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Abstract

Boron neutron capture therapy (BNCT) for aggressive tumors is based on nuclear reaction ['°B (n, «) 7Li]. Previously, we
demonstrated that BNCT could be applied for the treatment of undifferentiated thyroid carcinoma. The aim of the present
study was to describe the DNA damage pattern and the repair pathways that are activated by BNCT in thyroid cells. We
analyzed YH2AX foci and the expression of Ku70, Rad51 and Rad54, main effector enzymes of non-homologous end join-
ing (NHEJ) and homologous recombination repair (HRR) pathways, respectively, in thyroid follicular carcinoma cells. The
studied groups were: (1) C [no irradiation], (2) gamma [®°Co source], (3) N [neutron beam alone], (4) BNCT [neutron beam
plus 10 pg °B/ml of boronphenylalanine (\’BPA)]. The total absorbed dose was always 3 Gy. The results showed that the
number of nuclear YH2AX foci was higher in the gamma group than in the N and BNCT groups (30 min—24 h) (p <0.001).
However, the focus size was significantly larger in BNCT compared to other groups (p <0.01). The analysis of repair enzymes
showed a significant increase in Rad51 and Rad54 mRNA at 4 and 6 h, respectively; in both N and BNCT groups and the
expression of Ku70 did not show significant differences between groups. These findings are consistent with an activation of
HRR mechanism in thyroid cells. A melanoma cell line showed different DNA damage pattern and activation of both repair
pathways. These results will allow us to evaluate different blocking points, to potentiate the damage induced by BNCT.
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Introduction

Boron neutron capture therapy (BNCT) is a binary radiation
treatment. It consists of the administration of a non-toxic
compound containing stable '°B atoms that are selectively
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incorporated into tumor cells. The '°B atom irradiated with
thermal neutrons turns into ''B, an unstable isotope that
instantaneously undergoes nuclear fission, releasing an
alpha particle and a lithium nucleus ['°B(n, a)’Li]. These
heavy particles are both of high linear energy transfer (LET),
they have short, energetic tracks and deposit most of their
energy within the boron-containing cells. Thus, the tumor
cells are selectively killed without causing severe damage
to the normal tissue (Coderre and Morris 1999). BNCT is
particularly well suited to treat aggressive cancers that do
not respond to conventional treatments such as malignant
gliomas, melanomas and recurrent head and neck cancers
(Joensuu et al. 2011). Clinical trials are being carried out
in several countries around the world such as Italy, Finland,
Taiwan, Japan and Argentina (Aiyama et al. 2011; Busse
et al. 2003; Aihara et al. 2006).

Some years ago, we demonstrated in our laboratory that
BNCT could be applied for the treatment of undifferentiated
and poorly differentiated thyroid carcinoma (Dagrosa et al.
2002, 2003, 2007), which lost their capability to accumu-
late iodine. Therefore, the usually applied therapeutic dose
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of radioactive iodine is ineffective. These tumors are very
aggressive and have a fatal outcome within a short time after
the diagnosis (Pasieka 2003).

DNA damage and repair mechanisms activated by BNCT
have been poorly studied. Ionizing radiation produces a
wide spectrum of DNA lesions, such as base damage, sugar
damage, single strand breaks (SSB), double strand break
(DSB), and DNA-DNA and DNA-protein cross links.
The spectrum of induced lesions and their distribution are
affected by the radiation quality (Maier et al. 2016; Belli
et al. 2002). Among these kinds of lesions, the DSB seems
to be the most important in producing biological effects.
It is widely accepted that unrepaired or misrepaired DSBs
lead to the formation of chromosome aberrations, cell killing
and transformation (Wang et al. 2010). In previous studies,
we showed that BNCT produces larger and more complex
chromosome aberrations (micronuclei) than conventional
radiotherapy in tumor cells (Dagrosa et al. 2011a, b).

One of the earliest steps after induction of a DSB is the
phosphorylation of the histone H2AX (yH2AX) (Burma
et al. 2001). This histone is phosphorylated at serine 139 by
the ATM kinase. Once DNA repair is finished, YH2AX is
dephosphorylated and, therefore, yYH2AX focus formation,
quantity and size are used as a DSB marker (Redon et al.
2010).

DSBs induced in the DNA of higher eukaryotes (Olive
1998) by ionizing radiation are repaired either by non-
homologous end joining (NHEJ) or by homologous recom-
bination repair (HRR) mechanisms (Lieber 2010; Sigurds-
son et al. 2002). NHEJ acts through DNA-PK, Ku70, Ku80
and DNA ligase 4 enzymes and HRR acts through the prod-
ucts of Rad52 epistasis gene family (Rad51, Rad52, Rad54,
Rad55, Rad57 and Rad58). Which DSB repair pathway is
triggered in each situation remains unknown, but it could
depend on the inducing agent and the cell cycle phase in
which cells are arrested (Pawlik et al. 2004; Vermeulen
et al. 2008). HRR is typically associated with DNA rep-
lication when homologous DNA on a sister chromatid or
chromosome acts as template to guide the broken strand
repair (Dudas et al. 2004). On the other hand, NHEIJ is a less
accurate form of DSB repair, in which the two DNA broken
edges are processed to form compatible ends that are directly
ligated (Weterings and Chen 2008). The evaluation of rela-
tive contribution of NHEJ and HRR to ionizing radiation-
induced DNA DSB repair is important for the understanding
of the mechanisms leading to tumor cell death by BNCT.

The aim of this study was to analyze the DNA damage
pattern and the repair pathways that are activated by BNCT
in poorly differentiated thyroid carcinoma cells. To achieve
this goal, we evaluated YH2AX foci frequencies and their
size. Moreover, we evaluated the expression of Ku70, Rad51
and Rad54 which are the main effector enzymes of the NHEJ
and HRR pathways. We performed the same measurements
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using gamma radiation and a melanoma human cell line to
compare the results with another type of carcinoma.

Materials and methods
Cell lines

The human thyroid follicular cancer cell line, WRO (kindly
provided by Dr. Julliard, UCLA, USA), was grown in RPMI-
1640 medium (GIBCO, Invitrogen Corporation, USA)
supplemented with 154 mg/mL sodium pyruvate, 1.5 g/L
sodium bicarbonate, 10 mg/mL streptomycin, 1,000,000
UI/L penicillin and 10% foetal bovine serum (FBS, Natocor,
Cérdoba, Argentina).

The human melanoma cell line, Mel J (provided by Dr.
Mordoh, Leloir Biochemistry Investigation Institute, Argen-
tina), was grown in high-glucose DMEM medium (GIBCO,
Invitrogen Corporation, USA) supplemented with 3.7 g/L.
sodium bicarbonate, 10 mg/mL streptomycin, 1,000,000
UI/L penicillin, 2 mM glutamine and 10% fetal bovine
serum (FBS, Natocor, Cérdoba, Argentina).

Both cell lines were maintained at 37 °C in a 5% CO, and
95% humidified atmosphere.

Boron solution

The stock solution of boronphenylalanine (‘°BPA) was pre-
pared in a concentration of 30 mg '°BPA per mL (0.14 M).
The BPA (95% enriched in '°B atoms L-phenylalanine iso-
mer, Boron Biologicals Inc., Raleigh, USA) was combined
in water with fructose in a 1:1 ratio and the pH was adjusted
to 9.5-10 with 10 N NaOH with constant stirring until com-
plete dissolution. The final pH was 7.4 and was adjusted
carefully with 6N HCI. The solution was sterilized with a
0.22 pm syringe filter.

Dosimetry

Gamma irradiations were carried out in a °Co source (1 Gy/
min) in the %°Co chamber of the Oncology Institute “Angel
H. Roffo”. Neutron irradiations were carried out at the RA-3
reactor thermal column facility (Miller et al. 2009) at Ezeiza
Atomic Centre (CAE), Buenos Aires, Argentina, where a
highly thermalized and homogenous irradiation field is
available. Thermal neutron flux was 5.9 x 10! n/cm?min~;
the cadmium ratio was 4100 for gold foils, which allowed
neglecting the fast neutron dose. The gamma dose rate was
approximately 6.0+ 0.2 Gy/h. In both cases, different time
lapses were selected to achieve a total physical dose of 3 Gy
(+10%) (Tables 1, 2, 3, 4).

The thermal neutron flux was determined using a self-
powered detector based on rhodium, which was calibrated
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Table 1 Dosimetry for thermal neutron irradiation (N) without boron

Irradiation time (min) Thermal neutron flux (n/cm? min™") Fluence (n/cm?) Dose v (Gy) Dose '“N (Gy) Total dose (Gy)

9.88 5.9%10" + 5% 10" 5.78x107 +5x 10" 1.385+0.043  1.61+0.14 3.0£0.1

Table 2 Dosimetry for thermal neutron irradiation (N plus 10 ppm '°B)

Irradiation time (min) Thermal neutron flux (n/ Fluence (n/cm?) Dose y (Gy) Dose 4N (Gy) Dose 10g (Gy) Total dose (Gy)
cm? min~})

3.7 59%10'" + 5x 10" 2.16x10" +2x10'? 0.519+0.017 0.604+0.051 1.87+0.16  3.0+0.2

Table3 Average foci number per nucleus after irradiation with
gamma rays and a neutron beam (gamma, N and BNCT)

Time C Gamma N BNCT
30 min 12+5 28+7* 20+9 24+7
1h 11+4 27+6 19+7 18+6
2h 15+6 24+8 22+7 18+5
4h 14+6 19+7 20+7 18+6
24 h 10+4 13+4 9+5 13+6

Table 4 Average foci size (um?) per nucleus after irradiation with
gamma rays and a neutron beam (gamma, N and BNCT)

Time C Gamma N BNCT

30 min 0.28+0.08 0.8+0.16 0.6+0.16 0.9+0.18*
lh 0.35+0.12 0.7+0.07 0.7+0.17 0.9+0.27
2h 0.3+0.09 0.75+0.07 0.7+0.23 0.78+0.22
4h 0.3+0.05 0.7+0.21 0.55+0.18 0.73+0.26
24 h 0.53+0.26 0.8+0.21 0.6+0.18 0.73+0.15

using cobalt chips. The epithermal and fast neutron flux
determinations were performed with low cadmium acti-
vation flakes and indium low cadmium flakes and a boron
sphere, respectively. The results of these measurements were
several orders of magnitude lower than those obtained for
the heat flux; so, they were not taken into account for dose
calculation. Finally, for the neutron beam dose calculation,
a graphite ionization chamber reinforced with a lithium cap
was used.

Experimental design

The treatment groups were: (1) C (no irradiation), (2)
gamma (irradiation with the %0Co source), (3) N (irradia-
tion with a neutron beam alone), (4) BNCT (irradiation with
a neutron beam plus '°BPA).

The day prior to the irradiation, cells in exponential
growth phase (between 50 and 70% confluent) were seeded

in T25 or p60 dishes according to the experiment. '’°BPA
(10 pg '°B/ml, 0.925 mM final) was added to cell culture
medium (BNCT group) 1216 h before irradiation, the time
at which there is a maximum in'°BPA uptake in thyroid
tumor cells (Dagrosa et al. 2011a, b).

Immunofluorescence

At different times after the irradiation (30 min, 1, 2, 4 and
24 h), the cells were fixed in paraformaldehyde 4% in PBS
Ix for 15 min, then they were permeabilized with 0.5% Tri-
ton X-100 in PBS 1x for 15 min at 4°C and blocked with
5% fetal bovine serum also diluted in PBS 1x (Ibafiez et al.
2009). Next, the cells were incubated overnight with a mon-
oclonal anti-yH2AX antibody (Upstate, Lake Placid, NY) in
a 1:500 dilution in water. Next day, the cells were incubated
with a secondary antibody anti-mouse IgG (Upstate, Lake
Placid, NY) coupled to FITC in a 1:200 dilution in water for
1 h. Finally, each sample was mounted in Vectashield with
DAPI antifade solution.

Images were obtained with a CCD camera (Olympus
DP70) coupled to an Olympus BX51 fluorescence micro-
scope with a 100x lens (UPlanApo 100/1.35 oil). About 100
cells per sample in triplicate were analyzed for determining
the average number of foci per nucleus and more than 100
cells to determine the average focus size per nucleus. To
measure both parameters, Image Pro Plus and Origin Pro 8
software were used.

RT-PCR

2,4, 6,24 and 48 h after irradiation, total RNA was extracted
using TRIzol reagent isolation protocol (Invitrogen Life
Technologies). RNA quantification was performed in a Nano
Drop 2000 (Thermo Scientific) with 1 pL of the RNA extrac-
tion product. Reverse transcription was carried out with 2 pg
of total RNA with SuperScript III™ Reverse Transcriptase
protocol (Invitrogen Life Technologies) using Oligo
(dT),,_,g primers (Biodynamics). PCR was performed in a
thermocycler (Mrc, Scientific Instruments) using Promega
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Master Mix standard protocol that consisted of 30 cycles at
95 °C for 45 s, specific temperature according to each prim-
ers for 45 s and 72 °C for 45 s. Primer sequences used were:
Rad51 (59 °C), PF: 5'-CTTTGGCCCCACAACCCATTTC-
3', PR: 5-ATGGCCTTTCTCACCTCCAC3’ (Jen-Chung Ko
et al. 2008), Ku70 (56 °C), PF: 5'-CATGGCAACTCCAGA
GCAG-3', PR: 5-GCTCCTTAAACTCATCCACC-3' (Kora-
biowska et al. 2004), Rad54 (53 °C), PF: 5'-AAGTGTGTG
GAAGAGGAG-3', PR: 5'-CCAATGAGATTGAGGCCA-3'
(Matsuda et al. 1999). The PCR products were visualized
in a 2% agarose gel with GelRed Nucleic Acid Stain (Bio-
tium). The images obtained in an EC3 Imaging System were
analyzed with the program Image J and the intensity of each
band was related to a standard gene, in this case GADPH.

Protein expression assay

For Western blot analysis, cells were incubated at 37 °C dur-
ing 2, 4, 6, 24 and 48 h after irradiation. Cells were washed
twice in cold PBS, scrapped and centrifuged. The pellet was
lysed in 100pL RIPA buffer (1 M Tris—HCI, pH 7.2, 1 M
NaCl, 1% Nonidex P-40, 0,5% sodium deoxycholate, 0.1%
SDS) containing proteases inhibitors. The protein concen-
tration was determined by Bradford protein assay (BioRad).
From each sample, 40 pg of total protein was loaded in a
10% SDS-acrylamide:bisacrylamide gel and electrophoresis
was carried out first at 170 V and then at 200 V (~27 V/
cm). Proteins were transferred to a Hybond-P membrane
(Amersham) in transfer buffer (25 mM Tris-base, 192 mM
glycine, 20% methanol, 0.05% SDS) at 100 V for 1 h at 4 °C.
Membranes were incubated in blocking solution, 5% bovine
serum albumin (BSA) in phosphate buffer with Tween-20
0.05% (PBS-T), and probed with rabbit antibodies raised
against Rad51 (Santa Cruz Biotechnology) and Ku70 (Cal-
biochem) overnight in a 1:200 dilution in BSA. Beta-actin
monoclonal antibody (Clone AC-15, Sigma) was used as a
loading control. Membranes were washed and incubated for
1 h with the secondary antibody anti-rabbit IgG horseradish
peroxidase conjugated (Calbiochem) in a 1:5000 dilution
in BSA. The bands were visualized by chemiluminescence
after the addition of substrate (ECL detection kit, Amer-
sham) and exposed to autoradiography films (Amersham
Hyperfim™ ECL). Semiquantitative analysis was performed
by measuring each band density. The relative optical density
(OD) was obtained by dividing the density of each band by
the beta-actin density.

Statistical analysis
All results are expressed as the average of three independ-

ent experiments + SEM. For statistical analysis of foci num-
ber and size, Tukey—Kramer multiple comparison test was
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performed, and for gene and protein expression differences,
Student—-Newman—Keuls multiple test was used.

Results

Nuclear yH2AX foci were stained to evaluate the formation
and repair of DSBs in WRO cells. Figure 1 shows represent-
ative images of cells irradiated with 3 Gy of radiation arising
from the different treatments (gamma, N and BNCT). The
quantification of foci per nucleus (Fig. 2) demonstrated that
the focus number was higher in cells irradiated with gamma
rays (y) than in cells irradiated with neutrons N (p <0.001)
and BNCT (p <0.001) at all the times of evaluation. The
difference between BNCT and N groups was also signifi-
cant (p <0.001) at all the times except at 4 h. From 4 to
24 h after the irradiation, focus numbers tended to decrease.
This observation is expected due to DNA repair. However,
the analysis of focus size showed that foci are larger in cells
treated by BNCT as compared to those in the N and gamma
groups. The difference is significant (p <0.01) from 30 min
post-irradiation (Fig. 3). At 24 h, the focus size did not
decrease significantly in any group.

Expression of HRR repair enzymes Rad51 and Rad54
showed a radiation-induced increase. After 4 h post-irra-
diation, Rad51 mRNA expression increased significantly
(»<0.05) in cells irradiated with neutrons with or without
previous incubation with BPA as compared to those treated
by gamma irradiation and control cells (Fig. 4). Twenty-
four hours post-irradiation, decreased Rad51 mRNA levels
were observed. At 48 h, these levels were stabilized. Rad54
mRNA levels increased 6 h after the irradiation in N and
BNCT groups and were stabilized at 48 h as Rad51 (Fig. 5).
The expression of Ku70, a member of the NHEJ pathway,
did not show significant differences in mRNA levels, neither
between groups nor at any fixation time (Fig. 6). [For fur-
ther understanding, Rad51 and Ku70 Western Blot protein
expression assays were made (Fig. 7)].

The analysis of proteins showed that Rad51 protein levels
increased 4 h after irradiation (Fig. 8) and remained elevated
for 48 h in the BNCT group. In contrast, Ku70 protein lev-
els did not show significant changes, although demonstrated
a tendency to decrease compared to control cells (Fig. 9).
These findings are consistent with an activation of HRR
mechanism in WRO cells irradiated with neutrons alone or
with boron compound (N and BNCT).

To find out if DNA damage and repair mechanisms
induced by BNCT were specific to the follicular thyroid
carcinoma cell line (WRO), the same parameters were
evaluated in a human melanoma cell line (Mel J). Foci
number increased in BNCT and N groups compared to
control group (C) 30 min after irradiation (the number
was higher in N than in the BNCT group), but after 24 h
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Fig. 1 Representative images of YH2AX foci in control WRO cells (a), those irradiated with gamma rays (b) and with a neutron beam in the
absence (N) or presence of BPA (BNCT) after 30 min, images ¢ and d, respectively
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30 min 1 2 4 24

Time after irradiation (hours)

Fig.2 yH2AX focus numbers per nucleus as function of time after
irradiation (30 min, 1, 2, 4 and 24 h) in WRO non-irradiated cells
(C), cells irradiated with gamma rays, cells without BPA irradiated
with a neutron beam (N) and cells with BPA irradiated with a neu-
tron beam (BNCT). C vs N, gamma, BNCT ***p <0.001; BNCT vs
N **p<0.01; BNCT vs gamma ***p <0.001

this number seemed to decrease (Fig. 10). The mean focus
size was higher in cells treated by BNCT compared to the
N group (p <0.001) 30 min after irradiation, reaching the
basal levels 24 h post-irradiation in both groups (Fig. 11).
These results could suggest that in this melanoma cell
line, DSBs are more scattered, better distributed along

uC
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=BNCT

GammaH2AX focus size (um?)

30min 1 2 4 24
Time after irradiation (hours)

Fig.3 yH2AX focus size per nucleus as function of time after irradia-
tion (30 min, 1, 2, 4 and 24 h) in WRO non-irradiated cells (C), cells
irradiated with gamma rays, cells without BPA, irradiated with a neu-
tron beam (N), and cells with BPA, irradiated with a neutron beam
(BNCT). BNCT vs N *#p<0.01

the DNA molecule but not clustered (non-DSB clustered
lesions), resulting in a more efficient DNA repair process.
On the other hand, the study of the repair genes expression
showed an increase of Rad51 mRNA 2 h after the irra-
diation (Fig. 12) and an increase also in Ku70 mRNA at
4 h post-irradiation. In contrast to WRO cells, both repair
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Fig.4 Rad51 mRNA expression as function of time after irradiation
(2, 4, 6,24 and 48 h) in non-irradiated WRO cells (C), cells irradiated
with gamma rays, cells without BPA irradiated with a neutron beam
(N), and cells with BPA, irradiated with a neutron beam (BNCT).
Gamma vs BNCT *p <0.05
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Fig.5 Rad54 mRNA expression as function of time after irradiation
(2, 4, 6,24 and 48 h) in non-irradiated WRO cells (C), cells irradiated
with gamma rays, cells without BPA, irradiated with a neutron beam
(N), and cells with BPA, irradiated with a neutron beam (BNCT)
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Fig.6 Ku70 mRNA expression as function of time after irradiation
(2, 4, 6,24 and 48 h) in non-irradiated WRO cells (C), cells irradiated
with gamma rays, cells without BPA, irradiated with a neutron beam
(N), and cells with BPA, irradiated with a neutron beam (BNCT)
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Fig.7 Analysis of Rad51 and Ku70 by Western Blot. WRO cells irra-
diated with a neutron beam in the absence (N) or presence of BPA
(BNCT) after 6, 24 and 48 h and in cells control no irradiated (C)

Rad51

16
14
1,2

038
06
0,4
02

Protein expression

2 4 6 24 48
Time after irradiation (hours)

Fig.8 Rad51 protein expression as function of time after irradiation
(2, 4, 6, 24 and 48 h) in WRO non-irradiated cells (C), cells without
BPA, irradiated with a neutron beam (N), and cells with BPA, irradi-
ated with a neutron beam (BNCT)
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Fig.9 Ku70 protein expression as function of time after irradiation
(2, 4, 6, 24 and 48 h) in WRO non-irradiated cells (C), cells without
BPA, irradiated with a neutron beam (N), and cells with BPA, irradi-
ated with a neutron beam (BNCT)

pathways (HRR and NHEJ) could be activated by BNCT
in Mel J (Fig. 13).
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Fig. 10 yH2AX focus numbers in Mel J cells after 3 Gy of irradiation
with a neutron beam with or without BPA (N and BNCT). Results are
expressed as average number of foci per nucleus, per treatment and
per time
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Fig. 11 yH2AX focus size in Mel J cells after 3 Gy of irradiation
with a neutron beam with or without BPA (N and BNCT). Results are
expressed as average foci size per nucleus, per treatment and per time.
N vs BNCT 30 min ***p <0.001
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Fig. 12 Rad51 mRNA expression as function of time after irradiation
in non-irradiated Mel J cells (C), cells irradiated with gamma rays,
cells irradiated with a neutron beam (N) and cells with BPA, irradi-
ated with a neutron beam (BNCT)
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Fig. 13 Ku70 mRNA expression as function of time after irradiation
in non-irradiated Mel J cells (C), cells irradiated with gamma rays,
cells irradiated with a neutron beam (N) and cells with BPA irradi-
ated with a neutron beam (BNCT)

Discussion

The application of BNCT to clinical treatments of some
types of cancers has committed several multidisciplinary
groups to work on two fundamental aspects of this binary
system: the development of new boron-10 compounds and
their administration, and tumor irradiation with more accu-
rate and effective neutron beams (Coderre and Morris 1999).
Previously, we demonstrated that BNCT could be applied
for the treatment of undifferentiated and poorly differenti-
ated thyroid carcinoma (Dagrosa et al. 2002, 2003, 2007).
In this work, we studied the DNA damage and the repair
mechanisms induced by irradiation arising from BNCT in
a human follicular thyroid carcinoma cell line. The results
were compared to a reference melanoma cell line.

Little has been investigated about the underlying DNA
damage response mechanisms activated by BNCT. The
knowledge of these radiobiological mechanisms would
allow to manipulate the tumor response to radiation and
thus achieve a therapeutic improvement. Particularly, we
focused on the DNA as BNCT target since it constitutes one
of the most sensitive molecules within the cell. The severity
of the induced lesions and their spatial distribution depend
on the radiation quality. It is expected that densely ionizing
radiation produces clustered ionizations with relatively high
efficiency (Wang et al. 2010).

Unlike conventional radiotherapy modalities based on
low LET radiation, the radiation field during BNCT con-
sists of a mixture of components with different LET charac-
teristics. The total absorbed physical dose results from the
sum of those individual physical doses. In addition to the
dose from capture reaction in boron-10, the neutron beam
interacts with different elements in the tumor, resulting in a
background mixture of high and low LET radiation. Within
the nonspecific dose components, the neutron capture reac-
tion by hydrogen atoms releases a 2.23 MeV gamma ray,

@ Springer



Radiation and Environmental Biophysics

while thermal neutrons captured in nitrogen releases a high
LET proton with an average energy of 590 keV. Also, the
fast neutrons which contaminate the neutron beam produce
recoil protons of high LET ['H (n, n') p] by collisions with
hydrogen nuclei, with average energies similar to protons
from nitrogen. Gamma rays are induced from the reaction of
neutron capture in H [IH (n, gamma) 2H], but also from the
contributions of the beam and the activation of the material
shielding and collimated beam that is around the patient sup-
port. Therefore, studying the radiobiological effects arising
from BNCT consists in evaluating the effects of a complex
radiation beam with many dose components.

In this paper, we evaluated DNA damage through the
detection of H2AX histone phosphorylation foci. YH2AX
has been measured by other groups after irradiation with
low or high LET radiation (Burma et al. 2001; Ibafiez et al.
2009).We observed that focus numbers during the evaluated
time were lower for N and BNCT groups than for the gamma
group. In all studied groups, the highest focus numbers were
found 30 min after irradiation. The group irradiated with
gammas showed the highest number of foci. The low foci
number in cells irradiated with neutrons was also seen in
cells irradiated with another type of particles (Antonelli
et al. 2015). However, when we measured the focus size, we
observed that it was higher in the BNCT group. This result
can be explained by the fact that DSBs induced by high
LET radiation are densely concentrated in clusters (Bracal-
ante et al. 2013) and the large focus size reflects high DSB
complexity (Staaf et al. 2012). After 24 h we observed that
focus frequencies tended to decrease in all treatment groups.
However, the focus size remained constant, indicating that
repair processes have been activated but that only small foci
disappear. Large foci are persistent and difficult to repair
(Staaf et al. 2012).

Two different pathways that mediate DSB repair have
been identified in mammalian cells: HRR and NHEJ. The
HRR pathway is a very accurate repair mechanism, in which
homologous DNA on a sister chromatid or chromosome
works as a template to guide repair of the broken strand.
NHE]J, on the other hand, is a less accurate form of DSB
repair, in which the two ends of the broken DNA molecule
are processed to form compatible edges that are directly
ligated. It is not completely clear what exactly determines
the activation of HRR or NHEJ, but the cell cycle stage is
thought to play an important role in this decision (Jeggo
and Lobrich 2006). A number of repair proteins appear to
be regulated by checkpoints genes or to be the substrates
for checkpoint kinases (Pawlik and Keyomarsi 2004). When
we analyzed repair pathways induced by BNCT in follicular
carcinoma cells compared to the non-irradiated and gamma
irradiated cells, we observed an increase of Rad51 and
Rad54 mRNA expression at 4 and 6 h after the irradiation,
respectively, showing the expression of enzymes belonging
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to the HRR pathway. We also studied protein expression by
Western blot and observed an increase of Rad51 protein 4 h
after the irradiation and that it remained elevated for 48 h.
This is consistent with an increased transcription followed
by the translation process. The expression of Ku70, a mem-
ber of NHEJ, did not show significant changes with respect
to the basal levels. The results demonstrated that in the fol-
licular thyroid carcinoma cell line, the main activated repair
pathway is HRR. This is consistent with our previous study,
where WRO cells were arrested after BNCT irradiation in
the G, phase (Perona et al. 2013). HRR provides highly
accurate DSB repair by using an intact sister chromatid as
template and it is therefore restricted to the late S and G,
phase (Sonoda et al. 2006).

To find out if the damage profile and the repair pathways
induced by BNCT in WRO cell line were tissue specific, we
performed the same analysis in a melanoma cell line (Mel J).
Mel J is a highly heterogeneous human melanoma cell line,
which contains small cells, dendritic cells and mega cells
with multiple nuclei (Guerra et al. 1990). We observed that
the YH2AX focus pattern over time is different to that seen in
thyroid carcinoma cells. The highest number of YH2AX foci
were detected 30 min after irradiation in the N and BNCT
groups showing a slight decrease at 24 h. The largest foci
were observed in the BNCT group 30 min after radiation
exposure, and they seemed to reach the basal level at 24 h.
These results could suggest that in the melanoma cell line,
the lower biological effectiveness observed compared to
the thyroid cell line could be related to the fact that DSBs
are more scattered and better distributed along the DNA
molecule, resulting in a more efficient DNA repair process
(Belli et al. 2002). The repair pathway analysis showed
that both HRR and NHEJ were induced in melanoma cells
by the radiation arising from BNCT. We demonstrated an
increase in Rad51 mRNA after 2 h and a marked increase in
the Ku70 mRNA at 4 h. NHE]J is the predominant pathway
for DSB repair in mammalian species and it can function
independently of the cell cycle phase (Jeggo and Lobrich
2006). The pathway selection can be a simple competition
between HRR and NHEJ (Yano et al. 2009). Another postu-
lated mechanism for pathway selection is the recruitment of
the Ku protein to the site of a DSB. This hypothesis is based
in the fact that Ku is abundant in the nucleus throughout the
cell cycle and it has an extremely high affinity to DNA ends
(Yano et al. 2009). Interestingly, Kim et al. reported that
Ku is actually recruited to DSBs prior to Rad51, the central
protein in HRR (Kim et al. 2005).

Thyroid cancer can be found in a differentiated or undif-
ferentiated form. Differentiated forms, like papillary or fol-
licular carcinomas, have a generally good prognosis. Most of
them, but not all, present a normal iodine uptake and, there-
fore, successful surgical thyroidectomy can be achieved with
a ®!I therapeutic dose. In many cases, these types are well
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controlled and complete remission of the tumor is obtained.
In other instances, the prognosis is not so good. The undif-
ferentiated thyroid carcinoma or the recurrences of some dif-
ferentiated forms lost their capability to concentrate iodine,
and therefore, the therapeutic effect of the radioactive iodine
is missing (Chiacchio et al. 2008). As a consequence, new
treatments are being explored to offer new alternatives to
patients in these cancer stages. Some years ago, we started
to study the possibility of applying BNCT for the treatment
of such cases. We evaluated different strategies to optimize
the performance of BNCT and to obtain better results. The
studies performed here showed that thyroid carcinoma had a
particular pattern of DNA DBS damage and the mechanisms
of repair induced are different from those in melanoma cells.
This understanding will allow us to evaluate different block-
ing points, to potentiate the damage to tumor cells. A future
strategy to manipulate the thyroid cancer response to BNCT
would be to administer an inhibitor of Rad51.
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