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Introduction

Radiation therapy using ionizing radiation (IR) is a widely 
accepted treatment for prostate cancer. It is indicated for 
patients with early-stage prostate cancer with similar prog-
nosis to radical prostatectomy.1 For locally advanced dis-
ease and bone metastasis, the role of radiation therapy in 
local control and palliation has been validated.2 However, 
the side effects of pelvic radiation therapy in prostate can-
cer, such as injury to the rectum and urinary bladder, are 
common.3 The direct contiguity of the rectum, urinary blad-
der, and prostate inevitably exposes the rectum and urinary 
bladder to radiation during the delivery of radiation therapy 
to the prostate. Although advances in radiation therapy 

techniques have reduced toxicity by decreasing the radia-
tion dose reaching the normal tissues, the radiation dose 
distributed to the rectum and urinary bladder remains high,4 
which induces a considerably high rate of proctitis, cystitis, 
and fistula. One important strategy to overcome this clinical 
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Abstract
Introduction. Radiation therapy using ionizing radiation is widely used for the treatment of prostate cancer. The intrinsic 
radiation sensitivity of cancer cells could be enhanced by modulating multiple factors including the capacity to repair DNA 
damage, especially double-strand breaks (DSBs). We aimed to examine the effect of zerumbone on radiation sensitivity 
and its protective effects against ionizing radiation–induced DSB in human prostate cancer cells. Materials and Methods. 
The human prostate cancer PC3 and DU145 cell lines were used. A colony formation assay was performed to analyze 
the radiation survival of cells. DNA histogram and generation of reactive oxygen species (ROS) were examined using flow 
cytometry. Western blotting was used to examine the expression of regulatory molecules related to DNA damage repair. 
Results. Pretreatment with zerumbone enhanced the radiation effect on prostate cancer cells. Zerumbone delayed the 
abrogation of radiation-induced expression of γ-H2AX, an indicator of DNA DSB. Zerumbone pretreatment markedly 
reduced ionizing radiation–induced upregulated expression of phosphorylated ATM (ataxia telangiectasia-mutated), 
which was partially reversed by the ATM agonist methyl methanesulfonate. Ionizing radiation augmented and zerumbone 
pretreatment reduced the expression of Jak2 and Stat3, which are involved in DNA damage repair signaling. No significant 
effect on the generation of ROS and expression of ATR was noted after zerumbone treatment. Conclusion: Zerumbone 
sensitized DU145 and PC3 prostatic cancer cells to ionizing radiation by modulating radiation-induced ATM activation 
during repair of DNA DSBs.
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drawback is to enhance the radiosensitivity of prostate can-
cer cells, which lowers the needed radiation dose and 
thereby, reduces the toxicity to surrounding normal tissues.

Multiple factors are involved in the intrinsic radiation 
sensitivity of cancer cells.5 The capacity to repair DNA 
damages in response to IR is one of the most important 
determinants of radiosensitivity.6 Among IR-induced DNA 
damages, double-strand breaks (DSBs) are regarded as 
lethal and a critical cause of radiation-induced cell death.7 
DSBs of DNA can be repaired by homologous recombina-
tion repair and nonhomologous end joining (NHEJ).8 
Phosphorylation of H2A histone family, member X (H2AX), 
a substrate of ATM, to γ-H2AX has been used as an indica-
tor of DNA DSBs, a marker for estimating DNA repair, and 
a possible target of radiosensitization.9,10

Zerumbone (2,6,10-cy-cloundecatrien-1-one, 2,6,9,9-tet-
ramethyl-,[E,E,E]-), a monocyclic sesquiterpene com-
pound, is the predominant bioactive compound in the 
rhizomes of Zingiber zerumbet.11-13 The biological proper-
ties of zerumbone include anti-inflammatory,14 antitu-
mor,15-17 antiproliferative18 and antiplatelet aggregation.18,19 
Zerumbone has a specific pharmacological role as an antag-
onist of GLI family zinc finger 1 (Gli1) activation in the 
sonic hedgehog signaling pathway.20 It has been reported to 
act as a radiosensitizer by promoting reactive oxygen spe-
cies (ROS)-mediated DNA damage.16,21 In the present 
study, the detailed mechanism underlying zerumbone-
induced decrease in the expression of phosphorylated ataxia 
telangiectasia-mutated (ATM) kinase in human prostate 
cancer cells was examined.

Materials and Methods

Cell Culture

The human prostate cancer PC3 and DU145 cell lines were 
purchased from the American Type Culture Collection 
(ATCC, CRL-1435 and HTB-81). The PC3 cells were 
maintained in F-12K medium supplemented with 1% (v/v) 
penicillin and streptomycin (all Gibco) and 10% (v/v) fetal 
bovine serum (Biological Industries) at 37°C in 5% CO

2
. 

For DU145 cells, F-12K was replaced with minimum essen-
tial medium (MEM, Gibco).

3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl-
tetrazolium bromide (MTT) Assay

Cell viability was assessed using a 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyl-tetrazolium bromide (MTT) assay. The 
cells were seeded at a density of 104 cells/well in 96-well 
plates. After 16 hours, cells were exposed to zerumbone 
(Sigma-Aldrich) for the indicated times. MTT solution was 
added to the well at 37°C for 2 hours. After removing the 
medium, dimethyl sulfoxide was used to end the reaction, 

and the formazan product was quantified by measuring the 
absorbance of the resultant solution at 570 nm using a 
spectrophotometer.

Colony Formation Assay

The cells were plated in 6-well plates, cultured overnight, 
zerumbone was added to the culture medium for 24 hours, 
and then washed out with phosphate-buffered saline (PBS). 
After adding fresh medium, the cells were irradiated with dif-
ferent doses of radiation (0-6 Gy), cultured for 14 days and 
then the colonies were stained with crystal violet and counted.

Cell Cycle Analysis by Flow Cytometry

Cells were treated with zerumbone for 24, 48, and 72 hours, 
and then they were harvested and fixed at 4°C for 1 hour 
with 70% ethanol. The cells were stained with propidium 
iodide (PI) solution (PI, 0.5 mg/mL and RNAse, 0.1 mg/
mL) in a CycleTEST plus DNA reagent kit (Becton 
Dickinson, Lincoln Park, NJ, USA). Analysis of the DNA 
content was performed using a fluorescence-activated cell 
sorting (FACS) caliber flow cytometer (Becton Dickinson, 
Lincoln Park, NJ, USA). The data of the cell analysis were 
collected and analyzed using the ModFit software (Becton 
Dickinson, Lincoln Park, NJ, USA).

Western Blot Analysis

Cells were treated as in the colony formation assay, their 
lysates were subsequently collected using a cell lysis buffer 
(Cell Signaling Technology) supplemented with a protease 
and phosphatase inhibitor cocktail (Thermo) 1 hour after 
irradiation, and then quantified using the Pierce bicincho-
ninic acid (BCA) protein assay kit (Thermo). The total pro-
teins were separated using sodium dodecyl 
sulfate–polyacrylamide gel electrophoresis (SDS-PAGE) 
and transferred to a polyvinylidene fluoride (PVDF) mem-
brane. After blocking with 5% skim milk, the proteins on 
the membrane were probed using the following primary 
antibodies, anti-phospho-ATM (Ser1981), anti-ATM (both 
Cell Signaling Technology), anti-actin, and anti-tubulin 
(both Millipore), followed by incubation with peroxidase-
conjugated secondary antibody (Jackson Immuno 
Research). The bound antibodies were visualized using che-
miluminescence (Opti-ECL, Bioman).

Results

Effect of Zerumbone Treatment on the Viability 
of Prostate Cancer Cells

To evaluate the radiosensitizing activity of zerumbone in 
prostate cancer cells, nontoxic doses (with cell viability 
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>90%) were estimated in vitro before the radiation experi-
ments were performed. After a 24-hour exposure, the high-
est nontoxic dose of zerumbone in DU145 and PC3 cells 
was determined to be 10 µM (Figure 1).

Effect of Zerumbone Pretreatment on 
Radiosensitivity of Prostate Cancer Cells

Irradiation of untreated DU145 cells at a dose of 0 to 6 Gy 
reduced the survival rate to 19% while pretreatment with 
zerumbone 10 µM markedly decreased the survival of irra-
diated tumor cells (Figure 2). SERs were 1.4 and 2.1 for 
DU145 and PC3 cells, respectively.

Effect of Zerumbone on Cell Cycle Distribution 
of Prostate Cancer Cells

The effect of zerumbone on the distribution of cells in the cell 
cycle under the same conditions that affected radiosensitivity 
was estimated using DNA histograms. After a 2-hour treat-
ment with zerumbone 10 µM, there was no obvious differ-
ence in the distribution of cells in the cell cycle (Table 1).

Effect of Zerumbone on Morphology of Prostate 
Cancer Cells

After 24-, 48-, and 72-hour pretreatments of prostate cancer 
cells with zerumbone 10 µM, no obvious difference was 
observed in cell morphology (Figure 3).

Figure 1.  Effect of zerumbone on viability of human prostate 
cancer cells. Cell viability was evaluated using an MTT assay 
to examine the dose-dependent effects of zerumbone. After 
24-hour exposure, the highest nontoxic dose of zerumbone in 
DU145 and PC3 cells was estimated as 10 μM. (A) DU145 and 
(B) PC3 cells.

Figure 2.  Effect of zerumbone on surviving irradiated 
prostate cancer cells. Effect of zerumbone pretreatment on the 
radiosensitivity of prostate cancer cells was evaluated using a 
colony formation assay. Pretreatment with zerumbone 10 µM 
significantly decreased the survival of irradiated tumor cells. (A) 
DU145 and (B) PC3 cells.
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Figure 3.  Effect of zerumbone on cell morphology. Cells were collected after 24-, 48-, and 72-hour treatment with zerumbone 10 
µM for Liu’s staining. Magnification, 400×.

Effect of Zerumbone on ROS Generation of 
Prostate Cancer Cells

Pretreatment with zerumbone under the same conditions 
used for the radiosensitization experiment had no effect on 
ROS generation in prostate cancer cells (Table 2).

Effect of Zerumbone on Regulation of DNA 
Damage Repair Machinery

Immunofluorescence showed that pretreatment with zerum-
bone delayed the abrogation of radiation-induced expres-
sion of γ-H2AX, an indicator of DNA DSBs. This 
observation suggests that the action mechanism of zerum-
bone may involve radiosensitization (Figure 4). Western 
blotting showed that IR induced marked expression of 
phosphorylated ATM kinase in both DU145 and PC3 cells. 
Pretreatment with zerumbone 10 µM for 24 hours markedly 
reduced the upregulated expression of phosphorylated ATM 
(Figure 5A). The inhibition of ATM phosphorylation by 

zerumbone was partially reversed by the ATM agonist, 
methyl methanesulfonate (MMS, Figure 5B). IR augmented 
and zerumbone pretreatment reduced the expression of 
Janus kinase 2 (JAK2) and signal transducer and activator 
of transcription 3 (STAT3), which are also DNA damage-
repair molecules (Figure 5A). Zerumbone had no effect on 
the expression of Rad51 or Ku70 in irradiated cells.

Discussion

The biological activities of zerumbone include anti-inflam-
mation,14 antitumor,15-17 antiproliferation,18 and antiplatelet 
aggregation.18,19 In a previous study, zerumbone was also 
found to enhance the radiosensitivity of WOX1-
overexpressed U373MG and U87MG cells22 by downregu-
lating the Gli-1/B-cell lymphoma 2 (Bcl-2) pathway. In 
addition, it has been reported to act as a radiosensitizer by 
promoting ROS-mediated DNA damage.16,21 Our results 
demonstrate that zerumbone sensitized prostatic cancer 
cells to IR, which involved inhibition of radiation-induced 

Table 1.  Two-Hour Treatment With Zerumbone 10 μM Showed No Obvious Difference in Distribution of Cells in Cell Cycle for 
DU145 and PC3 cells. Zerumbone Had No Effect on Distribution of Cells in Cell Cycle.

Cell Cycle Phase

  G0/G1 G2/M S

DU145 cells  
  Control 53.21 ± 6.21 18.65 ± 1.72 28.15 ± 4.84
  10 μM zerumbone 55.10 ± 11.03 24.49 ± 7.28 20.41 ± 7.62
PC3 cells
  Control 50.41 ± 2.01 24.12 ± 0.62 25.46 ± 1.64
  10 μM zerumbone 43.99 ± 4.38 31.43 ± 5.35 24.57 ± 2.65
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activation of ATM and modulation of repair of radiation-
induced DNA damage.

The activation of ATM in response to DNA damage is 
known to induce coordinated cellular responses to initiate 
DNA repair.23-25 Several investigations have shown that 
modulation of DNA damage repair enhances the response 
of cancer cells to radiation. Small interfering RNA (siRNA)-
silenced ATM has been reported to sensitize SiHa cervical 
cancer cells to radiation.26 Caffeine has been reported to 
radiosensitize RKO cells by suppressing the radiation-
induced activation of ATM kinase, activation of Chk2 
kinase and accumulation of human colorectal cancer RKO 
cells in the G2 phase.27

In our study, an obvious increase in ATM phosphoryla-
tion was noted in irradiated prostate cancer cells. Zerumbone 
inhibited ATM phosphorylation, and this effect was attenu-
ated by the ATM activator MMS (Figure 5B). While zerum-
bone inhibited ATM activation, no significant changes were 
observed on ATR expression, indicating there was no cross-
linkage to the ATR axis of the repair machinery of DNA 
DSBs. This suggests that zerumbone may potentially act as 
a novel inhibitor of ATM activation. The regulatory path-
ways downstream of ATM include homologous recombina-
tion and NHEJ for DNA damage repair, especially for the 
DSB. In the present study, we demonstrated there were no 
significant alterations in the expression of Rad51 and Ku70, 

Table 2.  Pretreatment With Zerumbone Under Same Condition for Radiosensitization Had No Effect on Reactive Oxygen Species 
(ROS) Generation in Prostate Cancer Cells.

0 min 10 min 20 min 30 min 40 min 50 min 60 min

DU145  
  Control 101.98 ± 8.15 152.69 ± 25.65 173.07 ± 22.36 199.83 ± 34.14 212.17 ± 46.74 221.33 ± 38.08 246.83 ± 39.09
  10 μM zerumbone 101.98 ± 8.15 135.04 ± 19.07 174.03 ± 16.01 201.36 ± 37.35 229.83 ± 31.45 235.88 ± 39.44 261.66 ± 45.05
PC3  
  Control 103.35 ± 0.65 118.22 ± 11.80 137.12 ± 12.49 148.98 ± 14.29 164.96 ± 7.81 183.48 ± 4.91 187.08 ± 3.87
  10 μM zerumbone 103.35 ± 0.65 114.82 ± 15.81 126.19 ± 21.06 139.16 ± 19.73 154.22 ± 12.10 162.42 ± 8.24 176.56 ± 2.50

Figure 4.  Effect of zerumbone on repair of radiation-induced DNA double-strand break (DSB) in prostate cancer DU145 cells. 
Immunofluorescence of γ-H2AX was used to detect DNA DSB. Red and blue fluorescence, γ-H2AX and Hoechst 33342, respectively.
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Figure 5.  Effect of zerumbone on expression of proteins involved in DNA damage repair. Proteins extracted from cells exposed 
to various treatment were subjected to western blotting. (A) Pretreatment with zerumbone 10 μM for 24 hours markedly reduced 
upregulated expression of phosphorylated ATM. (B) Inhibition of ATM phosphorylation by zerumbone was partially reversed by ATM 
agonist, methyl methanesulfonate (MMS) 300 µM.

which are regarded as key molecules in homologous recom-
bination and NHEJ signaling, respectively. However, the 
expression of other proteins involved in these pathways 
remains to be evaluated. In further studies, more detailed in 
vitro investigations of genes related to ATM downstream 
signaling along with validating in vivo experiments will be 
performed.

Zerumbone-induced radiosensitization was noted in 
DU145 and PC3 cells, which are both categorized as andro-
gen-independent prostate cancer cells.28,29 DU145, but not 
PC3 cells harbor wild-type p53.30,31 Therefore, zerumbone 
could serve as a radiosensitizer of hormone-refractory pros-
tate cancer cells independent of wild-type p53 expression. 
Zerumbone has been reported to be an antagonist of Gli1 
activation in the sonic hedgehog signaling pathway20 and, 
therefore, we examined its effect on DU145 and PC3 cells. 
The results showed that zerumbone had no effect on the 
expression of sonic hedgehog signaling proteins including 
Patch1, Smo, Shh, and Gli1 (Supplemental Figure 1). 
Therefore, zerumbone may enhance the radiation effect in 

these prostate cancer cells independent of the sonic hedge-
hog signaling pathway.

In conclusion, zerumbone sensitized DU145 and PC3 
prostatic cancer cells to IR and this effect may involve the 
modulation of radiation-induced ATM activation during 
repair of DNA DSBs. Further animal studies are needed to 
validate the radiosensitization effect and toxicity of zerum-
bone in prostatic cancer.
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