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ABSTRACT 

The cell cycle checkpoint system play a pivotal role in the cellular DNA damage response, and the discovery of check- 
point inhibitors is expected to sensitize current cancer therapies. Checkpoint signaling cascades are critically modulated 
by ATM (ataxia telangiectasia-mutated) and its related molecules. Generally, ATM primarily responds to ionizing irra- 
diation-induced DNA double-strand breaks. Heavy ions from an accelerated carbon ion beam have been used to cure 
cancer because they are more effective than ionizing irradiation such as X-ray and γ-radiation in terms of biological 
damage. In a previous study, we demonstrated that a persimmon leaf flavonol (PLF) promoted the cytotoxic effect of 
chemotherapeutic agents on cancer cells through inhibition of checkpoint activities, especially in the ATM dependent 
pathway. The present study investigated whether PLF inhibits checkpoint activity during the DNA damage response 
induced by heavy ion irradiation. Treatment with PLF significantly increased the cytotoxicity of heavy ion irradiation in 
A549 adenocarcinoma cells. The phosphorylation of checkpoint proteins such as p53, SMC1, and Chk1 was increased 
by heavy ions. PLF reduced the phosphorylation of checkpoint proteins. Pre-treatment with PLF significantly prevented 
the decrease of mitotic cells in heavy ion-exposed cells. We further evaluated tumor volume in SCID mice inoculated 
with human lung adenocarcinoma A549 cells. The combination treatment of PLF and heavy ion resulted in a decrease 
of tumor volume compared with controls, although PLF itself did not exhibit any effect. These results indicate that PLF 
inhibits tumor growth through modulation of the DNA damage response. PLF may be useful for clinical application in 
combination with heavy ion radiotherapy. 
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1. Introduction 

Heavy ion radiotherapy has recently received increasing 
attention in the field of radiotherapy because heavy ion 
irradiation is more effective than other types of ionizing 
irradiation such as X-ray or γ-radiation in inducing bio- 
logical damage [1]. The carbon ion beam used in heavy 
ion irradiation releases a large amount of energy at the 
end of its range and enables the safe delivery of an effec- 
tive dose of irradiation to cancer tissues without damag- 
ing normal tissues [2]. To date, more than 96,000 pa- 
tients have been treated with particle beams around the 
world, of which approximately 10% were treated with 

carbon ion radiotherapy [3]. 
It is already known that radiotherapy induces apoptosis 

by DNA damage [4]. At the DNA damage checkpoint, 
ATM (ataxia telangiectasia mutated) and ATR (AT and 
Rad3 related) play a central role in intracellular signal 
transduction and control the cell cycle precisely, by phos- 
phorylating downstream components of the checkpoint 
pathway [5-7]. When DNA damage occurs, checkpoint 
effector proteins such as p53, structural maintenance of 
chromosomes 1 (SMC1), and checkpoint kinase 1 (Chk1) 
are phosphorylated and activated by ATM or ATR, 
which leads to cell cycle arrest in the G1, S, G2, and M 
phase, respectively. Thus, the DNA damage checkpoint 
induces cell cycle arrest and/or apoptosis. Furthermore, *Corresponding author. 
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the G2/M checkpoint, which is usually preserved even in 
p53-defective or mutated cancer cells, plays an important 
role in the DNA damage checkpoint system [8]. There- 
fore, modulation of DNA damage checkpoint activity is 
an important target to improve the efficiency of cancer 
treatment. 

We have focused on DNA damage checkpoint activity 
and have tried to discover natural compounds to sensitize 
cancer treatment [9]. In a previous study, we demon- 
strated that a flavonol contained in persimmon (Diospy- 
ros kaki) leaf extract (PLF) promoted the cytotoxic effect 
of chemotherapeutic agents on cancer cells by inhibiting 
checkpoint activity, especially in the ATM-dependent 
pathway [10]. Persimmon leaves are consumed as health 
promoting tea in Asia, and are reported to have various 
biological effects such as anti-oxidative [11-13], anti- 
cancer [14,15], anti-hypertensive [16,17], anti-inflamma- 
tory [18,19] and anti-hyperglycemic [20,21]. PLF con- 
tains eight flavonols, and characterized by content of four 
2”-galloylated flavonols [22]. Until now, there has been 
no practical source of plants readily available for the pre- 
paration of 2”-galloylated flavonols. PLF enables to fur- 
ther study of the biological activities of galloylated fla- 
vonols. 

In this study, we investigated whether PLF inhibits 
checkpoint activity during the DNA damage response in- 
duced by heavy ion irradiation. Furthermore, we evalu- 
ated the inhibitory activity of PLF and heavy ion irradia- 
tion on the growth of A549 adenocarcinoma cells in a 
xenograft tumor model. 

2. Materials and Methods 

2.1. Preparation of Persimmon Leaf Flavonols 

PLF was prepared as described previously [20]. Persim- 
mon leaves were collected at Niitsu in Niigata, Japan. 
Dried persimmon leaves were treated with boiling water 
for 30 min. The soluble extract was subsequently parti- 
tioned with ethyl acetate to give PLF. The ethyl acetate 
phase was evaporated to dryness in vacuo. The eight fla- 
vonol components in PLF consisted of four non-galloy- 
lated flavonols (kaempferol 3-O-glucoside, kaempferol 
3-O-galactoside, quercetin 3-O-glucoside, and quercetin 
3-O-galactoside) and four galloylated flavonols (their 2”- 
gallolyated flavonol glycosides). The eight flavonols in 
PLF were identified and quantified as described previ- 
ously [22]. The percentage (% w/w) of flavonols in PLF 
were 29% kaempferol 3-O-2”-galloylglucoside, 16% 
kaempferol 3-O-2”-galloylgalactoside, 10% quercetin 3- 
O-2”-galloylglucoside, 4% quercetin 3-O-2”-galloylga- 
lactoside, 18% kaempferol 3-O-glucoside, 11% kaemp- 
ferol 3-O-galactoside, 7% quercetin 3-O-glucoside, and 
4% quercetin 3-O-galactoside. 

2.2. Irradiation 

The carbon ion beam was generated by the Heavy Ion 
Medical Accelerator in Chiba (HIMAC) synchrotron at 
the National Institute of Radiological Sciences (NIRS), 
Japan. The 135 MeV/u heavy ion beams and 290 MeV/u 
beams with a width of 60 mm for the spread-out Bragg- 
peak (SOBP) were used cell and animal experiments, 
respectively. The dosimetry and LET settings/measure- 
ments were determined by NIRS engineers. 

2.3. Cell Culture 

Human adenocarcinoma A549 cells were obtained from 
the American Type Culture Collection (ATCC; Manassas, 
VA, USA). The cells were cultured in Dulbecco’s modi- 
fied Eagle’s medium (DMEM) (Sigma-Aldrich, MO, 
USA) containing 10% fetal bovine serum, 100 U/mL pe- 
nicillin, and 100 µg/mL streptomycin at 37˚C in a hu- 
midified atmosphere of 5% CO2. The cells seeded in T25 
culture flasks (Becton Dickinson, CA, USA) before irra- 
diation. 

2.4. Clonogenic Assay 

Cell viability was determined by clonogenic assay. A549 
cells were cultured for 24 h before a 1-h pretreatment 
with PLF (0, 10 µg/mL) and subsequently exposed to 
heavy ion (0, 2.5, and 6 Gy). After irradiation, the cells 
were plated at 500 cells/60-mm dish. After incubation for 
14 days, colonies were stained with 2% methylene blue 
in 50% ethanol. Clonogenic survival is expressed as a 
proportion of the colony number on control dishes. 

2.5. Immunoblot Analysis 

Intracellular levels of phosphorylation for each check- 
point proteins such as SMC1, Chk1, p53, and ATM were 
determined by western blotting using phospho-specific 
antibodies targeting Ser966, Ser317, Ser15, and Ser1981, 
respectively. A549 cells were cultured for 24 h before a 
1-h pretreatment with PLF (0, 1, 10, and 30 µg/mL) and 
subsequently exposed to heavy ion (0, 2.5, and 10 Gy). 
After irradiation for 1 h, cells were lysed in UTB buffer 
(8 mM urea, 150 mM 2-mercaptorthanol, 50 mM Tris- 
HCl, pH 7.5), and protein concentrations were deter- 
mined using the Bradford protein assay kit (Bio-Rad La- 
boratories, CA, USA). For immunoblot analysis, the pre- 
pared proteins were separated by SDS polyacrylamide 
gel electrophoresis (SDS-PAGE) and transferred electro- 
phoretically to a PVDF membrane. The membrane was 
blocked by 2% skim milk in Tris buffered saline con- 
taining 0.1% Tween 20 for 1 h at room temperature. Im- 
munoblotting was performed using primary antibodies 
against phospho-SMC1 (Bethyl, TX, USA), phospho- 
Chk1 (Bethyl), phospho-p53 (Cell Signaling Technology, 
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MA, USA), phospho-ATM (Cell Signaling Technology), 
and GAPDH (Cell Signaling Technology) for 4 h at room 
temperature. Bound antibodies were detected using a sec- 
ondary peroxidase-conjugated anti-rabbit or anti-mouse 
IgG (Cell Signaling Technology). Target proteins were 
visualized using an ECL reaction solution (Millipore Co., 
MA, USA) and a chemiluminescence-sensitive film (Fu- 
jifilm Co., Ltd., Tokyo, Japan). 

2.6. Flow Cytometric Analysis of the Cell Cycle 

The cells were treated with PLF for 24 h and then evalu- 
ated for DNA content after propidium iodide staining. 
The cell cycle distribution was not altered by treatment 
with PLF (data not shown). 

2.7. G2/M Checkpoint Analysis 

Phosphorylation of histone H3 at Ser10 was used to mo- 
nitor mitosis. A549 cells were incubated with PLF (0 and 
30 µg/mL) at 1 h prior to heavy ion treatment (0, 2.5, and 
10 Gy). After treatment, cells were suspended in 300 µL 
of PBS and 700 µL of ice-cold ethanol and permeabi- 
lized with 0.25% Triton X-100 in PBS on ice for 15 min. 
The cells were then incubated with polyclonal anti-rabbit 
phospho-histone H3 (Ser10) antibody (Upstate, NY, 
USA) and Alexa Fluor 488-conjugated goat anti-rabbit 
IgG antibody (Invtrogen, CA, USA) for 4 h and 1 h at 
room temperature, respectively. The cellular DNA was 
stained by 50 µg/mL propidium iodide (Dojindo, Kuma- 
moto, Japan) for 30 min at room temperature. The stained 
cells were analyzed by flow cytometer (Beckman-Coul- 
ter, CA, USA). 

2.8. Xenograft Study 

Five-week-old male SCID mice (C.B-17/lcr-scid/ scidJcl) 
were purchased from CLEA Japan (Tokyo, Japan). The 
animals were housed at 24˚C ± 1˚C with a 12 h light:dark 
cycle and had free access to a standard diet and distilled 
water for 1 week prior to the experiment. Animal experi- 
mental protocols were approved by the NIRS Institu- 
tional Animal Care and Use Committee, and the study 
was conducted in accordance with the Animal Experi- 
mentation Guidelines of NIRS. 

A549 cells were subcutaneously injected (5 × 106 cells 
per mouse) into the left hind leg of mice, and tumor size 
was measured using a Vernier caliper. Treatments were 
initiated when tumors were established (∼150 mm3) by 
21 days after tumor implantation, and the mice were ran- 
domized to control and treatment groups. Nonanesthe- 
tized mice were immobilized on a lucite plate to place 
their right hind legs in the irradiation field and then ex- 
posed to heavy ions (2.5 Gy). The PLF treatment group 
was orally administered PLF (100 mg/kg body weight) 
using a stomach tube every day for total of 10 days. The 

body weights and tumor sizes were recorded every day. 

2.9. Statistics 

The data were expressed as the mean ± SE. Statistical 
analysis of the data was performed by ANOVA followed 
by the Tukey test to identify differences among groups.  
Differences were considered significant at P < 0.05. 

3. Results 

3.1. Effect of PLF Treatment on Cell Viability  
after Heavy Ion Irradiation 

We investigated whether PLF affects cell viability after 
heavy ion irradiation. The viability of A549 cells was 
measured by clonogenic assay. Heavy ion irradiation in- 
duced cell death in a dose dependent manner (Figure 1). 
When the cells were treated with 10 µg/mL PLF before 6 
Gy irradiation, their viability significantly decreased rela- 
tive to untreated control cells. PLF-only treatment did not 
affect viability and cell cycle progression (data not shown). 
These results indicate that PLF sensitizes the cytotoxicity 
induced by heavy ion irradiation.  

3.2. Effect of PLF on the Phosphorylation of  
Checkpoint Proteins after Heavy Ion  
Irradiation 

We examined the effect of PLF on DNA damage check 
point pathways induced by heavy ion irradiation. Heavy 
ion irradiation increased the phosphorylation of the check- 
point proteins such as SMC1, Chk1, and p53 at Ser966, 
Ser317, and Ser15, respectively (Figure 2, lane 2). When 
the cells were exposed to 2.5-Gy heavy ion radiation, 
PLF treated cells dose-dependently decreased phosphory- 
lation of SMC1, Chk1, and p53 (Figure 2(a)). 

We further tested the effect of PLF on the phosphory- 
lation of ATM (Ser1981), a key molecule in DNA dam- 
age checkpoint signaling. Heavy ion irradiation slightly 
increased phosphorylation of ATM at Ser1981 (Figure 
2(a), lane 2). PLF dose-dependently decreased ATM 
phosphorylation (Figure 2(a), line 4). 

PLF also decreased the phosphorylation of p53 after 
10 Gy of heavy ion (Figure 2(b), line 3), although it did 
not affect the phosphorylation of SMC1 (Figure 2(b), 
line 1). PLF at 30 µg/mL decreased Chk1 phosphoryla-
tion though 1 and 10 µg/mL slightly increased Chk1 
phosphorylation (Figure 2(b), line 2).  

3.3. Effect of PLF on the G2/M Checkpoint after  
Heavy Ion Irradiation 

To evaluate the specificity of the inhibitory effect of PLF 
on the cellular DNA damage response, we further exam- 
ined the mitotic transition using flow cytometric analysis 
(Figure 3). The percentage of mitotic cells was estimated 
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Figure 1. PLF treatment decreases cell viability after DNA 
damage. Relative cell viability was measured by a clono- 
genic assay. A549 cells were subjected to 1 h of pre-incuba- 
tion and 14 days of post-incubation with PLF (10 µg/mL) 
after heavy ion (2.5 and 6 Gy). The values given are the 
mean ± SE (n = 4). *P < 0.05 vs. PLF untreated control. 
 

 

Figure 2. Inhibitory effects of PLF treatment on checkpoint 
proteins after heavy ion irradiation. The phosphorylation of 
SMC1 (Ser966), Chk1 (Ser317), p53 (Ser15), and ATM 
(Ser1981) was determined by immunoblotting analysis. 
Dose-dependent effects of PLF on the phosphorylation of 
SMC1, Chk1, p53, and ATM were observed by adding in-
creasing concentrations of PLF before and after induction 
of DNA damage by heavy ion irradiation ((a) 2.5 Gy and (b) 
10 Gy). 
 
according to the level of histone H3 phosphorylation at 
Ser10. The percentage of phospho-histone H3-positive 
cells clearly decreased after heavy ion irradiation (Figure 
3(a)). In contrast, the percentage of PLF-treated cells un- 
dergoing mitosis significantly increased 2.5-Gy irradia- 
tion. The percentage of mitotic cells in PLF-pretreated 
cells increased compared to the 10 Gy of irradiation-only 

 

Figure 3. Effect of PLF on G2/M checkpoint activity. (a) 
Dot plot analysis was performed by FACS followed by data 
analysis. The percentage of mitotic cells was estimated by 
phosphorylated histone H3 (Ser10) positive cells. The cells 
were counter stained with PI for DNA content. A549 cells 
were treated with 30 µg/mL PLF for 1 h before and 1 h 
after heavy ion irradiation (0, 2.5, and 10 Gy). (b) Data are 
expressed as the percentage of mitotic cells with respect to 
the total number of cells. The values given are the mean ± 
SE (n = 4). *P < 0.01 vs. PLF untreated control. 
 
cells, but there was no statistically significant difference 
(Figure 3(b)). These results suggest that PLF abrogated 
the G2/M checkpoint in heavy ion irradiation induced 
DNA damage. 

3.4. Effect of PLF on Tumor Growth after Heavy  
Ion Irradiation 

We next assessed the effect of oral administration of PLF 
on tumor growth in heavy ion exposure using a murine 
xenograft model. A marked change in body weight was 
not observed between the groups (data not shown). The 
tumor volume of the control group reached 249 ± 26 
mm3 by day 31 after tumor transplantation (Figure 4). 
Tumor growth was inhibited in the heavy ion irradiation 
group after day 25. The administration of PLF alone did 
not affect tumor volume. In contrast, combined PLF and 
heavy ion treatment significantly reduced the tumor 
volume compared to the control. The final mean tumor 
volume for PLF and heavy ion-treated mice was 155 ± 
19 mm3, which was 38% less than the control group with 
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Figure 4. Tumor growth curve of mice treated with PLF, 
heavy ion irradiation, or a combination of PLF and irradia- 
tion. Tumor-bearing SCID mice were randomly assigned to 
the indicated treatment groups (PLF and irradiation un- 
treated control, PLF treatment, irradiation, and combined 
PLF and irradiation treatment). The 2.5-Gy heavy ion irra- 
diation was performed on day 21 as indicated by the arrow, 
and tumor volume was measured. The PLF-treated group 
was administrated 100 mg/kg PLF every day after irradia-
tion. The values given are the means ± SE (n = 4 - 6). *P < 
0.05 vs. untreated control. 
 
a mean of 249 ± 26 mm3. These results suggest that PLF 
might be applicable to the sensitization of radiotherapy. 

4. Discussion 

In a previous study, we reported that PLF promoted the 
cytotoxic effect of chemotherapeutic agents doxorubicin 
(DOX) on cancer cells by inhibiting checkpoint activity 
[10]. Moreover, we demonstrated that PLF inhibited 
ATM-dependent checkpoint activity in DOX-induced 
DNA damage responses. In checkpoint signaling, ATM 
plays a key role and critically modulates many events in 
the cell cycle through the phosphorylation of effector 
proteins [5,6]. Consequently, the modulation of DNA da- 
mage checkpoint activity in cancer cells is an important 
target for sensitization of cancer therapy. Here, we inves- 
tigated whether PLF inhibits checkpoint activity during 
the DNA damage response induced by heavy ion irradia- 
tion. 

We demonstrated that heavy ion irradiation-induced 
cell death was significantly sensitized by PLF treatment 
(Figure 1). Heavy ion irradiation induced DNA double- 
strand break, and ATM was activated [23-25]. In this 
study, we investigated whether 2.5-Gy and 10-Gy heavy 
ion irradiation affected the phosphorylation of ATM and 
its downstream checkpoint proteins such as SMC1, Chk1, 
and p53. In particular, 2.5-Gy heavy ion irradiation in- 
duced the phosphorylation of ATM and the downstream 
proteins (Figure 2(a)). These results indicate that ATM 

plays an important role in the DNA damage response in- 
duced by heavy ion radiation. Furthermore, PLF treat- 
ment decreased phosphorylation of each molecule. In 
contrast, the effects were not obvious in high-dose (10 
Gy) irradiation (Figure 2(b)). Therefore, ATM may not 
be responsible for the subsequent cellular DNA damage 
response to high-intensity heavy ion irradiation, even 
though the damage is severe enough to induce check- 
point activation. It is well known that ATM is not the 
only molecule involved in the response to cellular DNA 
damage; ATR, which plays a central role in intracellular 
signal transduction, also plays a role [5-7]. We previ- 
ously showed that PLF did not have specific effect on 
ATR activity [10]. Hence, it is likely that other molecules, 
such as ATR, play a key role in the DNA damage re- 
sponse induced by high-dose (more than 10 Gy) irradia- 
tion. In addition, it has been reported that clustered DNA 
damage greater than simple double-strand breaks is likely 
to occur at biologically relevant frequencies in response 
to irradiation [26,27]. Because high-dose irradiation (10 
Gy) occasionally exerts a complicated activation of the 
DNA damage response, PLF or other compounds that 
specifically modulate a single molecule might not pro- 
duce a significant effect on overall signal transduction. 

It has also been established that the mutation or dele- 
tion of p53 and the lack of the G1/S checkpoint fre- 
quently occurs in cancer cells [28]. Therefore, the G2/M 
checkpoint is considered to be a pivotal target for cancer 
therapies [29-31]. The present study demonstrated that 
PLF abrogates the G2/M checkpoint of the DNA damage 
response to low-dose (2.5 Gy) irradiation through inhibi- 
tion of ATM. This finding suggests that PLF is useful to 
increase the cytotoxicity of heavy ion irradiation in tu- 
mor cells that do not have functional p53 as a DNA da- 
mage checkpoint molecule.  

We further compared the growth rate of xenograft 
made by transplantation of A549 cells. Because PLF mo- 
dulates the activity of DNA damage checkpoints acti- 
vated by low-dose irradiation, we used 2.5-Gy heavy ion 
irradiation. Interestingly, oral administration of PLF it- 
self did not seem to have a therapeutic effect, however, 
the combination of PLF and heavy ion treatment resulted 
in significant tumor regression (Figure 4). Taken toge- 
ther, these results suggest that the antitumor effect ob- 
served with combined PLF and irradiation was caused by 
the abrogation of DNA damage checkpoints. Therefore, a 
combination treatment produced more effective outcomes 
than heavy ion irradiation treatment alone. PLF contains 
four 2”-galloylat1ed flavonols, which have been reported 
to have interesting biological activities, including xan- 
thine oxidase inhibitory activity [32], antioxidant activity 
[22], HIV-1 integrase inhibitory activity [33], and inhibi- 
tory activity against inducible nitric oxide synthase ex- 
pression [34]. Thus far, 2”-galloylated flavonols have 
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been isolated from Terminalia chebula [33] and Persi- 
caria lapathifolia [34], but not from edible plant. Be- 
cause persimmon leaf tea is popularly consumed as bev- 
erage, we can easily take 2”-galloylated flavonols. How- 
ever, to understand the bioavailability of 2”-galloylated 
flavonols, further study will be required. 

In conclusion, we demonstrated that PLF inhibit tumor 
growth by modulation of DNA damage checkpoint in 
vitro and in vivo. Several studies have reported that che- 
mical agents sensitize radiotherapy by abrogation of 
DNA damage checkpoint [35-38]. Almost 60% of drugs 
approved for cancer treatment are derived from natural 
products or natural product analogues [39]. It is expected 
that natural products have a lower risk of side effects 
than chemical agents. 2”-Galloylated flavonols are natu- 
ral products from persimmon leaf, which is commonly 
consumed as tea in Asia. PLF administration has a lower 
risk of side effects than administration of other antican- 
cer agents. The combination with PLF and heavy ion ir- 
radiation may permit a reduction of the doses of irradia- 
tion administered to cancer patients, thereby decreasing 
the severity of side effects. 
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