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Radiotherapy (RT) is an important treatment for non-small cell lung cancer (NSCLC). However, the major 
obstacles to successful RT include the low radiosensitivity of cancer cells and the restricted radiation dose, 
which is given without damaging normal tissues. Therefore, the sensitizer that increases RT efficacy without 
dose escalation will be beneficial for NSCLC treatment. Eurycomalactone (ECL), an active quassinoid isolated 
from Eurycoma longifolia Jack, has been demonstrated to possess anticancer activity. In this study, we aimed 
to investigate the effect of ECL on sensitizing NSCLC cells to X-radiation (X-ray) as well as the underlying 
mechanisms. The results showed that ECL exhibited selective cytotoxicity against the NSCLC cells A549 and 
COR-L23 compared to the normal lung fibroblast. Clonogenic survival results indicated that ECL treatment 
prior to irradiation synergistically decreased the A549 and COR-L23 colony number. ECL treatment reduced 
the expression of cyclin B1 and CDK1/2 leading to induce cell cycle arrest at the radiosensitive G

2
/M phase. 

Moreover, ECL markedly delayed the repair of radiation-induced DNA double-strand breaks (DSBs). In A549 
cells, pretreatment with ECL not only delayed the resolving of radiation-induced g-H2AX foci but also blocked 
the formation of 53BP1 foci at the DSB sites. In addition, ECL pretreatment attenuated the expression of DNA 
repair proteins Ku-80 and KDM4D in both NSCLC cells. Consequently, these effects led to an increase in 
apoptosis in irradiated cells. Thus, ECL radiosensitized the NSCLC cells to X-ray via G

2
/M arrest induction and 

delayed the repair of X-ray-induced DSBs. This study offers a great potential for ECL as an alternative safer 
radiosensitizer for increasing the RT efficiency against NSCLC.
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G2/M arrest; DNA double strand break (DSB) repair

INTRODUCTION

Lung cancer is the most common cancer and the lead-
ing cause of cancer mortality worldwide1. Non-small cell 
lung cancer (NSCLC) accounts for 85% of all lung cancer 
cases, with adenocarcinoma, squamous cell carcinoma, 
and large cell carcinoma representing the three major 
histological subtypes2. Radiotherapy (RT) using ionizing 
radiation, especially X-radiation (X-ray), is an impor-
tant treatment option and widely accepted for localized 

NSCLC. Yet the low radiation sensitivity of lung cancer 
cells turns out to be the major obstacle to RT efficacy. 
Moreover, the radiation dose delivered to the targeted 
tumor cannot be escalated due to surrounding normal tis-
sue damage. Consequently, the average 5-year survival 
rate of NSCLC patients after treatment is still low and has 
not significantly improved in recent decades3.

Several factors that are related to the cancer radiation 
sensitivity can be a promising target for radiosensitizers 
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such as the capacity to repair the radiation-induced DNA 
damages4 and the redistribution of cell cycle phase5. 
Inhibition of the DNA double-strand break (DSB) repair 
cascade has been reported for various plant phytochemi-
cals such as mangiferin6 and genistein7 to significantly 
enhance the radiosensitivity of cancer cells to ioniz-
ing radiation. Furthermore, the induction of radiosen-
sitive G

2
/M cell cycle arrest leading to apoptosis has 

been successful for cancer radiosensitization by several 
plant-derived compounds such as genistein8 and gin-
gerol9. Thus, a phytochemical radiosensitizer may be 
potentially beneficial for NSCLC treatment to improve 
the therapeutic efficacy of lung cancer cell mortality 
without dose escalation and significant collateral damage 
to neighboring normal tissues.

Eurycoma longifolia Jack is a popular herbal folk 
medicine of Southeast Asian countries. It is well known 
as “tongkat ali” (Malaysian ginseng) or “Rak Pla Lai 
Pueak” in Thailand. The root and rhizome have long been 
traditionally used to alleviate various diseases including 
malaria, sexual insufficiency, and cancer10. Moreover, 
the cytotoxic potential of this plant against lung cancer 
cells has been previously demonstrated11. The in vitro 
anticancer activity of many quassinoids, the main bio-
active compounds derived from E. longifolia, has been 

established12,13. Interestingly, among all isolated quassi-
noids from E. longifolia, a C-19 quassinoid called eury-
comalactone (ECL) (Fig. 1A) was found to have the 
most potent cytotoxicity against various cancer cell types 
including human lung cancer cells12, 13. In this study, we 
aimed to investigate the anticancer and radiosensitiz-
ing potentials of ECL on NSCLC cells. In addition, we 
further elucidated possible underlying mechanisms by 
which ECL enhances the efficacy of X-ray irradiation to 
NSCLC through alteration of cell cycle redistribution and 
DNA repair pathway.

MATERIALS AND METHODS

Isolation of ECL From E. longifolia Jack

Roots of E. longifolia Jack were collected from 
Betong, Yala, Thailand. Authentication was carried 
out at the herbarium of the Royal Forest Department, 
Ministry of Agriculture and Cooperatives, Bangkok, 
Thailand. The voucher numbers were deposited at 
the Department of Pharmaceutical Botany, Faculty of 
Pharmacy, Mahidol University (CHUAKUL 03558). 
ECL was isolated as previously described with a minor 
adjustment13. Briefly, miniaturized dried roots of E. 
longifolia Jack (4.8 kg) were macerated thoroughly with 

Figure 1.  Cytotoxic effects of eurycomalactone (ECL) on human lung cell lines. (A) Chemical structure of ECL. The cell viability 
percentage of A549 (B), COR-L23 (C), Calu-1 (D), and WI-38 cells (E) that were grown in the presence of ECL (0–100 µM) at 24, 48, 
or 72 h. All data are presented as mean ± SD. n = 3. *p < 0.001 versus control at equal incubation periods.
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ethanol. The ethanolic fraction was then evaporated to 
yield 220 g of crude ethanolic extract (F1). The F1 was 
separated using a solvent partition between CH

2
Cl

2
 (F2, 

34.8 g) and water (F3). The CH
2
Cl

2
 part was further 

fractionated by column chromatography using silica 
gel 60 (70–230 mesh ASTM; Merck KGaA, Darmstadt, 
Germany) as an adsorbent. A gradient mixture of CH

2
Cl

2
 

and Me
2
CO was used as mobile phase providing 12 

fractions (Fr201–Fr212). Fraction 204 was then rechro-
matographed on a silica gel column eluted with a gradi-
ent mixture of n-hexane, CH

2
Cl

2
, and Me

2
CO to yield 

fractions DF1–DF15. A preparative thin-layer chroma-
tography C-18 RP (Merck) using a mixture of water, 
acetonitrile, and methanol as a mobile phase together 
with recrystallization process was applied to purify ECL 
(20 mg) from fraction DF9. The ECL detection was per-
formed by HPLC and MS analyses.

Cell Lines and Cell Culture

Human lung adenocarcinoma A549 (RCB0098) and 
human normal lung fibroblast WI-38 cells (RCB0702) were 
obtained from the RIKEN Bioresource Center, Ibaraki, 
Japan. Human lung epidermoid carcinoma Calu-1 was 
purchased from the Cell Lines Service (CLS; Eppelheim, 
Germany) and human lung large cell carcinoma COR-
L23 from the European Collection of Authenticated Cell 
Cultures (ECACC; Salisbury, UK). A549 and WI-38 
cells were cultured in D-MEM medium (Gibco; Thermo 
Fisher Scientific, Inc., Waltham, MA, USA). Calu-1 and 
COR-L23 were cultured in RPMI-1640 medium (Gibco). 
These culture media were supplemented with 10% (v/v) 
fetal bovine serum (FBS; Hyclone; GE Healthcare Life 
Sciences, Logan, UT, USA) and 1% antibiotics (Gibco) at 
37°C in a 5% CO

2
 humidified atmosphere. All of the cell 

lines are mycoplasma free. The continuous cell lines are 
routinely checked in every other month by a PCR method 
using a service from The Center for Veterinary Diagnosis, 
Faculty of Veterinary Science, Mahidol University Salaya 
Campus, Nakorn Pathom, Thailand.

MTT Assay

The cells were seeded in a 96-well plate for 24 h and 
treated with various concentrations of ECL for 24, 48, 
or 72 h. Subsequently, the number of viable cells was 
determined by the MTT (3-[4,5-methylthiazol-2-yl]-2,5-
diphenyl-tetrazolium bromide) assay as described previ-
ously14. Finally, the absorbance (OD) was read at 540/630 
nm using a microplate reader (Bio-Rad Laboratories, Inc., 
Hercules, CA, USA). The cell survival was expressed as 
cell viability = (OD

treated
/OD

control
) × 100%.

X-Ray Irradiation

The cells were irradiated using an X-ray generator 
(TITAN; Shimazu Corporation, Kyoto, Japan), which was 

set at 200 kVp and 20 mA, and the irradiation was made 
through a copper and aluminum filter with a thickness of 
0.5 mm, producing an effective energy of approximately 
83 keV. The dishes holding the cells were placed at a dis-
tance of 500 mm from the X-ray target, which received 
X-ray doses at a dose rate of about 1 Gy/min.

Clonogenic Cell Survival Assay

Cells were pretreated with or without ECL at IC
20

 and 
IC

50
 for 24 h, followed by X-irradiation at 0, 1, 2, 3, 5, or 

7 Gy. The cells were reseeded, and culture was continued 
for 14 days, then fixed with 3% paraformaldehyde, and 
stained with crystal violet. Colonies containing more than 
50 cells were counted to calculate the plating efficiency 
(PE); the ratio of the number of colonies to the number 
of cells seeded in the nonirradiated group and the survival 
fraction (SF); the mean number of colonies divided by (the 
number of cells seeded × PE). Survival curve data were fit 
with a linear-quadratic (LQ) model using the KaleidaGraph 
program (Synergy Software, Reading, PA, USA).

Immunofluorescence

A549 cells in four-well chamber slides were pretreated 
with or without ECL for 24 h and followed by X-irradiation 
(2 Gy). Postirradiation was done at 1, 4, or 24 h, and the 
g-H2AX and 53BP1 foci were detected using the immuno-
fluorescence assay previously described15. The following 
primary and secondary antibodies were used: anti-g-H2AX 
(Ser139; No. 05-636; Merck), anti-53BP1 (H-300; No. 
sc-22760; Santa Cruz Biotechnology, Inc., Santa Cruz, 
CA, USA), goat anti-mouse IgG secondary antibody 
(Alexa 488; No. A11001; Invitrogen, Life Technologies, 
Carlsbad, CA, USA), and goat anti-rabbit IgG second-
ary antibody (Alexa 594; No. A11037; Invitrogen, Life 
Technologies). Nuclei were counterstained with Hoechst 
33342 (Invitrogen, Life Technologies). Fluorescent images 
were obtained by fluorescence microscopy (SPICE-offline 
microscope system; NIRS, Chiba, Japan). The averaged 
g-H2AX fluorescence intensities per nucleus were ana-
lyzed by ImageJ software [National Institutes of Health 
(NIH), Bethesda, MD, USA].

Flow Cytometric Analysis of Cell Cycle

After the desired times of ECL pretreatment, cells 
were irradiated with X-rays and further incubated for 
24  h. Cells were then collected, fixed gently in 70% 
ethanol, and stored at −20°C overnight. The fixed cells 
were stained with Muse® Cell Cycle Kit (EMD Millipore 
Corp., Billerica MA, USA) for 30 min at room tempera-
ture in the dark. The cell cycle phase distributions were 
determined by Muse® Cell Analyzer (EMD Millipore 
Corp.) using the Cell Cycle software module. The cell 
cycle phases sub-G

1
, G

1
, S, and G

2
/M were analyzed with 

GuavaSoft 2.7 software (EMD Millipore Corp.).
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Flow Cytometric Analysis of Apoptosis

After exposure to ECL for 24 h, A549 cells were 
X-ray irradiated with 2 Gy and further incubated for 
24 h. Apoptosis was quantified by staining with Muse® 

Annexin-V and Dead Cell Kit (EMD Millipore Corp.) 
according to the manufacturer’s instructions. The quan-
titative analysis of live, early, and late apoptosis and cell 
death were obtained by the Muse® Cell Analyzer (EMD 
Millipore Corp.) using the Annexin-V and Dead Cell 
software module.

Western Blotting Analysis

Western blot analysis was performed as described pre-
viously16 using corresponding antibodies against cyclin 
B1 (No. sc-245, Santa Cruz Biotechnology, Inc.), cyclin-
dependent kinase 1/2 (CDK1/2; No. sc-53219, Santa Cruz 
Biotechnology, Inc.), KDM4D (No. ab93694, Abcam, 
Cambridge, UK), Ku-80 (No. C48E7, Cell Signaling 
Technology, Inc., Denver, CO, USA), and the internal con-
trol, b-actin (No. A2066, Sigma-Aldrich). Protein bands 
were visualized via chemiluminescence using horserad-
ish peroxidase-conjugated goat anti-rabbit (No. 1706515) 
or goat anti-mouse (No. 1706516) immunoglobulin G 
(Bio-Rad Laboratories). The normalized mean density of 
immunocrossreactive band was quantified by ImageJ soft-
ware (NIH) and expressed as the ratio of density between 
the protein and b-actin relative to the control group.

Reverse Transcription-Quantitative Polymerase Chain 
Reaction (RT-qPCR)

Total RNA was extracted using TRIzol reagent 
(Invitrogen, Life Technologies), and cDNA was generated 
using 1 µg of total RNA with oligo dT (deoxythymidine) 
primers and RevertAid reverse transcriptase (Thermo 
Scientific, New York, NY, USA). The target cDNA was 
amplified using specific primers with SensiFAST™ SYBR® 
Lo-ROX Kit (Bioline Ltd., London, UK). The oligonucle-
otide primers were obtained from Bio Basic Inc (Toronto, 
ON, Canada). The primer sequences for cyclin B1 (CCNB1) 
were 5¢-ATGTGCCCCTGCAGAAGAAG-3¢ (forward) 
and 5¢-TTTCCAGTGACTTCCCGACC-3¢ (reverse);  
for CDK1 were 5¢-CGCGGAATAATAAGCCGGGA-3¢  
(forward) and 5¢-CATGGCTACCACTTGACCTGT-3¢ 
(reverse); for lysine demethylase 4D (KDM4D) were 
5¢-GGATGGGGCTTTGATGGACA-3¢ (forward) and  
5'-AAGACAGCCCGTGGACTTAG-3¢ (reverse); for  
Ku-80 (XRCC5) were 5¢-TGTGCTGTGTATGGACGT 
GG-3¢ (forward) and 5¢-CTGATCCCCACCAGAAAG 
GG-3¢ (reverse); and for GAPDH were 5¢-GAGCCAA 
AAGGGTCATCATC-3¢ (forward) and 5¢-TAAGCAGT 
TGGTGGTGCAGG-3¢ (reverse). The expression level  
of each target gene was normalized to GAPDH and ana-
lyzed using the comparative threshold (DDC

t
) method 

(7500 software v2.0.5; Applied Biosystem, Thermo 

Fisher Scientific Inc., Foster City, CA, USA). Quantitative 
assays were calculated based on the following equation: 
relative quantitation (RQ) = 2−DDCt.

Statistical Analysis

Significant differences between all data were analyzed 
and compared by one-way analysis of variance (ANOVA) 
using the SPSS 22.0 software (SPSS Inc., Chicago, IL, 
USA). Differences with a value of p < 0.05 are considered 
statistically significant.

RESULTS

ECL Selectively Inhibited the Viability of A549  
and COR-L23 NSCLC Cells

The dose- and time-dependent cytotoxic effects of ECL 
were examined using MTT assay in human NSCLC cell  
lines, namely, A549 (adenocarcinoma), Calu-1 (squamous 
cell carcinoma), and COR-L23 (large cell carcinoma) ver-
sus the normal human lung fibroblast cell line WI-38. As 
shown in Figure 1B–E, ECL significantly decreased the 
viability of all tested cell lines in dose- and time-dependent  
manners. The ECL concentrations required for 20% and 
50% inhibition of cell viability (IC

20
 and IC

50
) and the 

selectivity index (SI) of ECL for anticancer therapy at 24, 
48, and 72 h were calculated as shown in Tables 1 and 2. 
Noticeably, ECL exerted great selective cytotoxic activ-
ity against A549 and COR-L23 cells, with the highest 
SI observed at 24 h (SI = 4.59 and 3.70, respectively) but 
not on Calu-1 cells, compared to the normal lung fibroblast 
WI-38. In all following experiments, A549 and COR-L23 
cells were selected to study the radiosensitizing effect of 
ECL at noncytotoxic dose (IC

20
 = 2.5 and 1.5 µM, respec-

tively) and cytotoxic dose of 24 h (IC
50

 = 20 and 25 µM, 
respectively).

ECL Synergistically Sensitized the Radiosensitivity  
of NSCLC Cells to X-Radiation

The radiosensitizing potential of ECL on A549 and 
COR-L23 cells was determined using the clonogenic 
survival assay. As shown in Figure 2A and C, pretreat-
ment with ECL for 24 h before X-ray treatment signifi-
cantly reduced the clonogenic survival of both NSCLC 
cells compared to irradiation treatment alone (p < 0.05). 
Moreover, the sensitization ratio depended on the doses 
of both radiation and ECL (Fig. 2B and D). The degree 
of radiosensitization was quantified from the survival 
curves by comparing the radiation doses at 10% surviv-
ing fraction (D

10
) and calculating the sensitizer enhance-

ment ratio at 10% surviving fraction (SER
10

), with an 
SER

10 
value >1 indicating an enhancement of radiosen-

sitivity. From the results, the combination treatment with 
IC

20
 and IC

50
 of ECL significantly decreased the dose of 

radiation that was used to reach 10% surviving fraction 
(D

10
) of both A549 and COR-L23 cells with the SER

10
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values >1 compared to X-ray irradiation alone (Table 3). 
Thus, the radiation dose could be reduced when com-
bined with ECL, but still showed similar inhibitory 
effect to the higher dose of irradiation alone. These 
results suggest that ECL synergistically sensitizes the 
effect of radiation-induced loss of clonogenic potential  
in NSCLC cells.

ECL Induced Cell Cycle Arrest at the Radiosensitive 
G

2
/M Phase and Induced Apoptosis in Irradiated 

NSCLC Cells

Cancer cells are most sensitive to radiation during the 
G

2
/M phase of the cell cycle5. We determined the cell 

cycle distribution in A549 and COR-L23 cells to gain fur-
ther insight into the radiosensitization mechanism of ECL. 
As shown in Figure 3, after treatment with IC

20
 or IC

50
 

(μM) of ECL alone, the percentage of A549 and COR-l23 
cells in the G

2
/M phase was significantly higher than that 

of untreated control cells. Interestingly, the percentage 
of both NSCLC cells in the G

2
/M phase after combined 

treatment with IC
20

 or IC
50

 (μM) of ECL and X-ray was 
significantly increased when compared to the X-ray treat-
ment alone. In addition, the combination treatment of 
ECL not only induced G

2
/M arrest in irradiated cells but 

also significantly increased the sub-G
1
 population, which 

is regarded as apoptotic cells. The apoptosis induction 
induced by the combination treatment was confirmed in 
both NSCLC cell lines by the Annexin-V–FITC/PI staining 
assay using flow cytometry (Fig. 4A–D). These results con-
firmed that ECL enhances the effect of radiation on cancer  
cell killing.

ECL Downregulated the Key G
2
/M Regulatory Proteins 

in Irradiated NSCLC Cells

Because ECL arrested the cells in the G
2
/M phase, we 

next assessed the effect of ECL alone or in combination 
with X-ray on the expression of protein and mRNA of key 
G

2
/M regulatory molecules, cyclin B1 and CDK1/2. ECL 

treatment alone could downregulate the expression of 
both G

2
/M regulatory proteins in a dose-dependent man-

ner. Importantly, compared to the X-ray treatment alone, the 

Table 2.  Selectivity Index (SI) of ECL Against 
Three Different NSCLC Cells (A549, COR-L23,  
and Calu-1) Compared to the Normal Lung 
Fibroblast (WI-38)

Treatment Time A549 COR-L23 Calu-1

24 h 4.59 3.70 <0.93
48 h 2.62 3.61 0.77
72 h 2.37 2.51 1.65

Selectivity index (SI) = IC
50 

of ECL in a normal cell line 
(WI-38)/IC

50 
of the ECL in cancer cell line (NSCLC 

cells).
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Figure 2.  Radiosensitizing efficiency of ECL on A549 and COR-L23 NSCLC cells by a clonogenic survival assay. The clonogenic 
survival curve represented the radiosensitivity of A549 (A) and COR-L23 cells (C) treated with varying doses of X-radiation alone 
or in combination with IC

20
 or IC

50
 concentrations of ECL. The radiosensitization ratio of ECL on A549 (B) and COR-L23 (D) 

cells obtained from the survival curve. (E) Representative pictures of colonies. All data are presented as mean ± SD. n = 3. *p < 0.05, 
**p < 0.01 versus X-ray treated alone group.
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level of these proteins after combined treatment with IC
20

 or 
IC

50
 (μM) of ECL and X-ray was significantly suppressed 

compared to the X-ray treatment alone in both A549 (Fig. 
5A–C) and COR-L23 cells (Fig. 5D–F). However, ECL 
treatment alone or combined with X-ray did not influ-
ence the mRNA expression of cyclin B1 and CDK1/2 (Fig. 
5G and H). Accordingly, the decreased expression of these 
G

2
/M regulatory proteins could lead to the G

2
/M arrest 

induction.

ECL Suppressed the Repair of Radiation-Induced DNA 
Double-Strand Breaks

The capacity for repair of DNA double-strand breaks 
(DSBs) becomes one of the most important factors for 
cancer cell resistance to radiation therapy17. A549 cells 
were pretreated with 2.5 or 20 µM ECL for 24 h followed 
by irradiation. Foci of phosphorylated histone H2A 
family member X (g-H2AX), which is a biomarker for 
DSBs, were then detected (Fig. 6A). The total g-H2AX 
fluorescent levels per nucleus at various time points (1, 
4, and 24 h) of postirradiation were also quantitatively 
measured to observe the DSB repair kinetics of A549 
cells (Fig. 6B). Compared to untreated control cells, 
treatment with ECL at both concentrations presented 
few or no g-H2AX foci, which implied that ECL alone 
does not significantly induce DSBs. Exposure of A549 
cells with 2 Gy radiation alone significantly increased 
the level of g-H2AX 3.6-fold compared to control at 
1 h postirradiation. Later, radiation-induced g-H2AX 
appearance was reduced at 4 h and almost disappeared 
within 24 h after irradiation, indicating a time-depen-
dent repair of radiation-induced DSBs. Interestingly, 
combination treatment with ECL and radiation exhib-
ited significantly higher levels of g-H2AX than irradia-
tion alone at the same incubation periods. These results 
suggest that pretreatment with ECL delays the repair of 
DSBs induced by radiation and subsequently increases 
radiosensitivity.

Next we determined the status of the p53-binding 
protein 1 (53BP1), an important regulator of the cellu-
lar response to DSBs that promotes nonhomologous end 
joining (NHEJ)-mediated DSB repair18. As shown in 
Figure 7, 53BP1 proteins were mainly localized through-
out the nucleus of untreated control cells. Treatment with 
radiation alone markedly induced A549 cells to generate 
nuclear 53BP1 foci that colocalized with g-H2AX foci at 
DSB sites, presumably to facilitate the repair. Interestingly, 
pretreatment of ECL prior to irradiation decreased the 
radiation-induced 53BP1 foci formation in a dose- 
dependent manner. In contrast, a number of g-H2AX foci 
were additive with cotreatment. Together, ECL could 
enhance the formation of persistent DSB foci via inhibiting 
the recruitment of 53BP1 proteins to radiation-induced 
DSB sites, resulting in the damage repair inhibition.
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ECL Inhibited the Repair via Decreasing the Expression 
of DNA Repair Proteins in X-Irradiated NSCLC Cells

The defective formation of 53BP1 foci prompted us 
to investigate the expression of lysine-specific demeth-
ylase 4 (KDM4D), which promotes 53BP1 foci forma-
tion19 and Ku-80, which is required for the NHEJ repair 
pathway20. As shown in Figure 8, ECL treatment at IC

50 

could significantly suppress the expression of KDM4D 
but not Ku-80 proteins in A549 and COR-L23 cells. 
Interestingly, X-ray irradiation alone led to a significant 
induction of KDM4D and Ku-80 protein expression. 
Notably, pretreatment with ECL blocked the upregula-
tion of both KDM4D and Ku-80 proteins in irradiated 
A549 (Fig. 8A–C) and COR-L23 cells (Fig. 8D–F) 
when compared to irradiation alone. Nevertheless, ECL 

treatment alone or combined with X-ray did not inhibit 
the mRNA expression of these molecules (Fig. 8G and 
H). These data suggest that the combination of X-ray 
and ECL treatment alters the expression of multiple pro-
teins involved in the DNA repair pathway but does not  
affect their expression at the transcriptional level.

DISCUSSION

In the present study, we investigated the anticancer 
and radiosensitization potential of purified ECL, an active 
natural product from the roots of E. longifolia on NSCLC 
cells. Our initial findings demonstrated that ECL exerts 
strong and selective cytotoxic effects on A549 and COR-
L23 cells, but not on Calu-1, when compared to the normal 
lung fibroblast WI-38 cells. The differential sensitivity of 

Figure 3.  Effects of ECL on cell cycle arrest induction of irradiated non-small cell lung cancer (NSCLC) cells. A549 and COR-L23 
cells were treated with ECL for 24 h followed by X-irradiation (2 Gy). Cell cycle was analyzed by flow cytometry, and the represen-
tative histograms of cell cycle distribution in A549 (A) and COR-L23 (B) cells are shown. (C, D) The quantitative analysis of the 
cell cycle phases in A549 and COR-L23 cells, respectively. Data indicated as mean ± SD. n = 3. *p < 0.05, **p < 0.01, ***p < 0.001 
versus control group. ##p < 0.01, ###p < 0.001 significant difference when compared with the combination treatment group versus 
X-irradiation alone.



CANCER RADIOSENSITIZATION BY EURYCOMALACTONE	 169

these NSCLC cells to ECL might be explained in part by 
the distinguished population doubling time (DT). Most 
anticancer agents interfere with cell duplication in some 
manner, either by damaging DNA, causing cell cycle 
arrest, or preventing mitosis via stabilizing the cell micro-
tubules. The cells with high proliferation rate are gener-
ally more susceptible to these agents than the cells with 
lower proliferation rate21. Therefore, ECL gains the selec-
tive cytotoxic effect to both A549 and COR-L23 cells that 
proliferate (DT, about 20 and 18 h, respectively) more 
rapidly than WI-38 (DT, about 28 h) and Calu-1 cells 
(DT, about 37 h). As the value of SI demonstrates the dif-
ferential activity of a compound, the greater the SI value, 
the better it was. Moreover, the SI values greater than 3.0 

are considered to indicate high selectivity and to be sig-
nificant as a promising anticancer drug22. Therefore, our 
results indicate that ECL has potential as an anticancer, 
or chemo-/radiosensitizer agent for rapid proliferating 
NSCLC cells.

We have demonstrated for the first time that ECL 
enhances the radiosensitivity of A549 and COR-L23 
NSCLC cells to X-radiation in vitro. ECL is a potent radi-
osensitizer since the noncytotoxic concentration exhibited 
the nearby radiation enhancement ratio with its cytotoxic 
concentration when combined with low radiation doses (1, 
2, and 3 Gy). Our results suggest that a noncytotoxic dose 
of ECL might be sufficient for therapeutic application 
as a clinical radiosensitizer because the typical curative 

Figure 4.  Combinatorial effect of ECL and X-irradiation on the NSCLC cell apoptosis. Cells were preincubated with ECL for 24 h fol-
lowed by irradiation. The apoptosis was determined by flow cytometry using annexin V/PI staining. Representative dot plots of A549 
and COR-L23 cells are shown in (A) and (B), respectively. (C, D) The quantitative analysis of percentage of total apoptotic cells in 
A549 and COR-L23 cells. Data indicated as mean ± SD. n = 3. *p < 0.05, **p < 0.01, ***p < 0.001 versus control. #p < 0.05, ##p < 0.01, 
###p < 0.001 versus X-irradiation alone.
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dose for a solid epithelial tumor including NSCLC ranges 
from 60 to 80 Gy in 1.8–2 Gy fractions23.

Our studies on the molecular mechanisms of ECL in 
antiproliferation revealed that ECL itself delays the rate 
of NSCLC cell proliferation by inducing G

2
/M cell cycle 

arrest. It is well known that cancer cells are most sensitive 
to ionizing radiation during G

2
/M, less sensitive during G

1
, 

and least sensitive in S phase5. As radiosensitizer, various 
natural agents such as genistein and gingerol have been 
reported to improve radiosensitivity of several cancer cell 
types by blocking them at G

2
/M phase8,9. The combined 

treatment of radiation and ECL obviously augmented the 
number of cells at the G

2
/M phase and sharply increased 

the number of cells at sub-G
1
 phase, committing the cells 

to apoptosis compared to X-irradiation alone. Cell com-
mitment to either remains in the G

2
/M or progress through 

G
2
 into mitosis requires the activation of CDK1–cyclin 

B1 complex at the beginning of mitosis. Decreased cyclin 
B1 and CDK1 protein expression and its kinase activity 
contribute to G

2
/M arrest24. Herein, ECL combined with 

radiation downregulated the expression of cyclin B1 and 
CDK1/2 proteins more effectively than the single X-ray 
treatment. Therefore, ECL positioned more cells in the 
radiosensitive G

2
/M phase at the time of radiation and 

enhanced the radiation-induced cell killing. It is notewor-
thy that cell cycle arrest functions to allow extra time for 

Figure 5.  Effects of ECL on the expression of G
2
/M regulatory proteins cyclin B1 and cyclin-dependent kinase 1/2 (CDK1/2). The 

representative immunoblots of cyclin B1 and CDK1/2 proteins in A549 (A) and COR-L23 (D) cells treated with ECL or X-ray or in 
combination. Semiquantitative analyses of cyclin B1 (B, E) and CDK1 (C, F) are shown in both A549 and COR-L23 cells. The mRNA 
levels of cyclin B1 (G) and CDK1 (H) in both NSCLC cells were analyzed by reverse transcription-quantitative polymerase chain reac-
tion (RT-qPCR). Data are shown as the mean ± SD. n = 3. *p < 0.05, **p < 0.01, ***p < 0.001 versus control group. #p < 0.05, ##p < 0.01, 
###p < 0.001 significantly different when compared with the combination treatment group versus X-irradiation alone.



CANCER RADIOSENSITIZATION BY EURYCOMALACTONE	 171

Figure 6.  Effect of ECL on radiation-induced g-H2AX expression. A549 cells were pretreated with ECL for 24 h followed by 
X-irradiation (2 Gy). The cells were fixed at 1, 4, and 24 h postirradiation, then immunofluorescence staining was performed. (A) The 
representative images of g-H2AX foci. (B) The total average fluorescence intensities of g-H2AX per nucleus were analyzed by ImageJ 
software. Each point represents an average data of ³995 cells. Data are expressed as mean ± SD. n = 3.
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repairing DNA damage. Once the level of damage is irrep-
arable, cells either remain permanently arrested (senes-
cence) or undergo programmed cell death25. Thus, ECL 
might enhance the radiation effect on NSCLC cell killing 
by altering the DNA damage response and repair systems.

Ionizing radiation-induced DSBs followed by cell 
death are recognized as the main mechanism for cancer 
cell elimination by radiotherapy, and it is often used to 
predict the radiosensitivity of tumor cells4. Additionally, 
an increase in DSBs and an impaired DSB repair system 
are related to the efficacy of potential radiosensitizers6,7. 
It is well established that DSBs are associated with 
recruitment of g-H2AX, which is well known as an indi-
cator of DSBs and a marker for DSB repair kinetics26. We 
observed that the expression of g-H2AX was significantly 
enhanced following the combined treatment of X-rays 
and ECL when compared to X-rays treated alone. Thus, 
the repair of radiation-induced DSB was likely attenuated 
by the cotreatment, resulting in the persistence of cell 

damage. NHEJ is one of two well-known mechanisms for 
the repair of DSBs, which is an error-prone process and 
active throughout the cell cycle. The key proteins in the 
NHEJ process are composed of DNA-dependent protein 
kinase (DNA-PKcs) and Ku (Ku-70/-80)20. The 53BP1 
plays a major role in facilitating DSB repair by the NHEJ 
pathway18. Our result revealed that ECL treatment blocks 
the recruitment of 53BP1 to the radiation-induced DSB 
sites. Inhibition of 53BP1 foci formation has impaired 
the NHEJ integrity of DSB27. Downregulation of 53BP1 
by sh-RNA is known to enhance radiosensitivity in can-
cer cells28. Moreover, 53BP1-deficient mice were growth 
retarded, immune deficient, and radiation sensitive29. 
Therefore, the inefficient formation of radiation-induced 
53BP1 foci caused by ECL may downregulate the NHEJ 
repair and could lead to elevated sensitivity to radiation.

As previously reported, cells lacking Ku were defec-
tive in DSB rejoining and were highly sensitive to ionizing 
radiation30. In addition, overexpression of Ku-70/Ku-80 

Figure 7.  Effect of ECL on 53BP1 foci formation in radiation-treated A549 cells. The cells were pretreated with ECL for 24 h, irradi-
ated (2 Gy), then grown for 4 h before performing the immunofluorescence staining. Representative immunofluorescence images of 
A549 cells stained for g-H2AX and 53BP1 foci at 4 h postirradiation are shown.
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has been correlated with radioresistance in cervical, breast, 
and bladder cancers31. ECL pretreatment could interfere 
with the NHEJ repair pathway by decreasing the radiation- 
induced Ku-80 expression. Nonetheless, several pro-
teins are also required to promote the recruitment of 
53BP1 to DSB sites as well as KDM4D. The knock-
down of KDM4D disrupted the damage-induced 53BP1 
foci formation and sensitized cells to radiation-in-
duced DNA damage19. Our results indicate that X-rays 
induced while the ECL pretreatment downregulated the 
KDM4D protein expression in the NSCLC cells. These 
could result in the ineffective 53BP1 foci formation and 
defective NHEJ repair. Therefore, the radiosensitizing 

effect of ECL is also likely associated with ablation in 
the efficacy of NHEJ repair pathways in the irradiated 
NSCLC cells whose cell cycle becomes arrested dur-
ing G

2
/M phase followed by the induction of apoptosis- 

related death.
ECL downregulated the expression of G

2
/M regula-

tory proteins (cyclin B1, CDK1) and DNA repair proteins 
(KDM4D and Ku-80) in NSCLC by a mechanism at the 
posttranscriptional level. In our study, ECL did not alter 
the level of these mRNAs while it significantly decreased 
their protein, suggesting that ECL does not interfere with 
the transcription of these genes. As previously reported 
in HUVEC endothelial cells, ECL acts as an inhibitor of 

Figure 8.  Effects of ECL on the expression of DNA repair proteins KDM4D and Ku-80. The representative immunoblots of KDM4D 
and Ku-80 proteins in A549 (A) and COR-L23 (D) cells treated with ECL or X-ray or in combination. Semiquantitative analyses of 
KDM4D (B, E) and Ku-80 (C, F) are shown in both A549 and COR-L23 cells. The mRNA levels of KDM4D (G) and Ku-80 (H) in 
both NSCLC cells were analyzed by RT-qPCR. The data are shown as the mean ± SD. n = 3. *p < 0.05, **p < 0.01, ***p < 0.001 versus 
control group. #p < 0.05, ##p < 0.01, ###p < 0.001 significantly different when compared with the combination treatment group versus 
X-irradiation alone.
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proteins’ synthesis32. Moreover, quassinoids have been 
previously shown to inhibit the peptide bond formation 
by binding to ribosomal peptidyl transferase in eukary-
otic cells33. Thus, ECL also likely inhibits protein syn-
thesis and/or maybe other posttranscriptional processes 
in human NSCLC cells.

In summary, ECL has selective cytotoxic activity 
toward A549 and COR-L23 NSCLC cells compared to 
noncancerous cells. Pretreatment with ECL followed 
by X-rays effectively induces in vitro radiosensitiza-
tion in both NSCLC cells. Our study suggests that ECL 
likely exerts radiosensitizing activity through multiple 
mechanisms: 1) redirection of NSCLC cells into the 
radiosensitive G

2
/M phase of the cell cycle, 2) delay 

irradiation-induced DNA damage repair pathways, and 3) 
induction of apoptosis. Thus, ECL may offer an alterna-
tive treatment strategy in combination with conventional 
radiotherapy for enhancing the efficacy of X-ray irradia-
tion against human NSCLC.
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