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Abstract

Objective: This paper explores the role of DNA methylation in a-irradiation damage at the cellular level. Methods: Human normal
hepatocytes L-02 were irradiated using a 241 Am o source at doses of 0, 1.0, and 2.0 Gy. The methylation levels of the six
differentially methylated genes were examined by pyrophosphate sequencing, and the mRNA expression levels of the six
differentially methylated genes were examined by real-time fluorescence quantitative PCR. Results: The rate of YH2AX foci
positive cells was significantly higher than that of the control group after irradiation of cells in different dose groups for | h and
2 h respectively (P < .05). The proportion of S-phase cells was significantly increased in the 1.0 Gy and 2.0 Gy dose groups
compared with the control group (P < .05). The methylation levels of CDK2API, PDGFRL, PCDHBI6 and FAS genes were
significantly increased, while the mRNA expression levels were significantly decreased (P < .05). The expression levels of
CDK2Apl, PCDHBI6 and FAS were significantly negatively correlated with the methylation levels (P < .05). Conclusion: The
a-particle radiation can affect gene expression at the epigenetic level, which led to the speculation that altered methylation levels
of CDK2API, PCDHBI16, and FAS genes may be involved in the a radiation damage process.
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Current research has discovered that ionizing radiation can
cause changes in DNA methylation, which are related to the
pathological processes of cancer. CDK2API is a cyclin-
dependent kinase 2 (CDK2) interacting protein that is im-
plicated in the etiology and progression of a variety of tumors
through signaling pathways such as ATM-P53 and TGF-$1,
which are crucial in the DNA damage repair process triggered
by ionizing radiation.”® PDGFRL, one of the many tumor

Introduction

Transuranium nuclides have long half-lives, high specific ac-
tivities, and a minimal load in the human body. The health
hazards to humans primarily stem from the high linear energy
transfer (LET) alpha particles released during their decay pro-
cess when they are inhaled or enter the body through the skin.'
Alpha particles have a short range and poor penetrating ability
but interact strongly with matter, resulting in significant energy
deposition over a small area and inducing a series of cytogenetic
effects.” Current research shows that the liver is one of the
important target organs for alpha particle radiation.**

DNA methylation is a vital form of epigenetics, which
means that the DNA sequence is not altered but the level of
gene expression is changed, and this change can be stably
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transmitted during development and cell proliferation.' DNA
methylation is closely related to the life activity chain. Ab-
normal alterations in genomic DNA methylation patterns will
directly contribute to the development of human diseases and
even cancer.”
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suppressor genes located on chromosome 8, functions as a
tumor suppressor within the PDGF signaling pathway, an-
tagonizing its receptor and thus affecting the binding of PDGF
to its receptor and the subsequent downstream signaling.’
Mutations in the PRKAG2 gene can result in cardiac dys-
function and are implicated in cardiovascular diseases.'’
PCDHBI6, part of the protocadherin B gene cluster, has
been noted in studies of DNA hypermethylation changes in
late-stage liver cancer through Gene Ontology (GO) analysis,
and is associated with functions related to homophilic cell
adhesion, intercellular adhesion, cell adhesion, and bio-
membrane adhesion.'' The FAS gene, a member of the tumor
necrosis factor receptor superfamily, plays a central role in the
physiological regulation of apoptosis and is linked to the
pathogenesis of various malignancies and immune system
disorders.'> HOXC4, a homeobox-containing gene, is capable
of enhancing the proliferation of human hematopoietic cells
and may be one of the principal regulatory genes for
lymphopoiesis. '

Alterations in DNA methylation serve as a pivotal mo-
lecular signature in investigating the pathogenic mechanisms
induced by ionizing radiation. This study focuses on six genes
that are potentially differentially methylated: CDK2API,
PDGFRL, PRKAG2, PCDHBI16, FAS, and HOXC4. Through
in vitro hepatocyte experiments, the study examines the im-
pact of radiation on cell proliferation activity, cell cycle
regulation, and the DNA methylation patterns and tran-
scriptional expression levels of the aforementioned genes.

Materials and Methods

Cell Culture

HL-7702[L-02] is a human normal hepatocyte. Under the
normal growth state, its cell growth characteristics are ad-
herent to the wall, and its cell morphology is characterized by
epithelioid, short shuttle shape. HL-7702[L-02] hepatocytes
were cultured in RPMI 1640 culture medium containing 10%
fetal bovine serum in an incubator with 5% CO2 at 37°C. In
this study, 3-6 generations of cells could be used to perform
the experiments.

Irradiation Methods

A 241 Am o source from Soochow University was used to
release a particles. The whole device consists of a-particle
source, source holder, slide tray, etc. The a-particle source is a
241 Am faceted source with a geometric size of 36 mm x
4 mm and an effective diameter of 20 mm, which has an
activity of 5.7 x 106 Bq and a dose rate of 0.138 Gy/min. Cells
in the logarithmic growth phase are taken and cultured on
glass slides. After the cells have fully covered the slides, they
are removed from the culture dish and placed on a slide rack.
The radiation source is set up on a stand in parallel to the
slides, with a 10 mm distance between them, which allows for

effective irradiation of the cells on the glass slides. Schematic
diagram of the 241 Am alpha particle irradiation device was
showed in Supplemental Figure S1.

Cellular DNA Damage Assay

The cells were irradiated at doses of 0, 1.0, and 2.0 Gy,]4
washed three times with PBS, and fixed with 4% parafor-
maldehyde for 15 min. Fixation is completed, the cells were
incubated with 0.5% Triton X-100 at 4°C for 15 min, followed
by adding 1 mL of 0.2% BSA sealing solution at room
temperature for 1~2 h. The cells were then sequentially added
with primary antibody (YH2AX mouse monoclonal antibody)
and secondary antibody (rabbit/mouse IgG), and incubated at
room temperature for 45 min respectively. Finally, the nuclei
were stained with DAPI solution. After sealing, the cells were
observed under a confocal microscope and the images were
collected.

Cell Cycle Experiment

After irradiation of the cells by a-rays at doses of 0, 1.0, and
2.0 Gy, the cells were continued to be cultured for 12 h and
24 h. They were then collected in 15 mL centrifuge tubes
and centrifuged at 1500 r/min for 5 min. The resulting cell
precipitates were retained. Next, 300 mL of DNA staining
solution and 10 pL permeabilization solution were added,
vortexed for 5~10 s, and incubated at room temperature for
30 min. Finally, the cells were detected on a flow cytometer
(FACSVerse), and the results were expressed as the percentage
of cells in each phase.

Pyrosequencing

Total DNA was extracted from the cells using a DNA ex-
traction kit. The content, purity, and integrity of the extracted
DNA were examined. PyroMark Assay Design 2.0 was
adopted to design primers for the CpG sites in the TSS region
of the six differential genes. The primers for the differentially
methylated genes are shown in Supplemental Table S1.
PCR amplification was performed according to the PCR
kit. It is important to note that prior to detecting the PCR
amplification products, the raw PCR amplification products
need to be mixed with binding beads and washed with buffer
to extract the purified products. And then, the purified am-
plification products were detected on a pyrophosphate se-
quencer (QIAGEN) as described in the PyroMark Gold
Q96 Reagent Pyrophosphate Sequencing Kit. The recorded
experimental results were statistically analyzed.

Real-Time Fluorescence Quantitative PCR Detection

Total RNA was extracted from the cells using an RNA ex-
traction kit. The content, purity, and integrity of the extracted
RNA were examined. Reverse transcription reactions were
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performed. The primers involved in this test were synthesized
by Sangon Biotech (Shanghai) Co., Ltd., see Supplemental
Table S2.

Statistical Analysis

The experimental data are consistently expressed as the
mean + standard error. For the comparison of different ex-
perimental groups, we employ homogeneity of variance tests
and one-way analysis of variance (one-way ANOVA). In cases
where variances are homogeneous, the SNK test (Student-
Newman-Keuls method) is utilized; when variances are
heterogeneous, the Kruskal-Wallis H test is implemented.
Correlation analysis was conducted using Pearson’s correla-
tion coefficient to assess the strength and direction of the linear
relationship between variables. The SPSS 20.0 software was
used to analyze the data. P < .05 was considered statistically
significant.

Results

Effect of a-Particle Irradiation of Cells on the Rate of
yH2AX Foci Positive Cells After Irradiation

Following irradiation with different dosages (0, 1, and 2 Gy),
the cells were fixed at intervals of 1 h and 2 h post-exposure,
respectively. The presence of the DNA double-strand break
marker, YH2AX, was then detected employing an immuno-
fluorescence technique. the rates of YH2AX foci positive cells
were (16.83 +1.31)%, (38.93 £ 2.25)%, and (33.83 £ 1.76)%
at 1 h, respectively. The rates of YH2AX foci positive cells
were (17.67 +2.60)%, (35.17 = 1.99)%, and (26.77 + 1.80)%
at 2 h, respectively. The detailed results are shown Figure 1.
The rate of YH2AX foci positive cells was statistically higher
than that of the control group after irradiation of cells in
different dose groups for 1 h and 2 h, respectively (P < .05).

The rate of YH2AX foci positive cells in the 2.0 Gy dose group
was lower than that in the 1.0 Gy dose group (P < .05). These
results indicated that a-ray irradiation caused DNA double-
strand breaks, in which the DNA double-strand breaks in the
2.0 Gy group were lower than those in the 1.0 Gy group. In
addition, positive cell rate in different dose groups after 2 h of
irradiation shares the same trend with that in 1 h, but it is
slightly lower than the values at 1 h for the same dose group.

Cell Cycle Assay

The results of hepatocyte cycle detection at 12 h and 24 h after
irradiation with different doses were shown in Figure 2 and
Supplemental Table S3. The proportion of S-phase cells in
different groups after 12 h irradiation were (19.46 £ 0.86)%,
(20.15 £ 0.90)%, and (21.02 + 0.18)%, respectively
(Figure 2A). The proportion of S-phase cells in the 2.0 Gy
irradiation group was significantly higher than that in control
group (P < .05). The proportion of S-phase cells in different
groups after 24 h of irradiation increased to (22.87 + 1.74)%,
(27.16 = 1.25)% and (31.13 = 1.01)%, respectively
(Figure 2B). Compared with the control group, the proportion
of GO0/Gl-phase cells decreased, the proportion of G2/
M-phase cells increased, the proportion of S-phase cells
significantly increased (P <.05) in the 1.0 Gy and 2.0 Gy dose
groups, and the proportions of cells in different phases varied
in a gradient fashion in the 1.0 Gy and 2.0 Gy dose groups.
The trend in dose-dependent changes was more pronounced in
the results at 24 h compared to those at 12 h.

DNA Methylation Level of Different Genes

Methylation level assay data of different genes between
control group (0 Gy) and dose group (1.0 and 2.0 Gy) showed
in Figure 3A. The gene methylation level of CDK2AP1was
(90.83 + 1.47)% in dose group, which was significantly higher
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Figure |. Effect of different doses on the formation of y-H2AX foci positive cells. (A) YH2AX foci positive cell rate after irradiation at
different doses. (B) Immunofluorescence of cells irradiated with different doses for | h. The asterisks * and **represent P <.05 and P < .01,

respectively.
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Figure 2. The results of hepatocyte cycle detection at |12 h and 24 h after irradiation with different doses. (A) Changes in cell cycle after 12 h
irradiation at different doses. (B) Changes in cell cycle after 24 h irradiation at different doses. The asterisks * and **represent P < .05 and P <

.01, respectively.
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Figure 3. The results of methylation level of different genes. (A) Comparison of methylation levels between control group (0 Gy) and dose
group (1.0 and 2.0 Gy). (B) The trend of methylation levels in different dose groups. The asterisks * and **represent P < .05 and P < .0I,

respectively.

than (87.33 £ 1.15)% in the control group (P <.01). Similarly,
the gene methylation levels were (92.00 = 1.00)% and
(94.67 £1.63)% for PDGFRL, (52.67 £ 0.58)%, and (59.50 £
3.63)% for PCDHBI16, and (93.00 + 1.00)%, and (95.50 +
1.38)% for FAS in control and dose groups, respectively.
Taken together, the methylation levels of these genes in the
dose group were significantly higher than those in the control
group. Unlike the above, the methylation levels of
PRKAG2 were (3.33 + 1.53)% and (2.83 + 1.17)%, and the
methylation levels of HOXC4 were (82.00 £ 3.46)% and
(81.00 £ 1.90)% in control and dose groups, respectively. The
methylation levels of these two genes were not significantly
different from control group and dose group (P > .05).

In order to demonstrate the effect of radiation dose on
methylation, the dose groups were further divided into 1.0 Gy

low-dose group and 2.0 Gy high-dose group. The trends in
methylation levels of each gene between the three groups were
shown in Figure 3B and Supplemental Table S4. The meth-
ylation levels of CDK2AP1 and PCDHB16 genes differed
among the three groups of control, low-dose, and high-dose
groups (P < .05), and their methylation levels tended to in-
crease with increasing doses. Similarly, the methylation levels
of PDGFRL and FAS genes tended to increase with dose
elevation, but they were only significantly different between
the control and high-dose group (P < .05).

The results of the correlation analysis of CDK2AP1 gene
methylation levels with DNA damage and cell cycle were
shown in Table 1. The degree of DNA damage was reflected
by the rate of YH2AX foci positive cells and the cell cycle was
measured using the proportion of cells in S phase. The results
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showed that CDK2AP1 methylation level was positively
correlated with DNA damage and cell cycle, where the cor-
relation between CDK2AP1 methylation levels and DNA
damage result at 1 h and the correlation between
CDK2API1 methylation levels and cell cycle result at 24 h
were significant (P < .05). It was hypothesized that
CDK2API gene methylation alteration was involved in the
process of cellular DNA damage and cycle regulation.

The mRNA Expression Level

The mRNA expression levels of six genes were examined in
the cells of control group and two dose groups (1.0 and
2.0 Gy). As demonstrated in Table 2, the mRNA expression
levels of CDK2AP1, PDGFRL, PCDHB16, and FAS in low-
dose group were (0.800 + 0.114), (0.897 + 0.276), (0.655 +
0.066) and (0.575 + 0.078), respectively. The expression
levels of all four genes were decreased in dose groups. The
mRNA expression levels of PCDHB16 and FAS in high-dose
group were 0.309 +0.155 and 0.359 + 0.139, respectively, and
their mRNA expression levels decreased significantly with
increasing irradiation dose (P < .05). In contrast, the mRNA
expression levels of HOXC4 were 1.241 £0.196 and 1.311 £

Table I. Correlation Analysis of CDK2AP| Methylation Level With
DNA Damage and Cell Cycle.

Order Variables (h) Correlation Coefficients P
| DNA damage/| 0.665 .050
2 DNA damage/2 0.503 A7
3 Cell cycle/12 0.618 .075
4 Cell cycle/24 0.796 .01l0

Table 2. Relative Quantification Results of mMRNA of Target Genes
Among Three Groups.

Genes Groups  Dose/Gy 2Anc F P
CDK2API  Control 0 | 542 .066
Low-dose 1.0 0.800 + 0.114
High-dose 2.0 0.819 £ 0.216
PDGFRL Control 0 | 0.62 .73
Low-dose 1.0 0.897 + 0.276
High-dose 2.0 0.857 £ 0.216
PRKAG2  Control 0 | 142 49
Low-dose 1.0 0.953 + 0149
High-dose 2.0 1.246 + 0.355
PCDHBI16 Control 0 | 720 .027
Low-dose 1.0 0.655 + 0.066*

High-dose 2.0 0.309 + 0.155*

FAS Control 0 | 720 .027
Low-dose 1.0 0.575 + 0.078*

High-dose 2.0 0.359 + 0.139*

HOXC4 Control 0 | 249 29
Low-dose 1.0 1.241 £+ 0.196
High-dose 2.0 .311 +0.288

0.288 in low-dose group and high-dose group, which were
higher than those in the control group.

Furthermore, the correlation between methylation levels
and mRNA expression levels of each gene was analyzed. The
results in Table 3 showed that the methylation levels and
mRNA expression levels of genes CDK2AP1, PCDHBI16,
and FAS genes were significantly negatively correlated (P <
.05), while genes PDGFRL, PRKAG2, and HOXC4 did not
have significant correlations.

Discussion

Tonizing radiation is an inducer of DNA damage and an
epigenetic agent, and its genotoxicity to the organism is
different from that of chemical genotoxic agents. lonizing
radiation penetrates directly into cells or tissues and deposits
energy in cells in different ways, causing damage to cells and
tissues of the organism. The severity of this damage and the
biological consequences are related to the type of ionizing
radiation, radiation dose, etc. o particles are a type of ionizing
radiation and a high LET radiation source. When the body is
irradiated by a particles, it is more likely to cause changes in
intracellular signaling pathways, cell cycle progression, ap-
optosis, DNA damage repair, chromosomal aberrations, epi-
genetic inheritance, malignant transformation of cells, and
other biological effects.'>'®

o ionizing radiation can cause intracellular DNA double-
strand breaks (DSBs). In this case, ATM can bind to DSBs and
activate them by autophosphorylation phosphorylating his-
tone H2AX to YH2AX. Therefore, YH2AX is one of the
analytical markers of DSBs. YH2AX serves as a critical an-
alytical marker for the assessment of DSBs, with the number
of YH2AX foci correlating directly to the extent of DSBs
inflicted by ionizing radiation. Ding et al found the formation
of YH2AX by irradiating human peripheral blood lymphocytes
with a particles. Under the same dosage conditions, high LET
a-particles are more likely to induce damage to DSBs and
cause cell death than low LET vy-rays.'” In our study, the
positive cell rate of YH2AX foci in the dose groups was
significantly higher than that in the control group, indicating
that alpha particle irradiation can induce DNA DSBs and lead
to cell death. Furthermore, the observed decrease in the
YH2AX foci positive cell rate at the 2-hour time point

Table 3. Correlation Analysis Between Gene Methylation Level and
mRNA Expression Level.

Order Variables Correlation Coefficients P
| CDK2API —-0.722 .029
2 PDGFRL —0.186 .62
3 PRKAG2 0.113 .78
4 PCDHBI6 —0.936 .001
5 FAS —0.804 .009
6 HOXC4 0.148 .70
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compared to the 1-hour time point suggests that cells retain a
capacity for DNA repair following the occurrence of DSBs.
However, the results for the 2.0 Gy exposure were lower than
those for the 1.0 Gy exposure. It is speculated that the reason
for this phenomenon may be that the 2 Gy irradiation con-
ditions could lead to a greater number of cells dying directly
before the occurrence of DSBs, resulting in a reduced pro-
portion of detected YH2AX foci positive cells.

In this study, after a-particle irradiation, cells showed dif-
ferent levels of S-phase arrest at 12 and 24 h post-irradiation
when compared to the control group. The results at the 24-hour
time point were statistically significant (P <.05), indicating that
a-particle irradiation induced a certain degree of controlled cell
proliferation. These results are akin to the findings of Sun et al,
where a-particle irradiation caused a reduction in the G1 phase
duration and a prolongation of the S phase.'® This suggests that
DNA damage caused by radiation leads to compromised cell
proliferation and the induction of DNA double-strand breaks.
The activation of checkpoint regulatory factors in response to
this damage results in S-phase arrest, preventing the damaged
DNA from proceeding into mitosis.

The validation of the methylation levels of the selected six
differentially methylated genes was conducted using py-
rosequencing technology. The findings revealed that the
methylation levels of the CDK2AP1, PDGFRL, PCDHBI16,
and FAS genes in the cells of the dose group were significantly
higher compared to the control group (P < .05), whereas the
methylation levels of the PRKAG2 and HOXC4 genes showed
no significant difference when compared to the control group
(P > .05). Additionally, there was a negative correlation be-
tween the methylation levels of CDK2AP1, PDGFRL,
PCDHBI16, and FAS and their relative mRNA expression
levels, with statistically significant correlations observed for
CDK2API1, PCDHBI6, and FAS (P < .05). This indicates that
the expression of the CDK2AP1, PCDHBI16, and FAS genes is
subject to regulation by their methylation status, consistent with
the common understanding that DNA methylation in the
promoter region can suppress gene expression.

CDK2API is a cyclin-dependent kinase 2 (CDK2). Many
researches have shown that CDK2AP1 is closely related to the
cyclin-dependent kinase CDK2. CDK2AP1 interacts directly
with CDK2, and its overexpression inhibits the activity of
CDK2-associated kinases. It has a negative regulatory role in
S-phase DNA replication of the cell cycle.”'° The results of
the present study indicate that CDK2AP1 functions as an
antioncogene and a promoter of cell cycle arrest. The un-
derlying mechanism by which CDK2API regulates the
transition from G1 to S phase may be the CDK2AP1-mediated
decrease in CDK2 activity. This can be explained by the fact
that CDK2 can stimulate DNA replication by phosphorylating
the DNA polymerase-a-trimer complex, and thus the
CDK2API1-mediated decrease in CDK2 activity inhibits
DNA replication.'” In addition to regulating cell cycle and
DNA damage processes by modulating CDK2 activity,
CDK2API1 also serves as one of the key molecules in

epigenetic regulation. In other words, CDK2API, a specific
cell cycle regulator, has a dual role in cell cycle and epigenetic
regulation.?’

The methylation level of CDK2API in this experiment is
significantly elevated in a-particle irradiated cells. Moreover,
there exists a correlation between the methylation level of
CDK2API1 and DNA damage and cell cycle. Combined with
the gene function, it was hypothesized that CDK2AP1 plays a
role in DNA damage repair and cell cycle blockade caused by
o irradiation through cyclin E/CDK2, TGF-f1, and other
signaling pathways.

The PDGFRL gene was cloned by Fujiwara in 1995.%'-
Its protein structure has significant sequence similarity to the
ligand-binding domain of platelet-derived growth factor re-
ceptor B, and it is known as the PDGFR “like” protein. Gao
et al found that PDGFRL was highly expressed in liver cancer
tissues and cell lines, and was closely associated with the
clinical characteristics and overall survival of liver cancer
patients. Through PDGFRL knockdown experiments, it was
found that inhibition of the AKT/GSK-3p pathway led to
enhanced phosphorylation of cell cycle protein D1 (Cyclin
D1) and proteasomal degradation, which resulted in the arrest
of the cell cycle in the G1 phase, and ultimately inhibited the
growth of hepatocellular carcinoma tumors.”® Accordingly, it
can be concluded that PDGFRL can activate the expression of
Cyclin D1 through the AKT/GSK-3p pathway and promote
the proliferation of cancer cells.

Long-term low-dose ionizing radiation plays a role in
promoting cell proliferation mainly by promoting the ex-
pression of Cyclin D1 gene. Overexpression of Cyclin DI can
shorten the G1-S phase transition time of the cell cycle,
prompting the cells to cross the rate-limiting point and enter
the S phase, which results in the uncontrolled proliferation of
the cells.”*

In the present study, it was found that PDGFRL is hy-
permethylated in the irradiated group. This suggests that al-
tered methylation of PDGFRL may lead to changes in its gene
expression. However, there are no studies on the methylation
level of this gene. Based on our findings, in conjunction with
the mechanism of carcinogenesis by ionizing radiation, it is
hypothesized that the PDGFRL gene suppresses its gene
expression through hypermethylation, which may play a role
in the early stages of alpha radiation damage.

PCDHB16 is a member of the procalcitonin [ gene
cluster, which is one of the three related gene clusters
tandemly linked on chromosome 5. As a member of the
procalcitonin genes, PCDHB16 participates in a wide range
of important physiological functions and pathological
processes in the body through cell adhesion. Meanwhile,
PCDHB16 has also been found to play a role in autoimmune
processes. Methylation alterations of the PCDHB16 gene
were present in homophilic cell adhesion, intercellular cell
adhesion, cellular adhesion, and bioadhesion functions in
the GO functional analysis of advanced hepatocellular
carcinoma.?’
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FAS gene is a member of the tumor necrosis factor receptor
family. It plays a central role in the physiological regulation of
programmed cell death and has been implicated in the
pathogenesis of various malignant tumors and immune system
diseases. Abnormal methylation of the FAS gene is closely
associated with the development of various tumors. Elevated
methylation levels in the promoter region of the FAS gene are
an important cause of low or absent expression of FAS.
Meanwhile, the interaction between FAS and its ligand
(FASL) induces apoptosis.

This study found that after o particle irradiation, cells
undergo changes in biological effects that could potentially
trigger abnormal promoter methylation of certain genes, in-
cluding CDK2AP1, PDGFRL, PCDHB16, and FAS. How-
ever, the study only utilized a 241 Am source for the
experiments and did not include comparisons with low-LET
sources. Moreover, the experiments were validated using only
hepatocytes at the cellular level, without extending to other
cell types or to animal and human samples. Additionally, the
DNA methylation levels of these genes and their corre-
sponding protein translation levels have not been further
confirmed. There is substantial value in pursuing further
validation for genes that exhibit variations in mRNA ex-
pression, such as CDK2AP1, PCDHBI16, and FAS.

Conclusion

Following alpha particle irradiation, alterations in cellular
biological effects may trigger abnormal methylation of gene
promoters, including those of genes related to the cell cycle
(CDK2AP1), cell proliferation and development (PDGFRL),
cell adhesion (PCDHB16), and tumor necrosis (FAS). mRNA
expression analysis has shown a significant negative regula-
tory correlation between the methylation levels and the rel-
ative mRNA expression levels of CDK2AP1, PCDHBI16, and
FAS, which is consistent with the common understanding that
DNA methylation in the promoter region can inhibit gene
expression. It is speculated that changes in the methylation
status of the CpG islands in the promoters of these genes may
affect the regulation of mRNA expression, potentially con-
tributing to the development of radiation-induced diseases.
This suggests that the methylation alterations of the afore-
mentioned genes could be used as future biomarkers for alpha
radiation damage.

Acknowledgments

The authors are grateful to all the study participants.

Author Contributions

Conception and design of the research: Jingming Zhan and Xiaona
Gu; Drafting the manuscript: Xiangming Xue and Lixia Su; Article
structure design: Xiangming Xue; Statistical analysis: Teng Zhang;
Samples collection and detection: Xiangming Xue and Lixia Su;
Experimental management: Xiaona Gu; Acquisition of data:

Xiangming Xue; All authors read and approved the final version of
the manuscript.

Declaration of Conflicting Interests

The author(s) declared no potential conflicts of interest with respect to
the research, authorship, and/or publication of this article.

Funding

The author(s) received no financial support for the research, au-
thorship, and/or publication of this article.

Ethical Statement
Ethical Approval

The study was approved by Radiation Protection Research Institute
of China, Institute of Radiological Medicine and Environmental
Medicine, Laboratory Animal Management and Use Ethics Com-
mittee. (No. CIRP-TACHC-CRJ2024024).

ORCID iD

Xiaona Gu @ https://orcid.org/0009-0006-8152-3461

Supplemental Material

Supplemental material for this article is available online.

References

1. Dupont C, Armant DR, Brenner CA. Epigenetics: definition,
mechanisms and clinical perspective. Semin Reprod Med. 2009;
27(5):351-357.

2. Loomis D, Guha N, Hall AL, Straif K. Identifying occupational
carcinogens: an update from the IJARC Monographs. Occup
Environ Med. 2018;75(8):593-603.

IS, Hunter

Koshurnikova NA. Radiation risk of malignant neoplasms in

3. Labutina EV, Kuznetsova N, Harrison J,
organs of main deposition for plutonium in the cohort of Mayak
workers with regard to histological types. Health Phys. 2013;
105(2):165-176.

4. Goerlitz DS, Blancato J, Ramesh A, et al. Somatic mutation
signatures in primary liver tumors of workers exposed to ion-
izing radiation. Sci Rep. 2019;9(1):18199.

5. Bird A. Perceptions of epigenetics. Nature. 2007;447(7143):
396-398.

6. Koturbash I, Pogribny I, Kovalchuk O. Stable loss of global
DNA methylation in the radiation-target tissue-a possible
mechanism contributing to radiation carcinogenesis? Biochem
Biophys Res Commun. 2005;337(2):526-533.

7. Nishioka A, Ogawa Y, Mima T, et al. Histopathologic ame-
lioration of fibroproliferative change in rat irradiated lung using
soluble transforming growth factor-beta (TGF-beta) receptor
mediated by adenoviral vector. Int J Radiat Oncol Biol Phys.
2004;58(4):1235-1241.

8. Boxall C, Holgate ST, Davies DE. The contribution of trans-
forming growth factor-beta and epidermal growth factor


https://orcid.org/0009-0006-8152-3461
https://orcid.org/0009-0006-8152-3461

Dose-Response: An International Journal

11.

12.

13.

14.

15.

16.

17.

signalling to airway remodelling in chronic asthma. Eur Respir
J. 2006;27(1):208-229.

Guo FJ, Zhang WJ, Li YL, et al. Expression and functional
characterization of platelet-derived growth factor receptor-like
gene. World J Gastroenterol. 2010;16(12):1465-1472.
Lopez-Sainz A, Dominguez F, Lopes LR, et al. Clinical features
and natural history of PRKAG2 variant cardiac glycogenosis.
J Am Coll Cardiol. 2020;76(2):186-197.

Zhao Y, Xue F, Sun J, et al. Genome-wide methylation profiling
of the different stages of hepatitis B virus-related hepatocellular
carcinoma development in plasma cell-free DNA reveals po-
tential biomarkers for early detection and high-risk monitoring
of hepatocellular carcinoma. Clin Epigenet. 2014;6(1):30.
Abrahams VM, Kamsteeg M, Mor G. The Fas/Fas ligand system
and cancer: immune privilege and apoptosis. Mol Biotechnol.
2003;25(1):19-30.

Luo Z, Farnham PJ. Genome-wide analysis of HOXC4 and
HOXC6 regulated genes and binding sites in prostate cancer
cells. PLoS One. 2020;15(2):¢0228590.

Delhomme TM, Munteanu M, Buonanno M, Grilj V, Biayna J,
Supek F. Proton and alpha radiation-induced mutational profiles
in human cells. Sci Rep. 2023;13(1):9791.

Chauhan V, Howland M, Wilkins R. Effects of a-particle ra-
diation on MicroRNA responses in human cell-lines. Open
Biochem J. 2012;6:16-22.

Belchior A, Gil OM, Almeida P, Vaz P. Dose and time de-
pendence of targeted and untargeted effects after very low doses
of a-particle irradiation of human lung cancer cells. Dose Re-
sponse. 2012;11(3):431-446.

Ding D, Zhang Y, Wang J, et al. y-H2AX/53BP1/pKAP-1 foci
and their linear tracks induced by in vitro exposure to radon and

18.

19.

20.

21.

22.

23.

24.

25.

its progeny in human peripheral blood lymphocytes. Sci Rep.
2016;6:38295.

Sun L, Pan Y, Wang X, et al. Screening for potential biomarkers
in peripheral blood from miners exposed to radon radiation.
Dose Response. 2020;18(1):1559325820904600.

Matsuo K, Shintani S, Tsuji T, et al. p12(DOC-1), a growth
suppressor, associates with DNA polymerase alpha/primase.
FASEB (Fed Am Soc Exp Biol) J. 2000;14(10):1318-1324.
Wong DT, Kim JJ, Khalid O, Sun HH, Kim Y. Double edge:
CDK2AP1 in cell-cycle regulation and epigenetic regulation.
J Dent Res. 2012;91(3):235-241.

Kawata K, Kubota S, Eguchi T, et al. A tumor. Suppressor gene
product, platelet-derived growth factor receptor-like protein
controls chondrocyte proliferation and differentiation. J Cell
Biochem. 2017;118(11):4033-4044.

Fujiwara Y, Ohata H, Kuroki T, et al. Isolation of a candidate
tumor suppressor gene on chromosome 8p21.3-p22 that is
homologous to an extracellular domain of the PDGF receptor
beta gene. Oncogene. 1995;10(5):891-895.

Gao Y, Yang B, Wang G, et al. Knockdown of PDGFRL Inhibits
Tumor Growth Through the AKT/GSK-3/Cyclin D1 Pathway in
Hepatocellular Carcinoma. Rochester, NY: Social Science
Electronic Publishing; 2018.

Biliran HJ, Wang Y, Banerjee S, et al. Overexpression of cyclin
D1 promotes tumor cell growth and confers resistance to
cisplatin-mediated apoptosis in an elastase-myc transgene-
expressing pancreatic tumor cell line. Clin Cancer Res. 2005;
11(16):6075-6086.

Elboudwarej E, Cole M, Briggs FB, et al. Hypomethylation
within gene promoter regions and type 1 diabetes in discordant
monozygotic twins. J Autoimmun. 2016;68:23-29.



	Effects of α
	Introduction
	Materials and Methods
	Cell Culture
	Irradiation Methods
	Cellular DNA Damage Assay
	Cell Cycle Experiment
	Pyrosequencing
	Real
	Statistical Analysis

	Results
	Effect of α
	Cell Cycle Assay
	DNA Methylation Level of Different Genes
	The mRNA Expression Level

	Discussion
	Conclusion
	Acknowledgments
	Author Contributions
	Declaration of Conflicting Interests
	Funding
	Ethical Statement
	Ethical Approval

	ORCID iD
	Supplemental Material
	References


