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Abstract

Advanced melanoma remains difficult to treat due to its intrinsic resistance to conventional
therapies and the frequent development of acquired resistance to targeted agents, such as
BRAF inhibitors. Onconase (ONC), an amphibian ribonuclease with established antitumor
activity, had been previously shown to have selective cytotoxicity toward melanoma cells.
In this study, we investigated the molecular mechanisms underlying ONC-induced cytotox-
icity in BRAF-mutated melanoma cell lines that are either sensitive or resistant to the BRAF
inhibitor dabrafenib. We focused on oxidative stress regulation, mitochondrial dynamics,
and cell death-related signaling pathways. ONC treatment resulted in a marked increase in
reactive oxygen species (ROS) levels, concomitant with a pronounced downregulation of
NRF2 and multiple NRF2-dependent antioxidant proteins. These effects were particularly
evident in dabrafenib-resistant melanoma cells. In parallel, ONC impaired mitochondrial
plasticity by inhibiting mitochondrial biogenesis and fission, as evidenced by reduced
PGC1α, DRP1, and FIS1 expression. Confocal analysis confirmed the presence of more
enlarged mitochondria in ONC-treated cells. Mitophagy and autophagy are hindered
by ONC due to the downregulation of PINK1, beclin1, ATG3 expression, as well as the
lack of LC3B activation. These mitochondrial defects were associated with mitochondrial-
dependent apoptosis, characterized by caspase-9 activation and strong downregulation
of the antiapoptotic protein survivin. Lipid peroxidation was also induced by ONC, espe-
cially in the A375 cell line. Additionally, ONC inhibited key proliferation-related signaling
pathways, including STAT3 and NF-κB, and reduced cyclin-dependent kinase 1, 2, and
4 activities. Collectively, these findings demonstrate that ONC disrupts redox homeostasis,
mitochondrial function, and survival signaling in melanoma cells, exerting particularly
potent effects in BRAF inhibitor-resistant populations. This study provides mechanistic
insight into the anti-melanoma activity of ONC and supports its potential therapeutic
application in drug-resistant melanoma.
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1. Introduction
Melanoma represents the most aggressive and lethal form of skin cancer [1], and in the

advanced-stage disease, defined as unresectable or metastatic melanoma, it is associated
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with a poor prognosis [2]. More than 50% melanoma patients harbor mutations in the
gene encoding the BRAF kinase [3], a key component of the mitogen-activated protein
kinase (MAPK) signaling pathway [3]. The most prevalent mutation, BRAFV600E, occurs in
the majority of BRAF-mutant cutaneous melanomas and results in a several-hundred-fold
increase in kinase activity, leading to constitutive activation of downstream extracellular
signal-regulated kinase (ERK) signaling and uncontrolled cellular proliferation [4].

The approval of BRAF inhibitors by the US Food and Drug Administration repre-
sents one of the most significant advances in the treatment of BRAF-mutant melanoma [3].
Several BRAF inhibitors, including dabrafenib, vemurafenib, and encorafenib, have demon-
strated clinical efficacy after successful clinical trials [5]. Notably, dabrafenib (DAB) nearly
doubled progression-free survival compared with the standard-of-care agent dacarbazine
in metastatic melanoma [6,7]. Nevertheless, despite these initial benefits, BRAF inhibition
fails to produce durable responses due to the rapid emergence of acquired resistance [8].

Melanoma cells are characterized by marked metabolic plasticity. Although BRAF-
mutant melanoma cells exhibit a predominantly glycolytic phenotype, the pharmaco-
logical inhibition of BRAF signaling induces a metabolic shift toward mitochondrial ox-
idative phosphorylation (OXPHOS) [9]. For example, treatment with vemurafenib was
shown to increase mitochondrial mass, reactive oxygen species (ROS) production, and
the mRNA expression of peroxisome proliferator-activated receptor gamma coactivator
1-alpha (PGC1α) [9,10]. The induction of OXPHOS reduces the efficacy of BRAF inhibition,
while an elevated PGC1α expression is associated with enhanced mitochondrial biogenesis
and stem-like phenotype in melanoma cells [11]. These metabolically driven adaptations
are biologically significant and may provide opportunities for the identification of novel
therapeutic targets.

Mitochondria possess a remarkable capacity to remodel in order to maintain cel-
lular homeostasis [12]. Mitochondrial dynamics are governed by two complementary
processes—fusion and fission—which are essential for preserving mitochondrial function
and adaptability [12,13]. These processes play critical roles in cellular energy production
via OXPHOS, integration of metabolic pathways, and regulation of apoptosis [13].

Mitochondrial fusion involves the merging of two mitochondria through the coor-
dinated action of three membrane-bound GTPases: mitofusin-1, mitofusin-2, and optic
atrophy protein-1 (OPA1) [13,14]. Fusion contributes to the stabilization and restora-
tion of mitochondrial function and has been shown to attenuate chemotherapy-induced
apoptosis [14,15]. Conversely, mitochondrial fission results in the division of a single
mitochondrion into two smaller organelles [14]. Dynamin-related protein 1 (DRP1) is the
principal mediator of mitochondrial fission, functioning in concert with accessory proteins
such as fission protein 1 (FIS1) [14], and DRP1 overexpression has been correlated with
increased cellular proliferation and chemoresistance across multiple cancer types [16].

In addition, mitophagy—the selective autophagic degradation of mitochondria—can
either promote cell survival or enhance therapeutic sensitivity, depending on the cellular
context. Specifically, the role of mitophagy is influenced by drug mechanisms of action,
cellular energy metabolism, ROS levels, and apoptotic signaling pathways [14]. One key
resistance mechanism involves mitophagy-mediated inhibition of apoptosis. In several
tumor types, PTEN-induced putative kinase 1 (PINK1)-dependent mitophagy suppresses
cytochrome c release and the apoptotic process [14,17]. When mitophagy is activated,
PINK1 expression is stabilized at high levels, whereas degradation of mitochondrial import
receptor subunit TOM20 homolog (TOM20) serves as a marker of mitophagy [18]. Moreover,
certain anticancer agents can modulate mitochondrial dynamics and mitophagy by affecting
the stability and activity of the proteins involved in these processes.
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Induction of OXPHOS is associated with elevated intracellular ROS levels, as re-
cently demonstrated by Eller et al. in DAB-resistant melanoma cells [19]. However, the
pro-tumorigenic or anti-tumorigenic effects of ROS depend on both their intracellular
concentration and the antioxidant capacity of the cell. Consequently, therapeutic strategies
aimed at targeting antioxidant defense systems in BRAF inhibitor-resistant melanoma
cells may represent a promising approach to counteract tumor progression and restore
drug sensitivity.

Recently, two human melanoma cell lines were rendered resistant to DAB, and their
phenotypes were characterized at the molecular level. In particular, these cell populations
were examined for the activation of pro-tumorigenic signaling pathways and their propen-
sity toward cell proliferation or cell death [20]. This study demonstrated that DAB-resistant
A375 and FO-1 melanoma cells (A375R and FO-1R), when maintained in the presence of
dabrafenib, fully restored high proliferative capacity and exhibited aberrant expression of
multiple oncoproteins compared with their DAB-sensitive parental counterparts (A375P
and FO-1P) [20].

In the present study, we investigated the effects of the amphibian ribonuclease (RNase)
onconase® (ONC; Alfacell Corporation, Somerset, NJ, USA) [21] on both parental and DAB-
resistant melanoma cell lines. ONC is a secretory 104 AA residue RNase variant, firstly
called ranpirnase, because it is extracted from Rana pipiens oocytes. ONC belongs to the
pancreatic-type (pt)-RNase superfamily, whose prototype is bovine RNase A [22], because
it folds like all pt-RNases (Supplementary Figure S1A) and shares the same His/Lys/His
catalytic triad [22,23]. ONC is less active than RNase A versus yeast single-stranded
(ss)-RNA [24] but more active versus tRNAs [25], miRNAs [26], and double-stranded
(ds)-RNA [27]. Consequently, ONC can also exert antiviral activity [28,29], and, fur-
thermore, it is remarkably cytostatic and cytotoxic against human and mouse leukemic
cell lines [30], human glioma [31], lymphoma [32], pancreatic adenocarcinoma [33], and
melanoma cell lines [34]. From these results, ONC was also successfully tested in vivo in
Phase II and Phase III clinical trials, resulting in activity against non-small-cell lung can-
cer [35], malignant mesothelioma [36], and displayed synergism with many gold standard
drugs for different tumors, either in vitro or in vivo [36]. ONC evades the cellular RNase
inhibitor (cRI) [37] that irreversibly blocks most mammalian secretory pt-RNases, since it
lacks residues that permit the formation of the pt-RNase–cRI complex [38]. In addition,
the ONC highly positively charged surface [39] allows its interaction with the negatively
charged membrane of cancer cells [40]. In this way, ONC can be fruitfully and specifically
internalized into tumor cells, in turn becoming a promising tool against tumors [41].

In this work, we specifically focused on the putative mechanisms of action of this
amphibian RNase, including its ability to modulate ROS levels, antioxidant protein ex-
pression, mitochondrial dynamics, mitophagy, lipid peroxidation, and apoptosis. Notably,
ONC exhibited enhanced cytostatic and cytotoxic effects in DAB-resistant cell populations,
supporting its potential application as a therapeutic strategy to counteract the malignant
phenotype associated with resistance to BRAF inhibitors.

2. Results
2.1. Production, Purification, and Catalytic Activity of Recombinant Onconase (ONC)

ONC was expressed in one liter of E. coli solution culture, then it was extracted from
inclusion bodies, refolded, chromatographed, and concentrated as reported in the Ma-
terials and Methods Section. The start Met(−1) was removed by incubating ONC with
aminopeptidase from Aeromonas proteolytica (AAP), concentrated and re-chromatographed
with the preparative SEC column (Supplementary Figure S1A, blue curve). The peak
eluted around 210 mL was collected and concentrated, and from the A280 value
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(Supplementary Figure S1B), the yield was calculated to be about 11 mg. Mass spec-
trometry analysis confirmed the correct ONC molecular weight given by the cleavage of
Met(−1), which, in turn, permits the enzyme to become catalytically active [42].

The enzymatic activity of ONC was spectrophotometrically measured in solution
versus yeast RNA at 300 nm, following the protocol of Kunitz [43]. In parallel with RNase A,
assays were repeated in triplicate. Each time-course profile was monitored (Supplementary
Figure S1C), and the slope of the initial Abs300 decrease provided the relative dAbs/dt,
in turn normalized to the enzyme amount used: 7.5 µg and 0.25 µg for ONC and RNase
A, respectively. From this, the specific activity per mg was calculated as 50.7 ± 3.8 for
RNase A and 1.3 ± 0.1 for ONC, i.e., about 39 times less than RNase A. Recalling that ONC
activity versus yeast RNA is about 30 times lower than RNase A [24,44], this difference
allows to consider recombinant ONC catalytically active, a feature that is mandatory to
exert its biological activities [21].

2.2. Effects of ONC on Cell Morphology and Viability

After 48 h of culture, melanoma cells treated with 1 µM ONC and untreated controls
were stained with DAPI to assess nuclear number and morphology. Brightfield and DAPI
images show untreated A375 and FO1 cells with preserved morphology, while after ONC
treatment, the same cells display loss of adhesion and an increased number of rounded
cells, indicating compromised membrane integrity (Figure 1, top).

Figure 1. Effects of ONC on cell morphology and viability. (Top): Representative images of parental
and DAB-resistant A375 and FO1 cell lines. Fluorescence microscopy analysis of A375P, A375R, FO-1P,
and FO-1R after 48 h culture in the presence or absence of 1 µM ONC. Cells were fixed with DAPI and
analyzed in a fluorescence microscope (Olympus-Evident-Apexview, APX100, Hamburg, Germany).
Scale bar: 50 µm. (Bottom): The SRB cell viability assay showed a concentration-dependent reduction
in cell mass after 72 h of ONC treatment. Calculated IC50 values for all cell populations are reported
in the figure.
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Concurrently, cell viability was quantified using the sulforhodamine B (SRB) assay at
different ONC concentrations (0.25, 0.5, 0.75, 1.0, and 1.5 µM). As shown in Figure 1 (bottom),
all ONC concentrations induced a highly significant reduction in total cell mass 72 h after
ONC treatment. Notably, this effect was more pronounced in DAB-resistant cell populations,
as the calculated IC50 values were higher in parental than in DAB-resistant cells. In detail,
A375P ≈ 0.51 µM; A375R ≈ 0.32 µM; FO-1P ≈ 0.38 µM; and FO-1R ≈ 0.29 µM ONC
(see Figure 1).

2.3. ONC Increases Intracellular ROS Levels, Particularly in Dabrafenib-Resistant Melanoma Cell Lines

Parental A375 (A375P) and FO-1 (FO-1P), as well as DAB-resistant A375 (A375R) and
FO-1 (FO-1R) melanoma cells, were treated with 1 µM ONC or left untreated for 48 h.
Intracellular ROS levels were then assessed by flow cytometry in viable cells after staining
with the CellROX Deep Red probe. While no significant differences in ROS levels were
observed between untreated and ONC-treated parental cells, ONC treatment induced a
significant increase in ROS levels in both A375R and FO-1R cell populations (Figure 2, top).

Figure 2. Intracellular levels of reactive oxygen species (ROS). CellROX: Histograms show total
intracellular ROS levels in melanoma cell populations treated with 1 µM ONC for 48 h. Upon staining
with the CellROX™ Deep Red probe, samples were analyzed in a BD LSRFortessa flow cytometer
(BD Biosciences). MitoSOX assay was performed in all melanoma cell populations treated or not with
1 µM ONC for 48 h. Upon staining with MitoSOX, samples were analyzed in a BD LSRFortessa flow
cytometer (BD Biosciences). Both total ROS and mitochondrial ROS levels were quantified within the
viable cell population. Data represent at least three independent biological replicates. ANOVA test,
* p < 0.05, *** p < 0.001, and **** p < 0.0001.

The MitoSOX assay, which is widely used to detect mitochondrial superoxide produc-
tion, was also performed. After 48 h of ONC treatment, mitochondrial ROS levels were
significantly increased in all cell lines. The highest increases in MitoSOX fluorescence were
observed in the DAB-resistant cell populations (Figure 2, bottom).
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2.4. ONC Reduces the Expression Levels of Antioxidant Proteins

Immunoblotting analyses were performed after 24 or 48 h of cell treatment with
0.5 or 1 µM ONC, to determine the ONC effects on the expression of proteins involved in
ROS detoxification.

The nuclear factor erythroid 2–related factor 2 (NRF2) is a central regulator of cellular
antioxidant defense, functioning as a master transcription factor that induces the expression
of a broad range of antioxidant and cytoprotective proteins [45].

Immunoblotting analyses performed after 24 h of ONC treatment revealed a significant
reduction in the expression of the phosphorylated, active form of NRF2 (pNRF2) in all
cell populations, except for A375P cells. Consistent with this finding, the expression of heme
oxygenase-1 (HO-1), an antioxidant enzyme transcriptionally induced by NRF2, was reduced
in the DAB-resistant cell populations (Figure 3, 24 h, and Supplementary Figure S2).

DNA damage was assessed by evaluating the phosphorylation status of histone
H2AX (γ-H2AX), a marker of double-strand breaks that may also reflect apoptotic DNA
fragmentation [46]. Significant increases in γ-H2AX expression levels were observed
in A375P, FO-1P, and FO-1R cell populations after 24 h ONC treatment, indicating the
presence of DNA damage and/or activation of DNA repair mechanisms (Figure 3, 24 h,
and Supplementary Figure S2). In contrast, the expression levels of other analyzed
proteins—including ferroptosis suppressor protein 1 (FSP1), glutamate–cysteine ligase mod-
ifier subunit (GCLM), cystine/glutamate transporter (SLC7A11), glutathione S-transferase
P1 (GSTP1), glutathione reductase, ferritin heavy chain (FTH1), and mitochondrial super-
oxide dismutase 2 (SOD2)—did not show significant differences between untreated and
ONC-treated cells at this time point (Figure 3, 24 h and Supplementary Figure S2).

After 48 h, ONC markedly reduced the expression levels of pNRF2 and HO-1 in a
concentration-dependent manner. In A375P cells, HO-1 expression levels were very low in
both untreated and ONC-treated cells (Figure 3, 48 h). The expression levels of GCLM and
SLC7A11, both involved in glutathione biosynthesis, as well as GSTP1 and SOD2, were
reduced by ONC, at least in the DAB-resistant cell populations (Figure 3, 48 h). In contrast,
glutathione reductase expression remained unchanged.

Figure 3. Cont.
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Figure 3. Effects of ONC on the expression of proteins involved in antioxidant defense. A375P,
A375R, FO-1P, and FO-1R melanoma cell populations were cultured for 24 h (left) or 48 h (right)
in the presence or absence of 0.5 or 1 µM ONC. (Top): Immunoblots showing the expression levels
of phosphorylated nuclear factor erythroid 2–related factor 2 (pNRF2), heme oxygenase-1 (HO-1),
ferroptosis suppressor protein 1 (FSP1), glutamate–cysteine ligase modifier subunit (GCLM), cys-
tine/glutamate transporter (SLC7A11), glutathione S-transferase P1 (GSTP1), glutathione reductase,
ferritin heavy chain (FTH1), mitochondrial superoxide dismutase 2 (SOD2), and the phosphorylated
form of histone H2AX (γ-H2AX). (Bottom): Histograms showing mean protein expression levels at
48 h, ±S.D., determined by densitometric analysis deriving from three independent experiments.
Histograms of different protein expression levels registered after 24 h of ONC treatment are shown in
Supplementary Figure S2. All comparisons were performed relative to the corresponding control
samples, after normalization to β-actin expression; ANOVA test: * p < 0.05, ** p < 0.01, *** p < 0.001,
and **** p < 0.0001.

Notably, ONC-treated cells exhibited a reduced expression level of FSP1, an enzyme
that catalyzes the reduction of oxidized ubiquinone to ubiquinol and acts as a potent
lipophilic antioxidant, thereby preventing the propagation of membrane lipid peroxida-
tion [47]. Ferritin expression was partially affected by ONC treatment, especially in the
FO-1 cell populations (Figure 3, 48 h). Finally, evidence of DNA damage and/or activation
of DNA repair mechanisms, as indicated by increased γ-H2AX expression, was observed
in all cell populations (Figure 3, 48 h).
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2.5. ONC Modulates the Expression of Proteins Involved in Mitochondrial Biogenesis, and Dynamics

The generation of ROS occurs predominantly at the electron transport chain located
on the inner mitochondrial membrane during cellular respiration. Accordingly, we in-
vestigated whether ONC affects key mitochondrial dynamics, including biogenesis, and
fusion/fission.

Peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGC-1α) is
a master regulator of mitochondrial biogenesis, and its expression has been associated
with a more malignant phenotype in melanoma [11]. Immunoblotting analyses revealed
slight differences between ONC-treated and untreated cells in the expression of PGC1α,
indicating that, within the first 24 h, ONC significantly decreased mitochondrial biogenesis
only in the FO-1P cell population (Figure 4, 24 h, and Supplementary Figure S3). In
addition, OPA1 protein levels were slightly reduced exclusively in DAB-resistant cell
populations. Conversely, the expression levels of mitofusin-1 and mitofusin-2 remained
unchanged (Figure 4, 24 h, and Supplementary Figure S3). Total DRP1 protein and its
active phosphorylated form (pSer616-DRP1) levels were decreased mainly in the A375 cell
line, whereas FIS1 expression was reduced in the FO-1R cell population (Figure 4, 24 h, and
Supplementary Figure S3), suggesting that mitochondrial fission starts being affected by
ONC early on.

Previous studies have reported that downregulation of the c-Myc oncogene leads
to a progressive reduction in mitochondrial mass and accelerated loss of mitochondrial
membrane potential [48,49]. Consistently, our data showed that ONC significantly reduces
c-Myc expression in all cell lines except A375P within 24 h of treatment (Figure 4, 24 h, and
Supplementary Figure S3).

Finally, we evaluated the expression level of three mitochondrial inner membrane pro-
teins, ubiquinol–cytochrome c reductase core protein 1 (UQCRC1, complex I), cytochrome
c oxidase subunit IV (COX4, complex IV), and ATP synthase subunit β (ATP5B, complex
V), along with a cytosolic enzyme used as a loading control, glyceraldehyde-3-phosphate
dehydrogenase (GAPDH). None of these proteins showed significant changes in expression
following 24 h ONC treatment, suggesting that they are not directly affected early on.

Figure 4. Cont.
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Figure 4. Effects of ONC on the expression of proteins involved in mitochondrial biogenesis and
dynamics. A375P, A375R, FO-1P, and FO-1R melanoma cell populations were cultured for 24 h (left)
or 48 h (right) in the presence or absence of 0.5 or 1 µM ONC. (Top): Representative immunoblots
showing the expression levels of peroxisome proliferator-activated receptor gamma coactivator 1-α
(PGC-1α), optic atrophy protein 1 (OPA1), mitofusin-1 and mitofusin-2, dynamin-related protein-
1 (DRP1), fission protein-1 (FIS1), the oncogene c-Myc, ubiquinol–cytochrome c reductase core
protein 1 (UQCRC1), cytochrome c oxidase subunit IV (COX4), ATP synthase subunit β (ATP5B),
and glyceraldehyde-3-phosphate dehydrogenase (GAPDH). (Bottom): Histograms reporting mean
protein expression levels at 48 h, ±S.D., determined by densitometric analysis deriving from three
independent experiments. (Histograms of different protein expression levels obtained after 24 h of
ONC treatment are shown in Supplementary Figure S3.) All comparisons were performed relative to
the corresponding control samples after normalization to β-actin expression; ANOVA test: * p < 0.05,
** p < 0.01, *** p < 0.001, and **** p < 0.0001.

Overall, after 48 h of ONC treatment, differences between treated and untreated cells
became more pronounced. PGC1α expression was significantly reduced across all cell
populations, whereas OPA1 expression significantly decreased in all cells except A375P
ones. However, the expression levels of mitofusin-1 and mitofusin-2 remained unaltered
(Figure 4, 48 h), consistent with the results obtained after 24 h. Regarding proteins involved
in mitochondrial fission, both total DRP1 and p(Ser616)-DRP1 levels were significantly
reduced, and FIS1 expression also slightly decreased (Figure 4, 48 h).

Collectively, these findings indicate a diminished ability of ONC-treated cells to sustain
mitochondria biogenesis and to divide mitochondria into smaller organelles. Conversely,
the impact of ONC on mitochondrial fusion is difficult to interpret due to reduced OPA1
expression alongside largely unchanged mitofusin-1 and mitofusin-2 levels.
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Consistent with the 24 h time point, the expression levels of COX4, ATP5B, and the
glycolytic enzyme GAPDH remained unchanged at 48 h (Figure 4, 48 h). In contrast,
the expression level of the complex I protein UQCRC1 was significantly decreased in all
cell populations except FO-1R cells (Figure 4, 48 h), suggesting that ONC may mildly
compromise the electron transport chain at this time point.

2.6. ONC Induces Mitochondria Shape Elongation

Given the alterations observed in the expression of proteins regulating mitochondrial
biogenesis and fission/fusion dynamics, we next investigated whether ONC treatment also
affected mitochondrial morphology. To this end, mitochondrial structure was analyzed by
MitoTracker Green staining following 48 h of ONC exposure.

MitoTracker Green staining revealed differences in mitochondrial morphology be-
tween cells treated with 1 µM ONC for 48 h and untreated cells from the same populations.
In particular, ONC-treated cells exhibited more elongated mitochondria than untreated
ones. This elongation was consistently observed across all analyzed cell lines (A375 and
FO-1), but it was more pronounced in the DAB-resistant A375 cell population (Figure 5).

 

Figure 5. Representative images of mitochondrial staining with MitoTracker Green FM in parental
and DAB-resistant A375 and FO-1 cell lines. Control cells are shown in the top panel, while the
corresponding cell lines treated with 1 µM ONC are shown in the bottom panel. All images were
acquired using an Evident FV4000 confocal microscope (Olympus, Milan, Italy) at 60× magnification
(1.4 NA) oil immersion. After acquisition, all images were deconvolved using the Scientific Volume
Imaging software (v18.10, Hilversum, The Netherlands. Scale bar: 10 µm).

2.7. ONC Modulates the Expression of Proteins Involved in Cell Proliferation and Cell Death

It is well established that ONC disrupts multiple signaling pathways that support
the high proliferative capacity of melanoma cells [34,50,51]. In light of the pronounced
effects of ONC on mitochondrial homeostasis and redox balance, particularly in the
two DAB-resistant melanoma cell lines, we next investigated whether alterations in path-
ways regulating cell proliferation and cell death were also maintained in DAB-resistant
cell populations. Signal Transducer and Activator of Transcription 3 (STAT3) and nuclear
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factor kappa-light-chain-enhancer of activated B cells (NF-κB) are transcription factors
that regulate the expression of numerous genes in response to cellular stimuli and play
crucial roles in processes like cell growth and apoptosis [52–54]. After 24 h of ONC treat-
ment, the expression levels of phosphorylated STAT3 (Tyr705) and phosphorylated NF-κB
p65 subunit were significantly reduced in all cell lines, except A375P (Figure 6, 24 h, and
Supplementary Figure S4). In contrast, ERKs, which act downstream of BRAF signaling,
showed no changes in either total protein levels or phosphorylated (active) forms. Similarly,
the expression of two markers of cell proliferation, the active forms of cyclin-dependent
kinases 2 and 4 (pCDK2 and pCDK4), did not significantly change within the first 24 h
of treatment (Figure 6, 24 h, and Supplementary Figure S4). The expression levels of the
phosphorylated form of cyclin-dependent kinase1 (pCDK1) were also evaluated because
active CDK1 phosphorylates DRP1 on Ser 616 [55]. Interestingly, pCDK1 expression levels
decreased in FO-1R cells at this time (Figure 6, 24 h, and Supplementary Figure S4).

As a marker of apoptosis, the expression of the cleaved form of poly (ADP-ribose)
polymerase-1 (cleaved PARP) was analyzed by immunoblotting. Cleaved PARP expression
levels increased in nearly all cell lines, indicating an early activation of apoptotic processes.
Apoptosis is tightly regulated by a balance between pro- and anti-apoptotic proteins,
including survivin, a member of the inhibitors of apoptosis protein family. Survivin inhibits
caspase activation and thereby negatively regulates apoptosis in several tumor types,
including melanoma [56,57]. Our results revealed a slight reduction in survivin expression
in FO-1R cells after 24 h of ONC treatment (Figure 6, 24 h, and Supplementary Figure S4).

Figure 6. Cont.

https://doi.org/10.3390/ijms27041638

https://doi.org/10.3390/ijms27041638


Int. J. Mol. Sci. 2026, 27, 1638 12 of 25

Figure 6. Effects of ONC on the expression of proteins involved in cell proliferation and cell death.
A375P, A375R, FO-1P, and FO-1R melanoma cell populations were cultured for 24 h (left) or 48 h
(right) in the presence or absence of 0.5 or 1 µM ONC. (Top): Representative immunoblots showing
the expression levels of the phosphorylated forms of Signal Transducer and Activator of Transcrip-
tion 3 (pSTAT3) and nuclear factor kappa-light-chain-enhancer of activated B cells (pP65-NF-κB),
the phosphorylated and total forms of extracellular signal-regulated kinase (pERK and ERK), the
phosphorylated forms of cyclin-dependent kinases 1, 2, and 4 (pCDK1, pCDK2 and pCDK4), cleaved
poly(ADP-ribose) polymerase-1 (cleaved-PARP), cleaved caspase-9, survivin, PTEN-induced pu-
tative kinase 1 (PINK1), mitochondrial import receptor subunit TOM20 homolog (TOM20), Be-
clin1, Autophagy Related 3 (ATG3), and microtubule-associated protein 1 light chain 3 beta (LC3B).
(Bottom): Histograms showing mean protein expression levels after 48 h ONC treatment ± S.D.,
as determined by densitometric analysis from three independent experiments. Histograms of dif-
ferent protein expression levels obtained after 24 h of ONC treatment are shown in the Supple-
mentary Figure S4. All comparisons were performed relative to the corresponding control sam-
ples after normalization to β-actin expression; ANOVA test: * p < 0.05, ** p < 0.01, *** p < 0.001,
and **** p < 0.0001.

Finally, we assessed whether ONC induces autophagy, with particular attention to
mitophagy. PTEN-induced putative kinase 1 (PINK1) is activated by autophosphorylation
and accumulates on the outer mitochondrial membrane of dysfunctional mitochondria,
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triggering a signaling cascade that culminates in mitochondrial sequestration by autophago-
somes [58]. PINK1 expression was very low in either untreated or treated cells with ONC
for 24 h (Figure 6, 24 h, and Supplementary Figure S4). TOM20 is an outer mitochondrial
membrane protein that collaborates with PINK1 in mitophagy, and degradation of TOM20
occurs prior to mitophagy [18]. In our experimental model, TOM20 expression levels were
not affected by ONC treatment (Figure 6, 24 h, and Supplementary Figure S4). Beclin1
and Autophagy Related 3 (ATG3) are proteins involved in the initiation and maturation
of autophagosomes [59]. Both proteins were constantly expressed at 24 h either in the
presence or in the absence of ONC (Figure 6, 24 h, and Supplementary Figure S4). Finally,
no evidence of different expression of microtubule-associated protein 1 light chain 3 beta
(LC3B) was detected (Figure 6, 24 h, and Supplementary Figure S4).

After 48 h of treatment, ONC continued to suppress the active forms of STAT3 and
NF-κB (pSTAT3 and pP65 NF-κB). Total ERK protein levels were reduced in all cell lines
except A375P, whereas phosphorylated ERK (pERK) levels were not affected by ONC
treatment (Figure 6, 48 h). At this time point, cell proliferation appeared to be impaired, as
indicated by a significant reduction in the active forms of CDK2 and CDK4 (pCDK2 and
pCDK4). Additionally, the active form of CDK1 (pCDK1) was decreased in all cell lines
(Figure 6, 48 h), consistent with the p(Ser616)-DPR1 downregulation at the same time point
(Figure 4, 48 h).

In agreement with the 24 h treatment findings, apoptosis remained prominent, as
demonstrated by increased levels of both cleaved PARP and cleaved caspase-9, whereas
the antiapoptotic survivin was markedly downregulated following 48 h of ONC treatment
in all cell populations (Figure 6, 48 h). Although PINK1 expression became detectable
after 48 h of culture in untreated cells, it was strongly reduced by ONC treatment, while
TOM20 expression was not significantly lowered. Moreover, Beclin1 and ATG3 expressions
were reduced, whereas LC3B expression levels remained unaltered. Overall, these findings
suggest that ONC does not induce either mitophagy or autophagy (Figure 6, 48 h).

2.8. ONC Effects on Autophagosomes Formation, Lipid Peroxidation, and Apoptotic Cell Death

The monodansylcadaverine (MDC) assay was performed in untreated cell populations
or after 48 h of ONC treatment. MDC fluorescence was slightly increased in the A375P cell
line, whereas no detectable increase in autophagosome formation was observed in the
other cell populations (Figure 7, top panel). These results indicate that ONC has, at most, a
marginal effect on autophagy, consistent with the immunoblot data.

Lipid peroxidation was assessed exploiting the BODIPY-C11 assay. Flow cytometry analy-
sis revealed an increase in lipid peroxidation in A375P and A375R cell populations, whereas
only a modest but significant increase was observed in FO-1R cells (Figure 7, top panel).

Finally, apoptotic cell death was evaluated using the Annexin V/propidium iodide
(PI) assay in untreated or 48 h ONC-treated cell populations. ONC treatment signifi-
cantly increased the percentage of Annexin V- and/or PI-positive cells in all cell popu-
lations. Differences between untreated and ONC-treated cells were more evident in the
A375 cell line, since FO-1 cell populations present higher basal levels of apoptosis (Figure 7,
bottom panel).

Immunoblot analysis was also performed in the presence or absence of the caspase
inhibitor Z-VAD-FMK (25 µM). In all cell populations, the ONC-dependent induction of
cleaved PARP expression was partially reversed by Z-VAD-FMK pretreatment, confirming
that ONC-induced cell death occurs, at least in part, through a process elicited by caspases
(Figure 7, bottom panel).
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Figure 7. ONC effects on cell death. A375P, A375R, FO-1P, and FO-1R were untreated or ONC-treated
for 48 h. (Top (left)): MDC fluorescence was measured using a microplate reader and normalized to
cell mass by crystal violet assay. (Top (right)): Lipid peroxidation was quantified by BODIPY-C11
assay. Flow cytometry analysis was performed using a BD LSRFortessa flow cytometer. Fluorescence
signals were quantified within the total cell population of each cell line. (Bottom (left)): Cells were
stained with Annexin V–FITC and propidium iodide (PI). Flow cytometry analysis was performed
using a BD LSRFortessa instrument. (Bottom (right)): Cells were pre-treated or not with 25 µM
Z-VAD-FMK and subsequently treated with 1 µM ONC. Immunoblot analysis showed increased
expression levels of cleaved PARP, while Z-VAD_FMK pre-treatment partially reverted this increase.
Data were normalized with β-actin expression levels. ANOVA test: * p < 0.05, ** p < 0.01, and
**** p < 0.0001.

3. Discussion
The therapeutic management of advanced melanoma remains challenging, as this ma-

lignancy exhibits poor responsiveness to conventional chemotherapy and radiotherapy [60].
Over the past decade, however, the 5-year survival rate has significantly improved with
the introduction of targeted therapies, including BRAF and MEK inhibitors, as well as im-
munotherapeutic approaches [61]. Despite these advances, acquired resistance frequently
develops within approximately one year of treatment initiation [8].

As a potential novel therapeutic strategy against melanoma, we had previously investi-
gated the antitumor effects of onconase (ONC), an amphibian ribonuclease accompanied by
cytotoxic activity in mammalian cells, using melanoma cell models. Our previous findings
showed that ONC selectively reduces melanoma cell viability while sparing normal human
epidermal melanocytes. Moreover, ONC impairs NF-κB DNA binding and the expression
of its downstream target tumor necrosis factor-α (TNF-α), and it attenuates cell migration,
invasion, colony formation, and matrix metalloproteinase-2 activity in BRAF-mutated
melanoma cell lines [34,62]. We further compared the biological effects of monomeric and
dimeric ONC in both BRAF-mutated and BRAF-wild-type melanoma cells [50]. Finally,
we demonstrated that ONC induces the upregulation of miR-20a-3p, miR-29a-3p, and
miR-34a-5p, accompanied by the downregulation of several proteins targeted by these
microRNAs [51].

In the present study, we investigated the mechanisms underlying ONC-induced
cytotoxicity in two BRAF-mutated melanoma cell lines that are either sensitive or resistant to
dabrafenib (DAB), focusing on its effects on antioxidant protein expression, ROS production,
and the regulation of mitochondrial dynamics.
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In cancer, ROS production can exert either pro-tumorigenic or anti-tumorigenic effects.
Oxidative stress arises from an imbalance between the ROS production and the ability of
biological systems to detoxify these highly reactive molecules, or to repair the damage
they induce [45]. Despite elevated ROS levels, melanoma cells maintain redox home-
ostasis through adaptive alterations in bioenergetic metabolism, thereby acquiring high
antioxidant capacity. This adaptation involves upregulation of the pentose phosphate path-
way, increased expression of antioxidant defense proteins, modulation of mitochondrial
metabolism, and other mechanisms [63].

Several genes participate in ROS detoxification by buffering oxidative stress and pre-
serving redox balance in cancer cells [64]. This antioxidant response is primarily controlled
by the transcription factor NRF2, a master regulator of cytoprotective and antioxidant gene
expression, which can provide melanoma cells with a survival advantage under conditions
of oxidative stress. Consistently, a high nuclear NRF2 expression in melanoma patients
has been associated with significantly poorer survival outcomes [65]. NRF2 regulates the
expression of multiple antioxidant effectors, including enzymes involved in the glutathione
antioxidant system (GCLM, SLC7A11, glutathione transferase P1, and glutathione perox-
idases). Heme oxygenase-1 (HO-1) is another NRF2-regulated antioxidant enzyme that
catalyzes heme degradation, generating antioxidant biliverdin and carbon monoxide, along
with the pro-oxidant ferrous iron [66]. The dual role of HO-1 in cancer appears to depend
on the presence of iron-scavenging molecules, in particular ferritin, which sequesters intra-
cellular free iron within its cages [66]. NRF2 also induces the expression of all superoxide
dismutase (SOD) isoenzymes, including mitochondrial SOD2, which is particularly rele-
vant given the elevated ROS production in mitochondria [67]. Notably, BRAF-mutated
melanoma cells adapt to BRAF inhibition by increasing SOD2 expression [68]. Remarkably,
increased NRF2 expression has been frequently observed in several types of chemoresistant
cancer cells [67,69].

In our melanoma cell model, ONC treatment led to a marked reduction in the expres-
sion of the active form of NRF2 and its major downstream target, HO-1 (Figure 3). After
48 h treatment, several additional antioxidant proteins—GCLM, SLC7A11, GSTP1, FSP1,
and SOD2—were also significantly downregulated. Notably, the genes encoding these
proteins are transcriptional targets of NRF2, suggesting that ONC-induced cytotoxicity may
be mediated, at least in part, through suppression of NRF2-dependent antioxidant defenses.
This interpretation is supported by the pronounced ONC-induced elevation in mitochon-
drial superoxide. Elevations in both total and mitochondrial ROS were more evident in
DAB-resistant cell lines following ONC treatment (Figure 2). These results are consistent
with ONC’s capacity to overcome the heightened antioxidant defenses characteristic of
DAB-resistant melanoma cells. Accordingly with this latter notion, Eller et al. reported
that DAB-resistant A375 cells exhibit a more efficient antioxidant system, explaining why,
despite ongoing cell death, a net increase in cell growth was observed [19]. These initial
observations prompted us to further investigate mitochondrial function, with particular
emphasis on mitochondrial biogenesis, dynamics, and mitophagy.

PGC1α is a key transcriptional regulator of mitochondrial biogenesis [10,11]. Notably,
PGC1α-positive melanoma cells have been reported to display enhanced mitochondrial
oxidative metabolism and increased ROS detoxification capacity, which supports their
survival under oxidative stress conditions. In contrast, PGC1α-negative melanoma cells
are more glycolytic and exhibit heightened sensitivity to ROS-inducing agents [70]. Our
experiments demonstrated a marked reduction in PGC1α expression at 48 h following
ONC treatment in both DAB-sensitive and -resistant melanoma cell populations (Figure 4).
The timing of this downregulation is consistent with the observed increase in ROS levels
and the concomitant decrease in major antioxidant-related proteins, as described below.
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Indeed, we previously reported that ONC requires a latency period of 1–2 days to exert its
cytostatic and cytotoxic effects in melanoma cells [34,51].

The balance between mitochondrial fission and fusion both reflects and regulates
mitochondrial metabolism and apoptosis [13]. DRP1, a principal mediator of mitochondrial
fission, was downregulated after 24 h of ONC treatment in the DAB-resistant subsets of
melanoma cells. This effect became more pronounced at 48 h following ONC administra-
tion, a time-point at which both DAB-sensitive and -resistant melanoma cells exhibited
reduced expression of DRP1 as well as its active, phosphorylated form (Figure 4). These
findings were accompanied by decreased expression of FIS1, another protein involved
in mitochondrial fission. The oncogene c-Myc is known to exert substantial control over
mitochondrial dynamics through the transcriptional regulation of DRP1 [71]. Immunoblot
analyses revealed a marked reduction in c-Myc expression across all cell lines except A375P
cells (Figure 4), suggesting a potential mechanism underlying DRP1 downregulation. In
addition, ONC treatment led to reduced pCDK1 levels (Figure 6), which may further pro-
mote DRP1 inactivation. Notably, CDK1 acts as an upstream kinase that phosphorylates
DRP1 at serine 616, thereby enhancing its activity [55].

Mitochondrial fragmentation facilitates the segregation of damaged mitochondrial
components, targeting them for removal through mitophagy [71]. Our data indicate that
ONC impairs not only mitochondrial fission but also mitophagy. Specifically, PINK1, a
key initiator of mitophagy [72], was significantly downregulated, while TOM20 expres-
sion remained unchanged following ONC exposure (Figure 6). Furthermore, levels of
ATG3—an autophagosome maturation-related protein—were decreased by ONC in all cell
lines except A375P, and LC3B levels did not increase at any time-point following ONC
treatment (Figure 6). Finally, no significant increase in autophagosome formation was
assessed using the monodansylcadaverine assay after ONC treatment, with the exception
of A375P cells (Figure 7).

Mitochondrial fusion allows the organelle to mitigate the detrimental effects of ge-
netic dysfunction [13]. A previous study reported that the BRAF inhibitor vemurafenib
induces a hyperfused mitochondrial phenotype and enhances oxidative phosphorylation,
thereby promoting melanoma resistance [73]. Mitochondrial fusion is primarily regulated
by mitofusin-1, mitofusin-2, and OPA1. Under our experimental conditions, ONC did
not alter the expression of mitofusin-1 or mitofusin-2, whereas OPA1 expression was
reduced, particularly in DAB-resistant cells (Figure 4). To determine whether mitochon-
drial fission/fusion was detectable, cells were stained with MitoTracker Green and ana-
lyzed by confocal microscopy. ONC-treated cells displayed more elongated mitochondria
(Figure 5), indicating that the predominant effect of ONC is inhibition of mitochondrial
fission, resulting in mitochondrial elongation, despite the reduction in OPA1 protein levels.

In summary, our findings suggest that ONC inhibits several processes involved in
mitochondrial plasticity, including mitochondrial biogenesis, fission, and mitophagy. As a
consequence, mitochondria become more vulnerable to irreversible damage, as evidenced
by increased γ-H2AX expression and induction of apoptosis.

Finally, we investigated the ability of ONC to modulate selected proliferation signaling
pathways, cell cycle–related proteins, and cell death. We observed a marked reduction in
the active forms of STAT3 and the NF-κB P65 subunit in both DAB-sensitive and -resistant
cell populations (Figure 6), with these effects being more pronounced in DAB-resistant
cells (Figure 6). Although the phosphorylated forms of ERK were unaffected, the total
ERK levels decreased 48 h after ONC treatment (Figure 6). The reduced total ERK protein
levels may be explained by ONC-mediated increased expression of miR-20a, miR-29a,
and miR-34a. MAPK1, which encodes ERK2, is a validated target of all three microRNAs,
which are highly expressed in A375P and FO-1P cell lines following ONC treatment, as
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previously reported [51]. These findings are consistent with a concomitant reduction in cell
proliferation, as also evidenced by a decreased expression of both active forms of CDK1,
CDK2, and CDK4 (Figure 6).

With respect to cell death, our data do not support the induction of autophagy or
mitophagy, as discussed above. Ferroptosis activation in melanoma is tightly linked to
increased lipid peroxidation and suppression of antioxidant defense systems, thereby
leading to inhibition of tumor proliferation and metastasis [74]. Massive lipid peroxidation
was observed only in A375 cell populations after 48 h ONC treatment, particularly in the
A375R one (Figure 7). Consequently, in A375 cell populations, part of the cytotoxicity
elicited by ONC could be ascribable to ferroptosis. Instead, ONC triggered early and
sustained apoptotic cell death in all DAB-sensitive and DAB-resistant melanoma cells
(Figures 6 and 7). Notably, this programmed cell death was more pronounced in melanoma
cells resistant to BRAF inhibition and likely involves the mitochondrial pathway, as it was
accompanied by increased levels of cleaved caspase-9 (Figure 6). The presence of a cell
population undergoing apoptosis was further confirmed by flow cytometry, which revealed
increased Annexin V/PI staining in all ONC-treated cells (Figure 7). In parallel, immunoblot
analysis following cell preincubation with the pan-caspase inhibitor Z-VAD-FMK showed
at least partial reduction in cleaved PARP expression levels (Figure 7). Previously, we
demonstrated the inhibition by ONC of the antiapoptotic protein BCL2 in both BRAF-
mutated and BRAF-wild-type melanoma cell lines [50], while, in the present study, survivin,
another key antiapoptotic effector, was strongly downregulated in all melanoma cells 48 h
after ONC treatment (Figure 6). Survivin is of particular interest because it is a known target
of miR-34a. High expression of miR-34a, as previously reported after ONC treatment [51],
can also suppress cell proliferation and migration and promote apoptosis in multiple cancer
cell lines, including melanoma [75,76]. Consistently, Chen et al. reported that the delivery of
miR-34a downregulates survivin and induces apoptosis in a mouse melanoma cell line [77].

Again, it is also well established that the transcription factor NRF2 is a target of miR-
20a [78]. Thus, it can be hypothesized that the major effects of ONC on antioxidant defenses
and apoptosis induction may be mediated by miRNAs. Notably, we recently showed that
the circular RNA circ_0001591, which acts as a sponge for miR-20a and miR-34a, indirectly
regulates the expression of the oncoproteins AXL and Fra1 [79]. Consistent with this
mechanism, AXL and Fra1 were markedly downregulated by ONC treatment in A375P
and FO-1P cells [51]. Whether ONC directly degrades this circular RNA and whether such
an effect accounts for the observed increase in miR-20a and miR-34a levels are currently
under investigation.

4. Materials and Methods
4.1. Expression and Purification of Recombinant ONC

The plasmid encoding for recombinant wt-ONC (pcDNA-ONC) was kindly provided
by Prof. D. Picone and E. Pizzo (The University of Naples, Federico II). The ONC sequence
was then inserted into a pET-22b (+) vector to express the enzyme in E. coli. Cells were
centrifuged, and ONC was extracted and refolded from inclusion bodies, with a proper
reduced and oxidized glutathione ratio, following the protocol described by Notomista and
colleagues [44], slightly modified in [24]. The protein solution was concentrated with an
Amicon 3 Plus ultrafilter (3 kDa cutoff, Merck-Millipore, Milan, Italy) and chromatographed
with a Superdex 75 XK 26/60 preparative SEC column (Cytiva, Milan, Italy) attached to a
ÄKTA Purifier system (Cytiva, Milan, Italy). Afterwards, the start Met(−1) was removed
by incubating the SEC-purified ONC in a solution of a zinc-dependent aminopeptidase
from Aeromonas proteolytica (AAP) dissolved in 0.200 M potassium phosphate, containing
25 µM ZnSO4 and buffered at pH 8.0. The reaction was prolonged to 96 h, at 37 ◦C, at a
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concentration of about 0.3 mg/mL, with an AAP:ONC molar ratio of about 1:1000, and
was then blocked by adding 0.010 M EDTA, final concentration. The enzyme solution was
concentrated again with another Amicon 3 Plus ultrafilter, and a final purification step was
performed using the same Superdex 75 XK 26/60 preparative SEC column mentioned above
attached to a ÄKTA-Purifier system. The elution profile was visualized and compared
with the one obtained with 8 mg of “standard” RNase A (type XII A, R-5500, Sigma-Merck,
Milan, Italy) by using the ÄKTA Unicorn 5.01 software.

4.2. Analysis of ONC Purity and Catalytic Activity

The SEC-purified ONC was first analyzed with mass spectrometry to assess if the
Met(−1) removal was successful. To do so, a high-resolution Ultraflextreme MALDI-
TOF/TOF spectrometer (Bruker Daltonics, Bremen, Deutscheland), of the “Centro Pi-
attaforme Tecnologiche” (CPT) of the University of Verona, was used. The analysis was
performed as described in [50], and data were analyzed using the instrument-associated
Bruker Daltonics Flex Analysis Software, version 3.4.

The purified ONC was dialyzed against ddH2O, concentrated with an Amicon 3 Plus
ultrafilter, and lyophilized as 0.5 or 1.0 mg aliquots. Each ONC aliquot used for activity
analysis was dissolved in 0.010 M sodium phosphate, pH 6.7, or in 1 × PBS, depending on
the experiment to be performed.

ONC purity was assessed with a UV-Vis 240–500 nm scan using a Jasco V-750 spec-
trophotometer (Jasco Europe, Cremella (LC), Italy), and the concentration was measured at
280 nm, using for ONC an ε1%

280 = 0.87 [80], while ε1%
280 = 0.72 for RNase A [81].

The ONC enzymatic activity was measured at 25 ◦C, in parallel with RNase A, using
a solution of about 0.5 mg/mL yeast ss-RNA as substrate, dissolved in 0.10 M sodium
acetate/acetic acid buffer, pH 5.0, to obtain an initial Abs300 value comprised between
0.60 and 0.70. Yeast RNA is the gold standard substrate for RNase A, and ONC-RNase A
compared assays were performed following the protocol described by Kunitz that exploits
an absorbance tail decrease induced by the enzyme at 300 nm [43]. Abs300 variation was
followed using the same Jasco V-750 spectropolarimeter, and the dAbs/dt slope of the
initial, linear part of the curve was calculated with the instrument software. The ONC-
specific activity (per mg) was calculated and compared with that of RNase A, as the average,
±S.D., of three different experiments.

4.3. Fluorescence Microscopic Analysis

4′,6-Diamidino-2-phenylindole dihydrochloride (DAPI) is a fluorescent dye that binds
DNA through multiple binding modes and is retained in daughter cells during cell pro-
liferation. Cells were seeded in 24-well plates at a density of 2.5 × 104 cells per well.
After 24 h, cells were treated with 1 µM ONC for 48 h. Following treatment, the culture
medium was removed by vacuum aspiration, and cells were fixed with 100 µL/well of 4%
(w/v) paraformaldehyde (PFA) (AppliChem, Monza, Italy) for 10 min at room temperature
(RT). The fixative was removed, and cells were washed three times with 1× Dulbecco’s
Phosphate-Buffered Saline (DPBS) (Gibco, BRL Invitrogen Corp., Carlsbad, CA, USA) for
10 min each on a shaker. Subsequently, cells were incubated with 100 µL/well of DAPI
(1:1000 dilution; Thermo Fisher Scientific, Milan, Italy) for 15 min at RT. The staining
solution was removed, and wells were washed three times, 10 min each, with 1× DPBS.

Fluorescence images were acquired using an Olympus Evident ApexView APX100 flu-
orescence microscope (Hamburg, Germany). Each experimental condition was performed
in triplicate, and comparisons were made against the respective control samples.

https://doi.org/10.3390/ijms27041638

https://doi.org/10.3390/ijms27041638


Int. J. Mol. Sci. 2026, 27, 1638 19 of 25

4.4. Confocal Microscopy and Mitochondrial Network Analysis

Parental and DAB-resistant A375 and FO-1 cells were incubated with MitoTracker
green FM (Ex490nm/Em516nm; Thermo Fisher Scientific, Milan, Italy) diluted 1:5000
in Opti-MEM for 30 min at 37 ◦C. Before image acquisition, the media was replaced
with DMEM, no phenol red (Thermo Fisher Scientific, Milan, Italy). All images were
acquired using an Evident FV4000 confocal microscope (Olympus, Milan, Italy) at
60× magnification (1.4 NA) oil immersion. After acquisition, all images were decon-
volved using the Scientific Volume Imaging software (v18.10, Hilversum, The Netherlands)
with the following parameters: deconvolution algorithm, classic maximum likelihood
estimation (CMLE); maximum iterations, 100; SNR, 20; and quality threshold, 0.05. All
images were then analyzed by the FiJi software (v1.54p, NIH, Bethesda, MD, USA) by using
an existing plug-in.

4.5. Cell Viability Assay

Melanoma cells were seeded into 96-well plates at the following densities: A375,
2.9 × 103 cells/well; FO-1, 3.5 × 103 cells/well. After 24 h, cells were treated with 0.25, 0.5,
0.75, 1.0, or 1.5 µM ONC and incubated for 72 h. At the end of the treatment, cells were
fixed by adding 25 µL/well of 50% (w/v) trichloroacetic acid directly to the culture medium.
Plates were incubated at 4 ◦C for 1 h, washed four times with deionized water (ddH2O),
and air-dried at RT. Cells were then stained with 50 µL/well of 0.04% (w/v) sulforhodamine
B (SRB) sodium salt solution (Sigma-Aldrich, Milan, Italy) and incubated for 1 h at RT.
Excess dye was removed by rinsing with 1% acetic acid, and plates were air-dried. Bound
SRB was solubilized in 10 mM Tris-base solution (pH 10.5), and absorbance was measured
at 540 nm using a TECAN NanoQuant Infinite M200 Pro plate reader (Tecan Group Ltd.,
Männedorf, Switzerland). Each experimental condition was analyzed in five replicates.

4.6. Assessment of Intracellular ROS, Mitochondrial Superoxide, and Lipid Peroxidation Using
Fluorescent Probes

Cells were seeded in triplicate in 48-well plates at a density of 1.5 × 104 cells/well. The
following day, cells were treated with 1 µM ONC for 48 h. Intracellular oxidative stress was
evaluated using three different fluorescent probes under the same experimental conditions.
Total intracellular ROS levels were measured using the CellROX™ Deep Red probe (C10422,
Invitrogen Corp., Carlsbad, CA, USA) according to the manufacturer’s instructions. Mi-
tochondrial superoxide production was assessed using MitoSOX™ Red Mitochondrial
Superoxide Indicator for live-cell imaging (M36008, Invitrogen Corp., Carlsbad, CA, USA).
Lipid peroxidation was evaluated using BODIPY™ 581/591 C11 (D3861, Invitrogen Corp.,
Carlsbad, CA, USA), a ratiometric fluorescent sensor of lipid oxidative damage.

After staining with the respective probes, cells were harvested, resuspended in flow
buffer consisting of PBS supplemented with 2% FBS and 3 mM EDTA, and analyzed using
a BD LSRFortessa flow cytometer (BD Biosciences, Milan, Italy). Flow cytometry data were
analyzed using FlowJo software v10.8.1 (BD Biosciences, Milan, Italy). Fluorescence signals
were quantified within the total cell population of each cell line. Data represent at least
three independent biological replicates.

4.7. Assessment of Cell Death by Annexin V/Propidium Iodide Staining

Cells were seeded in triplicate in 48-well plates at a density of 1.5 × 104 cells/well. The
following day, cells were treated with 1 µM ONC for 48 h. After treatment, both floating
and adherent cells were collected, washed with cold PBS, and resuspended in Annexin
V binding buffer according to the manufacturer’s instructions. Cells were stained with
Annexin V–FITC and propidium iodide (PI) using the Annexin V Apoptosis Detection
Kit (88-8007-72, BD Biosciences, Milan, Italy) and incubated for 15 min at RT in the dark.
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Following incubation, PI was added for 5 min, and samples were diluted with binding
buffer for flow cytometry analysis using a BD LSRFortessa instrument (BD Biosciences,
Milan, Italy). Annexin V–/PI–cells were considered viable. Flow cytometry data were
analyzed using FlowJo software v10.8.1 (BD Biosciences, Milan, Italy). Data represent at
least three independent biological replicates.

4.8. Labeling of Autophagic Vacuoles with Monodansylcadaverine (MDC)

Cells were seeded in five replicates into 96-well plates at the following densities: A375,
2.9 × 103 cells/well; FO-1, 3.5 × 103 cells/well. After 24 h, cells were either untreated
or treated with 1.0 µM ONC for 48 h. To quantify autophagy induction, at the end of
treatment, cells were incubated in culture medium containing the fluorescent probe MDC
(50 µM; Sigma-Aldrich, Milan, Italy) at 37 ◦C for 15 min. Subsequently, cells were washed
with Hanks’ buffer (20 mM HEPES, pH 7.2; 10 mM glucose; 118 mM NaCl; 4.6 mM KCl;
and 1 mM CaCl2). Fluorescence was measured using a microplate reader (excitation
380 nm, emission 535 nm; NanoQuant Infinite M200 Pro, Tecan Group Ltd., Männedorf,
Switzerland). The fluorescence values were normalized to cell mass determined by crystal
violet assay. MDC incorporation was expressed as relative fluorescence intensity, with
the fluorescence of untreated cells set to 1. Data represent at least three independent
biological replicates.

4.9. Total Protein Extraction

Cells were seeded in 35 mm Petri dishes (A375: 8.0 × 104 cells/dish;
FO-1: 9.0 × 104 cells/dish). After 24 h, cells were treated with 0.5 or 1 µM ONC or
left untreated as controls. Following an additional 24 or 48 h treatment, cells were
scraped in pre-warmed 1× sample buffer (2% SDS, 10% glycerol, 50 mM Tris-HCl, 1.75%
β-mercaptoethanol, and bromophenol blue) and subsequently boiled at 98 ◦C for 10 min. In
the experiments involving the caspase inhibitor, Z-VAD-FMK was added to the cell culture
medium at a concentration of 25 µM. After 2 h of preincubation, 1 µM ONC was added,
and cells were incubated for an additional 48 h. Total protein extracts were then stored at
−80 ◦C until further analysis.

4.10. Immunoblot Analysis

Protein extracts were separated by SDS–PAGE using 8.5–14% polyacrylamide gels,
and subsequently transferred onto polyvinylidene difluoride (PVDF) membranes (Merck
Millipore, Milan, Italy), blocked for 1 h at RT in TBST buffer (10 mM Tris-HCl, pH 7.5;
100 mM NaCl; 0.1% Tween 20) containing 5% non-fat milk. Membranes were then incu-
bated overnight at 4 ◦C with gentle agitation in 5% bovine serum albumin (BSA) contain-
ing the following primary antibodies: FTH1 (A19544); p(Ser40)-NRF2 (AP1133); HO-1
(A19062); GCLM (A11444); SLC7A11 (A2413); GSTP1 (A19061); FSP1 (A22278); cleaved
PARP (A19612); LC3B (AA19665); p(T161)CDK1 (AP0324); p(Thr160)CDK2 (AP1364);
p(Thr172)CDK4 (AP1364); p(ser616)-DRP1 (AP1353); FIS1 (A19666); PINK1 (A24745); ATPB
(A11214); pERK1/2 (AP0974); ERK1/2 (A16686); UQCRC1 (A26343); (Abclonal, Woburn,
MA, USA); ATG3 (GTX128065); Beclin1 (GTX133555); SOD2 (GTX630559); Glutathione
reductase (GTX114199); COX4 (GTX114330); c-Myc (GTX103436); (GeneTex, Irvine, CA,
USA); Mitofusin-1 (#14739); Mitofusin-2 (#11925); DRP1 (#8570); OPA1 (#80471); TOM20
(#42406); GAPDH (#2118); p(Tyr605)-STAT3 (#9145); p(Ser536)P65-NF-kB (#3033); cleaved
Caspase 9 (#9509) (Cell Signaling Technology, Danvers, MA, USA); PGC1α (PA5-38022)
(Invitrogen, Life Technologies, Monza, Italy); γ-H2AX (29380-1); Survivin (66495-1-Ig);
and β-actin (66031-1) (Proteintech, Manchester, UK). After primary antibody incubation,
membranes were washed three times for 10 min each with TBST and then incubated for 1 h
at RT with horseradish peroxidase (HRP)-conjugated anti-rabbit or anti-mouse secondary
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antibodies (Cell Signaling Technology, Danvers, MA, USA). Membranes were subsequently
washed three additional times for 10 min each with TBST. Protein expression levels were
normalized to β-actin. Immunoreactive bands were detected using an enhanced chemi-
luminescence (ECL) kit (Merck Millipore, Milan, Italy) and visualized with a ChemiDoc
imaging system (Bio-Rad, Hercules, CA, USA).

4.11. Statistics

The results are presented as the mean value ± standard deviation (S.D.). Statistical
differences were analyzed using the GraphPad Prism, statistical program, version 8.0.2,
employing an unpaired ANOVA test, unless otherwise stated. A p-value less than 0.05 (*),
or less than 0.01 (**) was considered to be statistically significant. Each type of experiment
was conducted with a minimum of three independent biological replicates. The normal
distribution of the data was assessed using the Shapiro–Wilk test.

5. Conclusions
The amphibian ribonuclease ONC demonstrates here the ability to counteract the

malignant phenotype of two BRAF-mutated melanoma cell lines, including both DAB-
sensitive and -resistant subpopulations. ONC treatment induced elevated levels of reactive
oxygen species and reduced the expression of multiple antioxidant-related proteins, most
notably NRF2. Furthermore, ONC impaired mitochondrial biogenesis and fission without
inducing mitophagy, hence suggesting a lowered mitochondrial functionality. ONC also
triggered sustained apoptosis via the mitochondrial pathway and markedly inhibited
survivin expression. Notably, these anti-melanoma effects were more pronounced in
DAB-resistant melanoma cells.

ONC influences multiple molecular targets and modulates noncoding RNA biogenesis
and processing [82], suggesting that its biological effects stem from the convergence of
multiple regulatory pathways.

Although the precise molecular mechanisms underlying its activity are not yet fully un-
derstood, this study advances current knowledge and further confirms the anti-melanoma
properties of ONC, particularly in BRAF inhibitor–resistant melanoma cell lines.
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