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Abstract. Cell senescence is a state of stable proliferation
arrest characterized by morphological changes and high
senescence-associated (-galactosidase (SA-f-gal) activity.
Inducing senescence in cancer cells is beneficial for cancer
therapy due to proliferation arrest, however, the mechanisms
underlying this process remain insufficiently understood.
Therefore, the present study investigated the mechanisms of
radiation-induced cellular senescence in A549 human lung
cancer cells, focusing on the DNA damage response and cell
cycle regulation. Cellular senescence was estimated by activity
of SA-B-gal, and cell cycle was analyzed by propidium iodide
staining using a flow cytometer. Cell cycle synchroniza-
tion was performed by the double thymine block method.
First, the roles of ataxia telangiectasia mutated (ATM) and
ataxia telangiectasia mutated and Rad3-related (ATR),
which are important factors for DNA damages response, in
radiation-induced cellular senescence were investigated.
ATM/ATR inhibitors suppressed radiation-induced G2/M
phase arrest and decreased the percentage of senescent cells
with high SA-f-gal activity, implying that G2/M arrest was
associated with radiation-induced senescence. However, an
analysis using inhibitors of checkpoint kinase 1 (Chk1) and
Chk2, which function downstream of ATR and ATM, respec-
tively, revealed that the Chk2, but not the Chkl, pathway
was involved in radiation-induced senescence. To enhance
radiation-induced senescence, radiation was combined with
olaparib treatment, an inhibitor of DNA single-strand break
repair. Olaparib increased the number of radiation-induced
senescent cells. Additionally, cell cycle synchronization exper-
iments revealed that irradiation of cells in S or G2/M phase
resulted in higher senescent cell counts than irradiation in G1
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phase. Taken together, the present results demonstrated that
the ATM/Chk2 pathway and the DNA content are involved in
the radiation-induced senescence of A549 cells.

Introduction

Radiation therapy is one of the main treatment options for
various cancers, including lung cancer (1,2). Ionizing radiation
induces biological effects through DNA damage, and the DNA
damage response (DDR) is associated with cellular responses
to radiation, such as DNA repair, apoptosis and cellular senes-
cence (3-5). Ataxia telangiectasia mutated (ATM) and ATM
and Rad3-related (ATR) are master regulators of DDR (6).
ATM and ATR are involved in the regulation of the response
to DNA double-strand breaks (DSBs) and single-strand
breaks (SSBs), respectively (6-8). These molecules activate
downstream molecules such as checkpoint kinases (Chks)
and promote DNA repair by temporarily arresting the cell
cycle (7,9). The cell cycle contributes to the cellular response
to radiation. For example, the radiosensitivity of cells varies
depending on the cell cycle stage at the time of irradiation (10).
Furthermore, the selection of the DSB repair pathway depends
on the cell cycle stage. In brief, homologous recombination
repair functions only in the late S and G2 phases, whereas
non-homologous end-joining occurs throughout the cell cycle,
excluding M phase (9).

Cellular senescence is a state of stable proliferation
arrest induced by DNA damage, including that induced
by ionizing radiation. Senescent cells are characterized by
morphological changes such as enlargement and flattening,
high expression of cell cycle regulators such as p21, high
activity of senescence-associated 3-galactosidase (SA-fB-gal),
and a senescence-associated secretory phenotype (SASP),
which secretes factors such as inflammatory factors (11-13).
Senescence is considered a cancer suppression mechanism.

The induction of senescence in cancer cells exhibiting
unrestricted proliferation is beneficial. Induction of senescence
by chemotherapy and radiation therapy contributes to tumor
suppression (14,15). However, cancer therapy can induce cell
senescence, and the resulting SASP causes inflammation in
surrounding tissue, leading to harmful effects such as tissue
damage, age-related diseases, and tumor promotion (16,17).
To improve the adverse effects of senescent cells, senolytic
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agents, which eliminate senescent cells, have attracted atten-
tion recently (18,19). For example, the removal of senescent
cells by the senolytic agent ABT-263 improves harmful effects
such as hematopoietic deterioration following total-body
irradiation and the impairment of cardiac function (20-22).
Therefore, it is hypothesized that the application of senolytic
agents may improve the efficacy of cancer therapy, including
radiation therapy. However, not all irradiated cancer cells
exhibit characteristics of senescence (23). This may be unde-
sirable for radiation therapy because these cells may maintain
proliferation potential and show low response to senolytic
agents (23,24). Therefore, inducing senescence in irradiated
cells may improve the efficacy of the combination of cancer
therapy and senolytic agents (25,26). However, understanding
the mechanism controlling the induction of senescence in
cancer cells by cancer therapy, including radiation therapy, is
insufficient. Therefore, it is necessary to clarify the mechanism
and role of cell senescence induction.

As aforementioned, DDR and the cell cycle are associated
with cell responses to radiation; therefore, the present study
aimed to explore the factors controlling radiation-induced
senescence in A549 human lung cancer cells, focusing on
DDR factors and the cell cycle.

Materials and methods

Reagents. Dulbecco's PBS (-; Ca*- and Mg?**-free) and
thymidine (cat. no. 207-19421) were purchased from Wako
Pure Chemical Industries, Ltd. Propidium iodide (PI),
DMSO, caffeine, nutlin-3a (cat. no. N6287), Chk2 inhibitor IT
(cat. no. 220486) and pifithrin-a (cat. no. 506132) were
purchased from Sigma-Aldrich (Merck KGaA). Senescence
B-Galactosidase Activity Assay kit (cat. no. #35302), anti-
phosphorylated (p-)Chk2 (Thr68; cat. no. #2661), anti-Chk2
(cat.no.#3440), anti-p-histone H2A . X (YH2AX; cat.no.#9718),
anti-H2A . X (cat. no. #2595), anti-p21 (cat. no. #2947), anti-p53
(cat. no. #9282), anti-GAPDH (cat. no. #5174) and anti-mouse
(cat. no. #7076) and anti-rabbit IgG HRP-linked antibody (cat.
no. #7074) were purchased from Cell Signaling Technology
Japan, K.K. Chkl1 inhibitor SCH900776 was purchased from
MedChemExpress. Olaparib (cat. no. S1060) was purchased
from Selleck Chemicals.

Cell culture and treatment. The human lung adenocarcinoma
cell line A549 was obtained from the RIKEN Bio-Resource
Research Center (Tsukuba, Japan). A549 cells were maintained
in low-glucose DMEM (Wako Pure Chemical Industries)
supplemented with 10% heat-inactivated FBS (Sigma-Aldrich;
Merck KGaA) and 1% penicillin/streptomycin (Wako
Pure Chemical Industries). Cells were cultured at 37°C in a
humidified atmosphere of 5% CO,/95% air.

Cells (1.0x10%) were seeded in 35-mm culture dishes
(Sumitomo Bakelite Co., Ltd.) and incubated at 37°C in a
humidified atmosphere of 5% CO,/95% air for 6 h to allow
adherence. Inhibitors were added to the culture medium
and incubated for 1 h before X-ray irradiation. The inhibi-
tors used were as follows: caffeine (2 mM) for ATM/ATR,
SCH900776 (400 nM) for Chkl1, Chk2 inhibitor IT (10 M)
for Chk2, nutlin-3a (10 gM) for mouse double minute
protein 2 (MDM2), pifithrin-a (10 xM) for p53, and olaparib

(1 uM) for poly ADP-ribose polymerase (PARP). Following
drug treatment, cells were irradiated with X-rays at room
temperature using an X-ray generator (MBR-1520R-3; Hitachi
Medical Corporation) at 150 kVp and 20 mA with 0.5-mm
aluminum and 0.3-mm copper filters. The distance from the
X-ray source to the sample was 45 cm, and the dose rate was
0.99-1.02 Gy/min. After irradiation, the cells were cultured
at 37°C for 0.5 h to 4 days and then harvested using 0.25%
trypsin-ethylenediaminetetraacetic acid (Wako Pure Chemical
Industries) for subsequent experiments.

Small interfering (si)RNA transfection. Chk2 knockdown
was performed using Silencer® Select Pre-designed siRNA
targeting Chk2 (cat. no. s533978) and p53 (siRNA#I, cat.
no. s606; siRNA#2, cat. no. s607) and RNAIMAX (all Thermo
Fisher Scientific, Inc.) according to the manufacturer's protocol.
Transfection was performed at 37°C in a humidified atmosphere
of 5% CO,/95% air. The forward sequences for Chk2 was 5'-CUC
UUACAUUGCAUACAUATT-3' (reverse sequences: 5'-UAU
GUAUGCAAUGUAAGAGTT-3"). The forward sequences for
p53 #1 and #2 were 5-GAAAUUUGCGUGUGGAGUATT-3'
(reverse sequences: 5-UACUCCACACGCAAAUUUCCT-3")
and 5-GGUGAACCUUAGUACCUAATT (reverse sequences:
5'-UUAGGUACUAAGGUUCACCAA-3"), respectively.
Silencer® Select Negative Control #1 (cat. no. 4390843, Thermo
Fisher Scientific, Inc., sequence not available) was used as the
negative control. The final concentration of siRNA was 10 nM.
After 48 h transfection, cells were harvested and immediately
subjected to subsequent experiments.

Analysis of SA-f-gal activity and cell size. SA-p-gal activity
was analyzed using the Senescence [3-Galactosidase Activity
Assay kit according to the manufacturer's instructions. In
brief, after irradiation, the culture medium was removed and
the cells were treated with bafilomycin Al (100 nM) for 1 h at
37°C. SA-B-Gal Substrate Solution (33 #M) was added at 37°C
for 2 h. After washing with PBS, the cells were harvested and
washed again with PBS. The cells were suspended in cold PBS
containing 2% FBS, and the fluorescence intensity of SA-B-Gal
Substrate was analyzed using a flow cytometer (CytoFLEX
with CytExpert software version 2.4.0.28; Beckman-Coulter,
Inc.). The cell size was estimated by the forward scatter signal;
the intensity correlates with the relative size of cells.

Cell cycle analysis. Cell cycle analysis was performed as
previously reported (27). Harvested cells were fixed overnight
in ice-cold 70% ethanol at -20°C. The fixed cells were washed
with PBS and then treated with RNase (200 pug/ml) at 37°C
for 30 min. Cells were resuspended in PBS containing PI and
incubated at 37°C in the dark for 30 min. The cells were passed
through a cell strainer (BD Falcon; BD Biosciences) and
analyzed using a flow cytometer (CytoFLEX with CytExpert
software version 2.4.0.28; Beckman-Coulter, Inc.).

SDS-PAGE and western blotting. SDS-PAGE analysis and
western blotting were performed as previously reported (28).
The following primary antibodies were used: Anti-p-Chk?2,
anti-Chk2, anti-yH2AX, anti-H2AX, anti-p53 antibody,
anti-p21 (all 1:3,000) and anti-GAPDH (1:4,000). HRP-labeled
anti-rabbit IgG was used as a secondary antibody (1:10,000).
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Figure 1. Effect of caffeine on SA-f3-gal activity and cell cycle arrest in irradiated A549 cells. A549 cells treated with caffeine were irradiated with X-rays.
After 48 h, SA-B-gal activity was analyzed. (A) Representative histogram of SA-f-gal. (B) Proportion of cells with high SA-fB-gal activity. (C) Representative
cell cycle histogram. “P<0.01. SA-B-gal, senescence-associated (3-galactosidase; CTRL, control.

Antigens were visualized using Clarity™ Western ECL
Substrate (Bio-Rad Laboratories Inc.). Stripping Solution
(Wako Pure Chemical Industries) was used for blot stripping.
GAPDH was used as a loading control.

Cell cycle synchronization. Cell cycle synchronization was
performed by the double thymine block method, as previously
reported, with modifications (29). In brief, cells were cultured
in low-glucose DMEM (Wako Pure Chemical Industries)
supplemented with thymidine (2 mM) at 37°C for 18 h.
Subsequently, cells were washed with thymidine-free culture
medium and incubated for 9 h at 37°C. Then, fresh culture
medium containing thymidine (2 mM) was added, followed by
culture at 37°C for 18 h. After washing with prewarmed culture
medium, cells synchronized at the G1/S boundary (prior to
DNA synthesis) were incubated with fresh culture medium to
allow cell cycle progression. The G1/S synchronization was
confirmed by cell cycle analysis.

Statistical analysis. All data are presented as the mean + stan-
dard deviation of at least three independent experiments.
Comparisons were performed via unpaired two-sided Student's
t- or the Mann-Whitney U-test depending on the data distribu-
tion using Excel 2016 software (Microsoft Corporation) along
with Statcel 4 add-in software (The Publisher OMS Ltd.).
One-way ANOVA followed by Tukey-Kramer post hoc test
was used for multiple comparisons. P<0.05 was considered to
indicate a statistically significant difference.

Results
ATM/ATR inhibitor caffeine suppresses radiation-induced

cell senescence and cell cycle arrest. The proportion of
cells with high SA-B-gal activity following irradiation was

reduced by the ATM/ATR inhibitor caffeine (Fig. 1A and B).
Furthermore, caffeine suppressed radiation-induced G2/M
arrest in irradiated A549 cells (Fig. 1C).

Chk2 is involved in radiation-induced cell senescence. As
aforementioned, caffeine suppressed radiation-induced cell
senescence and G2/M arrest, implying a relationship between
radiation-induced cell senescence and G2/M arrest. Therefore,
the present study investigated the involvement of G2/M arrest
in radiation-induced senescence using inhibitors of Chkl and
Chk2, which are downstream molecules of ATR and ATM,
respectively. Chkl inhibitor, but not the Chk2 inhibitor,
suppressed radiation-induced G2/M arrest (Fig. 2A). Of
note, the Chk?2 inhibitor decreased the number of senescent
cells with high radiation-induced SA-B-gal activity, whereas
the Chkl inhibitor had no effect (Fig. 2B and C). In addi-
tion, western blot analysis confirmed that the Chk2 inhibitor
decreased the phosphorylation of Chk2 in the 6 Gy-irradiated
cells (Fig. 2D). These results suggested the involvement of
Chk2, but not Chkl, in the induction of cellular senescence
by radiation. In addition, knockdown of Chk2 resulted in
the decrease in senescent cells with high radiation-induced
SA-p-gal activity (Fig. 2E and F).

Because the radiation-induced senescent cancer cell
population is heterogeneous (23), the present study analyzed
the effect of Chk?2 inhibition on the proportion of A549 cells
exhibiting senescent characteristics, including high SA-p-gal
activity and increased cell size. Chk2 inhibitor decreased the
proportion of large and small cells with high SA-B-gal activity,
whereas the proportion of large cells with low SA-B-gal activity
was increased (Fig. 2G). Knockdown of Chk?2 also decreased
the percentage of large cells with high SA-f-gal activity
(Fig. 2H). However, in contrast to Chk2 inhibitor, no increase
in the proportion of large cells with low SA-B-gal activity was
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Figure 2. Effect of Chkl or Chk2 inhibition on senescence and cell cycle arrest in irradiated A549 cells. (A) A549 cells treated with Chk1 or Chk2 inhibitor

were irradiated with X-rays. After 8 h, cell cycle was analyzed. After 48 h, the cells were harvested to analyze

SA-B-gal activity. (B) Representative SA-3-gal

histogram. (C) Proportion of cells with high SA-f-gal activity. (D) Cells were harvested for western blotting. (E) Representative immunoblot of Chk2 of
A549 cells transfected with siRNA targeting Chk2. (F) Chk2-knockdown A549 cells were irradiated with X-rays. After 48 h, SA-$-gal activity was analyzed.
(G) A549 cells treated with a Chk2 inhibitor and (H) Chk2-knockdown cells were irradiated with X-rays. After 48 h, SA-f-gal activity and FS were analyzed.

“P<0.05, “P<0.01. SA-B-gal, senescence-associated -galactosidase; Chk, checkpoint kinase; CTRL, contro
ionizing radiation.

1; si, small interfering; p-, phosphorylated; IR,
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observed following Chk2 knockdown, while it increased the
percentage of small cells with low SA-f3-gal activity (Fig. 2H).

Olaparib enhances radiation-induced senescence in A549
cells. Because the ATM/Chk2 pathway is activated by
DSBs (6), it was hypothesized that DSBs are important for
the induction of radiation-induced senescence in A549 cells.
Impairment of SSBs repair leads to DSBs (30). Therefore,
it was hypothesized that the inhibition of SSBs repair may
enhance radiation-induced cell senescence. The present
study analyzed the effect of olaparib, which inhibits the SSB
repair factor PARP and converts SSBs into DSBs (31), on
radiation-induced senescence in A549 cells. Combination
of olaparib with radiation effectively increased the
radiation-induced YH2AX expression (Fig. 3A), which is a
representative DSB marker (32). Olaparib did not increase the
number of senescent A549 cells with high SA-f-gal activity
in the absence of radiation (Fig. 3B and C). However, olaparib
significantly increased the number of radiation-induced
senescent A549 cells with high SA-pB-gal activity (Fig. 3C).
In addition, the effect of olaparib on radiation-induced senes-
cence was confirmed by the upregulation of p21 expression,
a senescence marker (Fig. 3D) (33). Western blot analysis
demonstrated that p-Chk?2 and p53 were markedly upregulated
in the olaparib-treated group following irradiation (Fig. 3D).
These results suggested that inhibition of SSB repair by
olaparib leads to enhanced activation of the ATM/Chk2/p53
pathway, thereby promoting radiation-induced senescence in
A549 cells.

The present study examined the effect of olaparib on cell
cycle distribution following irradiation. At 8 h post-irradiation,
no apparent differences were observed in the G2/M population
between the olaparib-treated and control groups. However, at
24 h post-irradiation, a notable increase in the G2/M population
was observed in olaparib-treated cells (Fig. 3E), suggesting that
the combination of olaparib and radiation promotes sustained
G2/M arrest. Olaparib increased the proportion of large cells
with both high and low SA-f-gal activity compared with the
control (Fig. 3F).

Nutlin-3a promotes senescence in irradiated A549 cells. The
ATM/Chk2 pathway activates p53, which can induce cell
senescence (34). Knockdown of p53 or p53 inhibitor pifithrin-a
partly decreased radiation-induced senescence in A549
cells (Fig. 4A-C), suggesting radiation induced senescence
in A549 cells through p53. Therefore, it was hypothesized
that the ATM/Chk2/p53 pathway could be a potential target
for the induction of senescence in A549 cells. The present
study investigated whether a pharmaceutical activator of p53
enhances radiation-induced senescence; nutlin-3a inhibits
MDM?2, thereby increasing p53 expression (35). Nutlin-3a
increased the protein expression of p53 to the same extent as
6 Gy radiation, and their combination further increased p53
expression compared with the effect of each stimulus each
alone (Fig. 4D). Although nutlin-3a increased the proportion of
cells with high SA-f3-gal activity following irradiation, similar
to the effects of olaparib, nutlin-3a alone also increased the
proportion of cells with high SA-f3-gal activity to a similar
extent as radiation alone (Fig. 4E and F). Western blot
analysis demonstrated that nutlin-3a increased p21 expression
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following irradiation (Fig. 4D), consistent with activation of
the p53/p21 axis. By contrast, no increase in p-Chk2 was
observed in nutlin-3a-treated cells (Fig. 4D), suggesting that
nutlin-3a enhanced radiation-induced senescence through a
pathway independent of Chk2 activation.

To investigate the effects of nutlin-3a, the present study
analyzed cell cycle distribution following irradiation. Nutlin-3c.
did not affect the G2/M population at 8 h post-irradiation
(Fig. 4G), but markedly increased the G2/M population at 24 h
(Fig. 4H), similar to the effect observed with olaparib. This
increase in the G2/M population induced by either nutlin-3a. or
olaparib was also observed in the presence of Chkl1 inhibitor,
indicating a Chk1-independent mechanism.

Effect of the cell cycle phase on radiation-induced cell
senescence. The present study investigated the association
between the cell cycle phase at the time of irradiation and
radiation-induced cell senescence. The present study deter-
mined the time points at which cells predominantly entered
each phase of the cell cycle following release from synchro-
nization. The highest percentages of cells in G1, S and G2/M
phases were obtained at 0, 3 and 6 h after release, respectively
(Fig. 5A). Therefore, X-ray irradiation was performed at
these time points. The proportion of cells with high SA-B-gal
activity was significantly higher following irradiation during
S phase G2/M phase than during G1 phase (Fig. 5B). These
results suggested that the cell cycle stage during irradiation
affects radiation-induced cellular senescence.

Discussion

Cell senescence arrests proliferation of cancer cells (36),
which contributes tumor suppression. A negative effect of
senescent cells is the production of SASP, which can promote
cancer progression and tissue damage. For example, in lung
cancer cells, although anti-cancer drug palbociclib induces
senescence and inhibits the proliferation of cancer cells, SASP
promotes the migration and invasion of cancer cells (37).
In addition, SASP causes tissue damage such as pulmonary
fibrosis (38). However, these negative effects may be improved
by senolytic agents (39). Promoting radiation-induced senes-
cence in cancer cells and minimizing the negative effects
leads to an improvement in outcomes following radiotherapy
for lung cancer.

To identify potential targets that regulate radiation-induced
senescence in cancer cells, the present study focused on DDR
factors and the cell cycle and their association with radia-
tion-induced cell senescence. The present study revealed the
involvement of the ATM/Chk2/p53 pathway in the induction
of senescence by radiation in A549 cells. In addition, olaparib
or radiation irradiation during specific cell cycle phases
resulted in the enhancement of radiation-induced senescence
in A549 cells, suggesting the ATM/Chk2/p53 pathway and the
cell cycle phase at the time of irradiation are important for
controlling radiation-induced senescence in cancer cells.

Following DNA damage, Chk2 is phosphorylated by
ATM (40) and activates downstream signaling, leading to
DDR and cell cycle arrest. Here, Chk?2 inhibitor II, an ATP
competitive Chk?2 kinase inhibitor (41), decreased the propor-
tion of senescent cells, as well as the phosphorylation of Chk?2
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Figure 3. Effect of olaparib on SA-f-gal activity in A549 cells. (A) A549 cells treated with olaparib were irradiated with X-rays. After 0.5 and 3 h, YH2AX
and H2AX expression were analyzed. After 4 days, SA-f-gal activity, FS and protein expression were analyzed. (B) Representative SA-f3-gal histogram.
(C) Proportion of cells with high SA-f-gal activity. (D) Representative immunoblots. Arrow represents non-specific band. (E) After 8 and 24 h, cell cycle
was analyzed. (F) A549 cells treated with olaparib were irradiated with X-rays. After 4 days, SA-B-gal activity and FS were analyzed. "P<0.05, *"P<0.01.
SA-B-gal, senescence-associated 3-galactosidase; H2AX, H2A histone family member X; Chk, checkpoint kinase; p-, phosphorylated; IR, ionizing radiation;

FS, forward scatter.
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Figure 4. Effect of nutlin-3a on SA-f3-gal activity in irradiated A549 cells. (A) Representative immunoblot of p53 in A549 cells transfected with siRNA
targeting p53. (B) pS3-knockdown A549 cells were irradiated with X-rays. After 48 h, SA-f-gal activity was analyzed. (C) Pifithrin-a treated cells were
irradiated with X-rays. After 48 h, SA-B-gal activity was analyzed. (D) A549 cells treated with nutlin-3a were irradiated with X-rays. After 1 day, the cells
were harvested for western blotting. (E) After 4 days, SA-B-gal activity was analyzed. (F) Proportion of cells with high SA-fB-gal activity. (G) A549 cells
treated with nutlin-3o were irradiated with X-rays. After 8 h, the cell cycle distribution was analyzed. (H) A549 cells treated with nutlin-3a or olaparib, in
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Figure 5. Effect of the cell cycle phase at the time of irradiation on SA-f-gal activity in A549 cells. (A) Following synchronization of the cell cycle by the
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senescence-associated f-galactosidase.

in the irradiated cells, suggesting the involvement of Chk?2 in
radiation-induced senescence in A549 cells. The role of the
ATM/Chk?2 pathway in DNA damage-induced senescence has
been demonstrated by various studies (42-45). In addition, the
pathway is involved in replicative senescence of normal human
fibroblasts (46). As cell senescence in normal lung tissue leads
to undesirable effects such as pulmonary fibrosis following
radiation therapy (38), the ATM/Chk2 pathway may be a
promising therapeutic target for decreasing radiation-induced
damage in normal tissue while simultaneously enhancing the
efficacy of cancer treatment.

Although both Chk2 inhibitor and Chk2 knockdown
decreased the proportion of cells with high SA-3-gal activity,
Chk?2 inhibitor decreased the proportion of small cells with
high SA-B-gal activity but increased the population of large
cells with low SA-pB-gal activity, while Chk2 knockdown
did not. Notably, although Chk2 inhibition decreased the
proportion of cells with high SA-pB-gal activity, it also led
to an increase in small cells with high SA-f-gal activity.
As senescent cells are typically enlarged, this subpopula-
tion may reflect cells with elevated lysosomal activity

that do not fully correspond to classical senescence. It has
been reported that during cell senescence, morphological
changes (early state, characterized by cell enlargement and
flattening) occur before SA-fB-gal activity is elevated (fully
established senescence) (47). Therefore, Chk2 phosphoryla-
tion is hypothesized to be involved in the transition from
the early to the late state of senescence. Chk2 inhibitor may
affect other processes, such as cell cycle progression, DNA
repair, or apoptotic signaling, potentially reflecting off-target
or non-specific effects of the inhibitor that are not caused
by siRNA-mediated knockdown. Furthermore, compensa-
tory mechanisms involving other Chks such as Chkl or
DDR pathways may partially counteract the effects of Chk?2
knockdown (48,49), resulting in an incomplete decrease in
senescent subpopulations. This hypothesis is supported by
the present observation that caffeine almost completely
abolished radiation-induced senescence. However, both
approaches have inherent technical limitations: Chemical
inhibitors may vary in specificity and intracellular distribu-
tion, while siRNA-mediated knockdown is transient and
may leave residual protein activity sufficient to maintain
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partial function. Future studies using genetic knockout
models (clustered Regularly Interspaced Short Palindromic
Repeats/CRISPR-associated protein 9) and alternative
inhibitors are needed to distinguish Chk2-specific effects
from potential off-target or compensatory pathways.

p53 knockdown or pifithrin-a decreased radiation-induced
senescence by ~10%. These results suggested that radiation
induced senescence in A549 cells predominantly through
p53. However, as senescence was not completely abrogated
by p53 knockdown, additional p53-independent mechanisms
may also contribute to the senescence phenotype. These may
include alternative effectors such as p16 (33,50). Additionally,
incomplete knockdown efficiency of p53 by siRNA may have
contributed to the remaining senescent population. To eluci-
date the contribution of these pathways, studies using complete
gene knockout models are necessary.

Because the ATM/Chk?2 pathway is activated in response
to DSBs, leading to p53 activation (34,51), the present study
investigated whether modulators of DSBs or p53 affect radia-
tion-induced senescence. Olaparib induces DSBs by inhibiting
SSB repair via PARP inhibition (31); combination of olaparib
and radiation effectively increased the number of senescent
A549 cells. Similarly, Huart et al (52) recently reported that
olaparib promotes radiation-induced cell senescence. Taken
together, these findings suggest that strategies to increase
DSBs in irradiated cells may be useful for enhancing cell
senescence.

p53 knockdown decreased radiation-induced senescence
by ~10%. This reduction was similar to that following Chk2
knockdown. Additionally, treatment with olaparib prior to irra-
diation increased the number of senescent cells compared with
radiation alone, accompanied by elevated levels of p-Chk2 and
p53 protein. Consistent with these findings, cell cycle analysis
showed that olaparib did not decrease G2/M arrest immedi-
ately following irradiation but increased the G2/M population
at 24 h post-irradiation, suggesting that olaparib may delay
progression through G2/M phase, thereby enhancing the
accumulation of DSBs and activation of the ATM-Chk2-p53
axis. These results support the hypothesis that activation of
the Chk2-p53 axis contributes to the enhancement of radia-
tion-induced cell senescence. Taken together, these findings
indicate that Chk?2 primarily regulated radiation-induced cell
senescence through p53, although other pathways may also be
involved.

The combination of the p53 activator nutlin-3a and
radiation effectively increased the number of senescent cells
compared with each treatment alone. Of note, the combina-
tion increased p53 and p21 expression without elevating
p-Chk?2 levels, highlighting the role of the p53/p21 pathway
in nutlin-30-mediated senescence. Furthermore, cell cycle
analysis revealed that nutlin-3a increased the G2/M popu-
lation at 24 h post-irradiation, and this increase was not
suppressed by co-treatment with Chkl inhibitor, suggesting
nutlin-3a promoted G2/M arrest through a Chk1-independent
mechanism, potentially driven by p53/p21 activation (53,54).
A similar Chkl-independent increase in G2/M arrest was
observed in olaparib-treated irradiated cells. Together, these
results suggested that Chkl-independent but p53-dependent
G2/M arrest may contribute to radiation-induced senescence,
whereas Chkl1-dependent G2/M arrest did not.

BIOMEDICAL REPORTS 23: 169, 2025 9

The proportion of senescent cells following the combi-
nation of the p53 activator nutlin-3a and radiation was
comparable with that of cells treated with olaparib and
radiation. This suggested that olaparib and nutlin-3a enhanced
radiation-induced senescence via the p53 pathway. However,
nutlin-3c, but not olaparib, induced senescence in non-irradi-
ated cells. This indicated that olaparib selectively enhanced
radiation-induced senescence in cancer cells without inducing
senescence in non-irradiated normal cells, emphasizing the
potential usefulness of olaparib compared with p53 activators
for radiation therapy.

There are clinical studies of olaparib for lung cancer,
but olaparib maintenance therapy does not improve progres-
sion-free survival (55,56). However, certain reports have
demonstrated that combined olaparib and radiation effectively
induces antitumor effects for lung cancer by increasing radio-
sensitivity of tumors in vitro and in vivo (57,58), suggesting the
use of combined olaparib and radiotherapy for lung cancer in
clinical oncology settings. Here, olaparib effectively increased
radiation-induced senescence in lung cancer A549 cells. The
regulation of cell senescence by olaparib may contribute to the
effects of combination therapy.

The analysis of populations classified by senescent
features in olaparib-treated irradiated A549 cells revealed
that the combination of olaparib and radiation increased both
the large SA-f-gal-high and -low activity cell populations.
Because our previous study suggested that large SA-f-gal-low
activity cells might contribute to the survival of irradiated
A549 cells (23), the population stimulated by the combina-
tion of olaparib and irradiation may be an obstacle to the
efficacy of radiation therapy. Therefore, this cell population
needs to be regulated to improve the efficacy of radiation and
olaparib.

Although the present study primarily aimed to elucidate
the molecular mechanisms underlying radiation-induced cell
senescence and its modulation by DDR, the SASP represents
a key aspect of the senescence response, particularly in
shaping the tissue microenvironment and influencing therapy
outcomes (59,60). Due to resource limitations, SASP profiling
was not performed in the present study. Future studies should
assess key inflammatory mediators such as IL-6 and -8
through transcriptomic and/or proteomic approaches to clarify
the biological impact of senescent cells induced by combined
radiation and olaparib.

The cell cycle phase at the time of irradiation (S or G2/M
phase) influenced radiation-induced senescence. This is in
line with the findings of Hsu et al (61), who reported that the
dynamics of p21 determine the proliferation/senescence cell
fate following chemotherapy and this fate is associated with the
cell cycle phase during treatment. In brief, the aforementioned
study reported that a small proportion of senescence-fated
cells express high levels of p21 during treatment, whereas most
senescence-fated cells have delayed p21 responses. Of note,
high p21 levels are observed in G1 phase, whereas delayed
responses were associated with S/G2 phase. These results
demonstrated that the mechanisms by which chemotherapy
induces senescence vary depending on the cell cycle state
during drug treatment and drug-induced senescence is more
likely to occur during treatment in S/G2 phase. As changes in
the cell cycle phase following irradiation vary depending on
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the cell cycle phase at irradiation (62), the cell cycle kinetics
following irradiation may be associated with radiation-induced
senescence.

Radiation-induced DSBs are more frequent in G2/M than
in G1 phase cells, potentially due to the doubled DNA content
present during G2/M. A comet assay-based analysis of ataxia
telangiectasia lymphoblasts has revealed that G2/M phase
cells exhibited extensive DNA damage compared with GO/G1
phase cells following irradiation (63). These findings support
the hypothesis that the lower proportion of SA-B-gal-positive
cells observed after Gl phase irradiation may be due to
decreased levels of DNA damage, which is consistent with the
lower DNA content of G1 phase cells.

In conclusion, the present results demonstrated that the
ATM/Chk2 pathway and the DNA content at the time of
irradiation are involved in radiation-induced senescence in
A549 cells, and the regulation of Chk2 activity and cell cycle
phase at irradiation enhances radiation-induced senescence.
Although further studies, including validation of the present
results in vivo, are needed, enhancing radiation-induced senes-
cence by targeting these factors may complement the efficacy
of the combination of radiation therapy and senolytic agents.
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