
O R I G I N A L  R E S E A R C H

Boron Neutron Capture Therapy Eliminates 
Radioresistant Liver Cancer Cells by Targeting 
DNA Damage and Repair Responses
Chu-Yu Huang1–3, Zih-Yin Lai 1–3, Tzu-Jung Hsu 1–3, Fong-In Chou3, Hong-Ming Liu3, Yung-Jen Chuang 1–3

1School of Medicine, National Tsing Hua University, Hsinchu, Taiwan; 2Institute of Bioinformatics and Structural Biology, National Tsing Hua 
University, Hsinchu, Taiwan; 3Nuclear Science and Technology Development Center, National Tsing Hua University, Hsinchu, Taiwan

Correspondence: Yung-Jen Chuang, School of Medicine, National Tsing Hua University, Hsinchu, 300044, Taiwan, Tel +886-3-5742764, Fax +886-3-5715934, 
Email yjchuang@life.nthu.edu.tw 

Introduction: For advanced hepatocellular carcinoma (HCC), resistance to conservative treatments remains a challenge. In previous 
studies, the therapeutic effectiveness and DNA damage responses of boric acid-mediated boron neutron capture therapy (BA-BNCT) 
in HCC have been demonstrated in animal models and HCC cell line. On the other hand, numerous studies have shown that high linear 
energy transfer (LET) radiation can overcome tumor resistance. Since BNCT yields a mixture of high and low LET radiation, we 
aimed to explore whether and how BA-BNCT could eliminate radioresistant HCC cells.
Methods: Radioresistant human HCC (HepG2-R) cells were established from HepG2 cells via intermittent irradiation. HepG2 and 
HepG2-R cells were then irradiated with either γ-ray or neutron radiation of BA-BNCT. Colony formation assays were used to assess 
cell survival and the relative biological effectiveness (RBE). The expression of phosphorylated H2AX (γH2AX) was also examined by 
immunocytochemistry and Western blot assays to evaluate the extent of DNA double-strand breaks (DSBs). Finally, the expression 
levels of DNA damage response-associated proteins were determined, followed by cell cycle analysis and caspase-3 activity analysis.
Results: Our data demonstrated that under the same dose by γ-ray, BNCT effectively eliminated radioresistant HCC by increasing the 
number of DNA DSBs (p < 0.05) and impeding their repair (p < 0.05), which verified the high RBE of BNCT. We also found that 
BNCT resulted in delayed homologous recombination (HR) and inhibited the nonhomologous end-joining (NHEJ) pathway during 
DNA repair. Markedly, BNCT increased cell arrest (p < 0.05) in the G2/M phase by altering G2 checkpoint signaling and increased 
PUMA-mediated apoptosis (p < 0.05).
Conclusion: Our data suggest that DNA damage and repair responses could affect the anticancer efficiency of BNCT in radioresistant 
HepG2-R cells, which highlights the potential of BNCT as a viable treatment option for recurrent HCC.
Keywords: boron neutron capture therapy, BNCT, hepatocellular carcinoma, HCC, radioresistance, DNA damage, DNA repair 
responses

Introduction
Boron neutron capture therapy (BNCT) is a binary radiotherapeutic modality that combines tumor-targeting boron (10B) 
drugs and thermal neutron radiation. 10B absorbs thermal neutrons (< 0.5 eV) and results in a nuclear reaction that generates 
high linear energy transfer (LET) particles, alpha particles (4He) and lithium (7Li) nuclei.1 The emission range of the high- 
energy particles is less than 10 μm, which does not exceed the diameter of a single cell. These features allow BNCT to induce 
tumor-specific damage while sparing the surrounding normal cells.1,2 The effectiveness of BNCT has relied on the 
accumulation of 10B agents in the tumor cell. The tumor-normal (T/N) ratio of the 10B concentration should be larger than 
or equal to three to prevent nonspecific damage to normal tissue cells.1,2 To date, boronophenylalanine (BPA) and sodium 
borocaptate (BSH) are the 10B-containing agents used in BNCT trials. Nonetheless, BPA and BSH are not suitable 10B agents 
for BNCT in hepatocellular carcinoma (HCC) due to a low T/N ratio and unexpected 10B accumulation in the nearby 
pancreas.3,4 As a breakthrough, Hung et al found that boric acid (BA) may be a suitable 10B-containing agent for BNCT in 
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HCC, as it can specifically accumulate in liver tumors.5 Furthermore, BA-mediated BNCT (BA-BNCT) for HCC has been 
demonstrated to have efficacy and safety in animal models of liver cancer.6,7

HCC is the most common liver cancer, with a 20% five-year survival rate, and over 70% of patients have tumor 
recurrence within five years.8 HCC is also one of the most difficult-to-treat cancers because most HCC patients are 
diagnosed at advanced stages with a poor response to the current treatment options.9–11 The response rates of systemic 
therapy, such as sorafenib and lenvatinib, are low, with a high risk of adverse events.9 Nonetheless, radiation therapy 
(RT) is limited by the radiation sensitivity of the liver.10 Specifically, the radiotoxicity in the surrounding normal tissue 
may lead to radiation-induced liver disease.9,10 Moreover, the effectiveness of RT can be compromised by 
radioresistance.11,12 Although immunotherapy has emerged as a breakthrough in HCC treatment, there are still some 
challenges, such as the low response rate, uncertain efficacy, and side effects.13,14 Consequently, it is necessary to 
develop an effective therapy for recurrent advanced HCC.

Several studies have shown that high-LET ionizing particles with higher relative biological effectiveness (RBE) are 
able to overcome tumor radioresistance toward low-LET X-ray or γ-ray radiation because repair of high-LET-induced 
damage is difficult for cancer cells.15–20 Additionally, high-LET and low-LET radiation result in different cellular 
responses. Kim et al reported that neutron irradiation can result in increased apoptosis, autophagy, and DNA damage 
in osteosarcoma cells, compared to γ-ray irradiation.21 Rodriguez et al showed that BNCT and γ-ray induced different 
DNA damage and repair responses in a poorly differentiated thyroid carcinoma cell line.22 Inducing extensive DNA 
damage is the main anticancer mechanism of radiation therapy, which may lead to gene aberrations, rearrangement, and 
mutations that affect organism functions and threaten survival.23 To maintain viability and genomic integrity after DNA 
damage, cells detect DNA lesions and provoke a complex signal transduction pathway, namely, the DNA damage 
response (DDR). DDR affects the cellular responses to DNA damage, such as DNA repair, and determines cell fate, such 
as cell cycle arrest and apoptosis.23–26 These responses may further influence the outcome of radiation therapy.

In the current study, we aimed to explore whether and how BNCT could eliminate radioresistant HCC cells. We first 
established a low-LET γ-ray radioresistant HCC cell line by continuous low-dose irradiation. We then compared the 
killing profiles of radioresistant HCC cells by BNCT and γ-ray under the same radiation dose. This study may help to 
provide more information for the application of BNCT in HCC clinical treatment.

Materials and Methods
Cells and Cell Culture
HepG2, a human hepatocellular carcinoma cell line, was kindly provided by Professor Horng-Dar Wang (Institute of 
Biotechnology, National Tsing Hua University, Hsinchu, Taiwan), and confirmed as C3A/HepG2 (ATCC No. CRL- 
10741) by GeneLabs Life Science Corp. (Taipei, Taiwan). In this study, we will refer C3A/HepG2 as HepG2. HepG2 
cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM; Gibco, Grand Island, NY, USA) supplemented with 
10% heat-inactivated fetal bovine serum, 100 unit/mL penicillin, 100 μg/mL streptomycin, and 0.25 μg/mL amphotericin 
B at 37 °C in a humidified incubator with 5% CO2.

Gamma-Ray Irradiation
γ-ray irradiation was performed in the Tsing Hua Co60 radiation field facility (THCF; Hsinchu, Taiwan) at a dose rate of 
0.6 gray (Gy)/min or 1.1 Gy/min with a 1.33 MeV γ-ray energy. The cells were irradiated with 1, 2, 3, 5, and 8 Gy in the 
colony formation assay and 2 Gy in other experiments. The dose rate and irradiation time were calculated and are shown 
in Table 1.

Radioresistant Cell Line Establishment
The radioresistant establishment protocol was performed as previously described with modifications.27 HepG2 cells were 
exposed to 0.5 Gy/day of γ-ray for 5 days. Subsequently, the cells were further exposed to 1 Gy daily γ-rays 5 days/week 
for 30 days. Thereafter, the surviving cells were cultured without irradiation for 20 days. HepG2 cells that were treated 
with this irradiation protocol were referred to as HepG2-R cells.
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Boron Solution
10B-enriched boric acid (BA; 99% 10B) was purchased from Aldrich Inc. (Darmstadt, Germany). The stock BA was 
prepared at a 6000 μg 10B/mL concentration and stored at 4 °C after being sterilized with a 0.22 μm filter.

Boron Uptake Time Course and Quantification
A total of 4×105 cells were seeded in 6 cm culture dishes for 48 hours, and 2 mL medium containing 25 μg 10B/mL BA was 
added to the cells for 0, 30, 60, 90, and 120 minutes. Then, the cells were collected after washing with 1 mL 4 °C phosphate- 
buffered saline (PBS) three times. After that, 65% nitric acid (Merck, Darmstadt, Germany) and 30~35% hydrogen peroxide 
were mixed with the samples in Teflon high-pressure digestion vessels. The samples were dissolved into solution by 
a microwave digestion system (MLS 1200; Milestone, Italy). The boron concentrations were measured by inductively coupled 
plasma atomic emission spectroscopy (ICP‒AES; OPTIMA 2000 DV; PerkinElmer Instruments, Norwalk, CT, USA).

A total of 2.4×106 cells were seeded in 10 cm culture dishes and incubated for 48 hours. Six milliliters of medium 
containing 25 μg 10B/mL BA was added to the cells for 30 minutes. The cells were then washed with 2 mL of 4 °C PBS 
three times and harvested. Subsequently, the cells were digested and measured for boron concentration following the 
same process as the boron uptake time course.

Neutron Irradiation
Neutron irradiation was performed in Tsing Hua Open-pool Reactor (THOR; Hsinchu, Taiwan) after treating cells with 
25 μg 10B/mL BA for 30 minutes. The irradiation setup position of the colony formation assay is shown in Supplemental 
Figure 1A; the setup position of the other experiments is shown in Supplemental Figure 1B. The physical dose rates of 
THOR are shown in Table 2, and the irradiation times and radiation doses are shown in Table 3.

Table 1 Dose Rates and Irradiation Time of Tsing Hua 60Co Radiation Field

γ-ray Irradiation Dose (Gy) Irradiation Dose Rate (Gy/Min) Distance (cm) Irradiation Time (Sec)

0.5 0.6 40 47

1 1.18 30 51

2 102

3 153

5 255

8 408

Note: distance (cm) is for the distance from radiation source. 
Abbreviations: Gy, gray; min, minute; cm, centimeter; sec, second.

Table 2 Dose Rates of Tsing Hua Open-Pool Reactor

Positions Dose Rate (Gy/Min)

Components 1 2 3

Neutron 1.80×10−2 9.42×10−3 1.80×10−2

Gamma 3.74×10−2 3.01×10−2 3.70×10−2

10B(n, α)7Li 3.73×10−3/ppm 10B 2.28×10−3/ppm 10B 3.76×10−3/ppm 10B

Abbreviations: Gy, gray; min, minute.
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Colony Formation Assay
The experimental process followed a previous study with modifications.28 After irradiation, 2000 cells were reseeded in 
6-well plates and cultured until the colonies were visible. Then, the colonies were fixed with 95% methanol (Merck, 
Darmstadt, Germany) and stained with 0.1% crystal violet (Sigma‒Aldrich, Steinheim, Germany). Colonies containing 
more than 50 cells were counted.

D10 is the radiation dose required for reducing the survival fraction to 10%, which was calculated by GraphPad Prism 
version 8 (San Diego, CA, USA). The RBE was calculated according to the formula:

Immunocytochemistry (ICC)
The experimental process followed a previous study with modification.28 Cells were seeded on sterile glass coverslips. At 
2 and 24 hours after irradiation, the cells were fixed with 4% paraformaldehyde (PFA; Sigma Aldrich). γH2AX (Ser139; 
#9718; Cell Signal Technology, Danvers, MA, USA) antibody was diluted in 3% bovine serum albumin (BSA) to 
a concentration of 1:400, and the cells were incubated with the diluted antibody at 4 °C overnight. The secondary 
antibody anti-rabbit IgG-DyLight 488 (Jackson, West Grove, PA, USA) was added at a concentration of 1:400, and the 
cells were incubated for 2 hours at 37 °C in the dark. The nuclei were stained with Hoechst 33342 (Invitrogen, Carlsbad, 
CA, USA) at a concentration of 1:200 for 15 minutes. Immunofluorescence images were captured by an LSM800 
confocal microscope (Zeiss, Oberkochen, Germany).

Cell Cycle Analysis Assay
The experimental process followed a previous study with modifications.28 Cells were harvested and subjected to a cell 
cycle analysis assay at 10 and 24 hours after irradiation. BD Pharmingen™ 7-amino-actinomycin D (7-AAD) staining 
solution (559925; BD Biosciences, San Jose, CA, USA) in BD Pharmingen™ stain buffer (554656; BD Biosciences) was 
used for cell staining. Then, 10,000 events were collected by the CytoFlex flow cytometry system (Beckman, 
Indianapolis, IN, United States). Data were further analyzed by CytExpert (Beckman).

Caspase-3 Apoptosis Assay
The experimental process followed a previous study with modifications.28 At 24 and 48 hours after irradiation, the cells 
were harvested and washed twice with 4 °C PBS and stained with PE rabbit anti-active caspase-3 (BD Biosciences). 
Then, 10,000 events were collected by the CytoFlex flow cytometry system (Beckman). Data were further analyzed by 
CytExpert (Beckman).

Western Blot Assay
The experimental process followed a previous study with modifications.28 At 2, 10, 24, and 48 hours after irradiation, 
cells were harvested and lysed with RIPA lysis buffer (Roche, Indianapolis, IN, USA). Thirty micrograms of protein was 

Table 3 Radiation Dose for Irradiation Time

Positions Total Dose (Gy)

Irradiation  
Time (Sec)

1 2 3

220 1 0.6 –

435 – – 2

695 3.2 2 –

Abbreviations: Gy, gray; sec, second.
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separated by 10% SDS‒PAGE and transferred to PVDF membranes (Millipore, Darmstadt, Germany). The blots were 
blocked with 3% BSA and incubated with primary antibodies at 4 °C overnight. The blots were then incubated with 
horseradish peroxidase-conjugated secondary antibodies (GE Healthcare, Buckinghamshire, UK; GeneTex, Irvine, CA, 
USA) for 2 hours. The protein bands were captured by ImageQuant LAS 4000 mini (GE Healthcare, Chicago, IL, USA). 
The KU80 (#2180), KU70 (#2180), pCHK2 (Thr68; #4588), CHK2 (#2197), RAD51 (#2662), pCDK1 (CDC2) (Thr161; 
#9114), pCDK1 (CDC2) (Tyr15; #4539), CDK1 (CDC2) (#9116), BCL2 (#4223), PUMA (#4076), BAX (#2772), and 
γH2AX (Ser139; #9718) primary antibodies were purchased from Cell Signaling Technology. GAPDH (GTX627408) 
primary antibodies were purchased from GeneTex.

Statistical Analysis
All experimental data are expressed as the mean ± standard deviation (SD). Unpaired, two-tailed Student’s t-test was 
used to analyze the survival fraction after the colony formation assay. ICC and caspase-3 apoptosis assay data were 
normalized to control-treated HepG2 cells. Western blot assay data were normalized to GAPDH and further normalized 
to the control of HepG2. Two-way analysis of variance (ANOVA) followed by Tukey’s honest significant difference post 
hoc test was used to analyze the fold change to the control of HepG2. The GraphPad Prism version 8 program was used 
for statistical analysis. p < 0.05 was considered statistically significant.

Results
Acquisition of Radioresistance by Intermittent Irradiation
To generate a radioresistant cancer cell line, HepG2 cells were intermittently exposed to 60Co γ-ray. The protocol is 
shown in Figure 1A. Cells were treated with this scheme until reaching a cumulative dose of 32.5 Gy. The resulting cells 
were referred to as HepG2-R cells. We analyzed the survival fractions of HepG2-R cells at 1, 2, 3, 5, and 8 Gy of 60Co γ- 
ray irradiation (Figure 1B). The survival fractions of HepG2-R cells were significantly higher, ranging from 0.91 ± 0.06, 
0.59 ± 0.11, and 0.15 ± 0.01 at 1, 2, and 5 Gy, than those of HepG2 cells, 0.54 ± 0.06, 0.27 ± 0.03, and 0.03 ± 0.04, 
respectively (Figure 1C).

10B (Boric Acid) Uptake in HepG2 and HepG2-R Cells
To establish a suitable BNCT program for HepG2 and HepG2-R cells, we examined the 10B (in the form of boric acid) 
uptake time course of these cells. Cells were treated with 25 μg 10B/mL for 0, 30, 60, 90, and 120 minutes before 
10B quantification. The 10B concentration increased at 30 minutes and remained stable until 120 minutes (Figure 2A). We 
then repeated the assay four times with a fixed 30-min treatment time point to determine how much 10B accumulated in 

Figure 1 Radioresistance establishment via intermittent irradiation. (A) Timeline of radioresistant HepG2-R cell establishment. (B) Representative images of the colony 
formation assay. HepG2 and HepG2-R cells were exposed to 0, 1, 2, 3, 5, and 8 gray (Gy) γ-ray radiation. Colonies were visualized by crystal violet staining. (C) The survival 
fraction after γ-ray irradiation. The red and blue lines represent HepG2-R and HepG2 cells, respectively. At 1, 2, and 5 Gy, the survival fractions of HepG2-R cells were 
significantly higher than those of HepG2 cells. (**p < 0.01).
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the cells. As shown in Figure 2B, the 10B concentration was 58.45 ± 2.08 ppm for HepG2 cells and 59.13 ± 4.82 ppm for 
HepG2-R cells. Based on the results, we chose to treat the cells with 25 μg 10B/mL for 30 minutes. Under this condition 
(at 58.45 ppm of 10B), we were able to estimate the BNCT irradiation dose for all subsequent experiments and analyses.

The Enhanced Anticancer Effect of Radioresistant HepG2-R Cells by BNCT
To explore the effect of BNCT on eliminating HepG2-R cells, we used colony formation assay to examine the survival 
fraction of HepG2-R cells under the same radiation dose after BNCT and γ-ray irradiation, as shown in Figure 3A. After 
BNCT, the survival fractions of both cell lines were significantly lower than the survival fractions after γ-ray irradiation, 
and HepG2-R cells had a significantly higher survival fraction than HepG2 cells (Figure 3B).

The D10 values of HepG2 and HepG2-R cells after γ-ray and BNCT irradiation are shown in Table 4. By using the 
formula listed in the Table 4 legend, the RBE of BNCT in HepG2 and HepG2-R cells was determined to be 3.675 and 

Figure 2 10B (boric acid) uptake in HepG2 and HepG2-R cells. Cells were treated with 25 μg 10B/mL boric acid (BA). The round dots represent HepG2 cells, and the square 
represents HepG2-R cells. (A) Time course of 10B uptake. Cells were treated with 25 μg 10B/mL BA for 0, 30, 60, 90, and 120 minutes. (B) Quantification analysis of 
10B uptake. The 10B concentrations were calculated at 30 minutes after treatment.

Figure 3 The enhanced anticancer effect of boron neutron capture therapy (BNCT) on radioresistant HepG2-R cells. (A) Representative images of the colony formation 
assay. HepG2 and HepG2-R cells were exposed to 0, 1, 2, and 3 gray (Gy) BNCT and γ-ray irradiation. (B) The survival fraction after irradiation. The red and blue lines 
represent HepG2-R and HepG2 cells, respectively. The round dots represent γ-ray irradiation, and the squares represent BNCT. At 1, 2, and 3 Gy, the survival fractions of 
HepG2 and HepG2-R cells were significantly lower after BNCT than after γ-ray irradiation. (*p<0.05, **p < 0.01, ***p<0.001, ****p<0.0001).
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5.972, respectively. Our data demonstrated that BNCT efficiently eliminated radioresistant HepG2-R cells under the same 
dose of γ-ray, which implies that BNCT has a higher RBE than γ-ray.

BNCT Increased the Number of DNA DSBs and Impeded Their Repair
It has been proposed that BNCT eliminates cancer cells mainly by inducing severe DNA damage in cancer cells.29,30 We 
thus investigated whether BNCT induced more DNA double strand breaks (DSB) in HepG2-R cells than γ-ray 
irradiation. The cells were assayed at 2, 10, and 24 hours post-treatment because prior reports have indicated that the 
radiation-induced expression of γH2AX, a biomarker of DNA DSBs, reaches its peak level at 30 minutes, undergoes 
a fast repair phase at 0.5~4 hours, and then proceeds to a slow repair phase at 6~24 hours post-treatment.31–33

At 2 hours post-γ-ray treatment (Figure 4A), the ICC showed that γH2AX expression was significantly lower in 
HepG2-R cells than in HepG2 cells. Interestingly, BNCT significantly increased γH2AX expression in HepG2-R and 
HepG2 cells to 480.3 ± 30.33- and 488.3 ± 26.16-fold, respectively.

At 24 hours post-BNCT treatment (Figure 4B), the γH2AX expression of HepG2-R and HepG2 cells was significantly 
increased to 223.2 ± 21.99- and 246.5 ± 25.79-fold, respectively. In contrast, with γ-ray treatment, there was no 
significant change in either cell line (Figure 4B). These data revealed that BNCT effectively induces severe DNA 
damage in HepG2-R cells regardless of radioresistance.

The Western blot assay showed similar patterns to the ICC assay. At 2 hours post-γ-ray treatment (Figure 4C), 
γH2AX expression in HepG2 cells was significantly higher than that in HepG2-R cells. Strikingly, BNCT significantly 
increased the γH2AX expression of HepG2 and HepG2-R cells by 22.97 ± 1.45- and 24.35 ± 3.08-fold, respectively. At 
10 hours post-γ-ray treatment, the BNCT-induced γH2AX expression in both cell lines remained significantly increased 
(Figure 4D). At 24 hours post-γ-ray treatment (Figure 4E), we did not observe a significant change in γ-ray irradiation- 
induced γH2AX expression. In contrast, at 24 hours after BNCT treatment, the increase in γH2AX expression in HepG2- 
R and HepG2 cells seen at earlier time points was maintained at 8.94 ± 0.88- and 8.17 ± 2.37-fold, respectively.

These data indicated that BNCT increased the number of DNA DSBs and decreased their repair compared to γ-ray 
irradiation, which indicates that DNA damage responses and repair mechanisms may be involved in the elimination of 
radioresistant HepG2-R cells by BNCT.

DNA Repair Defects: BNCT Resulted in Delayed Homologous Recombination and 
Inhibited the Nonhomologous End-Joining Pathway
Based on the abovementioned findings, we investigated whether and how BNCT and γ-ray treatment altered the DNA 
DSB repair pathway, homologous recombination (HR) and nonhomologous end-joining (NHEJ) in HepG2-R cells.

At 2 and 10 hours post-γ-ray treatment (Figure 5A and B), the NHEJ-related proteins KU80 and KU70, and the HR- 
related protein RAD51 were significantly upregulated in both cell lines. In contrast, we did not observe any significant 
change in the expression of KU80, KU70, or RAD51 after BNCT irradiation.

Table 4 The D10 and Relative Biological Effectiveness of HepG2 and HepG2-R

Radiation Type D10 (Gy) Relative Biological Effectiveness (RBE)

HepG2 γ-ray 3.496 3.675

BNCT 0.9513

HepG2-R γ-ray 5.749 5.972

BNCT 0.9627

Notes: D10 is the radiation dose required for reducing the survival fraction to 10%. RBE is the ratio of given dosage of BNCT 
relative to γ-ray, leading to the same biological effectiveness. RBE was calculated by the formula: 
RBE ¼D10ðγ� rayÞ½Gy�=D10ðBNCTÞ½Gy�: If RBE is larger than one, indicating that BNCT is allowed to cause a higher biological 
effect under the same dose of γ-ray. 
Abbreviations: BNCT, boron neutron capture therapy; Gy, gray.
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Figure 4 Boron neutron capture therapy increased the number of DNA DSBs and impeded their repair. Representative images of γH2AX foci by immunocytochemistry 
(ICC) at 2 hours (A) and 24 hours (B) post-irradiation. The green fluorescence represents γH2AX, and the blue fluorescence represents nuclei. The quantitative analysis of 
ICC is expressed as the fold change of γH2AX fluorescence area/nucleus. The expression level of γH2AX in HepG2 and HepG2-R cells at 2 hours (C), 10 hours (D), and 24 
hours (E) post-irradiation. (*p<0.05, **p < 0.01, ***p<0.001, ****p<0.0001).
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At 24 hours post-γ-ray treatment (Figure 5C), KU80, KU70, and RAD51 expression remained significantly upregu-
lated. Interestingly, the RAD51 expression in HepG2-R and HepG2 cells after BNCT irradiation was significantly 
increased to 1.37 ± 0.15- and 1.40 ± 0.22-fold that of the control, while KU80 and KU70 expression remained 
unchanged.

In summary, γ-ray irradiation upregulated both HR- and NHEJ-related pathways, while BNCT did not upregulate the 
HR pathway (ie, RAD51) until 24 hours post-treatment. These data indicated that DNA DSBs induced by BNCT were 
mainly repaired by delayed HR repair.

BNCT Significantly Increased Cell Cycle Arrest in Radioresistant HepG2-R Cells
To maintain genomic integrity and stability after DNA damage, cells may transiently undergo cell cycle arrest to provide 
an opportunity for DNA repair before entering mitosis.34 7-AAD staining was used to investigate how cell cycle 
progression was affected after BNCT and γ-ray irradiation (Figure 6A). As expected, cell cycle progression was altered 
after performing both irradiation methods. Specifically, cells arrested in G2/M and sub-G1 phase were observed after 
treatment.

For either irradiation method, the G2/M baseline population in the HepG2-R control group was higher than that in the 
HepG2 control. At 10 hours post-treatment (Figure 6B), γ-ray irradiation significantly increased the G2/M population of 
HepG2-R cells, which remained significantly higher than that of HepG2 cells. Notably, BNCT increased the G2/M 
population of HepG2-R cells to 41.67 ± 1.48%. At 24 hours post-γ-ray treatment, the G2/M population of HepG2-R cells 
was significantly increased and remained higher than the fraction in HepG2 cells. However, BNCT further increased the 
G2/M population to 46.85 ± 1.15% in HepG2-R cells and 51.9 ± 1.69% in HepG2 cells.

Figure 5 Boron neutron capture therapy resulted in delayed homologous recombination and inhibited the nonhomologous end-joining pathway. Western blot assay for the 
DNA damage repair-related proteins KU80, KU70, and RAD51 at 2 hours (A), 10 hours (B), and 24 hours (C) post-irradiation. (*p<0.05, **p < 0.01).
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In terms of the sub-G1 phase, at 10 hours post-treatment (Figure 6C), γ-ray irradiation increased the sub-G1 

population in HepG2 cells to a level that was significantly higher than the fraction in HepG2-R cells. Strikingly, 
BNCT significantly increased the sub-G1 fraction in both HepG2-R and HepG2 cells to 1.21 ± 0.23% and 1.20 ± 
0.29%, respectively. At 24 hours post-treatment (Figure 6C), γ-ray irradiation increased the sub-G1 population to 1 ± 
0.16% in HepG2 cells, but the fraction was 0.7 ± 0.03% in HepG2-R cells. Interestingly, BNCT showed a significant 
increase in the sub-G1 population in both HepG2-R and HepG2 cells (1.87 ± 0.10% and 1.92 ± 0.11%, respectively). 
Taken together, BNCT significantly increased the G2/M and sub-G1 populations in HepG2-R cells.

BNCT Increased G2/M Arrest by Altering CHK2 and CDK1 (CDC2) Checkpoint 
Signaling
CDK1 (previous HGNC symbol: CDC2) and CHK2 are known to play an essential role in the G2 checkpoint to 
determine whether the cells enter mitosis or arrest in the G2 phase.35 We used Western blot assays to investigate the 
expression profiles of CDK1 (CDC2) and CHK2 at 10 and 24 hours post-treatment.

Figure 6 Boron neutron capture therapy significantly increased cell cycle arrest in radioresistant HepG2-R cells. (A) Cell percentages of different cell cycle phases were 
assessed by a cell cycle assay using 7-amino-actinomycin D (7-AAD) staining. (B) Quantitative analysis of the cell cycle in the G2/M phase. (C) Quantitative analysis of the cell 
cycle assay for the sub-G1 phase. (*p<0.05, **p < 0.01, ***p<0.001, ****p<0.0001).
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At 10 hours post-γ-ray treatment (Figure 7A), pCHK2 (T68) and pCDK1 (pCDC2) (Y15) expression levels were 
significantly upregulated in both cell lines. In contrast, pCDK1 (pCDC2) (T161) expression was significantly decreased 
after γ-ray irradiation. Nonetheless, BNCT only significantly upregulated pCHK2 to 2.54 ± 0.39- and 1.97 ± 0.06-fold in 
HepG2-R and HepG2 cells, respectively.

At 24 hours post-γ-ray treatment (Figure 7B), these G2 checkpoint proteins did not show any significant change in 
either cell line. Interestingly, BNCT significantly upregulated pCHK2 (T68), CHK2, and pCDK1 (CDC2) (Y15) and 
significantly downregulated pCDK1 (CDC2) (T161) in HepG2-R and HepG2 cells.

In summary, these data revealed that BNCT altered the expression of the G2 checkpoint signaling molecules CDK2 
and CDK1 (CDC2) to increase cell cycle arrest in the G2/M phase. We also observed delayed activation of CDK2 and 
CDK1 (CDC2) after BNCT compared to γ-ray irradiation.

PUMA-Mediated Apoptosis Underlies BNCT’s Mechanism of Action
In 7-AAD staining, we observed cancer cell arrest at both the G2/M and sub-G1 phases, which is a sign of an apoptotic trend 
after BNCT irradiation. Therefore, we used PE staining to examine the activity of caspase-3, the key marker for apoptosis.

At 24 hours post-γ-ray treatment (Figure 8A), the fraction of treated cells with caspase-3 activity significantly 
increased to 7.47 ± 0.63-fold in HepG2 cells, which was significantly higher than the observed increase to 2.68 ± 0.56- 
fold in HepG2-R cells. In the BNCT group, the cell fraction with active caspase-3 significantly increased to 4.07 ± 0.68- 
and 5.96 ± 1.53-fold in HepG2-R and HepG2 cells, respectively. At 48 hours post-γ-ray treatment (Figure 8B), the 
fraction of cells with active caspase-3 decreased in both cell lines compared to the fractions at 24 hours. Strikingly, 
BNCT further significantly increased the fraction of cells with active caspase-3 to 11.37 ± 2.03- and 12.93 ± 3.75-fold in 
HepG2-R and HepG2 cells, respectively.

Figure 7 Boron neutron capture therapy increased G2/M arrest by altering CHK2 and CDK1 (CDC2) checkpoint signaling. Western blot assay for the G2/M checkpoint 
regulation-related proteins pCHK2, CHK2, pCDK1 (CDC2) (Y15), pCDK1 (pCDC2) (T161), and CDK1 (CDC2) at 10 hours (A) and 24 hours (B) post-irradiation. 
(*p<0.05, **p < 0.01, ***p<0.001).
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Based on the abovementioned findings, we hypothesized that BNCT may affect the molecular pathway of apoptosis in 
treated cancer cells. Therefore, Western blot was used to examine the expression profiles of key apoptosis-related 
proteins.

At 24 hours post-treatment (Figure 8C), γ-ray irradiation did not change BAX, PUMA or BCL2 expression in either 
cell line. However, BNCT significantly decreased BCL2 expression but significantly increased PUMA expression. At 48 
hours post-treatment (Figure 8D), γ-ray irradiation slightly altered BAX, PUMA, and BCL2 expression in both cell lines. 
In contrast, BNCT sustained a significant downregulation of BCL2 expression. Meanwhile, BNCT significantly increased 
the PUMA and BAX expression levels.

In summary, these data showed that BNCT upregulated caspase-3 activity and the expression level of PUMA, which 
indicates that BNCT drives the treated cancer cells toward apoptosis via the PUMA-mediated pathway.

Discussion
As one of the most high-risk malignancies, a majority of HCC cases are diagnosed in advanced stages with limited 
treatment options and poor prognosis.36 For patients receiving radiotherapy, radioresistance is one of the most important 
challenges in the management of HCC.12 In the present study, we demonstrated the feasibility of BNCT to overcome the 
radioresistance of HCC. BNCT efficiently eliminated HepG2-R cells, which resisted γ-ray irradiation at the same dose. This 
finding agrees with other studies that showed that high-LET ionizing particles can eliminate tumors with radioresistance to 
low-LET radiation.18–20 We determined the RBE of BNCT to be 3.675 in HepG2 cells and 5.972 in HepG2-R cells. RBE 

Figure 8 PUMA-mediated apoptosis underlies boron neutron capture therapy’s mechanism of action. Caspase-3 activity histograms of the caspase-3 apoptosis assay were 
generated after PE staining at 24 hours (A) and 48 hours (B) post-irradiation. The blue line represents the control group, and the red line represents the irradiation group. 
The quantitative analysis of cell percentages with caspase-3 activity was performed by CytExpert. Western blot assay for apoptosis-related proteins BCL2, PUMA, and BAX 
at 24 hours (C) and 48 hours (D) post-irradiation. (*p<0.05, **p < 0.01, ***p<0.001, ****p<0.0001).
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varies with many factors, including not only the type, dosage, and energy of radiation components but also the cell and 
tissue type and the degree of oxygenation of the cell.37 The difference between the RBE of HepG2 and HepG2-R cells 
indicated that RBE was also affected by the biological properties (ie, radioresistance ability) of the cancer cells. To our 
knowledge, this study is the first report of RBE for BA-BNCT and the first study to show that RBE can be affected by the 
radioresistant ability of the cells.

It is known that high-LET radiation-induced DNA damage is more difficult to repair by cancer cells than low-LET 
radiation-induced DNA damage.15–17 We found that BNCT increased the number of DNA DSBs in HepG2-R and 
impeded their repair, compared to γ-ray irradiation. This is consistent with the finding that high-LET neutron radiation 
induced more DNA DSBs than low-LET γ-ray radiation, and DNA DSBs are difficult to repair.21

We also demonstrated that BNCT and γ-ray irradiation resulted in different DNA DSB repair pathways. BNCT 
induced delayed HR and inhibited NHEJ repair, whereas γ-ray irradiation activated both HR and NHEJ. 
According to the review of Sridharan et al, the choice of radiation-induced DNA DSB repair pathways mainly 
depends on the radiation quality.38 This is because different types of radiation may generate different DNA 
lesions, and the complexity of DNA damage may trigger varied and altered responses of the repair pathways. 
Studies have shown that approximately 70% of DNA DSBs induced by low-LET radiation are repaired by NHEJ, 
and 30% are repaired by HR repair.39 The percentage of DNA DSBs repaired by either pathway mainly varies 
with cell cycle progression.24

In contrast to low-LET radiation, the contribution of HR and NHEJ to repair high-LET-induced DNA DSBs is still not 
well understood. Recent studies suggested that DNA DSBs induced by high-LET radiation are mainly repaired by HR.40 

Additionally, several studies suggest that the choice of DNA DSB repair pathway relies on the shifts from NHEJ with 
low-LET radiation to HR with high-LET radiation.41–43 However, other studies indicated that DNA DSBs are mainly 
repaired by NHEJ.43,44 Such variation in the choice of repair pathways may be due to the structure of the DNA DSBs, 
cell type, and chromatin environment.45,46

In terms of the cell fate decision after BNCT, the decision might be cell type dependent.47 Kondo et al and 
Kinashi et al showed a critical role of NHEJ in mouse embryonic fibroblasts and Chinese hamster ovary CHO- 
K1 cells.48,49 In contrast, HR is more important in human thyroid follicular cancer WRO cells and human HCC 
Huh7 cells,22,27,28 which is consistent with our finding that BNCT induced HR but not NHEJ in human HCC 
HepG2 cells. Additionally, the human melanoma cell line Mel J and murine melanoma B16-F10 cells activated 
both NHEJ and HR after BNCT.22 Our finding thus implies that HR inhibitors may radiosensitize HCC cells to 
BNCT.

Several reports showed that radioresistant cells increased the fraction of cells arrested in G2/M after irradiation, which 
could be the cell’s strategy to repair DNA damage.50 After repairing the damage, cell cycle progression may resume. This 
agrees with our finding that HepG2-R cells showed more G2/M arrest at 12 hours post-γ-ray irradiation than HepG2 cells, 
and the fraction of G2/M cells was reduced at 24 hours in both cell lines. These findings indicate that G2/M arrest reduces 
the therapeutic efficiency and increases the possibility of cancer recurrence. However, the ratio of cell death or arrest in 
the cell cycle may contribute to the choice of dose and type of therapy.51 It is also known that if the damage is 
unrepairable, the cells will undergo apoptosis. This could explain why HepG2-R cells were eliminated by BNCT even 
after an extensive increase in G2/M arrest. These findings suggest that G2 checkpoint inhibitors may also be potential 
radiosensitizers for BNCT.

Of note, in the present study, we observed delayed DNA damage responses after BNCT irradiation, including DNA DSB 
repair, checkpoint signaling, and apoptosis signaling. The RAD51 expression level increased until 24 hours after BNCT, while 
the RAD51 expression level increased at 2 hours after γ-ray treatment. Delayed repair phenomena have been reported in 
several high-LET radiation studies.52 From the literature survey, the delayed repair induced by high-LET radiation may be due 
to the generation of small DNA fragments or clustered DNA lesions.47,53,54 Consequently, DNA damage repair enzymes 
cannot bind properly to fragmented, clustered DNA lesion sites, leading to a reduction in repair efficiency.55

In summary, our findings indicate that DNA damage and repair responses underlie the elimination efficiency of 
radioresistant HCC by BNCT (Figure 9). In addition, our data suggest that BNCT combine HR inhibitors or G2 

checkpoint inhibitors could be a potential strategy for clinical treatment. These findings agreed with various preclinical 
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and clinical studies which demonstrated the radiosensitization effect of DNA repair and checkpoint inhibitors.57–62 

Although the cancer cell lethality does not translate directly to better outcomes for patients,56 our study implies the 
potential of BNCT for patients with advanced HCC. It is noteworthy that other mechanism related to radioresistance, 
such as autophagy,63,64 may also involve in eliminating the radioresistant cells by BNCT. Therefore, further studies are 
still needed before its clinical application.

Conclusion
Our study demonstrated the anticancer effect of BNCT on HepG2 cells and radioresistant HepG2-R cells, and determined 
the RBE of BA-BNCT in HCC. Furthermore, BNCT results in different DNA damage and repair responses, which may 
lead to the abrogation of radioresistance arising from prior γ-ray radiotherapy (Table 5). Although BNCT has the 
limitation and radiotoxicity, this study highlights the potential of BA-BNCT as a second-line treatment to manage 
recurrent HCC with radioresistance. To our knowledge, this is the first report of the RBE of BA-BNCT, which will help 
to promote BA-BNCT in clinical use for advanced HCC.

Figure 9 Proposed scheme for boron neutron capture therapy-induced DNA damage responses in HCC.

Table 5 The Comparison of the DNA Damage Responses Induced by BNCT and γ-ray

Gamma Ray (γ-ray) Boron Neutron Capture Therapy (BNCT)

HepG2 HepG2-R HepG2 HepG2-R

↓↓ ↓ Survival ↓↓↓ ↓↓↓
- - RBE 3.675 5.972
↑↑ ↑ DSB ↑↑↑ ↑↑↑

HR + NHEJ DNA damage repair Delayed HR, inhibit NHEJ

↑ ↑↑ G2/M arrest ↑↑↑ ↑↑↑
↑↑ ↑ Apoptosis ↑↑↑ ↑↑↑

Notes: ↓, decrease; ↑, increase. 
Abbreviations: RBE, relative biological effectiveness; DSB, double strand break; HR, homologous recombination; NHEJ, nonhomolo-
gous end-joining.
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Abbreviations
7-AAD, 7-Amino-Actinomycin D; BA, Boric acid; BA-BNCT, Boric acid-mediated BNCT; BNCT, Boron neutron capture 
therapy; DDR, DNA damage response; DSB, DNA double strand breaks; Gy, gray; HR, homologous recombination; ICC, 
Immunocytochemistry; LET, Linear energy transfer; NHEJ, non-homologous end joining; PBS, phosphate-buffered saline; 
γH2AX, phosphorylated-H2AX; RBE, relative biological effectiveness; THCR, Tsing Hua cobalt-60 radiation field; THOR, 
Tsing Hua Open-pool Reactor.
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