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Liver cancer is one of the most serious cancers threatening human health. Not only because it is hard to recognize in the 

early stage, but also has the characteristics of easy metastasis and greatly affects the curative effect due to chemoresistance. 

By studying the effect of vanillin derivative BVAN08 (6-bromine-5-hydroxy-4-methoxybenzaldehyde) on DNA damage 

repair, we found BVAN08 inhibit DNA double-strand break injury repair. Moreover, BVAN08 inhibit the expression of 

DNA-PKcs which could enhance the radiation sensitivity by activating ATM and Chk2 signaling pathways. This 

observation provides a further theoretical basis for developing BVAN08 as a radiosensitizer. 
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Introduction 

 

DNA double-strand breaks are important DNA 

damage types caused by ionizing radiation which are 

closely related to cell death, gene mutation and malignant 

transformation of cells. One of the earliest reactions after 

double strand breaks is the phosphorylation of the 

C-terminal serine residue of histone H2AX which located 

near the breakpoint to form γ-H2AX. Phosphorylated 

γ-H2AX rapidly transduces DNA-damaging signals that 

lead to the activation of downstream molecular 

phosphorylation and triggering a series of biological 

cascade reactions and cytological reactions. γ-H2AX is the 

most important DNA damage sensor by far [1].  

Ataxia telangiectasia mutated (ATM) is a member of 

the family of phosphatidylinositol 3-kinase kinases and 

plays a crucial role in triggering signaling pathways in 

mammalian cells and in response to ionizing radiation and 

other factors-induced DSB. A number of cell cycle 

checkpoint proteins that act as ATM kinase substrates have 

been identified, including checkpoint kinase 2 (Chk2), 

γ-H2AX and p53. In normal cultured non-irradiated cells, 

ATM kinase is present as an inactive dimer or advanced 

multimers. Ionizing radiation has also been found to induce 

multiple ATM phosphorylation sites, including Ser367, 

Ser1883, Ser1884, Ser1893, Thr1884, Thr1885, and 

phosphorylation of Ser367 and Ser1893 is also required for 

ATM activation [2]. After DSB occurs, Thr-1981 

phosphorylates or separates into active monomer, which in 

turn activates its substrate. For example, at Thr-68 site of 

Chk2, activated Chk2 further phosphorylates Cdc25A and 

p53 which result in cell cycle progression stagnation [3]. 

Polo-like kinase (Plk1) is a highly conserved serine / 

threonine protein kinase and is an important regulator of 

eukaryotic cell mitosis [4-5]. In the process of G2-M 

transition, Plk1 plays a very important role in promoting 

the cell cycle from G2 to mitosis phosphorylates. 

Phosphorylation of Thr210 and activates its kinase activity 
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and phosphorylates various substrates such as Cdc25 and 

Cyclin B.  

BVAN08 is a derivative of the natural flavoring agent 

vanillin which has previously been demonstrated to have 

antiproliferative effects on various cancer cell lines [6-8]. 

In this study, we investigated the changes of DNA-PKcs 

and cell cycle checkpoint proteins in DNA damage repair 

pathway through the combined action of BVAN08 drug 

and radiation. Meanwhile, the mechanism of BVAN08 in 

radiation sensitization was also investigated. 

 

Materials and methods 

 

Chemicals and Cell culture 

HepG2 human hepatocellular carcinoma cells were 

preserved in four chambers of the Second Military Medical 

Academy, cultured in DMEM containing 10% fetal bovine 

serum and incubated at 37 ° C in a 5% CO2 incubator. 

 

Reagents and materials 

Vanillin derivative BVAN08 (6-bromine-5-hydroxy- 

4-methoxybenzaldehyde) was provided by Dr Lin Wang 

(Beijing Institute of Radiation Medicine). The β-actin 

antibody was purchased from Santa Cruz (sc1616), the 

DNA-PKcs antibody was purchased from Santa Cruz 

(H-163), the γ-H2AX antibody was purchased from Upstar 

(05-636) and the Plk1 antibody was purchased from 

Invitrogen 37-7000), phosphorylated T20-Plk1 was 

purchased from ABCAM (mouse polyclonal, ab39068), 

phospho-T68-Chk2 antibody was purchased from CST (# 

2661), Chk2 antibody was purchased from CST (# 2662). 

The peroxidase-labeled goat anti-mouse and goat 

anti-rabbit secondary antibody was purchased from Beijing 

Zhongsheng Co. (ZB2305, ZB2301). 

 

DNA double-strand breaks detected by neutral single 

cell gel electrophoresis  

HepG2 cells were seeded on 60 mm dishes treated 

with 40 μM BVAN08. Cells were irradiated with 4 Gy 
60Co γ rays after adherent. Cells were harvested at different 

time points 1, 2, 4 and 8 h after irradiation. Cells were 

collected and mixed with low melting point (LMP) agarose 

at 37 °C which was placed on the top of the previous layer 

of 0.5% normal melting point (NMP) agarose on the slide. 

Covered with a coverslip and returned to 4 °C until solid. 

The coverslip was gently removed followed by adding 

some NMP agarose onto the slide. Repeat this step. The 

slide was placed in neutral lysis buffer (for DNA 

double-strand breaks detection), and subjected to 

electrophoresis. Thereafter, the slides were gently washed 

with neutralization buffer and stained with ethidium 

bromide. Slides were visualized and analyzed under a 

fluorescence microscope. DNA damage was expressed as 

tail moment combining comet tail length and the 

proportion of DNA migrating into the tail.  

 

Protein expression was detected by western blot 

Each well was loading 40 μg total proteins. 75V 

constant flow was used to transfer protein to NC membrane 

for 1.5 h after SDS-PAGE gel electrophoresis. Blocking 

solution (TBST with 5% nonfat dry milk) was blocked for 

1 h at room temperature and washed with TBST at room 

temperature for 5 min for 3 times. The expression of cell 

cycle related proteins in each cell was detected by ECL. 

β-actin was used as internal control protein. 

 

Results 

 

BVAN08 inhibits radiation-induced DNA double-strand 

break repair 

Tail movement experiment was used to investigate the 

effect of BVAN08 on radiation induced DNA 

double-strand break. The results showed that 4 Gy 60Co 

γ-ray irradiation has significant tailing in HepG2 cells after 

1 h radiation which indicating DNA double-strand breaks 

was induced. Moreover, DSB had repaired at 4 hrs post-IR 

without other perturbation. However, pretreatment with 40 

M BVAN08 for 12 h, tail movement was detected even 

after 8 h of irradiation, indicating that DNA damage was 

occurred post irradiation and could not be repaired until 8 h 

(Figure 1A). Tail torque statistical analysis showed that 

BVAN08 not only induced DNA double-strand break 

injury but also inhibited irradiation-induced DNA 

double-strand break repair (Fig. 1B). Meanwhile, 

pretreatment of BVAN08 followed by radiation increased 

the expression of γ-H2AX as a result of promoting DNA 

damage (Fig. 1C).  
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Figure 1. BVAN08 inhibited DNA double-strand breaks repair induced by radiation. A: Comet image of HepG2 cells exposed to radiation. B: 

The quantification of DNA DSB as expressed as the comet tail moment. C: -H2AX induced by radiation and participate in the repair process  

 

 

BVAN08 combined irradiation degraded DNA-PKcs in 

HepG2 cells 

As the protein kinase activity of the DNA-PKcs and 

its autophosphorylation are critical for DBS repair via 

NHEJ (non-homologous end-joining), we check 

DNA-PKcs both in radiation and BVAN08 combination 

treatment. Radiation induced DNA-PKcs increased 

significantly, however, DNA-PKcs degraded in pretreated 

with BVAN08. Moreover, the phosphorylation of Thr-2609 

was also reduced which indicating BVAN08 inhibits 

irradiation-induced DNA double-strand break repair (Fig. 

2A). Plk1 is involved in the regulation of DNA damage 

detection in G2 and M phases, which is necessary for 

re-entry of mitotic phase after DNA damage recovery. Plk1 

rapidly increase post irradiation suggested Plk1 involved in 

the early response to DNA damage which related to the 

regulation of mitotic progression after cell cycle arrest due 

to the action of BVAN08. Its phosphorylation of Thr-210 

site also gradually increased (Fig. 2B). 

 

BVAN08 combined irradiation activate cell cycle 

checkpoint in HepG2 cells 

ATM plays an important role in repairing of ionizing 

radiation-induced DNA double-strand breaks, which can 

activate downstream Chk2 kinase. The activated Chk2 can 

phosphorylate p53 and CDC25 which will block the cell 

cycle. 60 μM BVAN08 pretreated HepG2 cells followed by 

radiation induced severe DNA damage and activation of 

the ATM pathway which lead to an increase in 

phosphorylated ATM (Fig. 3A). Moreover, phosphorylated 

Chk2 (Thr68 site) was activated by combine treatment 

BVAN08 with radiation (Fig. 3B).  

 

 

Figure 2. DNA damage repair was inhibited by BVAN08. A. 

DNA-PKcs and phosphorylated DNA-PKcs / p-T2609 was inhibited 

by BVAN08. B. Plk1 and Phosphorylated Plk1 participated in DNA 

damage repair process induced by radiation 
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Figure 3. Cell cycle checkpoint was activated by radiation and 

BVAN08. A. Phosphorylated ATM was activated by combine 

treatment of radiation and BVAN08. B. Phosphorylated Chk2 was 

activated by combine treatment of radiation and BVAN08. 

 

 

Discussion  

 

Chemotherapeutic drugs kill cancer cells by inducing 

DNA damage. Effective DNA repair capability is an 

important intrinsic factor that determines the susceptibility 

of cancer cells to DNA damage. Ionizing radiation can 

induce many types of cell damage, including DSB repair 

and damage signal responses. The assembly and activation 

of the DSB repair system occurs in situ immediately after 

DNA fragmentation [9]. DNA double strand breaks were 

detected by neutral single cell electrophoresis. The results 

indicating irradiation with 4 Gy 60Co γ-rays could induce 

DNA damage in HepG2 cells and repaired after 4 hours. 

When being pre-treated with 40 μM BVAN08 for 12 h, 

significant cell tailing still be detected after 8 h of 

irradiation. Therefore, our result indicating BVAN08 

inhibits DNA double strand breaks repair induced by 

irradiation. 

Intracellular H2AX is phosphorylated to γ-H2AX at 

position 139 after eukaryotic DSBs are produced. Thus, 

γ-H2AX is considered as a molecular marker of DNA 

double-strand breaks. It has been reported in the literature 

that spindle nuclei activate DNA-PK after DSBs, thereby 

phosphorylating H2AX into γ-H2AX in the spindle [10]. 

The effect of combination BVAN08 with radiation on 

γ-H2AX in HepG2 cells was detected by Western blot. The 

results showed that γ-H2AX induced by BVAN08 with 

radiation in HepG2 cells, indicating BVAN08 promoted 

DNA damage and inhibited its damage repair process. 

DNA-PK is an important DNA repair gene that can 

recognize and transmit DNA damage signal. Then the 

protein kinase is activated in order to phosphorylate DNA 

repair protein to start DNA strand break repair [11]. The 

results of western blot showed DNA-PKcs in BVAN08 

cells was significantly decreased along with threonine at 

2609 phosphorylation which indicated BVAN08 inhibited 

radiation-induced DNA double-strand break repair. 

Meanwhile, DNA-PKcs-deficient cells are sensitive than 

wild-type cells after ionizing radiation [12]. Therefore, the 

inhibition of DNA damage repair reaction by BVAN08 

increased cell radiation sensitization effect.  

Ionizing radiation-induced cell cycle arrest is the 

adaptive response of body cells to external stimuli. G2 

arrest prevents the chromosomal abnormalities from 

mitosis during M phase to ensure the integrity and stability 

of the cell genome [13]. Plk1 is a highly conserved serine / 

threonine protein kinase that plays a very important role in 

the G2-M transition. Plk1 contains a T-loop domain in 

which T210 can be phosphorylated, which has kinase 

activity. It has been reported that HeLa cells overexpress 

Plk1can significantly increased G2 / M phase ratio [14]. 

Plk1 is involved in the regulation of DNA damage 

detection in G2 and M phases. Moreover, Plk1 is necessary 

to re-enter the mitotic phase after DNA damage recover. 

The changes of Plk1 in irradiated cell was increased 

rapidly after radiation suggesting Plk1 may be involved in 

the early response to DNA damage. The phosphorylation 

of cell cycle protein which regulated cell mitosis process 

also increased as the effect of BVAN08.  

Mammalian cell cycle check point detection kinases 

include ATM and ATR. ATM can phosphorylate a range of 

substrates when DNA damaged, including Chk2, p53, 

MDM-2, etc. [15]. The activated Chk2 phosphorylate 

Cdc25C, thereby inhibiting the activity of Cyclin B-CDK1 

complex which can arrest cell cycle in G2 phase [16]. 

ATM phosphorylates H2AX at the site of the DSB damage 

in the nucleus. However, ATM autophosphorylation occurs 

in the cytoplasm. When cells occurs DSBs in the cellular 

DNA, not only H2AX serine phosphorylation at position 

139, but also ATM serine phosphorylate at position 1981, 
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DNA-PKcs threonine phosphorylate at position 2609, 

Chk2 is phosphorylated at position 68 of threonine [17]. 

Our results showed that there was no significant change of 

ATM in BVAN08 cells treated with radiation. However, 

the phosphorylation of ATM at position 1981was increased 

followed by irradiation. It has been reported that the ATM 

is closely related to the radiosensitivity of glioma[18]. The 

radiation sensitizing effect of BVAN08 is related to the 

increase of phosphorylated ATM protein. Cell cycle 

checkpoint kinases, Chk1 and Chk2, play an important role 

in the regulation of G2 phase after injury. Inhibition of 

Chk1 and Chk2 can reduce cell cycle arrest post-irradiation 

and increase the radiosensitivity [19]. Chk2, in addition to 

being phosphorylated by both ATM and ATR, can also be 

phosphorylated by DNA-PK in vitro. Moreover, DNA-PK 

is involved in the activation of Chk2 in DNA damage 

response in vivo [20]. Our results showed combined effect 

of BVAN08 and radiation decreased Chk2 and increased 

the phosphorylation (Thr68) in BVAN08 cells, which may 

result in a continuous DNA damage signal activation ATM 

/ Chk2. 

Our study indicated BVAN08 not only can induce 

DNA double-strand breaks, but also inhibit 

DNA-chain-breakage repair induced by radiation. 

BVAN08 inhibited DNA-PKcs and activated ATM / Chk2 

signaling pathways, enhance radiosensitivity of HepG2. 

Therefore, BVAN08 has the potential for developing into 

an effective radiation sensitizing drug. 
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