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ARTICLE INFO ABSTRACT

Keywords: Chondrosarcoma is a malignant tumor that arises from cartilaginous tissue and is radioresistant and chemore-
PARP inhibitor sistant to conventional treatments. The preferred treatment consists of surgical resection, which might cause
Olaparib severe disabilities for the patient; in addition, this procedure might be impossible for inoperable locations, such
Chondrosarcoma

as the skull base. Carbon ion irradiation (hadron therapy) has been proposed as an alternative treatment, pri-
marily due to its greater biological effectiveness and improved ballistic properties compared with conventional
radiotherapy with X-rays. The goal of this study was to characterize the genetic mutations of a grade III
chondrosarcoma cell line (CH2879) and examine the cellular responses to conventional radiotherapy (X-rays)
and hadron therapy (proton and carbon ions) in the presence of the PARP inhibitor Olaparib. To better un-
derstand PARP inhibition, we first analyzed the formation of poly-ADP ribose chains by western blot; we ob-
served an increase in its signal after irradiation, which disappeared on addition of the PARP inhibitor. PARPi
enhanced ratio of approximately 1.3, 1.8, and 1.5 following irradiation of cells with X-rays, protons, and C-ions,
respectively, as detected by clonogenic assay. The decrease in cell survival was confirmed by proliferation assay.
The radiosensitivity of CH2879 cells was associated with mutations in homologous recombination repair genes,
such as RAD50, SMARCAZ2 and NBN. This study demonstrates the capacity of the PARP inhibitor Olaparib to
radiosensitize mutated chondrosarcoma cells to conventional photon irradiation, proton and carbon ion irra-
diation.

Carbon ions irradiation
Mutation status

1. Introduction vicinity of the tumor [5-8]. Moreover, hadrontherapy with C-ions is an

attractive radiation modality that combines the physical advantages of

Emerging radiotherapy protocols with protons or heavier particles,
such as carbon ions (C-ions), in advanced medical facilities have re-
volutionized our views on local tumor control and the impact on
healthy tissues [1-4]. Particle therapy (hadron therapy) with protons
has the advantage of a minimal exit dose after energy deposition in the
target volume and thus greater sparing of critical structures in the

protons with a higher radiobiological effectiveness and less dependence
of radiation sensitivity on the cell cycle and oxygen [5,8,9]. Because the
high linear energy transfer (LET) of C-ion irradiation is densely io-
nizing, the resulting DNA damage in a cell occurs more often, making it
more difficult for the cell to repair it, increasing the efficiency of killing
such cells that are typically resistant to conventional radiotherapy
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[2,8,10]. Unlike photons, high LET charged particles form a Bragg peak,
a sharp rise in energy deposition at the end of their range, with a steep
decline in dose downstream [5]. Ion beam therapy with protons or C-
ions is beneficial for the treatment of radiation-resistant tumors and
was recently established as the first-line treatment for chondrosarcoma
[11-14]. According to an expert committee of the European Science
Foundation (the Nuclear Physics European Collaboration Committee),
the highest priority for hadrontherapy is given to those who are affected
by chordomas/chondrosarcomas of the skull base, soft tissue and bone
sarcomas, and large uveal and mucosal melanomas and most pediatric
patients who are eligible for radiotherapy [15].

Sarcomas are a diverse group of tumors that arise from connective
tissue that is mesenchymal in origin [16]. These tumors, which can
affect almost any part of the body, have high rates of mortality (poor
prognosis), metastasis, and recurrence. Histologically, they are divided
in 2 groups: soft tissue sarcomas and bone sarcoma (chondrosarcoma,
osteosarcoma, chordoma, and Ewing sarcoma). In the latter, chon-
drosarcoma develops from cartilage and produces a significant amount
of extracellular matrix [17]. If the primary chondrosarcoma is un-
common, secondary chondrosarcoma can emerge from benign cartilage
defects, such as osteochondroma and enchondroma. Surgery remains
the primary treatment for chondrosarcoma, when it is anatomically
possible, but it often causes major disabling sequelae [18]. Although
local control is generally high with hadron therapy, for most malig-
nancies, radiotherapy must be combined with systemic therapies to
control metastasis and increase survival [19]. However, few radio-
biology studies have specifically examined the potential synergy be-
tween drugs and ion irradiation. Emerging drugs, such as DNA repair
protein inhibitors, are promising, especially when coupled with the
specific mutation status of the cancer cells that are to be treated.

The development PARP inhibitors accelerated when the concept of
synthetic lethality appeared in homologous recombination-deficient
cells [20-22], wherein the targeted proteins, poly (ADP-ribose) poly-
merases (PARPs), detect damaged DNA and then activate signaling
pathways that promote the appropriate cellular responses [23]. Cancer
cells with impaired capacity to repair double-strand DNA breaks by
homologous recombination (with defects in BRCA1 and BRCA2) are
highly sensitive to inhibitors of PARP that block the repair of single-
strand DNA breaks [24,25]. PARPs are involved in base excision repair
(BER), mediating the recruitment and activation of BER proteins and
consequently facilitating the single-strand break (SSB) repair [26].
PARP1, 2, and 3 are equally involved in other cellular mechanisms,
such as chromatin remodeling or DNA double-strand break repair [23].
Homologous recombination repair (HRR) and non-homologous end
joining (NHEJ) are the main types of repair mechanisms for double-
strand breaks (DSBs). HRR is an accurate but slow process that in-
corporates a homologous DNA sequence and occurs exclusively during
the S and G2 phases of the cell cycle. In contrast, NHEJ is rapid and
imprecise, wherein broken DNA ends are joined directly. Whereas HRR
normally predominates in the repair of DSBs, its deficiency (driven by
defects in BRCA1, BRCA2, or other pathway components) often sti-
mulates NHEJ. Consequently, some of the genetic alterations that are
introduced by NHEJ promote carcinogenesis by cancer-driver genes.

Several PARP inhibitors are being evaluated in clinical trials
[27-29]. The loss of DNA repair capacity in the presence of these in-
hibitors has led to their evaluation as single agents and as enhancers of
cytotoxic agents that provoke DNA damage, such as alkylating agents
and radiation therapy [30]. Olaparib was the first PARP inhibitor to
gain US FDA approval and has been examined in phase I/II/III studies
as monotherapy in BRCA1/2-mutated tumors in combination with cy-
totoxic chemotherapy for breast cancer, ovarian cancer, and BRCA-like
tumors (tumors with dysfunctional homologous recombination that is
not caused by BRCA1/2 mutations—ie, BRCAness) and with radio-
therapy for several BRCA-mutated and tumors with BRCAness
[21,22,31]. Olaparib (trade name Lynparza, formerly known as
AZD2281) was initially developed by Kudos Pharmaceuticals and was
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later acquired by AstraZeneca (Macclesfield, UK). This compound is a
pan-PARP inhibitor, because it has inhibitory activity against PARP-1,
PARP-2, and PARP-3. PARP-1 accounts for nearly 90% of total PARP
activity and is an important protein in DNA base excision repair and the
repair of DNA single-strand breaks (SSBs). PARP-1 binds to SSBs and
catalyzes the polymerization of ADP-ribose (PARylation), resulting in
the production of polymers of ADP-ribose (PAR). We have reported that
the combination of depletion of PARP-1 and C-ion exposure sensitizes
HelLa cell and induces apoptosis to a greater extent than C-ion exposure
alone [32].

PARP is also emerging an important factor in metastasis, perhaps
explaining why the PARP inhibitor Olaparib has shown promising re-
sults against various metastatic cancer cells in clinical trials. Our pre-
vious report demonstrated that PARP-1 inhibition synergizes with the
C-ion-induced reduction in metastatic potential in HeLa cells [32].
Based on these findings, a better understanding of the molecular ab-
normalities in BRCA-like tumors can guide the development of novel
therapeutic strategies and drug combinations [31,33,34]. According to
previous analyses, we showed that PARP inhibitors can induce a
radiosensitization in several different chondrosarcoma cell lines [35].

To go further, in this study, we evaluated the radiosensitizing effects
of Olaparib on a Grade 3 chondrosarcoma cell line (CH2879 [36]), in
association with conventional low-LET radiotherapy and high-LET
particle therapy, such as carbon ion beam. In relation with a radio-
therapy context, we focused our interest on cell growth and cell divi-
sions (tumour control), following irradiations with or without Parp
inhibitors using clonogenic assays and CellTrace strategies, to get an
accurate vision of the behavior of each cell following treatment. Our
results reveal the ability of Olaparib to radiosensitize this chon-
drosarcoma cell line with X-rays, protons, and C-ions exposure.

2. Materials and methods
2.1. Cell culture

The CH2879 chondrosarcoma cell line [36] was initiated from a
primary grade III chondrosarcoma of the chest wall from a 35-year-old
female and cultured in RPMI 1640 (Merck KGaA, Darmstadt, Germany),
supplemented with 10% fetal calf serum (Merck KGaA, Darmstadt,
Germany), 2mM glutamine (Merck KGaA, Darmstadt, Germany), and
1% antibiotics (penicillin-streptomycin, Merck KGaA, Darmstadt, Ger-
many), at 37 °C in a humidified atmosphere with 5% CO2.

2.2. Irradiation

For the X-rays irradiation, doses of between 0.5 and 2 Gy were used.
The photon beam was delivered with a tube tension of 225kV and an
intensity of 10 mA, corresponding to a dosage of 2 Gy/min, using a Pxi
XradSmart 225cX irradiator.

Proton irradiation experiments were performed using the clinical 62
MeV beams at the INFN-LNS (INFN-LNS, Catania, Italy) proton therapy
facility. The beam reached the sample with a circular spot, 30 mm in
diameter, and a dose homogeneity of over 2%. Reference dosimetry was
conducted using a Markus-type, free-air ionization chamber that was
positioned in the middle of a clinical spread out Bragg peak (SOBP) per
the IAEA TRS 398 Code of Practice. The overall precision in the abso-
lute dose was estimated to be 3%. To irradiate the samples with protons
at a fixed LET of 11keV/um, a calibrated and certified 9-mm-thick
plastic slab was inserted between the final beam collimator and sample
holder. The average dose-LET distribution at that position was esti-
mated by Geant4 Monte Carlo simulation of the beamline. An auto-
matized and remotely controlled device that was connected to the do-
simetry and beam control system of the facility allowed accurate
irradiation of the samples.

For C-ions irradiations, experiments were performed at GANIL
(Caen, France), using the IRABAT beam line, according to [37] with a
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In the clonogenic assay (top part), cells at 80% confluence were incubated with PARPi 2 h before irradiation, and after 24 h, cells were seeded in 6-well plates. The
plates were left at 37 °C for 8 days, and the clones were stained and counted. In the CellTrace analysis (bottom part), cells at 50% confluence were first stained with
CellTrace reagent 24 h before being incubated with PARPi. Two hours after PARPi incubation, the cells were irradiated, and after 24 h, they were diluted to allow cell
growth without contact inhibition. The flasks were left at 37 °C for 5 days, and the cells were analyzed by flow cytometry.

native 12C C-ions beam of 95 MeV/A. A 16.9-mm-thick PMMA was
inserted between the exit of the beam and sample holder; the LET was
73keV/um (2 Gy = 1.71 x 107 particles/cm2).

2.3. PARP inhibitor treatment

Olaparib (AZD-2281; AstraZeneca, Cambridge, RU) was purchased
from Tebu-bio (Ref 21,910-2154-25 mg, Le Perray en Yvelines, France)
and used in vitro at 2 uM in the culture medium, according to a dose
response experiment (Sup Fig. 1). Olaparib powder was first dissolved
in DMSO at 10 mM, diluted to its final concentration with culture
medium, and finally added to the cells 2 h before irradiation and left in
the cell culture medium for 24 h. Negative control samples were treated
with the DMSO concentration that was used for the test samples
(0.02%).

2.4. Western blot

Following the irradiation and treatment, the cells were washed with
PBS, and the cell pellet was lysed in RIPA lysis buffer (Thermo Fisher
Scientific, Waltham, MA USA), supplemented with 1X protease in-
hibitor cocktail (Thermo Fisher Scientific, Waltham, MA USA), by 10
strokes in insulin syringes (29 G, Myjector, VWR, Briare, France) at 4 °C.
The lysate was then centrifuged (28,000g, 1 h), and 20 ul of the su-
pernatant was mixed with Laemmli 4X (Bio-Rad, Marnes-la-Coquette,

France) and denatured 5 min at 95 °C. The samples were then separated
by SDS-PAGE on a TGX 4-15% gradient polyacrylamide gel (Bio-Rad,
Marnes-la-Coquette, France). Proteins were transferred to a ni-
trocellulose membrane and blocked with 5% skim milk powder in TBS-
T (150 mM NacCl, 10 mM Tris-HCI pH 8, 0.05% Tween-20) for 45 min at
20 °C. The blots were incubated with mouse monoclonal anti-PADPR
(anti-poly-ADP-ribose, clone 10H, 1:1000, ref GTX14459, GeneTex,
Irvine, CA, USA) or mouse monoclonal anti-b-actin (loading control, 1/
1000, Merck KGaA, Darmstadt, Germany) in TBST with 1% skim milk
powder overnight at 4 °C and then washed 3 times for 10 min with TBS-
T. Next, the blots were incubated with secondary HRP-conjugated goat
anti-mouse (1:10,000, GE Healthcare) in TBS-T with 1% skim milk
powder for 45min at 20 °C and washed with TBS-T. The blots were
treated with ECL chemiluminescence reagent (Merck KGaA, Darmstadt,
Germany) for 1 min before exposure to Hyperfilms (VWR, Fontenay-
sous-Bois, France) for 1 to 2 min. The films were developed and scanned
as JPEGs on a GS 700 Bio-Rad scanner.

2.5. Clonogenic assay

CH2879 cells were irradiated in T25 cm2 flasks at confluence. A
sham control was included to evaluate the plating efficiency. At
18-24 h after irradiation, the cells were harvested and re-plated at the
appropriate dilutions in the multiwell plates. After an incubation of 8
days, the colonies were stained with crystal violet solution (0.3% w/v
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A. CH2879 cells were treated for 24 h with 2 uM Olaparib, and living cells were counted; then, 150 or 1500 cells/well were re-seeded in drug-free medium in a 6-well
plate. Colony formation was assessed after 8 days by crystal violet staining, and colonies with more than 50 cells were counted macroscopically. The number of
colonies is expressed as a percentage of untreated control; representative images are shown. B. Clonogenic survival of CH2879 cells. Data are shown as mean + /- SD
of 3 independent experiments performed in triplicate; *, P < 0.05. C. CH2879 cells were first stained with CellTrace and then treated for 24 h with 2 uM Olaparib;
living cells were counted and subsequently diluted in drug-free medium. Proliferation assay was performed 5 days later by flow cytometry, and proliferation index
(p.i.) was calculated using the non-divided control as reference (vertical green bar). Proliferation index is shown as mean + /- SD of 3 independent experiments
performed in triplicate. Each generation of cells is shown in a different color, as presented in Table 1.

Table 1
Proportion of cells (% of total) in each generation in control (0 Gy) and treated
(0 Gy + PARPi) samples by flow cytometry proliferation assay (CellTrace).

Generation (color) 0 Gy (% cells) 0 Gy + PARPi (% cells)
# 1 (violet) 0.0 0.0

# 2 (blue) 0.0 1.9

# 3 (cyan) 7.0 11.4

# 4 (green) 30.6 39.1

# 5 (yellow) 50.8 39.7

# 6 (orange) 11.6 7.8

crystal violet in 20% v/v ethanol). Only colonies that comprised over
50 cells were counted by eye under a stereomicroscope. The results
were expressed as the percentage of the sham-irradiated control.

2.6. Proliferation assay

Cell proliferation was evaluated with the CellTrace® Far Red Cell
Proliferation Kit (ThermoFisher Scientific, Waltham, MA USA). On the
day before irradiation, the cells were stained with CellTrace dye, per
the manufacturer's instructions. Stained cells were seeded in flasks at a
density that allowed 5 days of growth. The cells were irradiated 24 h
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after staining, and a control (non-irradiated and non-divided) was fixed
in PFA solution (4% in PBS, Thermo Fisher Scientific, Waltham, MA
USA). After irradiation, the flasks were placed in the incubator. Five
days after irradiation, all samples (irradiated, treated with PARPi, and
non-irradiated) were fixed with PFA solution (4% in PBS, Thermo
Fisher Scientific, Waltham, MA USA). Non-divided samples, controls,
and treated samples were then analyzed by flow cytometry.
Experiments with X-rays and C-ions were analyzed on an ICORE plat-
form (Caen, France) with a Gallios flow cytometer (Beckman Coulter,
Villepinte, France). Calibration beads (Flowcheck Pro and Flowset Pro
Fluorospheres, Beckman Coulter) were used to verify the optical
alignment, fluidics system, and sensitivity. The data were acquired
using Gallios software (Beckman Coulter). The excitation light was
provided by a 25-mW red diode (wavelength 638 nm), and the fluor-
escence was measured in the FL6 channel with a 660-nm bandpass
filter. Experiments with proton irradiation were analyzed on a Cytoflex
flow cytometer (Beckman Coulter, Brea, CA, USA); data were acquired
using a 638-nm excitation wavelength in the 660/10 BP fluorescence
channel. Data were analyzed with FCS Express 6+ (DeNovo®), and
proliferation index (p.i.) was calculated by the software using the non-
divided control as reference. Control and irradiated samples were
compared with the corresponding PARPi treated samples to estimate
the radiosensitization effect; a parameter, EF (Enhancement Factor,%)
was calculated accordingly, using each sample couples.

2.7. Characterization of cell line by sequencing

The sequences of 69 genes that have been implicated in DNA repair
and, specifically, homologous recombination were analyzed for muta-
tions (Supplementary Data 1). Regions of interest were captured with
the SureSelect XT protocol (Agilent, Santa Clara, CA, USA) and se-
quenced on an Ilumina NextSeq (Illumina, San Diego, CA USA), using
the 2 X 75 pb paired-end technique. Bioinformatics analysis was per-
formed using CASAVA Suite v1.8 for demultiplexing, followed by BWA
0.7.12 for alignment and the GATK v3.3 pipeline to produce BAM files,
according to Broad Institute recommendations. The variant-calling step
was performed using HaplotypeCaller (HC) [38], LoFreq v2.1.1 [39],
and Outlyzer v1.0 [40] for small variants and OncoCNV v6.4 [40] for
large-scale rearrangements.

PARPi.

A. CH2879 cells were irradiated with X-rays
(0, 0.5Gy, 1Gy, and 2Gy), and PAR chains
were analyzed by western blot following ir-
radiation at various time points (0, 1, 3, 6, 8,
24, and 48 h); actin served as the loading
control. B. CH2879 cells were irradiated with
X-rays (0, 0.5Gy, 1Gy, and 2Gy), and PAR
chains were analyzed by western blot fol-
lowing irradiation with or without PARPi at
24 h after irradiation; actine served as the
loading control.

2.8. Statistics

The statistical analysis was performed using the statistical module in
Origin (V 6.0) by t-test (2 populations) with an independent type and a
0.05 significance level. Data were considered to be significantly dif-
ferent when p < 0.05 (*).

3. Results
3.1. Olaparib delays proliferation in CH2879 cells

The effect of Olaparib alone was tested first. CH2879 chon-
drosarcoma cells were incubated with 2 uM Olaparib, and clonogenic
survival and proliferation index were measured per Fig. 1. Olaparib
reduced the survival of CH2879 cells by 19.3% (Fig. 2A and B). This
experiment was repeated several times to obtain accurate values of the
effect of Olaparib on CH2879 cells. The proliferation index (p.i.) also
declined under the same treatment conditions (Fig. 2C). In control
unirradiated cells, the proliferation index was 21.58 (+/—1.5), com-
pared with 16.45 (4+/—1.4) with Olaparib, corresponding to a sig-
nificant reduction of 23.7%. This variation in proliferation index was
attributed primarily to several shifts in the distribution of cells between
generations (Table 1). With Olaparib treatment, the youngest genera-
tions (generation 6 in orange and generation 5 in yellow) decreased,
and the oldest generations (generation 4 in green, generation 3 in light
blue, and generation 2 in blue) rose, reflecting lower cell proliferation
with Olaparib compared with nontreated cells.

3.2. Accumulation of PAR chains in response to irradiation

PARP-1 activity can be measured by monitoring the PARylation
status of cellular proteins by western blot using anti-PAR. Generally,
PARP-1 is activated immediately after breaks in DNA and begins
PARylation of its target proteins. We analyzed the kinetics of PAR chain
formation in CH2879 cells after treatment with various doses of X-rays
(Fig. 3A). After 6 h of exposure to 0.5 Gy X-rays or after 1 h with 1 Gy or
2 Gy X-rays, appreciable PARylation of cellular proteins was observed.
A specific and characteristic signal was observed as a smear, with a
maximum of intensity at approximately 250 kDa. In the western blot
experiments, the wells of the polyacrylamide gels (4% to 16% acryla-
mide gradient gels) were also transferred to the membrane for analysis.
Following 1 Gy and 2 Gy irradiation with X-rays, a signal was observed
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Fig. 4. Clonogenic survival of chondrosarcoma cells after X-rays, proton, and C-
ions irradiation + /- PARPi.

A. CH2879 cells were irradiated with X-rays (blue squares) or X-rays with
PARPi (red squares). B. CH2879 cells were irradiated with protons (blue tri-
angles) or protons with PARPi (red triangles). C. CH2879 cells were irradiated
with C-ions (blue circles) or C-ions with PARPi (red circles). Cell survival (%) is
shown as mean +/- SD of 3 independent experiments performed in triplicate
for X-rays and C-ions. In the case of proton irradiation, cell survival (%) is
shown as mean + /- SD of triplicate points corresponding to a single irradiation
experiment. For each dose, clonogenic survival was considered to be sig-
nificantly different (with and without PARPi) when p < 0.05 (¥).

in the wells, demonstrating significant polymerization of the PAR
chains that prevented the protein from entering the top of the 4% ac-
rylamide gel. In addition, maximum PARylation was reached after 24 h
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Table 2
Calculated parameters of CH2879 cell survival after irradiation with X-rays,
protons, and C-ions with and without PARPi (from Fig. 4).

D10° D37° SF2° ER (D10)° ER (D37)°
X-rays 5.9 3.8 0.75 / /
X-rays + PARPi 4.3 3 0.7 1.37 1.27
Protons 5.1 2.7 0.5 / /
Protons + PARPi 2.9 1.4 0.2 1.76 1.93
C-ions 2 0.9 0.1 / /
C-ions + PARPi 1.4 0.6 0.03 1.43 1.5

a

b

the D10 dose gives a surviving fraction of 0.1.
the D37 dose gives a surviving fraction of 0.37.
the SF2 fraction is observed at 2 Gy irradiation.
ER (D10) values are calculated as: D10 (with PARPi) / D10 (without
PARPi) for each irradiation quality.

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

c

d

at each dose. PARylation was inhibited in CH2879 cells by Olaparib, as
shown in Fig. 3B. PAR chains were analyzed 24 h after irradiation with
0.5 Gy, 1 Gy, and 2 Gy X-rays. The signal that corresponded to the PAR
chains (in the wells of the acrylamide gel and the smear at approxi-
mately 250 kDa) nearly disappeared with the PARPi, reflecting the ef-
ficacy of Olaparib after irradiation of CH2879 cells with X-rays.

3.3. Olaparib reduces cell survival in response to irradiation

CH2879 cells were irradiated with various types of radiation with
and without Olaparib according to the protocol (Fig. 1). Clonogenic
survival of CH2879 cells after irradiation was expressed as a function of
dose, and the results were plotted in CS Cal (Fig. 4). Surviving fractions
of X-rays- and proton-irradiated samples were plotted using a linear
quadratic model; a linear model was used for those after C-ion irra-
diations. All Olaparib treatments significantly decreased the surviving
fractions of CH2879 cells at all irradiation doses (except the low X-rays
dose) and all irradiation types. Enhancement ratio (ER) was calculated
for each irradiation type using D10 and D37 values (Table 2). The dose
that was necessary to obtain 10% survival (D10) fell by 1.37, 1.76, and
1.43 using Olaparib with X-rays and proton and C-ions irradiation, re-
spectively. The surviving fraction at 2 Gy (SF2) were significantly dif-
ferent between irradiations qualities and between samples treated with
and without Olaparib for the same doses. According to ER (D37), it was
interesting to notice that Proton + PARPi was significantly more
radiosensitizing than X-rays + PARPi; ER values differed with D37,
yielding dose reductions of 1.93 and 1.27, respectively (p < 0.05).

3.4. Olaparib decreases cell proliferation in response to irradiation

As in of the analysis of clonogenic survival, CH2879 cells were ir-
radiated with and without Olaparib, per the protocol (Fig. 1). Nor-
malized cellular index values (against a sham-irradiated control) of
CH2879 cells after irradiation were expressed as a function of the dose
with or without Olaparib (Fig. 5). Following X-rays irradiation at 0.5
and 1 Gy, Olaparib did not significantly decrease the cellular index. But,
after 2 Gy, 4 Gy, and 6 Gy X-rays, the enhancement factors (EFs) were
24%, 22%, and 26% when combined with Olaparib. For proton irra-
diation, the EF was approximately 10% at both doses. The lowest cel-
lular index (roughly 20%) was observed with the combination of 6 Gy
protons + Olaparib, approximating the value with the same combina-
tion of X-rays. Following C-ions irradiation at 1 Gy, 2 Gy, and 4 Gy, the
EFs were 23%, 14%, and 14%, respectively with Olaparib. Cell trace
proliferation assay allows one to perform a detailed analysis of cells in
each generation following treatment. To compare irradiation types and
treatments, we selected a dose that reduced the proliferation index of
control cells by approximately 50% (Fig. 6), corresponding to 4 Gy for
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Fig. 5. Impaired proliferation of chondrosarcoma cells after X-rays, proton and
C-ions irradiation + /- PARPi.

A. CH2879 cells were irradiated with X-rays + /- PARPi (yellow). B. CH2879
cells were irradiated with protons + /- PARPi (orange). C. CH2879 cells were
irradiated with C-ions + /- PARPi (red). Proliferation indexes (%) are shown as
mean + /- SD of 3 independent experiments performed in triplicate for X-rays
and C-ions. In the case of proton irradiation, proliferation indexes (%) corre-
sponded to a single irradiation experiment. For each dose, proliferation indexes
were considered to be significantly different (with and without PARPi) when p
< 0.05 (*). An enhancement factor (EF%) was added to the PARPi-treated
samples (red numbers) when significant differences were observed. In the case
of proton irradiation, no statistical analysis was performed, and EF was pro-
posed to be exploratory.
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X-rays (p.i. = 12.38 and 55% of control), 2 Gy for protons (p.i. = 9.17
and 42% of control), and 2 Gy for C-ions (p.i. = 8.50 and 41% of con-
trol). In the absence of Olaparib, the 6 generations appeared with all
irradiation type, but the proportions of generation 5 cells (yellow) with
X-rays and generation 3 cells (light blue) with C-ions were higher
compared with protons. When Olaparib was combined irradiation, the
proportion of cells in generations 1, 2, and 3 generally increased, and
those in generation 6 disappeared with protons and C-ions. The pro-
portion of generation 5 cells (yellow) was low with C-ions and Olaparib.
In contrast, the proportion of generation 6 cells (orange) was stable
with X-rays irradiation and Olaparib compared with X-rays alone.

3.5. Genetic characterization of CH2879 chondrosarcoma cells

To determine the mechanism of the radiosensitivity of CH2879
cells, a panel of 69 genes that have been implicated in DNA repair were
sequenced and analyzed for mutations (Supplementary Data 1). Of the
69 genes that were analyzed, 12 were mutated by at least 2 callers
(Table 3): by substitution or deletion, creating nonsense, missense, or
frameshift mutation or possible splice (ARID1A; ARID1B, BRIPI,
FANCA, FANCG, FANCI, GATA3, HDAC3, NBN, PARP1, PTEN, and
RAD50) and loss of sequence (SMARCAZ2). Of the 12 genes with a single
mutation, 3 had a frequency of up to 10%. According to Table 3, PTEN
was mutated (c.697C > T, nonsense) in 100% of alleles, RAD50 was
mutated (c.2165del; frameshift) at 44%, NBN was mutated
(c.2249T > A; nonsense) at 31% and SMARCAZ2 locus was lost in 100%
of alleles. The frequencies of all other mutations were below 10%,
having a moderate effect on the entire cell population.

4. Discussion

In this study, we analyzed the effects of PARP inhibition in asso-
ciation with various irradiation modalities on CH2879 chondrosarcoma
cells using the PARP inhibitor Olaparib. X-rays irradiation of CH2879
cells induced the significant accumulation of PAR chains by western
blot (Fig. 3.A)—reflecting the typical response to X-rays and the normal
activity of PARPs. PAR chains facilitate the recruitment of SSB repair
scaffolding proteins, such as X-rays repair cross-complementing protein
1 (XRCC1), DNA ligase III, and DNA polymerase beta. The most notable
effects of PARP inhibition is the blockade of PAR chain synthesis
(Fig. 3.B) and the accumulation of SSBs, leading to DNA double-strand
breaks (DSBs) through collapse of the replication fork. The synthetic
lethal interactions between PARP inhibition and BRCAI1 or BRCA2
mutations suggest a unique strategy for treating patients with BRCA-
mutant tumors. BRCA-mutant tumor cells are more sensitive to PARPi
than BRCA-normal wild-type cells [32]. Combined with irradiation,
PARPis amplify unrepaired DNA damage, SSBs, and DSBs. In a favor-
able genetic context that prevents HRR, synthetic lethality occurs, ac-
companied by large-scale genomic rearrangements, often leading to cell
death. Based on the genetic characterization of CH2879 cells, several
genes that are involved in HRR were mutated. The first main mutation
was observed in PTEN, which was disrupted in the entire cell popula-
tion (Table 1). PTEN is essential in the maintenance of chromosomal
stability [41], and its deficiency sensitizes cancer cells with PARPis and
downregulates RAD51 [42]. But, PARP inhibition as monotherapy has
no sensitizing effect on PTEN-deficient cells—only the combination of
PARP and PI3K inhibitors prevented tumor growth in a mouse model of
PTEN-deficient endometrioid endometrial cancer [43]. In the absence
of irradiation, 2 uM Olaparib induced a roughly 20% decrease in clo-
nogenic survival in CH2879 cells (Fig. 2A,B). By cell proliferation assay,
the underlying mechanism was suggested to be a delay in cell growth
(Fig. 2C). The proportion of cells in generations 2, 3, and 4 following
Olaparib treatment increased, and that in generations 5 and 6 declined
compared with untreated cells (Table 1). Two other genes were muta-
ted—RAD50 and NBN—at a frequency of 44.2% and 30.66%, respec-
tively. RAD50 and NBN (nibrin) are components of the MRN complex
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(with MRE11), which is central in DNA repair machinery, double-strand
break signaling, and the chromatin template. These mutations, which
caused a frameshift and nonsense mutation, generated nonfunctional

proteins. SMARCA2, which presented a loss of the entire tumor sup-
pressor gene, is involved in chromatin remodeling at DNA damage sites
and/or replication forks during double-strand break (DSB) response,
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