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Abstract. Retinoic acid-inducible gene-I (RIG-I)-like recep-
tors (RLRs) are pattern-recognition receptors that recognize 
pathogen-associated molecular patterns and induce antiviral 
immune responses. Recent studies have demonstrated that 
RLR activation induces antitumor immunity and cytotoxicity 
against different types of cancer, including lung cancer. 
However a previous report has demonstrated that ionizing 
radiation exerts a limited effect on RLR in human monocytic 
cell-derived macrophages, suggesting that RLR agonists 
may be used as effective immunostimulants during radiation 
therapy. However, it is unclear whether ionizing radiation 
affects the cytotoxicity of RLR agonists against cancer cells. 
Therefore, in the present study the effects of cotreatment with 
ionizing radiation and RLR agonists on cytotoxicity against 
human non-small cell lung cancer cells A549 and H1299 was 
investigated. Treatment with RLR agonist poly(I:C)/LyoVec™ 
[poly(I:C)] exerted cytotoxic effects against human non-small 
cell lung cancer. The cytotoxic effects of poly(I:C) were 
enhanced by cotreatment with ionizing radiation, and 
poly(I:C) pretreatment resulted in the radiosensitization 
of non-small cell lung cancer. Furthermore, cotreatment of 
A549 and H1299 cells with poly(I:C) and ionizing radia-
tion effectively induced apoptosis in a caspase-dependent 
manner compared with treatment with poly(I:C) or ionizing 
radiation alone. These results indicate that RLR agonists and 
ionizing radiation cotreatment effectively exert cytotoxic 
effects against human non-small cell lung cancer through 
caspase-mediated apoptosis.

Introduction

Mitochondria are eukaryotic organelles that play a vital 
role in numerous cellular functions such as oxidative 
adenosine triphosphate production, calcium homeostasis, and 
programmed cell death (1). In addition, a recent study showed 
that mitochondria are involved in innate immune response to 
RNA viruses (2).

Retinoic acid-inducible gene-I (RIG-I)-like receptors 
(RLRs) are pattern-recognition receptors (PRRs) that 
recognize pathogen-associated molecular patterns. RLRs 
function as cytosolic virus sensors and play an important role 
in antiviral immunity (3). RLRs include RIG-I, melanoma 
differentiation-associated gene 5 (MDA5), and laboratory of 
genetics and physiology 2 (LGP2). RIG-I and MDA5 contain 
an N-terminal domain consisting of tandem caspase activa-
tion and recruitment domains (CARDs), a central DExD/H 
box RNA helicase domain, and a C-terminal regulatory 
domain. In contrast, LGP2 lacks CARDs. RIG-I and MDA5 
show structural and functional similarities but recognize 
different RNA viruses (4). RIG-I recognizes relatively 
short double-stranded RNAs (dsRNAs), 5'-triphosphate 
single-stranded RNAs, and hepatitis C viruses. In contrast, 
MDA5 recognizes long dsRNAs (5) and picornaviruses. Once 
RIG-I and MDA5 sense an RNA virus invasion, they interact 
with mitochondrial antiviral-signaling protein (MAVS), an 
adaptor protein on the mitochondrial membrane, to induce 
antiviral cytokine type I interferons (IFNs). Therefore, 
RLRs function as mitochondria-mediated antiviral immune 
systems.

Recent studies have shown that RLR activation in cancer 
cells exerts antitumor effects (6-8). Besch et al reported that 
RIG-I and MDA5 activation in human melanoma cells initiates 
a proapoptotic signaling pathway in a type I IFN-independent 
manner (7). They also showed that treatment with RLR 
ligands exerts antitumor effects in immunodeficient mice, 
suggesting that RLR activation exerts antitumor effects in the 
absence of immune activation. Yuan et al reported that treat-
ment with 5'-triphosphate siRNA against the gene encoding 
vascular endothelial growth factor exerted multiple antitumor 
effects, including induction of antitumor immunity through 
RIG-I-mediated innate immune response and induction of 
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apoptosis, in non-small cell lung cancer (NSCLC) cells (8). 
Collectively, these studies indicate that RLRs can be poten-
tially used for treating cancer by inducing antitumor immunity 
and cytotoxicity against cancer cells.

Radiation is an effective treatment for cancer therapy and 
is used for treating various cancers such as lung cancers. Our 
recent study showed that ionizing radiation affected the expres-
sion of Toll-like receptors, a type of PRRs, and response to 
their agonists in human monocytic THP1 cell-derived macro-
phages (9). However, ionizing radiation exerts a limited effect on 
RLR expression and response to their agonists in human mono-
cytic THP1 cell-derived macrophages (10). These results suggest 
that RLR agonists can be used as effective immunostimulants 
during radiation therapy. However, it is unclear whether ionizing 
radiation affects the cytotoxicity of RLR agonists.

Lung cancer is the leading cause of cancer-related death 
over the world, and NSCLC accounts for 85% of all cases of 
lung cancer. Since the overall 5-year survival rate of patients 
with NSCLC remains lower than 15% (11), development of 
more effective anticancer strategies is essential for the treat-
ment of NSCLC. Therefore, we investigated the effects of RLR 
agonists and ionizing radiation cotreatment on cytotoxicity 
against human NSCLC cells.

Materials and methods

Reagents. Propidium iodide (PI) and dimethyl sulfoxide 
were purchased from Sigma-Aldrich (Merck KGaA, 
Darmstadt, Germany). Z-Val-Ala-Asp (OMe)-CH2F 
(Z-VAD-fmk) was purchased from Peptide Institute, 
Inc. (Osaka, Japan). Poly(I:C)-LMW/LyoVec™ and 
poly(I:C)-HMW/LyoVec™ (hereafter referred to as 
‘poly[I:C]-LMW’ and ‘poly[I:C]-HMW’, respectively) 
were purchased from InvivoGen (San Diego, CA, USA). 
Anti-RIG-I antibody (no. 4200), anti-MDA5 antibody 
(no. 5321), anti-MAVS antibody (no. 3993), anti-caspase-3 
antibody (no. 9662), anti-β-actin antibody (no. 4967), and 
anti-rabbit horseradish peroxidase (HRP)-linked IgG antibody 
were purchased from Cell Signaling Technology Japan, K.K. 
(Tokyo, Japan). Ambion's Silencer® Select Pre-designed siRNA 
against the gene encoding RIG-I (ID: s24144), Silencer® 
Select Pre-designed siRNA against the gene encoding MDA5 
(ID: s34498), and Silencer® Select Negative Control 1 siRNA 
were purchased from Thermo Fisher Scientific, Inc. (Waltham, 
MA, USA).

Cell culture and treatment. Human NSCLC cells A549 and 
H1299 were purchased from Riken Bio-Resource Center 
(Tsukuba, Japan) and American Type Culture Collection 
(ATCC; Manassas, VA, USA), respectively. A549 cells 
were maintained in Dulbecco's modified Eagle's medium 
(DMEM; Sigma-Aldrich; Merck KGaA) supplemented with 
1% penicillin/streptomycin (Gibco®; Gibco; Thermo Fisher 
Scientific, Inc.) and 10% heat‑inactivated fetal bovine serum 
(FBS; Japan Bioserum Co., Ltd., Nagoya, Japan) at 37˚C in a 
humidified atmosphere of 5% CO2. H1299 cells were main-
tained in RPMI-1640 medium (Gibco®; Gibco; Thermo Fisher 
Scientific, Inc.) supplemented with 1% penicillin/streptomycin 
and 10% heat‑inactivated FBS at 37˚C in a humidified atmo-
sphere of 5% CO2.

Cells were seeded in 35-mm culture dishes (6.0x104 cells) 
or 60-mm culture dishes (1.2x105 cells; Iwaki, Chiba, Japan) 
and were cultured overnight to promote their adherence to the 
dish. On the next day, the cells were treated with RLR agonist 
poly(I:C)-LMW or poly(I:C)-HMW (125-1,000 ng/ml) for 
indicated time periods. Next, the cells were harvested using 
0.1% trypsin-ethylenediaminetetraacetic acid (Gibco®; Gibco; 
Thermo Fisher Scientific, Inc.), and the number of viable cells 
was counted using trypan blue dye exclusion assay.

In some experiments, the cells were preincubated with 
50 µM Z-VAD-fmk (a pan-caspase inhibitor) for 1 h, followed 
by treatment with 250 ng/ml poly(I:C)-HMW.

Clonogenic survival assay. Cells were seeded in 60-mm 
culture dishes and were cultured overnight. On the next 
day, 250 ng/ml poly(I:C)-HMW were added to the culture 
medium before 1 h irradiation, and then exposed to X-ray. 
After X-ray irradiation, the cells were incubated for 14 h in 
the presence of poly(I:C)-HMW. Next, the cells were washed 
twice with a fresh medium and their culture medium was 
replaced with a fresh medium. After replacement, the cells 
were incubated for 8‑11 days. Next, the cells were fixed with 
methanol and were stained with Giemsa solution (Wako 
Pure Chemical Industries, Ltd., Osaka, Japan). Colonies 
containing >50 cells were counted. The surviving fraction 
at each dose was calculated with respect to the plating effi-
ciency of the non-irradiated control. The survival curves 
were fitted to a linear‑quadratic model: SF=exp (‑αD‑βD2), 
where SF is the surviving fraction and D is the physical dose, 
by data analysis software Origin Pro 9.0J (OriginLab Co., 
Northampton, MA, USA).

siRNA transfection. A549 cells were transfected with target 
siRNAs or control siRNA by using Lipofectamine RNAiMAX 
(Invitrogen; Thermo Fisher Scientific, Inc.), according to the 
manufacturer's instructions. The final concentration of the 
siRNAs was 10 nM. After incubation for 24 h, the transfected 
cells were harvested and were used for performing subsequent 
analyses.

In vitro irradiation. The cells were irradiated (150 kVp, 
20 mA, 0.5‑mm Al filter, and 0.3‑mm Cu filter) by using an 
X-ray generator (MBR-1520R-3; Hitachi Medical Corporation, 
Tokyo, Japan) at a distance of 45 cm from the focus and at a 
dose rate of 1.00-1.04 Gy/min.

Sodium dodecyl sulfate‑polyacrylamide gel electropho‑
resis and western blotting. Harvested cells were lysed in 
1X Laemmli sample buffer (Bio-Rad Laboratories, Inc., 
Hercules, CA, USA) containing 2.5% 2-mercaptoethanol 
through sonication, and the obtained cell lysates were boiled 
for 10 min. Protein concentration of the cell lysates was 
determined using XL-Bradford assay kit (APRO Science, 
Tokushima, Japan) and SmartSpec™ plus spectrophotometer 
(Bio-Rad Laboratories, Inc.). Sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis and western blotting were 
performed, as reported previously (12). The following primary 
antibodies were used: anti-RIG-I antibody (dilution, 1:3,000), 
anti-MDA5 antibody (dilution, 1:3,000), anti-MAVS antibody 
(dilution, 1:3,000), anti-caspase-3 antibody (dilution, 1:3,000), 
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and anti-actin antibody (dilution, 1:4,000). The following 
secondary antibody was used: HRP-linked anti-rabbit IgG 
antibody (dilution, 1:10,000). Antigens were visualized 
using ECL Prime Western Blotting Detection System (GE 
Healthcare UK Ltd., Buckinghamshire, UK). Blots were 
stripped using a Stripping Solution (Wako Pure Chemical 
Industries, Ltd.).

Analysis of cell death. Cell death was analyzed using 
Annexin V-FITC (BioLegend Inc., San Diego, CA, USA), PI, 
and Annexin V binding buffer (BioLegend Inc.), as reported 
previously (13). Stained cells were analyzed by performing 
flow cytometry (Cytomics FC500; Beckman Coulter, Inc., 
Brea, CA, USA). In the Annexin V/PI quadrant gating, 
Annexin V−/PI−, Annexin V+/PI−, and Annexin V+/PI+ were 
used to identify the fraction of viable cells, early apoptotic 
cells, and late apoptotic/necrotic cells, respectively.

Detection of γ‑H2AX by performing f low cytometry. 
Harvested cells were fixed overnight in ice-cold 70% 
methanol at ‑20˚C. The fixed cells were washed using a wash 
buffer (WB; PBS containing 0.5% bovine serum albumin) 
and were treated with a WB containing 0.25% Triton X-100 
on ice for 5 min. After washing with the WB, cell pellets were 
incubated for 1 h at room temperature with anti-phosphory-
lated histone H2AX monoclonal antibody (JBW301; Upstate 
Biotechnology, Lake Placid, NY, USA) diluted to 300-folds 
by using the WB containing 0.25% Triton X-100. The labeled 
cells were washed with the WB and were treated in the dark 
for 1 h at room temperature with Alexa Fluor 488®-conju-
gated anti-mouse IgG secondary antibody (Molecular Probes; 
Thermo Fisher Scientific, Inc.) diluted to 400-folds by using 
the WB containing 0.25% Triton X-100. The stained cells 
were washed with the WB and were analyzed by performing 
flow cytometry.

Statistical analysis. Data are presented as mean ± standard 
error (SE). Comparisons between control and experimental 
groups were performed using a two-sided Student's t-test or 
a two-sided Mann-Whitney's U-test depending on the data 
distribution. Multiple data were analyzed using one-factor 
analysis of variance followed by Tukey-Kramer test. 
Differences were considered significant at P<0.05. All statis-
tical analyses were performed using Excel 2010 software 
(Microsoft Corporation, Redmond, WA, USA) with an add-in 
software Statcel 3 (The Publisher OMS Ltd., Tokyo, Japan).

Results

RLR agonists exert cytotoxicity against NSCLC cells. We 
first examined the cytotoxicity of RLR agonists against A549 
and H1299 cells. In the present study, poly(I:C)-LyoVec™, 
a complex of a synthetic dsRNA analogue poly(I:C) and 
transfection reagent LyoVec™, was used as an RLR agonist. 
RIG-I and MDA5 expression was undetectable or negligible in 
untreated A549 and H1299 cells and strongly increased in RLR 
agonists poly(I:C)-LMW- and poly(I:C)-HMW-treated A549 
and H1299 cells (Fig. 1A). Moreover, poly(I:C)-LMW and 
poly(I:C)‑HMW treatment significantly decreased the number 
of viable cells and increased the percentages of Annexin V+ 

cells in a dose-dependent manner (Fig. 1B and C, respec-
tively). Because poly(I:C)-HMW exerted a stronger cytotoxic 
effect than poly(I:C)-LMW, we used poly(I:C)-HMW in all 
subsequent experiments.

Effects of the RLR agonist and ionizing radiation cotreatment 
on cytotoxicity against NSCLC cells. We next examined the 
effect of the RLR agonist and ionizing radiation cotreat-
ment on cytotoxicity against NSCLC cells. Cotreatment with 
poly(I:C)‑HMW and X‑ray irradiation (2 and 4 Gy) significantly 
decreased the number of viable cells compared with treatment 
with poly(I:C)-HMW or X-ray irradiation alone (Fig. 2A). 
Furthermore, cotreatment with poly(I:C)-HMW and 4 Gy 
X-ray irradiation increased the percentages of Annexin V+ cells 
compared with treatment with poly(I:C)-HMW or X-ray irra-
diation alone (Fig. 2B). These results indicate that the RLR 
agonist and ionizing radiation cotreatment effectively induced 
the cytotoxicity against NSCLC cells.

Radiosensitizing effects of the RLR agonist on NSCLC cells. We 
next examined the radiosensitizing effects of poly(I:C)-HMW 
on NSCLC cells. Clonogenic cell survival decreased in irradi-
ated A549 and H1299 cells pretreated with poly(I:C)-HMW 
(Fig. 3A). As shown in Table I, the radiation dose that 37% of 
cells will survival (D37) was reduced from 3.02 Gy in the control 
to 2.35 Gy by the treatment with poly(I:C)-HMW in A549 cell 
(P<0.01). Similarly, the D37 was reduced from 3.47 Gy in the 
control to 2.46 Gy by the treatment with poly(I:C)-HMW in 
H1299 cells (P<0.05). The sensitizer enhancement ratio (SER) 
judged by the D37 in the A549 and H1299 cells were 1.28 and 
1.41, respectively. These results suggest that the RLR agonist 
exerted radiosensitizing effects on NSCLC cells.

To investigate mechanisms underlying the radiosensitizing 
effects of poly(I:C)-HMW, we analyzed the repair of DNA 
double-stranded breaks (DSBs). Histone H2AX undergoes 
phosphorylation at serine 139 (γ-H2AX) immediately after 
DSB induction and undergoes dephosphorylation after 
DSB repair (14). Therefore, we analyzed γ-H2AX expres-
sion in NSCLC cells treated with 4 Gy X-ray irradiation 
and/or poly(I:C)-HMW. Treatment with the ionizing irradia-
tion increased γ-H2AX expression in A549 cells irrespective 
of poly(I:C)-HMW treatment (Fig. 3B). No significant differ-
ence was observed in γ-H2AX expression between cells 
treated with 4 Gy X-ray irradiation alone and cells treated with 
poly(I:C)-HMW + 4 Gy X-ray irradiation at 1 and 3 h after the 
irradiation. However, γ-H2AX expression was higher in cells 
treated with poly(I:C)-HMW + 4 Gy X-ray irradiation than 
in cells treated with 4 Gy X-ray irradiation alone at 24 h after 
the irradiation. Similarly, γ-H2AX expression was higher in 
H1299 cells treated with poly(I:C)-HMW + 4 Gy X-ray irra-
diation than in cells treated with 4 Gy X-ray irradiation alone 
at 48 h after the irradiation (Fig. 3C). These results suggest 
that poly(I:C)-HMW inhibits DSB repair in irradiated cells, 
which leads to their radiosensitization.

Effects of the RLR agonist and ionizing radiation cotreatment 
on RLR and MAVS expression. We next explored mechanisms 
underlying the effect of poly(I:C)-HMW and ionizing radiation 
cotreatment on cell death induction in A549 and H1299 cells. 
Knockdown of RIG-I and MDA5 in A549 cells decreased 
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poly(I:C)-HMW-induced RIG-I and MDA5 expression 
(Fig. 4A) and significantly decreased poly(I:C)‑HMW‑induced 
Annexin V+ cells (Fig. 4B). Because these results suggested 
that RLRs mediated poly(I:C)-HMW-induced cell death, we 
hypothesized that the effects of poly(I:C)-HMW and ionizing 
radiation cotreatment on cell death induction were induced 
by the upregulation of RLR expression. However, ionizing 
radiation did not increase poly(I:C)-HMW-induced increase in 
RIG-I and MDA5 expression (Fig. 4C). Next, we analyzed the 
protein expression of MAVS, which functions as an adaptor 
protein for RLR-mediated signaling pathways (15). It is 
reported that proteasome-mediated MAVS degradation occurs 
after RLR activation, and this degradation is required for 
downstream signaling leading to type I IFN production (16). 
Consistently, we observed that poly(I:C)-HMW treatment 
downregulated MAVS protein expression in A549 cells. 
However, no significant difference in MAVS protein expres-
sion was observed between cells treated with poly(I:C)-HMW 
alone and cells treated with poly(I:C)-HMW + 4 Gy X-ray 
irradiation (Fig. 4C).

The RLR agonist and ionizing radiation cotreatment effec‑
tively induce apoptosis by activating caspase. Caspases are 
involved in RLR-induced apoptosis (7). As shown in Fig. 5A, 
poly(I:C)-HMW induced active caspase-3 expression in A549 
and H1299 cells (Fig. 5A). Furthermore, treatment with the 
pan‑caspase inhibitor Z‑VAD‑fmk significantly decreased 
poly(I:C)-HMW-induced Annexin V+/PI- early apoptotic 
cells in A549 cells (Fig. 5B). Similarly, Z-VAD-fmk tended 
to decrease Annexin V+/PI- early apoptotic cells in H1299 
cells (P=0.052). These results indicate that RLR agonists 
induce apoptosis in human NSCLC cells by activating 
caspases. Next, we investigated the involvement of caspases 
in the effects of the RLR agonist and ionizing radiation 
cotreatment. Cotreatment with poly(I:C)-HMW and 4 Gy 
X-ray irradiation increased active caspase-3 expression 
compared with treatment with poly(I:C)-HMW or 4 Gy X-ray 
irradiation alone (Fig. 5A). Furthermore, the percentages of 
Annexin V+/PI- early apoptotic cells in A549 and H1299 cells 
were significantly decreased by treatment with Z‑VAD‑fmk 
(Fig. 5B and C). The percentages of Annexin V+/PI+ late 

Figure 1. Effects of retinoic acid-inducible gene-I (RIG-I)-like receptor agonists on the growth of and apoptosis induction in non-small cell lung cancer cells. 
(A) A549 and H1299 cells were treated with poly(I:C)-LMW and poly(I:C)-HMW for 24 (for A549) or 48 h (for H1299) and were harvested for performing 
western blotting analyses of RIG-I and MDA5; actin was used as a loading control. Representative blots are shown. (B and C) A549 and H1299 cells cultured 
with the indicated concentrations of poly(I:C)-LMW or poly(I:C)-HMW for 3 days were harvested, and the number of viable cells was counted by performing 
the trypan blue exclusion assay (B). Annexin V/PI staining was performed to evaluate the cell death (C). Data are presented as mean ± SE of at least 3 
independent experiments; *P<0.05 and **P<0.01.
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apoptotic cells/necrotic cells in H1299 cells, not A549 
cells, were also significantly decreased by treatment with 
Z-VAD-fmk (Fig. 5C). Together, these results suggest that the 
effects of the RLR agonist and ionizing radiation cotreatment 
on cell death induction including apoptosis are mediated by 
caspase activation.

Discussion

We previously investigated the effect of ionizing radiation 
on PRRs in human monocytic cells (9,10) and showed that 
ionizing radiation negligibly affected RLR expression and 
response to their agonists (10), suggesting that RLR agonists 
could be used as effective immunostimulants during radia-
tion therapy. In the present study, we investigated the effects 
of RLR agonists and ionizing radiation cotreatment on 
cytotoxicity against NSCLC cells. We found that cotreat-
ment with poly(I:C)-HMW and ionizing radiation effectively 
suppressed the growth of and induced cell death in NSCLC 
cells. Furthermore, we found that poly(I:C)-HMW treatment 
exerted radiosensitizing effects on NSCLC cells probably by 
affecting DSB repair capacity. Although we did not determine 
mechanisms underlying the attenuation of DSB repair by the 
activation of mitochondria-mediated immune systems in the 
present study, our results showed that cotreatment with the 
RLR agonist and ionizing radiation is a promising strategy to 
enhance cytotoxicity against NSCLC cells.

We found that poly(I:C)-HMW exerted a stronger cyto-
toxic effect than poly(I:C)-LMW against NSCLC cells. The 
difference between poly(I:C)-LMW and poly(I:C)-HMW is a 
molecular weight. According to the manufacture's data sheet, 
the average size of poly(I:C)-LMW and poly(I:C)-HMW 
is 0.2-1 and 1.5-8 kb, respectively. It is thought that 
poly(I:C)-LMW and poly(I:C)-HMW are mainly recog-
nized by RIG-I and MDA5, respectively, because RIG-I 
and MDA5 preferentially recognizes short (~0.3 kb) and 
long (>4 kb) poly(I:C), respectively (4). These imply that 
MDA5 may be a better target for inducing cytotoxicity than 
RIG-I. However, knockdown of RIG-I effectively suppressed 
poly(I:C)-HMW-induced cell death compared with knock-
down of MDA5 (Fig. 4B), thus suggesting that not only 
MDA5 but also RIG-I are involved in the poly(I:C)-HMW 
induced cell death. Interestingly, we found that knock-
down of RIG-I downregulated poly(I:C)-HMW-induced 
MDA5 expression as well as RIG-I expression (Fig. 4A). 
Consistently, Imaizumi et al reported that poly(I:C) trans-
fection induced MDA5 expression through RIG-I and 
IFN-β (17). Therefore, it is possible that RIG-I mediates the 
poly(I:C)-HMW-induced MDA5 expression, which contrib-
utes to the poly(I:C)-HMW-induced cell death.

There are some researches to improve the RLR-mediated 
antitumor activity. For example, some researcher focused 
on the recognition of 5'-triphosphate single-stranded RNAs 
by RIG-I, and designed the 5'-triphosphate-siRNA (8,18,19). 

Figure 2. Effects of cotreatment with the retinoic acid-inducible gene-I (RIG-I)-like receptor agonist and ionizing radiation on the growth of and cell death 
induction in non-small cell lung cancer cells. (A and B) Cells were preincubated with poly(I:C)-HMW for 1 h, and X-ray irradiation was performed. The cells 
were harvested after culturing for 3 days. The number of viable cells was determined by performing the trypan blue exclusion assay, and the cell death was 
determined by performing Annexin V/PI staining. Data are presented as the mean ± SE of at least 3 independent experiments; *P<0.05 and **P<0.01; n.s., not 
significant.
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Yuan et al designed a 5'-triphosphate-siRNA targeting vascular 
endothelial growth factor (VEGF). The 5'-triphosphate-siRNA 
targeting VEGF showed multiple antitumor effects against 
NSCLC through not only induction of RIG-mediated apop-
tosis and antitumor immunity but also inhibition of tumor 

angiogenesis by knockdown of VEGF (8). On the other hand, 
Duewell et al reported a cotreatment with RLR agonists and 
an activating monoclonal antibody for death receptor Fas on 
cytotoxicity. In their report, it was demonstrated that RLR 
agonists increased the cell surface Fas expression, which 

Figure 3. Effects of the retinoic acid-inducible gene-I (RIG-I)-like receptor agonist on the radiosensitivity of and γ-H2AX expression in non-small cell lung 
cancer cells. (A) Cellular radiosensitivity was analyzed by performing the clonogenic survival assay, as described in Materials and Methods. Data are presented 
as the mean ± SE of 3 independent experiments performed in triplicate; *P<0.05 and **P<0.01 compared with control cells. (B and C) A549 (B) and H1299 cells 
(C) were pretreated with poly(I:C)-HMW for 1 h, followed by treatment with 4 Gy X-ray irradiation. Cells were harvested at the indicated time points, and 
γ-H2AX expression was analyzed. Representative histograms of γ-H2AX expression are shown. The dotted line histogram indicates the data of non-irradiated 
and non‑treated with poly(I:C)‑HMW, and filled black histograms indicates the 4 Gy‑irradiated and/or poly(I:C)‑HMW‑treated cells. The relative value of 
median fluorescence intensity of γ-H2AX compared with that for non-irradiated and non-treated with poly(I:C)-HMW control cells re shown in the right bar 
graph. Representative data of similar results from two independent experiments are shown.
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sensitized pancreatic cancer cells towards Fas-mediated cell 
killing (20). In the present study, we focused on the ionizing 
radiation to improve RLR agonist-induced cytotoxicity, and 
showed that cotreatment with RLR agonist and ionizing radia-
tion effectively induced the cytotoxicity against cancer cells 
for the first time.

Recently, Ranoa et al showed that depletion of RIG-I 
protected mice from death following to total body irradia-
tion (21). They also showed that ionizing radiation increased 
the RIG-I expression, not MDA5 expression, and that RIG-I 
recognize small endogenous noncoding RNA induced by 
ionizing radiation, which resulted in the activation of IFN 
signaling through MAVS. Considering that we did not 
observe the enhancement of RIG-I and MDA5 expression 

by 4 Gy X-ray irradiation in the presence or absence and 
poly(I:C)-HMW (Fig. 4C), there is a possibility that the 
poly(I:C)-HMW-induced RIG-I recognizes small endog-
enous noncoding RNA induced by ionizing radiation, which 
effectively increases the poly(I:C)-HMW-induced cell death. 
However, we need to investigate the RLR/MAVS-mediated 
signaling pathway in the cells cotreated with RLR agonist and 
ionizing radiation in detail in a future study, because the differ-
ence in the MAVS expression between poly(I:C)-HMW and 
poly(I:C)-HMW + 4 Gy X-ray irradiation was not observed in 
the present study (Fig. 4C).

RLR activation induces type I IFN. The type I IFN such 
as IFN-β is known to improve the response of tumor to 
ionizing radiation (22-24). For example, type I IFN affects 

Figure 4. Involvement of retinoic acid-inducible gene-I (RIG-I)-like receptor (RLR) expression in RLR agonist-induced cell death of A549 cells. (A) A549 
cells treated with the siRNA against RIG-I or melanoma differentiation-associated gene 5 (MDA5) were cultured with 250 ng/ml poly(I:C)-HMW for 24 h 
and were harvested for performing western blotting of RIG-I and MDA5; actin was used as a loading control. Representative blots are shown. (B) A549 cells 
treated with the siRNA against the gene encoding RIG-I or MDA5 were cultured with 250 ng/ml poly(I:C)-HMW for 48 h and were harvested for performing 
Annexin V/PI staining. Percentages of Annexin V+ cells are presented as the mean ± SE of 3 independent experiments; *P<0.05 and **P<0.01. (C) A549 cells 
were preincubated with poly(I:C)-HMW for 1 h and were irradiated with 4 Gy X-rays. The cells were harvested at the indicated time points, and western 
blotting of RIG-I, MDA5, and mitochondrial antiviral-signaling (MAVS) was performed; actin was used as a loading control. Representative blots are shown.

Table I. Summary of survival curve parameters.

Cell Treatment α (Gy-1) β (Gy-2) D37 (Gy) SER (D37)

A549 Control 0.216 0.037 3.02 
 Poly(I:C)-HMW 0.341 0.034 2.35 1.28
H1299 Control 0.182 0.030 3.47 
 Poly(I:C)-HMW 0.339 0.026 2.46 1.41

D37, the radiation dose at which 37% of cells will survival; SER, sensitizer enhancement ratio.
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the efficacy of radiotherapy through activation of immune 
cells (23). Furthermore, the radiosensitizing effects of exog-
enous IFN-β was reported (24). Therefore, it is possible that 
the radiosensitizing effect of poly(I:C)-HMW and the effects 
of poly(I:C)-HMW and ionizing radiation cotreatment on 
cytotoxicity are due to the induction of type I IFN. However, 
because it is reported that RLR/MAVS signaling pathway 
induces apoptosis in a IFN-independent manner (7,25,26), 
we need a further study to clarify whether the effects of RLR 
agonist and ionizing radiation cotreatment on cytotoxicity 
depends on the type I IFN.

Results of the present study suggested the involvement 
of caspase activation in the effects of the RLR agonist and 
ionizing radiation cotreatment on cytotoxicity against NSCLC 

cells. It is reported that RLR activation induces apoptosis via 
intrinsic (caspase-9) and/or extrinsic (caspase-8) apoptotic 
pathway. Besch et al reported that caspase-9 plays important 
roles in RLR-induced apoptosis in human melanoma cells (7). 
On the other hand, the activation of MDA5 by Semliki 
Forest virus induces both caspase-9-mediated apoptosis and 
caspase-8-mediated extrinsic apoptosis (27). Since ionizing 
radiation can modulate the intrinsic and extrinsic apoptotic 
pathway (28-31), further studies are needed to clarify the 
apoptotic pathway which RLR agonist and ionizing radiation 
cooperatively activate.

In conclusion, results of the present study showed that 
cotreatment with ionizing radiation and the RLR agonist 
effectively induced cytotoxicity against human NSCLC cells, 

Figure 5. Involvement of caspase in the effects of the retinoic acid-inducible gene-I (RIG-I)-like receptor (RLR) agonist and ionizing radiation cotreatment on 
apoptosis induction in non-small cell lung cancer cells. (A) Cells were preincubated with poly(I:C)-HMW for 1 h, followed by irradiation with 4 Gy X-rays. 
After culturing for 3 days, the cells were harvested for performing western blotting of caspase-3; actin was used as a loading control. Representative blots 
are shown. The quantification of bands was performed using ImageJ software, and the relative values of cleaved caspase‑3/actin ratio compared with that for 
non-irradiated and treated with poly(I:C)-HMW control are shown. (B and C) A549 (B) and H1299 cells (C) were preincubated with Z-VAD-fmk for 1 h, 
followed by treatment with 250 ng/ml poly(I:C)-HMW. After incubation for 1 h, the cells were irradiated with 4 Gy X-rays. After culturing for 72 h, the cells 
were harvested for performing Annexin V/PI staining. The percentages of Annexin V+/PI- cells and Annexin V+/PI+ cells were shown. Data are presented as 
the mean ± SE of 3 independent experiments; *P<0.05 and **P<0.01. DMSO, dimethyl sulfoxide; Z‑VAD, Z‑VAD‑fmk.
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suggesting that RLR activations effectively enhanced the 
apoptosis and radiosensitivity of cancer cells and improved 
antitumor immunity during radiation therapy. However, 
because treatment with poly(I:C)-LMW (1 µg/ml) induces 
apoptosis in human hematopoietic stem/progenitor cells (32), 
further studies are needed to investigate the effects of 
cotreatment with the RLR agonist and ionizing radiation on 
cytotoxicity against normal cells and to determine a strategy 
for minimizing its side effects.
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