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Antiproliferative activity of vanadium compounds:
effects on the major malignant melanoma
molecular pathways
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Malignant melanoma (MM) is the most fatal skin cancer, whose incidence has critically increased in the last
decades. Recent molecular therapies are giving excellent results in the remission of melanoma but often
they induce drug resistance in patients limiting their therapeutic efficacy. The search for new compounds
able to overcome drug resistance is therefore essential. Vanadium has recently been cited for its anticancer
properties against several tumors, but only a few data regard its effect against MM. In a previous work we
demonstrated the anticancer activity of four different vanadium species towards MM cell lines. The inorganic
anion vanadate(v) (VN) and the oxidovanadium(iv) complex [VO(dhp),] (VS2), where dhp is 1,2-dimethyl-3-
hydroxy-4(1H)-pyridinonate, showed ICsq values of 4.7 and 2.6 pM, respectively, against the A375 MM cell
line, causing apoptosis and cell cycle arrest. Here we demonstrate the involvement of Reactive Oxygen
Species (ROS) production in the pro-apoptotic effect of these two V species and evaluate the activation of
different cell cycle regulators, to investigate the molecular mechanisms involved in their antitumor activity.
We establish that VN and VS2 treatments reduce the phosphorylation of extracellular-signal regulated kinase
(ERK) by about 80%, causing the deactivation of the mitogen activated protein kinase (MAPK) pathway in
A375 cells. VN and VS2 also induce dephosphorylation of the retinoblastoma protein (Rb) (VN 100% and VS2
90%), together with a pronounced increase of cyclin-dependent kinase inhibitor 1 p21 (p21PY protein
expression up to 1800%. Taken together, our results confirm the antitumor properties of vanadium
against melanoma cells, highlighting its ability to induce apoptosis through generation of ROS and cell
cycle arrest by counteracting MAPK pathway activation and strongly inducing p21Cipl expression and Rb
hypo-phosphorylation.

Vanadium compounds are promising anticancer agents. In this work, we demonstrate that two vanadium(iv,v) species exhibit antiproliferative activity towards
the melanoma A375 cell line by arresting the cell cycle and triggering apoptosis through intracellular ROS production, ERK and Rb dephosphorylation and
p21°P! overexpression. These data can allow a better understanding of the mechanisms of action of potential vanadium anticancer drugs and provide
information for the design of new active species.

Introduction

skin and mucous membranes." The epidemiology of melanoma
is complex, and individual risk depends on sun exposure, host

Melanoma is a heterogeneous malignant tumor that evolves factors, and genetic factors, and on their interaction as well.” It

from melanocytes and is one of the most aggressive tumors of is characterized by complex pathogenic mechanisms due to

specific alterations in pathways controlling cell proliferation,
differentiation and survival.® Melanoma incidence is still rising
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has increased the number of reported melanomas. However,
mortality due to melanoma is not decreasing. About 85%
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America, Europe and Oceania. In Italy, about 13 700 new cases
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of skin melanoma were expected in 2018, 7200 among men and
6500 among women (3% of all cancers in both sexes). In Italy,
melanoma represents 9% of juvenile tumors in men and 7% in
women; actually, it is the second and the third most common
cancer under the age of 50, respectively.’

The genetics of melanoma comprises genes involved in
pigmentation and naevi, as well as genes involved in the cell
cycle and senescence, which have been identified via genome-
wide association studies over the last 10 years and confirmed by
next-generation sequencing (NGS)-based analyses of the entire
genome or exome in melanoma patients.® A fundamental
role in neoplastic development is attributable to alterations
concerning various molecular pathways including that of the
mitogen-activated protein kinases (MAPKs) involved in regulating
cell growth. The uncontrolled activation of MAPKs is due to
mutations within either the NRAS (Neuroblastoma RAt Sarcoma
viral oncogene homolog; about 25% of cases) gene or the BRAF
(v-Raf murine sarcoma viral oncogene homolog B; about 50% of
cases) gene, which can present a substitution of valine in position
600 (V600).% The last codon change represents the most common
variation in patients carrying a mutated BRAF (roughly, 90% of
BRAF mutations).” These gene mutations determine the constitu-
tive activation of the B-Raf protein kinase (cytoplasmic protein),
which induces the activation of the mitogen-activated protein
kinase (MEK), which in turn activates the extracellular-signal
regulated kinase (ERK), the final effector of the cascade, inducing
the transcription of target genes that trigger the cell entering the
cell cycle.”

The determination of mutated oncogenes as specific targets
has allowed the development of so-called targeted therapies or
personalized therapies as they can be adopted only in the case
of patients carrying specific alterations. With regard to BRAF
mutations, mutated BRAF inhibitors were synthesized, including
vemurafenib, dabrafenib and encorafenib, which strongly inhibited
MEK phosphorylation, and deactivated the MAPK cascade,
blocking cell growth in melanomas.® Concerning NRAS muta-
tions, no specific inhibitor is available; treatment with MEK
inhibitors is effective in melanomas with oncogenic activation
of the NRAS-BRAF cascade.>*"® The combination of BRAF and
MEK inhibitors, alone or associated with immunotherapy, has
been demonstrated to produce tumor responses in the majority
of metastatic melanoma patients carrying BRAF V600 muta-
tions or, to a much lesser extent, NRAS mutations.'* Indeed,
most melanoma cases present activating mutations within the
MAPK pathway but, unfortunately, the produced responses are
largely partial and not durable. Actually, activation of alterna-
tive pathways controlling cell proliferation generally induces
resistance to these treatments in a few months.'”> Due to the
complexity of the molecular mechanisms involved in the
pathogenesis of melanoma and the appearance of resistance
to target drugs, it is appropriate to consider the development of
new drugs with more broad-spectrum action to be associated
with such inhibitors with specific action. They could be con-
sidered in order to undertake effective combined therapies, or
otherwise to face the onset of resistance.’® In this context, new
drugs characterized by the presence of metals, in particular
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vanadium, can be taken into consideration and represent the
subject of this work.

The development and use of metal-based drugs in cancer
treatment is mainly linked to the antitumor effects demon-
strated for platinum-based compounds, among which cisplatin
is the progenitor and is currently used as a conventional
chemotherapeutic agent in antitumor clinical therapy.**
Metal-based drugs have very similar functioning, as they share
some molecular mechanisms and in particular the ability to
bind to DNA in a covalent manner, triggering the process of cell
death. In addition to platinum other metals have shown
excellent antitumor properties such as compounds based on
gold, arsenic, antimony, bismuth, vanadium, iron, rhodium,
titanium and gallium."® These metals and their compounds
may have a divalent action: some may induce tumor develop-
ment while others may counteract cancer and some of these
compounds may act in both ways."®

Among the metals listed above, vanadium, a transition
metal of the fifth group, and its compounds, have catalyzed
researchers’ attention for their possible use in the medical
field.>*** V is an element present in organisms in ultratraces
(the amount that is taken in through the diet is on average less
than 1 mg per day); it is present in tissues with a concentration
of some pg per kg and is thought to be essential for normal
metabolism, growth and development of mammals. Some
vanadium compounds have been used for their insulin-
mimetic action and for the reduction of hyperlipidemia and
hypertension.”* Vanadium-based compounds have also been
proposed for the treatment of neuronal and cardiac disorders,
in the treatment of bacterial, viral and parasitic infections and
in the treatment of malignant tumors.>>?°

The first studies on the potential application of vanadium
salts in the treatment of cancer date back to 1965>” and in 1986 the
first work appeared describing the action of an organometallic
vanadium compound, vanadocene dichloride, [Cp,V"VCL,], in the
treatment of Ehrlich tumors.*® Several subsequent studies have
shown the potentiality of vanadium as an anticancer drug as
reviewed by Crans and colleagues.”® Gomez-Ruiz et al.** reported
that vanadocene dichloride and some derivatives have a high
cytotoxic activity like other metallocenes of formula [Cp,MCL],
where M = Ti, Zr, or Mo. Initially it was proposed that these
complexes bind to the nitrogenous bases and/or DNA phosphate,
a type of interaction that resembles that of cisplatin.*" Another
possible mechanism of action against tumor cells could be inhibi-
tion by the vanadocene of topoisomerase II, which should occur
when the complex [Cp,V"VCl,] interacts with the enzyme groups
that are present on its surface, causing a reduction of the enzymatic
activity.>> Among the derivatives of oxidovanadium(v), Metvan
(bis(4,7-dimethyl-1,10-phenanthroline)-sulfatooxydovanadium(iv))
has been identified as one of the most promising antitumor
multitarget compounds of vanadium.*® It has been described to
be able to induce apoptosis in leukemia, multiple myeloma, and
solid tumors such as breast, prostate, testis, and glioblastoma, and
it is highly effective against cisplatin-resistant ovarian and testis
tumor cell lines.>**> Recently, growing attention was focused on the
antitumor activity of vanadium complexes formed by flavonoids,
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which are very effective against osteosarcoma cell lines.
proposed that the generation of reactive oxygen species (ROS)
causes a series of cellular effects, such as DNA cleavage and protein
tyrosine phosphatase (PTPases) inhibition;*® moreover, the activa-
tion of ERK phosphorylation promoted by the V™O-quercetin
species seems to be involved in one of the possible mechanisms
explaining the pharmacological effects of this compound.®® Several
reviews have been published over the last years and interested
readers are referred to such studies.>>>**"49*

It has been reported in the literature that vanadium-based
compounds exert antiproliferative and cytotoxic activity on
human pancreatic tumor cells, inducing cell cycle blockage in
the G2/M phase and producing an increase of ROS.** At high
concentrations, vanadium salts were able to inhibit the for-
mation of colonies of human tumor cells by blocking the cell
cycle in the G2/M phase. This effect seemed to be due to the
inhibitory action that vanadium plays on PTPase, whose task is
to dephosphorylate the cyclin dependent kinase (CDK)-cyclin B
complex, allowing the cell cycle to progress.** It has also been
shown that the reduction of the proliferation induced by some
vanadium compounds is associated with the inhibition of the
cyclins D1 and E and the E2 transcription factor (E2F) and
the induction of tumor suppressors cyclin-dependent kinase
inhibitor 1 p21 (p21°"P') and kinase inhibitor protein 1 p27
(p27%'P").*> vanadate induces activation of the mammalian
target of the rapamycin (mTOR)/S6 ribosomal protein (S6R)
pathway downstream of the phosphoinositide 3-kinase (PI3K)/
protein kinase B (PKB) signal, as well as DNA fragmentation,
loss of membrane potential in mitochondria, ROS production,
and caspase-3 activation.*® As mentioned before, vanadium
exerts its antiproliferative activity also through the induction
of ROS formation.>® ROS are crucial agents in the cell fate.
Their intracellular accumulation in normal cells leads to the
oxidation of various cellular components such as nucleic acids,
proteins and lipids. These oxidative reactions cause extensive
damage and in cases of irreparable damage they promote
apoptosis.**

On the basis of these observations we synthesized some
compounds based on vanadium and tested them for their
cytotoxic activity against malignant melanoma (MM) cells, as
previously reported.”” Two of these compounds have shown
promising antitumor activity, being less effective on normal
control cells: an inorganic vanadium(v) salt, sodium vanadate
(VN), which at physiological pH exists mainly in the anionic
form H,VO, , and a neutral oxidovanadium(v) complex with
1,2-dimethyl-3-hydroxy-4(1H)-pyridinone (abbreviated to dhp),
[VO(dhp),] (VS2) (Fig. 1). In our previous study, we demon-
strated the antitumor activity of such compounds on MM cells
and, in particular, their ability to induce apoptosis and cause
cell cycle arrest at different phases (VN blockade in phase G2
and VS2 in phase G1).*” Starting from these previous results, in
this study we decided to better characterize the molecular
mechanisms underlying the antitumor properties of vanadium
compounds observed with melanoma cells. For this purpose we
chose to utilize A375 melanoma cells,*® which have been pre-
viously described as a low metastatic cell line,*>*° resembling
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Fig.1 Chemical structure of the vanadium compounds studied in this
work (adapted from ref. 47).
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the most frequent disease condition among melanoma patients
(studies of a large series of them indicated that the average
incidence of disease relapses is about 40% and the most
frequent first sites of recurrence during follow-up are the
regional lymph nodes, expressing a lower metastatic potential
as compared to that of the distant metastases).”” Moreover, A375
is considered as a reference cell line for MM in in vitro studies
(with more than 1000 publications of studies using A375 mela-
noma cells reported in PubMed), and was shown to be the most
sensitive to our V compounds, useful as a model to better dissect
the molecular mechanisms of action of VN and VS2. The aim of
this work is, in fact, to understand how vanadium compounds
can cause arrest of proliferation and trigger programmed cell
death in melanoma cells. Therefore, here we evaluated the ability
of these compounds to generate ROS in A375 cells and whether
this was involved in the induction of apoptosis that we had
already observed in MM cells. Moreover, we investigated more
in-depth the mechanisms involved in cell cycle arrest by evaluat-
ing the expression and/or activation of some molecular markers
of cell cycle progression, which are components of pathways
involved in the onset and progression of melanoma, in A375
cells treated with VN and VS2. In particular, we analyzed: the
ERK kinase (to assess the MAPK pathway activation status), the
retinoblastoma protein (Rb) (which represents an important
control point for the transition from the G1 phase to the S
phase), the cyclin/CDK complex inhibitor p21<'P* (to verify its
possible involvement in cell cycle blockade), and the cell division
cycle 25C phosphatase (Cdc25C, whose activation is necessary
for the transition from phase G2 to phase M).

Experimental

Cell culture

The A375 MM cell line was purchased from the ATCC (American
Type Culture Collection, ATCC® #CRL-1619™). It was previously
genetically characterized and presents the BRAF V600E mutation
(the substitution of a valine residue (V) with a glutamate (E) in
position 600) as well as two point mutations in the cyclin-dependent
kinase inhibitor 2A (CDKN2A) gene, E61* and E69*, both due to
one-base pair substitution ending in substitutions of glutamate
residues (E) at position 61 and 69 into two stop codons, which
impair the expression of p16™*** and p14™**® (inhibitors of
CDK4) tumor suppressor proteins.’”> Cells were grown using
RPMI culture medium with stable glutamine, supplemented
with 10% Fetal Bovine Serum (FBS) and penicillin/streptomycin
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(1 U mL™") (complete medium), at 37 °C in a humidified
atmosphere with 5% CO,.

Vanadium compounds and chemicals

Two different vanadium compounds were used: [VO(dhp),]
(VS2) and inorganic vanadate(v) (VN) (Fig. 1). [VO(dhp),] was
prepared according to the established procedure.’** The VS2
stock solutions were prepared always immediately before use by
dissolving, in complete RPMI medium, weighed amounts in
order to have a concentration of 5 mM. The VN stock solutions
were also prepared immediately before use by dissolving
Nav¥0; in PBS at pH 7.4 to reach a concentration of 10 mM.
At this concentration, polynuclear species tend to form, including
decavanadate, which shows a yellow colour; this species can be
easily decomposed by heating.”®

N-Acetyl-L-cysteine (NAC, Sigma-Aldrich) stock solution (500 mM
pH 7.4) was prepared by solubilizing a weighed amount in a 50 mM
phosphate, 150 mM NacCl buffer solution, titrated to pH 7.4 with
the addition of NaOH.

The stability and speciation of VN and VS2 in the RPMI
culture medium were previously discussed by some of us.*”

Antibodies

Primary antibodies anti-ERK1/2 (#13-6200), anti-phosphoERK1/2
(#700012) and anti-phosphoCdc25C (#MA5-15146) were from
Thermo Fisher Scientific, anti-p21P* (#2947) and anti-phosphoRb
(#8180) were from Cell Signaling, and anti-glyceraldehyde 3-phos-
phate dehydrogenase (GAPDH) (#SC-47724) was from Santa Cruz
Biotechnology. Secondary antibodies, horse-radish peroxidase
(HRP) conjugates, were anti-mouse (#AP124P) from Millipore and
anti-rabbit (#A27036) from Sigma-Aldrich.

ROS assay

Reactive Oxygen Species (ROS) were evaluated using the Cell-
ROX™ green flow cytometry assay kit (#C10492, Thermo Fisher
Scientific), which enables the cytometric detection of ROS in
live cells. A375 cells were seeded in 6-well plates at the optimal
density depending on the experimental times (for 4 and 24 hours
at 3 x 10° cells per well, while for 48 hours at 2.5 x 10° cells per
well). After 24 hours the medium was removed and replaced
with fresh medium containing the two vanadium compounds
(VN and VS2) at two different concentrations (10 and 20 uM),
with and without NAC (5 mM). A positive control was prepared
by treating cells with ter¢-butyl hydroperoxide (TBHP), a known
ROS inducer, while the negative control consisted of cells treated
with the antioxidant agent NAC, as suggested by the manufac-
turer instructions. After treatment, cells were harvested by add-
ing 400 pL of 0.25% trypsin and collected through centrifugation
(10 min at 200 x g, where g is the relative centrifugal force, at
room temperature (RT)). Pellets were resuspended in fresh
medium, and incubated with 1 pL of Cell ROX fluorescent dye
in the dark for 30-60 min. Samples were then analyzed using
a FACS Canto II (BD Biosciences, San Jose, CA, USA) flow
cytometer and the results evaluated using the ModFit LT 3.0
software (Verity Software House).
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Apoptosis assay

Apoptosis assays were performed using the “Tali™ Apoptosis
Kit - Annexin V Alexa Fluor® 488 and Propidium Iodide” (Life
Technologies). This assay is based on the detection of the green
fluorescent Annexin V, labeled with Alexa Fluor, bound to the
phosphatidylserine exposed on the cell membrane of apoptotic
cells. Propidium iodide (PI), instead, binds to the exposed DNA
of dead cells and is used to discriminate between necrotic (red)
and apoptotic cells (green). Cells showing double fluorescence
green/red are considered as in the late stage of apoptosis.

Apoptosis assays were performed on A375 cells treated with
10 and 20 pM of VN and VS2 for 24 and 48 hours, with and
without 5 mM NAC. Cells were seeded on 6 well plates at the
optimal density depending on the experimental times (3 x 10°
cells per well for 24 hours; 2.5 x 10° cells per well for 48 hours).
In order to inhibit ROS production, 30 min before the vana-
dium compound treatment, control samples were incubated
with 5 mM NAC. Sample analyses were performed following the
manufacturer instructions and as previously reported,*” except
for the final sample analysis carried out using a FACS Canto II
(BD Biosciences, San Jose, CA, USA) flow cytometer. Results
were evaluated using the ModFit LT 3.0 software (Verity
Software House).

Cell cycle assay

Cell cycle analyses were performed using the “Tali®™ Cell Cycle
Kit” (Life Technologies), which provides a propidium iodide
solution, a red fluorescent dye that binds DNA after cell
permeabilization, allowing the quantification of the cellular
DNA content during cell cycle progression. The experimental
procedure was performed following the manufacturer instruc-
tions and as previously reported*’”® with some differences
briefly described: A375 cells were seeded on 6 well plates at
2.5 x 10° cells per well for 24 hours. Immediately after, the
medium was replaced by fresh medium containing VN or VS2
compounds at 10 and 20 pM for 24 hour treatment. Then, the
cells were harvested, washed with PBS and fixed with 1 mL of
70% ice-cold ethanol. After incubation at —20 °C overnight, the
samples were centrifuged, resuspended in 200 pL of Tali® Cell
Cycle Solution and kept for 30 min in the dark at RT. Red
fluorescence was measured by means of a FACS Canto II (BD
Biosciences, San Jose, CA, USA) flow cytometer and the results
were evaluated using the ModFit LT 3.0 software (Verity Soft-
ware House).

Protein expression analysis

Cell lysis and protein extraction. Cells were seeded in T25
tissue culture flasks in complete medium and grown to semi-
confluence, and then were treated for 3, 6, 16 and 24 hours with
medium containing or not 10 and 20 uM VN or VS2. The cell
density was 3 x 10° cells per flask for 3 and 6 hour treatments
while 2.5 x 10° cells per flask for 16 and 24 hour treatments.
Immediately after, cells were harvested using a cell-scraper and
lysed with cold Pierce™ RIPA lysis buffer (#89900, Thermo
Scientific) containing protease and phosphatase inhibitor
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cocktail 1x (#78441, Thermo Scientific) and pepstatin A (1 mg mL )
(#516481, Sigma-Aldrich). Following incubation of 15 min on ice,
cell lysates were collected and centrifuged at 18000 x g at 4 °C
for 15-20 min. The supernatants were recovered, aliquoted and
stored at —80 °C. The protein concentration was determined by
the QuantiPro BCA Assay Kit (Sigma-Aldrich) using a standard
reference curve with different concentrations of Bovine Serum
Albumin (BSA) (0-100 pg mL ™).

SDS PAGE and Western blotting. Protein lysates (30 pg proteins
per lane) were resolved using pre-cast 12% or 4-12% gradient
polyacrylamide gel (NuPAGE Bis-Tris Gel, Invitrogen), depending
on the size of the proteins to be detected, and transferred to iBlot®
Gel Transfer Stacks Nitrocellulose by an iBlot™ Dry Blotting System,
Mini (all from Invitrogen). Membranes were then incubated with
primary antibodies overnight at 4 °C, except for anti GAPDH,
which was incubated at RT for 1 hour. Secondary antibodies,
HRP-conjugated anti-mouse or HRP-conjugated anti-rabbit, were
incubated for 1 hour at RT. Immune complexes were visualized
with the use of an enhanced chemiluminescence system
(Pierce™ ECL Plus Blotting Substrate kit, Thermo Scientific)
using an UVITEC mini HD6 imaging system, which quantified
protein levels. Data were finally analyzed with the UVITEC
UVI-D1 software.

Results and discussion

In a recent paper we evaluated the antiproliferative effect of
four vanadium compounds (VN, VS2, VS3 and VS4) comparing
the activity of the free vanadate (VN) with that of vanadium
bound to different ligands (VS2, VS3, and VS4); VS3 and VS4
were two derivatives of VS2, [VVO(mpp),] and [VVO(ppp).], with
mpp 1-methyl-3-hydroxy-4(1H)-pyridinonate and ppp 1-phenyl-
2-methyl-3-hydroxy-4(1H)-pyridinonate.*” Among them, the com-
pounds VN and VS2 (Fig. 1) proved to be more efficient against
the A375 melanoma cell line, showing ICs, values of 4.7 and
2.6 pM, respectively. These two compounds showed instead
much higher ICs, values for normal fibroblasts (BJ) used as
control cells (10.5 pM and 14.5 pM for VN and VS2, respectively).
We have also demonstrated that VN and VS2 were able to induce
apoptosis in a dose- and time-dependent manner and to cause
cell cycle arrest at different phases (VN caused a blockage in the
G2 phase, while VS2 in G1). Based on these data, here we want to
investigate the molecular mechanisms of such antiproliferative
activity of these two compounds using the A375 melanoma cell
line, the most sensitive among those tested, as an in vitro
experimental model of MM.

Induction of ROS production by VN and VS2

Oxidative stress caused by the production of intracellular ROS
is one of the most reported effects exerted by vanadium,
intimately linked with the proapoptotic activity of several
vanadium compounds in tumoral cells.?%*>3:37-59

Therefore, we wanted to assess whether ROS production
could play a role in the induction of apoptosis caused in A375
melanoma cells by VN and VS2. In order to verify ROS production
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due to VN and VS2 treatment, A375 cells were grown in the
presence of both vanadium compounds at 10 and 20 pM for three
experimental times (4, 24 and 48 hours). A sample of cells for each
experimental point was also pretreated with NAC, a general ROS
scavenger.®® The levels of ROS in each sample were quantified
through cytofluorimetric analysis as described in the “Experi-
mental” section. The obtained results are shown in Fig. 2(A-C): a
general increase in the amount of ROS in VN- and VS2-treated cells
was observed for all three experimental times compared to the
untreated cells, reaching about 80% of ROS positive cells after
48 hours. This finding demonstrated that both compounds caused
induction of ROS production. When the cells were pretreated with
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Fig. 2 Evaluation of ROS production. The graphs show the percentage of
ROS positive A375 cells after 4 hour (A), 24 hour (B) and 48 hour (C)
treatments with 10 and 20 puM of either VN or VS2 compounds, with or
without 5 mM NAC, as described in the “"Experimental” section.
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the antioxidant agent NAC, the percentage of ROS decreased
significantly, due to NAC counteracting the oxidative effect of the
vanadium compounds. The increase of ROS was time-dependent,
and it was evident after only 4 hours of treatment, especially for the
VS2 compound (up to 48% of ROS positive cells). It has to be
noticed that while after the 4 hour treatments VS2 (at both
concentrations 10 and 20 pM) showed greater ROS production
compared to VN (19% of ROS positive cells, Fig. 2A), in the 24 hour
treatments the situation was reversed, in fact VN caused slightly
higher ROS production compared to VS2 (53% VN vs. 45% VS2,
Fig. 2B). After 48 hours of treatment, the two compounds showed a
very similar trend (about 75-80% for both compounds, Fig. 2C).

VS2 also showed a dose-dependent trend of this increase,
more evident for the shorter treatment times (4 and 24 hours,
Fig. 2A and B), while at 48 hours almost a plateau was reached
and the quantities of ROS detected at 10 and 20 pM were
similar (70-75%, Fig. 2C). For vanadate(v) (VN), instead, a dose-
dependence effect has not been observed, in particular at 4 and
24 hours, where the percentage of ROS detected at VN 10 uM
was very similar to, even slightly higher than, that observed
with VN 20 pM (Fig. 2A and B). With regard to the different
behavior of the two compounds it should be noted that V(w)
can be easily oxidized to V(v) and vice versa V(v) can be reduced
to V(wv). In the cellular environment the most stable oxidation
state should be the +IV one, which is that of VS2, while VN, with
vanadium in oxidation state +V, after crossing the cell
membrane should be reduced to V(iv) by the cell reducing
agents (e.g. glutathione).®’ The non-complexed V(iv) and its
compounds are able to give Fenton-like reactions® leading to
the formation of ROS according to the reaction: VVO** +
H,0, — VYO, + H" + *OH. Therefore, the whole process can
be described as a complex mechanism involving the redox
interchange of the +V and +IV oxidation states and the capability
of V'V species to generate ROS through the Fenton-like reaction.
It must be also considered that at physiological conditions the
formation of polyoxovanadates is possible and these can induce
an increase of the ROS level.*>**

However, the results obtained confirm, decisively, the ability
of vanadium and its compounds to determine a state of oxidative
stress on various tumor cell lines including those of melanoma
as reported in the literature.®®

Apoptosis is induced by ROS production

Having ascertained the production of ROS in A375 cells following
treatment with the two compounds VN and VS2, we verified if this
was one of the causes of the apoptotic process observed previously."”’
Also in this case the cells were treated with the two compounds (VN
and VS2) at concentrations of 10 and 20 pM, for 24 and 48 hours,
with or without the presence of 5 mM NAC, and were submitted to
the Annexin V assay. The results, shown in Fig. 3, confirmed the
induction of apoptosis with a dose-dependent trend, highlighted a
little after 24 hours (8% and 11% of apoptotic cells with 20 uM VN
and VS2, respectively, Fig. 3A) but very clear at 48 hours for both the
compounds (47% and 52% of apoptotic cells with 20 uM VN and
VS2, respectively, Fig. 3B). In the samples pretreated with 5 mM
NAC, we observed a reduction of apoptotic cells from 48% to
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Fig. 3 The induction of apoptosis is dependent on ROS production. The
graphs show the results of the Annexin V apoptosis assays on A375 cells
following treatment with VN and VS2 at concentrations of 10 and 20 uM, in
the presence or absence of 5 mM NAC. The data represent the percentage
of live, apoptotic (early + late) and dead cells after 24 hours (A) and
48 hours (B) from the administration of the two compounds.

13% in VN treated cells, and from 52% to 9% in VS2 treated cells,
thus demonstrating that the scavenging of produced ROS counter-
acted the induction of apoptosis triggered by the vanadium com-
pounds, thus confirming the effect of ROS on apoptosis. Our data
confirm the effect of ROS on apoptosis previously reported by
Strianese and colleagues for the same A375 melanoma cell line
treated with a pyridoxal-based vanadium(iv) complex.®®

Expression/activation of cell cycle regulators

In our previous work it was shown that the two compounds VN
and VS2 determined a block in the progression of the cell cycle
in A375 cells and, in particular, the compound VN led to a stop
in the G2 phase, while the compound VS2 caused a stop in
G1.*” These results were confirmed by flow cytometry analysis
as described in the “Experimental” section (data not shown).
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To investigate the possible mechanisms of action of the VN
and VS2 compounds we evaluated their effect on the levels of
expression and/or activation of some key proteins that regulate
the initiation and progression of the cell cycle. For this purpose,
Western blot experiments were carried out using antibodies
specific for the following proteins and/or their phosphorylated
forms: ERK, phospho-ERK, phospho-Rb, p21P* and phospho-
Cdc25C. The A375 cells were treated with the VN and VS2
compounds at concentrations of 10 and 20 pM, for 4 increasing
time intervals (3, 6, 16 and 24 hours), then lysed and analyzed by
Western blotting. The results of such experiments are shown in
Fig. 4 and discussed as follows.

Phospho-ERK. Under physiological conditions, the ERK
kinase is activated by the MAPK phosphorylation cascade, which
is triggered by growth factors stimuli. Then, phospho-ERK
translocates to the nucleus where it is able to activate different
transcription factors that induce the expression of early cell cycle
genes (such as cyclin D) and allow the transition of the cell from
the GO state to the G1 phase of the cycle.®®

In our case, evaluating the phosphorylation levels of this
kinase is of great importance because the A375 cell line used as
an experimental model in this study carries the V60OE mutation
of the BRAF gene, as 60% of melanomas do.’* B-Raf is a serine-
threonine kinase which acts upstream of MEK and ERK in the
MAPK pathway. The BRAF V600E mutation results in constitutively
activated B-Raf kinase, making the MAPK cascade unceasingly
active. Therefore, the ERK kinase is constantly phosphorylated, then
activated, continuously signaling cells for entering the cycle. This
is a feature common to many cancer cells, which never go into a
quiescent state but continually enter a duplication cycle,”” and it is
one of the main features of the molecular genetics of melanoma.>”

Our results, obtained from the analysis of the ERK and
phosphorylated ERK kinase (ph-ERK) expression levels by Western
blotting, are shown in Fig. 4, panels A and B. While the levels of
ERK protein expression appeared pretty unvaried during the treat-
ments with both VN and VS2 (Fig. 4, panel A), the levels of ph-ERK
showed a gradual decrease over time in the A375 cell samples
treated with the VN or VS2 compounds. Indeed, the ph-ERK levels
dropped down to 20% compared to the control, after 24 hours of
20 uM treatment with either compound (Fig. 4, panel B). The
decrease of ERK phosphorylation was more evident at short times
particularly for the cells treated with VN, but it was very clear after
24 hours also for VS2 (Fig. 4, panel B). These data show that both
the VN and VS2 compounds are able to counteract the constitutive
activation of the MAPK cascade by inducing dephosphorylation of
ERK. As a consequence, we can suppose this causes a lowering
of the intensity of the mitotic signal continually triggered by the
BRAF V600E mutation. This effect certainly contributes to the
antiproliferative action exerted by the two compounds on A375
cells.”” Counteracting the activation of the MAPK pathway, either by
blocking the activity of the mutated BRAF protein, or by acting on
the blockade of the downstream MEK-ERK kinases with specific
inhibitors, is the principle on which the most recent target
therapies successfully used against metastatic melanoma in the
last years are based. In fact, they all lead to ERK dephosphorylation
and arrest tumor growth.>®
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Our results on the MAPK pathway, though, contrast with
those reported by other groups in the literature, which observed
an increase in ERK phosphorylation induced by vanadium
compounds in different in vitro models.****® This could be
strictly related to our specific melanoma model, carrying the
V600E BRAF mutation, which makes the MAPK pathway con-
stitutively active, resulting in basic ERK hyper-phosphorylation.

Phospho-Rb. We also analyzed the phosphorylation levels of
the Rb protein, which plays a key role in controlling the
transition from the G1 phase to the S phase of the cell cycle.
The phosphorylation of Rb by the cyclinD1/CDK4/6 complex
determines its deactivation and detachment from the transcrip-
tion factor E2F, which in turn activates the transcription of
target genes necessary for the cell cycle progression from the G1
to the S phase (cyclin E and cyclin A).”® This pathway (Fig. 5) is
one of the primary pathways involved in melanomagenesis.>”
The cyclin D1/CDK4/6 complex activity is indeed controlled by
the p16™*** tumor suppressor protein, encoded by the cyclin-
dependent kinase inhibitor 2A (CDKN2A) gene. CDKN2A is
located on chromosome 9p21 and encodes two proteins,
p16™%** (including exons 1a, 2 and 3) and p14™**® (a product
of an alternative splicing that includes exons 1 and 2),”* which
are known to function as tumor suppressors. p16™<** and
p14™¥*B are simultaneously altered in multiple tumors since
most of their pathogenetic mutations occur in exon 2, which is
encoded in both gene products. It represents one of the major
genes involved in melanoma pathogenesis and predisposition.
Our melanoma model, the A375 cell line, carries two CDKN2A
mutations, resulting in the absence of both p16™<** and
p14™® tumor suppressor proteins. In particular, lack of
p16™*** results in increased phosphorylation/deactivation of
Rb, allowing uncontrolled cell cycle progression from the G1 to
the S phase. Analysis of Rb phosphorylation (ph-Rb) levels in
A375 cells (Fig. 4, panel C) indicated, indeed, very high levels of
ph-Rb in the untreated cells (ctrl in Fig. 4). But in the samples
treated with VN and VS2 we observed a gradual and significant
decrease of ph-Rb, reaching levels of 0% and 10%, respectively,
after 16 hours of 20 uM VN and 24 hours of 10 uM VS2
treatments. These data indicate that the action of the two vana-
dium compounds promoted Rb dephosphorylation, presumably
counteracting cell cycle progression and so contributing to the
antiproliferative effect of VN and VS2 on melanoma cells. Such an
effect could be due to the similarity of the vanadate ion to
phosphate. Vanadate, in fact, could compete with the latter within
the cell by replacing it, thus decreasing the phosphorylation levels
of various substrates.”>”® A similar effect has been previously
described for the bis(acetylacetonato)oxidovanadium(iv) compound
in HepG2 cells.®®

In our melanoma model, inducing Rb dephosphorylation is
a main feature because it counteracts the lack of the p16™<**
tumor suppressor and restores a sort of control over indiscri-
minate cell growth. For this reason, compounds like VN or VS2,
which are able to decrease the uncontrolled phosphorylation of
Rb, could be of great interest in the search for new therapeutic
agents to be combined with specific targeted therapies, in order
to counteract tumors carrying CDKN2A mutations/deletions.
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Fig. 4 Western blotting. A375 cells were treated with different concentration
and 24 hours). Cell lysates were resolved on SDS-PAGE and transferred on ni
hybridized, respectively, with the following primary antibodies: anti ERK1/2 (
(ph-Rb, panel C); anti-p21°P* (p21, panel D); and anti phospho-Cdc25C (ph-Cdc
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s of VN and VS2 (0, 10 and 20 uM) for different experimental times (3, 6, 16
itrocellulose filters, as described in the “Experimental” section. Filters were
ERK, panel A); anti-phospho-ERK1/2 (ph-ERK, panel B); anti phospho-Rb
25C, panel E). The levels of protein expression, quantified by the UVITEC mini

HDG6 imaging system, were analyzed and normalized against the levels of the GAPDH housekeeping gene expression with the UVITEC UVI-D1 software.

p21°P1, Oppositely to the two phosphorylated proteins
described above, the expression of the CDK inhibitor p21<P*
increased dramatically during the first few hours of treatment
with the two compounds, rising 10-14 times for VN treated cells

Metallomics

and up to 18 times in VS2 treated cells (Fig. 4, panel D). p21“P* is
one of the main inhibitors of the cell cycle: it is able to block the
formation of the CDK-cyclin complexes necessary for the transi-
tion from one phase to the next of the cell cycle.”* Its expression
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Fig. 5 CDKN2A gene pathway. Diagram of CDKN2A gene product (p16N44
and p14™**B) pathways, showing their involvement in the regulation of the cell
cycle progression. The A375 cell line carries two mutations in the CDKN2A
gene, which expresses neither p16™** nor p14™“® tumor suppressor pro-
teins. A375 cells lack the negative regulation of the cell cycle exerted by the
CDKN2A tumor suppressor gene.

is induced by the p53 protein, which can be activated by
numerous factors, such as ROS production, cellular stress and
DNA damage, and triggers various defense processes including
blocking of cellular duplication and apoptosis.”> The results
observed in our experimental system indicate a strong induc-
tion of p21“P! expression, which could be due to p53 stimula-
tion triggered by the cellular stress following vanadium
compound induced production of ROS and oxidative damage.
This would explain the observed arrest of the cell cycle at
different phases.
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This feature is also very significant in our melanoma model,
which is lacking the p14™**® tumor suppressor protein (Fig. 5).
p14™**® normally blocks MDM2, which is responsible for p53
degradation, allowing p53 to exert its tumor control activity in
several ways. One of these is to promote p21°P expression,
which is very low or absent in many tumors, including our
melanoma model A375 (see Fig. 4, panel D, ctrl). Induction of
p21°"P expression is therefore, another effective tool to counter-
act uncontrolled proliferation of our melanoma cells.

Phospho-Cdc25C. The last protein investigated is the
Cdc25C phosphatase, a key element in the transition from
phase G2 to phase M of the cell cycle. This phosphatase
determines the activation of the CDK1-cyclin B complex by
its dephosphorylation, which is necessary for the entry of the
cell into mitosis.”® In order for Cdc25C to be active, it must
exhibit dephosphorylation on serine 216, thus allowing the
transition from phase G2 to M. In our samples a decrease in
phosphorylated Cdc25C (ph-Cdc25c) to 20-10% of the control
was observed respectively in 10 or 20 pM VN/VS2 treated cells
(Fig. 4, panel E), which suggests that this phosphatase is
actually activated and therefore it is not affected by the action
of the two vanadium compounds. The blockade in phase G2
observed in particular with the compound VN does not there-
fore seem to be related to a block of the activation of the
Cdc25C phosphatase.

Based on our results, Fig. 6 shows a diagram schematizing a
proposed mechanism of action for VN and VS2. VN enters the
cell through ion channels, while VS2 enters by diffusion or
endocytosis. Inside the cell both compounds induce dephos-
phorylation of different proteins, including phospho-ERK and
phospho-Rb (left side). The ERK dephosphorylation effect,
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Fig. 6 Diagram of the VN and VS2 proposed mechanism of action (adapted from ref. 80).
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probably due to competition of vanadate with phosphate ions,
would lead to deactivation of the MAPK pathway, which was
constitutively activated due to the V60OE BRAF mutation. This
provokes a block of ERK induced transcription of early cell cycle
genes, such as cyclin D, resulting in a consequent antiproliferative
effect.’® Rb dephosphorylation, as well, would determine the
inactivation of the E2F transcription factor, blocking the expression
of the gene responsible for cell cycle progression to the S phase,
thus inducing G1 phase arrest.”® Moreover (right side), VN and VS2
both induce intracellular ROS production, causing cell stress and
DNA damage. These events, as extensively described,”® might
stimulate p53 activity, which in turn promotes p21°P* expression
to block proliferation by inhibiting all CDK-cyclin complexes, and
activates pro-apoptotic pathways.

Our results have excluded Cdc25C phosphatase from being
involved in the G2 blocking of the cell-cycle. Therefore, in the
immediate future we could analyze other proteins involved in
the transition from phase G2 of the cell cycle to phase M, and
others involved in the regulation of apoptosis, such as p53.

From a chemical point of view, the obtained results can be
rationalized considering two vanadium properties already
known in the literature. Vanadate(v), indicated with VN exam-
ined in this work, is structurally similar to phosphate and has
been known for decades to inhibit enzymes that catalyze
reactions of phosphorylation and dephosphorylation such as
kinases and phosphatases.”” It is therefore not surprising that
the two vanadium compounds used interfere with the activity of
proteins participating in molecular pathways that involve reac-
tions of phosphorylation or dephosphorylation. The second
property of vanadium which can explain some of the observed
effects is the ability of its compounds to generate oxidative
stress inside cells. Vanadium, similar to other essential metals
such as copper and iron, has two easily accessible oxidation
states, +IV and +V. As already mentioned above, the most stable
oxidation state in the cellular environment (+IV) is able to give
Fenton-like reactions leading to ROS formation. Finally, about
the differences observed in the effects of the two compounds,
VN and VS2, on A375 cells, we can hypothesize the following.
The two compounds used cross the cell membrane using
different mechanisms: VN, being anionic at physiological pH
(H,VO,4 ), uses the anionic channels, while VS2 being neutral
and quite lipophilic is transported inside the cells by passive
diffusion and/or endocytosis. This difference can result in
different transport speeds and efficiencies and, consequently,
different amounts of the two compounds can be found inside
the cells. In particular, the VS2 compound is mostly stable and
should remain, at least in part, unaltered inside the cells; VS2,
however, can interact with proteins forming species of the VS2-
protein type in which the metal is coordinated by histidine
residues. On the contrary, VN, once inside the cells, is reduced
by the cellular reducing agents to V'VO*>" and the latter is
complexed by the cellular bioligands (proteins and binders
with low molecular mass). These differences could explain, at
least partially, the diverse effects observed with the two com-
pounds. However it is not possible to exclude the partial
oxidation of VS2 in the culture medium during the course of
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the experiments, as well as the partial reduction of VN and its
complexation by some of the numerous components of the
RPMI culture medium or added bovine fetal serum. Therefore,
the pharmacological action of an administered V compound
could be attributed, depending on the thermodynamic and
redox stability in the cellular environment, to a series of species
in the oxidation states +IV and +V in which also the bioligands
of the cytosol can interact with vanadium.

Conclusions

For many years, vanadium compounds have been proposed
in the literature as promising anticancer agents.?’ Initially,
they were tested on the Ehrlich tumor, and subsequently on
pancreas, breast, prostate, ovarian, and testis tumoral cell lines
and on leukemia and glioblastoma cells. Only recently the
cytotoxic activity of V complexes on melanoma cells was
reported.*”®

The data presented in this study confirmed the antitumor
activity of vanadium against malignant melanoma cells, high-
lighting the ability of the tested compounds to induce apoptosis
through the production of ROS. They also demonstrated
ERK dephosphorylation and consequent deactivation of the
MAPK pathway by the two vanadium compounds in melanoma
cells presenting the BRAF V600E mutation. MAPK pathway
inactivation is consistent with the antiproliferative activity
observed for these compounds in MM cells,>” due to the
resulting probable blocking of the cyclin D transcription, which
would prevent the cell from entering the cycle. Furthermore,
the dephosphorylation of Rb, resulting in E2F sequestration
and blocking of the transcription of genes involved in the
transition from the G1 to S cell cycle phases, is further evidence
of a mechanism stopping the cycle in the G1 phase. Moreover,
we can hypothesize that the induction of p21“"P* expression is
linked to the probable activation of p53 due to the production
of ROS and the derived cellular stress. p53 activation would
lead to consequent inhibition of the Cdk/cyclin complexes by
p21°"P! | leading to cell cycle arrest at different stages and, on
another front, to the induction of expression of pro-apoptotic
proteins, such as BAX, NOXA, etc., leading to apoptosis.

Finally, the results indicate that the pharmacological activity
of vanadium cannot be attributed only to the administered
compound but to several species in the oxidation states +IV and
+V with V in the free or complexed form after the binding of the
plasma or cell bioligands. We hope that these new insights
could help to increase the knowledge (limited up to now) of the
active species in the organism, which is one of the most
important issues so that V compounds could be considered
in the pipeline of pharmaceutical companies.”®”?

We intend, in the immediate future, to analyze other pro-
teins involved in the transition from phase G2 to phase M of the
cell cycle, in order to clarify the mechanism leading to the G2
arrest observed following VN treatments, and other proteins
involved in the regulation of apoptosis such as p53 and p53-
induced pro-apoptotic proteins.
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