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Boron Neutron Capture Therapy (BNCT) involves the selective accumulation of boron carriers in tumor
tissue followed by irradiation with a thermal or epithermal neutron beam. This therapy is therefore a cel-
lular irradiation suited to treat tumors that have infiltrated into healthy tissues. BNCT has been used clin-
ically to treat patients with cutaneous melanomas which have a high mortality. Human normal
melanocytes and melanoma cells were treated with BNCT at different boronophenylalanine concentra-
tions for signaling pathways analysis. BNCT induced few morphological alterations in normal melano-
cytes, with a negligible increase in free radical production. Melanoma cells treated with BNCT showed
significant extracellular matrix (ECM) changes and a significant cyclin D1 decrease, suggesting cell death
by necrosis and apoptosis and cell cycle arrest, respectively. BNCT also induced a significant increase in
cleaved caspase-3 and a decrease in the mitochondrial electrical potential with selectivity for melanoma
cells. Normal melanocytes had no significant differences due to BNCT treatment, confirming the data
from the literature regarding the selectivity of BNCT. The results from this study suggest that some sig-
naling pathways are involved in human melanoma treatment by BNCT, such as cell cycle arrest, ECM
changes and intrinsic apoptosis.

� 2013 Elsevier Ltd. All rights reserved.
Significance

Metastatic melanoma remains a highly lethal disease, with an
incidence that continues to increase faster than any other cancer
and almost adjuvant treatments fail to control this malignancy.
Boron Neutron Capture Therapy was used is this work with selec-
tive treatment for melanoma cells with minimum effects in normal
cells. This therapy induces cell death by apoptosis and cell cycle ar-
rest only in melanoma cells.
1. Introduction

Boron Neutron Capture Therapy (BNCT) is a binary treatment
modality that involves the selective accumulation of boron carriers
ll rights reserved.
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in a tumor, followed by irradiation with a thermal or epithermal neu-
tron beam (Monti Hughes et al., 2011). The neutron capture reaction
with a boron-10 (10B) nucleus yields high linear energy transfer (LET)
particles, alpha and 7Li, with a range of 5–9 lm, thus BNCT is a puta-
tive cell-selective radiation therapy with the potential to control lo-
cal recurrences of malignant tumors (Nakamura et al., 2011). These
particles can only travel very short distances and, as such, release
their damaging energy directly to the tissue that contains the boron
compound. Cell death is triggered by the release of these charged
particles, which create ionisation tracks along their trajectories,
thereby resulting in cellular damage (Toppino et al., 2013).

BNCT has two advantages. Firstly, the dose of radiation given in
the neutron beam can be quite low; secondly, the local decay and
action allow the surrounding healthy tissue to be spared damage
due to radiation (Barth et al., 2005).

BNCT has been used clinically to treat patients with cutaneous
melanomas (Mishima, 1996). These patients were either not candi-
dates for, or had declined, conventional therapy (Barth et al., 2004).
Melanoma is the most aggressive skin cancer and frequently in-
volves distant and locoregional spread, usually with no efficient
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treatment (Menéndez et al., 2009). Metastatic melanoma remains a
highly lethal disease, with an incidence that continues to increase
faster than any other cancer (González et al., 2004). Almost all
adjuvant treatments fail to control this malignancy (Pawlik and
Sondak, 2003).

BNCT has a strong local radiotherapy effect. The efficacy of the
method in cancer therapy requires sufficient accumulation of
boron into the tumor and an irradiation in tumor location (Joensuu
et al., 2011). Only cells that have 10-boron are damaged by thermal
neutrons. So, this therapy is a cellular radiation suited to treat local
tumors or those infiltrate near healthy tissues (Esposito et al.,
2008).

BNCT could be an attractive tool to improve response over the
standard radiotherapy treatment delivering high dose to tumor
while reducing normal tissue effect, due to the different boron up-
take in normal and tumor cells (Menéndez et al., 2009).

There are no published results about the BNCT effect on normal
melanocytes compared to melanoma cells, and these data are ex-
tremely important to know the effectiveness of BNCT versus the
side effects incidence in healthy tissues. There is also no data about
signaling pathways involved in the melanoma treatment. The aim
of this study was to evaluate the selectivity and signaling pathways
involved in melanocytes and melanoma treatment with BNCT.
2. Materials and methods

2.1. Cell lines

A human melanoma tumor cell line (SK-MEL-28) was cultivated
in 75 cm2 flasks with RPMI-1640 (Cultilab) medium supplemented
with 10% inactivated fetal bovine serum (Cultilab), 2 mM
L-glutamine (Sigma Chemical Company) and 0.1 g/mL streptomy-
cin (FontouraWyeth AS). A human primary culture of melanocytes
isolated from foreskin was cultivated with 254CF medium
(Life Sciences�), supplemented with 10% HMGS growth factors
(Life Sciences) and 0.1 mg/mL streptomycin (FontouraWyeth AS)
as previously described (Fernandez et al., 2005).

Adherent cell suspensions were propagated by treatment of the
culture flasks with 0.2% trypsin and then inactivated in 10% fetal
bovine serum (FBS)-enriched medium. The nonadherent cells were
centrifuged twice, resuspended in medium and then seeded in
plates and allowed to grow for 24 h.

2.2. Boronophenylalanine (BPA)

10B-enriched (>99%) BPA was purchased from KatChem and
converted to a fructose 1:1 complex to increase its solubility (Cod-
erre et al., 1994).

2.3. Cells treatment and BNCT irradiation for MTT and lipid
peroxidation tests

Melanocytes were seeded in 96-well plates at concentration of
105 cells/mL and allowed to grow for 24 h. They were then treated
with different concentrations of BPA, from 40 to 0.52 mg/mL,
which corresponds to 2100–27.5 lg 10B/mL for MTT assay and
from 8.32 to 0.52 mg/mL, which corresponds to 440–27.5 lg 10

B/mL for lipid peroxidation test. After incubation with BPA for
90 min, the cells were irradiated at the BNCT research facility at
the Nuclear and Energetic Research Institute (IPEN, Brazil) Coelho
et al., 2002 for 120 min using the IEA-R1 nuclear reactor operating
at a power of 3.5 MW. The thermal neutron flux, epithermal
neutron flux and fast neutron flux at the irradiation position were
(2.31 ± 0.03) � 108, (4.60 ± 0.10) � 106 and (3.50 ± 0.10) � 107

n/cm2 s, respectively. The gamma dose rate in air at the irradiation
site was 3.50 ± 0.80 Gyh�1. Before irradiation, the BPA-enriched
incubation medium was removed and the cells were washed in
0.9% saline solution. Another cell group was irradiated without
BPA (beam only) and was designated as the ‘‘irradiated control’’.
A non-irradiated and BPA-free group was also studied and was
designated as the ‘‘control’’. Images of the control and treated cells
were recorded by a camera (Sony Cyber-shot 7.2 mega pixels)
coupled to an optic inverted microscope (Carl Zeiss), magnified
by 40�.

2.4. Cells treatment and BNCT irradiation for soluble collagen
quantification and flow cytometry tests

Melanocytes and SK-MEL-28 melanoma cells were seeded in
24-well plates at a concentration of 105 cells/mL and allowed to
grow for 24 h. SK-MEL-28 melanoma cells were treated with
3.7 mg/mL BPA in all flow cytometry tests (this value is equivalent
to 192.0 lg 10B/mL), which corresponds to the inhibitory concentra-
tion of 50% (IC50) for this compound in this cell line (Faião-Flores
et al., 2011a). Melanocytes were treated with 34.4 mg/mL BPA in
all flow cytometry tests (this value is equivalent to 1.8 mg 10B/mL),
which corresponds to the IC50 for this compound in this cell line.
After 90 min of incubation with BPA, the cells were irradiated at
the BNCT research facility at the Nuclear and Energetic Research
Institute (IPEN, Brazil) Coelho et al., 2002 for 30 min, using the
IEA-R1 nuclear reactor operating at a power of 3.5 MW. The analysis
was performed 6 h after BNCT treatment. The thermal neutron flux,
epithermal neutron flux and fast neutron flux at the irradiation
position were (2.31 ± 0.03) � 108, (4.60 ± 0.10) � 106 and
(3.50 ± 0.10) � 107 n/cm2 s, respectively. The gamma dose rate in
air at the irradiation site was 3.50 ± 0.80 Gy h�1. Before irradiation,
the BPA-enriched incubation medium was removed and the cells
were washed in 0.9% saline solution. Another cell group was irradi-
ated without BPA (beam only) and was designated as the ‘‘irradiated
control’’. A non-irradiated and without BPA group was also studied
and was designated as the ‘‘control’’.

2.5. Cellular viability assay – MTT

The cellular viability of the melanocytes was determined using
a colorimetric methodology known as MTT (3-(4,5-dimethylthia-
zol-2-y1)2,5-diphenyl tetrazolium bromide) (Sigma) Mosmann,
1983. MTT is reduced in metabolically active cells to form insoluble
purple formazan crystals, which are solubilized by the addition of a
detergent. The color is then quantified by spectrophotometry. After
irradiation, the culture medium was removed for lipid peroxida-
tion (LPO) analysis and 10 lL MTT reagent (5 mg/mL) (Sigma–Al-
drich Corp.) was added to each well. The plates were incubated
at 37 �C for 3 h, protected from light. Blue formazan crystals thus
formed were pelleted to the bottom of the well by centrifugation,
separated from the supernatant and dissolved in 150 ll of
dimethylsulfoxymide. The optical density at 540 nm was deter-
mined by absorbance spectrometry using a microplate reader. A
linear relationship between cell number and absorbance was
established, enabling an accurate, straightforward quantification
of changes in proliferation. The mean values of several experiments
were presented in a linear regression model, and the IC50 was
calculated.

2.6. Lipid peroxidation (LPO)

The oxidative stress on unsaturated lipids in cell membranes
was evaluated by determining the amount of malondialdehyde
(MDA), which is the final product of fatty-acid peroxidation that
reacts with thiobarbituric acid (TBA) to form a colored complex.
Thiobarbituric acid reactive substances (TBARS) were quantified
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by spectrophotometric determination (LPO method) Ohkawa et al.,
1979. The supernatant of the samples obtained after irradiation
and before carrying out the MTT method was used for LPO. This
experiment was performed 6 h after thermal neutron irradiation.

2.7. Soluble collagen quantification by Sirus Red assay

The Sirus Red cytochemical staining test evaluates the quantity
of collagen in a sample (Koren et al., 2001). The dyes used for the
Sirus Red test react specifically with basic groups in the collagen
molecule (Junqueira et al., 1979; Pickring and Boughner, 1991).

After irradiation, plates with the supernatant (metabolized cul-
ture medium) of melanoma cells and melanocytes were placed in
an incubator at 37 �C overnight without lids to dry the contents.
Then, saturated Bouin solution (Koren et al., 2001) was added in
each well, and the samples were incubated for 1 h at the room
temperature. The dye was removed and 300 lL distilled water
was added. The plate was dried at room temperature for approxi-
mately 2 h. After this period, 200 lL 0.1% picrosirius dye was added
for 1 h, protected from light. The dye was removed and 250 lL
0.01 M HCl was added. After that, the HCl solution was removed,
and the samples were incubated with 150 lL 0.1 M NaOH for
30 min. The optical density of the samples was read at 550 nm in
a spectrophotometer. This experiment was performed 6 h after
thermal neutron irradiation.

2.8. Assessment of mitochondrial membrane potential by flow
cytometry

Rhodamine 123 is a cationic lipophilic fluorescent chemical that
accumulates specifically in mitochondria of living cells (Kennady
et al., 2004). Thus, this agent binds only in metabolically active mito-
chondria, resulting in a fluorescent emission. After irradiation, the
culture medium was removed and adherent cells were trypsinized.
Melanoma cells and melanocytes were pelleted by centrifugation at
1800 rpm for 10 min and resuspended in 5 lL Rhodamine 123
(5 mg/mL) for 30 min at 37 �C. The cells were then washed with
phosphate-buffered saline (PBS) and resuspended in FACS flow buf-
fer (Becton Dickinson). The samples were analyzed for fluorescence
(FL-1H detector) on a Becton Dickinson FACScan flow cytometer
using Cell Quest software. This experiment was performed 6 h after
thermal neutron irradiation.

2.9. Cyclin D1 quantification by flow cytometry

The type D cyclins (with their partner CDKs) form a regulatory
unit of the G1/S transition that is frequently impaired in neoplásicas
(Li et al., 2006). After irradiation, the culture medium was removed
and adherent cells were trypsinized. Melanoma cells and melano-
cytes were pelleted by centrifugation at 1800 rpm for 10 min and
incubated with 1 lg specific Anti-cyclin D1 antibody (Santa Cruz,
USA) and 10 lL Triton X-100 (0.1%) for 1 h at 4 �C. The cells were
then resuspended in FACS Flow buffer. The samples were analyzed
for fluorescence (FL-1H detector) on a Becton Dickinson FACScan
flow cytometer using Cell Quest software. This experiment was per-
formed 6 h after thermal neutron irradiation.

2.10. Annexin-V assay

Annexin V is a small Ca2+-dependent protein with high affinity
for phosphatidylserine (PS) Vermes et al., 1995. In normal living
cells, PS is located in the inner layer of the cell membrane only,
but in apoptotic cells this phospholipid is translocated to the outer
leaflet. PS exposure on the surface of cells functions as tags for spe-
cific recognition for phagocytosis by macrophages or neighboring
cells (Fadok et al., 1992). Annexin V was used to detect apoptosis
at an early stage in the cells together with propidium iodide, which
binds to DNA in cells that have lost membrane integrity (necrotic
or late apoptotic cells).

After treatment, the cells in the supernatant and the adherent
cells were washed with PBS and binding buffer (10 mM HEPES
pH7.5 containing 140 mM NaCl and 2.5 mM CaCl2) and stained with
1 lg annexin V-FITC (Santa Cruz Biotechnology, USA) and 18 lg/mL
of propidium iodide (PI) (Sigma–Aldrich Corp.). Each sample was
analyzed by flow cytometry using the FL-1 and FL-2 channels to dis-
tinguish the apoptotic, necrotic, and viable cell populations. The
analysis was performed on a FACSCalibur flow cytometer using
the Cell Quest software (FACSCalibur; Becton Dickinson). The cas-
pase-3 inhibitor zDEVD-fmk (Becton Dickinson, USA) was prepared
as stock solution in 100% DMSO (100 mM). Final concentration in
serum-free medium was 1 mM for zDEVD-fmk. Cells were incu-
bated with caspase inhibitor 1 h before addition of BPA. Control
wells were incubated with corresponding DMSO concentration.
2.11. Cleaved caspase-3 activity by flow cytometry

Caspases represent a family of cysteine proteases that are com-
mon downstream effectors of apoptosis (Chen et al., 2001). After
irradiation, the culture medium was removed and adherent cells
were trypsinized. Melanoma cells and melanocytes were pelleted
by centrifugation at 1800 rpm for 10 min and incubated with
1 lg of specific Anti-caspase 3 PE antibody (Santa Cruz, USA) and
10 lL of Triton X-100 (0.1%) for 1 h at 4 �C. The cells were then
resuspended in FACS Flow buffer. The samples were analyzed for
fluorescence (FL-1H detector) on a Becton Dickinson FACScan flow
cytometer using Cell Quest software. This experiment was per-
formed 6 h after thermal neutron irradiation.

The caspase-3 inhibitor zDEVD-fmk (Becton Dickinson, USA) was
prepared as stock solution in 100% DMSO (100 mM). Final concen-
tration in serum-free medium was 1 mM for zDEVD-fmk. Cells were
incubated with caspase inhibitor 1 h before addition of BPA. Control
wells were incubated with corresponding DMSO concentration.
2.12. Statistical analysis

The values are expressed as the mean ± standard deviation
(s.d.). The data were analyzed using one-way analysis of variance
(ANOVA), and significant mean differences were determined using
multiple comparisons by the Tukey–Kramer test at the p < 0.05
level. Significant differences between the control and treated
groups are indicated by ���p < 0.001, ��p < 0.01, and �p < 0.05.
3. Results

3.1. BNCT induced both low levels of cell death and free radical
production in normal melanocytes

Melanocytes treated with BNCT showed low levels of cell death.
The IC50 value was 34.4 mg/mL, which corresponds to 1.8 mg/mL
10B (Fig. 1). The cellular viability (IC50 value) of the irradiated
control did not show any significant difference compared to the
control group.

After BNCT treatment, the melanocytes exhibited an increase in
free radical production, and this increase was greater only when
higher BPA concentrations were used (Fig. 2). However, the in-
crease in free radical production in the highest BPA concentration
used was approximately only 1.5 times higher than that of the con-
trol group. The lower BPA concentrations did not show significant
differences. The irradiated control also did not exhibit any differ-
ences compared to the control group.



Fig. 1. Cellular viability of normal melanocytes after BNCT. The percentage of viable
cells was plotted against the different BPA concentrations followed by thermal
neutron irradiation. The linear regression curve and IC50 were calculated using
Graph Pad Prism Instat 3 software. The IC50 value estimated was 34.4 mg/mL
(approximately 1.8 mg 10B). Data were obtained from three independent experi-
ments and results were represented as mean ± s.d.
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The normal melanocytes were photographed for morphological
analysis after BNCT treatment. None of the BPA concentrations in-
duced morphological changes. The presence of apoptotic bodies,
debris formation and cytoskeleton disarray was also not detected
(Fig. 3). Only the highest BPA concentration showed a slight de-
crease in confluence, which is consistent with the free radical pro-
duction observed when using this concentration. The cells of the
irradiated control presented insignificant alterations and little cell
damage.
3.2. Extracellular matrix changes in melanoma cells after BNCT

After BNCT, the extracellular matrix of normal melanocytes and
melanoma cells was analyzed by Sirus Red staining. The extracel-
lular matrix of melanoma cells treated with BNCT showed dra-
Fig. 2. Malondialdehyde production in normal melanocytes after BNCT at different BPA
cells without treatment (control). Data were obtained from three independent experim
control. �p < 0.05; ��p < 0.01 compared to control.
matic changes, as evidenced by a decrease in soluble collagen
synthesis (Fig. 4). The decrease of soluble collagen synthesis in
melanoma cells treated with BNCT was approximately 2.7 times
higher than in the control group. Melanocytes did not present
any differences in soluble collagen synthesis after BNCT treatment.
Additionally, the irradiated group did not show significant differ-
ences in comparison with the control group in these normal and
tumor cell lines.

3.3. The mitochondrial electric potential decreases after BNCT in
melanoma cells

BNCT induces a decrease of the mitochondrial electric potential,
thereby causing cell death in SK-MEL-28 melanoma cells. After
BNCT, the melanoma cells had their mitochondrial electric poten-
tial reduced by approximately 12.3 times compared to the control
group (Fig. 5). Melanocytes treated by BNCT did not show signifi-
cant differences in this electric potential. These data confirm the
cellular viability assay, which provided a high IC50 value for normal
melanocytes. The irradiated group also did not present differences
compared to the control group for either cell line.

3.4. BNCT induces cell death by necrosis and apoptosis in melanoma
cells

After BNCT treatment, melanocytes and melanoma cells were ob-
served as to the ability in necrosis and apoptosis induction (Fig. 6A).
SKMEL-28 melanoma cells treated by BNCT showed approximately
50% of cell population in necrosis and in late apoptosis (Fig. 6B). After
zDEVD-fmk inhibitor addition, the necrosis population was in-
creased, whereas apoptosis population was decreased. Cells treated
with this inhibitor showed reduced capacity in apoptosis induction.
This is due to the ability of this caspase-3 inhibitor to provoke high
influence in the both apoptotic pathways.

Melanocytes did not present significant differences in necrosis
or apoptosis in comparison to the control and irradiated control
groups (Fig. 6C).

3.5. Cell cycle progression decreases in melanoma cells after BNCT

The cyclin D1 marker was used to quantify cell cycle progres-
sion in the G1-S phases. BNCT was able to induce a decrease in cy-
concentrations and after neutron irradiation alone (irradiated control) compared to
ents and results were represented as mean ± s.d. ns: not significant compared to



Fig. 3. Morphological aspects of normal melanocytes after BNCT at all BPA concentrations compared to the control group and irradiated control. Magnification: 40�.

Fig. 4. Soluble collagen synthesis in melanoma cells and melanocytes after BNCT
and neutron irradiation alone (irradiated control) compared to cells without any
treatment (control). Data were obtained from three independent experiments and
results were represented as mean ± s.d. ns: not significant compared to control.
�p < 0.05; ��p < 0.01; ���p < 0.001 compared to control.
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clin D1 expression only in melanoma cells. In normal melanocytes
this progression decrease was not significant (Fig. 7A). There were
no significant changes in cyclin D1 expression in melanocytes. The
irradiated control did not present significant alterations in this
marker in either cell line.

3.6. Apoptosis induction by cleaved caspase-3 in melanoma cells after
BNCT

Cleaved caspase-3 was used to verify the presence of cell death
by the apoptosis pathway. In melanoma cells, BNCT was able to in-
duce significant caspase-3 cleavage, indicating apoptosis activation
(Fig. 7B). There was a small decrease of cleaved caspase-3 in mela-
nocytes after BNCT treatment. The irradiated control group did not
exhibit any significant differences compared to the control group
for either cell line, thus confirming all previous results shown in
this work.

To confirm whether or not caspase-3 activation is involved in
the apoptosis of cells triggered by BNCT, it was used the caspase
inhibitor zDEVD-fmk before BNCT treatment. The results indicated
that BNCT induces caspase-3 activity increase and apoptosis with-
out the caspase inhibitor. After treatment with BNCT and the
zDEVD-fmk, the inhibition of BNCT-mediated caspase-3 activation
was accompanied by the moderate necrosis expression increase.
4. Discussion

Advancements in cancer therapy depend on the development of
new drugs, drug delivery systems and target therapies. A major
challenge in drug delivery is to increase the efficiency by which a
compound can deliver the maximum amount of a therapeutic agent
to the tumor while minimizing any adverse effects to normal cells
(Chakrabarti1 et al., 2012). To fully develop its treatment potential,
BNCT requires the combination of a suitable thermal neutron flux
and a selective uptake of 10B in the target tissue. The latter condi-
tion is more critical because none of the boron carriers used for
experimental or clinical purposes so far have shown optimal selec-
tivity for cancer cells compared to normal cells (Menichetti et al.,
2009). The BNCT treatment induced moderate malondialdehyde
production only at the highest concentration of BPA in melanocytes.
The other concentrations, along with the irradiated control, did not
manifest an appreciable increase of malondialdehyde, demonstrat-
ing that this therapy did not influence free radical production in
normal cells. In SKMEL-28, B16F10, IPC-298 and MEWO melanoma
cells there were high malondialdehyde production (at least 10–30-
fold increase) after BNCT treatment in the same conditions (Faião-
Flores et al., 2011a).

It should be emphasized that the main criterion for the develop-
ment of successful boron-containing compounds in cells is a high
selectivity of these compounds for cancer cells over normal cells
(Gnewuch and Sosnovskym, 2002).

There is a decrease in normal melanocytes viability only in the
highest BPA concentrations followed by neutron irradiation. The
IC50 found here was significantly high compared to SKMEL-28 mel-
anoma cells: IC50 = 34.4 mg/mL and 3.7 mg/mL in normal melano-
cytes and melanoma cells SKMEL-28, respectively. These results
confirm the most selectivity of BPA for tumor cells in vitro without
inducing high cell death in normal cells, which has been reported
elsewhere (Faião-Flores et al., 2011a, 2012; Menichetti et al.,
2009). The increased BPA selectivity in vivo was studied in mice
bearing melanoma tumors consisting of B16F10 cells, and the
study found that the liver, heart and lungs do not take up boron
from BPA, whereas other organs, such as the spleen and brain, cap-
tured minimal quantities of this compound (Faião-Flores et al.,
2011).



Fig. 5. Representative overlaps of fluorescence intensity and percentage values from melanoma cells and normal melanocytes marked with Rhodamine 123 analyzed by flow
cytometry. The overlaps represent (A) control melanoma cells compared to irradiated group, (B) control melanoma cells compared to BNCT, (C) control melanocytes
compared to irradiated group and (D) control melanocytes compared to BNCT. (E) Percentage values of melanoma cells and normal melanocytes with active mitochondria
and/or viable cells are shown as the median ± s.d. Data were obtained from three independent experiments ns: not significant compared to control. �p < 0.05; ��p < 0.01;
���p < 0.001 compared to control.
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Melanoma cells are strongly resistant to many chemotherapeu-
tic drugs, as demonstrated by their ability to block apoptosis and
stimulate tumor progression (Soengas and Lowe, 2003). The sur-
vival of adherent cells depends on an uninterrupted connection
with the components of the extracellular matrix (ECM), such as
laminin and fibronectin (Makino et al., 2000). The interactions be-
tween cells and ECM are crucial for cell behavior, growth and death
(Wunrau et al., 2009). The detachment of adherent cells from the
ECM can induce apoptosis almost immediately, a process known
as Anoikis (Grossman et al., 2001). Despite melanoma being able
to produce low amounts of collagen, the tumor development and
invasion into adjacent tissue is often accompanied by increased
architectural disorder of the extracellular matrix (ECM) and cellu-
lar components especially at the invasive front of the neoplastic
mass (van Kempen et al., 2008). BNCT induced a decrease in colla-
gen synthesis in nearly 60% of melanoma cells without affecting
normal cells, involved with cell detachment of ECM, which fol-
lowed by apoptosis, could suggest cell death by Anoikis.

The observation of mitochondrial bioenergetics, among other
parameters, is important to establish the mechanisms by which
therapy may cause cell death (Wallace and Starkov, 2000). The
electronic gradient between the mitochondrial membranes during



Fig. 6. (A) Representative histograms of SKMEL-28 melanoma cells and melanocytes of control, irradiated control, BNCT and BNCT + zDEVD-fmk stained with annexin V
(FL-1H axis X), and propidium iodide (FL-2H axis Y) for cell quantification. The distribution (mean ± s.d) is the number of viable, necrotic and apoptotic (B) melanoma cells and
(C) normal melanocytes. Data were obtained from three independent experiments ns: not significant compared to control. �p < 0.05; ���p < 0.001 compared to control.
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metabolism is known as mitochondrial electric potential (Dw)
Chen et al., 2009. The Dw is reduced when mitochondrial energy
metabolism is disrupted, notably during apoptosis (Fuller and Arri-
aga, 2003). We note that BNCT induced a decrease of mitochondrial
electric potential in melanoma cells by approximately 7 times
compared to the control group. This same result was not observed
in normal melanocytes. The irradiated control did not present any
differences in either cell line.

The BNCT cytotoxic effect is mediated through many mecha-
nisms, which include interaction and damage of DNA followed by
activation of DNA damage-induced signaling pathways. These
pathways culminate in cell cycle arrest and/or apoptosis, necrosis,



Fig. 7. Expression of cell markers in melanoma cells and normal melanocytes
(median ± s.d.) by flow cytometry. (A) Cyclin D1 expression after BNCT treatment
and neutron irradiation alone (irradiated control) compared to cells without any
treatment (control). (B) Cleaved caspase-3 expression after BNCT treatment and
neutron irradiation alone (irradiated control) compared to cells without any
treatment (control). The zDEVD-fmk inhibitor was used as caspase-3 inhibitor in
BNCT treated cells. Data were obtained from three independent experiments and
results were represented as mean ± s.d. ns: not significant compared to control.
�p < 0.05; ��p < 0.01; ���p < 0.001 compared to control.
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autophagy or mitotic catastrophe (Debatin and Krammer, 2004;
Okada and Mak, 2004). For this reason, some melanoma cells after
BNCT treatment presented substantial necrosis expression in-
crease, possibly by cellular communication between neighboring
cells and due to the limited BNCT efficacy, which is almost exclu-
sively for cells carrying 10B irradiated by thermal neutrons. This
way, the apoptotic cascade signaling was interrupted.

The molecular mechanism of cyclin D1 induction during the cell
cycle is of central importance in understanding cell proliferation
control. Cyclin D1 is expressed at high levels in the middle and
at the end of the G1 phase of the cell cycle. High levels of cyclin
D1 in G1 promote entry into S phase and downregulation of this
marker indicates cell cycle progression arrest and in some cases
may result in cell death by apoptosis (Faião-Flores et al., 2011b;
Baker et al., 2005). BNCT caused a decrease in cyclin D1 expression
only in the melanoma cells and did not interfere with the G1 phase
of normal melanocytes. It known that BNCT can induce cell cycle
arrest at the G1 and G2 checkpoints in another cell lines as human
oral squamous cell carcinoma (Kamida et al., 2008). BNCT can in-
duce cell cycle arrest and apoptosis in both p53 wild-type or p53
mutant cells. However, p53 wild-type cells are more susceptive
to cell death than p53 mutant cells (Fujita et al., 2009). These data
can explain the cell death in SKMEL-28 melanoma cells that pos-
sess p53 wild-type. Thus, cell cycle arrest and associated cell death
would contribute to the decrease in cell viability caused by BNCT.

Moreover, BNCT was able to induce an increase in cleaved cas-
pase-3, another marker of cell death by apoptosis, in this tumor cell
line. This confirms further results where BNCT also induced
apoptosis in a caspase 3-dependent manner, with PARP cleavage
in tumor cells (Kamida et al., 2008). These results have also been
reported in murine melanoma cells (Sauter et al., 2002), and
now, in this study, they have also been confirmed in human mela-
noma cells, showing that BNCT is effective against tumor cells.

5. Conclusions

BNCT can potentially target tumor tissue selectively, sparing nor-
mal cells damage due to radiation. This therapy did not induce signif-
icant changes in free radical production or in the morphological
characteristics of normal melanocytes. Furthermore, this therapy
decreased collagen synthesis, suggesting that ECM changes took
place in melanoma cells. Cyclin D1 and the mitochondrial electric
potential were significantly reduced, whereas cleaved caspase-3 lev-
els increased only in the melanoma cells. These results suggest that
both the intrinsic apoptosis pathway and cell cycle arrest are in-
volved in this antitumor therapy. Thus, BNCT could be used to treat
many tumors, inducing cell death specifically in tumor tissues while
protecting healthy tissues.

Conflicts of interest

None.

Acknowledgement

The authors are grateful to the Fundação de Amparo à Pesquisa
do Estado de São Paulo (Fapesp 2008/56397-8 and 2008/58817-4).

References

Baker, G.L., Landis, M.W., Hinds, P.W., 2005. Multiple functions of D-type cyclins can
antagonize pRv-mediated suppression of proliferation. Cell Cycle 4, 330–338.

Barth, R.F., Grecula, J.C., Yang, W., Rotaru, J.H., Nawrocky, M., Gupta, N., Albertson,
B.J., Ferketich, A.K., Moeschberger, M.L., Coderre, J.A., Rofstad, E.K., 2004.
Combination of boron neutron capture therapy and external beam radiotherapy
for brain tumors. Int. J. Radiat. Oncol. Biol. Phys. 58, 267–277.

Barth, R.F., Coderre, J.A., Vicente, M.G., Blue, T.E., 2005. Boron neutron capture
therapy of cancer: current status and future prospects. Clin. Cancer Res. 11,
3987–4002.

Chakrabarti1, A., Patel1, H., Price, J., Maguire, J.A., Hosmane, N.S., 2012. Carbon
nanotubes in cancer therapy, including boron neutron capture therapy (BNCT).
Nanotechnol. Life Sci. 16, 403–418.

Chen, Y., Kramer, D.L., Diegelman, P., Vujcic, S., Porter, C.W., 2001. Apoptotic
signaling in polyamine analogue-treated SK-MEL-28 human melanoma cells.
Cancer Res. 61, 6437–6444.

Chen, M., Osman, I., Orlow, S.J., 2009. Antifolate activity of pyrimethamine enhances
temozolomide-induced cytotoxicity in melanoma cells. Mol. Cancer Res. 7, 703–
712.

Coderre, J.A., Button, T.M., Micca, P.L., Fisher, C.D., Nawrocky, M.M., Liu, H.B., 1994.
Neutron capture therapy of the 9L rat gliosarcoma using the p-
boronophenylalanine–fructose complex. Int. J. Radiat. Oncol. Biol. Phys. 30,
643–652.

Coelho, P.R.P., Hernandes, A.C., Siqueira, P.T.D., 2002. Neutron flux calculation in a
BNCT research facility implemented in IEA-R1 reactor. In: Wolfgang, S.,
Raymond, M., Andrea, W. (Eds.), 10th International Congress on Neutron
Capture Therapy. Research and development in neutron capture therapy, Essen,
Germany (Bologna), pp. 197–201.

Debatin, K.M., Krammer, P.H., 2004. Death receptors in chemotherapy and cancer.
Oncogene 23, 2950–2966.

Esposito, J., Ceballos, C., Soncin, M., Fabris, C., Friso, E., Moro, D., Colautti, P., Jori, G.,
Rosi, G., Nava, E., 2008. Feasibility of BNCT radiobiological experiments at the
HYTHOR facility. Nucl. Instrum. Methods Phys. Res. B 266, 2587–2593.

Fadok, V.A., Voelker, D.R., Campbell, P.A., Cohen, J.J., Bratton, D.L., Henson, P.M.,
1992. Exposure of phosphatidylserine on the surface of apoptotic lymphocytes
triggers specific recognition and removal by macrophages. J. Immunol. 148,
2207–2216.

Faião-Flores, F., Coelho, P.R., Muniz, R.O., Souza, G.S., Arruda-Neto, J., Maria, D.A.,
2011a. Antitumor potential induction and free radicals production in melanoma
cells by boron neutron capture therapy. Appl. Radiat. Isot. 69, 1748–1751.

Faião-Flores, F., Coelho, P.R., Muniz, R.O., Souza, G.S., Arruda-Neto, J., Maria, D.A.,
2011b. Boron neutron capture therapy induces cell cycle arrest and DNA
fragmentation in murine melanoma cells. Appl. Radiat. Isot. 69, 1741–1744.

Faião-Flores, F., Coelho, P.R.P., Arruda-Neto, J.D.T., Camillo, M.A.P., Maria-Engler, S.S.,
Rici, R.E.G., Sarkis, J.E.S., Maria, D.A., 2012. Boron uptake in normal melanocytes
and melanoma cells and boron biodistribution study in mice bearing B16F10



1204 F. Faião-Flores et al. / Toxicology in Vitro 27 (2013) 1196–1204
melanoma for boron neutron capture therapy. Radiat. Environ. Biophys. 51,
319–329.

Fernandez, Y., Verhaegen, M., Miller, T.P., Rush, J.L., Steiner, P., Opipari Jr., A.W.,
Lowe, S.W., Soengas, M.S., 2005. Differential regulation of noxa in normal
melanocytes and melanoma cells by proteasome inhibition: therapeutic
implications. Cancer Res. 65, 6294–6304.

Fujita, Y., Kato, I., Iwai, S., Ono, K., Suzuki, M., Sakurai, Y., Ohnishi, K., Ohnishi, T.,
Yura, Y., 2009. Role of p53 mutation in the effect of boron neutron capture
therapy on oral squamous cell carcinoma. Radiat. Oncol. 4, 63.

Fuller, K.M., Arriaga, E.A., 2003. Advances in the analysis of single mitochondria.
Curr. Opin. Biotechnol. 14, 35–41.

Gnewuch, C.T., Sosnovskym, G., 2002. Critical appraisals of approaches for
predictive designs in anticancer drugs. Cell Mol. Life Sci. 59, 959–1023.

González, S.J., Bonomi, M.R., Santa Cruz, G.A., Blaumann, H.R., Calzetta Larrieu, O.A.,
Menéndez, P., Jiménez Rebagliati, R., Longhino, J., Feld, D.B., Dagrosa, M.A.,
Argerich, C., Castiglia, S.G., Batistoni, D.A., Liberman, S.J., Roth, B.M., 2004. First
BNCT treatment of a skin melanoma in argentina: dosimetric analysis and
clinical outcome. Appl. Radiat. Isot. 61, 1101–1105.

Grossman, J., Walther, K., Artinger, M., Kiesslinkg, S., Scholmerich, J., 2001. Apoptotic
signaling during initiation of detachment-induced apoptosis (‘‘anoikis’’) of
primary human intestinal epithelial cells. Cell Growth Differ. 12, 147–155.

Joensuu, H., Kankaanranta, L., Tenhunen, M., Saarilahti, K., 2011. Boron neutron
capture therapy (BNCT) as cancer treatment. Duodecim 127, 1697–1703.

Junqueira, L.C., Bignolas, G., Brentani, R.R., 1979. Picrosirius staining plus
polarization micro scopy, a specific method for collagen detection in tissue
sections. Histochem. J. 11, 447–455.

Kamida, A., Fujita, Y., Kato, I., Iwai, S., Ono, K., Suzuki, M., Sakurai, Y., Yura, Y., 2008.
Effect of neutron capture therapy on the cell cycle of human squamous cell
carcinoma cells. Int. J. Radiat. Biol. 84, 191–199.

Kennady, P.K., Ormerod, M.G., Singh, S., Pande, G., 2004. Variation of mitochondrial
size during the cell cycle: A multiparameter flow cytometric and microscopic
study. Cytometry A 62, 97–108.

Koren, R., Yaniv, E., Kristt, D., Shvero, J., Veltman, V., Grushko, I., Feinmesser, R.,
Sulkes, J., Gal, R., 2001. Capsular collagen staining of follicular thyroid
neoplasms by picrosirius red: role in differential diagnosis. Acta Histochem.
103, 151–157.

Li, W., Sanki, A., Karim, R.Z., Thompson, J.F., Soon Lee, C., Zhuang, L., McCarthy, S.W.,
Scolyer, R.A., 2006. The role of cell cycle regulatory proteins in the pathogenesis
of melanoma. Pathology 38, 287–301.

Makino, H., Sugiyama, H., Kashihara, N., 2000. Apoptosis and extracellular matrix-
cell interactions in kidney disease. Kidney Int. Suppl. 77, S67–75.

Menéndez, P.R., Roth, B.M., Pereira, M.D., Casal, M.R., González, S.J., Feld, D.B., Santa
Cruz, G.A., Kessler, J., Longhino, J., Blaumann, H., Jiménez Rebagliati, R., Calzetta
Larrieu, O.A., Fernández, C., Nievas, S.I., Liberman, S.J., 2009. BNCT for skin
melanoma in extremities: updated argentine clinical results. Appl. Radiat. Isot.
67, S50–53.

Menichetti, L., Gaetano, L., Zampolli, A., Del Turco, S., Ferrari, C., Bortolussi, S., Stella,
S., Altieri, S., Salvadori, P.A., Cionini, L., 2009. In vitro neutron irradiation of
glioma and endothelial cultured cells. Appl. Radiat. Isot. 67, S336–S340.
Mishima, Y., 1996. Selective thermal neutron capture therapy of cancer cells using
their specific metabolic activities-Melanoma as prototype. In: Mishima, Y. (Ed.),
Cancer Neutron Capture Therapy. Plenum Press, New York, pp. 1–26.

Monti Hughes, A., Pozzi, E.C., Heber, E.M., Thorp, S., Miller, M., Itoiz, M.E., Aromando,
R.F., Molinari, A.J., Garabalino, M.A., Nigg, D.W., Trivillin, V.A., Schwint, A.E.,
2011. Boron neutron capture therapy (BNCT) in an oral precancer model:
therapeutic benefits and potential toxicity of a double application of BNCT with
a six-week interval. Oral Oncol. 47, 1017–1022.

Mosmann, T., 1983. Rapid colorimetric assay for cellular growth and survival:
application to proliferation and cytotoxicity assays. J. Immunol. Methods 65,
55–63.

Nakamura, H., Ueda, N., Ban, H.S., Ueno, M., Tachikawa, S., 2011. Design and
synthesis of fluorescence-labeled closo-dodecaborate lipid: its liposome
formation and in vivo imaging targeting of tumors for boron neutron capture
therapy. Org. Biomol. Chem. 10, 1374–1380.

Ohkawa, H., Ohishi, N., Yagi, K., 1979. Assay for lipid peroxides in animal tissues by
thiobarbituric acid reaction. Anal. Biochem. 95, 351–358.

Okada, H., Mak, T.W., 2004. Pathways of apoptotic and nonapoptotic death in
tumour cells. Nat. Rev. Cancer 4, 592–603.

Pawlik, T.M., Sondak, V.K., 2003. Malignant melanoma: current state of primary and
adjuvant treatment. Crit. Rev. Oncol. Hematol. 45, 245–264.

Pickring, J.G., Boughner, D.R., 1991. Quantitative assessment of the age of fibrotic
lesions using polarized light microscopy and digital image analysis. Am. J.
Pathol. 138, 1225–1231.

Sauter, E.R., Yeo, U.C., von Stemm, A., Zhu, W., Litwin, S., Tichansky, D.S., Pistritto, G.,
Nesbit, M., Pinkel, D., Herlyn, M., Bastian, B.C., 2002. Cyclin D1 is a candidate
oncogene in cutaneous melanoma. Cancer Res. 62, 3200–3206.

Soengas, M.S., Lowe, S.W., 2003. Apoptosis and melanoma chemoresistance.
Oncogene 22, 3138–3151.

Toppino, A., Bova, M.E., Geninatti, Crich, S., Alberti, D., Diana, E., Barge, A., Aime, S.,
Venturello, P., Deagostino, A., 2013. A carborane-derivative ‘‘Click’’ reaction
under heterogeneous conditions for the synthesis of a promising lipophilic MRI/
GdBNCT agent. Chemistry 19, 721–728.

van Kempen, L.C., Rijntjes, J., Mamor-Cornelissen, I., Vincent-Naulleau, S., Gerritsen,
M.J., Ruiter, D.J., van Dijk, M.C., Geffrotin, C., van Muijen, G.N., 2008. Type I
collagen expression contributes to angiogenesis and the development of deeply
invasive cutaneous melanoma. Int. J. Cancer 122, 1019–1029.

Vermes, I., Haanen, C., Steffens–Nakken, H., Reutelingsperger, C., 1995. A novel
assay for apoptosis: flow cytometric detection of phosphatidylserine expression
on early apoptotic cells using fluorescein labelled annexin V. J. Immunol.
Methods 184, 39–51.

Wallace, K.B., Starkov, A.A., 2000. Mitochondrial targets of drug toxicity. Annu. Rev.
Pharmacol. Toxicol. 40, 353–388.

Wunrau, C., Schnaeker, E.M., Freyth, K., Pundt, N., Wendholt, D., Neugebauer, K.,
Hansen, U., Pap, T., Dankbar, B., 2009. Establishment of a matrix-associated
transepithelial resistance invasion assay to precisely measure the invasive
potential of synovial fibroblasts. Arthritis. Rheum. 60, 2606–2611.


	Cell cycle arrest, extracellular matrix changes and intrinsic apoptosis  in human melanoma cells are induced by Boron Neutron Capture Therapy
	Significance
	1 Introduction
	2 Materials and methods
	2.1 Cell lines
	2.2 Boronophenylalanine (BPA)
	2.3 Cells treatment and BNCT irradiation for MTT and lipid peroxidation tests
	2.4 Cells treatment and BNCT irradiation for soluble collagen quantification and flow cytometry tests
	2.5 Cellular viability assay – MTT
	2.6 Lipid peroxidation (LPO)
	2.7 Soluble collagen quantification by Sirus Red assay
	2.8 Assessment of mitochondrial membrane potential by flow cytometry
	2.9 Cyclin D1 quantification by flow cytometry
	2.10 Annexin-V assay
	2.11 Cleaved caspase-3 activity by flow cytometry
	2.12 Statistical analysis

	3 Results
	3.1 BNCT induced both low levels of cell death and free radical production in normal melanocytes
	3.2 Extracellular matrix changes in melanoma cells after BNCT
	3.3 The mitochondrial electric potential decreases after BNCT in melanoma cells
	3.4 BNCT induces cell death by necrosis and apoptosis in melanoma cells
	3.5 Cell cycle progression decreases in melanoma cells after BNCT
	3.6 Apoptosis induction by cleaved caspase-3 in melanoma cells after BNCT

	4 Discussion
	5 Conclusions
	Conflicts of interest
	Acknowledgement
	References


