

ONCDR=ONC-treated A375DR cells). 

(B). Quantification of cleaved PARP1 expression level after normalization with 

β-actin expression that was used as internal control. Data reported are the 

average of four independent WB experiments ± S.D. (**) All differences 

showed in figure are statistically significant (p < 0.01). 
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4.11 ONC affects p65 NF-κB nuclear localization. 

It is known that NF-κB is highly activated in cancer cells, its activation induces 

survival pathways by promoting cell growth and allowing the tumor to escape 

from apoptotic cells death. It has been also demonstrated that NF-κB  can be a 

specific target in melanoma therapy124. By western blot analysis we 

documented the presence of p65 NF-κB subunit in the cell nuclei of both 

A375P and A375DR control cell subpopulations. Instead, ONC-treated 

A375DR cells showed a significant decrease in the amount of nuclear p65 

(Fig.21 A). For this reason, the phosphorylation level of IκB kinases-α/β 

(pIKK), that trigger NF-κB activation, was measured. As shown in WB 

analysis (Fig.21 B), the pIKK level was slightly higher in non-treated A375DR 

cells compared to A375P ones, while ONC decreased the pIKK level in both 

A375P and A375DR cell subpopulations. Therefore, our data suggest that ONC 

reduces NF-κB nuclear localization by inhibiting IKK phosphorylation (WB 

quantification are reported in Fig.21 C).  
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Fig.21. Nuclear localization of p65 NF-κB and phosphorylation 

level of IKK in A375P and A375DR with or without ONC.  

 

A representative WB shows (A) the amount of p65 NF-κB subunit localized in 

the nucleus and (B) pIKK expression level in A375P and A375DR cells. β-actin 

and Lamin B1 expression level are used as internal controls. 

(C). Quantification of WB reported as average of four independent experiments 

± SD. (*) Differences are statistically significant (p < 0.05). 
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4.12 The A375DR cell subpopulation displays CSC biochemical markers. 

A375DR cells displayed smaller size, rounder morphology, and a lower 

proliferation rate than A375P ones. Notably, all these properties characterize 

CSC59. In ONC-free A375P and A375DR cells the mRNA expression levels of 

either CD133, a transmembrane glycoprotein expressed on the surface of normal 

and cancer stem cells, and NANOG, a transcription regulator involved in the 

maintenance of an embryonic stem cell state were measured by real-time PCR. 

CD133 and NANOG mRNA expression levels showed 2.1-fold and 2.4-fold 

increases, respectively, in comparison with the relative levels detected in A375P 

ones (Fig.22 A). The amount of TBP mRNA was used here as an internal standard. 

These results demonstrate that A375DR cells display high mRNA amount of both 

surface (CD133) and intracellular (NANOG) markers of undifferentiating and 

embryonic stem cells. 

Thereafter, the protein expression levels of CSC and of EMT markers were also 

investigated in both cell subpopulations. A representative WB, showing the 

differences existing between the two A375 cell subpopulations in the protein 

amount of CD133, NANOG, N-cadherin, nuclear β-catenin and pERK1/2, was 

displayed in Figure 22 B. The expression level of β-actin was used to normalize the 

total protein amount loaded into the gel. 

In conclusion, results show that A375DR cell subpopulation expresses high levels 

of CSC markers, such as CD133 and NANOG and it undergoes EMT by increasing 

nuclear β-catenin and N-cadherin protein levels. Finally, has been confirmed that 

A375DR cells can escape to the BRAF inhibition by restoring high levels of the 

phosphorylated and active form of ERK1/2 kinases. 
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Fig.22. Changes in the expression level of malignancy markers in ONC-

free A375DR vs A375P cells. 

 

(A). mRNA expression level of CD133 glycoprotein and NANOG transcription 

regulator measured by RT-PCR in A375P and A375DR ONC-free cells. Data 

reported are the average of three independent experiments, each performed in 

triplicate; ± S.D.; (*) differences are statistically significant (p < 0.05). 

(B). A representative WB showing the expression levels of CD133, NANOG, N-

cadherin, nuclear β-catenin, pERK1/2 proteins, relative to the two ONC-free A375 

cell subpopulations. β-actin was used as loading control. 
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4.13 ONC reduces the colonies formation in soft agar. 

Anchorage-independent growth is a carcinogenesis hallmark presents in 

transformed cells that permit their growth regardless of a solid surface. 

The soft agar colony formation assay is a deep-rooted method for characterizing 

this capability in vitro and is considered one of the most stringent test for malignant 

transformation in cells59,27. For this reason, soft agar assay has been performed for 

three weeks. A higher number of colonies has grown in A375P control cells than in 

ONC-treated ones (Fig.23 A-B). Besides, the number of colonies was higher in 

A375DR cells than in A375P ones, and it got down around zero upon incubation of 

A375DR cells with 1 µM ONC (Fig.23 C-D). 

Hence, the remarkable malignancy of A375DR cells is further demonstrated here 

by their ability to form a high number of colonies in soft agar assay (Fig.23 E). 

Significantly, this ability was suppressed by ONC at a higher extent in A375DR 

than in A375P. 
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Fig.23. ONC effect on colonies formation in the two A375 cell 

subpopulations.  

 

 Representative images of the stained agar in well (A and C), of colonies 

formed by A375P (A and B) and A375DR cells (C and D) treated or not with 

ONC. Images were captured with 5X magnification, Zeiss Axio Vert. A1 

AxioCAM/cm-1 60N-C1” 1,0X camera. 

(E). Number of colonies grown in soft agar by A375P and A375DR cells after 

being incubated with or without 1 µM ONC for 72 h. Data reported are relative 

to three independent experiments ± S.D. (**) All differences indicated were 

statistically significant (p < 0.01). 
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4.14 ONC reduces cell migration rate in both A375P and A375DR cell 

subpopulations. 

A wound closure cell assay was performed to measure the cell migration ability of 

both A375P and A375DR subpopulations, in the presence or absence of ONC 

(Fig.24). Notably, the time necessary to close the wound was different for the two 

subpopulations: in detail, A375DR cells migrated and proliferated slower than 

A375P ones. For this reason, the experiment with parental cells was carry out for 

17 h, while 54 h were needed for A375DR to close the wound. 1 µM ONC 

significantly reduced the migration rate of either A375DR or A375P cells, as it is 

visible in Fig.24 A and B, respectively. Figure 24 C shows images taken at T0 and 

at T54h for the ONC-treated and untreated A375DR cells, while figure 24 D 

represents images capture at T0 and T17 h for ONC-treated and untreated A375P 

cells. 
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Fig.24. Wound closure cells assay time elapsed in two A375 cell 

subpopulations. 

 

Wound closure measure (%) in (A) A375DR and (B) A375P starting from time zero 

until the end of the experiments, initial (t0) and final (t54h for A375DR and t17h for 

A375P). Representative images of A375DR cells (4X) (C), and of A375P (10X) (D) 

treated or not with 1 µM ONC. Images were captured with the EVOS FL Auto Cell 

Imaging System. 
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4.15 ONC reduces cells invasion and MMP-2 activity in both A375P and 

A375DR cells. 

Both A375 cell subpopulations were compared in order to verify if they acquired 

an invasive phenotype, and the potential of ONC to affect cells ability to degrade 

the basal membrane and pass through the transwell barrier, has been measured.  

Cells were treated for 72 h with or without 1µM ONC, then were detached. Each 

cell sample was seeded in a transwell upper chamber, and complete DMEM was 

added to the lower chamber as a chemo-attractant. After 48 h, the invading cells 

were stained and quantified. Both subpopulations invaded the Matrigel, although 

A375DR cells showed a slight, but not significant, increase in their invasion 

potential compared to A375P ones. Instead, treatment with 1µM ONC caused a 

significant 33% reduction of the A375DR cells invasion capability in comparison 

with not treated A375DR ones. Not statistically significant decrease was found in 

ONC-treated A375P cells in comparison with their not treated counterpart (Figure 

25). 

 

 

Fig.25. ONC effect on the invasion potential.  

 

 Invasion potential of A375 cells in the presence or absence of 1 µM ONC. A375P 

(CTR) and A375DR (CTR DR) and the respective ONC-treated cells were cultured 

for 72 h, detached, counted and seeded in the transwell. After 48 h, cells were 

stained and quantified at 460nm with Tecan NanoQuant Infinite M200 Pro Plate 

reader, as reported in the Materials & Methods Section. Each histogram column 

reported represents the average of three independent experiments ± S.D. (**) 

Differences between ONCDR vs CTRDR cells are statistically significant (p < 0.01).  
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In order to measure MMP-2 activity, both A375 cell subpopulations were cultured 

with or without 1 µM ONC for 48 h. Thereafter, cells were serum-starved for 30 h 

and the conditioned media collected to measure the MMP-2 activity by gelatin 

zymography. The results shown in Figure 26 A & B demonstrate that ONC 

significantly decreases MMP-2 activity at a similar extent either in A375P or in 

A375DR cells. Data relative to MMP-9 are not quantified because of the low 

activity level found in both cell subpopulations.  

 

 

 

 

 

 

Fig.26. ONC effect on MMP-2 activity. 

 

 (A). Representative picture of a gelatin zymography to measure the amount of 

gelatinase (MMP-2) secreted in the culture medium. 

(B). Quantifications of the intensities of the digested bands measured with the 

ImageJ software. Each histogram column reported represents the average of four 

independent experiments ± S.D. (**) All differences found within controls and 

ONC-treated cells of each subpopulation are statistically significant (p < 0.01).  
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5. DISCUSSION 

In the last decays melanoma incidence is increased worldwide, becoming the most 

frequent skin malignancy in the Caucasian population6. Several therapies have been 

approved based on surgical resection for non-invasive stages and pass through 

chemotherapy for invasive phenotypes17. The first drug approved for melanoma 

therapy has been DTIC, an alkylating agent that causes breaks in the DNA strand, 

but it showed a low response in patients due to acquired chemoresistance27. The 

characterization of a specific mutation on BRAF kinase gene, that is present in the 

majority of melanoma patients and causes a constitutive activation of the MAPK 

pathway, led new therapeutic tools based on the development of drugs headed to a 

specific target28. Different BRAF inhibitors, such as dabrafenib and vemurafenib, 

have been approved in the last few years. 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 signaling 

pathways34. For these reasons, new therapeutic strategies for the treatment of 

patients with advanced melanoma need to be developed. 

ONC is a small secretory ribonuclease, discovered in Rana Pipiens oocytes147. For 

its structure and biochemical features, ONC is better internalized in cancer cells 

compared to non-malignant cells and, contrarily to the majority of other secretory 

RNases, can escape from the binding to the intracellular ribonuclease 

inhibitor149,152. Previous studies in several different cell lines showed that ONC 

cytostatic effect was related to a decrease in frequency of DNA replicating cells 

(block before S-phase), while its cytotoxic effect was linked to the apoptosis 

induction154. The fist in vivo study revealed that mice with Ml09 Madison 

carcinoma treated with ONC displayed 12-fold longer life compared to untreated 

control group161. Moreover, ONC has already been tested in phase III clinical trial 

against mesothelioma, an aggressive tumor characterized by poor prognosis162.  It 

has been previously reported that ONC can affect the viability of two conjunctival 

melanoma cell lines, although no data are available on its action’s mechanism171. 

For these reasons, ONC activity has been tested on A375 human cell line from 

BRAF-mutated cutaneous melanoma and a dose-dependent reduction in A375 cell 



 

70 

 

viability was observed. In order to validate the ONC specific activity on malignant 

cells, ONC effect was also tested on NHEM, as a control. Indeed, a slight but not 

significative reduction of NHEM viability has been registered only at ONC 

concentrations higher than these used in A375 cells. This result could be explained 

by the high basic ONC charge that promote its better internalization in cancer cells 

which display higher negative charges on the outer surface membrane compared to 

non-transformed cells152. Thereafter, we investigated if the ONC-elicited decrease 

in A375 cell viability could be caused by cytostatic and/or cytotoxic activities. It 

has been reported that, the proliferative rate of malignant melanoma cells, studied 

by autoradiography after incorporation of tritiated thymidine, is directly correlated 

with a high risk for the early metastases onset172. A reduction in the A375 BrdU 

incorporation, both at 24 and 48 h after ONC administration, has been observed 

suggesting that a lower number of cells can enter the S-phase in ONC-treated A375 

cells in comparison with non-treated ones. To confirm this result, the Ki67 protein 

expression level was investigated, because this protein is considered a sensitive 

marker for proliferating cells and is also used in clinic as a diagnostic tool76,77. 

Indeed, the high expression of Ki-67 protein and the correlated increase of tumor 

cell proliferation has been described as a poor prognostic factor in patient with 

vertical growth phase melanoma173. A significative reduction of Ki67 protein level 

in A375 cells after 48 h ONC administration has been observed by WB and further 

confirmed by proteomic analysis. Thereafter, it has been investigated if a cytotoxic 

effect also occurred. In this regard, it is known that the majority of drugs used in 

melanoma therapy, such as cisplatin and DTIC, can promote cell death by inducing 

DNA damage, proliferation arrest and activation of the mitochondrial apoptotic 

pathway174,175. Indeed, A375 melanoma cell line displayed an increase in two 

apoptotic markers, such as active caspase 3 and cleaved PARP1, after DTIC 

treatment176. In order to evaluate the cytotoxic effect of ONC, Annexin-V FITC 

assay has been used for detecting the exposure of phosphatidylserine on the outer 

surface of cell membrane as an early signal event in the programmed cell death87. 

After 48 h ONC treatment, an increase in fluorescence signal, due to Annexin V-

FITC binding to the exposed phosphatidylserine, was detected. To support this 

result, a WB analysis was performed to measure the amount of the cleaved form of 
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PARP1, which came from the splitting of PARP1 protein in two parts carried out 

by the active caspases 3 and 7 operating in the late phase of apoptosis169. Data 

showed that ONC-treated cells displayed a higher amount of PARP1 cleaved form 

than ONC-free control cells. This result agrees with data obtained by Mihail et al., 

who demonstrated that ONC triggers apoptosis in Hela cell line153. 

Moreover, in collaboration with Prof. Cecconi, from the Biotechnology Department 

(University of Verona), a proteomic analysis was performed in order to study how 

ONC affects A375 proteome. 48 h after ONC administration, the proteins clusters 

highly modulated are involved in the regulation of telomere maintenance, in the 

mesenchymal cell development and in the ribonuclear subunit biogenesis. Recent 

studies demonstrate that telomerase not only regulates the synthesis of telomers but 

is also involved in different processes, because it directly regulates NF-κB-

dependent transcription177 and stimulates EMT process by inducing stemness of 

cancer cells178. All these telomerase activities contribute significantly to the 

oncogenic process170. Given that telomerase expression is upregulated in the 

majority of carcinomas, several therapeutic strategies against telomerase have been 

developed to counteract tumorigenesi179,180. These promising first data will be 

studied more deeply in the future.  

Wu et al. demonstrated that ONC inhibited 9L cells protein synthesis, measured by 

the [14C] leucine incorporation in the proteins181. Since in our proteomic analysis a 

reduction in chaperons’ expression was also detected, we decided to evaluate if 

protein synthesis could be affected in A375 cells by ONC treatment. A significant 

reduction in protein synthesis in ONC-treated A375 cells, at both 24 and 48 h, was 

observed.  

An hallmark of cancer is its genomic instability and the propensity to accumulate 

DNA damages98. In this context, the role of DDR machinery is fundamental to 

sustain a high level of tumor cell proliferation. Indeed, any error occurring during 

this process must be repaired before cells’ division by activating DDR that detects 

and corrects DNA lesions. DDR inhibition in cancer cells leads to the accumulation 

of excessive DNA damage resulting in cell death182. In this context, DNA repair 

enzymes are important targets for anticancer therapy, and PARP family enzymes 

play a central role in the responses to DNA damage183. For long time, the potential 



 

72 

 

of PARPi was driven by the enhancement of the effects observed with commonly 

used cytotoxic chemotherapies, such as temozolomide (TMZ)146,184. Recently, it has 

been shown that ABT-888 PARPi, caused pro-apoptotic effects on different 

melanoma cell lines185. Moreover, depletion of PARP1 protein inhibits melanoma 

growth and counteracts drug resistance132. Recently, olaparib, a PARPi largely used 

in clinic, was employed with successful results in a ligase 4-deficient melanoma 

cells186. Nevertheless, some reports describe increase in cancer cells resistance to 

olaparib through different mechanisms, such as loss of p53-binding protein 1 

expression or overexpression of ATP-binding cassette drug transporter, a P-

glycoprotein that prevents the accumulation of the anticancer drugs in malignant 

cells141,142. AZD2461, is a new generation PARPi structurally analog to olaparib 

that is less prone to be expelled from the cell by the P-glycoprotein in comparison 

with olaparib144. Remarkably, this new PARPi has been successfully tested in a 

phase I clinical trial145. In order to discover if AZD2461 could display a synergic 

effect in combination with ONC, their antitumor activities were measured on A375 

cells viability. Data showed that AZD2461 alone, after 72 h administration, affects 

A375 cells viability in a dose-dependent manner with an IC50 of 60 μM, in 

comparison olaparib is active a lower concentration since it displays an IC50 of 22 

μM. Thereafter, a combination of ONC/AZD2461 was evaluated. Thus, ONC was 

added in the culture medium and, 6 h later, AZD2461 was administrated. The 

concentrations of both drugs were chosen at lower values of each respective IC50. 

Only the 0.35/20 μM (ONC/AZD2461) combined treatment resulted more effective 

compared to each single drug at the same concentration. Hence, data suggest that 

the two drugs display no crucial synergic effects. 

In order to investigate if single or combined drugs cause DNA damage, the 

phosphorylation of the H2AX histone variant was measured. It is known that the 

phosphorylation level of H2AX (γH2AX) increases proportionally with the 

occurrence of DNA strand breaks106. After 72 h culture, an increase in the amount 

of γH2AX has been registered with either AZD2461 alone or ONC/AZD2461 

combined treatment. Conversely, ONC single treatment did not induced increased 

γH2AX expression level and, therefore, DNA damage. This suggest that different 

https://www.sciencedirect.com/topics/medicine-and-dentistry/temozolomide
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mechanisms, such as the protein synthesis inhibition consequence of tRNA and 

rRNA degradation, underlie the antitumor effects of ONC187,149.  

Thereafter, the onset of apoptosis has been evaluated in A375 cells, measuring the 

expression level of the cleaved form of PARP1 by WB analysis. Both single (ONC 

or AZD2461) and combined (ONC/AZD2461) treatment after 72 h incubation 

showed analogous increases, compared to control samples, in the protein amount 

of cleaved PARP1. In summary, the low synergism found in cell viability was also 

confirmed by the expression of cleaved PARP1 and γH2AX, in which the 

combination of the treatments did not show significant differences compared to the 

effects seen by each single drug. 

Recent studies showed that NF-κB is overexpressed in dysplastic nevi and in full-

blown melanoma compared to non-transformed melanocytes. Notably, this 

transcription factor displays pleiotropic effects, acting on cell growth, apoptosis 

inhibition and inflammation, thus becoming an helpful target in melanoma 

therapy121,124. Different drugs have been discovered acting specifically against NF-

κB activation but all of them have been characterized by important side effects, 

such as toxicity in normal cells and off-target activity128,130. Notably, PARP1 has 

been described as a co-activator of NF-κB transcriptional activity, indeed, PARP1 

silencing is connect with a decrease in NF-κB dependent pro-inflammatory 

cytokines induction, in particular in the expression of TNF-α131,132. Therefore, the 

use of PARP inhibitors can indirectly reduce the NF-κB pro-cancer effects133,134. 

Using EMSA technique, the capability of this transcription factor to bind the 

promoter sequence of IL-6 gene has been studied. Data demonstrated a significant 

DNA-binding level of NF-κB in control cells, that increased during the cell’s 

cultivation time. This agrees with Yang et al. data that reported a constitutive level 

of NF-κB activity in unstimulated A375 melanoma cells129. Remarkable, the 

incubation with 0.35 µM ONC completely inhibited the NF-κB activation under 

basal conditions. The same reduction in NF-κB DNA binding activity was 

detectable in sample treated with the combination of ONC/AZD2461 drugs. 

Conversely, AZD2461 single treatment was not able to inhibit NF-κB DNA 

binding. Even though this last result was negative, a recent study in a lung 

inflammation system reported that PARP inhibition suppressed p65 
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phosphorylation without altering NF-κB activation188. Hence, it cannot be rule out 

that AZD2461 could affect NF-κB transcriptional activity with a similar 

mechanism. As concern the ONC effect, its capability to inhibit NF-κB activity 

agrees with data, previously reported by other authors, showing a reduction of NF-

κB nuclear translocation in pleural mesothelioma and in Jurkat T-

lymphocytes189,158.  

Anyway, considering that NF-κB inhibition is crucial in melanoma also to 

overcome drug resistance190, the drug effects on NF-κB downstream genes should 

be investigated. Hence, the influence of the treatments on TNFα, a NF-κB target 

gene, was evaluated measuring its mRNA expression level by Real-time PCR. 

Although the drug combination has no additive effect, results show a decrease of 

TNF-α expression in either ONC or AZD2461 single treatment. This result is 

remarkable, because high TNF-α expression level is recognized to be a poor 

prognostic index because it is up-regulated in advance melanoma in comparison 

with the expression level found in melanoma at the early stage191. Notably, TNF-α 

could be either an activator or a target of NF-κB activation. So, ONC inhibitory 

activity could be primary addressed to NF-κB activation followed by blocking of 

the TNF-α transcription, or TNF-α expression could be firstly inhibited by ONC 

not allowing the subsequent NF-κB activation192. In any case, these data are 

relevant because a suppression of both NF-κB activity and TNF-α expression is 

helpful because they control cell proliferation, apoptosis and invasiveness in 

melanoma193.  

AZD2461 is a new generation PARPi developed to overcome the P-glycoprotein 

efflux transporter action. In order to investigate the possibility to the induction of 

drug resistance, the A375 cells culture medium was supplemented for two months 

with increased AZD2461 concentrations. Data showed that A375 cells did not 

acquire resistance to this drug, so far. If this will be confirmed for longer treatment, 

AZD2461 could be a promising option in melanoma treatment instead of olaparib 

which induces chemoresistance both in cells and in patients. Thereafter, the 

response to ONC in the cell subpopulation treated for long time with AZD2461 was 

analyzed. Surprisingly, in these cells ONC displayed more cytotoxic effects in 

comparison with parental A375 cells. Indeed, the amount of cleaved PARP1 protein 
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in ONC-treated cells was higher in AZD2461 long-time treated A375 

subpopulation than that observed in parental one (A375P). This promising result 

demonstrates that long incubation with AZD2461 can induce a sustained cytotoxic 

response whether cells were subsequently treated with ONC. 

The major problem in melanoma therapy is the development of tumor resistance 

against almost all drugs used in clinic27. A375 cells harbors a mutation in the BRAF 

gene that is frequently present in melanoma patients15,13. The BRAF mutation 

causes a constitutive activation of this kinase also in the absence of extracellular 

stimuli, so A375 cells can be target of BRAFi. Thus, cell medium was supplemented 

with increasing concentrations of the BRAFi dabrafenib, to induce drug resistance. 

Cells were maintained in selective condition with increasing doses of dabrafenib 

for few months. After that period, whether A375P remained highly sensitive to 

dabrafenib, with an IC50 of 2.7 nM, the selected resistant cells (A375DR) were not 

significantly affected by the drug until 50 nM. Nevertheless, ONC significantly 

affect cell viability in a similar extent in both cell subpopulations since, after 72 h 

from ONC administration, the IC50 value was 0.40 and 0.32 µM for A375P and 

A375DR cells, respectively. These results demonstrated that the ONC sensitivity is 

maintained in A375 cells that acquired resistance to dabrafenib. To explore more 

deeply the causes of reduction in cell viability elicited by ONC, the A375P and 

A375DR cell proliferation rate has been analysed. ONC-treated cells of two 

subpopulations displayed a lower BrdU incorporation compared to each respective 

control and this is confirmed at all time point. However, ONC-treated A375DR 

cells displayed a smaller reduction in the BrdU incorporation than ONC-treated 

A375P ones. Because a similar reduction of BrdU incorporation was registered in 

not-treated A375DR cell subpopulation in comparison with not-treated A375P one, 

this suggests that, in all condition, A375DR cells displayed a lowest replication rate. 

In this regard, it has been reported that the BRAFi vemurafenib can induce 

senescence in melanoma cells194. Thus, it could be possible that part of the A375DR 

cell subpopulation, becoming senescent, was no longer susceptible to the anti-

proliferative effect of ONC. 

To verify if A375DR cell subpopulation can preserve their responsiveness to ONC 

cytotoxicity, apoptosis was measured by quantification of the cleaved PARP1 
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expression level. Firstly, differences in cleaved PARP1 amount between ONC-free 

A375P and ONC-free A375DR cells were remarkable suggesting a higher 

propensity of A375DR cells to die for apoptosis. As expected, both ONC-treated 

subpopulations displayed a significant increase in the amount of cleaved PARP1 in 

comparison to each ONC-free sample. Notably, the high expression level of cleaved 

PARP1 in ONC-treated A375DR cell was very impressive so indicating that ONC 

elicited an extensive cell death in this cell subpopulation. The balance between 

higher cell death and, conversely, less reduction in cell proliferation rate of ONC-

treated A375DR in comparison with ONC-treated A375P cells could explain a 

similar decrease on cells viability for the two cell subpopulations. 

Many evidences correlate NF-κB activation with cancer cell growth and the ability 

for tumor cells to escape from death124. Hence, as already discussed previously, 

some papers indicate that ONC inhibits NF-κB in different tumor cell types160,189. 

Thus, the activation of NF-κB in the two cell subpopulations measuring the nuclear 

localization of the p65 NF-κB subunit, has been compared. As expected, p65 was 

present in the nuclear extract of ONC-free cells of the two cell subpopulations and 

ONC treatment reduced p65 nuclear presence. Moreover, the activation of IKKαβ, 

the kinases that trigger NF-κB activation, was evaluated. Similar to p65 nuclear 

expression level, ONC was able to decrease the protein phosphorylation and 

activation of IKKαβ, especially in A375DR cells. In summary, data suggest that 

ONC alters the p65 NF-κB subunit nuclear localization by inhibiting the 

phosphorylation of IKK upstream kinases.  

Differences in cell morphology, replication rate and size, recognized as all features 

related to CSC phenotype59,195, has been observed in A375DR cell subpopulation. 

By using RT-PCR, the expression of CD133, a glycoprotein exposed on membrane 

cell surface of CSC, and NANOG, a transcriptional factor involved in embryonic 

stem cell state, have been quantified in the two cell subpopulations. A significant 

increase in the mRNA level of CD133 and NANOG, in not-treated A375DR 

compared to not-treated A375P cells, was registered. Differences in the protein 

expression of CSC and EMT markers were also evaluated. Protein expression levels 

of N-cadherin and nuclear β-catenin, as EMT markers, were increased in A375DR 

compared to A375P cells, as well as high expression levels of CD133 and NANOG 
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proteins were found confirming data obtained with the mRNA quantification. 

Finally, accordingly with literature data196,197,198, an over-activation of ERK1/2 in 

A375DR control cells revealed that A375DR cells can escape from BRAF 

inhibition reactivating the MAPK pathway. Furthermore, an upregulation in CD133 

has previously been associated with the capability of forming sphere in culture, a 

characteristic that belongs to CSC59,199. Indeed, the anchorage-independent growth 

is another hallmark connected to high malignant phenotype200, and the most used 

method to evaluate this capability in the cell cultures is the agar colony formation 

assay. In the present work, in agreement with Cordaro et al196, the ability of 

A375DR subpopulation in comparison with A375P to form a higher colonies 

number, has been demonstrated. Contrarily, this ability disappeared in ONC-treated 

cells, especially in ONC-treated A375DR cell subpopulation. Thereafter, a 

migration assay has been performed to measure the cells’ migration capability. 

Although A375P cell subpopulation migrated faster than A375DR one, after 1 µM 

ONC treatment, a significant inhibition of cells migration was observed equally in 

both A375P and A375DR subpopulations in comparison with each control sample. 

To support this result, the cells invasion potential, that permits cell colonization far 

from the original site by the degradation of the extracellular matrix63, has been 

studied. For this analysis, transwell plate-insert with 8µm pore-size, coated with a 

basement membrane, were used. This support allows the evaluation of the cells 

capability to degrade and pass through the transwell barrier. Data showed that both 

A375P and A375DR control subpopulations can are able to degrade the matrix, 

instead, ONC treated cells displayed a reduction in the invasion potential even if 

this difference was significative only for A375DR cell subpopulation. The invasion 

capability is dependent on the proteolytic degradation of ECM component67. The 

high level of MMPs regularly secreted by melanoma cells can be crucial in this 

mechanism, in particular the amount of MMP-2 and MMP-9 involving in the 

degradation of type IV collagen, the major ECM component201. Certainly, in two 

hepatocarcinoma cell lines202, Liu et al.  demonstrated that MMP-2 knockdown 

significantly decreased cell proliferation and cell invasion capability. MMP-2 is 

highly secreted in invasive melanoma cell lines, and it has also been associated with 

melanoma progression since its expression has been inversely correlated with the 
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patient survival73,72. By using the gelatin zymography, the presence of MMP-2 and 

its activity has been evaluated. In our model, a significant decrease in MMP-2 

activity in both ONC-treated A375P and A375DR cell subpopulations was 

documented. Since the NF-κB activation has been implicated in enhancing MMP-

2 expression203, the ONC capability to hindering NF-κB activation could almost 

partially explain the inhibition of MMP-2 activity as well as the invasion capability 

reduction in our cell system. 
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6. CONCLUSIONS  

This study underlined, for the first time, that ONC selectively affects the viability 

of a very aggressive human cutaneous melanoma cell line. Indeed, the A375 human 

melanoma cells, differently from normal human melanocytes, display high 

responsivity to the cytostatic and cytotoxic effects of ONC. In these cells, the ONC 

antitumor effects exhibit a time and concentration dependency. Moreover, in A375 

cells, an ONC-elicited increase of apoptotic cell death was shown, as well as 

inhibition of cells migration, invasion and colony formation. Among the multitarget 

actions of ONC, at the molecular level the inhibitory effects of this RNase on NF-

κB DNA binding, p65 nuclear translocation and MMP-2 gelatinase activity has 

been showed. Notably, all these effects are determinant in melanoma progression 

and metastasis formation. 

Because the major problem in melanoma therapy is the onset of drug resistance, 

different combination treatments were used to obtain the best strategy in order to 

block melanoma progression and recurrence. No advantageous effects were found 

by combining the ONC treatment with AZD2461. Instead, both A375 cells treated 

with AZD2461 PARPi for a long time and A375 dabrafenib BRAFi resistant cell 

subpopulations increased their apoptotic cell death after being incubated with ONC. 

In summary, the apoptotic cell death driven by ONC occurred either if a previous 

treatment did not induce resistance204 or if the cells had already lost their 

responsiveness to the cytotoxic effect of a BRAFi205. Furthermore, ONC treatment 

in A375DR cell subpopulation inhibits colony formation and invasion capability at 

a higher extent than in A375 parental cells. Recalling Reck et al., reported data 

concerning a phase III clinical trial on ONC and Doxorubicin (DOX) therapy in 

unresectable malignant mesothelioma206. In this trial the authors documented that 

patients had a significant advantage for survival only when they were previously 

treated with DOX before they were given ONC. Therefore, the highest sensitivity 

to ONC of both dabrafenib resistant and long-time AZD2461 treated A375 cell 

subpopulations is in line with this important clinical result206. 
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