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Predictive DNA damage signaling for low-dose ionizing radiation
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Abstract. Numerous studies have attempted to develop
biological markers for the response to radiation for broad
and straightforward application in the field of radiation.
Based on a public database, the present study selected
several molecules involved in the DNA damage repair
response, cell cycle regulation and cytokine signaling
as promising candidates for low-dose radiation-sensitive
markers. The HuT 78 and IM-9 cell lines were irradiated
in a concentration-dependent manner, and the expression of
these molecules was analyzed using western blot analysis.
Notably, the activation of ataxia telangiectasia mutated
(ATM), checkpoint kinase 2 (CHK?2), p53 and H2A histone
family member X (H2AX) significantly increased in a
concentration-dependent manner, which was also observed
in human peripheral blood mononuclear cells. To determine
the radioprotective effects of cinobufagin, as an ATM and
CHK?2 activator, an in vivo model was employed using
sub-lethal and lethal doses in irradiated mice. Treatment
with cinobufagin increased the number of bone marrow
cells in sub-lethal irradiated mice, and slightly elongated
the survival of lethally irradiated mice, although the differ-
ence was not statistically significant. Therefore, KU60019,
BML-277, pifithrin-a, and nutlin-3a were evaluated for their
ability to modulate radiation-induced cell death. The use of
BML-277 led to a decrease in radiation-induced p-CHK2
and YH2AX levels and mitigated radiation-induced apop-
tosis. On the whole, the present study provides a novel
approach for developing drug candidates based on the
profiling of biological radiation-sensitive markers. These
markers hold promise for predicting radiation exposure and
assessing the associated human risk.
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Introduction

Radiotherapy is one of the most effective cancer treatment
modalities. Of note, ~50% of all patients with cancer receive
radiotherapy as part of their therapeutic regimen (1). Ionizing
radiation (IR) is a potent tool for eradicating cancer cells
by causing direct DNA damage, including single-strand
breaks, double-strand breaks (DSBs), DNA crosslinks and
DNA-protein crosslinks. Additionally, it induces indirect
effects through the generation of reactive oxygen and nitrogen
species (2,3).

However, IR is toxic to normal cells, causing cellular
damage and undesired side-effects. Moreover, as the use of
radiation for disease diagnosis or non-destructive inspection is
increasing, it is necessary to develop a radiosensitive marker
capable of early detection over a wide range of radiation
doses. Previous studies have focused on understanding the
signaling pathways involved in the radiation response and
identifying potential targets as radiation response modifiers.
Accumulating evidence has substantiated the involvement
of several genes, notably CDKNI1A, GADD45A, BTG2,
BBC3, PCNA, SESNI, IERS, GDF15 and PLK3 (4). The
majority of IR-responsive proteins detected in mammals
are associated with cellular processes, such as DNA repair,
apoptosis, signal transduction and oxidative stress. The DNA
damage response and repair processes occur at an early stage
following IR, followed by cell cycle arrest, apoptosis, or cell
senescence (5,6). In addition, it is well known that IR can
induce pro- and anti-inflammatory effects, prompting several
studies to analyze cytokine/chemokine responses using radia-
tion biodosimetry (7-9). Nevertheless, radiation responses are
highly variable and are dependent on the dose and time of
IR exposure, cell and tissue specificity, and inter-individual
variability. While genomic and proteomic approaches provide
numerous candidate biomarkers and insight into the elucida-
tion of radiation-induced cellular responses, replicable and
on-site-applicable individual biodosimetry markers have not
yet been developed.

The present study aimed to investigate the potential of
several biomolecules involved in DNA damage repair (DDR)
and the immune response as sensitive biomarkers for exposure.
Additionally, the present study evaluated their chemical regula-
tors as radiation response modifiers. A total of 16 proteins were
selected based on published findings (8,10), and four candidates
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were identified based on the following criteria: i) Detection in
the low-dose IR range; ii) concentration-dependent response;
and iii) applicability to blood samples. These results indicate
that DDR proteins display a concentration-dependent associa-
tion with low-dose IR, and their simultaneous evaluation may
assist in estimating the time of IR exposure.

Materials and methods

Cells, cell culture and reagents. The IM-9 (cat. no. CCL-159)
and HuT 78 (cat. no. TIB-161) human lymphoma cell lines were
purchased from ATCC, and the cell lines were authenticated by
Cosmo Genetech using short tandem repeat analysis. Human
peripheral blood mononuclear cells (hPBMCs; cat. no. 70025)
were obtained from Stemcell Technologies, Inc. According
to the Enforcement Rule of the Bioethics and Safety Act in
Korea (Article 33, no. 1), research studies that use these cells
are IRB-exempt, as these cell lines are commercially avail-
able human-derived materials that do not identify the personal
information of donors. The manufacturer also stipulates that
the cells be collected according to the IRB-approved consent
form and protocols.

The IM-9, HuT 78, and hPBMCs cells were cultured in
RPMI-1640 (Welgene, Inc.) supplemented with 10% FBS
(Welgene, Inc.), penicillin (100 units/ml; Welgene, Inc.) and
streptomycin (100 xg/ml; Welgene, Inc.). These cells were
incubated in a humidified incubator at 37°C in a 5% CO,
atmosphere. Cinobufagin, KU60019, BML-277, pifithrin-a
and nutlin-3a were purchased from Selleck Chemicals. All
compounds were dissolved in DMSO (Sigma-Aldrich; Merck
KGaA), ensuring that the final concentration of DMSO did
not exceed 0.1% (v/v). For the control experiments, DMSO
diluted in phosphate-buffered saline (PBS; Welgene, Inc.)
was administered. Primary antibodies against phosphory-
lated (p-)ataxia telangiectasia mutated (ATM; cat. no. 4526),
ATM (cat. no. 2873), checkpoint kinase 2 (CHK?2; cat.
no. 2662) and p-p53 (cat. no. 9284) were obtained from Cell
Signaling Technology, Inc.; YH2A histone family member X
(YH2AX; cat. no. sc-101696), p53 (cat. no. sc-126) and
GAPDH (cat. no. sc-365062) antibodies were from Santa Cruz
Biotechnology, Inc.; p-CHK2 (cat. no. ab278548) and H2AX
(cat. no. ab11175) antibodies were from Abcam. Horseradish
peroxidase (HRP)-conjugated secondary antibodies against
anti-rabbit (cat. no. 31460) and anti-mouse (cat. no. 31430)
were purchased from Thermo Fisher Scientific, Inc.

Radiation. The HuT 78 and IM-9 cells were irradiated at
12 points with concentrations ranging from O to 2 Gy, and the
cells were harvested at various time points within 0.5 to 72 h
following exposure to radiation. The cells were exposed to radi-
ation using a '¥’Cs y-source Biobeam 8000 (Gamma-Service
Medical GmbH), which was installed in 2008, at a dose rate
of 3.5 Gy/min. Additionally, *’Cs gamma LDI-KCCH 137
irradiator with a dose rate of 0.1 cGy/min was employed.

Animal experiments. For the animal experiments, a total
of 66 healthy 5-week-old female C57BL/6 mice weighing
16.1-18.3 g, obtained from Orient Bio Inc., were housed under
specific pathogen-free conditions in microisolator cages,
with laboratory chow and water provided ad libitum. Animal

health and behavior were monitored twice per day. The mice
(5 animals per cage) were housed in a room maintained at a
relative humidity of 60+10% and a temperature of 20+2°C
with a 12-h light/dark cycle. For the survival assay, 32 mice
were randomly assigned to four groups (n=8 per group) as
follows: i) The control group (non-irradiated mice injected
with PBS); ii) the Cino 5 mpk (non-irradiated mice injected
with 5 mg/kg cinobufagin); iii) the IR group (whole-body
irradiated mice injected with PBS); and iv) the IR + Cino 5
mpk group (whole-body irradiated mice injected with 5 mg/kg
cinobufagin). The end point of the experiment was set when all
mice in the group irradiated with the lethal dose (8 Gy) died,
and on day 14, all mice in the irradiated groups finally died.
It is known that C57BL/6 mice die due to an acute radiation
response when they are whole-body irradiated with =6 Gy of
radiation (11). The mice in the non-irradiated group that did
not die at all at this point were euthanized the following day
(day 15) by injecting CO, gas into the chamber at a rate of 30%
per min. The death of the animals was determined by obser-
vation over a period of 10 min and the absence of breathing
and a heartbeat. The survival of the mice was observed at
least twice a day, and euthanasia was planned for mice in a
moribund state; however, no mice were found in this state.
For immunological analysis, 34 mice were randomly assigned
to six groups as follows: i) The control group (non-irradiated
mice injected with PBS, n=5); ii) the Cino 1 mpk (non-irra-
diated mice injected with 1 mg/kg cinobufagin, n=5); iii) the
Cino 5 mpk (non-irradiated mice injected with 5 mg/kg
cinobufagin, n=7); iv) the IR (whole-body irradiated mice
injected with PBS, n=5); v) the IR + Cino 1 mpk (whole-body
irradiated mice injected with 1 mg/kg cinobufagin, n=5); and
vi) the IR + Cino 5 mpk (whole-body irradiated mice injected
with 5 mg/kg cinobufagin, n=7). No mice died 24 h following
irradiation, and up to 0.5 ml of blood was collected into EDTA
tubes (BD Biosciences) via the abdominal aorta vein from the
mice anesthetized with alfaxalone (80 mg/kg; Jurox Pty Ltd.)
and rompun (10 mg/kg; Elanco Animal Health Korea Co.,
Ltd.) in a non-survival procedure. No mice woke up from the
anesthesia following blood collection. Complete blood counts
were measured using a VETSCAN HMS5 hematology analyzer
(Abaxis, Inc.). Each mouse had their entire body irradiated
using 3 or 8 Gy Co® y-irradiation (2 Gy/min). Cinobufagin
was intraperitoneally administered 24 h prior to irradiation.
All euthanasia was performed with the mice under deep anes-
thesia or in a conscious state by injecting CO, gas into the
chamber at a rate of 30% per min. All animal experiments
were approved by the Institutional Animal Care and Use
Committee of the Korea Institute of Radiological and Medical
Sciences (KIRAMS 2021-0083).

Bone marrow (BM) cell and splenocyte preparation. BM cells
form the femurs were harvested by flushing the BM cavities
using a 26-gauge needle and a 10 cc syringe filled with the
ice-cold PBS until the flow turned white. Splenic cells were
obtained by gentle pressure-dissociation of spleen using
PBS. The harvested cells were passed through a 100-mm
sterile cell strainer and pelleted. Cells were re-suspended in
PBS and viable cells were counted using Trypan blue exclu-
sion assay. Briefly, an equal volume of 0.4% trypan blue
solution (Gibco; Thermo Fisher Scientific, Inc.) was added



%ﬁ SPANDIDOS
'3,‘ PUBLICATIONS

to the cell suspension, incubated for 1 min at room tempera-
ture, and immediately loaded into a hemocytometer. The
unstained viable cells were then counted under a microscope
(IX73; Olympus Corporation).

Western blot analysis. A buffer containing 50 mM Tris-HCI
(pH 7.4), 1% NP-40, 150 mM NaCl, 1 mM EDTA, 1 mM
PMSF, 1 pg/ml aprotinin, 1 mM Na;VO, and 1 mM NaF was
prepared and used to lyse cells. All chemicals used to make
buffers were purchased from Sigma-Aldrich; Merck KGaA.
The extracted protein was quantified using Bio-Rad Protein
Assay Dye Reagent Concentrate (Bio-Rad Laboratories, Inc.),
and 25 ug protein were then equally loaded onto a 6-15%
PAGE-gel. Following transfer to nitrocellulose membranes
(Cytiva), the membranes were cut according to the size of
the protein to be detected to identify various proteins. The
membranes were blocked for 1 h with 3% bovine serum
albumin (GenDEPOT,; cat. no. A0100) in Tris-buffered saline
buffer containing 0.1% Tween-20 (0.1% TBS-T buffer) and
then a specific primary antibody was bound to it. Primary anti-
bodies diluted 1:1,000 in blocking solution were incubated with
the membranes overnight at 4°C or incubated for 2 h at room
temperature. The membranes were incubated with the specific
peroxidase-conjugated secondary antibodies diluted 1:2,000 in
0.1% TBS-T buffer at room temperature for 1 h. The protein
bands of interest were visualized using an ECL detection
system (Cytiva) and detected using the Amersham Imager 600
(Cytiva). Imagel software, version 1.53 h (National Institutes of
Health), was used for image processing. Representative images
from three or more experiments are shown.

ELISA. Commercially available ELISA kits were used to
confirm the expression of target molecules. The following
products were used: Human p-ATM, p-CHK2, p-p53 and
p-H2AX (RayBiotech).

Cell viability assay. The cells were seeded in 96-well plates
(1x10* cells/well), and were treated with 2-fold serial dilutions
of the compounds used in the present study for 24 h. Cell
viability was measured using a Cell Counting Kit-8 (CCK-8)
purchased from Dojindo Laboratories, Inc., according to the
manufacturer's instructions. The absorbance was measured
at 450 nm using a microplate reader (Multiskan EX; Thermo
Fisher Scientific, Inc.). The GI5, value, which is the concentra-
tion of the test compound required to inhibit total cell growth
by 50%, was calculated.

Annexin V-PI staining. Apoptosis was evaluated by measuring
the proportion of Annexin V-positive cells. The cells were
labeled with allophycocyanin-conjugated Annexin-V and prop-
idium iodide in binding buffer (BD Biosciences) according to the
manufacturer's instructions. Subsequently, they were analyzed
using a FACS Cube 6 (Sysmex Corporation). At minimum of
10,000 events per sample were acquired. The percentage of
Annexin V-allophycocyanin-positive cells was determined
using FlowJo software version 7.2.5 (Tree Star Inc.).

Statistical analysis. The data are presented as the mean +
standard error of the mean (SEM). Statistically significant
differences between groups were analyzed using an unpaired
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Student's t-test (two-tailed) or analysis of variance and Tukey's
post-hoc test with GraphPad Prism software (version 9.0;
Dotmatics). For survival analysis, the Kaplan-Meier with
the log-rank (Mantel-Cox) test was performed to compare
differences among curves. A P-value <0.05 was considered to
indicate a statistically significant difference (P<0.05).

Results

Expression of DDR signaling molecules following low-dose
radiation. To develop radiosensitive biological markers for
radiation exposure, the present study analyzed the expression
levels of DDR proteins in human B-lymphoblastoid IM-9 cells,
T-lymphocyte HuT 78 cells and hPBMCs. The phosphoryla-
tion of ATM, CHK?2, p53 and H2AX exhibited a radiation
concentration-dependent increase in the IM-9 cells. However,
ATM activation was absent in the HuT 78 cells. Additionally,
p53 expression was not observed in the HuT 78 cells harboring
mutant p53 [p.Argl96Ter(c.586C>T)] (Fig. 1A). To confirm
the reproducibility of this cellular response in blood, western
blot analysis and ELISA were performed using the hPBMCs.
Similar to the aforementioned results, IR increased ATM,
CHK2, p53, and YH2AX expression, and most notably, CHK2
phosphorylation (Fig. 1A). In addition, the phosphorylation
of ATM and p53 increased in a concentration-dependent
manner at an early time point, while the YH2AX levels signifi-
cantly increased at 24 h post-irradiation (Fig. 1B). However,
CHK?2 activation remained undetectable in the irradiated
hPBMCs. It is unknown why this result occurred, and
further research is needed. These results indicate that ATM,
p53, CHK2, and H2AX respond to low-dose radiation in
a dose-dependent manner.

Evaluation of the radioprotective effects of cinobufagin.
Considering that the levels of DDR signaling molecules
increase in response to radiation and can serve as radia-
tion-responsive markers, the objective of the present study was
to identify agents capable of functioning as radioprotectors
by modulating this signaling pathway. Cinobufagin, an active
ingredient of Venenum bufonis, has been shown to increase
ATM and CHK2 levels, leading to G2/M phase arrest and
apoptosis (12).

Cinobufagin alone increased the expression of the total
forms of ATM and CHK?2. However, IR increased ATM and
CHK2 phosphorylation in HuT 78 cells, and the expression of
these molecules was further increased following combined
treatment with cinobufagin. Notably, cinobufagin did not
attenuate the IR-induced expression of YH2AX, a DNA DSB
marker (Fig. 2A). In order to evaluate the effects of cino-
bufagin and IR on cell death, Annexin V/PI staining was
analyzed using FACS. Given the higher radioresistance of
p53 mutant-type HuT 78 cells than that of p53 wild-type IM-9
cells in our preliminary study (data not shown), both cell lines
were exposed to various doses of 1 or 2 Gy radiation. The
number of Annexin V-positive apoptotic cells significantly
increased following radiation treatment in both cell lines.
While cinobufagin did not reduce the radiation-induced
apoptosis of IM-9 cells, it is worth nothing that 25 nM cino-
bufagin slightly inhibited the radiation-induced apoptosis of
HuT 78 cells (Fig. 2B).


https://www.spandidos-publications.com/10.3892/ijmm.2024.5380
https://www.spandidos-publications.com/10.3892/ijmm.2024.5380

4 PARK et al: ACTIVATION OF DNA DAMAGE SIGNALING BY LOW-DOSE RADIATION

A IM-9 cells HuT 78 cells hPBMCs
IR(Gy) 0 001 01 05 1 2 0 00101 05 1 2 0 00101 05 1 2 pg
% | | &
ATM |------| ——— e - ——— — 350
ponce [T L e [ | —— 2

CHK2 | S————— }-—.—.—
e [ [

P53 | W

—
YH2AX | S s e - TR R e s w15

GAPDH | e s e s v | | S - 37

|

HOAX | W — PgERgae——t T LT =l

GAPDH | S S S S SR | SR ————— |

B p-ATM (S1981) p-CHK2 (T68)
200+ 101
= =) o 1h
< < 84
< 1504 R2=0.881 (1 h) - @ 3h
= o
3 100 " g o 24h
g £ 5 4-
o [aV]
= A
50- I
< 5 27
Q Q
O T 1T 171 O+ 711101
1 4 16 64 256102 1 4 16 642561024
Eagekmiyl Log2 (mGy)
p-p53 (S15) YH2AX (S139)
1.2+ 40
2= —_ © 1h
S 1.04 2 1 o 3h
< R?=0.959 (1 h) < 30 R?=0.949 (24 h)
c 084 R?=0.978(8h) c i ©-8h
] d s
8 2 . |©24h
S 0.6- g X
Q.
x x x
[0 = (o) X
o 04 ) :
2 S
S 0.2 :'.:
1 [oX
0.0 L1+ 0 41—
1 4 16 64 2561024 1 4 16 64 2561024
Log2 (mGy) Log2 (mGy)

Figure 1. Expression levels of DNA damage repair proteins following IR. (A) IM-9, HuT 78 cells and hPBMCs were exposed to the indicated doses of radiation
for 24 h. Representative western blots are shown. (B) hPBMCs were treated with the indicated doses of radiation for the indicated periods of time. Samples
were analyzed using ELISA. Data represented the mean + SD of three independent experiments and were fitted with non-linear regression using asymmetrical
sigmoidal, five-parameter curves. IR, ionizing radiation; hPBMCs, human peripheral blood mononuclear cells; ATM, ataxia telangiectasia mutated; CHK2,
checkpoint kinase 2; H2AX, H2A histone family member X. "P<0.05, “P<0.01 and “"P<0.001 determined using two-way ANOVA.

To further determine the radioprotective efficacy of in Fig. 2C, the survival rate of the mice injected intra-
cinobufagin in vivo, the mice were administered cinobufagin  peritoneally with 5 mpk cinobufagin was 37.5%, whereas
at 24 h before a lethal dose of 8 Gy irradiation. As shown all the control mice died by day 11. In similar studies, when
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Figure 2. Radioprotective effects of cinobufagin. (A) IM-9 and HuT 78 cells were treated with or without 50 nM of cinobufagin for 1 h, then irradiated with the
indicated dose of radiation and incubated for 24 h. The expression levels of ATM, CHK2, p53 and H2A X phosphorylation were evaluated using western blotting.
(B) IM-9 and HuT 78 cells were treated with or without cinobufagin (25 or 50 nM) for 1 h prior to irradiation with the indicated radiation doses for 24 h. The cells
were analyzed for Annexin V/PI staining using flow cytometry. Representative bar graphs show the mean + SEM of three independent experiments; “P<0.01
and “"P<0.001 compared with the control, *P<0.05 and **P<0.01 compared with the irradiated control. (C) Cinobufagin or the vehicle (1.1% DMSO in PBS)
were administrated intraperitoneally 24 h prior to total body radiation (8 Gy) on C57BL/6 mice (n=8 mice/group) and survival was observed for 15 days after
exposure. (D) Cinobufagin or the vehicle were administrated intraperitoneally 24 h prior to total body radiation (3 Gy) on C57BL/6 mice (n=5 mice/group). The
spleen (left panel) and BM (right panel) were harvested at 24 h following radiation, and the number of splenocytes and BM cells were counted by Trypan blue
exclusion. Data shown are the mean = SEM. Statistical significance was represented for each control group (“P<0.01, “"P<0.001, “*“P<0.0001). ns, not significat;
IR, ionizing radiation; TBI, total body irradiation; ATM, ataxia telangiectasia mutated; CHK?2, checkpoint kinase 2; H2AX, H2A histone family member X.
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C57BL/6 mice had their entire body irradiated with 7.6 to
8.45 Gy, death began at 6 to 10 days, which is consistent with
the findings presented herein (11,13-16). The mortality rate of
the mice following whole-body irradiation is affected by the
strain and age of the mice. C57BL/6 (LDs3,=630.3+4.1 rad)
mice are relatively more resistant to radiation than BALB/c
(LDsy30=500.1£6.9 rad) mice. Additionally, younger mice
are more sensitive to radiation (17). Notably, in the present
study, although the cinobufagin-treated mice died at 14 days
following irradiation, this difference was not statistically
significant. In order to investigate the protective effects of
cinobufagin on hematopoietic cells, the mice were adminis-
tered a sub-lethal dose of 3 Gy radiation, and spleen and BM
cells were harvested at 24 h post-irradiation. Treatment with
cinobufagin led to a concentration-dependent increase in the
number of splenocytes when administered alone; however,
it failed to augment the splenocyte counts in response to
irradiation (Fig. 2D). Nevertheless, cinobufagin increased
the proliferation rate of splenocytes in both the control
and irradiated mice (Fig. S1A). By contrast, the number
of BM cells increased in both the cinobufagin-alone and
cinobufagin-plus-irradiation groups. The results of periph-
eral blood cell counts revealed that the numbers of red blood
cells and platelets remained unaltered following treatment
with cinobufagin or irradiation. Conversely, treatment with
cinobufagin decreased the number of white blood cells,
particularly lymphocytes and neutrophils (Fig. S1B). These
results collectively suggest that cinobufagin exerts a mild,
but not significant, radioprotective effect.

Effects of DDR modulators on radiation exposure. The ATM
and CHK2 activator, cinobufagin, did not exhibit significant
radioprotective activity. Therefore, other compounds that
modulate DDR-related molecules were investigated for their
radioprotective effects. In order to determine the optimal
concentration of the drugs in subsequent experiments, cell
viability was measured using CCK-8 assay. KU60019 (an
ATM inhibitor) exhibited GI5, (#M) values of 3.28 for the
IM-9 cells and 4.65 for the HuT 78 cells. The GIs, values for
BML-277, a CHK2 inhibitor, were 13.45 uM (IM-9 cells) and
13.40 uM (HuT 78 cells). Pifithrin-a, a p53 inhibitor, exhib-
ited Gls, values of 97.28 and 110.6 uM in the two cell lines,
respectively. The p53 activator, nutlin-3a, exhibited Gl5, values
of 38.77 uM in the IM-9 cells and 64.38 uM in the HuT 78 cells
(Fig. 3A). The viability of the cells following treatment with
cinobufagin is shown in Fig. SIC.

In order to evaluate the radioprotective effects of these
compounds, Annexin V/PI staining was performed. As shown
in Fig. 3B, BML-277 and pifithrin-a significantly decreased
the number of radiation-induced Annexin V-positive apoptotic
IM-9 cell. On the other hand, radiation-induced apoptotic cell
death was not observed in the HuT 78 cells, despite irradiation
at a radiation dose twice as high as that in IM-9 cells; thus,
the inhibition of radiation-induced apoptosis by BML-277 was
not shown. Moreover, pifithrin-a led to an increase in radia-
tion-induced apoptosis, indicating that it has a radiosensitizing
effect rather than a radioprotective effect in the HuT 78 cells.
Similarly, combined treatment with nutlin-3a or KU60019
with irradiation significantly increased the apoptosis of the
IM-9 cells and HuT 78 cells, respectively.

Western blot analysis was performed to examine the
expression of DDR proteins induced by irradiation and the
test compounds. The ATM inhibitor, KU60019, exhibited
contrasting results in both cell lines as regards YH2AX
expression and apoptosis, suggesting a dependence on the p53
status. Treatment with BML-277 decreased radiation-induced
CHK?2 phosphorylation and YH2AX expression. Compounds
designed to inhibit or activate p53 increased radiation-induced
CHK?2 phosphorylation in both cell lines, while failing to
reduce the increased level of YH2AX by radiation (Fig. 3C).
In summary, these results suggest that BML-277 attenuates
radiation-induced cell death by inhibiting CHK?2 activation,
with a more potent effect in the presence of p53.

Radioprotective effects of BML-277 in hPBMCs. To evaluate
whether BML-277 can mitigate the radiation-induced apop-
tosis of and DDR in hPBMC:s, the cells were treated with
BML-277 24 h prior to irradiation. As shown in Fig. 4A,
exposure to a radiation dose of 1 Gy significantly increased
the population of Annexin V-positive cells. Nonetheless,
pre-treatment with BML-277 significantly reduced the
number of radiation-induced apoptotic cells compared
to treatment with radiation alone. In addition, BML-277
effectively suppressed the radiation-induced CHK?2 phos-
phorylation and YH2AX expression (Fig. 4B). Consequently,
the observation of the radioprotective efficacy of BML-277
in hPBMC:s raises the expectations of promising outcomes in
future in vivo studies.

Discussion

The use of radiation is gradually increasing for various
purposes, such as medical diagnoses, treatment, industrial
applications and scientific research. Therefore, it is natural
for the public to express concerns regarding accidents and
health risks caused by radiation exposure. The preparation
of countermeasures against such risks remains a constant
task (18,19). Numerous studies have demonstrated that high
radiation doses can damage various cellular components and
induce genomic instability, leading to carcinogenesis (20-23).
However, unlike the deleterious consequences of high-dose
radiation, low-dose radiation does not produce distinct
biological responses and a dose-response association has not
yet been established. Radiation dosimetry is an important
research field for rapidly obtaining complete information on
absorbed doses, exposure times and countermeasures (24).
As a result, studies have been conducted in an aim to
develop reliable biomarkers for assessing radiation exposure.
These biomarkers can address the limitations of traditional,
non-specific and variable assays, which include blood counts,
electron paramagnetic resonance, somatic mutation and
cytogenic assays (25,26).

The present study aimed to develop a biomarker that
could detect a wide range of radiation doses, particularly
those <100 mGy. The toxic effects of radiation result in
energy deposition in normal tissues, including immune
cells. Among the various adverse effects of radiation, the
induction of DNA DSB is considered the most toxic lesion
in lymphocytes. Blood sample analysis, with easy sampling,
revealed the rapid development of hematopoietic syndrome
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in patients exposed to total body irradiation of 1-2 Gy,
which is characterized by a decline in the hematopoietic
compartment (27). Similar to other hematopoietic cells,
lymphocytes are particularly sensitive to radiation-induced
cell death. Therefore, B- and T-lymphocytes have been
used for screening radiation-responsive biological markers.
The present study selected 16 proteins (ATM, CHK?2, p53,
NBSI1, BRCA1, H2AX, CHKI1, ERK, p53, EGFR, IL-1a,
MIF, MCP1, GDEF-15, IL-7, and MIP1a) and measured their
dose- and time-dependent expression changes using western
blot analyses (data were partially shown). In contrast to DDR
and signaling molecules, cytokine expression was detected
in only four out of six cases at 24 h following irradiation,
and therefore, cytokines were excluded from the study due
to significant fluctuations and delayed responses (Fig. S2).
Instead, a concentration-dependent increase was observed in
DDR-associated molecules, including ATM, CHK?2, p53 and
vyH2AX in lymphocytes and hPBMCs within 24 h following
exposure to low-dose radiation. Herein, the specific approach
focused on radiation-induced phosphorylation changes in
lymphocytes, as both the amount and activity of the corre-
sponding proteins are key factors in assessing the radiation
response. ATM kinase is a member of the PI3K-like protein
kinase family, and plays extensive roles in DNA damage
response signaling (28). DNA damage leads to the activation
of ATM kinase activity and the phosphorylation of numerous
downstream targets, including p53 and CHK?2 (29). ATM
activation triggers cell cycle checkpoints, causing arrests and
delays in the GI1, S and G2 phases (30). Efforts to develop
ATM inhibitors have aimed at combatting cancer treatment
resistance and enhancing radiation sensitivity (31). Given the
aforementioned panel of markers, the radioprotective activity
of each modulator was investigated. First, cinobufagin was

selected as a candidate radioprotector as it may activate
the ATM-CHK?2 signaling pathway, which promotes DNA
repair (32). Several studies have demonstrated that cino-
bufagin exerts anti-inflammatory (33), anti-bacterial (34),
antitumor (35,36) and immune-enhancing effects (37,38).
However, its clinical application is restricted by rapid
metabolism and cardiotoxicity. Cinobufagin, consistent
with previous findings on immune cell activation, such as
lymphocyte proliferation, increases cytokine production, and
the activation of macrophage phagocytosis (38), exhibiting
mild radioprotective effects by increasing the number of
splenocytes and BM cells. Nevertheless, further investi-
gations are required, as cinobufagin has predominantly
demonstrated anticancer and apoptosis-inducing effects
rather than immunostimulatory or anti-radiation effects.
By contrast, the ATM inhibitor, KU60019, had no effect on
radiation-induced DNA damage. While DDR inhibitors are
being developed as radiation sensitizers, it was expected
that a DDR activator would function as a protective agent;
however, the effect was not significant. Accurately predicting
the degree of radiation-induced DNA damage, the maximum
activation duration of DDR-related molecules, and the effects
of interfering drugs is evidently challenging.

CHK2 remains inactive in the absence of DNA damage,
becoming phosphorylated and activated by ATM following
exposure to IR (39-41). In response to DNA damage, CHK?2
initiates repair processes and cell cycle arrest until the damaged
DNA is repaired. Mitotic delay is widely considered to provide
time for DDR prior to the onset of mitosis (42). Following irra-
diation, CHK?2 prevents the entry of a subset of G2 cells with
DNA damage into mitosis (43). Previous studies have demon-
strated that the inhibition of CHK?2 results in radioprotection
by reducing p53-mediated cell death (44-46). In addition,



increased survival was previously observed in CHK?2-deficient
mice exposed to total body radiation, in contrast to CHK?2
wild-type mice (47). These findings are in accordance with
the results of the present study, wherein the CHK?2 inhibitor,
BML-277, inhibited apoptosis and reduced YH2AX expres-
sion in lymphocyte cell lines and hPBMCs. Notably, neither
an activator nor an inhibitor of p53 exerted radioprotective
effects. The critical role of p53 in cell cycle arrest, DNA
repair, survival, senescence and apoptosis in response to DNA
damage from various stressors is well-known (48,49). However,
owing to its low expression levels in normal cells attributed
to its rapid turnover and involvement in a complex network
of diverse signaling processes, the temporal regulation of p53
can be easily disrupted. Therefore, further carefully designed
studies are warranted.

In conclusion, the findings of the present study demonstrate
that ATM, CHK?2, p53 and YH2AX can serve as predictive
markers for low-dose IR. While each of these molecules
is well-known, their collective application as a biomarker
panels is useful in radiation biodosimetry. Furthermore, the
CHK?2 inhibitor, BML-277, provided the most efficient radia-
tion protection by reducing radiation-induced DNA damage.
Notably, the maintenance of DDR appears to be well-controlled
in individuals exposed to low-dose radiation or daily radiation
levels, such as radiation workers and residents residing near
nuclear power plants. Consequently, the potential radioprotec-
tive or immunostimulant effects of substances regulating these
biomarkers may be challenging to observe. Nevertheless, these
substances hold promise as protective agents for individuals
with a compromised immune status due to disease or for
cancer patients subject to high-dose radiation, warranting
further evaluation for their efficacy.
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