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Toll-like receptor 9 activation by CpG oligodeoxynucleotide 7909
enhances the radiosensitivity of A549 lung cancer cells
via the p53 signaling pathway

SUJUAN YUAN!, TIANKUI QIAO', XUAN LI!, XIBING ZHUANG', WEI CHEN', XUE CHEN? and QI ZHANG'

1Department of Oncology, Jinshan Hospital, Shanghai Medical College, Fudan University, Shanghai 201508;

2Department of Radiology, Shanghai Cancer Hospital, Shanghai Medical College,
Fudan University, Shanghai 200032, PR. China

Received May 25, 2017; Accepted December 19, 2017

DOI: 10.3892/01.2018.7916

Abstract. Unmethylated cytosine-phosphorothioate-guanine
(CpG)-containing oligodeoxynucleotides (ODNs) are
synthetic DNA sequences that mimic bacterial DNA, and are
known to serve as ligands for Toll-like receptor 9 (TLR9). The
interaction between a CpG ODNs with TLRY activates the
complex downstream cascade that contributes to exerting its
function. In the present study, the results of clonogenic assays
demonstrated that the activation of TLR9 by CpG ODNs
significantly increased the radiosensitivity of A549 lung
cancer cells, with a sensitivity enhancement ratio (SER) of
1.28. When the expression of TLR9 was effectively silenced,
CpG ODNSs used alone were identified to produce SERs as
low as 1.01. Flow cytometry demonstrated that the interaction
between TLR9 and CpG ODN 7909 alone did not significantly
affect the rate of apoptosis, but may significantly enhance
the radiation-induced apoptosis of A549 cells. Western blot
analysis revealed that TLR9 activation by CpG ODN 7909
increased the levels of mitogen-activated protein kinase 14,
cellular tumor antigen p53, B-cell lymphoma 2 associated
X protein and genome polyprotein, and decreased Bcl-2
expression levels, whereas these effects were not observed in
CpG ODN 7909-treated cells in which TLR9 was knocked
down. These results suggest that CpG ODN 7909 may enhance
radiosensitivity through TLR9 activation, and partially via the
p53 pathway in A549 lung cancer cells.
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Introduction

Toll-like receptors (TLRs), a class of toll-homologous protein
molecules expressed in mammals, are pattern-recognition
receptors that are present in macrophages, mononuclear
cells, dendritic cells, B cells and other immune cells (1).
At present, 13 types of TLRs have been identified in
mammals, namely TLR1 to TLR13, including TLR1-TLR11
in humans (2). Interactions between TLRs and their
specific pathogen-associated molecular patterns mediate
intracellular signaling pathways, increasing the levels
of various chemical regulatory factors and cell surface
molecules, thereby triggering innate, and adaptive immune
responses. TLRY specifically recognizes the unmethylated
cytosine-phosphate-guanosine (CpG) motifs in bacteria,
viruses and plasmids or synthetic double-, or single-stranded
oligodeoxynucleotides (ODNs). CpG ODNs are synthetic
DNA nucleotides containing unmethylated CpG sequences.
As powerful immune modulators and immune adjuvants, the
effectiveness of CpG ODNs has attracted increasing atten-
tion, particularly as potential therapies for malignant tumors
that are difficult to treat (3). Wang et al (4) demonstrated that
the immunomodulatory oligonucleotide had potent antitumor
effects when used as monotherapy and in combination with
conventional chemotherapeutic agents on non-small cell lung
cancer (NSCLC) cells via TLRO.

Previous studies have demonstrated that CpG ODNs may
contribute to the induction of apoptosis, inhibition of cancer
cell growth and enhancement of radiotherapeutic, and chemo-
therapeutic sensitivity in various types of cancer (3,5-7).
Several studies have also confirmed that TLRY is highly
expressed in numerous types of cancer cells, including lung,
ovarian, pancreatic and breast cancer (8-11). However, there
are disagreements regarding the associations between TLR9
expression, tumor development, and sensitivity to radiation
and chemotherapy. According to a previous study, subse-
quent to recognizing CpG ODNs, TLR9 may activate the
mitogen-activated protein kinase 14 (p38)/mitogen-activated
protein kinase (MAPK) signal pathway (12); however, the
downstream signal transduction pathway and subsequently
target gene expressions have been inconclusive (13,14).
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Our previous studies demonstrated that the combina-
tion of TLRY and its agonist CpG ODNs increased the
radiosensitivity of A549 lung cancer cells through reducing
cell survival and colony formation ability, increasing the
G2/M phase block and inducing cell apoptosis. CpG ODNs
increased the radiosensitivity of radioresistant A549 cells,
which may be mediated through the upregulation of TLR9
expression (15,16). Furthermore, our subsequent study
demonstrated that the combination of TLR9 and its agonist
CpG ODNs markedly increased the levels of cellular tumor
antigen p53 (p53) protein phosphorylation induced by X-ray,
which may be involved in the G2/M phase arrest and apop-
tosis induced by X-ray in human lung cancer A549 cells (17).
Additional studies have indicated that p53 phosphorylation
serves an important, and even a crucial, regulatory role in
its own activation (18,19). Activation of p53 may result in
cell growth retardation, induction of apoptosis or adaptation
to DNA damage and survival, via regulating the expression
of downstream target genes (20,21). Wild-type p53 has also
been demonstrated to enhance the sensitivity of tumor cells
to radiotherapy by inhibiting oncogene expression, arresting
tumor cells in the G2/M phase, inhibiting tumor cell repair of
radiation damage, and promoting apoptosis (14,15). Based on
the aforementioned studies, we hypothesized that TLR9 may
strengthen the effect of X-ray irradiation (IR) on NSCLC
and consequently improve the radiosensitivity of lung cancer
cells. Additionally, we also hypothesize that activation of the
p53 pathway may be involved in this process; TLR9 expres-
sion may affect the proliferation and apoptosis of tumor cells
through altering the expression of p53, and the associated
downstream pathway via activating p38/MAPK signaling
pathways. However, previous studies examining whether
the TLR9-p53-p38/MAPK signaling pathways are involved
in the process whereby TLR9 combines with CpG ODN to
improve the radiosensitivity of lung cancer cells have not yet
been sufficient.

In the present study, TLR9 gene expression was
silenced using small interfering (si)RNA interference tech-
nology. Cells were then stimulated with CpG ODN 7909
and subjected to X-ray IR, and the radiation sensitivity
and expression levels of p38, wild-type p53 and down-
stream target genes, including B-cell lymphoma 2 (Bcl-2),
Bcl-2-associated X protein (Bax) and genome polyprotein
(p21) were investigated. Therefore, the present study provides
a preliminary investigation into the role of TLR9 in NSCLC
radiotherapy, including the potential associated downstream
pathway involved, which may assist in developing novel
methods for predicting and improving the outcome of radio-
therapy in NSCLC.

Materials and methods

Materials. Rabbit monoclonal antibodies against TLR9
(cat. no. 5845), p38 (cat. no. 8690), p53 (cat. no. 2527), Bax
(cat. no. 2772), Bcl-2 (cat. no. 4223), p21 (cat. no. 2947) and
[-actin (cat. no. 4970), were purchased from Cell Signaling
Technology, Inc. (Danvers, MA, USA). CpG ODN 7909,
comprising a nucleotide sequence of 5-TCGTCGTTTTGT
CGTTTTGTCGTT-3, was synthesized, purified and analyzed
as previously described (11).
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Cell culture and small interfering (si)RNA transfection. The
human NSCLC A549 cell line was obtained from Shanghai
Institutes for Biological Sciences, Chinese Academy of
Sciences (Shanghai, China) and grown in RPMI-1640 medium
(Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA)
supplemented with 10% fetal bovine serum (Gibco; Thermo
Fisher Scientific, Inc.). The cell lines were cultured at 37°C in
a humidified air containing 5% CO,. When the cells reached
70% confluence, they were transfected with 100 nM siRNA
targeting: Human TLR9 mRNA forward, 5'-CUAGACCUG
UCCCACAAUATT-3' and reverse, 5S'-UAUUGUGGGACA
GGUCUAGTT-3'; wild-type p53 mRNA forward, 5'-CCA
CUGGAUGGAGAAUAUUTT-3' and reverse, 5'-AAUAUU
CUCCAUCCAGUGGTT-3"; or scramble (control) siRNA 1
forward, 5'-UUCUCCGA ACGUGUCACGUTT-3' and reverse,
5'-ACGUGACACGUUCGGAGAATT-3"; scramble (control)
siRNA 2 forward, 5'-UUCUCCGAACGUGUCACGUTT-3'
and reverse, 5~ ACGUGACACGUUCGAGAATT-3"), using
Lipofectamine® 2000 reagent (Invitrogen; Thermo Fisher
Scientific, Inc.) according to the manufacturer's protocol. All
siRNAs were fluorescein amidite (FAM)-labeled, and were
obtained from Shanghai GenePharma Co., Ltd. (Shanghai,
China). Subsequent to incubation for 6 h at 37°C in a humidi-
fied incubator containing 5% CO,, the medium was replaced
with RPMI-1640 medium supplemented with 10% fetal bovine
serum. Following another incubation for 18 h at 37°C, the cells
were used for subsequent experimentation. Then, 24 h after
transfection, the expression of green fluorescent protein was
observed under an Olympus IX73 fluorescence microscope
(Olympus Corporation, Tokyo, Japan) to evaluate the transfec-
tion efficiency. A total of 500 cells were selected randomly,
and the percentage of cells expressing green fluorescent
protein was calculated.

Radiation treatment. A549 cells and other transfected cells
were exposed to various doses of 6 MV X-ray IR, which
was performed with the use of a linear accelerator (Varian
Medical Systems Inc., Palo Alto, CA, USA), and the dose rate
at an IR distance of 100 cm was 2 Gy/min, as determined by
Fricke's chemical dosimeter (15). Various doses of radiation
(2,4, 6, 8 and 10 Gy) were applied in the colony formation
assay, while 10 Gy radiation was used for the remaining
experiments.

Western blot analysis. Proteins were extracted from the cells
with 10% SDS cell lysis solution (including 1:100 phenyl-
methylsulfonyl fluoride; Beyotime Institute of Biotechnology,
Haimen, China) and protein concentration was measured using
a BCA assay kit (Beyotime Institute of Biotechnology). Then,
6% SDS-PAGE (Beyotime Institute of Biotechnology) was
used to separate the protein extracts (~50 ug/lane), which was
then transferred to polyvinylidene fluoride membranes (EMD
Millipore, Billerica, MA, USA). The membranes were then
blocked with tris-buffered saline with 1% Tween-20 (TBST)
containing 5% skimmed milk for 2 h at room temperature, and
subsequently incubated with the primary antibodies (TLRO,
p38, p53, Bax, Bcl-2, p21 or B-actin; dilution, 1:800) at room
temperature. The membranes were then washed with TBST
three times, followed by incubation with the horseradish
peroxidase-conjugated goat anti-rabbit secondary antibody
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Figure 1. Effect of TLRO siRNA on TLRY expression in A549 cells. A549 cells
were transfected with TLR9 siRNA or scrambled siRNA (control siRNA),
or remained untransfected (control). At 24 h following transfection, western
blot analyses were performed to examine the inhibition efficiency. The graph
depicts mean + standard deviation from three independent experiments of
optical density of the TLR9 western blot bands. *P<0.05 vs. control group,
°P>0.05 vs. control group. TLRY, toll-like receptor 9; si, small interfering.

(cat no. 4970; 1:5,000; Cell Signaling Technology, Inc.) for 1 h
at room temperature. The membranes were finally washed with
TBST and protein expression was determined with enhanced
chemiluminescence kit (ECL; EMD Millipore). $-actin was
applied as an endogenous reference for quantification. The
images were analyzed using Adobe Photoshop CS3 software
(Adobe Systems, Inc., San Jose, CA, USA).

Colony formation assay. Following X-ray IR, cells were
collected and used to prepare a single-cell suspension.
According to the radiation dose (0, 2, 4, 6, 8 and 10 Gy), cells
were seeded in triplicate in 60-mm petri dishes at densities of
500, 500, 1,000, 500, 1,000 and 8,000 cells/dish, respectively.
Following incubation at 37°C in an incubator for 2 weeks, the
cells were washed twice with PBS, fixed with 4% parafor-
maldehyde for 30 min and stained with 0.5% crystal violet
for 15 min at room temperature. Subsequently, cell colonies
containing >50 cells were counted. The formed colonies were
observed using light microscope (x100). The colony formation
rate was calculated as the number of colonies divided by the
number of seeded cells. According to single-hit, multi-target
model, DO, Dq, N and SF2 were obtained (22). DO represents
the slope rate of survival curve, which indicates the radiosen-
sitivity of cells; Dq represents the initial shoulder of survival
curve, which is associated with the efficacy of the DNA repair
system of the cell; and N is an extrapolation value of DO, which
is an associated parameter reflecting primary radiation sensi-
tivity of cells. SF2 was the survival fraction following 2 Gy
irradiation and used as an index of intrinsic radiosensitivity.
The sensitivity enhancement ratio (SER) was calculated as the
DO (lethal dose in one-hit multi-target model) value of cells
receiving IR treatment alone in the control group divided by
the DO value of other cells receiving IR treatment alone, or
CpG ODN 7909 plus IR treatment.
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Apoptosis assays. Apoptosis was evaluated with the Annexin
V-fluorescein isothiocyanate (FITC) Apoptosis Detection
kit (BD Biosciences, San Jose, CA, USA) according to the
manufacturer's protocol. All cells, including adherent and
non-adherent cells, were collected at 48 h subsequent to IR,
and washed twice with cold PBS. Following centrifugation
at 800 x g for 5 min at 4°C, the deposits were resuspended
in binding buffer, and incubated with FITC-conjugated
Annexin-V and propidium iodide for 15 min at room tempera-
ture in the dark. Immediately, the cells were analyzed using
a Cytomics™ FC500 flow cytometer (Beckman Coulter,
Inc., Fullerton, CA, USA). Data were analyzed using Summit
version 5.2 software (Beckman Coulter, Inc.).

Statistical analysis. All experiments were repeated three times.
Statistical analysis was performed using SPSS 20.0 (IBM
Corp., Armonk, NY, USA) and GraphPad Prism 5.0 (fitting the
survival curve in a single-hit, multi-target model) (GraphPad
Software, Inc., La Jolla, CA, USA). Values are presented as the
mean + standard deviation of triplicate experiments. One-way
analysis of variance followed by Bonferroni post-hoc test was
used for data with =3 groups or Student's t-test for data with
two groups. P<0.05 was considered to indicate a statistically
significant difference.

Results

Silencing of TLR9 expression in A549 cell lines by siRNA. To
knock down the expression of TLRY, siRNA targeting TLR9
were applied to the cells. A total of 24 h after transfection,
the transfection efficiency was observed under an Olympus
IX73 fluorescence microscope (Olympus Corporation,
Tokyo, Japan). Scramble siRNA (control siRNA) was applied
to exclude the effect of the liposome transfection on the
measured effects. All siRNAs were FAM-labeled. Following
transfection, >70% of cells in each transfected group were
FAM-positive, indicating high transfection efficiency. Western
blot analyses revealed decreased TLRY expression levels in
TLRO siRNA-transfected cells compared with untransfected
cells. As presented in Fig. 1, 24 h subsequent to transfection,
TLRY protein expression was significantly reduced in A549
cells transfected with TLR9 siRNA compared with that in
control cells, demonstrating 85.76% inhibition based on the
densitometric analysis (P<0.05). However, there was no signif-
icant difference between the control siRNA and control groups
with regard to TLR9 protein expression, which suggested that
transfection using Lipofectamine had very little or no effect
on A549 cells.

Clonogenic assays for determination of radiosensitivity of
A549 cells in response to CpG ODN 7909 combined with
TLR9. Colony formation assays were performed to evaluate the
radiation-enhancing effects of CpG ODN 7909 combined with
TLRO. As demonstrated in Fig. 2 and Table I, the cell survival
curve, fitted using a single-hit, multi-target model, indicated
that A549 cells treated with CpG ODN 7909 plus IR exhibited
decreased colony formation ability and lower values of DO,
Dq, N and SF2 compared with cells treated with IR alone;
the sensitivity enhancement ratios (SER) was 1.28. However,
following the knockdown of TLR9 expression by siRNA, CpG
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Figure 2. Activation of TLR9 by CpG ODN 7909 enhances the radiosen-
sitivity of A549 cells. Compared with that of untransfected control cells,
the dose-survival curve of TLR9 siRNA-transfected cells exhibited a
broader initial shoulder (indicating increase in Dq) and a smaller slope
rate (indicating increase in D0). TLR9 siRNA-transfected cells were more
resistant to cell death post-IR. These results implied that CpG ODN 7909
plus IR resulted in decreased colony formation ability in untransfected
control cells compared with TLR9 siRNA-transfected cells, with sensi-
tivity enhancement ratios of 1.28 and 1.01, respectively. TLRY, toll-like
receptor 9; CpG ODNs, cytosine-phosphorothioate-guanine-containing
oligodeoxynucleotides; IR, irradiation; TLRY, toll-like receptor 9; si,
small interfering; DO, slope rate of survival curve; Dq, initial shoulder of
survival curve.

ODN 7909 was unable to decrease the colony forming capacity
of lung cancer cells and the SER was 1.01. Control-siRNA
transfection had no significant effect on the colony formation
ability of A549 cells.

Effect of TLRY expression on apoptosis in A549 cells
treated with CpG ODN 7909 plus IR. Flow cytometry was
applied to analyze apoptosis. As indicated in Fig. 3, in the
untreated control, TLR9 siRNA-transfected and control
siRNA-transfected groups, there was no significant difference
in apoptosis rates between untreated cells and cells treated
with CpG ODN 7909 alone. Furthermore, in all three groups,
compared with the untreated cells, there was a significantly
increased apoptosis rate in cells treated with IR alone and
those treated with CpG ODN 7909 plus IR (P<0.05). In the
untransfected control and control siRNA groups, increased
apoptosis was observed in cells treated with CpG ODN 7909
plus IR compared with that in cells treated with IR alone;
however, this was not observed in the TLR9 siRNA group.
Compared with the corresponding cells in the control group,
cells in the TLRY siRNA group that were untreated or treated
with CpG ODN 7909 or IR alone did not exhibit any significant
difference in the rate of apoptosis; however, cells in the TLR9
siRNA group treated with CpG ODN 7909 combined with IR
exhibited a significantly decreased apoptosis rate compared
with those in the control group. When receiving the same
treatment, there was no significant difference between the
untransfected control and control siRNA groups with regard
to the apoptosis rate.

Effects of TLR9 activation by CpG ODN 7909 on the
pS3-mediated pathway in A549 lung cancer cells
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Table I. Comparison of radiosensitivity of untransfected,
control siRNA-transfected and TLRY siRNA-transfected
A549 cells treated with IR or CpG ODN 7909.

Group DO Dq N SF2  SER
TLR9 siRNA + IR 238 439 285 082 103
Control + IR 246 456 286 0.84 -
Control siRNA+IR 242 440 282 082 102
TLR9 siRNA + 241 440 282 081 101
CpG ODN + IR

Control + CpG 192 290 252 067 128
ODN + IR

Control siRNA + 191 300 257 068 129
CpG ODN + IR

A549 cells treated with CpG ODN 7909 plus IR exhibited lower
values of DO, Dq, N and SF2 compared with those treated with IR
alone, and the SER was 1.28. No significant difference between the
DO, Dq, N and SF2 values in the TLR9 siRNA-transfected A549 cells
treated with CpG ODN 7909 plus IR compared with those treated
with IR alone was observed, and the SER was 1.01. Compared with
those of TLRY siRNA-transfected A549 cells, the DO, Dq, N and
SF2 values of control siRNA transfection cells demonstrated no
significant difference. DO, slope rate of survival curve; Dq, initial
shoulder of survival curve; N, extrapolation value of DO, which is
an associated parameter reflecting primary radiation sensitivity of
cells; SF2, the survival fraction after 2 Gy irradiation; TLR9, toll-like
receptor 9; CpG ODN, cytosine-phosphorothioate-guanine-containing
oligodeoxynucleotides; IR, irradiation; SER, sensitivity enhancement
ratio; si, small interfering.

Effect of TLR9 activation by CpG ODN 7909 on the expression
of p38. The expression of p38 was detected by western blot
analysis to explore whether the interaction between CpG ODN
and TLRY activated the p38/MAPK signaling pathway. As
presented in Fig. 4, in the untransfected control and control
siRNA groups, the cells treated with CpG ODN 7909 alone and
those treated with CpG ODN 7909 plus IR exhibited increased
p38 expression levels compared with untreated cells. By
contrast, the treatments had no significant effect on p38 levels
in the TLR9 siRNA group. In all the three groups, compared
with untreated cells, there was no significant difference in p38
levels in cells treated with IR alone.

Effect of CpG ODN 7909-mediated TLRY activation on the
expression of p53 pathway-associated proteins. X-ray IR may
lead to apoptosis via activation of the p53 signal pathway (16).
In order to investigate whether TLRO activation by CpG ODN
7909 enhanced the radiosensitivity of A549 lung cancer
cells of via the pS3 pathway, various p53 pathway-associated
proteins, including p53, Bax, Bcl-2 and p21, were detected
by western blotting. As indicated in Fig. 5, in the control and
control siRNA groups, significantly increased expression
levels of p53, Bax and p21, and unchanged expression levels
of Bcl-2 were observed in cells treated with CpG ODN 7909
alone compared with those in the untreated cells. By contrast,
no significant difference was observed in the TLR9 siRNA
group. In all the three groups, compared with the untreated
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Figure 4. Effect of TLR9 activation by CpG ODN 7909 on the expres-
sion of p38 in A549 cells. (A) Quantification and (B) representative image
of western blot analyses performed to detect the expression of p38. The
graph presents data as the mean + standard deviation from three indepen-
dent determinations of optical density of the p38 western blot bands. *Not
significantly different (P>0.05) compared with untreated cells in the control
group. ®Not significantly different (P>0.05) compared with untreated cells
in the same group.“P<0.05 compared with untreated cells in the same group.
9Not significantly different (P>0.05) compared with CpG ODN-treated cells
in the same group. “Not significantly different (P>0.05) compared with
IR-treated cells in the same group. 'P<0.05 compared with IR-treated cells in
the same group. TLRO, toll-like receptor 9; CpG ODN:s, cytosine-phospho-
rothioate-guanine-containing oligodeoxynucleotides; IR, irradiation; p38,
mitogen-activated protein kinase 14.

cells, increased expression levels of p53, Bax and p21, and
decreased Bcl-2 expression were observed in cells treated
with IR alone and in cells treated with CpG ODN 7909 plus
IR. In the untransfected control and control siRNA groups,
the levels of p53, Bax and p21 expression were increased,
and the Bcl-2 levels were decreased significantly in the cells
treated with CpG ODN7909 plus IR compared with the cells
treated with IR alone; however, the combined treatment
did not lead to the same effects in the TLRY siRNA group.
When receiving the same treatment, no significant difference
between control and control siRNA groups for all detected
p53 pathway associated proteins was observed.

Effect of blocking the p53 signal transduction pathway on
apoptosis in A549 cells treated with CpG ODN 7909 plus
IR. As demonstrated in Fig. 6, p53 was successfully knocked
down by transfection of the cells with p53 siRNA. Therefore,
the p53-mediated signal transduction pathway was blocked to
verify its effect on the apoptosis of cells A549 cells treated
with CpG ODN 7909 plus IR. As indicated in Fig. 7, the rate
of apoptosis of the untreated cells, cells treated with CpG
ODN7909 or IR respectively,and CpG ODN 7909 plus IR in the
p53 siRNA group all decreased notably compared with those
in the control group. In p53 siRNA, control or control siRNA
groups, the apoptosis rate of cells treated with CpG ODN7909
alone did not vary significantly compared with those of cells
without any treatment; but there was a significantly increased
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Figure 6. Effect of p53 siRNA on p53 expression in A549 cells. A549 cells
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apoptosis rate in cells treated with IR alone or CpG ODN7909
combined with IR compared with that in cells without any
treatment (P<0.05); in addition, compared with cells treated
with IR or CpG ODN7909 alone, increased apoptosis was
observed in the cells treated with CpG ODN7909 plus IR.
No significant difference between control and control siRNA

groups for the apoptosis rate was observed in any treatment
group.

Discussion

As a monotherapy and combined with other treatment
methods, CpG ODNSs have exhibited vast potential for the
treatment of cancer (5,23). Using in vitro experiments and
in vivo animal models, previous studies have identified that
CpG ODNs combined with chemotherapy or radiation may
increase the therapeutic effects of these conventional therapies
in treating cancer (16,24,25). CpG ODNs may have broad
application prospects for the prevention and treatment of
malignant tumors (26). It has been demonstrated previously
that CpG ODNSs exert their effects by interacting with TLR9
and activating the subsequent pathways (27).

In the present study, the effect of CpG ODNSs treatment and
TLRY expression on the radiosensitivity of A549 lung cancer
cells was investigated, and whether the p53 signaling pathway
was the downstream pathway involved in exerting these effects
was explored.

The results of colony forming assays revealed that the acti-
vation of TLR9 by CpG ODN 79009 significantly increased the
radiosensitivity of A549 lung cancer cells, whereas CpG ODNs
used alone did not significantly affect radiosensitivity when
the expression of TLR9 was knocked down. This indicated
that the interaction of CpG ODNs with TLR9 was responsible
for increasing sensitivity of the cancer cells to X-ray IR.

Cell apoptosis is an important factor affecting tumor
development; the tumorigenesis and progression of malignant
tumors depends on the inhibition of the cell death processes,
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Figure 7. Effectof blocking the p53 transduction pathway on apoptosis. At48 hfollowing IR, the apoptosis rates of all cells were evaluated using Annexin V-FITC/PL
staining and flow cytometric analysis. (A) Representative flow cytometry results: Bottom right quadrant, cells stained primarily by Annexin V (early apoptotic
cells); top right quadrant, cells stained by both PI and Annexin V (late apoptotic cells); top left quadrant, cells stained primarily by PI (necrotic cells); bottom
left quadrant, cells negative for both Annexin V and PI. (B) The rates of apoptosis (cells in both bottom right and top right quadrants) in each transfection and
treatment group were quantified and presented as the mean = standard deviation. *P<0.05 compared with untreated cells of the control group. °Not significantly
different (P>0.05) compared with untreated cells in the same group. °P<0.05 compared with CpG ODN-treated cells of the control group. “P<0.05 compared
with IR-treated cells of the control group. °P<0.05 compared with CpG ODN plus IR-treated cells of the control group. 'P<0.05 compared with untreated cells
in the same group. ¢P<0.05 compared with CpG ODN-treated cells in the same group. "P<0.05 compared with IR-treated cells in the same group. CpG ODNs,
cytosine-phosphorothioate-guanine-containing oligodeoxynucleotides; IR, irradiation; FITC, fluorescein isothiocyanate; PI, propidium iodide; p53, cellular

tumor antigen p53; si, small interfering.

and unlimited malignant hyperplasia of tumor cells. Therefore,
interventions that may cause tumor cell apoptosis represent
potential tumor treatment strategies. In the present study,
X-ray IR alone induced marked increases in apoptosis in the
three groups of cells (untransfected, TLR9 siRNA-transfected
and control siRNA-transfected A549 cells) compared with the
respective untreated cells, whereas CpG ODN 7909 alone had
no significant effect on apoptosis in any group. Furthermore,
the combined apoptosis-inducing effect of TLR9 and CpG
ODNs following IR treatment was significantly increased
compared with that of X-ray IR alone, which was indicated
by the lack of increase in apoptosis following the application
of the combined treatment in cells with TLR9 gene silencing.
This evidence suggests that the interaction of CpG ODNs
with TLR9 is associated with the significant enhancement
of radiation-induced apoptosis in NSCLC cells to a certain
extent.

The interaction between CpG ODNs and TLRY activates
the p38/MAPK signaling pathway, and subsequently the p53
signal pathway (28,29). The p38/MAPK pathway is involved
in various biological effects, including the stress response,
cell proliferation and apoptosis (30). A previous study iden-
tified that the overexpression of p38 MAPK proteins by the
transfection of exogenous p38 MAPK into cells improved the
curative effect of various pro-apoptotic genes dependent on
the p38/MAPK signal pathway, and p38 MAPK may regulate
apoptosis by activating p53 (13,31). This suggests that TLR9

may affect the proliferation and apoptosis of tumor cells
through altering the expression of p53 via activation of the
p38/MAPK pathway. It is well-known that the p53-mediated
apoptotic pathway is important in the apoptotic cell death of
tumors; the tumor suppressor p53 regulates cell cycle arrest,
apoptosis and DNA repair processes by controlling various
target genes that contain p53 sequence-specific DNA binding
sites (32-34).

X-ray IR may result in apoptosis in various types of human
cancer and consequently kill cancer cells; increased apop-
tosis rates usually indicate increased radiosensitivity (35). A
previous study has demonstrated that X-ray IR may increase
wild-type p53 protein levels and subsequently induce
p53-dependent apoptotic cell death (36).

In order to explore whether the p53-mediated apoptotic
pathway was involved in signal transduction downstream
of TLROY, the levels of the p53 pathway-associated proteins
p53, Bax, Bcl-2 and p21 were examined. Bax and Bcl-2 are
pro-apoptotic and anti-apoptotic genes, respectively, in the
Bcl-2 family. Bax is the primary regulator of Bcl-2 and serves
an important role in modulating tumor cells (37,38). X-ray
IR may increase the expression of Bax in cancer cells and
result in apoptosis (39). A previous study indicated that p21,
a member of the cyclin-dependent kinase inhibitor family,
may cause G2/M phase arrest by inhibiting the function of
cyclin-dependent kinase 1 (40). As a target gene of the p53
signal transduction pathway and upstream gene of certain
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pro-apoptotic genes, p21 may be involved in the IR-induced
apoptosis of cancer cells (41).

The results of the present study indicated that CpG ODN
7909 treatment increased the expression of p38, p53, Bax and
p21, and decreased the expression of Bcl-2, whereas TLR9
knockdown attenuated the effect of CpG ODN 7909 treatment
alone. This suggested that CpG ODN 7909 may activate the p38
MAPK-p53 pathway, but only through TLR9. X-ray IR alone
significantly increased the expression of p53, Bax and p21, and
decreased the expression of Bcl-2, but did not significantly
alter the expression of p38. Furthermore, the effect of X-ray
IR on the p53 pathway was not affected by the expression of
TLR9. The combined treatment of CpG ODN 7909 and X-ray
IR did not result in an increased expression of p38 compared
with that in cells treated with CpG ODN 7909 alone, but did
induce increased expression of p53, Bax and p21 and decreased
expression of Bcl-2 in cells treated with either CpG ODN
7909 or X-ray IR single treatment. The results regarding the
p38 MAPK-p53 pathway-associated expression combined with
effect of TLRY expression on apoptosis indicate that TLR9
activation by CpG ODN 7909 may activate the p38 MAPK-p53
pathway, but not induce apoptosis. A potential reason may be
that TLRY activation by CpG ODN 7909 may activate other
pathways that counteract the effect of the p53 pathway on
inducing apoptosis directly. However, the activation of the
p38 MAPK-p53-mediated pathway may significantly enhance
the IR-induced apoptosis of A549 cells, thus increasing the
radiosensitivity of A549 cells. Additional studies are required
to establish the underlying reason and mechanism for this.

In order to verify whether the p53 pathway affects the
radiosensitivity of A549 lung cancer cells, the expression of
p53 was knocked down. The results indicated that, although
the apoptosis rate was decreased compared with that in control
cells, X-ray IR may induce apoptosis in p53 siRNA-transfected
cells. In addition, combined treatment of CpG ODN 7909 and
IR also produced this effect, which indicated that the activation
of the p53 pathway was partially, but not fully, responsible for
IR-induced apoptosis, and therefore contributed to enhancing
the radiosensitivity of A549 lung cancer cells.

In conclusion, the results of the present study demonstrated
that TLRO activation by CpG ODN 7909 may produce a
therapeutic effect by enhancing the radiotherapeutic sensi-
tivity of A549 cells. This mechanism is at least partially
associated with the activation of the TLR9-p53-mediated
pathway. The results of the present study may be useful in
improving the effectiveness of radiotherapy for lung cancer
and in developing a TLRO9-targeted treatment with CpG ODNs
as a radiosensitizer. However, a number of factors remain
unclear, including the following: The specific and exact
mechanisms of the interaction of CpG ODNs with TLRY; the
process by which identification of CpG ODNs by immune
or tumor cells leads to the eventual effects; whether CpG
ODNs may be developed as a radiosensitizer, and applied to
patients safely and effectively in a clinical setting; and what
the optimal dose and administration route would be. Therefore,
additional studies are required to address to these issues.
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