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Abstract: Boron-Neutron Capture Therapy (BNCT) is a tumor-selective radiotherapy, based on
the nuclear capture reaction 10B(n,α)7Li producing short range α-particles and recoiling 7Li nuclei
exclusively confined to boron-enriched cancer cells. These particles possess high Linear Energy
Transfer (LET) and mainly generate clustered DNA strand breaks, which are less faithfully restored
by intracellular repair. Mis-rejoined breaks yield chromosome aberrations (CAs), which, for high-LET
radiation, are more complex in nature than after sparsely ionizing photons/electrons used in con-
ventional radiotherapy, which leads to increased cell-killing ability. However, such a radiobiological
tenet of BNCT has been scantily studied at the DNA level. Therefore, the aim of this work was
to evaluate CAs induced by BNCT in comparison to X-rays in genomically stable normal human
epithelial mammary MCF10A cells. Two Fluorescence In Situ Hybridization (FISH)-based techniques
were applied to calyculin A-induced prematurely condensed chromosomes: Whole Chromosome
Painting and multicolor(m)-FISH. Not only did BNCT induce a greater CA frequency than X-ray
irradiation, but m-FISH karyotype-wide analysis confirmed that CAs following BNCT exhibited a
much higher degree of complexity compared to X-rays. To our knowledge, this is the first time that
such evidence supporting the radiobiological superiority of BNCT has been shown.

Keywords: BNCT; BPA; FISH techniques; chromosome aberration; complex DNA damage; high-LET
radiation

1. Introduction

Inasmuch as cancer incidence is growing globally, external beam radiotherapy (RT) re-
mains one of most effective strategies in oncological disease management and cure. Recent
years have witnessed remarkable technological advances in RT that have improved the pre-
cision of the dose distribution to deep-seated tumors [1]. A clear example is protontherapy,
whose physical properties ensure greater sparing of healthy tissue than photon-based conven-
tional radiotherapy (CRT), thus abating the risk of RT-induced secondary cancers [2]—a crucial
requirement, especially for pediatric patients [3]. However, this is of little avail against tumor
radioresistance. Proton beams used clinically are radiobiologically equivalent to photons, with
a slightly higher relative biological effectiveness (RBE) equal only to some 10%.

Aside from high-RBE carbon ion radiotherapy (CIRT), which is still hampered by costs
and a lack of robust evidence-based clinical advantages [4], recently proposed physics-based
strategies such as Proton-Boron Capture Therapy (PBCT) have been shown to enhance
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in vitro proton biological effectiveness [5,6]. However, PBCT conceptually stems from
the much longer standing Boron-Neutron Capture Therapy (BNCT) approach, which is
based on the well-known nuclear reaction 10B(n,α)7Li. The rationale of BNCT is that low-
energy (0.0025 eV) thermal neutrons interact with 10B incorporated preferentially by tumor
cells, leading to the emission of one α-particle (4He) and one recoiling 7Li nucleus [7–10].
As these reaction products have a summed range in the order of a cell nucleus diameter
(~10 µm), in principle, only cancer cells will incur the damage brought about by the
emitted particles [11–13]. Moreover, the high Linear Energy Transfer (LET) possessed by
the reaction products is supposed to confer such particles a highly DNA-damaging action.
This represents the putative radiobiological cornerstone [14] for the greater effectiveness
consistently shown by BNCT both in vitro and in clinical trials. Hence, BNCT may be
valuable in overcoming cancer radioresistance [7,9,15–17]. Specifically, Wang et al. recently
reviewed the most relevant clinical trials for a variety of disease sites both in terms of
boron delivery agents as well as prognosis, spanning from as early as 1951 up to 2019,
and reported results that support BNCT is a better overall prospective treatment modality
compared to CRT for cancers, such as glioblastoma multiforme, meningiomas, head and
neck, lung, sarcomas, melanomas as well as pediatric tumors and metastatic sites, among
others [17]. Although radiobiological studies have been carried out [13,16,18], the vast
majority are understandably on BNCT-induced loss of tumor clonogenicity and cell death in
general [19–21]. Since little has been investigated at the molecular level [20,22,23], the actual
mechanisms governing the cellular response to BNCT remain to be elucidated. In fact, as
recently reviewed in [24], it has been speculated that the BNCT-mixed fields diminish the
ability to repair DNA Double-Strand Breaks (DSBs), the most cytotoxic radiation-induced
lesion [25,26], by interfering with DNA Damage Response (DDR) pathways.

High-LET radiation predominantly induces clustered DSBs that are associated with
a higher lethality due to their poor reparability [26–28]. As structural chromosome aber-
rations (CAs) arise from DSB mis-rejoining, a mechanistic link between BNCT-induced
cell death and lethal CAs has been long proposed [29] but never substantiated by experi-
mental data. Therefore, in this work, we focused on the measurement of CAs following
BNCT as compared to low-LET X-ray irradiations with the specific intent of measuring
the level of CA complexity. This is because as the ionization density increases, so does
the likelihood that complex-type CAs arise [30–32], these being defined as involving at
least two chromosomes, two arms and three breaks [33]. Hence, to ascertain whether the
greater ability of the mixed radiation field associated with the BNCT is ascribable to such
LET-dependent increase in CA complexity, we used two Fluorescence In Situ Hybridization
(FISH) techniques—Whole Chromosome Painting (WCP) and multicolor(m)-FISH. The for-
mer paints two pairs of homologous chromosomes and allows rapid quantification of the
overall damage burden induced; the latter, instead, adds valuable information specifically
on the degree of complexity within the detected spectrum of the aberration types [34–36].
Boronophenylalanine (BPA), an amino acid derivative actively incorporated by cancer
cells [8], was used as a boron carrier. The normal immortalized breast epithelial MCF-10A
cell line, frequently used in radiobiology to study normal-cell radiation-induced damage
and particularly in CA studies due to its stable genome, was the in vitro model system of
choice so as to avoid the confoundingly high baseline frequency of inherently genomic
unstable cancer cell lines. Using WCP, we found that the presence of BPA enhanced the
frequency of CAs in samples exposed to thermal neutrons compared to those observed in
cells exposed to X-rays at the same doses. Moreover, m-FISH-based karyotype examination
revealed a much higher frequency of complex CAs following BNCT compared to X-ray
exposure; in particular, the number of chromosomes and that of breaks involved per com-
plex CA was markedly greater in BNCT-treated samples. We therefore showed for the first
time that DNA damage complexity is the key factor for the radiobiological effectiveness
of BNCT in keeping with the high-LET components of the radiation field elicited by the
neutron capture reaction.
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2. Materials and Methods
2.1. Cell Culture Maintenance

Human epithelial mammary MCF10A cells, a gift by Dr. P. Chaudhary, School of
Medicine, Dentistry and Biomedical Sciences, Queen’s University Belfast, UK, were grown
in standard tissue culture T75 flasks in a humidified atmosphere of 5% CO2 in air at
37 ◦C. The growth medium consisted of DMEM/F12 containing 5% horse serum, endothe-
lial growth factor (20 ng/mL), hydrocortisone (0.5 mg/mL), insulin (10 mg/mL) and
cholera toxin (100 ng/mL). Cells were routinely subcultured by means of concentrated
trypsin 10× using serum-enriched (20%) DMEM/12 medium devoid of all supplements
for quenching of trypsin and dilutions [37]. Penicillin/streptomycin was added to both
media (1%). At 48 h prior to exposure to the various radiation types, cells were seeded at
appropriate densities (∼=2 × 105 cells) in T25 flasks so as to have log-phase cultures at the
time of irradiation.

2.2. X-Ray Irradiation

X-ray irradiation was carried out using a STABILIPAN 2 (Siemens, Munich, Germany)
radiogen machine available at the Radiation Biophysics Laboratory, University of Naples
Federico II, Italy. X-rays were produced by a Thomson tube (TR300F, Siemens, Munich
Germany) equipped with a tungsten anode at a working maximum voltage of 250 kVp
and filtered by 1 mm thick Cu foil. The dose rate was approximately 1.37 Gy min−1 as
previously determined with an Accu-Pro Radcal® ionization chamber (model 10X6-06,
RadCal, Monrovia, CA, USA). Specifically, cells were placed on a plexiglass support at a
given distance from the X-ray exit window Since the ionization chamber is not flat, to have
a measurement of the dose rate as accurate as possible at the position where the cells would
be, the plexiglass support (Figure 1) was lowered by an amount such that the center of the
sensitive volume of the ionization chamber would coincide with the position of the cell
monolayer. Therefore, after the dose rate measurement, the support was brought up by
that amount and routine irradiations were carried out by setting on the tube control unit at
the appropriate time so as to deliver the desired dose. Dose uniformity was consistently
within 1% across the 14 × 11 cm2 radiation field.
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Figure 1. Neutron autoradiography imaging of three representative MCF-10A pellets after BPA
treatment. The cell pellets (after washing) were deposited on Mylar disks and irradiated in contact
with the sensitive CR-39 detector. The pictures are the results of the chemical etching of the CR-39.
The images do not show single tracks on the detector but the distributions of the tracks on the entire
sample. The grayscale intensity is representative of the amount of boron in the sample. Lighter areas
correspond to higher boron uptake regions. Boron distribution appears homogeneous.

2.3. BPA Preparation and Cell Treatment for BNCT Irradiation
10B-enriched (~99%) BPA was prepared adding fructose to obtain solubility: a 0.14 M

solution was obtained combining BPA (10B-enriched, L-isomer) with a 10% molar excess of
fructose in water. The pH was adjusted to 9.5–10 with NaOH, the mixture was stirred, and
after a few minutes, the pH was re-adjusted to 7.4 with HCl.

Before neutron irradiation, the cells were treated for 4 h with BPA previously weighed
out and thoroughly dissolved in an appropriate volume of cell growth culture medium.
Following filtration by 0.22 µm syringe filters, the working concentration of 80 µg of
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10B per mL of culture medium (that is, 80 parts per million, ppm) was achieved correspond-
ing to approximately 1.67 mg/mL of BPA [21]. Subsequently, the BPA-containing medium
was removed and, after three washes with PBS (Phosphate-Buffered Saline solution), was
replaced with BPA-devoid medium.

2.4. BNCT Irradiation

The cellular samples were irradiated at the TRIGA Mark II research reactor at LENA
(Laboratorio di Energia Nucleare Applicata), University of Pavia, Italy. Cells were irradiated
in a position of the existing irradiation facility inside the thermal column of the reactor where
the thermal neutron flux is about 8 × 107 cm−2 s−1 at 1 kW, with low epithermal and fast
neutron components, as well as low gamma dose [38]. MCF-10A cells were exposed in
T25 flasks to 5 kW and 20 kW neutrons for 10 min for each reactor power to yield absorbed
doses of 0.5 and 2 Gy, respectively, assuming a boron uptake of 30 ppm. Dosimetry for BNCT
experiments consists of calculating by Monte Carlo N-Particle (MCNP6) transport code [38]
and the dose deposited in cells by the charged secondary particles set in motion by neutron
interaction in cells and in the materials. Neutron flux and spectrum in the cell irradiation
position are well known and validated. The calculations were made by projecting the fission
neutron source on 6 surfaces surrounding the irradiation position using the SSW/SSR MCNP
instructions in order to obtain a better efficiency. A first run was implemented to calculate
the reaction rate of neutron captures in boron, nitrogen and hydrogen, to characterize the
component of neutron-proton scattering, and to assess the photon dose by electron transport.
A second run was carried out by defining a uniform source of protons, alpha particles
and 7Li ions which were transported in the best possible detail to estimate dose. The dose
was then normalized using the reaction rate previously calculated and the assumed boron
concentration. Specifically, the absorbed dose was calculated considering all the radiation
components, as shown in Table 1, of the mixed radiation field of BNCT. This was estimated
using a validated TRIGA Mark II reactor model written with MNCP6. Of note, computational
dosimetry was obtained by transporting all the secondary particles of the mixed radiation
field generated by BNCT in the cell layer, without equilibrium assumptions [39].

Table 1. Dose components for neutron irradiation in the thermal column of the LENA TRIGA Mark
II research reactor.

Absorbed Dose [10−6 Gy s−1 kW−1]
10B(n,alpha)7Li
per ug/g of 10B

14N(n,p)14C H (n,n’) H gamma

5.07 ± 0.01 8.56 ± 0.01 3.02 ± 0.03 17.68 ± 0.03

Verification of Boron Uptake in Cells

The actual boron intracellular uptake was evaluated by neutron autoradiography [40]
using Solid-State Nuclear Track Detectors (SSNTDs, Mi.am Srl, Piacenza, Italy), i.e., allyl
diglycol carbonate (C12H18O7), known as CR-39 (Columbia Resin) and commonly used for
particle beam fluence and retrospective calculations in radiobiology. Neutron autoradiography
allows performing imaging of boron distributions. Imaging was obtained for each experiment
in samples treated the same day and undergoing the same procedure as the ones irradiated
for radiobiological assays. On the day of irradiation, a cellular pellet (consisting of about
4 × 106 cells) was deposited on Mylar films and let dry out for at least 48 h. The films on CR-39
were irradiated at the TRIGA reactor at 20 kW for 30 min, in a position of the facility where the
thermal neutron flux is 8 × 106 cm−2 s−1 at 1 kW. After irradiation, the CR-39 detectors were
subjected to chemical etching in a PEW40 (KOH + C2H5OH + H2O) basic solution for 10 min
at 70 ◦C to enlarge the diameter of the latent tracks and make them visible under microscope
observation. For these experiments, a Leica stereomicroscope (Leica Microsystems Srl, Milan,
Italy), provided with an integrated camera connected to a PC was used. The images were
acquired and processed with Image Pro Plus 7.0.8.
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2.5. Cytogenetic Preparation

Radiation-induced genotoxicity was assessed by measurement of structural CA fre-
quencies in MCF-10A cells following X-ray irradiation or neutron exposure. Scoring of
CAs was carried out in chemically induced interphase chromosomes obtained as pre-
viously described [41,42]. Briefly, at 24–36 h post-irradiation, cells were incubated for
30 min in the presence of calyculin A (50 ng/mL, (Merck KGaA, Darmstadt, Germany)
to induce Premature Chromosome Condensation (PCC). Calyculin-A treated cells were
then trypsinized and resuspended in dilution tubes after centrifugation to be subjected
to hypotonic treatment (25 min in 75 mM KCl at 37 ◦C), followed by fixation on ice in
freshly prepared Carnoy solution (3:1 v/v methanol/glacial acetic acid). Finally, slides
were prepared by dropping the solution on pre-warmed (42 ◦C) wet slides and air-dried at
room temperature (RT) for at least 24 h. Slide aging was carried out for a few days at 37 ◦C
prior to chromosome hybridization.

2.6. Chromosome Hybridization

CAs were detected by means of two Fluorescence In Situ Hybridization (FISH)-based
techniques: conventional Whole Chromosome Painting (WCP) and the more advanced
karyotype-wide multicolor (m)-FISH analysis.

2.6.1. WCP

As previously described [41,43], for WCP, the two pairs of homologous chromosomes
1 and 2 were labeled with probes (MetaSystems ProbesGmbH, Altlussheim, Germany)
emitting in the green (chromosome #1, XCP-1 FITC) or red (chromosome #2, XCP-2 orange)
spectrum under UV light, respectively. An amount of 8 µL from each probe was aliquoted
and used for a 24 × 40 mm2 slide area. Chromosome denaturation (72 ◦C for 3 min)
followed by probe hybridization (37 ◦C for 4 h) was performed using a programmable
HYBrite® chamber system (ThermoBrite, Abbott, IL, USA). As per the manufacturer’s
instructions, post-hybridization washes were performed (0.4X SSC or Saline-Sodium Citrate,
pH 7.0–7.5, at 72 ◦C; RT 2X SSC, pH 7.0 containing 0.05% Tween20®) and chromosomes
were counterstained by 4, 6-diamidino-2-phenylindole (DAPI/antifade, 250 ng/mL).

2.6.2. m-FISH

For m-FISH, all chromosomes were labeled with a finite number of spectrally distinct
fluorophores in a combinatorial fashion by means of the 24 X-Cyte (Metasystems, Germany)
probe cocktail (CyTM5, DEAC, FITC, Spectrum OrangeTM, Texas Red) as described more
in detail elsewhere [5,6]. In short, chromosomes and probes were separately denatured.
An appropriate amount of the latter was aliquoted in an Eppendorf tube (12 µL for a
24 × 24 mm2 coverslip). Slides with PCC spreads were treated sequentially according to
the following steps: immersion in 2× SSC solution at 70 ◦C for 30 min; bathing at RT
in 0.1× SSC for 1 min; rinsing in 0.07 NaOH for 1 min at RT; two washes in 0.1× and
2× SSC for 1 min each at 4 ◦C. Finally, slides were sequentially washed in an ethanol series
(70%, 95% and 100%). While slides air-dried, the cocktail probe was denatured by high-
temperature (75 ◦C) incubation in a water bath for 5 min; the probe-containing Eppendorf
tube was then rapidly transported on ice to another water bath for incubation at 37 ◦C
for 30 min. The denatured probe was then applied to the slides. PCC spreads were thus
hybridized for 48 h using the above-mentioned chamber set at 37 ◦C. Post-hybridization
washing and counterstaining were carried out in the same fashion as described for WCP.

2.7. Scoring and Analysis of CAs

An epi-fluorescence microscope (Axioplan2 imaging MOT, Carl Zeiss AG, Oberkochen,
Germany) connected to a computerized platform (Metafer 4, MetaSystems) was used for
automated scanning of slides. This allowed digital acquisition of each fluorophore color for
subsequent classification of CA rearrangements, either manually by direct observation in
the case of WCP or through dedicated software for karyotype reconstruction in the case of m-
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FISH-painted PCC spreads. Specifically, CA analysis of WCP-treated samples was carried
out by the same scorer on three-color stored images from blind-coded slides. Classification
of CAs detected by m-FISH was carried out in accordance with the 24XCyte labeling
scheme as provided by the manufacturer after karyotyping of the PCC spreads by the ISIS
imaging software, v. 5.2.23 (MetaSystems, Germany), which attributes a false color pattern
depending on overlap signals intensity. All types of structural aberrations as originally
defined by Savage [44] were scored separately and categorized in simple exchanges (i.e.,
translocations and dicentrics), either visibly structurally complete or incomplete, acentric
excess fragments and complex exchanges, these being assessed as the result of an exchange
involving not less than three breaks in at least two chromosomes (that is the Chromosome,
Arm, Break criterion—CAB) [33,36]. When more than one option to achieve completeness
was possible, the rearrangement that produced the minimum CAB was used. For this study,
the frequency “f ” of all classified CAs was calculated as the ratio between all exchange-type
aberrations “n” (simple plus complex, both reciprocal and nonreciprocal) and the number
of cells scored “N”, which was not less than 500 cells for WCP (1500 for unirradiated
controls) and at least 100 cells for m-FISH:

f =
n
N

(1)

The standard error σ was calculated assuming the frequency f as binomially distributed:

σf =

√
f ∗| f − 1|

N
(2)

The same formulas were used for the frequency of complex aberrations alone as
well as for the number of chromosomes or of breaks involved in complex exchanges per
total number of scored cells as a measure of the degree of complexity in the observed
chromosomal rearrangements [5,45]. If necessary, statistical significance was determined at
the 95% confidence level by a Two-Sample t-test using SYSTAT (version 13.1, US).

3. Results
3.1. Boron Distribution Imaging

Control samples of MCF-10A cells without boron were measured to check for potential
contaminations, i.e., to prove that no boron due to other sources was present, and they in
fact did not contain boron. Figure 1 reports pictures of boron distribution imaging for the
samples of MCF-10A pellets. The images were obtained by irradiation with high neutron
fluence and subsequent etching. The charged particles, generated by neutron interaction in
boron, damage the detector along their tracks. The chemical attack of the etching solution
enlarges the tracks until they merge, forming a map of boron distribution. The light gray
corresponds to the area of the detector where tracks are superposed, obtaining an imaging
of the whole cell sample. The distribution is well uniform, demonstrating an even uptake
of BPA in the whole cell population, being consistent with the historical experience with
cell uptake using BPA with the described protocol. The image of boron distribution is
compatible with the assumed boron concentration of 30 ppm, by our previous experience
of boron uptake in cell cultures.

3.2. BNCT Is More Effective Than X-rays at Causing DNA Damage

The overall burden of chromosomal damage caused by BNCT is represented in
Figure 2. This shows the frequency of all CAs measured in MCF-10A PCC spreads fol-
lowing exposure to X-rays or BNCT at two doses (0.5 and 2 Gy) plus unirradiated controls:
at each dose, and for both irradiation modalities, results are presented as obtained by
conventional WCP and m-FISH scoring. Data clearly show that treatment by BNCT led to
a much greater occurrence of CAs compared to X-rays. Already at the lowest dose used,
the CA frequency as assessed by WCP following BNCT was more than 4-fold higher than
that found after X-rays (that is, 0.32 ± 0.02 vs. 0.076 ± 0.007). This gap increased with dose
as the CA frequency for BNCT at 2 Gy exceeded that caused by the same dose of X-rays by
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a factor of more than 7, with about 1.9 aberrations per cell compared to 0.25, respectively
(Figure 2). The effectiveness of BNCT at damaging cellular DNA becomes even more
evident when CAs were scored by m-FISH, which consistently yielded an absolute value
for the CA frequency that was markedly higher than that scored by WCP, demonstrating
the ability of m-FISH to identify all structural exchanges involving any chromosome [35,36].
For example, the overall incidence of chromosomal rearrangements was 10-fold higher
after BNCT than after X-rays at 2 Gy (8.0 ± 0.8 vs. 0.79 ± 0.04 as shown in Figure 2).
No statistically relevant evidence of an increase in overall CA frequency was observed in
MCF-10A cells between control samples treated or not with BPA.
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Figure 2. Comparison between the frequency of total aberrations per cell yielded by BNCT (hatched
bars) and X-ray irradiation and measured using WCP or m-FISH for the two doses used. Unirradiated
controls show similarly low levels of spontaneous CAs.

3.3. BNCT Causes More Complex DNA Damage Than X-rays

Cells irradiated with the neutron thermal flux in the presence of the 10B carrier BPA
yielded a significantly higher proportion of complex-type CAs than following X-rays
(Figures 3 and 4). Specifically, for X-rays at 0.5 Gy, the occurrence of such aberration
type was almost negligible by either technique whereas at the same dose in BNCT-treated
samples, analysis by WCP and m-FISH showed frequencies of around 0.08 and 0.25 complex
rearrangements per cell, respectively (Figure 3). In the case of m-FISH, the latter value
increased to 1.9 ± 0.1 at 2 Gy for BPA-treated samples compared to a complex CA frequency
of just 0.08 ± 0.03 for MCF-10 irradiated with X-rays. In particular, the results found for
2 Gy demonstrate well the appropriateness of m-FISH-based karyotype-wide analysis in
unveiling the “true” occurrence of radiation-induced DNA complex damage as 2.5-fold
more complex-type CAs were found after labeling by m-FISH than after WCP in BNCT-
treated samples (hatched vs. plain bars in Figure 3). That the spectrum of measured
CAs shifts towards a greater complexity following BNCT than after X-ray irradiation is
immediately visible in Figure 4, which shows the relative weight of complex CAs on the
overall yield of CAs. An example of the complexity in the spectrum of aberrations that
m-FISH can detect is shown in Figure 5, which compares two karyotypes from control
and 2 Gy BNCT. These results strongly suggest an effect of the BNCT-associated fusion
reaction’s high-LET products [5,28]. As expected, no complex aberrations were found in
unirradiated controls.
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Figure 5. Reconstructed karyotypes by m-FISH from PCC spreads: (a) karyotype from an unirradiated
cell; (b) karyotype from a PCC following 2 Gy BNCT. The irradiated cell shows an aberrated karyotype
with a significant excess of complex CAs plus other rearrangements, namely, three complex CAs involving
chromosomes 10 and 4, another involving chromosomes 9 and 18 (both with 3 breaks), and another
involving chromosomes 3, 6, and 8 and X. Additionally, a non-reciprocal translocation between chromo-
somes 13 and 17, and several fragments from chromosomes 1, 2, 5, 16 and 20 were found; (c) karyotype
from a PCC exposed to 2 Gy of X-rays showing a simple exchange (incomplete translocation between
chromosomes 3 and 11) and an acentric fragment from one of the two copies of chromosome 1.
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BNCT Greatly Enhances the Degree of Complexity Associated with Complex Aberrations
Detected by m-FISH

m-FISH analysis allowed us to measure the number of chromosomes and that of breaks
involved per complex aberrations normalized by the total number scored. These figures
were taken as representing the degree of complexity associated with the treatment with
BNCT or X-rays [5]. As clearly shown by Figures 6 and 7, a very marked level of complexity
accompanies the complex exchanges found in the BNCT-exposed samples, concurrent with
the notion of high LET-induced chromosomal damage, while the much fewer complex
CAs observed after X-ray irradiation (Figures 3 and 4) exhibited a minimal number of
chromosomes or breaks involved even at the highest X-ray dose, that is 0.19 ± 0.04 and
0.24 ± 0.04, respectively. By contrast, at 2 Gy, the frequencies of chromosomes per complex
exchange per cell and those of breaks per complex exchange per cell were 5.9 ± 0.5 and
7.9 ± 0.7, respectively, in the case of the BNCT-treated samples.
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Figure 6. Comparison of the degree of complexity measured in the complex exchanges scored
between BNCT- and X-ray-irradiated samples as expressed in terms of the number of chromosomes
involved per complex CA.
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Figure 7. The number of breaks giving rise to the complex exchanges detected by m-FISH in BNCT-
and X-ray-irradiated samples confirms the much higher degree of DNA damage complexity elicited
by the BNCT-associated 10B(n,α)7Li reaction.

4. Discussion

Despite not being yet routinely implemented in clinics worldwide, BNCT has been
long advocated as a strategic radiotherapy (RT) modality, particularly against radiore-
sistant tumors, due to its much greater relative biological effectiveness (RBE) compared
to conventional RT (CRT) based on low-Linear Energy Transfer (LET) photons and/or
electrons [10,17,46–48]. For this reason, we did not perform cellular irradiations in the
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absence of the 10B carrier. Indeed, a boost in BNCT-related research and clinical application
is occurring nowadays as the development of compact accelerator-based neutron sources
paves the way for its in-hospital use, and hence for more advanced clinical trials [12,49].
The potential superiority of BNCT over CRT stems from the radiobiological properties of
the high-LET products of the 10B(n,α)7Li reaction [13,46]. In fact, while several studies have
clearly demonstrated how effectively BNCT impairs the reproductive integrity of cancer
cells, as reviewed in [7,16], for example, scant data exist on the BNCT-specific biomolecular
mechanisms presiding over such elevated RBE [24,25,50].

It is a long-standing notion that high-LET particles are likely to cause damage sites
containing multiple lesions in close spatio-temporal vicinity [28,51]. Such highly clustered
lesions, on a nanometer scale, may encompass base damages, Single- and Double-Strand
Breaks (SSBs and DSBs, respectively), and challenge the repair capacity of the cells, im-
pacting the major known pathways for restitution of DSBs (the most cytotoxic lesions),
i.e., homologous recombination (HR), the classical nonhomologous end-joining (c-NHEJ)
and the backup nonhomologous end-joining (b-NHEJ). Specifically, clustered damage
repair remains an open question, but recent findings seem to point to alternative NHEJ
pathways to participate in the case of highly complex DSBs [26,52] leading to a lower rate
of faithful rejoining. This, in turn, is likely to lead to the formation of chromosome aberra-
tions (CAs), with a greater occurrence of complex rearrangements compared to low-LET
radiation reflecting the denser ionization pattern of energy deposition events along the
tracks [32,53] such as those of the particles emitted in the 10B(n,α)7Li reaction. Hence, a
causal link between the superiority of BNCT at cell killing and an increased occurrence of
lethal aberrations compared to lower LET radiations is likely to exist [29], although this has
never been convincingly demonstrated in radiobiological studies thus far.

We therefore investigated the frequency of CAs in BPA-treated cells exposed to a
thermal neutron beam by two well-established chromosome labeling techniques, i.e., WCP
and m-FISH, and compared the observed frequencies of overall CAs and of complex-type
aberrations with those measured following low-LET (X-rays) irradiation. Human mammary
epithelial MCF-10A cells were used to avoid the confoundingly high baseline CA frequency
from genomically unstable cancer cells. As expected, the overall aberration occurrence was
found to increase with dose for both types of irradiations (X-rays and BNCT) as revealed
by both techniques (Figure 2). However, BPA-treated samples exposed to BNCT exposure
did consistently show a significantly higher frequency of all types of CAs scored by both
techniques. More importantly, the marked increase in the frequency of complex-type CAs
(Figures 3 and 4) clearly highlights the greater effectiveness of BNCT-associated reaction
products at causing complex DNA damage compared to X-rays in agreement with the
prevalence of highly clustered damage, whose repair is error-prone [54].

It has also to be noted that our data confirm the underestimation of CA frequency
by conventional WCP, which offers the advantage of a rapid assessment of DNA damage
as it paints only a limited number of pairs of homologous chromosomes (in our case,
chromosomes 1 and 2), compared to the much more expensive and time-consuming m-
FISH (Figure 2). This is crucial as far as complex-type aberrations are concerned as they
involve more chromosomes simultaneously. In fact, m-FISH allowed us to unveil that
radiation-associated complex chromosome damage was of even greater magnitude than
inferred by WCP alone in BNCT samples (Figure 3) owing to the scoring of the entire
karyotype (Figure 5). Furthermore, m-FISH allowed us to quantify the staggering degree of
damage complexity in terms of the mean number of chromosomes (Figure 6) and of breaks
(Figure 7) per complex aberration in the BNCT compared to X-ray-irradiated samples.
In line with previous work on bimodal therapeutic approaches [5], these data altogether
convincingly support the role of the 10B(n,α)7Li reaction as the key factor underlying the
radiobiological effectiveness of BNCT.

To our knowledge, this is the first study to show that the most likely cause of the
therapeutic advantages granted by BNCT is the complexity of the chromosomal damage
caused by the BNCT-generated high-LET particles [54]. This damage is prone to misrepair,
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thereby increasing cell lethality; work by Schmid et al. [55] has, in fact, shown a greater
occurrence of dicentrics in metaphases from cells subjected to the BNCT mixed radiation
field at various doses, including 0.5 and 2 Gy as used in our study, although they report a
lower aberration frequency compared to ours. Indeed, scoring of CA in mitotic cells can
lead to underestimation in the case of high-LET exposure as the most heavily damaged
cells will incur longer cell-cycle delays, which the use of calyculin A-induced Premature
Chromosome Condensation (PCC) circumvents [56]. Moreover, it is true that dicentrics
are a well-known lethal aberration as they lead to mitotic failure and their frequency
well correlates with loss of clonogenicity [57]. However, dicentrics, unlike complex-type
CAs, are not a specific biomarker of high-LET exposure [36], which our data prove is
mechanistically the reason for the therapeutic attractiveness of BNCT.

Overcoming cancer radioresistance remains a priority in any RT scenario and several
novel approaches are being explored via the combination of physics- and biology-based
strategies [58], natural compound-based radiosensitization [59], or even by entirely new
technological advances in hadrontherapy [60]. Our results confirm that BNCT is a truly
promising option to treat radioresistant tumors due to the elevated level of poorly repairable
damage induced at the DNA level. Together with ongoing studies to identify the most
effective routes in boron delivery to improve cancer cell-specific toxicity and the exciting
perspectives due to the new generation of accelerator-based neutron production [8,12,61,62],
this study may contribute to moving BNCT closer to its adoption in clinical routine in other
countries that may thus follow the example recently set by Japan [63].

5. Conclusions

This work represents an in vitro radiobiological study on the putative radiobiological
mechanisms underlying Boron-Neutron Capture Therapy (BNCT) via the detection and
quantification of radiation-induced chromosome aberrations (CAs), which give insights
into energy deposition patterns at the DNA level. By employing Fluorescence In Situ
Hybridization (FISH) techniques, not only did we find that the overall frequency of CAs
was greater in BNCT-treated BPA-containing cells than after X-ray irradiation, but for the
first time, we showed that more complex-type CAs were associated with BNCT. Assessment
of the elevated degree of complexity in such aberrations allows us to conclude that the
therapeutic superiority of BNCT over conventional radiotherapy lies in its capacity to cause
extremely clustered, poorly reparable DNA damage.
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