Pre prints.org

Article Not peer-reviewed version

Screening and ldentification of
Potentials Molecules Involved in the
Radiation Induced Osteoblast Damage

Yunyun Cheng i ,Jiguo Lin, Gang Zhao, Chang Liu, Jie Feng, Chaonan Sun, Jialu Zhang , Luping Wang
Yannan Shen

Posted Date: 15 July 2024
doi: 10.20944/preprints2024071086.v1

Keywords: lonizing radiation; osteoblasts damage; osteoblasts differentiation; DNA damage; cell cycle

Preprints.org is a free multidiscipline platform providing preprint service that
is dedicated to making early versions of research outputs permanently
available and citable. Preprints posted at Preprints.org appear in Web of
Science, Crossref, Google Scholar, Scilit, Europe PMC.

Copyright: This is an open access article distributed under the Creative Commons
Attribution License which permits unrestricted use, distribution, and reproduction in any
medium, provided the original work is properly cited.



https://sciprofiles.com/profile/3686627

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 15 July 2024 d0i:10.20944/preprints202407.1086.v1

Disclaimer/Publisher’'s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and

contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting
from any ideas, methods, instructions, or products referred to in the content.

Article
Screening and Identification of Potentials Molecules

Involved in the Radiation Induced
Osteoblast Damage

Jiguo Lin *, Gang Zhao *, Chang Liu, Jie Feng, Chaonan Sun, Jialu Zhang, Luping Wang,
Yannan Shen * and Yunyun Cheng *

NHC Key Laboratory of Radiobiology, College of Public Health, Jilin University, Changchun, 130021, China
* Correspondence: ynshen@jlu.edu.cn (Y.S.); chengyy@jlu.edu.cn (Y.C.)
t Jiguo Lin and Gang Zhao contributed equally to this study.

Abstract: Bone injury is a common side effect of radiotherapy to tumors, which is a long-term
response after damage to osteoblasts, especially reducing osteoblasts proliferation and differentiation.
Currently, there are few studies on radiation-induced bone injury, the molecules involved in the
ionizing radiation (IR) induced osteoblasts damage remain need to be excavated. In this study, the
optimal IR damage conditions (8Gy, 2.22Gy/min) were firstly determined by measuring cell
proliferation, cell cycle, cell apoptosis and further cell differentiation and mineralization abilities and
the related genes (p-AKT, p-ERK1/2, cyclinB, BAX, BCL2, ALP, OPN, RUNX2, Collagen1) expression
level changes in radiation-induced osteoblast injury model. Then, we screened 26 differentially
expressed genes after the RNA-sequencing of the 8 Gy-irradiated MC3T3-E1 cells, and they were
mainly involved in DNA damage and repair, cell apoptotic progress and cell cycle regulation,
meanwhile, participated in several main pathway including PI3K-AKT signaling pathway, p53
signaling pathway and signaling pathway involved in cell cycle and cell senescence. We focused on
verifying the differential expression genes and confirmed the MDM2, NOTCH1, CDKN1A and GCLC
were upregulated after IR treatment, suggesting the key roles in the response of the IR. In addition,
regarding on our sequencing results, the DNA damage and repair were also verified and the results
suggested that IR induced DNA damage and repair in MC3T3-E1 cells. In summary, IR damaged
MC3T3-E1 cells by inhibiting cell proliferation, impacting cell cycle process, inducing cell apoptosis
and affecting the osteoblasts differentiation, which maybe due to the DNA damage and the differential
expression of the key genes (MDM2, NOTCH1, CDKN1A and GCLC).

Keywords: ionizing radiation; osteoblasts damage; osteoblasts differentiation; DNA damage; cell
cycle

1. Introduction

Radiotherapy remains one of the main treatments for various tumors, and bone injury is a
common side effect of radiotherapy. Radioactive bone injuries present as pathological fractures,
deformities, or even osteonecrosis. The probability of pathological fracture increased by 2%~6% after
pelvic tissue irradiation (Baxter et al., 2005). The main cause of the symptoms of bone damage is
osteopenia, including decreased bone mineral density and decreased osteocalcin. Clinical data
suggested that ionizing radiation (IR) led to a decrease of 8~23% in bone tissue (Hopewell, 2003).
Tumor invasion and pathological fractures caused by radiotherapy seriously affect the quality of life
of patients after treatment.

IR directly and indirectly causes tissue and organ damage during medical diagnosis and
treatment (Soriano et al., 2019). High-energy rays act on living organisms, excessive reactive oxygen
species (ROS) was produced by ionization of oxygen molecules and water molecules and resulted to
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oxidative stress chain reaction, and caused damage to neighboring cells and tissues through certain
signaling pathways. Random reactions of biological molecules, including DNA and protein (Shim et
al,, 2013), of which DNA is the target molecule of IR, the injury-induced DNA damage response
(DDR) activates several closely related signal transduction pathways, and these pathways form a
tight response mechanism, including cell cycle checkpoints (Santivasi et al., 2014) and cell apoptosis
(Lee et al., 2021), and then causes a series of biological effects. Data from both in vitro and in vivo
studies suggested that IR can affect bone formation by killing or damaging osteoblasts and reduced
bone density which is thought to be the long-term responses after damage to osteoblasts, especially
reducing osteoblast proliferation and differentiation (Zhang et al., 2018).

Currently, there are few studies on radiation-induced bone injury, the molecular mechanisms
by which ionizing radiation affects the differentiation and function of osteoblast cells remain
unknown. Therefore, this study aims to establish a radiation induced osteoblast injury model, to
screen and identify relevant factors involved in radiation injury of osteoblast through RNA-seq, so
as to provide basic data for the protection and repair of radioactive bone injury.

2. Materials and methods

2.1. Cell Culture and Osteoblast Differentiation Induction

The osteoblasts MC3T3-E1 cells were purchased from Hycyte biology (China) and were cultured
in a complete medium containing a-minimum essential medium (a-MEM, Gibco, USA), fetal bovine
serum (FBS, Gibco, USA), and 1% penicillin/streptomycin (p/s, Solarbio) at 37°C in a humidified
atmosphere of 5% COz. The osteoblast differentiation medium contained 10 mM {-glycerophosphate
(Sigma, USA), 50 pg/mL ascorbic acid (Sigma, USA), 10 nmol dexamethasone (Sigma, USA), 10% FBS,
and 1% p/s in an a-MEM medium.

2.2. CCK-8 Assay

CCK-8 kit (Saintbio, China) was used to detect cell proliferation. MC3T3-E1 cells (5x10°
cells/well) were seeded in 96-well plates in quintuplicate with a complete medium. Subsequently, a
total dose of 0, 2, 4, 6, 8 Gy (2.22 Gy/min) X ray radiation were administered to cells using PXI X-RAD
(American). 24, 48, 72 h after radiation, the cells were incubated with 10 pL. CCK-8 reagent to assess
cell viability using absorbance detected by a microplate reader (BioTek, USA) at 450 nm wavelength.

2.3. Clonogenic Assay

Clonogenic formation assay was performed after X ray radiation of gradient dose to evaluate
the proliferative ability of MC3T3-E1 cells. MC3T3-E1 cells (800 cells/well) in logarithmic growth
phase were cultured in 6-well plates with a complete medium for 24h. Cultured another 10 days after
X-ray radiation of 0, 2, 4, 6, 8Gy, cells were fixed with crystal violet and colonies were counted.

2.4. Cell Cycle Assay

MCB3T3-E1 cells (5x10° cells/well) were seeded in 6-well plates in quintuplicate with a complete
medium for 24h. After treated with gradient dose X-ray radiation, cells were digested with 0.25%
Trypsin Then, the cells were added anhydrous ethanol to fix for two hours at 4°C, followed by the
incubation of propidium lodide (PI) in a dark environment at room temperature for 30min to detect
the distribution of cell cycle using flow cytometry.

2.5. Cell Apoptosis Assay

Cell culture and preliminary treatment methods as described above. After multiple washing and
centrifugation of cells, cells were dissolved in binding buffer. Then, cells were incubated with
propidium lodide (PI) and Annexinv-FITC for 15min respectively following by the manufacturer’s
instructions of Annexin V-FITC/PI Apoptosis Kit in dark environment. Finally, these already
processed cells were detect by flow cytometry to analyze the apoptosis of cells.
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2.6. Alkaline Phosphatase (ALP) Staining and Quantification

Alkaline phosphatase staining was used to evaluate the mineralization capacity and
transformation degree of MC3T3-E1 cells. MC3T3-E1 cells (5x10° cells/well) were cultured in 6-well
plates overnight. After X-ray radiation of 0, 2, 4, 6, 8 Gy doses, cells were cultured with the osteoblast
differentiation medium in equal volume for 7 days and changed culture medium every 2 days.
Differentiated osteoblasts were fixed with 4% polyoxymethylene for 15 min, then incubated in dark
at room temperature for 3 h with a mixture of 5-bromo-4-chloro-3-indolyl-phosphate (BCIP) and
nitro-blue tetrazolium (NBT) reagents (Beyotime, China) and the stained osteoblasts cells was
observed and photographed by microscope.

ALP activity assay kit (Beyotime, China) and BCA protein assay kit (Beyotime, China) was used
to quantitatively analyze the activity of ALP. Differentiated osteoblasts were lysised and the ALP
activity and protein content was assessed using a microplate reader (BioTek, USA) at wavelengths of
520 and 595 nm, respectively, the ralative activaty of ALP was adjusted by the protein concentration.
Data analysis was conducted by GraphPad Prism 8.0 (San Diego, USA).

2.7. Alizarin Red Staining (ARS)

Alizarinred S (Sigma, USA) was used to determined extracellular matrix mineralization capacity
of MC3T3-E1 cells by detecting formed mineralized nodes which were chelated with calcium ions.
MC3T3-E1 cells (5x105 cells/well) were seeded in 6-well plates in quintuplicate with a complete
medium overnight. 80% confluenced cells were administered to a total dose of 0, 2, 4, 6, 8 Gy (2.22
Gy/min) X ray radiation and cultured for 21 days with the osteoblast differentiation medium. The
osteoblast cells were fixed with 4% paraformaldehyde for 15 min, followed by the staining of 500 uL
of 1% ARS (pH 4.2) solution for 30 min. Finally, the stained osteoblasts cells was observed and
photographed by microscope. After that, these stained calcium nodules of osteoblasts cells were
incubated with 10% cetylpyridinium chloride (Sigma, USA) and quantization by the absorbance at
562nm wavelength through a microplate reader (BioTek, USA).

2.7. Immunofluorescence (IF)

Immunofluorescence of y-H2AX and 53BP1 was used to detect DNA damage and repair
reaction. MC3T3-E1 cells were cultured on Lab-Tek culture slides in 6-well plates in a complete
medium. Before immunostaining , cells were administered with a total dose of 0, 2, 4, 6, 8 Gy (2.22
Gy/min) X ray radiation. 3h after radiation, cells were fixed and permeabilized with 4%
paraformaldehyde and 0.5% TritonX-100 for 15min and blocked in 5% BSA for 1h at 37°C. The y-
H2AX was detected by mouse anti-yH2AX monoclonal antibody (CST, USA) and 53BP1 was detected
by rabbit anti-53BP1 monoclonal antibody (CST, USA) at 4°C for one night. Subsequently, cells were
incubated with FITC-conjugated goat anti-mouse secondary antibody and rhodamine-conjugated
goat anti-rabbit secondary antibody for 1h at room temperature away from light. The cell nuclear
was counterstained with DAPI for 20min. The images was observed under a Fluorescence
Microscope.

2.8. Quantitative Real-Time PCR Analysis (RT-gPCR)

After functionally graded radiation, MC3T3-E1 cells were lysed using TRIzol reagent
(Invitrogen, USA), the total RN A was extracted by chloroform and isopropanol. After washed by 75%
ethanol, total RNA was dissolved in RNase-Free water up to 20uL, the concentration of RNA was
determined by microplate reader (BioTek, USA) using absorbance wavelength at 260nm. The reverse
transcriptional reaction and construction of real-time PCR system were performed by Evo M-MLV
RT Mix Kit (Takara, Japan) with gDNA clean for RT-qPCR following the manufacturer’s instructions.
The primer sequences used in this experiment are shown in Table 1.
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Table 1. Primers for RT-qPCR assays for detecting the expression of target genes.
e 53 e iR
Ceinh NS pcocracramacoanore msae P 1
o IGGIGMTTOOCR
I - s LR
oy o TAATTOCEONIECES e oy
RUNGZ NMLORDS cgacccanacaraeTTIGE e ¥ 4
AP NI GacacaTieTiooaTACATIer s P 1
s e GGG oy
e g RAIGOCTOMOCEIG e,
MDM?2 NM_010786.5 F: CAGCAGCACATTGTGTATTGTTC 437-459 59 134

R: GAGTCTTGCTGACTTACAGCCAC 548-570

F: CCTGCTCACTCTCACAGAGTACA 618-640
NOTCHI NM_008714.3 R: CAGCGACAGATGTATGAAGACTC 739-761 % 144

F: TGTGAATTTACTGGACAGATTCTTGT 442-467
CCNGI NM_009851.3 R: CGTGAACCTATACTGACTTATTCGG 580-604 % 163

F: GAATAGCTTCTCCAGCAATGATTAC 241-265

STAGI NM_009282.5 R: CAGCATCAGAGTGGGCAGTAGT 303-324 > 84
. F: TGATTGTGAAACCCGTTACCT 1464-1484 171
Asicl NM_009597.2 R: AGGTTGCAGGGCATCTCAC 1616-1634 5
‘ F: TTCCAGCCTTCCTTCTTGG 893-911
pactin NM_007393-5 R: TTGGCATAGAGGTCTTTACGG 976-996 > 1o4

“The start base was the first base of the sequence of GenBank accession we referred to.

The RT-qPCR reaction steps were contained 1 cycle of 95°C for 3 min, 40 cycles of 95°C for 15 sec
and 59°C for 10 sec. 3-actin was used as internal control gene and the relative expression levels of
interested genes were calculated by the 2— 24¢T method.

2.9. Western Blot Analysis

All of the irradiated cell samples were extracted using Western and IP Cell lysis Buffer
containing 1% protease inhibitor and phosphatase inhibitor to get total protein. In order to evaluate
the levels of differentially expressied proteins, western blot was used to separate extracted total
proteins by 8% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). PVDF
membrane was used to transfer the separated proteins after protein gel electrophoresis and it was
blocked by 10% nonfat milk powder in TBST for 1h. The membrane was incubated overnight at 4°Cby
primary antibodies specific to Phosphorylated-AKT (Proteintech, China), Phosphorylated-ERK1/2
(Proteintech, China), CyclinB (HUABIO, China), BAX (HUABIO, China), BCL2 (HUABIO, China),
OPN (Wanleibio, China), RUNX2 (Wanleibio, China), Collagenl(Proteintech China),
Cdknla(Abways, China), MDM2 (Proteintech China), GCLC(Abways, China), NOTCH1(Abways,
China), STAGI1 (UpingBio, China), p-actin (BBI, China) and HRP-conjugated secondary antibody
(BBI, China) for 1h at room temperature. The aimed protein signals were detected and captured by
ChemiDoc-1t610 Imaging System (America, UVP) using high sensitivity ECL Kit (Beyotime, China).
Quantitative analysis of grayscale values was performed by GenoSens Analysis (Clinx Science
Instruments, China), and [3-actin was used as control.

2.10. RNA Sequencing and Bioinformatics Analysis

This section of RNA sequencing data was provided by BGI-Tech (China, Shenzhen) and the
specific steps are as follows. The group of 8Gy X-ray radiation and control group were set up with
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three samples in each group. Total RNA was purified by RNeasy spin column with 500 uL Buffer
PRE for three times, purified RNA was dissolved in 35 uL RNase-free water and collected. Took small
volume of RNA sample and added Oligo-dT Primer, performed RNA denaturation using Instrument
for PCR. SMART amplification was used to synthesize cDNA and performed a quality control of
cDNA enriched in reverse transcription reaction to construct a RN A-Seq library. Subsequently, cDNA
of PCR products were denatured into single strand and obtained single stranded circular DNA
through DNA cyclization reaction. Single stranded circular DNA molecules were replicated to form
a DNA nanosphere (DNB) containing multiple copies. The obtained DNBs would be added to DNA
microarray chip to perform sequencing through Combinatorial Probe-Anchor Synthesis (cPAS). The
raw data obtained from sequencing was removed low-quality reads using SOAPnuke (v1.5.6),
followed by Dr.Tom (https://biosys.bgi.com) to perform differential expression gene analysis,
pathway and gene functional annotation, visualization of identified genes through bioinformatics
analysis.

2.11. Statistical Analysis

All statistical analyses were performed by GraphPad Prism 8.0 software (San Diego, USA), and
the data were presented as mean + standard error. Differences were compared using unpaired
Student’s t-tests for two groups or one-way ANOVA for multiple groups. P-value < 0.05 was
considered statistically significant. (P < 0.05; ##P < 0.01).

3. Results

3.1. The Effect of the Radiation on the Proliferation of the MC3T3-E1 Cells

We first measured the proliferation ability of MC3T3-E1 cells after gradient dose irradiation
using cck-8 assay. The results showed that the proliferation ability of cells was markely inhibited after
6 Gy or 8 Gy (P<0.01) irradiation and the most significant decrease was observed in 72 h (Figure 1A).
Similarly, the clonogenic formation assay also showed that as the radiation dose increased, the
proliferation ability of MC3T3-E1 cells gradually decreased (Figure 1B). Meanwhile, available data
had reported that PI3K-AKT and ERK signaling pathways have the function to pro-proliferation of
osteoblasts (Zhang etal., 2022; Wang et al., 2021). Western Blot analysis shown that the expression
level of phosphorylated AKT and ERK proteins were significantly downregulated after 8 Gy
radiation (Figure 1C,D).
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Figure 1. Effect of different doses ionizing radiation on the cell survival of the MC3T3-E1 cells. A.
The cell viability of the MC3T3-E1 cells 24, 48 and 72h after 0, 2, 4, 6, 8 Gy IR treatment detected by
CCKS8 assay. B. The clonogenic formation ability of the MC3T3-E1 cells after 0, 2, 4, 6, 8 Gy IR
treatment detected by crystal violet staining. C.The cell proliferation related genes p-AKT and p-
ERK1/2 expression changes detected by western blot assay. D. The quantification of the western blot
bands in C.

3.2. The Effect of the Radiation on the Cell Cycle of the MC3T3-E1 Cells

The majority of experiments have shown that irradiation lead to cell cycle modification, finally
resulting in division delay of mitosis progress in a dose-dependent manner. However, the form of
cell cycle arrest varies between cells. Thus, the cell-cycle distribution of MC3T3-E1 cells exposed to
radiation was examined by means of flow cytometry. There was an significant increase in the
proportion of MC3T3-E1 cells in the G2 phase after the 6 Gy or 8 Gy irradiation compared to the 0 Gy
group (P<0.01) , while the cells in G1 and S phase did not change significantly (Figure 2A,B). To
confirm the G2/M phase arrest had occurred, we further monitored the G2/M checkpoint-associated
protein and found that there existed an enhancement of cyclin B expression at certain dose both at
mRNA (P<0.05) (Figure 2C) and protein levels compared to the 0 Gy group (P<0.05) (Figure 2D ).
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Figure 2. Effect of different doses ionizing radiation on the cell cycle distribution of the MC3T3-
E1 cells. A. The cell cycle detection of the MC3T3-E1 cells 24 h after 0, 2, 4, 6, 8 Gy IR treatment by
flow cytometry. B. The cell cycle distribution analysis after 0, 2, 4, 6, 8 Gy IR treatment. C.The cyclin
B gene mRNA level changes after 0, 2, 4, 6, 8 Gy IR treatment by RT-qPCR assay. D. The cyclin B gene
protein level changes after 0, 2, 4, 6, 8 Gy IR treatment by western blot assay.

3.3. The Effect of the Radiation on the Cell Apoptosis of the MC3T3-E1 Cells

Apoptosis is an actively genetically-directed programmed cell death process. It is initiated by
certain signals that govern the removal of dying or harmful cells and apoptosis-associated genes are
expressed in an orderly manner during this process. In our experiments, we analyzed irradiated
MC3T3-E1 cells using flow cytometry to determine the relationship between apoptosis and
irradiation dose. As expected, radiation exposed to MC3T3-E1 cells led to a gradual increase of the
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ratio of apoptotic cells in a dose-dependent manner (Figure 3A,B). This is fundamentally the same
apoptosis state as that exhibited by other cells we have previously studied. After that, we also found
that ionizing radiation significantly promoted the expression of intracellular pro-apoptosis proteins
Bax (P<0.05) (Figure 3C,E) and decreased the expression of apoptosis-inhibited gene BCL2 (P<0.05)
(Figure 3C,E) as determined by RT-qPCR and western blot analysis.
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Figure 3. Effect of different doses ionizing radiation on the cell apoptosis of the MC3T3-E1 cells.
A. The cell apoptosis of the MC3T3-E1 cells 24 h after 0, 2, 4, 6, 8 Gy IR treatment by flow cytometry.
B. The cell apoptosis rate after 0, 2, 4, 6, 8 Gy IR treatment. C. The BAX gene mRNA level changes
after 0, 2, 4, 6, 8 Gy IR treatment by RT-qPCR assay. D. The BCL2 gene mRNA level changes after 0,
2,4, 6,8 Gy IR treatment by RT-qPCR assay. E. The BAX and BCL2 protein level changes after 0, 2, 4,
6, 8 Gy IR treatment by western blot assay.

3.4. The Effect of the Radiation on the Cell Development of the MC3T3-E1 Cells

Osteoblasts are the main functional cells for bone formation, responsible for the synthesis,
secretion, and mineralization of bone matrix. Osteoblasts are rich in ALP, which can reflect the
differentiation ability of MC3T3-E1 cells. In irradiated cells, the ranges stained with ALP were clearly
reduced in a dose-dependent manner (Figure 4A) and it was found that the degree of reduction after
high dose radiation was extremely significant through statistical analysis (P<0.05) (Figure 4B). The
number of mineralization nodes chelated with calcium ion after ARS staining which reflected the
mineralization ability of MC3T3-E1 cells was apparently reduced after gradient dose irradiation
(Figure 4A), which also confirmed by the quantization analysis (Figure 4C).

To conduct further research on the development of MC3T3-E1 cells after radiation, we detected
the mRNA or protein expression levels of 4 common intracellular factors that were thought to be
associated with osteoblast differentiation and mineralization. Consistent with the result of ALP
staining, intracellular ALP was also reduced at the transcriptional level. In parallel, the genes Runx2,
Opn, Collagenl affecting the development of MC3T3-E1 cells, whether at the protein levels or at the
mRNA levels were decreased significantly after exposure to ionizing radiation(Figure 5) (P<0.05).
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Figure 4. Effect of different doses ionizing radiation on the cell differentiation and mineralization
abilities of the MC3T3-E1 cells. A. Representative images of the MC3T3-E1 cell differentiation detected
by ALP staining and the mineralization detected by ARS staining after 0, 2, 4, 6, 8 Gy IR treatment. B.
Quantitative analysis of the ALP activity. C. Quantitative analysis of the ARS activity using 10%
cetylpyridinium chloride. .
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Figure 5. Cell differentiation and mineralization related genes detection of the MC3T3-E1 cells after
different doses ionizing radiation. A. The ALP gene mRNA level changes after 0, 2, 4, 6, 8 Gy IR
treatment by RT-qPCR assay. B. The OPN gene mRNA level changes after 0, 2, 4, 6, 8 Gy IR treatment.
C. The RUNX2 gene mRNA level changes after 0, 2, 4, 6, 8 Gy IR treatment. D. The Collagen 1 gene
mRNA level changes after 0, 2, 4, 6, 8 Gy IR treatment. E. The OPN, RUNX2, Collagnen1 protein level
changes after 0, 2, 4, 6, 8 Gy IR treatment.

3.5. Screening of the Potentials Molecules Involved in the Radiation Induced Osteoblast Damage
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The RNA sequencing based on high-throughtput technology was used to obtain a whole mRNA
expression information after treated by 8Gy radiation on MC3T3-E1 cells. According to the
sequencing results of BGI-Tech, we identified 26 differentially expressed genes in MC3T3-E1 cells
after 8Gy radiation. Among these genes, 22 genes were upregulated while 4 genes were
downregulated (Figure 6A). The differentially expressed genes were performed GO category analysis
of Biological Progress (BP) and indicated that the differentially expressed genes were mainly
involved in DNA damage reaction and repair, apoptotic progress and cell cycle regulation, especially
G2/M arrest (Figure 6C). Meanwhile, we further used the different expressed genes to enrich the
KEGG pathways. The results of identified KEGG pathways indicated that these genes were
participated in several main pathway including PI3K-AKT signaling pathway, p53 signaling
pathway and signaling pathway involved in cell cycle and cell senescence (Figure 6D). Then, we
displayed the signaling pathways enriched by some major differentially expressed genes through
KEGG CENT plots, these genes of MDM2, NOTCH1, CDKN1A, CCNG, ITGB7 had performed most
of biological functions (Figure 6B). These annotation information provided a quantity of reference to
understand the latent molecules and potential signaling pathways involved in osteoblast damage
after radiation.
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Figure 6. Analysis of the RNA-sequencing results between the 8 Gy treatment (IR) and Control
group (CON) MC3T3-E1 cells. A. Heatmap of the differentially expressed genes in MC3T3-E1 cells
after 8Gy radiation. B. PPI network of differential genes. C. Pathway analysis of differential genes
arranged into functional groups by GO enrichment. D. Genes differentially expressed were selected
for gene ontology analysis.

3.6. Validation of Potentials Molecules Involved in the Radiation Induced Osteoblast Damage

Considering the cellular effects of ionizing radiation and the biological functions we enriched
through the RNA-seq, the expression level of the key molecules MDM2, NOTCH1, CDKN1A, CCNG,
GCLC, STAGI and ASIC1 were detected by RT-qPCR and western blot, and the results showed that
after 8 Gy irradiation, the RNA level of MDM2, NOTCH1, CCNG and GCLC were all significant
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upregulated (P<0.05) and that of the Stagl was downregulated (Figure 7A), the protein level of
CDKN1A, MDM2, NOTCH1 and GCLC were upregulated and the Stagl was decreased (Figure 7B).
The above results confirmed our sequencing results basically
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Figure 7. Validation of potentials molecules after 8 Gy ionizing radiation. A. Differential genes
(CDKN1A, MDM2, CCNG, GCLC, NOTCH1, STAG1 and ASIC1) validation by RT-qPCR assay. B. The
differential genes were further validated by western blot asssay.

3.7. Confirmation of the DNA Damage of Radiation on MC3T3-E1 Cells

The toxic effects of ionizing radiation can lead to multiple types of DNA damage including DNA
strand breakage and DNA cross-linking, but DNA double strand break (DSB) is generally considered
the most severe. DSB induces a rapid formation of damage leisons which contain the phosphorylated
form of the H2AX (y-H2AX) and recruits many relevant factors such as 53BP1 for DNA damage repair.
Therefore, we used immunofluorescence to detect y-H2AX comprised damage foci and 53BP1
comprised repair foci. Three hours after irradiation of MC3T3-E1 cells at 8 Gy, we had observed
extremely significant y-H2AX damage signals (Figure 8A). Perhaps due to physical injure during cells
treated progress, the unirradiated MC3T3-E1 also detected few y-H2AX signals. At the same time,
immunofluorescence staining analysis also showed that the cells exhibited high-levels of DNA
damage repair foci signals of 53BP1 after irradiation compared to the control (Figure 8B).
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A DAPI y-H2AX Merge

B DAPI 53BP1 Merge

Figure 8. DNA damage and repair of MC3T3-E1 cells detection by immunofluorescence after 8 Gy
ionizing radiation. A. The DNA damage foci detected by the immunofluorescence of y-H2AX. B. The
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DNA damage repair detected by the immunofluorescence of 53BP1.

4. Discussion

Radiotherapy is still one of the major treatments for tumors and is accompanied by adverse late
effects ineluctably, including its damage to the bone within the radiation field (Karali et al., 2023),
which leads to a spectrum of bone changes from mild osteopenia to osteoradionecrosis with an
increased risk of fractures particularly in patients receiving radiotherapy in the pelvic region (Uezono
et al, 2013; Chan et al., 2016). Understanding the mechanisms behind these adverse effects of
radiation on bone and identifying effective therapeutic target for such bone disorders is imperative
to improve the quality of life for these patients.

Preclinical and cell culture studies indicate that radiation impacts bone formation by decreasing
the number of osteoblasts, arresting their cell cycle progression, altering their differentiation ability,
and sensitizing them toward apoptosis signals (Dudziak et al., 2000; Gal et al., 2000; Matsumura et
al.,, 1996; Szymczyk et al., 2004). Currently, no systematic study on ionizing radiation-induced
osteoblast injury has been reported. Therefore, in this study, the optimal IR damage dose was firstly
determined by establishing a radiation-induced osteoblast injury model to measuring cell
proliferation, cell cycle, cell apoptosis and further cell differentiation and mineralization abilities.
According to our experimental results, when 4 Gy ionizing radiation was used to damage osteoblasts,
the cell survival and cell differentiation ability were significantly inhibited, and the apoptosis rate
was increased significantly, after 6 Gy and 8 Gy treatment, the G2 phase of the cell cycle also showed
a significant impact. Synthetically considering the influence on the survival and development ability
of osteoblasts, as well as the related genes (p-AKT, p-ERK1/2, cyclinB, BAX, BCL2, ALP, OPN,
RUNX2, Collagenl) expression level changes, we chose 8 Gy dose (2.22 Gy/min) as the radiation
condition for osteoblasts injury.

Then we screened 26 differentially expressed genes after the RNA-sequencing of the 8 Gy-
irradiated MC3T3-E1 cells, which were considered as the key factors involved in radiation damage
to osteoblast cells. Further, the differentially expressed genes were performed GO category analysis
and KEGG enrichment, suggested these genes were mainly involved in DNA damage and repair, cell
apoptotic progress and cell cycle regulation, meanwhile, participated in several main pathway
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including PI3K-AKT signaling pathway, p53 signaling pathway and signaling pathway involved in
cell cycle and cell senescence. Behind this, the genes of MDM2, NOTCH1, CDKN1A, CCNG, GCLC,
ITGB7, STAGI and ASIC1 had performed most of biological functions. We focused on verifying the
differential expression of the upregulated genes MDM2, NOTCH1, CDKN1A, CCNG, GCLC and the
downregulated genes STAGI and ASICI according to the NCBI annotation, and found that the
expression of MDM2, NOTCH1, CDKN1A and GCLC were indeed upregulated after IR treatment,
suggesting the key roles in the response of the IR. Among which, the MDM2 is an intracellular
molecule with diverse biological functions. It was first described to limit p53-mediated cell cycle
arrest and apoptosis, hence, generated a rationale for being a potential therapeutic target in cancer
therapy (Nayak et al., 2018; Bhatia et al., 2023; Wang et al., 2024). With the insight into it, MDM2 is
also required for organ development and tissue homeostasis since unopposed p53 activation leads to
p53-overactivation-dependent cell death (Gannon et al., 2011; Molitoris et al., 2009; Hagemann et al.,
2013; Fledderus et al., 2013). In addition, many studies have indicated that MDM?2 related to the
radiation sensitivity of tumor cells, the expression of MDM?2 is induced in response to DNA damage,
high levels of Mdm?2 protein are thought to shorten the length of the cell cycle arrest established by
P53 in the radiation response (Alimova et al., 2022; Cai et al., 2023, Perry, 2004). It is known that
radiation can induce Notchl activation in breast CSCs (Lagadec et al., 2013). A study had reported
the changes in Notch signaling following radiation, however they did not obtain a strong relation
between the upregulation of Notchl expression and suppression of osteoblast differentiation (Yang
et al., 2013), which maybe attribute to the lower radiation dose. CDKN1A, also named p21, a critical
gene in cell cycle regulation. Study has confirmed the radiation inhibits cell proliferation through cell
cycle arrest by enhancing p21 expression (Kim et al., 2004), which was consistent with our results.
GCLC, an antioxidant enzyme, was demonstrated to facilitate radioresistance via modulating the
cellular ROS levels (You et al., 2022), which is a common cell response of the IR. For the PI3K-AKT
signaling pathway enriched, we have verified in the cell proliferation related genes. The above genes
and pathways validated provide a deep understand of the latent molecules involved in osteoblast
damage after radiation to us.

Moreover, DNA damage and repair actions were the basic effects of the radiation, meanwhile
regarding on our sequencing results, the DNA damage and repair were detected in our study, and
the immunofluorenscence staining results suggested that IR could induce DNA damage in MC3T3-
E1 cells and the osteoblasts might mobilize relevant cytokines to regulate the repair response after
DNA damage caused by ionizing radiation.

In conclusion, we demonstrate that IR damaged MC3T3-El1 cells by inhibiting cell proliferation,
impacting cell cycle process, inducing cell apoptosis and affecting the osteoblasts differentiation,
which maybe due to the DNA damage at the cellular level, and the differential expression of the key
genes (MDM2, NOTCHI1, CDKN1A and GCLC ) maybe the intrinsic factor in molecular perspective.
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