
Abstract. Background: Boron neutron capture therapy
(BNCT) selectively kills tumor cells while sparing adjacent
normal cells. Boric acid (BA)-mediated BNCT showed
therapeutic efficacy in treating hepatocellular carcinoma (HCC)
in vivo. However, DNA damage and corresponding responses
induced by BA-mediated BNCT remained unclear. This study
aimed to investigate whether BA-mediated BNCT induced DNA
double-strand breaks (DSBs) and to explore DNA damage
responses in vitro. Materials and Methods: Huh7 Human HCC
cells were treated with BA and irradiated with neutrons during
BA-BNCT. Cell survival and DNA DSBs were examined by
clonogenic assay and expression of phosphorylated H2A histone
family member X (γH2AX), respectively. The DNA damage
response was explored by determining the expression levels of
DNA repair- and apoptosis-associated proteins and conducting
a cell-cycle analysis. Results: DNA DSBs induced by BA-
mediated BNCT were primarily repaired through the
homologous recombination pathway. BA-mediated BNCT
induced G2/M arrest and apoptosis in HCC. Conclusion: Our
findings may enable the identification of radiosensitizers or
adjuvant drugs for potentiating the therapeutic effectiveness of
BA-mediated BNCT for HCC.

Hepatocellular carcinoma (HCC) is ranked as the sixth most
prevalent cancer in the world and largely accounts for
cancer-related death, with an 18% 5-year survival rate (1, 2).
The poor prognosis is the result of patients with intermediate

and advanced stage HCC being ineligible for surgical
resection. Statistics show that over 80% of patients with
HCC are diagnosed at later stages, when macrovascular
invasion or extrahepatic spread has already developed (3, 4).
Moreover, most patients develop concomitant liver disease,
which complicates the treatment strategy. Consequently,
there is a need to develop a novel and effective therapy that
improves the clinical outcome of advanced HCC.

Boron neutron capture therapy (BNCT) is a two-step
radiation treatment modality that kills tumor cells and leaves
normal cells undamaged (5). The procedure starts with the
selective accumulation of nonradioactive boron-10 (10B)-
containing drugs in the tumor cells. Once a proper tumor-to-
normal (T/N) ratio of 10B concentration is achieved, the tumor
is subjected to low-energy neutron radiation. The 10B atom
captures the neutron, which becomes unstable and
subsequently disintegrates, releasing a lithium particle (7Li)
and an alpha particle (4He) with an energy track shorter than
10 μm, which is the limit of the diameter of a single cell.
Therefore, the particles that result from high linear energy
transfer selectively induce destructive effects in cancer cells
while sparing adjacent normal cells. Currently, the boron drugs
of choice for BNCT are boronophenylalanine and, to a lesser
extent, sodium borocaptate. Both drugs have been utilized for
BNCT to treat head and neck cancer, high-grade glioblastoma,
and malignant melanoma (6-8). However, boronophenylalanine
and sodium borocaptate are not favorable for use in BNCT for
HCC due to either unwanted boron accumulation in the
pancreas or a low T/N ratio (9, 10). Recently, boric acid (BA),
as a promising boron drug for use in BNCT for HCC
treatment, demonstrated efficacy and safety when used in both
rat and rabbit liver cancer models (11, 12). These preclinical
studies indicated that BA selectively targeted liver tumors and
blood vessels within the tumor or the peritumoral area. Hence,
it is important to investigate the mechanisms of action of BA-
mediated BNCT in HCC.

Radiotherapy is known to induce a wide range of DNA
damage to cancer cells, including sugar and base lesions,
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DNA single-strand breaks, and double-strand breaks (DSBs)
(13). Upon sensing DNA damage, the DNA damage response
(DDR) is elicited to maintain the genomic integrity of the
cell. The DDR is a complicated network composed of
multiple signal transduction pathways that eventually induces
cell-cycle arrest, DNA repair, and cell apoptosis (14).

DSBs are considered the most lethal class of DNA damage
because improperly repaired or unrepaired DNA DSBs can
result in severe cytotoxic effects (15). DSBs can be directly
sensed by the trimeric MRN complex (i.e. MRE11 homolog,
double strand break repair nuclease, DNA repair protein
RAD50, and nibrin), which further recruits the apical DDR
kinase ataxia-telangiectasia mutated (ATM) and ataxia-
telangiectasia and protein kinase rad3 (RAD3)-related (ATR)
(16). The activation of ATM and ATR leads to
phosphorylation of serine139 of histone H2AX. The newly
phosphorylated H2AX, also called γH2AX, is one of the
earliest DNA damage-response meditators in recruiting and
localizing DNA-repair proteins (17). In addition, ATM kinase
can phosphorylate and activate p53 and checkpoint kinase 2
(CHK2). In turn, p53 increases p21 transcription to inhibit
cyclin-dependent kinase 2 (CDK2)/cyclin E, while CHK2
continually activates p53. The resulting inhibition of
CDK2/cyclin E eventually activates the G1/S checkpoint and
arrests the cell cycle. On the other hand, activated ATR can
phosphorylate CHK1, which promotes the degradation of
cell-division cycle 25B (CDC25B) and CDC25C. This action
preserves CDK1/cyclin B kinase in the inactive form,
thereby causing G2/M cell-cycle arrest (18). Taken together,
cell -cycle progression is arrested by checkpoint activation
to enable time for the cell to undergo repair. Such action can
prevent DNA damage from being passed to the daughter
cells. It has been reported that BNCT induces different
checkpoints and cell-cycle arrest in glioma stem cells,
melanoma cells, and squamous cell carcinoma (19-21).
However, it remains unclear whether BA-BNCT affects cell-
cycle progression in HCC.

Radiation-induced DSBs in higher eukaryotic cells are
largely repaired either by homologous recombination (HR)
or by nonhomologous end-joining (NHEJ) repair
mechanisms (22). In the HR pathway, the MRN complex at
the DSB site produces DNA single-strand 3’ overhangs by 5’
to 3’ resection. These single-strand ends are coated initially
by replication protein A and are later replaced by RAD51
recombinase (RAD51) in a process that requires breast
cancer susceptibility gene 1 (BRCA1) and BRCA2. The
resulting RAD51 nucleoprotein filament infiltrates the
homologous DNA to produce a displacement loop consisting
of the new heteroduplex DNA. The overhanging 3’ end of
the single-strand DNA then facilitates DNA synthesis using
the heteroduplex DNA as a model template. In terms of the
NHEJ pathway, the damage site of the DNA DSB is bound
to the lupus KU autoantigen protein p70/p80 (KU70/KU80)

heterodimer, which is subsequently attached to DNA-
dependent protein kinase, catalytic subunit (DNA-PKC) to
form a protein complex. DNA ligase IV is then recruited to
this protein complex and completes the ligation of the DNA
double-strand ends with the help of cofactors X-ray repair
cross-complementing protein 4 (XRCC4) and XRCC4-like
factor (23).

It has been reported that BNCT produces cancer type-
specific DNA damage and repair mechanisms. Specifically,
HR is activated in thyroid carcinoma cells, whereas both HR
and NHEJ can be activated in melanoma cells after BNCT
(24). In terms of HCC, the involvement of HR or NHEJ
repair mechanisms in response to BA-BNCT-induced DNA
DSBs has yet to be determined.

When DNA damage fails to be repaired, p53, which is
activated by ATM/ATR, will initiate the cell apoptotic
pathway, followed by caspase-3 activation. Upon enzymatic
activation, activated cleaved caspase-3 promotes subsequent
apoptotic events, including DNA fragmentation and cell
death (25). Although accumulating evidence has indicated
that BNCT can kill cancer cells by inducing apoptosis (26),
it is still unclear whether BA-BNCT induces apoptosis of
HCC cells, which is important to know for determining the
radiobiological effects of BNCT.

In the present study, we aimed to study the DDR induced
by BA-mediated BNCT in HCC. Firstly, we examined
whether HR or NHEJ is activated in HCC in response to the
DNA damage induced by BNCT. We next examined whether
BNCT disrupts cell-cycle progression and induces apoptosis
in HCC. Our findings with regard to BA-mediated BNCT-
elicited DDR of HCC cells may reveal how BNCT
eliminates HCC cells, enabling the assessment of possible
blocking targets to potentiate BNCT efficacy in HCC.

Materials and Methods

Cell line and cell culture. The Huh7 human HCC cell line (kindly
provided by Dr. Hui-Ching Wang, Institute of Molecular and
Cellular Biology and Department of Medical Science, National
Tsing Hua University, Hsinchu, Taiwan, ROC) were cultured in
Dulbecco’s modified Eagle’s medium (Gibco, Grand Island, NY,
USA) supplemented with 10% heat-inactivated fetal bovine serum,
100 μg/ml penicillin, 100 unit/ml streptomycin, and 0.25 μg/ml
fungizone at 37˚C in a humidified incubator of 5% CO2.

Boron solution. 10B-enriched BA (99% 10B) was purchased from
Aldrich Inc. (Darmstadt, Germany). The stock solution of BA was
prepared at a concentration of 6000 μg 10B/ml and stored at 4˚C.
The solution was sterilized using a 0.22 μm filter.

Boron uptake and quantification. A total of 1×106 Huh7 cells were
seeded in 10 cm culture dishes and incubated for 48 h. The cells
were then treated with culture medium containing 25 μg 10B/ml BA
for 0, 30, 60, 90, 120, and 150 min. At each treatment endpoint, the
cells were washed with 5 ml phosphate-buffered saline (PBS) three
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times and incubated with 900 μl Accutase solution (Sigma-Aldrich)
for 5 min. After detaching from the culture dish, the cells were
weighed, and 600 μl medium was added, they were then stored at
4˚C until boron quantification. 

The boron concentration was measured by inductively coupled
plasma atomic emission spectroscopy (ICP-AES; OPTIMA 2000
DV; PerkinElmer Instruments, Norwalk, CT, USA). A microwave
digestion system (MLS 1200 Milestone, Italy) was used to dissolve
the cells into an aqueous solution, which was required for subsequent
analysis with the ICP-AES. For microwave decomposition, the cells
were treated with 2 ml concentrated nitric acid (14 N, 65%) and 0.5
ml hydrogen peroxide (30-35%) in Teflon high-pressure digestion
vessels. The first step in the decomposition process was to digest the
samples with 300 W power for 3 min and then 600 W for 2 min,
followed by cooling and a 20 min depressurizing step. The digested
samples were diluted with deionized water to a final volume of 10
ml and analyzed by ICP-AES for boron quantification. The boron
wavelength was measured at 249.772 nm.

BNCT irradiation. Huh7 cells were seeded at 1.5×105 in 6-well
plates and cultured for 48 h. The cells were then treated with culture
medium containing 25 μg 10B/ml BA for 30 min; cells treated with
BA-free medium were used as a control. Next, the medium was
removed, and the plates were moved to the Tsing Hua Open-pool
Reactor (THOR) and inserted into phantoms for neutron irradiation.
The control group was also moved to THOR but was not irradiated.
The dose rates of the reactor neutron source are shown in Table I.
The cells were then irradiated with neutrons for 10 min and 5 min
for clonogenic assay, and irradiated for 10 min for use in other
experiments. The radiation doses were calculated according to the
total dose rates (Table I) and are shown in Table II.

Clonogenic assay. After BNCT irradiation, 1×103 cells were re-
seeded into 6-well plates and cultured for 10-14 days. Next, the
cells were washed with PBS and fixed with methanol for 5 min and
then stained with 0.1% crystal violet for 30 min. The cells were then
washed with tap water and air-dried. Colonies composed of more
than 50 cells were counted. The surviving fraction of the cells was
used to quantify cell survival after BNCT treatment. The surviving
fraction was defined as the ratio of efficiently plated radiation
groups to the efficiently plated non-radiation group. Plating
efficiency was defined as the number of colonies divided by the
number of the cells seeded.

Immunocytochemistry. The cells were re-seeded on sterile glass
coverslips in 6-well culture plates and fixed with 4%
paraformaldehyde/PBS at 6 h after neutron radiation. The cells were
then permeabilized with 0.1% Triton X-100/PBS and blocked with
3% bovine serum albumin/PBS for 30 min. The cells were then
incubated with antibody to γH2AX (Ser139; Cell Signaling
Technology, Danvers, MA, USA) at 4˚C overnight, followed by
incubation with anti-rabbit IgG-Dylight 488 secondary antibody
(Jackson, West Grove, PA, USA). The cell nuclei were stained with
Hoechst 33342 (Invitrogen, Carlsbad, CA, USA). After mounting
the glass coverslips with anti-fade reagent (Invitrogen),
immunofluorescence images were acquired using a confocal
microscope (LSM 510 Meta; Zeiss, Oberkochen, Germany).

Cell-cycle analysis. Cells were collected 48 h after BNCT
irradiation and washed twice with PBS. The cells were then fixed
in prechilled 75% ethanol, maintained on ice for 30 min and stored

at −20˚C until DNA staining. The cells were washed with PBS and
then suspended in PI/RNase staining buffer (BD Biosciences, San
Jose, CA, USA) and incubated in the dark for 15 min at room
temperature. The percentage of cells at each cell-cycle phase was
determined using flow cytometry (BD Accuri C6; BD Biosciences)
per the manufacturer’s instructions.

Caspase-3 apoptosis assay. Cell apoptosis assay was performed
using the PE Active Caspase-3 Apoptosis Kit (BD Biosciences)
according to the manufacturer’s protocol. Following BNCT
irradiation, the cells were harvested at each specified time point and
washed twice with cold PBS. The cells were suspended in BD
Cytofix/Cytoperm™ solution and then incubated for 20 min on ice.
Next, the cells were washed twice with BD Perm/Wash™ buffer and
incubated with phycoerythrin (PE)-conjugated anti-active caspase-
3 antibody in BD Perm/Wash™ buffer for 30 min at room
temperature. Finally, each sample was washed with and suspended
in BD Perm/Wash™ buffer and then passed through a cell strainer
with a 35 μm nylon mesh (Falcon, Reynosa, Tamaulipas, Mexico)
before measuring caspase-3 activation with flow cytometry per the
manufacturer’s instructions.

Western blot analysis. At 4 h, 24 h, and 48 h after BNCT irradiation,
total cell lysates were obtained using RIPA lysis buffer (Roche,
Indianapolis, IN, USA) containing 1 mM Na3VO4 (Sigma-Aldrich,
St. Louis, MO, USA), 1 mM phenylmethylsulfonyl fluoride
(Roche), 10 mM NaF (Sigma-Aldrich), and 4% complete protease
inhibitor cocktail (Roche). The protein concentration of the lysates
was quantified using a bicinchoninic acid protein assay kit (Thermo
Scientific). An equal amount of protein was subjected to sodium
dodecyl sulfate-polyacrylamide gel electrophoresis and subsequently
transferred to polyvinylidene difluoride membranes (Millipore,
Darmstadt, Germany). The membranes were then blocked with 3%
BSA in Tris-buffered saline with 0.0005% Tween-20 (TBST) at
room temperature for 1 h, followed by incubation with the following
antibodies in 3% BSA/TBST overnight at 4˚C: γH2AX (Ser139),
BRCA1, RAD51, KU80, KU70 (Cell Signaling Technology), and
α-tubulin (GeneTex, Hsinchu City, Taiwan, ROC). The membranes
were incubated with horseradish peroxidase-conjugated secondary
antibodies (GE Healthcare, Buckinghamshire, UK) in 5% nonfat
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Table I. Dose rates of Tsing Hua Open-pool Reactor facility.

Component                                    Dose rate (Gy/min)

Neutron                                                  1.53×10–2
10B(n,α)7Li                                     9.3×10–3/ppm 10B
Gamma                                                 1.08×10–2

Table II. Radiation doses for different irradiation times.

Irradiation time (min)                        Total dose (Gy)

5                                                                   1.148
10                                                                 2.296



dried milk/TBST for 2 h at room temperature. After incubation with
primary and secondary antibodies, the membranes were washed four
times with TBST for 10 min. The protein bands were detected by
enhanced chemiluminescence (GE Healthcare) and exposed to film.

Statistical analysis. Data are expressed as the means±standard deviation
(SD). Statistical comparisons were analyzed by unpaired, two-tailed
Student’s t-test using GraphPad Prism version 6 program (San Diego,
CA, USA), and p<0.05 was considered statistically significant.

Results

Time course study of 10B uptake in Huh7 human HCC cells.
To develop an in vitro irradiation scheme for BA-mediated
BNCT of Huh7 cells, we first investigated the cellular uptake
of 10B. Huh7 cells were treated with 10BA at a fixed
concentration of 25 μg 10B/ml for 0, 30, 60, 90, 120, and
150 min. The 10B concentration of the Huh7 cells was then
quantified at each time point (Figure 1).

We found that the 10B concentration rapidly increased
from 0 to 22.52±3.4 (μg 10B/g cell) by 30 min. Prolonging
the treatment time (i.e., 60, 90, 120, and 150 min) did not
significantly increase the 10B uptake by Huh7 cells.
Therefore, the Huh7 cells were subjected to neutron radiation
after treatment with 25 μg 10B/ml 10BA for 30 min in all
subsequent experiments in this study.

10B-BA-mediated BNCT suppresses Huh7 cell survival. After
exposure to neutron radiation, Huh7 cell survival was
examined by clonogenic assay (Figure 2A). The number of cell
colonies was significantly reduced after 5 min and 10 min of
neutron irradiation compared that of the non-radiation group.
To quantify the cell survival status, the surviving fraction plot
was used as shown in Figure 2B. The surviving fraction was
significantly decreased to 0.13±0.04 and 0.07±0.03, compared
to that of the non-radiation control after 5 min and 10 min of
irradiation, respectively. These results suggested that BA-
mediated BNCT significantly inhibited Huh7 cell survival.

10B-BA-mediated BNCT induces DNA DSBs in Huh7 cells.
To confirm whether 10B-BA-mediated BNCT induced DSBs
in Huh7 cells, immunocytochemistry and western blotting
were used to examine the expression of γH2AX, which is the
standard biomarker for DSB detection (27).

As expected, the immunocytochemistry results showed
that the fluorescence signal of γH2AX was significantly
increased at 6 h after BNCT compared to the signal observed
for the non-radiation control (Figure 3A). To explore the
γH2AX expression profile, the cells were harvested at 4, 24,
and 48 h after BNCT and subjected to western blot analysis
(Figure 3B). The results showed that the expression of
γH2AX was rapidly increased and peaked at 4 h post-BNCT
compared to the level of the non-radiation control. The
protein expression of γH2AX was then found to decrease at

24 h and at 48 h (Figure 3C). These results indicate that
DNA DSBs were dramatically induced within 4 h following
10B-BA-mediated BNCT. Although not all 10B-BA-mediated
BNCT-induced DNA DSBs were restored, they were found
to have been gradually repaired at 24 h and 48 h.

DNA DSBs induced by 10B-BA-mediated BNCT are mainly
repaired by HR. To further explore which repair mechanism
was primarily responsible for the repair of BNCT-induced
DSBs in Huh7 cells, we examined the expression of key DNA-
repair proteins involved in either the HR pathway or the NHEJ
pathway at different time points post-BNCT (Figure 4A).

Expression of HR-related proteins BRCA1 and RAD51 was
transiently up-regulated following BNCT. Specifically, BRCA1
expression was increased at 4 h and 24 h, compared to the
levels found in the non-radiation control. Notably, BRCA1
expression was sustained at an enhanced level at 48 h. The
expression level of RAD51 increased at 4 h and had a
sustained 2.75±1.45-fold increase at 24 h. At 48 h post-BNCT,
the RAD51 expression returned to the basal level, on par with
that of the non-radiation control. On the other hand, the
expression levels of KU70 and KU80, which are marker
proteins involved in the NHEJ pathway, displayed no marked
change immediately after BNCT. Although the expression level
of KU80 decreased to 73% of the non-radiation control at 48
h post-BNCT, the expression of KU70 showed no significant
change throughout the observation period (Figure 4B).

These results suggested that the HR pathway, but not the
NHEJ pathway, was activated in response to 10B-BA-
mediated BNCT-induced DSBs in Huh7 cells.
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Figure 1. Time course analysis of boron uptake by Huh7 human HCC
cells. Huh7 cells were treated with 25 μg 10B/ml boric acid and assayed
at the indicated time points. The cells were then collected and digested
by microwave digestion, and the boron concentration of the cells was
quantified by inductively coupled plasma-atomic emission spectrometry.
N.S.: Not significant.



10B-BA-mediated BNCT induces G2/M cell-cycle arrest of Huh7
cells. In addition to DNA-repair pathways, BNCT disrupted
cell-cycle progression, causing cell-cycle arrest. Therefore, we
continued to explore whether the cell-cycle progression of Huh7
cells was affected by 10B-BA-mediated BNCT.

We conducted a cell-cycle analysis using PI staining and
flow cytometry (Figure 5A). After BNCT, the proportion of
Huh7 cells in the sub-G1 phase and S phase showed no
significant change. However, the proportion of cells in the
G1 phase was practically halved after BNCT, while the
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Figure 2. Determination of Huh7 cell survival after 10B-boric acid-mediated boron neutron capture therapy (BNCT). A: Representative images of the
results from the clonogenic assay. Huh7 cells were exposed to 0, 5, and 10 min neutron irradiation, and colonies were visualized by crystal violet staining.
B: The surviving fraction of the Huh7 cells after BNCT was calculated based on colony formation. ***Significantly different at p<0.001 vs. control.

Figure 3. DNA double-strand breaks were induced in Huh7 cells by 10B-boric acid-mediated boron neutron capture therapy (BNCT). A:
Representative images of phosphorylated H2A histone family member X (γH2AX) foci detected by immunocytochemistry 6 h after BNCT. The
enhanced γH2AX (green) signals accumulated in nuclei (blue), which indicate DNA double-strand breaks. Scale bar=10 μm. B: The results from
the western blot at different time points after BNCT revealed the dynamic γH2AX expression profile. C: The results from the quantitative analysis
of (B) were generated by ImageJ software. **Significantly different at p<0.01 vs. control.
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Figure 4. Analysis of homologous recombination (HR)- and non-homologous end-joining (NHEJ)-related proteins expression as a function of time
after 10B-boric acid-mediated boron neutron capture therapy (BNCT). A: Huh7 cells were harvested at the indicated time points after BNCT and
then analyzed by western blotting to determine the dynamic expression of DNA-repair biomarkers. The data displayed the transient expression
profiles of HR-related proteins breast cancer susceptibility gene 1 (BRCA1) and RAD51 recombinase (RAD51) after BNCT, while the expression of
lupus KU autoantigen protein p70/p80 (KU70/KU80), which are NHEJ-related proteins, showed no sign of activation after BNCT. B: The results
from the quantitative analysis of (A) were generated by ImageJ software. Significantly different at *p<0.05 and ***p<0.001 vs. control.



proportion of cells in the G2/M phase increased 1.5-fold
(Figure 5B).

These results indicated that the cell cycle of Huh7 cells
was arrested at the G2/M checkpoint following 10BA-
mediated BNCT.

10B-BA-mediated BNCT induces cell apoptosis with caspase-
3 activation. With severe DNA damage beyond repair, cancer
cells undergo apoptosis. Hence, we verified whether the
killing mechanisms of 10B-BA-mediated BNCT on Huh7
cells were associated with cell apoptosis.

The level of activated caspase-3, which is a marker of
apoptosis, was examined by flow cytometry (Figure 6A).
The data showed that caspase-3 fluorescence intensity
correspondingly increased at 24 h and 48 h after BNCT
(Figure 6B).

These results suggested that in addition to DNA damage,
10B-BA-mediated BNCT indeed induced apoptosis of Huh7
cells with activation of caspase-3.

Discussion

BNCT has been used in the clinic to eliminate or inhibit the
growth of many cancer types, including glioma, head and neck
cancer, and malignant melanoma. However, cancer of the
abdominal organs, including HCC, are rarely treated with
BNCT. The first extracorporeal application of BNCT to liver
was performed in 2001 (28). The liver was taken from the
patient and transported to a reactor facility for neutron
irradiation ex vivo. The liver was then transplanted back into
the patient. This BNCT study for treating multiple liver
metastases demonstrated the feasibility of using BNCT to treat
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Figure 5. Cell-cycle analysis of Huh7 cells by flow cytometry after 10B-boric acid-mediated boron neutron capture therapy (BNCT). A: Huh7 cells
were harvested 48 h after BNCT. Cells were stained by propidium iodide and counted with flow cytometry to produce DNA histogram plots. B: The
percentages of cells at each cell-cycle phase were evaluated based on (A).



liver cancer. However, such a high-risk operative procedure
impedes its clinical use. Hence, subsequent efforts have mostly
focused on developing new 10B compounds and drug-delivery
methods. Yanagie et al. developed a boron carrier called 10B-
BSH-entrapped water-in-oil-in-water (WOW) emulsion for
BNCT for use treating liver cancer (29). By intra-arterial
injection, 10BSH-WOW-mediated BNCT showed significant
suppression of liver tumor growth and killing effects in cancer
cells of mouse models of liver cancer. Additionally, 10B-BA-
mediated BNCT has been found to be safe with therapeutic
efficacy for treating HCC (11, 12). Nevertheless, few studies
have clarified the anticancer effects of 10B-BA-mediated
BNCT on HCC. In the present study, we carried out in vitro
analysis to quantify the inhibitory effects of 10B-BA-mediated
BNCT on the cell survival of human HCC Huh7 cells (Figure
2). These results are consistent with previous animal studies
(11, 12), which strongly supported that 10B-BA-mediated
BNCT as an effective treatment for HCC.

HR and NHEJ are two major pathways by which
eukaryotic cells repair DNA DSBs (22). In HR, the repair of
broken DNA is completed using homologous DNA as a
template. This process results in relative accurate and error-
free repair. NHEJ, on the other hand, is a less accurate and
error-prone repair mechanism because broken DNA ends that
are compatible are simply ligated with each other. When
investigating the repair pathways induced by 10B-BA-
mediated BNCT in Huh7 cells, we observed a rapid increase
in protein expression of BRCA1 and RAD51 after BNCT,
both of which are crucial molecules involved in the HR
pathway. In contrast, the protein expression of KU70 and
KU80, the main components of the NHEJ pathway, did not
significantly increase compared to the non-radiation control

(Figure 4). Together, these results demonstrated that in Huh7
cells, the HR pathway is responsible for DNA DSB repair
after 10B-BA-mediated BNCT. Although HR activation has
been reported in cancer cells after BNCT, it is still unclear
what exactly induces the activation of HR pathway. It has
been proposed that the cell-cycle checkpoint plays a critical
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Figure 6. Apoptosis and caspase-3 activity analysis of Huh7 cells after 10B-boric acid-mediated boron neutron capture therapy (BNCT). A: Huh7
cells were harvested 24 h and 48 h after BNCT for flow cytometric analysis through which the presence of apoptotic cells was measured by the
level of activated caspase-3, as indicated by phycoerythrin-stained activated caspase-3. B: The bar graph presents the normalized quantitative
statistical analysis of (A). ***Significantly different at p<0.001 vs. control.

Figure 7. Proposed scheme for 10B-boric acid (BA)-mediated boron
neutron capture therapy (BNCT)-induced DNA damage responses in
hepatocellular carcinoma (HCC). 10B-BA-mediated BNCT induces DNA
damage, such as DNA double-strand breaks (DSBs), in human HCC
cells. In response to DNA DSBs, caspase-3 is activated to trigger cell
apoptosis, leading to cell death. The cell cycle of HCC cells is arrested
at the G2/M checkpoint after BNCT, during which time cells use the
homologous recombination pathway to repair the DNA DSBs. BRCA1:
Breast cancer susceptibility gene 1; RAD51: RAD51 recombinase. 



role in the fate of DNA repair, and the tumor suppressor
protein, carboxy-terminal binding protein interacting protein,
may mediate the activation of HR for DNA DSB repair (30,
31). Since it requires intact homologous DNA to serve as a
template for completing the repair, HR can only be activated
in the late S and G2/M phase, at which time the DNA has
already been duplicated (32). This knowledge is consistent
with our findings from the cell-cycle analysis, which showed
that Huh7 cells were arrested at the G2/M checkpoint after
10B-BA-mediated BNCT (Figure 5).

As shown in Figure 4, increased expression of BRCA1 was
sustained through 48 h post-BNCT, when RAD51 expression
had already returned to the basal level. This finding implied
that, in addition to the HR pathway, BRCA1 had another
function 48 h after BNCT. It has been reported that BRCA1
functions in DNA damage-induced cell-cycle arrest (33).
Specifically, BRCA1 serves as a scaffold protein to facilitate
p53 phosphorylation by ATM (34). Phosphorylated p53 then
induces the increase of p21 transcription, eventually leading
to G1/S arrest. In addition to the G1/S checkpoint, BRCA1
also plays an important role in the G2/M checkpoint. ATM can
phosphorylate Ser1423 of BRCA1, which is necessary for
activating the G2/M checkpoint (35). This is in agreement with
our results indicating that Huh7 cells arrest in G2/M phase 48
h post-BNCT. More experiments are needed to verify how
BRCA1 contributes to G2/M cell-cycle arrest after 10B-BA-
mediated BNCT.

Apoptosis is a well-known process of programmed cell
death and is considered an important mechanism of action in
radiation-induced cell death (36) such that it may contribute
to the therapeutic efficacy of BNCT. Lee et al. found a
correlation between the extent of radiation-induced apoptosis
and cellular radiosensitivity (37). With the knowledge that
BNCT acts primarily through particles of linear energy
transfer, 7Li and 4He, we investigated whether 10B-BA-
mediated BNCT induced apoptosis of HCC cells. We
observed that apoptosis was induced in Huh7 cells 24 h and
48 h post-BNCT. Furthermore, activated caspase-3, a marker
of apoptotic cell death, was also significantly induced 24 h
and 48 h after BNCT (Figure 6). These results confirmed that
10B-BA-mediated BNCT induces apoptosis of Huh7 human
HCC cells, which reduced Huh7 cell survival.

Despite many promising clinical uses of BNCT in treating
cancer, it may be possible to further improve tumor response by
combining BNCT with other treatments. Radiation induces the
DDR in the cells, which can lead to apoptosis, cell-cycle arrest,
and DNA repair. Among these mechanisms, cell-cycle arrest
and DNA repair are considered pro-survival events, and both
help cancer cells survive radiation-induced cytotoxic effects.
Recently, many studies have sought to target DDR pathways
and cell-cycle checkpoint signaling to improve the therapeutic
efficacy of radiotherapy (38). In the present study, we found that
Huh7 HCC cells were arrested in the G2/M cell-cycle phase

after 10B-BA-mediated BNCT. We wondered whether G2/M
checkpoint inhibition has the potential to sensitize Huh7 cells
to BNCT. After literature survey, we found that ATR and CHK1
inhibitors may be promising candidates. It is worth mentioning
that there are four ATR inhibitors and three CHK1 inhibitors
currently undergoing clinical trials, mostly in combination with
genotoxic chemotherapy or ionizing radiation (39). In addition,
we also found that the primary pathway for repair of BNCT-
induced DNA DSBs was HR. As a result, inhibitors targeting
the involved components (namely RAD51, ATR, and CHK1)
may potentiate BNCT efficacy by blocking the HR pathway and
G2/M checkpoint activation (40).

Conclusion

This study showed that 10B-BA-mediated BNCT effectively
inhibited the growth of Huh7 human HCC cells by inducing
DNA DSBs and apoptosis. Moreover, our data also suggest
that HCC cells may undergo G2/M cell-cycle arrest and use
the HR pathway to repair the BNCT-induced DNA DSBs
(Figure 7). Further understanding of 10B-BA-mediated
BNCT-induced DDR mechanisms will ultimately contribute
to potentiating therapeutic effectiveness against HCC.
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