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Benzofuroxan is an interesting ring system, which has shown a wide spectrum of biological responses against
tumor cell lines. We investigated, herein, the antitumor effects of benzofuroxan derivatives (BFDs) in vitro and
in a melanoma mouse model. Cytotoxic effects of twenty-two BFDs were determined by MTT assay. Effects of
BFD-22 in apoptosis and cell proliferationwere evaluated using Annexin V-FITC/PI and CFSE staining. In addition,
the effects in the cell cycle were assessed. Flow cytometry, western blot, and fluorescence microscopy analysis
were employed to investigate the apoptosis-related proteins and the BRAF signaling. Cell motility was also
exploited through cell invasion and migration assays. Molecular docking approach was performed in order to
verify the BFD-22 binding mode into the ATP catalytic site of BRAF kinase. Moreover, the BFD-22 antitumor ef-
fects were evaluated in amelanomamurinemodel using B16F10. BFD-22was identified as a potential hit against
melanoma cells. BFD-22 induced apoptosis and inhibited cell proliferation of B16F10 cells. BFD-22 has sup-
pressed, indeed, the migratory and invasive behavior of B16F10 cells. Cyclin D1 and CDK4 expression were re-
duced leading to cell cycle arrest at G0/G1 phase. Of note, phosphorylation of BRAF at Ser338 was strongly
down-regulated by BFD-22 in B16F10 cells. The accommodation/orientation into the binding site of BRAF was
similar of BAY43-9006 (co-crystallized inhibitor of BRAF, sorafenib). Importantly, BFD-22 presented in vivo
antimetastatic effects and showed better therapeutic efficacy than sorafenib and taxol. BFD-22 can be considered
as a new lead compound and, then, can be helpful for the designing of novel drug candidates to treat melanoma.

© 2016 Elsevier Inc. All rights reserved.
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1. Introduction

Malignant melanoma is an aggressive and highly metastatic form of
skin cancer, resistant to the majority of therapeutic antitumor agents
ituted-[N′-(benzofuroxan-5-yl)
benzofuroxan-5-yl)methylene]
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currently used (Monge-Fuentes et al., 2014; Tomei et al., 2014). Mortal-
ity rates due tomelanoma have been increasing during the last decades,
now affecting about 150,000 new patients per year in the world (Lens
and Dawes, 2004; Li et al., 2014). Despite the fact that melanoma pre-
sents resistance to the conventional chemotherapeutics, a significant in-
crease in the survival time has been obtained through the surgical
removal of the primary lesion. The surgical procedure may either cure
patients in the early stages ofmelanoma or increase survival rates in ad-
vanced stages of disease (Wevers and Hoekstra, 2013). Currently, the
options for the treatment of melanoma have remained limited, in
spite of the advances in immunotherapy and targeted therapy, to the
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use of BRAF inhibitors (Weise and Flaherty, 2014). The individual char-
acterization of molecular/genetic lesions in melanoma will certainly
provide targets in order to develop more useful therapy (Smith et al.,
2014). Indeed, the relative lack of success of the existing treatments
against metastatic melanomas turns the development of new and
more effective drugs extremely urgent (Johnson et al., 2014).

The designing and development of new drugs demand years of re-
searchand efforts ofmultidisciplinary teams,making it an expensive en-
deavor (Adams and Brantner, 2010). On theother hand, the screening of
already available small molecules could also be considered as a starting
point and financially accessible alternative, which could lead to the dis-
covery and development of promising novel antitumor agents, even
when the mechanism of action is initially unknown (Mader, 2005).
Benzofuroxan (benzofurazan oxide; benzo [1,2-c]1,2.5-oxadiazole N-
oxide) is a well-known and quite interesting ring system, which has
shown a wide spectrum of relevant biological activities, such as
antiprotozoal, antifungal, platelet antiaggregatory, and NO-releasing ac-
tivity. Then, this kind of compounds can provide promising new drug
candidates (Cerecetto and Porcal, 2005; Cerecetto and González,
2007). The presence of the _N(→O)O\\ moiety in benzofuroxan
derivatives confers electron-accepting properties to the molecule
similarly to those containing aromatic N-oxides (Šarlauskas et al.,
2009), such as tirapazamine, which are used as bioreducible antitu-
mor and/or cytotoxic agents (Brown, 1993). Since the first report in
the 1960s, when Ghosh and Whitehouse had shown the use of 4-
nitrobenzofuroxan as an inhibitor of nucleic acid and protein biosyn-
thesis in animal cells (Ghosh and Whitehouse, 1968), a variety of
benzofuroxan derivatives were synthesized and evaluated for its an-
titumor activity, and these compounds have recently been reviewed
(Jovene et al., 2013).

Our group has previously reported the anti-proliferative activity of a
set of substituted-[N′-(benzofuroxan-5-yl)methylene]benzohydrazides
(BFDs) against epimastigote forms of Trypanosoma cruzi (Jorge et al.,
2012; Jorge et al., 2013), showing no genotoxic activity against human fi-
broblasts cells (FN1) andhumanbronchial epithelial cells (HBEC). Recent-
ly, we have also demonstrated the putative therapeutic potential of BFD-
22 combined with sorafenib against lung cancer (Teixeira et al., 2014).
Table 1
In vitro cytotoxicity data of benzofuroxan derivatives (BFDs).

Code B16F10 A2058 GRANTA-519

1 25.3 29.7 31.73
5 16.7 51.1 28.23
10 25.4 42.8 23.66
17 9.7 26.4 NA
19 12.1 17.5 22.95
20 8.3 17.4 24.55
21 19.6 59.4 8.06
22 8.0 18.3 17.68

aChemical structures of benzofuroxan derivatives.
*The results are presented in triplicate [SD (standard deviation) b10% for all cases] and represe
In this study, the antitumor activity of BFDs was explored in several
tumor cell lines as well as in B16F10 mouse melanoma model. BFDs
were assayed in order to verify their cytotoxic activity in several
tumor cell lines, and the most promising compounds, BFD-22, has
been selected for further testing in melanoma cells. BFD-22 has in-
duced mitochondrial depolarization and caspase-3 cleavage, which
led to apoptosis of B16F10 cells in vitro. Additionally, BFD-22 has
inhibited cell migration and invasion of melanoma cells and was also
able to potentially inhibit melanoma lung metastasis in the B16F10
model. We have also demonstrated that BFD-22 is not toxic against
Bone Marrow Dendritic cells (BMDC), besides it has been suggested
that BFD-22 might induce dendritic cells (DCs) maturation. Thus, al-
though speculative, considering the immune system as a powerful
weapon against cancer, we may suggest that the BFD-22 treatment
not only induces their anti-tumoral activity upon cancer cells but also
via their effects upon the DCs, which seems to bend the later toward
an immunogenic bias. BFD-22 was able to inhibit B-RAF/C-RAF hetero-
dimer formation and it, in turn, reduced the translocation of RAF to the
plasma membrane. To further evaluate this finding, a molecular
docking approach was carried out into the ATP catalytic site of BRAF ki-
nase. Interestingly, the accommodation/orientation into the BRAF
binding site was similar for both inhibitors, BFD-22, and BAY43-9006
(co-crystallized inhibitor, sorafenib). Overall, BFD-22 has potentially
antitumor effects and can be considered as a promising new lead for
the development of anti-melanoma drug candidates.
2. Materials and Methods

2.1. Chemicals

The substituted-[N′-(benzofuroxan-5-yl)methylene]benzohydrazides
(BFDs) were previously synthesized. The general structure and simpli-
fied code names of the compounds are shown in Table 1, and the syn-
thetic procedures and chemical structure data can be found elsewhere
(Jorge et al., 2009; Jorge et al., 2011; Jorge et al., 2012; Jorge et al.,
2013).
MCF-7 NIH-3T3 Melan-A

28.8 75.8 38.8
15.7 53.3 27.4
24.0 49.9 47.8
8.6 31.7 13.4
12.0 22.7 12.5
NA 10.1 13.5
28.3 62.6 29.3
8.2 25.3 8.4

nts the IC50 values in μM. NA represent an IC50 value N200 μM.
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2.2. Cell culture

B16F10 (mouse skin melanoma), A2058 (human skin, melanoma,
metastatic), MCF-7 (human breast cancer), Granta-519 (mantle cell
lymphoma), and NIH 3T3 (mouse embryonic fibroblast) cell lines
were obtained from the American Type Culture Collection (Mannasa,
VA, USA). Melan-A (melanocytes) cell line was kindly provided by Dr.
Alisson Leonardo Matsuo from the Federal University of São Paulo
(UNIFESP). All cell lines were cultured in the RPMI-1640 medium, sup-
plemented with 10% fetal bovine serum, penicillin (100 units/mL),
streptomycin (100 mg/mL), at 37 °C, in a humidified atmosphere with
5% CO2 (de Azevedo et al., 2014).

2.3. MTT colorimetric assay

Cells were plated in 96-well flat bottom tissue culture plates at
1 × 104 cells/100 μl/well concentration. The cells were allowed to
grow for 24 h and treated with concentrations of benzofuroxan (from
10 μM to 100 μM). After 24 h treatment, cell viability was determined
by MTT (3-[4.5 dimethylthiazol-2-yl]-2,5diphenyltetrazolium bro-
mide). Briefly, MTT reagent (Sigma-Aldrich, St. Louis, USA) (20 μL)
was added to each well in order to reach a final concentration of
5 mg/mL, incubated for 4 h at 37 °C, and then centrifuged at 2000 rpm
for 10min (Ferreira et al., 2014). After that, the mediumwas discarded,
and dimethyl sulfoxide (100 μL) was added to each well. Each experi-
ment was performed using six replicates for each drug concentration
and performed in triplicate.

2.4. Cell cycle analysis

B16F10 cells were synchronized by deprivation of serum for 24 h
and, then, induced to re-enter the cell cycle by subsequent addition of
serum. After that, cells were treated for 12 and 24 hwith the compound
BFD-22 (8 μM). Then, the cells were collected and fixed, permeabilized
with cold 70% ethanol and stored at−20 °C (Canon et al., 2015). Subse-
quently, cells werewashed, re-suspended in PBS, and incubated at 37 °C
for 45 min with 10 mg/mL RNase and 1 mg/mL Propidium Iodide
(SIGMA, St. Louis, MO). The percentage of cells in the different cell
cycle phases was determined using a FACScalibur flow cytometry sys-
tem (BectonDickinson, San Jose, CA), and analyzed usingModfit LT soft-
ware (Verity Software House, Topsham, ME).

2.5. Cell proliferation assay

B16F10 cells were incubated with carboxyfluorescein succinimidyl
ester (CFSE; Molecular Probes, Inc., Eugene, OR) at 0.5 μM for 10 min
at room temperature (Ferreira et al., 2013). Then, cells were washed
twice with complete medium, and culture plates were seeded with
104 cells/mL in 24-well. After cell adhesion, the compound BFD-22
(8 μM) was added for 48 h, and cell proliferation was analyzed by
flow cytometry using a FACScalibur flow cytometry system. The cell
proliferation analysis was carried out using Flowjo version 8.7. The
data were reported as “division index” from four independent
experiments.

2.6. Apoptosis assay

For the evaluation of apoptosis, the cells were plated in 6-well cul-
ture plates, grown overnight and treated with BFD-22 (8 μM). The ad-
herent and floating cells were collected and washed in PBS. The cells
were, then, centrifuged and cell pellets were re-suspended in binding
buffer (100 μL), and stained with Annexin V-FITC/PI (Geeraerts et al.,
2007), apoptosis detection kit (BD Bioscience). After 30 min incuba-
tion, the binding buffer (400 μL) was added, and cells were analyzed
by flow cytometry using FACScalibur and CellQuest software, in
order to determine the percentage of apoptotic cells. A minimum of
events (10,000) was acquired for each sample in three independent
experiments.

2.7. Caspase-3 activity fluorometric assay

B16F10 cells 1 × 105 were treatedwith BFD-22 (8 μM) for 12 h. After
that, cells were lysed in 100 μL of buffer 1×, collected and stored at
−7 °C until analysis. Briefly, it was added buffer 1× (3 mL) to each
well, and incubated at 37 °C for 5 min. Caspase activity was measured
in three independent experiments, in triplicate, using caspase-3 fluo-
rometric assay kit from Biovision (Milpitas, CA) (Ahmed et al., 2013).
The number of cells was determined by using a CytoFluor II PerSeptive
Biosystems (Farmington,MA) fluorometric plate reader, with excitation
at 360 nm and emission at 460 nm.

2.8. ROS detection assay

B16F10 cells (106 cells/well) were seeded in 6-well plates and incu-
bated for 12 h prior to the treatment with BFD-22 (8 μM or 16 μM) for
12 h. Then, cells were harvested and washed once with PBS prior to
adding the substrate dihydrorhodamine 123 (DHR 123, Invitrogen, Eu-
gene, USA). After that, cells were incubated for 15min at 37 °C, washed
once with PBS, and kept at 4 °C during ROS measurements, using the
FACScalibur (Richardson et al., 1998). A total of 10,000 cells/sampled
was acquired in three independent experiments, each one performed
in triplicate, and the mean of fluorescence intensity was recorded.

2.9. Wound-healing assay

B16F10 (5 × 105 cells/well) were grown to confluence in a 12-well
plate, placed in medium containing 1% serum for 24 h at 37 °C. Then
the cell layer was scratched with a sterile plastic tip and washed
twice with serum free medium (Shen et al., 2014). After that, serum
was increased in 5% in order to facilitate cell migration, and cells
were immediately treated with BFD-22 (8 μM), for 48 h. Cell migra-
tion was recorded using a Nikon TE2000E microscope system (Nikon
Instrument). The area of wound healing was calculated as the percent
of wound area repaired and, then, it was compared to the initial
wound area using Image J software (version 14.1) National Institutes
of Health (Bethesda, Maryland, USA) from tree independent
experiments.

2.10. Matrigel invasion assay

Matrigel-coated transwell inserts (Becton Dickinson) were used to
study cell invasion (Qi et al., 2014). Briefly, the transwell inserts with
8-μm pores were coated with Matrigel (20 μg/well) and 1 × 105 cells
in 500 μL were added to the upper chambers in the presence or absence
of BFD-22 (8 μM). Then, RPMI medium (700 μL) was added into the
lower wells, as chemoattractant. After 24 h treatment, cells that had in-
vaded the bottom of the Matrigel-coated membrane were fixed with
70% ethanol, stained with Giemsa, counted in five random fields under
a light microscope and plotted as the percentage of invading cells.
Three independent experiments were carried out, each one performed
in triplicate.

2.11. Confocal laser scanning microscopy

B16F10 cells were seeded onto sterile glass coverslips in 24-well
plates. After 24 h of treatment with BFD-22 (8 μM), the cells were
fixed with 3.7% paraformaldehyde and permeabilized in 0.05%
Triton-X100 diluted in PBS, containing 10% bovine fetal serum
(Freitas et al., 2013). Then, the cells were incubated with Phalloidin-
green in the dark, at 37 °C, for 45 min, and gently rinsed twice in
PBS. Image acquisition was performed with a confocal laser-scanning
microscope (Carl Zeiss LSM 700; Leica, Mannheim, Germany). Post-
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acquisition image processing, background correction, adjustment of
brightness and contrast, and export to tiff format were done using
Image J software (version 14.1) National Institutes of Health (Bethes-
da, Maryland, USA).

2.12. Generation and culture of Bone Marrow dendritic cells (BMDC)

BALB/c mice male, 6-week-old, were euthanized and their legs sep-
arated from the body at hip joint, all muscle tissue were removed from
the femur and tibia. After that, bones were washed by puncture the
bone endwith a needle, and flushing out the bonemarrow. Cell suspen-
sions were washed with AIM-V medium (Gibco) and centrifuged for
10 min at 1200 RPM. Then, cells were seeded in Petri dishes and incu-
bated at 37 °C overnight. The non-adherent cells were harvested and
centrifuged at 1200 RPM for 10min. At that time, the cells were counted
and seeded at a concentration of 2 × 106 in 6 well plates supplemented
with GM-CSF and IL-4 (50 ng/mL), and incubated at 37 °C. After 5 days,
typical BMDC attachment was noticed at the plate bottom, and cells
were treated with BFD-22 (8 μM) for 24 h. Then, the effects of BFD-22
on BMDC were evaluated. For this purpose, the cells were harvested at
Day 7 after receiving maturation stimuli at Day 5 with LPS
(500 ng/mL; Escherichia coli 0111:B4; Sigma-Aldrich, St. Louis, MO,
USA) and BFD-22 (8 μM).

2.13. Immunophenotypic characterization

BMDC cell preparations (2.5 × 105 cells/PBS-BSA 1%) were stained
with live/dead dye (V450, Life Technology) and labeled with antibodies
against CD11c-PE and I-Ab-FITC (BD, pharmagem). Samples were ac-
quired using a FACSCanto II cytometer (Becton Dickinson, San Jose,
CA, USA), and analyzed using FlowJo software ver. 8.7.2 (Three Star)
(Clavijo-Salomon et al., 2014; Pinho et al., 2014). At least 20,000-gated
events were acquired and analyzed for the frequency of positive cells
and median fluorescence intensity (MFI) for each marker. Three inde-
pendent experiments were carried out, each one performed in
triplicate.

2.14. Allogeneic T-cell proliferation

CD3 T cells were isolated from BALB/c spleens obtained from eutha-
nized mice. Spleens were dissociated into single cell suspensions, fil-
tered using 70 μm filters (Corning, NY), followed by a RBC lysis using
an osmotic approach. The resulting cells were centrifuged and seeded
in a 6-flat-bottom plate with RPMI-10% for 12 h. Non-adherent cells
were removed from the culture, most of them being T lymphocytes
(Hermann et al., 2014; Lam et al., 2014). After isolation, the T lympho-
cyteswere incubatedwith 0.5 μMCFSE for 10min at room temperature.
The cellswere co-cultured in a 1:10 ratiowith allogeneic BMDCs, imma-
ture and mature, treated or not with BDF-22 or sorafenib, for five days.
The T lymphocytes proliferation control was placed without any stimu-
lation, or using 2.5% of phytohemagglutinin (PHA). After 5 days, CFSE di-
lution was measured by flow cytometry using a FACSCanto II flow
cytometry system (Becton Dickinson, San Jose, CA). The cell prolifera-
tion analysis was carried out using FlowJo Software (Tree Star, Inc.).

2.15. Western blot analysis

B16F10 cells were washedwith cold PBS and disrupted in Lysis Buff-
er supplemented with 1 mM PMSF and complete protease inhibitor
cocktail tablets (Cell Signaling, Beverly, MA, USA). Lysateswere clarified
by centrifugation, and protein concentrations were determined by the
Bradford method. Equal amounts of protein were combined with sam-
ple buffer (50 Mm Tris/HCL, pH 6.8, 2% SDS, 10% glycerol, 5% 2-β-
mercaptoethanol), and boiled for 5min. For analysis, 20 μg of cleared ly-
sates were separated in 8.0% sodium dodecyl sulfate (SDS)-polyacryl-
amide gels, blotted to PVDF membranes (Millipore, Bedford, UK),
blocked for 1 h in 5%milk powder, and incubatedwith primary antibod-
ies (Joseph et al., 2014). After washing, the primary antibodies (anti-
BCL-2, HSP60, cyclin D1, CDK4, phospho ERK1/2, phospho-c-Raf
(Ser259) and phospho-b-Raf (Ser338)) were revealed using the appro-
priate horseradish peroxidase (HRP)-conjugated secondary antibody
(Cell Signaling), and detected with Lumi-Light Plus Western blotting
kit (Roche, Almere, The Netherlands). Equal protein loading was
checked using β-actin staining.

2.16. Metastasis assays in vivo

The animal model experiments were carried out in accordance with
the guidelines for animal experimentation determined by the Federal
University of São Paulo (UNIFESP) and conducted in accordance with
the Institutional Animal Ethics Committee (IAEC). B16F10 cells
(1 × 106 cells/mouse) were injected into 6-week-old male C57BL/6
mice through the tail vein in order to produce a syngeneic lungmelano-
mametastases model (Xie et al., 2013; de Azevedo et al., 2014). The an-
imals were randomized and divided into groups (n= 5). On the fourth
day after tumor cells inoculation, treatment was started with the intra-
peritoneal administration of BFD-22 (70 mg/kg/day), sorafenib
(10 mg/kg/day) or taxol (70 mg/kg/day) (Sigma-Aldrich, St. Louis,
USA), and continued for 15 days. After treatment, the mice were eutha-
nized and the lungswere dissected and nodules/metastatic lesionswere
counted.

2.17. Molecular docking

A molecular docking approach was performed in order to predict a
binding mode for the compound BFD-22 in the ATP catalytic site of
BRAF kinase. The BRAF co-crystallized structure bound to the 4-{4-
[({[4-chloro-3-
(trifluoromethyl)phenyl]amino}carbonyl)amino]phenoxy}-N-
methylpyridine-2-carboxamide inhibitor (BAY43-9006, sorafenib),
entry code 1UWH at 2.95 Å resolution (Wan et al., 2004), was retrieved
from Brookhaven Protein Data Bank (PDB) (Berman et al., 2000), and
used as geometric reference for constructing the biomacromolecule
model. This complex was selected due to the topological similarity be-
tween the co-crystallized ligand and compound BFD-22. The structures
of biomacromolecule and ligand were prepared in the Autodocktools4
software (Morris et al., 2009). Regarding the BRAFmolecularmodel, hy-
drogen atomswere added and Gasteiger charges were assigned to each
atom of the amino acid residues comprising the backbone. Herein,
water molecules were not explicitly considered. The three-
dimensional affinity and electrostatic grid boxes were generated using
AutoGrid version 4 (Morris et al., 2009). The number of grid points
was set as 60× 60× 60 for the x, y, z axes, respectively, with a grid spac-
ing of 0.38Å centered on theoriginal ligand in the crystal structure com-
plex (Wan et al., 2004). Lamarckian genetic algorithm (Morris et al.,
1998) implemented in AutoDock 4 (Morris et al., 2009) was employed
as the search method. The maximum number of energy evaluations
was set to 250,000, and six runs were performed. For each independent
run, a maximum number of 27,000 GA (genetic algorithm) operations
were generated on a hundred individuals single population. Default pa-
rameters for operator weights, crossover, mutation, and elitism were
considered (0.80, 0.02, and 1.0, respectively). The re-docking approach
of the inhibitor (BAY43-9006) co-crystallized with BRAF (PDB ID
1UWH) (Wan et al., 2004) was also performed in order to verify wheth-
er the set docking parameters were appropriated and able to recover
the known structure of the complex as well as the related interactions.

2.18. Statistical analysis

All valueswere expressed asmean±SD. Each value is themean of at
least three independent experiments in each group. One-way analysis
of variance (ANOVA) with Tukey Post-Hoc test was carried out in
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order to determine significant differences from untreated controls. The
asterisk (*) indicates the values that are significantly different from con-
trol (**p b 0.05 and ***p b 0.001).

3. Results

3.1. BFD induces cytotoxicity against a panel of cancer cell lines

The cytotoxicity profile of different BFDs was firstly carried out in a
panel of tumor cells and normal NIH-3T3 fibroblasts. The tumor cells
were exposed to BFDs at different concentrations for 24 h and, after
MTT assays, the IC50 values were calculated (Table 1). The compound
named BFD-22 has showed the highest toxicity, at low concentrations,
on tumor cells. Interestingly, its toxicity on normal NIH-3 T3 and mela-
nocytes was around 1.5–3-fold lower. BDF-22 has presented the most
pronounced effect against murine melanoma B16F10 (IC50 value =
8.0 μM) and human breast cancer MCF-7 (IC50 value = 8.2 μM).

3.2. BFD-22 inhibits proliferation and induces arrest at G0/G1 phase in
B16F10 cells

To better understand the anti-proliferative mechanisms, the cell
cycle distributions were exploited (Alexandre et al., 2014). Prior to
treatment, the cells were synchronized for 24 h by serum starvation.
After that, the cells were stimulated to grow by addition of 10% serum
and, then, treated with BFD-22 (8 μM). Notably, after 24 h of treatment,
B16F10 cells were significantly arrested at G0/G1 phase (***p b 0.001),
and the percentage of cells in the G2/M phase was drastically reduced
(9.7% ± 1.3 versus 34.1% ± 2.3, untreated cells; Fig. 1A and B). In
order to identify how BFD-22 has induced the accumulation of B16F10
cells at G0/G1 phase, the expression of cyclin D1 and its catalytic
Fig. 1. Inhibition of cell cycle progression of B16F10 cells arrests at G0/G1 induced by BFD-22. (
then analyzedbyflowcytometry to estimate thenumber of cells in eachphase of the cell cycle. (
22. (C) B16F10 cells were treated for 24 h at different concentrations ranging from 0.12 to 8
indicated antibodies. β-Actin was used as loading control. The data are the means ± SD *P b 0
partner, CDK4 (Naselli et al., 2014), were checked (Fig. 1C). Interesting-
ly, BFD-22 has inhibited the expression of these proteins providing a
mechanism by which BDF-22 induced G0/G1 cell cycle arrest. These
findings suggested that BFD-22 has anti-proliferative activity in
B16F10 cells by inducing cell cycle arrest.

An aspect that might be involved in the cytotoxic effect of BFD-22
could be the inhibition of cell proliferation. Then, the effect of BFD-22
on melanoma cell proliferation was evaluated by flow cytometry,
using the fluorescent probe CFSE (Fig. 2A). After 48 h treatment, BFD-
22 (8 μM) has significantly (***p b 0.001) affected B16F10 cells prolifer-
ation in comparison to untreated cells (Fig. 2B). However, when 2-fold
higher concentration was used, BFD-22 did not affect B16F10 cell
proliferation.

3.3. BFD-22 inhibits cell migration and invasion

Cancer progression generally depends on the motility and invasive
activities acquired by transformed cells (Martin et al., 2014; Garg,
2015). Then, to investigate whether BFD-22 would affect two central
characteristics of tumor metastases, migration and invasion experi-
ments were performed (Jandova et al., 2014). According to Fig. 2C, the
wound-healing assay showed that the treatment with BFD-22 (8 μM),
for 24 h and 48 h, has decreased wound closure by 19% (±3.1) and
18,3% (±1.9), respectively, in comparison to untreated cells. Corrobo-
rating with these findings, BFD-22 (8 μM) has decreased about 40% of
the invasiveness in a Matrigel assay, showing reduced numbers of in-
vading melanoma cells into the bottom of the coated membrane (Fig.
2D). Of note, syndecan-1, and perlecan, which regulate the cell-to-
extracellular matrix interactions (van Dijk et al., 2013), were reduced
on the membrane surface of B16F10 cells (Fig. 2E). Taken together,
our results have shown that BFD-22 presents anti-proliferative effects
A) Control and BFD-22-treated cells (8 or 16 μM)were stained with propidium iodide and
B) Bar graph indicating the cell cycle distributions of B16F10 cells after treatmentwith BFD-
μM BFD-22. The cyclin D1 and Cdk 4 levels were analyzed by Western blotting with the
.05 and **P b 0.001 from at least three independent experiments.



Fig. 2. BFD-22 exhibits in vitro an anti-metastatic potential by the inhibition of invasion and migration of B16F10 cells. (A) Control and BFD-22-treated cells (8 or 16 μM) were gated to
estimate the cellular morphological features. Assessment of cell proliferation was performed using the CFSE-Proliferation assay. Proliferation capacity was stained with CFSE-labeled
and analyzed by flow cytometry. (B) BFD-22-treated B16F10 cells with 16 μM showed lower CFSE staining intensity due to a number of divisions during the 24 h compared to control
(untreated). Bar graph indicating the quantification of CFSE intensity of B16F10 cells after treatment with BFD-22. (C) B16F10 cells were treated with BFD-22 8 μM for 48 h and then
were wounded, followed by visualization by phase contrast microscopy at indicated times. Images were used to determinate the percentage of wound repair, which was calculated as
the percent of wound area compared to the initial scratch. Data are presented as means ± SEM from three independent assays. **, p b 0.01 by t-test. (D) BFD-22 inhibited invasion in
B16F10melanoma cells. The cells were seeded in the 24-well platewith cell culture inserts, the cellswere treatedwith concentrations of 8 μMfor 24 h to test invasion. Bar graph indicating
the quantification of the number of invasion cells. **, Indicates p b 0.01 versus untreated group. Data were shown as means ± SD from three independent experiments.
(E) Immunofluorescence microscopy of B16F10 cells treated with BFD-22 8 μM or untreated and incubated for 24 h. The images showed deposition of syndecan and perlecan (green)
with nuclei stained with DAPI (blue). Images were taken using a 20× objective.
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and, simultaneously, inhibits B16F10 cells migration and invasion,
which can affect the metastatic potential of melanoma cells.

3.4. BFD-22 induces apoptosis associated with caspase-3 cleavage and
downregulation of HSP60 and Bcl-2

Since our initial screens have identified the compound BFD-22 as a
promising anticancer lead to be explored, its mechanism of action
against melanoma cells was further investigated. Microscopic analysis
of B16F10 cells treated with BFD-22 showed morphological changes
typical of apoptosis (Galluzzi et al., 2015), such as cell rounding, mem-
brane blebbing, and vacuolization (data not shown). To investigate
this, B16F10 cells were treated with BFD-22 (8.0 μM) for 12 h and
then, stained for AnnexinV/PI; the induction of apoptosis was observed
in 27.3% (±2.5); **p b 0.01 of treated cells (Fig. 3A and B). To further
confirm that BFD-22 induces apoptosis in melanoma cells, the DNA in-
tegrity of those cells treated with 8 μM or 16 μM, for 12 and 20 h, was
exploited (Xu et al., 2015). As shown in Fig. 3C, BFD-22 has increased
DNA degradation compared to intact untreated cells. In addition, it
was verified whether BFD-22 treatment would be associated with cas-
pase activation in order to induce apoptosis in B16F10 melanoma
cells. A fluorimetric assay showed that BFD-22 induced an increase of
55.4% (±2.3) in caspase-3 activation (Thyrell et al., 2002), through
cleavage at a specific sequence (Ac-YVAD-AMC), in comparison to un-
treated cells (Fig. 3D). Besides that, it was evaluated whether BDF-22-
induced DNA degradation would be correlated to ROS production. In
this regard, the releasing of superoxide radicals in B16F10 cells after
treatment with BFD-22, 4 μM, and 8 μM, for 12 h, was determined by
DHE staining and flow cytometry analysis. Concomitantly with the in-
duction of apoptosis and DNA fragmentation, a significant increase in
ROS production determined by MFI was observed in cells treated with
BFD-22 (8 μM) (***p b 0.001) when compared to the untreated cells
(Fig. 3E and F). Augmented ROS levels can be associatedwithmitochon-
drial disruption, which can subsequently result in activation of the cas-
pase cascade (Zhou et al., 2014; Boussabbeh et al., 2015). Then, it was
evaluated whether BFD-22 could affect mitochondrial permeability
transition (MPT), however, prior to the increase in ROS levels, BFD-22
did not affect MPT (Fig. 3G). Thus, BFD-22 does not induce



Fig. 3. BFD-22 induces apoptosis in B16F10 cells through oxidative stress and mitochondrial pathway. (A) Apoptosis was evaluated through Annexin V and PI double staining based FACS
analysis using the Annexin-V assay kit. (B) Percentage of apoptotic cells were determined by the externalization of phosphatidylserine. (C) DNA fragmentation pattern was evaluated on
agarose/EtBr gel. DNA isolated fromB16F10 cells treatedwith BFD-22oruntreatedwere loaded onto 1% (w/v) agarose gels. Lane 1:Marker (1 kbDNA ladder); Lane 2:DNA isolated fromof
B16F10 cells untreated; Lane 3: DNA isolated from B16F10 cells treatedwith 8 μMBDF-22 for 12 h; Lane 4: DNA isolated fromB16F10 cells treatedwith 8 μMBFD-22 for 20 h, Lane 5: DNA
isolated from B16F10 cells treated with 16 μM BFD-22 for 12 h. (6) DNA isolated from B16F10 cells treated with 16 μM BFD-22 for 20 h. (D) Caspase-3 activity was measured on B16F10
cells after treatmentwith 8 and 16 μMBFD-22, by cleavage of thefluorescence peptide substrate DEVD-MCA. (E) A representative FACS profile of cells stainedwith dihydroethidium(DHE)
is shown. (F) B16F10 cells were treated with BFD-22 (8 or 16 μM) and fluorescence intensity of dihydroethidium (DHE) dyes as detected FACS. (G) Loss of mitochondrial membrane
potential on B16F10 cells. Control and BFD-22-treated cells (8 or 16 μM) were stained with tetramethylrhodamine ethyl ester (TMRE) and fluorescence was measured by flow
cytometry. (H) The BCL-2 and HSP60 levels were analyzed by Western blotting with the indicated antibodies. β-Actin was used as loading control. Data are pooled from two to three
independent experiments and values are mean ± SEM (*p b 0.01, **p b 0.001, ***p b 0.0001) was determined by ANOVA (n = 3).
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mitochondrial depolarization to trigger apoptosis of B16F10 cells (Lu
et al., 2014). To elucidate the dominant mechanism of apoptosis in-
duced by BFD-22, B16F10 cells were treatedwith decreasing concentra-
tions, starting from IC50 values. First, the expression of Bcl-2, a central
anti-apoptotic regulator of mitochondrial cell death (Sarangi et al.,
2013; Ye et al., 2014), was investigated. Notably, the Bcl-2 expression
in B16F10 cells treated with BFD-22 (8 μM) was abolished after 24 h
of treatment. Recently, amolecular chaperone Hsp60 has been reported
to play a role in apoptosis and promotion of cancer cell survival (Hjerpe
et al., 2013). Interestingly, in B16F10 cells treated with BFD-22 (8 μM),
an important decrease of Hsp60 expression was detected. This finding
indicates a possible disruption of either Hsp60-p53 or Hsp60-BCL-2,
complex (Ghosh et al., 2008).(Fig. 3H).

3.5. BRAF is downregulated in B16F10 cells and docking studies have re-
vealed that BFD-22 binds in its active site

It has been reported that RAF kinase inhibitors have substantial ther-
apeutic effects in patients with BRAF-mutant melanoma (Goetz et al.,
2014;Wada et al., 2014). Herein, it was investigated if BFD-22would af-
fect RAF kinases and ERK1/2 phosphorylation by western blotting. The
findings have shown that BFD-22 induces the phosphorylation of
Thr202 and Tyr204 ERK inmelanoma cells. Furthermore, it was verified
if the high activation levels of ERK1/2 might result in an increase in RAF
activity (Long et al., 2014). Interestingly, BFD-22 has induced C-RAF sta-
bilization through phosphorylation of its key residue, Ser259, at 1, 2 and
3 h after treatment. Considering the findings, an increment of BRAF ac-
tivation through the ERK1/2 pathway suggests that, in turn, melanoma
cell proliferation and survival would increase (Boussemart et al., 2014).
Interestingly, B16F10 cells showed strong down-regulation of BRAF
phosphorylated at Ser338 after treatment with BFD-22 among 1 and
2 h (Fig. 4A). The results indicated that BFD-22 can interrupt cell growth
signaling and suppress melanoma proliferation through BRAF down-
regulation (Caputo et al., 2014). To further support this finding, molec-
ular docking studies were performed in order to evaluate the binding
mode of compound BFD-22 into the BRAF active site. Docking proce-
dures have showed that compound BFD-22 fits well in the active site,
and in a similar orientation to that found for inhibitor BAY43-9006



Fig. 4. (A) BFD-22 induces in vitro down-regulation of BRAF: B16F10 cells were treated with BDF-22 at the concentration of 8 μM for 1, 2 and 3 h and the phospho ERK 1/2 (Thr 202/Thr
204), C-RAF and BRAF levels were analyzed byWestern blotting. β-Actinwas used as loading control. (B) Schematic representation for themolecular docking of compound BDF-22 in the
active site of BRAF (PDB ID 1UWH;Wan et al., 2004) using the Discovery Studio 4.0 Visualizer program (Accelrys Software Inc., 2005-13). Theα-helices are presented as red cylinders and
β-sheets are shown as cyan flat arrows. The BAY43-9006 co-crystallized inhibitor (sorafenib), which was used as the reference, is represented as stick model (all atoms in violet color).
BFD-22 compound is also displayed as stick model, and the carbon atoms are in green, nitrogen in blue, oxygen in red, hydrogen atom in white, and chlorine in yellow. The amino acid
residues in the active site are also shown as stick model. The inhibitors were similarly aligned in the interaction site of BRAF. The light blue arrows are indicating the region in the active
site occupied by BAY43-9006 and not properly filled by BDF-22.
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(sorafenib), co-crystallized with BRAF (PDB ID 1UWH; Wan et al.,
2004). However, the re-docking energy values have shown that BFD-
22 has less affinity for the BRAF active site than BAY43-9006, which pre-
sents lower energy score. In addition, BAY43-9006 is topologically larg-
er than BFD-22, and because of that establishes more interactions with
the amino acid residues in the active site (Fig. 4B). So, the optimization
of BFD-22 should be considered in order to improve its binding into the
BRAF protein.

3.6. BFD-22 inhibits lung metastasis in B16F10 melanoma model

In order to evaluate the in vivo antitumor efficacy of BFD-22, murine
melanoma B16F10 cells were injected via the tail vein of C57BL6/J mice.
A pilot studywas performed in order to determine the time required for
the development of the numbers of pulmonary non-lethal metastasis in
living mice. Expansive nodules in the lungs were observed after 4 days
of B16F10 cells injection. After that, B16F10 injectedmicewere random-
ized in four groups receiving the following treatments: intraperitoneal
saline (control-vehicle), BFD-22 (40 mg/kg), sorafenib (10 mg/kg, pos-
itive control) and taxol (40 mg/kg, positive control). The treatment
was started on day one after tumor cells inoculation. Animals were
treated daily and, continuously, for 1 days in all treatment schedules.
All treatments have inhibited lung metastasis in comparison to control
Fig. 5. Capacity of BFD-22 in inhibits lung metastasis on melanoma model. Lung
colonization of B16F10 cells in a syngeneic system was used to evaluate the antitumor
effects of BFD-22. The therapeutic activities of BFD-22 were evaluated by the daily
injected intraperitoneally with dose of 70 mg/kg and were used taxol at the
concentration of 70 mg/kg and sorafenib at the concentration of 40 mg/kg. Mice (n = 5/
group) were challenged with 5 × 105 syngeneic B16F10 cells (0.1 ML/mouse). **,
p b 0.01 by t-test.
mice. Anti-metastatic effects were strongest in animals that received
BFD-22 treatment, (**p N 0.01)when compared to those receiving soraf-
enib and taxol (Fig. 5).

3.7. BFD-22 simultaneously induces anti-tumor effects and presents immu-
nomodulatory capacities

Ideally, new anticancer agents should provide direct anti-tumor ef-
fects, avoiding immunotoxicity while presenting immunomodulatory
capacities (Menzies and Long, 2013). Therefore, it was investigated
whether BFD-22 besides to have direct toxic effects on tumor cells
could also have effect in some cells of the immune system. Firstly, the
NO production by peritoneal macrophages was evaluated and was
seen that BFD-22 enhanced NO production in a dose-dependent man-
ner (Fig. 6A). Also, we have explored whether BDF-22 and sorafenib
modulate bone marrow-derived dendritic cells (BMDC) activation,
comparing treated cells to LPS-treated BMDCs, an agonist of Toll-like re-
ceptor 4 (TLR4). Of note, BMDC treated with BFD-22 (8 μM) have
remained in cellular niches andmaintained thinmembrane projections,
which are features of activated BMDCs (Fig. 6B). Furthermore, the expo-
sure to BFD-22 or sorafenib did not have cytotoxic effects in macro-
phages, as evaluated by annexinV/PI double staining and live/dead
staining (Fig. 6C and D). Additionally, even though immature BMDCs
treated by BFD-22 did not show changes in the levels of I-Ab on their
membrane (Henry et al., 2013), LPS-matured BMDCs, treated by BDF-
22 up-regulated I-Ab on CD11c + cells (Neves et al., 2005; Park et al.,
2014), suggesting that BFD-22 might stimulate DC maturation (Fig.
6E). Then, the question was if this feature would be reflected in the
function of BMDCs to stimulate allogeneic T lymphocyte proliferation
and it was found that BFD-22 treated BMDCs increased their potential
to stimulate allogeneic T cell proliferation when compared to either un-
treated or sorafenib-treated cells. Also, immature BMDCs and LPS-
matured BMDCs seems to stimulate higher frequencies of proliferating
T lymphocytes (Fig. 6F). Together, these results suggest that BFD-22
might have immunomodulatory features without exerting toxic effects
on immune system cells.

4. Discussion

In this study, we have provided the first evidence that benzofuroxan
derivatives (BFDs) can be used as prototypes in cancer drug develop-
ment. Our findings have shown that these compounds can cause cyto-
toxic effects against a variety of malignant tumor cells, and can be less
cytotoxic on non-tumor cells (fibroblasts and melanocytes). It is note-
worthy that among the tumor cell lines screened, the investigated com-
pounds were more potent against melanoma cells, and compound 22



Fig. 6.BFD-22 induces anti-tumor effects and prevents immunotoxicity. (A) Peritonealmacrophagewas treatedwith BFD-22under different concentration. After 24h, the supernatantwas
harvested and Nitric Oxide (NO)wasmeasured byGriess reaction. (B) Representative picture of BoneMarrowdendritic cells (BMDC)without treatment or 24 h after treatmentwith BFD-
22. (C) After 24 h treatment apoptosiswas evaluated throughAnexinV/PI stainingmeasured byflow cytometry. (D) BMDCswere treatedwith the IC50 values of BFD-22 or sorafenib. After
24h CD11c+cells viabilitywas evaluated by live-dead staining andmeasured byflowcytometry. (E) BMDCs treatedwith BFD-22or sorafenibwere challengedor not by LSP,wherein they
were immature BMDC (iDC) or mature BMDC (mDC), respective. After 24 h, I-Ab was measured only in the living CD11c+ cells of both maturation states. (F) Representative picture of
allogeneic T lymphocyte proliferation, wherein BMDCs were used to stimulated BALB/c lymphocytes. (G) BMDC iDC ormDCwere harvested from culture and co-culture with allogeneic T
lymphocytes, which were previously stained by CFSE since this dye dilution indicate cell proliferation, after 5 days culture, cells was harvested and CFSE dilution analyzed only in the CD3
population. Data are pooled from two independent experiments and values are mean ± SEM (*p b 0.01, **p b 0.001, ***p b 0.0001) was determined by ANOVA.
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(BFD-22) has showed the highest activity against the B16F10melanoma
cells (Wild Type to BRAF) in comparison to the A2058 human melano-
ma (BRAF V600Emutant cell line). Then, BFD-22 can be, indeed, consid-
ered as a hit compound regarding this initial screening. The next step
will be the optimization of the structural features through the rational
design since the target is already known and the three-dimensional
structure is available, in order to generate new chemical entities,
which could effectively act on the wild and mutant BRAF protein. In
this regard, the finding is quite important since the currently treatment
options are limited for this highly aggressive and multi-chemoresistant
tumor type (Gopal et al., 2014). BFD-22 has shown multiple effects
against melanoma cells. The compound was able to induce cell cycle
delay at the G1 phase and induce apoptosis. Indeed,migration and inva-
sion were also observed. A highlight of this study is that BRAF protein
might be a potential target for BDF-22. Most importantly, BFD-22
in vivo has inhibited melanoma growth and has presented immuno-
modulatory effect on BMDCs' ability to stimulate allogeneic T lympho-
cyte proliferation.

BFD-22was cytotoxic to B16F10melanoma cell lines, and the under-
lying mechanisms were investigated herein. Induction of apoptosis of
cancer cells is the goal of many antitumor strategies in order to elimi-
nate malignant cells. Our findings have revealed that the reduction of
cell viability detected through MTT assay could be attributed to the in-
duction of apoptosis in B16F10 cells by BFD-22. It is noteworthy that
BFD-22most likely activates themitochondrial pathway during apopto-
sis because it seems to provoke a mitochondrial collapse known to trig-
ger the intrinsic apoptotic pathway. Moreover, disruption of Δψm has
resulted in the activation of the executor caspase, caspase-3, which in
turn can directly induce DNA fragmentation. The exact mechanism
through which BFD-22 triggers apoptosis is still not fully understood.
However, the increase in ROS production observed in BFD-22-treated
melanoma cells probably would cause an oxidative stress, leading to
dissipation of the proton gradient of the mitochondrial inner mem-
brane, reducingΔψm, andultimately leading to the induction of apopto-
sis in B16F10 cells. Notably, morphological changes typical of apoptosis,
such as membrane blebbing, can be mediated by caspase-3 cleavage in
B16F10 cells. Also, consistent with this mechanism, BFD-22 has de-
creased the cytoprotective effects of Hsp60 by inhibiting its ability to se-
quester the pro-apoptotic protein, Bax. In addition, BFD-22 has down-
regulated the expression of Bcl-2 in B16F10 cells, further indicating
the priming of the mitochondrial apoptotic pathway (Ma et al., 2014).
Then, taken the findings together, we propose that BFD-22 would act
by activating the intrinsic apoptotic pathway by modulating the func-
tion of Bcl2-family members.

Furthermore, BFD-22 was able to inhibit cell migration and invasion
in vitro, andmetastatic spread ofmelanoma cells in vivo, which is an im-
portant goal in anti-melanoma treatment strategies. In addition, BFD-22
has decreased the expression of both syndecan and perlecan, which in
turn prevents cell-matrix adhesion, indicating that BFD-22 would im-
pair the ability of melanoma cells to adhere and anchor to the matrix.
Moreover, BFD-22 has blocked B16F10 cell cycle progression.

Our data clearly have shown that the antiproliferative effects of BFD-
22 can occur through the blockage of the cycle at the G0/G1 transition
with a consequent reduction of proliferative G2/M phase. It is possible
that BFD-22 could inhibit cell adhesion and invasion through the cell
cycle arrest or, alternatively, by impairing matrix signaling. The
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activation of the ERK1/2 pathway can attenuate DNA damage through
the activation of the DNA repairing mechanism (Ellis et al., 2013). Sur-
prisingly, BFD-22 has induced DNA fragmentation and up-regulation
of pERK1/2 at the Thr202 and Tyr204 residues in B16F10 cells. Indeed,
the ERK1/2 activation induced by BFD-22 could require p21/WAF1 lead-
ing to down-regulation of the CDK1 and cyclin B proteins, lacking cell
cycle progression and inhibiting B16F10 cells proliferation. Besides
that, BFD-22 has reduced the cyclin D1 and its catalytic partner CDK4,
which in turn inhibits the formation of cyclin D1/CDK4. Thus, it can in-
hibit the progress of B16F10 cells through the cell cycle, preventing cell
proliferation.

Pharmacological modulation of the mitogen-activated protein ki-
nase (MAPK) pathway has been used to treat the metastatic stage IV
of melanoma (Inamdar et al., 2010). Currently, the inhibition of BRAF
is the established standard treatment for patients with melanoma. In
this regard, vemurafenib has achieved favorable prognosis in mutant
BRAF melanoma patients (Hu-Lieskovan et al., 2014). Herein, it was
also investigatedwhether BRAFmodulation could be involved in antitu-
mor effects of BFD-22, and the first evidence was provided. BFD-22 can
inhibit the BRAF/CRAF heterodimer formation, which could be associat-
ed with the interruption of RAF plasma membrane translocation,
preventing ERK activation, and effectively inhibiting survival and prolif-
eration of B16F10 cells. Furthermore, the BRAF downstream is related to
until 2 h after BFD-22 treatment. However, it is reasonable to suggest
that even BRAF having increased after 2 h, BFD-22 provoked a remark-
able downstream in the MAPK/ERK kinase (MEK) signaling cascade.
The major point regarding these results is that although BFD-22 has in-
duced BRAF downstream for a shorter period, it was sufficient to down-
regulate the RAF pathway and reduce melanoma cell proliferation. The
therapeutic effects of BFD-22were also investigated in ametastasismel-
anoma model in order to validate its anti-melanoma activity. Most im-
portantly, BFD-22 has presented therapeutic effects as a single
therapy. Indeed, BFD-22 is more effective for inhibiting lung tumor col-
onization than taxol and sorafenib. Furthermore, BFD-22 is more cyto-
toxic in vitro against B16F10 cells than taxol and sorafenib. In addition,
the daily administration of BFD-22 for 15 days was well tolerated by
mice. These in vivo remarkable effects of BFD-22 may not be only due
to the down-regulation of BRAF, but also can indicate a target for BFD-
22 inmelanoma. In order to reinforce the experimental hypothesis, mo-
lecular docking studieswere performed to investigate the bindingmode
of BFD-22 in the ATP catalytic site of BRAF kinase. Docking simulations
have shown that BFD-22 fits well in the active site of BRAF, in an orien-
tation similar to that observed for the co-crystalized inhibitor (BAY43-
9006, sorafenib). The difference between the binding energy values of
the two inhibitors was not significant (b5 kcal/mol). Furthermore,
both molecules have established similar interactions with the amino
acid residues Glu500 and Asp593 into the active site through two hy-
drogen bonding interactions: (i) via urea/hydrazide nitrogen atom to
the carboxylate side chain of the catalytic Glu500 residue, and (ii) via
carbonyl moiety to the main chain, on the nitrogen of Asp593, of the
DFG (Asp593, Phe594, Gly595) motif. BFD-22, however, does not occu-
py the entire hydrophobic pocket of ATP adenine binding site as the in-
hibitor BAY43-9006 (the distal pyridyl ring). Then, molecular
substitutions allowing the BFD-22 elongation in that portion of themol-
ecule could increase its affinity for BRAF and improve its antitumor ac-
tivity. Considering that, an assumption could be made: if BDF-22 is
able to bind in the BRAF V600E active site there would be a down-
regulation of RAS/BRAF/MEK/ERK pathway causing, then, the inhibition
of cell proliferation and survival.

The immune system is responsible for tumor surveillance and long-
term antitumor immunity. Potentially anticancer agents, ideally, should
not damage the immunological components and instead, should coop-
erate with the system in order to join forces (Zitvogel et al., 2008;
Barbuto, 2013). The effect of BFD-22 was evaluated over some cells of
the immune system and we found that BMDCs treated with the com-
pound were viable and morphologically preserved its main
characteristic, the membrane projections. Of note, BFD-22 favored NO
increase production by peritoneal macrophages and, used as stimuli
for maturation along with LPS, BFD-22 was capable of improving
BMDCs' capacity to stimulate allogeneic T lymphocytes proliferation.
These findings suggest that BFD-22 might potentially modulate,
thought its effect on professional antigen presenting cells, the antitumor
immunity (Aranda et al., 2014; Pinho et al., 2014). However,more stud-
ies evaluating the effect of BFD-22 on the immune system are needed.

5. Conclusion

Summing up, data from this study have demonstrated that BFDs
present cytotoxic to a variety of tumor cells. Among the investigated
BFDs, we identified BFD-22 as an anti-melanoma hit. Also, BFD-22 has
induced apoptosis of B16F10 cells by mitochondrial pathway. Indeed,
cell cycle arrest is blocked due to inhibition of cyclin D1 and CDK4 acti-
vation. The data reported here provide the first evidence that BFD-22
can inhibit BRAF protein, and can provoke in vitro antiproliferative ef-
fects in B16F10 cells. Molecular docking studies have also supported
the BRAF protein as a potential target for BDF-22. The BFD-22 binding
mode is similar to sorafenib. The two inhibitors share the same orienta-
tion and type of interactions in the BRAF active site. Most important, our
in vivo study has demonstrated that BFD-22 presents stronger anti-
metastatic effects, with superior therapeutic effects, when compared
to sorafenib and taxol. Thus, the findings reported herein strongly sup-
port the pharmacological development of BFD-22 as a lead compound
for the treatment of melanoma.
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