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Abstract

Objective: Osteosarcomas are derived from bone-forming mesenchymal cells that are insensitive to radiation.
This study aimed to investigate the radiosensitization of osteosarcoma cells (U20S and K7M2) using the PARP
inhibitor olaparib combined with X-rays or carbon ions (C-ions).

Methods: The effect of olaparib on the proliferation of osteosarcoma cells after irradiation was assessed using
CCK-8 and clone formation assays. Cells were treated with olaparib and/or radiation and the effects of olaparib
on the cell cycle and apoptosis were analysed by flow cytometry after 48h. Inmunofluorescence was used to
stain the nuclei, y-H2AX, 53BP1, and Rad51 proteins, and the number of y-H2AX, 53BP1, and Rad51 foci was
observed under a fluorescence microscope. The effect of olaparib combined with radiation on double-stranded
DNA breaks in osteosarcoma cells was evaluated.

Results: At the same radiation dose, olaparib reduced the proliferation and colony formation ability of
irradiated osteosarcoma cells (P < 0.05). Olaparib monotherapy induced minimal apoptotic effects and G2/M
phase arrest in osteosarcoma cells and irradiation alone induced moderate apoptosis and G2/M phase arrest.
However, radiation combined with olaparib significantly increased the percentage of apoptotic cells and G2/M
phase arrest in osteosarcoma cells (P < 0.05). Immunofluorescence experiments showed that compared to the
radiation group, the formation of y-H2AX and 53BP1 foci was significantly increased in the combined group (P
< 0.05). The expression levels of Rad51 foci in the irradiated group were higher than those in the control group
(P < 0.05). However, the number of Rad51 foci in the combined group was significantly decreased (P < 0.05).

Conclusion: The PARP inhibitor olaparib combined with irradiation (X-rays or C-ions) enhanced the
radiosensitivity of osteosarcoma cell lines (U20S and K7M2). Our findings provide a potential theoretical basis
for the clinical application of olaparib in overcoming radiation resistance in osteosarcoma.
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Introduction

Osteosarcoma is derived from bone-forming and adolescents [1-3]. The comprehensive treatment
mesenchymal cells and is the most common  of osteosarcoma based on surgery, chemotherapy,
malignant tumour of the bones, especially in children = and radiotherapy has gradually become a consensus
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in China, Europe, and North America [4]. However,
surgical resection of some osteosarcomas adjacent to
complex structures, such as the pelvis and axis, is
difficult to achieve [4-6].

Based on previous results of conventional
photon radiotherapy (RT), sarcomas are considered
insensitive to radiation [7] because higher doses (> 70
Gy) are difficult to achieve using photon RT
techniques [8, 9]. Carbon ions RT (C-ions RT) is an
advanced RT technique that is increasingly utilised in
Asia and Europe [10]. The excellent physical
advantages (Bragg peak effect) of C-ions RT provide
better protection for normal tissues. In addition,
C-ions RT has a higher relative biological
effectiveness (RBE), which is especially beneficial for
radio-resistant tumours, such as osteosarcoma [10-12].
In our previous systematic review of C-ions RT for
osteosarcoma, the local control (LC) rates at 2, 3, and
5 years were 73.1%, 69.2%, and 61.5%, respectively
[10]. Although the LC rates of C-ions RT were
significantly improved compared to those of photons,
the failure modes were still local recurrence and
distant metastasis [10]. Matsunobu et al. reported that
in 78 patients with unresectable trunk osteosarcomas
who received C-ions RT, the rates of local recurrence
and distant metastases were 26.9% and 52.6%,
respectively [13]. Therefore, the identification of
suitable radiosensitisers may be an effective way to
improve local control and reduce recurrence or
metastasis.

Radiation can cause DNA damage in cells
through direct and indirect action, resulting in
single-strand breaks (SSBs) and double-strand breaks
(DSBs). Unrepaired DSBs can lead to cell death [14,
15]. Poly (ADP-ribose) polymerases (PARP) are DNA
repair enzymes that are widely expressed in the nuclei
of mammalian cells and are involved in several DNA
repair pathways, including SSB repair, DSB repair,
and chromatin remodeling [16-19]. Inhibition of PARP
leads to the increased accumulation of DNA damage
and enhanced cytotoxicity. PARP inhibitors (PARPj)
have the potential to increase radiation damage,
which has been reported in melanoma, gynecologic
cancer, chondrosarcoma, glioblastoma high-grade
serous ovarian carcinomas, and hypopharyngeal
cancer [20-25]. Moreover, tumour cells with deficient
homologous recombination (HR) repair mechanisms,
including BRCA1/2-mutated tumours and BRCA-like
tumours (tumours with HR-related gene mutations
except for BRCA1/2 mutations—i.e., BRCAness), are
more sensitive to PARPi due to the "synthetic lethality
effect" [26, 27].

Based on exome sequencing, osteosarcoma may
exhibit a specific genome instability signature
characteristic of a BRCA deficiency or BRCA-like

tumours [28]. Olaparib (originally called AZD2281) is
a pan-PARP inhibitor commonly used to treat
BRCA1/2-mutated or BRCA-like tumours [26, 27].
This study aimed to reveal the radiosensitizing effect
of olaparib when combined with X-rays or C-ions
irradiation in osteosarcoma cell lines, which may
improve the therapeutic efficacy of radiotherapy on
osteosarcoma.

Materials and Methods

Cell cultures

The human osteosarcoma cell line U20S
(HTB-96) and murine osteosarcoma cell line K7M2
(CRL-2836) were purchased from ATCC. The two
osteosarcoma cell lines were cultured in DMEM
(HyClone™, Logan, UT) with 10% (v/v) foetal bovine
serum (FBS; HyClone™, Logan, UT, USA), 100 U/ml
penicillin, and 100 mg/ml streptomycin (Life
Technologies). All cells were cultured in an incubator
with a constant temperature of 37 °C and a humidified
5% CO, atmosphere.

Irradiation condition

For X-rays irradiation, a photon beam was
delivered using an X-RAD225 OptiMAX irradiator
(Precision X-Ray, USA). The ray parameters were as
follows: a tube tension of 225 kV and a corresponding
dose rate of 2 Gy/min).

The C-ions beam was obtained from a heavy-ion
medical machine (HIMM) at Lanzhou Heavy Ion
Hospital. The ray parameters are as follows: energy of
120 MeV/u, with an ion linear energy transfer (LET)
of 80 keV/pm at the centre of the spread-out Bragg
peak, and a dose rate of 2 Gy /min.

Exome gene sequencing of cell lines

Exome sequencing was performed on the U20S
and K7M2 cell lines. Mutations in DNA repair gene
sequences, especially homologous recombinations,
were analysed. After obtaining the Sequenced Reads,
information analysis procedures, including sequen-
cing data quality assessment, mutation detection,
mutation annotation, and statistics were performed in
the presence of reference sequences or reference
genomes (GRCm37/mm9). Bioinformatics analysis
were performed using the FASTP v0.12.4 software for
data filtering and quality control. BWA-MEM2 v2.2.0
was then used for alignment; the GATK v4.2.2.0
pipeline was used to produce BAM files, and
Mosdepth v0.2.9 was used for quality control of the
BAM files, according to the Broad Institute
recommendations.

Bioinformatic analysis
Data on osteosarcoma were obtained from
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TARGET datebase. According to the median
expression levels of PARP1/2, the osteosarcoma
samples were divided into high-expression and
low-expression groups. The Gene Set Enrichment
Analysis (GSEA) was conducted for these data. The
enriched results were considered as significant that
satisfied the following criteria simultaneously: 1)
NES| >1.0, 2) Nominal p < 0.05, 3) FDR g < 0.05.

PARPi treatment

Olaparib powder (M1664; AbMole, USA) was
dissolved in DMSO (10 mM) and diluted to the
desired concentration with DMEM. Negative control
samples were treated with the same DMSO
concentration as that of the test sample.

Cell counting kit-8 (CCK-8) assay

Cell proliferation was determined using the cell
count kit-8 assay (CCK-8; Sunview Technology,
Shenzhen, China). The U20S and K7M2 cells were
counted using an automatic cell counter (LUNA-II;
Logo Biosystems, Korea). Next, U20S (200pL:
approximately 4 x 103 cells) and K7M2 (200pL:
approximately 4 x 103 cells) cells were added to each
well (six replicates per group) of 96-well plates. The
96-well plates were incubated overnight (37°C, 5%
COy) to allow cell adherence. Cell proliferation was
detected at different times (0, 12, 24, 48, 72h), different
olaparib concentrations (0, 2.5, 5, 10, 20, 40, 80 puM)
and different irradiation doses (0, 1, 2, 4 Gy). Each
well was inoculated with 20 pL CCK-8 and incubated
for 2 h (37°C, 5% CO,). The optical density (OD)
values were measured at 450 nm using a microplate
reader (Tecan Infinite 200M, Switzerland).

Colony formation assay

U20S and K7M2 cells were counted using an
automatic cell counter (LUNA-II; Logo Biosystems,
Korea). An appropriate number of cells were seeded
into six-well plates (U20Sx.ays: 0 Gy group: 300
cells/well, 1 Gy group: 300 cells/well, 2 Gy group:
400 cells/well, 4 Gy group: 800 cells/well; U20Sc.ions:
0 Gy group: 300 cells/well, 1 Gy group: 600
cells/well, 2 Gy group: 1200 cells/well, 4 Gy group:
6000 cells/well) and 60-mm dishes (K7M2x.ays: 0 Gy
group: 200 cells/well, 1 Gy group: 200 cells/well, 2
Gy group: 400 cells/well, 4 Gy group: 1600 cells/well;
K7M2ciions: 0 Gy group: 200 cells/well, 1 Gy group:
400 cells/well, 2 Gy group: 1200 cells/well, 4 Gy
group: 6000 cells/well). After overnight incubation at
37°C, 5% CO,, the cells were irradiated with X-rays
and C-ions, respectively. After 10-14 days of culture,
the cells were fixed and stained for 15 min. Colonies
were observed and counted under a microscope.
Plating efficiency (PE) was calculated as colony

number/inoculation number x 100% while survival
fraction (SF) was calculated as the colony rate in the
experimental group/colony rate in the control group
% 100%. The cell dose-survival curve was generated
using the GraphPad Prism 6 software using the
following formula: SF=e”(—(aD + pD?). This
experiment were carried out independent 3 times.

Cell migration

The cell migration assay was used to describe the
migration behavior of steosarcoma cells. Cells were
seeded and incubated for 24 hours at 37 °C,
generating monolayers in the cavities of cell culture
plates. To provoke starvation, the incubation medium
was replaced by serum-reduced cell culture medium
(2% FBS). After another 24 hours, the monolayer in
each cavity was scratched with a 200 pl pipet tip,
creating precise cell-free wounds. To record
migration, images of the same scratch area were
repeatedly taken by a microscope after 48 hours of
irradiation. The varying area of the cell wound over
time was measured by an image analyzing Image]
software. This experiment were carried out
independent 3 times.

Cell apoptosis assay

An annexin V-FITC/PI apoptosis detection kit
(Yeasen Biotechnology, Shanghai, China) was used to
detect the occurrence of early and late apoptosis.
Trypsin without ethylenediaminetetraacetic acid
(EDTA) was used to detach the cells. The single-cell
suspension was incubated with 150 pL binding buffer,
5 pL FITC Annexin V, and 10 pL propyl iodide (PI) at
room temperature for 15 minutes. At least 10,000 cells
were collected from each sample and were analysed
using the FlowSight flow cytometer (Amnis, Seattle,
WA). The IDEAS software (v6.0) was used to analyse
apoptosis data. This experiment were carried out
independent 3 times.

Cell cycle assay

U20S and K7M2 cells were detached using
trypsin and fixed overnight with 75% ethanol at
-20 °C. The fixed cells were centrifuged to remove the
ethanol and were incubated in 3 mL PBS for 15 min to
rehydrate the cells. The cells were re-centrifuged and
the supernatant was removed. Single cells were
resuspended in 150 pL DNA Staining solution
(MultiSciences, Hangzhou, China) and incubated in a
dark place for 30 min at room temperature. At least
20,000 cells were collected from each sample and their
fluorescence was immediately analysed using the
FlowSight flow cytometer (Amnis, Seattle, WA, USA).
This experiment were carried out independent 3
times.
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Immunofluorescence staining of y-H2AX,
53BP1, and Rad51

Cells were attached to 20-mm immunofluo-
rescence culture dishes (NEST Biotechnology, Jiangsu,
China). The cells were fixed with 4% fixative solution
2 hand 12 h after irradiation, permeabilised with 0.5%
Triton X-100, and subsequently blocked using 10%
bovine serum albumin (BSA) in TBST. Cells were
incubated overnight at 4°C with primary antibodies
against y-H2AX (1:200) (ab26350; Abcam), 53BP1
(1:200) (ab175933; Abcam), and Rad51 (1:200)
(ab133534; Abcam). The cells were then incubated
with a fluorescent secondary antibody (Immunoway,
Beijing, China) in a dark room for 1 h, and then
washed three times with TBST. Finally, DAPI (Vector
Laboratories, Burlingame, CA, USA) was added for 5
min to label the nuclei. At least 100 cells were viewed,
captured, and quantitatively analysed in each
immunofluorescence dish using a Zeiss LSM-700
confocal microscope.

Western blot analysis

Different treatment groups were irradiated and
cultured for 12 hours. Proteins were extracted at
specified time points from the cells using RIPA buffer
(Solarbio, Beijing, China) supplemented with
phenylmethanesulfonyl  fluoride (PMSF) and
phosphatase inhibitors and quantified using the BCA
kit (Solarbio, Beijing, China). The proteins were
separated by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) and transferred to
polyvinylidene fluoride membranes (Immobilon-P,
Ireland). After blocking in 5% skimmed milk for 2
hours at room temperature, the membranes were
incubated overnight at 4°C with the primary
antibodies y-H2AX (1:1000), 53BP1 (1:1000), Rad51
(1:1000), and P-Actin (1:2000) (Cat No. 66009-1-lg;
Proteintech). and then incubated with secondary
antibodies at room temperature for 1 hour. Bands
were visualized with a chemiluminescence imaging
system (QuickChemi5200, Monad, China). We used
the Image] software to quantify the relative protein
expression. Meanwhile, the B-Actin levels were used
to normalize the results. This experiment were carried
out independent 3 times.

Statistical analysis

All experiments were repeated at least thrice. All
results were analysed wusing a two-sided
Mann-Whitney U test using GraphPad Prism 9.0 (La
Jolla, CA, USA). Data are presented as the means +
SD. Statistical significance was set at P < 0.05 (x).
Figures were plotted using GraphPad Prism 9.0 (La
Jolla, CA, USA).

Results

Genetic characterisation of U20S and K7M2
osteosarcoma cells

Because tumour cells with deficient homologous
repair mechanisms are more sensitive to PARPi,
including tumours with BRCA1/2 mutations and
BRCAness, we analysed mutations in a panel of 69
genes involved in DNA repair (Supplementary Data 1
and 2). BRCA1/2 gene mutations in U20S and K7M2
osteosarcoma cell lines are shown in Table 1.
According to mutation analysis, genes with mutation
frequencies higher than 10% may alter genetic
characteristics (by base substitution, frameshift
deletion, and frameshift insertion), including
(Supplementary Tables 1 and 2): AURKA, BARDI,
BRCA1, BRCA2, BRIP1, CHEK1, ERCC2, FANCD2,
FANCI, FANCM, NBN, PIK3R2, RAD51D, RNF168,
SMARCA2, TDG, TOPBP1, UIMCI, and XRCC3
(U20S cells); ARID1A, ATM, ATR, ATRX, BABAMI,
BLM, BRCA2, BRIP1, ERCC1, FANCA, FANCG,
FANCI, FANCL, FANCM, NBN, PIK3R2, RAD51C,
RPA1, UIMCI, and XRCC4 (K7M2 cells).

GSEA analysis

Based on the large number of DNA damage
repair gene mutations in osteosarcoma cells, we used
GSEA analysis was applied to explore the
PARP-related signaling pathways. The genes in the
PARP1/2 high-expression group were mainly
enriched in DNA-related signaling pathways
including cell cycle, DNA replication, base excision
repair, HR, nucleotide excision repair, mismatch
repair, and PARP signaling pathways (Fig. 1 A and B).

Co-treatment with olaparib and irradiation
inhibited the proliferation of osteosarcoma
cells

Because U20S and K7M2 cells have mutations in
DNA repair gene sequences, specifically homologous
recombination, we  observed that olaparib
monotherapy inhibited the proliferative activity of
osteosarcoma cells (Fig. 2A-D). We evaluated the
effect of olaparib on the proliferative activity of
irradiated osteosarcoma cells based on the response of
non-irradiated cells (Fig. 2E-H). Different concentra-
tions of olaparib had different inhibitory effects on
U20S and K7M2, so we finally selected olaparib
concentration with a inhibition rate of 20%. When
olaparib concentration was 10pM the treatment time
was 48 hours, the cell proliferation activity of U20S
cells was 80.06% + 2.7%, and that of K7M2 cells was
78.55% * 3.4% (Fig. 2B and D). Compared to the
irradiation group, olaparib further decreased the
proliferative activity of irradiated osteosarcoma cells

https://lwww.jcancer.org



Journal of Cancer 2024, Vol. 15

703

as demonstrated by the CCK-8 assay (p < 0.05).
Normalized proliferative index of irradiated U20S

osteosarcoma cells by X-rays: U20Spgy vs.
U20Soapariv: 100% £ 3.04% vs. 79.80% + 2.53%;
UZOS1Gy VS. U2081Gy+0]aparib: 96.54% + 6.02% VS.

78.47% *5.45%; U20Sacy vs. U20S:Gy+Olaparib: 76.58% *
5.57% vs.54.71% + 2.28%; U20S4cy vs. U20S4cy+Olaparib:
65.03% + 1.62% vs. 41.08% + 2.32%. Normalized
proliferative index of irradiated U20S osteosarcoma
cells by C-ions: U20Sqcy vs. U20So1aparib: 100% + 3.04%
vs. 79.80% * 2.53%; U20Sicy vs. U20SiGy+Olaparib:
67.39% * 3.77% vs. 44.08% + 3.06%; U20Syg, vs.
U208SaGy+0lapariv: 42.71% * 2.14% vs. 25.48% * 4.38%;
U20Ss6y vs. U20SsGy+olapariv: 28.01% =+ 3.28% vs.
15.58% =+ 3.32%. Normalized proliferative index of
irradiated K7M2 osteosarcoma cells by X-rays:
K7M20Gy VS. K7M201aparib: 100% + 6.50% vs. 78.00% =+
7.05%; K7M21Gy VS. K7M21C;y+01aparib: 94.33% + 3.48%
vs. 73.35% + 3.92%; K7M22Gy VS. K7M226y+01aparib3
7416% * 3.65% vs. 49.33% + 3.87%; K7M2ucy vs.
K7M24Gy+0tapariv: 65.74% * 3.52% vs. 37.91% + 4.45%.
Normalized proliferative index of irradiated K7M2
osteosarcoma cells by C-ions: K7M2p, vs.
K7M201aparib: 100% * 6.50% vs. 78.00% + 7.05%;
K7M216y vs. K7M2iGy+Olaparib: 70.44% + 2.79% vs.
44.63% +3.55%; K7M22Gy VS. K7M22Gy+01aparibi 43.84% +
6.81% vs. 2754% + 337%; KVM24g, vs.
K7M24Gy+0tapariv: 31.44% + 5.26% vs. 17.27% + 2.64%.

Olaparib reduces colony formation in
irradiated osteosarcoma cells

As shown in Fig. 3, olaparib reduced colony
formation in irradiated osteosarcoma cells (Fig. 3A
and B). At the same radiation dose (For example, in
2Gy), clonogenic survival in the combination group
was markedly lower than the irradiation group (p <
0.05): U20Sx.1ays: 35.26% + 7.99% vs. 67.8% + 3.87%;
U20Sc.ions: 3.81 £1.03% vs. 9.60% * 2.68%; K7M2x.rays:
13.54% + 3.25% vs. 37.90% % 3.46%; K7M2c.ions: 3.40%
£ 1.12% vs. 971% =+ 1.88% (Fig. 3C-F). The
enhancement ratio (ER) was calculated for X-rays and
C-ions using the D10 and D37 values (Table 2). The
radiosensitization ability of olaparib to C-ions was
stronger than X-rays for osteosarcoma: the ER of
U20S for X-rays and C-ions were 1.42 and 1.55,
respectively; the ER of K7M2 for X-rays and C-ions
were 1.63 and 1.73, respectively (Table 2).

Cell migration

As shown in Fig. 4 and Fig. 5, our results showed
that the cell migration of all treatment groups were
lower than those in the control group (p < 0.05) (Fig. 4
and 5). In addition, the data showed that olaparib
combined irradiation group significantly inhibited
cell migration compared to that in the irradiated-only
U20S and K7M2 osteosarcoma cells (p < 0.05):

U20Sx1ays: 34.96% =+ 2.27% vs. 48.00% + 1.33%;
U20Sc.ions: 32.57 = 1.95% vs. 41.58% =+ 3.21%;
B
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Figure 1. GSEA enrichment analysis of PARP and DNA-related signaling pathway. (A) GSEA enrichment analysis of PARPI and DNA-related signaling pathway. (B) GSEA

enrichment analysis of PARP2 and DNA-related signaling pathway.
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K7M2xrays: 15.45% + 1.97% vs. 24.88% + 1.93%;
K7M2¢iions: 12.09 = 1.12% vs. 20.44% + 2.70% (Fig. 4
and 5).

Olaparib induces apoptosis in irradiated
osteosarcoma cells

Since targeting cellular DNA damage repair
pathways may induce apoptosis or death of tumor
cells, we evaluated the effect of olaparib induces
apoptosis in irradiated osteosarcoma cells. Apoptosis
in osteosarcoma cells was analysed by flow cytometry
after Annexin V-FITC/PI staining (Fig. 6A and B).

Our results showed that the apoptosis rates of all
treatment groups were higher than those in the
control group (p < 0.05) (Fig. 6C-F). In addition, the
data showed that olaparib significantly enhanced
X-rays and C-ions induced apoptosis compared to
that in the irradiated-only U20S and K7M2
osteosarcoma cells (p < 0.05): U20Sxrays: 29.62% +
1.80% vs. 11.39% =+ 0.57%; U20Sc.ions: 53.46 £ 1.64% vs.
44.80% *1.37%; K7M2x.rays: 23.92% +1.42% vs. 15.88%
*0.76%; K7M2cions: 51.23 = 1.51% vs. 42.35% + 1.85%
(Fig. 6C-F).

Table 1. Analysis of BRCAI and BRCA2 mutations in U20S and K7M2 cells

Gene Transcript? Exons Description Expected consequence? Mutated allele frequency Interpretation

U20S cell

BRCA1 NM_007297 Ex14 Ex15 Ex16  ¢.4696T>C p-S1566G 34.96% Nonsynonymous
NM_007297 Ex9 Ex10 ¢.3407T>C p-K1136R 34.90% Nonsynonymous
NM_007297 Ex9 Ex10 €.2972T>C p-E991G 34.29% Nonsynonymous
NM_007297 Ex9 Ex10 c.2471G>A p-P824L 41.00% Nonsynonymous

BRCA2 NM_000059 Ex14 ¢.7397T>C p-V2466A 99.37% Nonsynonymous

K7M2 cell

BRCA2 NM_001081001 Ex11 €.4524_4525del p.I11508fs 100% Frameshift deletion
NM_001081001 Ex11 c.4528_4529insAA p-Q1510fs 100% Frameshift insertion
NM_001081001 Ex11 ¢.5695_5696insTTT p-A1899delinsVS 25.00% Nonframeshift insertion
NM_001081001 Ex11 ¢.5708_5709insTTGc.  p.P1903delinsPCD 20.00% Nonframeshift insertion
NM_001081001  Ex11 5698G>A p-A1900T 25.00% Nonsynonymous
NM_001081001  Ex11 ¢.5699C>A p-A1900E 25.00% Nonsynonymous
NM_001081001  Ex11 ¢.5702C>T p-T19011 25.00% Nonsynonymous
NM_001081001  Ex11 ¢.5704C>T p-P1902S 25.00% Nonsynonymous
NM_001081001 Ex11 c.5713G>A p-G19055 18.18% Nonsynonymous
NM_001081001  Ex11 ¢.5726G>C p-W1909S 16.67% Nonsynonymous
NM_001081001  Ex11 c.5727G>A Pp-W1909X 16.67% Nonsynonymous
NM_001081001  Ex11 ¢.5732C>T p-T19111 15.38% Nonsynonymous
NM_001081001 Ex11 c.5734A>T p-S1912C 15.38% Nonsynonymous
NM_001081001  Ex18 c.7988G>A p-S2663N 12.50% Nonsynonymous
NM_001081001  Ex18 ¢.8020A>C p-T2674P 13.04% Nonsynonymous
NM_001081001  Ex18 ¢.8021C>T p-T26741 13.04% Nonsynonymous
NM_001081001 Ex18 ¢.8025G>T p-Q2675H 13.04% Nonsynonymous
NM_001081001  Ex25 c.9175G>T p-G3059C 100% Nonsynonymous

a Mutation nomenclature per HGVS recommendations.
b Expected consequence on protein level.

Table 2. Calculated parameters of U20S and K7M2 cell survival after irradiation with X-rays and C-ions with and without olaparib (from

Fig. 2)
D10 D37°® ER (D10) © ER (D37) 4 ERe

U208

X-rays 5.48 3.38 / /

X-rays+ olaparib 4.49 2.10 1.22 161 1.42

C-ions 191 1.06 / /

C-ions+ olaparib 1.40 0.61 1.36 1.74 1.55

K7M2

X-rays 342 2.00 / /

X-rays+olaparib 2.36 111 1.45 1.80 1.63

C-ions 1.95 1.08 / /

C-ions+ olaparib 1.24 0.57 1.57 1.89 1.73

a the D10 dose gives a surviving fraction of 0.1.
b the D37 dose gives a surviving fraction of 0.37.

¢ER (D10) values are calculated as: D10 (with olaparib) / D10 (without olaparib) for each irradiation quality.
4 ER (D37) values are calculated as: D37 (with olaparib) / D37 (without olaparib) for each irradiation quality.

ER(D10)+ER(D37)
2

¢ER =
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Figure 2. The effect of olaparib on the proliferation of osteosarcoma cells (A-D). Time dependence of olaparib at different concentrations on U20S (A) and K7M2 (C)
osteosarcoma cells. Inhibition of proliferation of U20S (B) and K7M2 (D) osteosarcoma cells by different concentrations of olaparib after 48 hours. The effect of olaparib
combined with irradiation (X-rays or C-ions) on the proliferation of osteosarcoma cells (E-H), DMEM medium containing olaparib (10 pM) was added 2 hours before irradiation
and removed 48 hours after irradiation. Co-treatment of X-rays and olaparib significantly inhibited proliferation of U20S (E) and K7M2 (G) osteosarcoma cells. Co-treatment
of C-ions and olaparib significantly inhibited proliferation of U20S (F) and K7M2 (H) osteosarcoma cells. Cell counting kit-8 (CCK-8) assay were six replicates in each group. Data
were considered to be significantly different when p < 0.05 (*).
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Figure 3. The effect of olaparib combined with irradiation (X-rays or C-ions) on the colony formation of U20S (A) and K7M2 (B) osteosarcoma cells. DMEM medium containing
olaparib (10 pM) was added 2 hours before irradiation and removed 48 hours after irradiation. (C) U20S cells were irradiated with X-rays (blue line) or X-rays with olaparib (red
line). (D) U20S cells were irradiated with C-ions (blue line) or C-ions with olaparib (red line). (E) K7M2 cells were irradiated with X-rays (blue line) or X-rays with olaparib (red
line). (F) K7M2 cells were irradiated with C-ions (blue line) or C-ions with olaparib (red line). Cell survival (%) were shown as mean +/- SD of 3 independent experiments
performed in triplicate for X-rays and C-ions. For each dose, clonogenic survival were considered to be significantly different (with and without olaparib) when p < 0.05 (¥).
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Figure 4. The effect of olaparib combined with irradiation (X-rays or C-ions) on the cell migration of U20S osteosarcoma cells (A). DMEM medium containing olaparib (10 uM)
was added 2 hours before irradiation and analyzed area of the cell wound by 48 hours after irradiation. (B) Percent wound closure (%) of olaparib combined with X-rays. (C)
Percent wound closure (%) of olaparib combined with C-ions. Percent wound closure (%) were shown as mean +/- SD of 3 independent experiments performed in triplicate for
X-rays and C-ions. Data were considered to be significantly different when p < 0.05 (¥).
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Figure 5. The effect of olaparib combined with irradiation (X-rays or C-ions) on the cell migration of K7M2 osteosarcoma cells (A). DMEM medium containing olaparib (10 uM)
was added 2 hours before irradiation and analyzed area of the cell wound by 48 hours after irradiation. (B) Percent wound closure (%) of olaparib combined with X-rays. (C)
Percent wound closure (%) of olaparib combined with C-ions. Percent wound closure (%) were shown as mean +/- SD of 3 independent experiments performed in triplicate for
X-rays and C-ions. Data were considered to be significantly different when p < 0.05.
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Figure 6. The effect of olaparib combined with irradiation (X-rays or C-ions) on the apoptosis rate of U20S (A) and K7M2 (B) osteosarcoma cells. DMEM medium containing
olaparib (10 uM) was added 2 hours before irradiation and analyzed by flow cytometry 48 hours after irradiation. (C) U20S cells were irradiated with X-rays or X-rays with
olaparib. (D) U20S cells were irradiated with C-ions or C-ions with olaparib. (E) K7M2 cells were irradiated with X-rays or X-rays with olaparib. (F) K7M2 cells were irradiated
with C-ions or C-ions with olaparib. Apoptosis rate (%) were shown as mean +/- SD of 3 independent experiments performed in triplicate for X-rays and C-ions. Data were

considered to be significantly different when p < 0.05 (¥).

Olaparib induces G2/M arrest in irradiated
osteosarcoma cells

GSEA analysis showed that PARP1/2 was
associated with osteosarcoma cell cycle, and we
evaluated the effect of olaparib on the cell cycle of
osteosarcoma cells. The cell cycle distribution was
further analysed by flow cytometry after DNA
Staining (Fig. 7A and B). As shown in Fig. 7,
osteosarcoma cells displayed significant G2/M phase
arrest in the olaparib, irradiation, and combination
groups compared to that in the control group (p <
0.05): U20Sx.rays: 55.43% + 1.97% vs. 34.43% * 0.75%;
U20Sc.ions: 6340 + 1.87% vs. 48.77% =+ 1.95%;
K7M2x.1ays: 60.93% + 1.77% vs. 39.10% + 1.06%;
K7M2cions: 67.40 + 1.83% vs. 54.03% = 2.18% (Fig.
7C-F).

Olaparib induces DNA damage in irradiated
osteosarcoma cells

Radiation can cause DNA damage through
direct and indirect action, resulting in DNA SSBs and
DSBs [14, 15]. Cell cycle experiment results suggest
that osteosarcoma cells displayed significant Gz/M
phase arrest in the olaparib and combination groups
compared to that in the control group. This may be
because olaparib induces more severe DNA damage.
Based on the hypothesis that PARPi may induce DNA

damage in irradiated osteosarcoma cells, we
monitored the formation of y-H2AX foci and 53BP1
foci within 2 hours and 12 hours post-irradiation (Fig.
8A and B; Fig. 9A and B). y-H2AX and 53BP1 foci
were smaller and circular after exposure to X-rays but
were larger and more irregularly shaped after
exposure to C-ions (Fig. 8A and B; Fig. 9A and B).
Moreover, olaparib induces more y-H2AX/53BP1 foci
in irradiated osteosarcoma cells (p < 0.05). As shown
in Fig. 8 and Fig. 9, we observed U20S and K7M2 foci
for 2 hours after irradiation:13.47/12.94 (U20Sx-rays)
vs.  2241/1548  (U20Sxrays+olaparib),  13.49/8.56
(U20Sc.ions) vs. 19.14/13.20 (U20Sc ions+olaparib); 14.41/
841 (K7M2xurays) vs. 23.23/12.68 (K7M2xX.rays+olaparib),
13.82/9.16 (K7M2cions) vs. 19.48/14.57
(K7M2c.ions+olaparib). Furthermore, olaparib sustained
DNA damage in the irradiated osteosarcoma cells
(Fig. 8 and 9). 12 hours after irradiation, western blot
assay was performed to detect related proteins of the
DNA damage (y-H2AX and 53BP1) (Fig. 10A and B;
Fig. 11A and B). Our results showed that (Fig. 10C, E,
F, H; Fig. 11C, E, F, H), compared with the irradiation
alone, the combination group induced obvious
increase in the expression of y-H2AX (U20Sx.rays VS.
U20Sx-rays+olaparib:  1.64-fold vs. 2.69-fold, P < 0.05;
U20Sc.ions vs. U20Sc.ions+olaparib: 2.07-fold vs. 3.10-fold,
P < 0.05; K7M2x_rays vSs. K7M2x rays+olaparib: 1.51-fold vs.
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1.99-fold, P < 0.05; K7M2c.ions VS. K7M2c.ions+olaparib:
2.31-fold vs. 3.00-fold, P < 0.05), and 53BP1 (U20Sx-rays
vS. U20Sx.rays+olaparib: 1.48-fold vs. 1.79-fold, P < 0.05;
U20Sc.ions V. U20Sc ions+olaparib: 1.92-fold vs. 2.86-fold,

P < 0.05; K7M2x.rays vS. K7M2x_rays+olaparib: 1.54-fold vs.
1.91-fold, P < 0.05; K7M2c.ons VS. K7M2c.ions+olaparib:
1.87-fold vs. 2.23-fold, P < 0.05).
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Figure 7. The effect of olaparib combined with irradiation (X-rays or C-ions) on the cell cycle of U20S (A) and K7M2 (B) osteosarcoma cells. DMEM medium containing olaparib
(10 uM) was added 2 hours before irradiation and analyzed by flow cytometry 48 hours after irradiation. (C) U20S cells were irradiated with X-rays or X-rays with olaparib. (D)
U20S cells were irradiated with C-ions or C-ions with olaparib. (E) K7M2 cells were irradiated with X-rays or X-rays with olaparib. (F) K7M2 cells were irradiated with C-ions
or C-ions with olaparib. Percent (%) population were shown as mean +/- SD of 3 independent experiments performed in triplicate for X-rays and C-ions. For treated group,
percent (%) population of G2/M phase arrest were considered to be significantly different when p < 0.05 (*).
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Figure 8. Confocal microscopy views of U20S osteosarcoma cells with y-H2AX/53BP1 (A and B) and Rad51 (C and D) foci formation after X-rays and C-ions irradiation over
the respective time courses. DMEM medium containing olaparib (10 uM) was added 2 hours before irradiation. (E) Mean number of y-H2AX foci per cell after X-rays irradiation
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for U20S cells. (F) Mean number of 53BP1 foci per cell after X-rays irradiation for U20S cells. (G) Mean number of y-H2AX foci per cell after C-ions irradiation for U20S cells.
(H) Mean number of 53BP1 foci per cell after C-ions irradiation for U20OS cells. (I) Mean number of Rad51 foci per cell after X-rays irradiation for U20S cells. (J) Mean number
of Rad51 foci per cell after C-ions irradiation for U20OS cells. Mean number of foci per cell were shown as mean +/- SD. Data were considered to be significantly different when

p < 0.05 (¥).
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Figure 9. Confocal microscopy views of K7M2 osteosarcoma cells with y-H2AX/53BP1 (A and B) and Rad51 (C and D) foci formation after X-rays and C-ions irradiation over
the respective time courses. DMEM medium containing olaparib (10 uM) was added 2 hours before irradiation. (E) Mean number of y-H2AX foci per cell after X-rays irradiation
for K7M2 cells. (F) Mean number of 53BP1 foci per cell after X-rays irradiation for K7M2 cells. (G) Mean number of y-H2AX foci per cell after C-ions irradiation for K7M2 cells.
(H) Mean number of 53BPI foci per cell after C-ions irradiation for K7M2 cells. (I) Mean number of Rad51 foci per cell after X-rays irradiation for K7M2 cells. (J) Mean number
of Rad51 foci per cell after C-ions irradiation for K7M2 cells. Mean number of foci per cell were shown as mean +/- SD. Data were considered to be significantly different when

p < 0.05 (¥).
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Figure 10. Effect of olaparib on proteins expression of y-H2AX, 53BP1, and Rad51 in irradiated U20OS (A and B) osteosarcoma cell. DMEM medium containing olaparib (10 pM)
was added 2 hours before irradiation and western blot assay 12 hours after irradiation. (A) Proteins expression of y-H2AX, 53BP1, and Rad51 after X-rays irradiation for U20S
cells. (B) Proteins expression of y-H2AX, 53BP1, and Rad51 after C-ions irradiation for U20S cells. The relative expression of the proteins (C-H) were shown as mean +/- SD.
Data were considered to be significantly different when p < 0.05 (¥).
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Figure 11. Effect of olaparib on proteins expression of y-H2AX, 53BP1, and Rad51 in irradiated K7M2 (A and B) osteosarcoma cell. DMEM medium containing olaparib (10 pM)
was added 2 hours before irradiation and western blot assay 12 hours after irradiation. (A) Proteins expression of y-H2AX, 53BP1, and Rad51 after X-rays irradiation for K7M2
cells. (B) Proteins expression of y-H2AX, 53BP1, and Rad51 after C-ions irradiation for K7M2 cells. The relative expression of the proteins (C-H) were shown as mean +/- SD.

Data were considered to be significantly different when p < 0.05 (¥).

Olaparib inhibits HR repair in irradiated
osteosarcoma cells

Because the HR pathway repair is one of the
main DBS repair mechanisms, Rad51 foci were
indirectly used to quantify the ability of HR repair.
We analysed the formation of Rad51 foci in the
combination group and found that the number of
Rad51 foci per nucleus was significantly lower than
that in the irradiated group (P < 0.05) (Fig. 8C and D;
Fig. 9C and D). As shown in Fig. 8 and Fig. 9, we
observed mean Rad51 foci C-ions U20S and K7M2 for
12 hours after irradiation: 2.67 (U20Sx.rays) vs. 1.07

(U20Sx.rays+olaparib),  9.08  (U20Sc.ions) Vvs.  2.89
(U20SCionsrolaparin);  3.64  (K7M2xrays)  vs.  2.04
(K7M2X—rays+olaparib), 564 (K7M2C_10n5) VS. 3 01

(K7M2c.ions+olaparib). 12 hours after irradiation, western
blot assay was performed to detect related proteins of
the HR repair (Rad51) (Fig. 10A and B; Fig. 11A and
B). Our results showed that (Fig. 10D and G; Fig. 11D
and G), compared with the irradiation alone, the
combination group induced obvious decrease in the
expression of Rad51 (U20Sx.rays vS. U20Sx.rays+olaparib:
1.51-fold wvs. 0.69-fold, P < 0.05; U20Scions Vs.
U20Sc.ions+olaparib:  1.84-fold vs. 0.94-fold, P < 0.05;
K7M2x.1ays vs. K7M2x.rays+olapariv: 1.38-fold vs. 0.76-fold,
P < 0.05; K"M2c.ions vS. K7M2c.ions+olaparib: 2.30-fold vs.
0.81-fold, P < 0.05).

Discussion

Tumour cells with deficient homologous repair
mechanisms are more sensitive to PARPi, including
tumours with BRCA1/2 mutations and BRCAness
[26, 27]. In this study, we analysed the genetic
characteristics of U20S and K7M2 cells via exon
sequencing (Supplementary Data 1 and 1). According
to DNA repair gene analysis, we observed BRCA1/2
mutations in U20S cells, especially BRCA2, at a
frequency of 99.37% (Table 1), while K7M2 cells
showed obvious BRCA2 gene mutation characteristics
such as base substitution, frameshift deletion, and
frameshift insertion (Table 1). Other common genetic
mutations associated with the HR repair pathway
were also observed in these two osteosarcoma cell
lines (Supplementary Tables 1 and 2): BRIP1, CHEK1,
FANCD2, FANCI, FANCM, NBN, and RAD51D
(U20S cells); ATM, ATR, BLM, BRIP1, FANCA,
FANCI, FANCL, FANCM, NBN, RAD51C, and RPA1
(K7M2 cells). In addition, XRCC4 mutations
associated with the non-homologous end-joining
(NHE]) repair pathway were also observed in K7M2
osteosarcoma cell lines [29]. In the olaparib group, 10
UM olaparib inhibited the proliferation of U20S cells
by approximately 20% and 22% cell proliferation
activity in K7M2 cells (Fig. 2B and D). About
irradiation dose, we selected a dose that reduced the
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cell proliferation activity of control cells by
approximately 50%, corresponding to 4 Gy for X-rays
(the cell proliferation activity of U20S cells was
65.03%%1.6%; the cell proliferation activity of K7M2
cells was 65.74%%3.6%) and 2 Gy for C-ions (the cell
proliferation activity of U20S cells was 42.71%=%2.1%;
the cell proliferation activity of K7M2 cells was
43.84%+6.81%). Because BRCA1/2 genes and several
genes involved in HR repair were mutated in U20S
and K7M2 osteosarcoma cells, co-treatment of
olaparib and irradiation may have increased the
sensitivity to PARPi due to the "synthetic lethality
effect" [26-28, 30]. This hypothesis was confirmed by
our colony formation, cell migration, cell
proliferation, and cell apoptosis assays (Fig. 2, 3, 4, 5
and 6). These results are consistent with those
reported by Jannetti et al. [31].

After the cells were irradiated, DNA damage
checkpoints were activated, which delayed the cell
cycle and provided time for the repair of radiation
damage [32, 33]. Cell cycle progression may show
different changes in response to different LET
irradiations. In general, a high LET may induce more
pronounced Gy/M arrest [34]. In our study, we
observed that high-LET C-ions induced more severe
Gy/M arrest in U20S and K7M2 osteosarcoma cells
than did low-LET X-rays (Fig. 7). Meanwhile, the
proportion of cells in the Gy/M phase in the
combination group was remarkably higher than that
in the irradiation group, suggesting that olaparib
combined with irradiation can further induce cell
cycle redistribution (increased the number of cells in
Gz2/M phase), which increased the radiosensitization
of osteosarcoma cells to X-rays and C-ions (Fig. 7).
This arousal strategy is one way to improve
radiosensitization of radiation-resistant tumours [35].

Radiation can cause DNA damage through
direct and indirect action, resulting in DNA SSBs and
DSBs [14, 15]. Cell cycle experiment results suggest
that osteosarcoma cells displayed significant G2/M
phase arrest in the olaparib and combination groups
compared to that in the control group. This may be
because olaparib induces more severe DNA damage.
Based on the hypothesis that PARPi may induce DNA
damage in irradiated osteosarcoma cells, we
monitored the formation of y-H2AX foci and 53BP1
foci post-irradiation (Fig. 8A and B; Fig. 9A and B).
Larger and more irregularly shaped y-H2AX foci are
critical for RT and can induce more severe clustered
DNA damage. Generally, it is difficult to repair such
clustered DNA damage [36, 37]. In this study, our
results revealed that olaparib induced more severe
clustered DNA damage in irradiated osteosarcoma
cells, rendering y-H2AX/53BP1 foci to be larger and
more irregularly shaped relative to irradiation alone

(Fig. 8 and Fig. 9). After 12 hours of irradiation, many
y-H2AX/53BP1 foci were retained in the combined
group than in the irradiation group, suggesting that
olaparib delayed DNA damage repair and reduced
kinetics in irradiated osteosarcoma cells (Fig. 8 and
Fig. 9). The results of western blot assay were
consistent with immunofluorescence, the vy-
H2AX/53BP1 protein expression in the combination
group was higher than that in the irradiated group
(Fig. 10 and Fig 11). This may be attributed to the
presence of BRCA1/2 gene mutations and other
genetic mutations associated with the HR repair
pathway in the U20S and K7M2 osteosarcoma cell
lines (Supplementary Tables 1 and 2), which causes
homologous recombination deficiency (HRD) [38].
Moreover, HRD led to genomic instability and
accumulation of DNA damage in osteosarcoma cells
after irradiation (Fig. 8 and Fig. 9). Overall, these
results suggest that olaparib improves the radiation
sensitivity of osteosarcoma cells by inducing complex
DNA damage.

Previous studies have shown that mutations in
the BRCA1/2 gene lead to an inability to synthesise
an active protein that deals with DNA end damage,
resulting in inefficient "repair" and accumulation of
DNA damage [26, 27]. Normally, the BRCA2 protein
binds to the Rad51 protein, preventing Rad51 from
polymerising with the DNA and leaving it in its
inactive form [39, 40]. In the event of DNA damage,
BRCAZ2 helps to quickly carry the Rad51 protein to the
site of the damage to perform HR repair [39, 40]. In
the present immunofluorescence assay and western
blot assay, the amount of Rad51 foci and Rad51
protein expression in the combination group was
lower than that in the irradiated group (Fig. 8C and D;
Fig. 9C and D; Fig. 10A and B; Fig. 11A and B),
suggesting that olaparib may inhibit HR repair by
regulating Rad51 recruitment at sites of DNA damage
in response to radiation. Based on the above results, it
can be further speculated that the radiosensitization
effect of olaparib on U20S and K7M2 osteosarcoma
cells may be mediated by the inhibition of HR repair.

Conclusion

Our results revealed that the PARP inhibitor
olaparib combined with irradiation (X-rays or C-ions)
enhanced the radiosensitivity of osteosarcoma cell
lines (U20S and K7M2). Radiosensitization mecha-
nisms for osteosarcoma cells through this combina-
tion strategy include the inhibition of proliferation,
inhibition of cell migration, induction of apoptosis,
G2/M arrest, accumulated complex DNA damage,
and inhibition of DNA damage repair. Genetic tests
are important prerequisites for evaluating the
potential of olaparib in radiosensitization. Finally, our
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findings provide a potential theoretical basis for the
clinical application of olaparib in overcoming
radiation resistance in osteosarcoma.
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