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Abstract

Chondrosarcomas are chemo- and radiotherapy resistant and frequently harbor mu-
tations in isocitrate dehydrogenase 1 or -2 (IDH1 or IDH2), causing increased levels of
D-2-hydroxyglutarate (D-2-HG). DNA repair defects and synthetic lethality with poly(ADP-
ribose) polymerase (PARP) inhibition occur in /IDH mutant glioma and leukemia models.
Here we evaluated DNA repair and PARP inhibition, alone or combined with chemo- or
radiotherapy, in chondrosarcoma cell lines with or without endogenous /IDH mutations.
Chondrosarcoma cell lines treated with the PARP inhibitor talazoparib were examined
for dose—response relationships, as well as underlying cell death mechanisms and DNA
repair functionality. Talazoparib was combined with chemo- or radiotherapy to evaluate
potential synergy. Cell lines treated long term with an inhibitor normalizing D-2-HG levels
were investigated for synthetic lethality with talazoparib. We report that talazoparib
sensitivity was variable and irrespective of IDH mutation status. All cell lines expressed
Ataxia Telangiectasia Mutated (ATM), but a subset was impaired in poly(ADP-ribosyl)ation
(PARylation) capacity, homologous recombination, and O-6-methylguanine-DNA methyl-
transferase (MGMT) expression. Talazoparib synergized with temozolomide or radiation,
independent of IDH1 mutant inhibition. This study suggests that talazoparib combined
with temozolomide or radiation are promising therapeutic strategies for chondrosarcoma,
irrespective of IDH mutation status. A subset of chondrosarcomas may be deficient in non-
classical DNA repair pathways, suggesting that PARP inhibitor sensitivity is multifactorial
in chondrosarcoma.
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Introduction

Chondrosarcomas are malignant cartilage producing tumors and are the third most com-
mon bone malignancy [1]. These tumors can be classified into different subtypes: Conven-
tional chondrosarcoma (85%), dedifferentiated chondrosarcoma (10%), and rare subtypes
(5%), including mesenchymal-, clear cell-, and periosteal chondrosarcoma. Conventional
chondrosarcoma can be further subdivided into central (in the medulla of the bone, 85%)
and peripheral (on the bone surface, 15%) tumors. Histological grading is the most impor-
tant prognostic factor for predicting survival of conventional chondrosarcoma patients.
Patients with atypical cartilaginous tumors (ACT)/chondrosarcoma grade | have an overall
10-year survival rate of 88%, while patients with a grade Il or grade Il chondrosarcoma
have a reduced survival rate of 62% and 26%, respectively [2]. These survival rates are
partly limited by available treatment options because chondrosarcomas are intrinsically
resistant towards conventional chemo- and radiotherapy and targeted therapies are not
yet available. At present, surgery remains the only available curative treatment option
[3]. These therapeutic limitations emphasize the importance of the development of novel
therapeutic strategies, especially for unresectable conventional chondrosarcoma.

Central conventional chondrosarcomas harbor specific point mutations in isocitrate dehy-
drogenase 1 or -2 (IDH1 or IDH2) in ~50% of the cases [4, 5]. These enzymes function in
the tricarboxylic acid cycle (TCA cycle) in which they convert isocitrate into a-ketoglutarate
(a-KG) and CO2. The specific point mutations in the arginine residues (R132 for IDH1 and
R140/172 for IDH2) are gain-of-function mutations and induce the additional conversion of
a-KG into the oncometabolite D-2-hydroxyglutarate (D-2-HG), leading to elevated levels of
this oncometabolite [6]. The most frequently observed point mutation in chondrosarcoma
is the IDH1¥3* (~40%), which produces relatively high levels of D-2-HG [7]. Other point
mutations that are commonly found in chondrosarcoma are IDH1%%¢, IDH1*3% |DH2™7%,
IDH1"** and IDH1"** [4]. The structural similarity between a-KG and D-2-HG is high and
therefore the oncometabolite competitively inhibits a-KG dependent enzymes, such as
DNA- and histone demethylases, leading to epigenetic alterations like DNA hypermethyl-
ation [8]. Furthermore, mutations in IDH1 or IDH2 (collectively referred to as IDH) cause
alterations in cell metabolism, cell growth signalling pathways, and the DNA damage re-
sponse [9, 10]. However, we have shown that direct inhibition of the IDH1 mutant enzyme
with AGI-5198 does not change the tumorigenic properties of chondrosarcoma cell lines in
vitro, suggesting that these tumors become independent of their IDH mutation over time
[11]. As an alternative, the underlying alterations induced by IDH mutations might provide

a vulnerability that could be therapeutically exploited.
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Several studies have examined synthetic lethal interactions with IDH mutations. Synthetic
lethality is based on the principle that alterations in two genes induce a lethal phenotype,
while individual alteration of these genes has no effect on cell viability. Most of these
studies were performed in acute myeloid leukaemia (AML) and glioma, both of which also
harbor IDH mutations [12, 13]. Several compounds have synthetic lethal phenotypes with
IDH mutations, including agents that induce DNA damage or target B-cell lymphoma 2
(Bcl-2) family members, nicotinamide phosphoribosyltransferase (NAMPT), glutaminase,
poly(ADP-ribose) polymerase (PARP) and DNA (cytosine-5)-methyltransferase 1 (DNMT1)
[14-23]. One of these targets is PARP, a protein involved in the detection and repair of
single-strand DNA breaks. Potential mechanisms underlying this synthetic lethal interac-
tion are a reduced expression of Ataxia Telangiectasia Mutated (ATM), as well as D-2-HG
dependent inhibition of lysine-specific demethylase 4A and 4B (KDM4A and KDM4B) and
the homologous recombination pathway [15, 20, 21]. Therefore, this study evaluated
PARP inhibition and the functionality of DNA repair pathways in endogenous IDH mutant
and IDH wildtype chondrosarcoma cell lines. Furthermore, we explored if PARP mediates
resistance to chemo- and radiotherapy in chondrosarcoma. Our experimental design
focused on talazoparib, because it is one of the most potent, FDA-approved PARP inhibi-
tors that causes both catalytic inhibition and DNA trapping of PARP (i.e., ~100 fold more
than olaparib) [24]. This dual role increases the level of induced DNA damage and may
overcome the intrinsic chemo- and radiotherapy resistance in chondrosarcoma.

Materials and methods

Compounds

The PARP inhibitor talazoparib (57048, Selleckchem, Houston, TX, USA), the IDH1 mutant
(R132H and R132C) inhibitor AGI-5198 (14624, Cayman Chemical, Ann Arbor, MlI, USA),
the alkylating agent temozolomide (51237, Selleckchem) and the Bcl-xL/Bcl-2/Bcl-w inhibi-
tor ABT-737 (51002, Selleckchem) were dissolved in DMSO. The cell permeable derivative
of D-2-HG, (2R)-Octyl-a-hydroxyglutarate (16366, Cayman Chemical), was dissolved in
phosphate buffered saline (PBS). Doxorubicin (2mg/mL in 0.9% NacCl) and cisplatin (1mg/
mL in 0.9% NaCl) were obtained from Leiden University Medical Center (in-house hospital
pharmacy) and diluted in PBS. Hydrogen peroxide (H,0,) (Merck, Darmstadt, Germany)
was also diluted in PBS.

Cell culture

The central conventional chondrosarcoma cell lines CH2879 (IDH wildtype (IDHY")) [5, 25],
11012 (IDH1"**) [5, 26], and SW1353 (ATCC, IDH2%"*) [5] were cultured in Roswell Park
Memorial Institute (RPMI) 1640 medium (Gibco, Invitrogen Life-Technologies, Scotland,
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UK) supplemented with 10% heat-inactivated Fetal Bovine Serum (FBS) (F7524, Sigma-
Aldrich, Saint Louis, MO, USA). The central conventional chondrosarcoma cell lines CH3573
(IDHYT) [27] and L835 (IDH1****) [5, 28] were cultured in RPMI 1640 + 20% FBS. The
dedifferentiated chondrosarcoma cell lines NDCS1 (IDH"") [5, 29], HT1080 (IDH1%**) [11,
30], and L2975 (IDH2®"*") [5, 28] were cultured in RPMI 1640 + 10% FBS and L3252B
(IDH"T) [28] was cultured in RPMI 1640 + 20% FBS. The mesenchymal chondrosarcoma cell
line MSC170 (IDH"T) [31] was cultured in Iscove’s Modified Dulbecco’s Medium (IMDM)
(Gibco, Invitrogen Life-Technologies) supplemented with 15% FBS. Long-term AGI-5198
treated cell lines (20 passages with 1.5 uM AGI-5198) [11] were cultured in normal growth
medium + 10 pM AGI-5198. All cell lines were cultured in a humidified incubator with
5% CO, at 37 °C. Short Tandem Repeat (STR) profiling (GenePrint 10 System, Promega,
Madison, WI, USA) and PCR-based mycoplasma tests were performed monthly.

Cell viability and nuclei count assays

Chondrosarcoma cell lines were seeded in 96 well plates (3 x 10° to 15 x 10° cells/well)
and were allowed to attach overnight. Cells were treated with different compounds (i.e.,
talazoparib, temozolomide, cisplatin, and doxorubicin) in concentrations ranging from
0 to 316 puM. The solvents DMSO and PBS were used as negative controls. After 72 h
of treatment, cell viability was measured with PrestoBlue cell viability reagent (A13262,
Invitrogen Life-Technologies) according to the manufacturer’s protocol. Fluorescence was
measured at 560/590 nm with the Victor3V 1420 multilabel counter (Perkin Elmer, Gron-
ingen, The Netherlands) after 1 to 1.5 h of incubation at 37 °C. Subsequently, cells were
fixed with 4% formaldehyde (Q Path, VWR Chemicals, Radnor, PA, USA) and stained with
2 ug/mL Hoechst 33342 (H1399, Invitrogen Life-Technologies). Nuclei were counted with
the Cellomics ArrayScan VTI HCS 700 series and HCS Studio Cell Analysis Software (Ther-
moFisher Scientific, Waltham, MA, USA). To correct for growth rate, data were normalized
to the “time 0 measurement” (i.e., cell viability or nuclei count before treatment) with GR
Calculator (http://www.grcalculator.org) [32]. Experiments were performed in triplicate

and repeated three times.

Apoptosis assay

CH2879, 1J012, and SW1353 cells were seeded in white 96 well plates (3 x 10% to 7 x 10°
cells/well). After overnight attachment, cultures were treated with 500 nM talazoparib
for 24 h or 48 h. The solvent DMSO was used as a negative control and a combination of
5 uM ABT-737 and 1 uM doxorubicin was used as a positive control. After 24 h or 48 h of
treatment, the CaspaseGlo 3/7 Assay (Promega) was used according to the manufacturer’s
protocol to measure apoptosis induction. Luminescence was measured with a Victor3V
1420 multilabel counter (Perkin Elmer) after 30 minutes of incubation at room tempera-
ture. Experiments were performed in duplicate and repeated three times.
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Cell cycle assay

CH2879, JJ012, and SW1353 cells were seeded in 6 well plates (9 x 10* to 21 x 10" cells/
well). After overnight attachment, cultures were treated with 500 nM talazoparib or the
solvent control DMSO for 24 h or 48 h. After the indicated treatment times, adherent cells
and supernatant were collected in one sample. Cells were counted, fixed, and washed
as described before [33]. Cells were stained with 4 uM 4’,6-diamidino-2-fenylindool
(DAPI) in PBS/1% Bovine serum albumin (BSA)/0.05% Tween20 for 30 minutes at room
temperature and stored at 4 °C overnight. Readout and analysis were performed with the
NucleoCounter NC-250 (Chemometec, Denmark), Winlist 3D Version 8, and Modfit Ver-
sion 4.1.7 (Verity Software House, Topsham, ME, USA). Each analysis measured >10,000
single cell events with a coefficient of variation (CV) lower than 4. A statistical model with
a polynomial S-phase shape showed the best fit (Reduced chi-square (RCS) between 1 and
3). Experiments were repeated three times.

Western blotting

Chondrosarcoma cell lines were seeded in 6 well plates (9 x 10 to 21 x 10 cells/well)
and allowed to attach overnight. Cultures were treated with talazoparib and H,O, with
concentrations ranging from 0 to 500 uM. At the indicated time points, cells were lysed
in Hot SDS buffer (1% SDS, 10 mM Tris/Ethylenediaminetetraacetic acid (EDTA) pH 7.4)
and supplemented with protease inhibitor cocktail and phosphatase inhibitor cocktail
(Roche, Bazel, Switzerland). Urea (8 M) was added to the lysis buffer if samples were used
to determine poly(ADP-ribosyl)ation (PARylation). Each sample (10 to 20 ug protein) was
separated by SDS-PAGE and transferred to Polyvinylidene fluoride (PVDF) membranes us-
ing the Trans-Blot Turbo Transfer System (Bio-Rad Laboratories, Hercules, CA, USA). Block-
ing was performed with 5% non-fat dry milk (ELK) dissolved in tris-buffered saline with
0.1% Tween20 (TBS-T). Blots were examined for expression of cleaved caspase 3 (1:1000,
clone 8G10, Cell Signaling Technology, Leiden, The Netherlands), cleaved PARP (1:1000,
clone 46D11, Cell Signaling Technology), poly(ADP-ribose) (PAR) polymer (1:500, clone
10H, Abcam, Cambridge, UK), ataxia telangiectasia mutated (ATM) (1:500, clone D2E2,
Cell Signaling Technology) and y-H2AX (1:1000, clone 20E3, Cell Signaling Technology).
The expression of a-tubulin (1:30000, clone DM1A, Sigma-Aldrich) was used as a loading
control. Primary antibodies were diluted in TBS-T/5% BSA and incubated overnight at 4 °C.
Blots were washed and incubated for 1 h at room temperature with horseradish peroxi-
dase (HRP)-labelled-secondary antibodies diluted in TBS-T/5% ELK. Blots were developed
with Pierce ECL Western Blotting Substrate (Thermo Fisher Scientific) and the ChemiDoc
Touch Imaging System (Bio-Rad Laboratories). Images were analyzed and quantified with
Image Lab Software Version 6 (Bio-Rad Laboratories).
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RAD51 foci assay

CH2879, JJ012, and SW1353 cells were seeded on sterilized 3-Aminopropyltriethoxysilane
(APES) coated slides (5 x 10° to 1 x 10° cells/slide). After overnight attachment, cultures
were irradiated at 0 or 5 Gy of y-radiation using a **’C source (YXLON, Comet Technologies,
Shelton, CT, USA), and were allowed to recover for 2 h or 24 h. Slides were fixed with 4%
formaldehyde at 37 °C, washed with PBS/0.05% Tween20, and permeabilized with 100% ice-
cold methanol at —20 °C as described previously [34]. Blocking was performed with PBS/1%
BSA/0.05% Tween20 for 30 minutes at 37 °C. Slides were stained with primary antibodies
against geminin (1:500, 10802-1-AP, Proteintech, Manchester, UK) and RAD51 (1:500, clone
14B4, GeneTex, Irvine, CA, USA) for 1 h at 37 °C. After washing, slides were incubated with
an Alexa Fluor 488/549 secondary antibody mix supplemented with 0.5 uM Hoechst 33342
for 1 h at 37 °C. Slides were washed, covered with ProLong Gold Antifade Reagent (Invi-
trogen Life-Technologies), and a LSM 700 laser scanning confocal microscope (Carl Zeiss,
Oberkochen, Germany) was used to acquire images of regions of interest. ZEN 2.3 Black
software (Carl Zeiss) was used to export images. The number of RAD51 foci in each geminin-
positive nucleus was automatically counted using a previously described ImageJ macro (IRIF
analysis) [35]. Parameters were optimized for each cell line and results were validated by
visual inspection of the images. At least 50 geminin-positive cells were counted per sample
and a cell was considered RAD51 positive if >5 foci were detected in the nucleus [36].

Next-generation RNA sequencing analysis

RNA expression of MGMT in chondrosarcoma cell lines was determined from a next gen-
eration RNA sequencing dataset we previously generated [11]. The expression levels are
shown in reads per kilobase per million (RPKM).

Methylation array analysis

Methylation of MGMT in chondrosarcoma cell lines was determined from a previously
described genome-wide methylation dataset (HumanMethylation450 BeadChip array,
Illumina) [11]. The MGMT gene is located on chromosome 10 from base pair position
131,265,448 until 131,566,271 with a CpG island located in the promoter region ranging
from 131,264,949 until 131,265,710 (USCS Genome Browser, GRCh37). Probes covering
the gene and the promoter (i.e., 131,264,102 until 131,565,910) were selected to deter-
mine the methylation status of the samples.

Colony formation assay

CH2879, 11012, and SW1353 cells were seeded in 10 cm dishes (4 x 10 to 36 x 10 cells/
dish). After overnight attachment, cultures were treated with DMSO or 5 nM talazoparib
and irradiated at 0, 1, 2, 4 or 6 Gy of y-radiation. Colonies were allowed to form for 1 to

2 weeks before dishes were washed with PBS and stained with 0.5% crystal violet/6%
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glutaraldehyde in H,0. An Image) macro was developed in-house to automatically quantify
the number of colonies. Briefly, dishes were scanned and converted to 8-bit TIFF images to
select the area of interest. Colonies were masked by thresholding of the images followed
by a watershed segmentation to separate touching colonies. Colonies with a size <50
pixel’> were excluded from the analysis. Results were validated by visual inspection of the
images. Surviving fractions were calculated by normalizing the data towards the plating
efficiency (i.e., number of colonies/number of seeded cells) of the untreated control [37].
Experiments were performed in triplicate and repeated two times.

Statistical calculations and image analysis

Significant changes between experimental groups were calculated with a Mann—Whitney
test or a Kruskal-Wallis test followed by a Dunn’s post-hoc test. A Spearman correlation
was performed to determine an association between two variables. Statistical analyses
were performed in GraphPad Prism 8. The Bliss independence model (C=A+B—A x B) was
used to predict synergy in treatment combinations, in which C represents the combined
effect and A and B represent single agent effects [38, 39]. Image analysis was performed
with ImageJ V1.51 (National Institutes of Health, Bethesda, MD, USA). Heatmap figures
were created with MORPHEUS (Broad Institute, Cambridge, MA, USA).

Results

Chondrosarcoma cell lines are variably sensitive to PARP inhibition,
irrespective of the IDH mutation status

To assess PARP inhibitor sensitivity, we generated dose-response curves with talazoparib
for 10 chondrosarcoma cell lines. Chondrosarcoma cell lines were variably sensitive to
PARP inhibition with growth rate corrected ICs, (GRs,) values ranging from 34nM to >1000
nM after 72 h of treatment (Figure 1A and Table 1). A subset of chondrosarcoma cell lines
(NDCS1, MCS170, SW1353, and HT1080) showed a similar sensitivity to PARP inhibition as
described in literature for cell lines with impaired DNA repair pathways (i.e., ICs, values
between 0.1 and 100 nM) (Table 1) [40-42]. Talazoparib inhibited the growth of the cells
present before the start of the 72-h drug treatment (i.e., time 0 measurement is set at
0%) in most chondrosarcoma cell lines (Figure 1A), although cell death in this pre-existing
cell population can be induced in almost all chondrosarcoma cell lines at infinite drug
concentrations (GR, values) (Table 1). Sensitivity to talazoparib was not correlated to IDH
mutation status (Figure 1A) and long-term treatment with the IDH1 mutant inhibitor AGI-
5198 did not significantly rescue the effect of talazoparib in the IDHI mutant (IDH1Y"") cell
line JJO12 (Figure 1B). Thus, chondrosarcoma cells exhibited differences in sensitivity to
PARP inhibition, regardless of the IDH mutation status.
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Figure 1. Chondrosarcoma cell lines are variably sensitive to poly(ADP-ribose) polymerase (PARP) inhibition,
irrespective of the IDH mutation status.

(A) Dose-response curves of talazoparib after 72 h of treatment for 10 chondrosarcoma cell lines. Talazoparib sensitivity dif-
fers among cell lines. (B) Long-term AGI-5198 treatment (>20 passages) could not significantly rescue the effect of talazoparib
treatment in an IDH1 mutant cell line. A Kruskal-Wallis/Dunn’s test was performed to determine significant changes in nuclei
count between matching talazoparib concentrations. Dose-response curves were corrected for growth rate and GRs, values
were calculated. Data points represent the mean of three experiments performed in triplicate + standard deviation.
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Table 1. Growth corrected parameters (i.e., GRsy and GR,) and standard parameters (i.e., ICs, and E,y) for
talazoparib in chondrosarcoma cell lines.

Cell Line Chondrosarcoma Subtype ISL:;lll\/slutation GRso (NM) IG5 (nM)  GR (%)  Eins (%)
NDCS1 Dedifferentiated Wildtype 34 25 -54 0
MCS170 Mesenchymal Wildtype 75 - 7 57
SW1353 Central conventional IDH2 R172S 133 63 -25 3
HT1080 Dedifferentiated IDH1 R132C 188 61 10 11
CH3573 Central conventional Wildtype 244 471 -2 26
L2975 Dedifferentiated IDH2 R172W 326 401 1 22
1012 Central conventional IDH1 R132G 371 193 -23 1
JJ012 + AGI-5198 Central conventional “Wildtype” 659 303 -11 0
L3252B Dedifferentiated Wildtype 876 1442 =75 0
L835 Central conventional IDH1 R132C 1670 - 12 68
CH2879 Central conventional Wildtype 1726 1103 -90 1
CH2879 + AGI-5198 Central conventional Wildtype 4280 4060 -16 22

GRsp = the concentration of the drug at which growth rate inhibition (GR) = 0.5, equivalent of the ICs,. GR, = the effect of the
drug at infinite concentration. GR lies between —1 and 1, equivalent of the E,; (maximum effect at infinite drug concentra-
tion).

PARP inhibition minimally induces apoptosis and causes a G2/M phase
cell cycle arrest in chondrosarcoma cell lines

Three central conventional chondrosarcoma cell lines with an IDH wildtype (CH2879) or
an endogenous IDH1¥3*® mutation (JJ012) or IDH2*"* mutation (SW1353) were selected
to elucidate the underlying growth inhibition or cell death mechanism. Cell lines were
treated with 500 nM talazoparib, which reflects the GRg, value of SW1353 after 72 h of
treatment to enable cell line comparisons and to avoid toxic side effects. Caspase 3/7
activity was significantly induced in JJ012 and SW1353 cells after 48 h treatment with 500
nM talazoparib, although the observed effect was minimal as compared to the positive
control (Figure 2A). Western blotting for cleaved PARP and cleaved caspase 3 confirmed
this induction of apoptosis in SW1353 cells and showed a minimal induction of cleaved
caspase 3 in CH2879 cells (Figure 2B). Furthermore, cell cycle analysis showed that treat-
ment with 500 nM talazoparib for 24 h or 48 h arrested CH2879 and JJ012 cells in the Gap
2/Mitosis (G2/M) cell cycle phase, with a concomitant reduction in the fraction of cells in
S-phase (CH2879) or G1 phase (JJ012) (Figure 2C). This finding indicates that talazoparib
affected chondrosarcoma growth by induction of apoptosis or a cell cycle arrest.
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Figure 2. PARP inhibition minimally induced apoptosis, caused a Gap 2/Mitosis (G2/M) cell cycle arrest, and
blocked poly(ADP-ribosyl)ation (PARylation) in chondrosarcoma cell lines.

(A) Caspase 3/7 activity and corresponding viability after 24 h and 48 h treatment with 500 nM talazoparib. A 5 uM ABT-737
+ 1 pM doxorubicin was used as positive control. SW1353 and JJ012 cells showed a significant induction of apoptosis after
48 h talazoparib treatment. Bars represent the mean of three experiments performed in duplicate + standard deviation.
Significant changes towards DMSO controls were determined with a Kruskal-Wallis/Dunn’s test at * p < 0.05, ** p < 0.01,
**% p <0.001, **** p <0.0001. (B) Western blot for cleaved PARP and cleaved caspase 3 after 24 h and 48 h treatment with
talazoparib. Apoptosis was observed in CH2879 and SW1353 cells after 48 h treatment. CH2879 cells treated for 24 h with
5 uM ABT-737 and 1 puM doxorubicin was used as positive control. The a-tubulin was used as a loading control. Whole blot
with densitometry readings can be found in Figure S2A. (C) Cell cycle analysis after 24 h and 48 h treatment with 500 nM
talazoparib. Both chondrosarcoma cell lines showed an increase in the G2/M phase. Bars represent the mean of three inde-
pendent experiments + standard deviation. (D) Western blot for PARylation after DNA damage induction by exposure to 500
UM H,0, -/+ talazoparib for 10 minutes. The 5 nM talazoparib treatment blocked PARylation in all cell lines. JJ012 showed a
reduced PARylation capacity. The a-tubulin was used as a loading control. Whole blots with densitometry readings can be
found in Figure S2B.
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JJ012 cells have a reduced capacity to sense DNA damage,
independent of the IDH1 mutation

To confirm the on-target PARP inhibitory effect of talazoparib, poly(ADP-ribosyl)ation (PA-
Rylation) was assessed after H,0, treatment. Short-term treatment (i.e., 10 minutes) with
nanomolar concentrations of talazoparib blocked the formation of PAR chains in all cell
lines, indicating that PARP function was almost completely inhibited at 5 nM talazoparib
(Figure 2D). However, the PARylation capacity of JJ012 cells was reduced, suggesting an
underlying defect in sensing DNA damage. The diminished PARylation capacity of JJ012
cells could not be reversed by long-term IDH1 mutant inhibition (Figure 2D). Hence, JJ012
chondrosarcoma cells may have a deficiency in sensing DNA damage, although irrespec-
tive of the IDH1 mutation.

Chondrosarcoma cell lines are homologous recombination proficient
and maintain nominal expression of ATM

To determine if chondrosarcoma cell lines are deficient in homologous recombination, a
RAD51 foci assay was performed [36]. After a 2 h recovery of y-radiation treatment, all cell
lines showed a significant induction of RAD51 foci, indicative of a proficient homologous
recombination pathway (Figure 3A). However, 24 h after irradiation, CH2879 and SW1353
cells each exhibited evidence of recovery as reflected by partial repair of DNA damage,
while JJ012 cells retained DNA damage signals (Figure 3A). This difference in DNA repair
was confirmed by the amount of geminin positive cells with >5 RAD51 foci, because only
JJ012 retained a high percentage of RAD51 positive cells over time (Figure 3B-C). It was
previously shown by other investigators that expression of the DNA repair initiator ATM
is reduced in IDH mutant cells [15, 21]. However, no difference in ATM expression was
observed between the IDH"" and IDH" chondrosarcoma cell lines used in our study.
Moreover, ATM expression was not enhanced in JJ012 cells after long-term AGI-5198
treatment (Figure 3D). Hence, differences in DNA repair that were independent of ATM

expression were evident among the three lines that we examined.
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Figure 3. Chondrosarcoma cell lines are homologous recombination proficient and maintain nominal expres-

sion of Ataxia Telangiectasia Mutated (ATM).

(A) The amount of RAD51 foci per geminin-positive cell after 2 h or 24 h recovery of 5 Gy y-radiation treatment. All cell lines
showed an induction of RAD51 foci 2 h after treatment. JJ012 cells retained DNA damage signalling after 24 h. Quantification
was performed with a previously published Image) macro [35]. Every data point represents a geminin-positive cell. The mean
+ standard deviation is depicted per treatment group. Significant changes towards 0 Gy controls were determined with a Krus-
kal-Wallis/Dunn’s test at * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. (B) The percentage of geminin-positive cells
with >5 RAD51 foci. Cut-offs for homologous recombination status after 2 h recovery of 5 Gy y-radiation treatment: 0-20% is
impaired, 20-50% is intermediate, and 50-100% is normal. All cell lines showed activation of the homologous recombination
pathway. JJ012 cells retained activation of the DNA repair pathway after 24 h. (C) Representative images per treatment condi-
tion of several single cells. (D) Western blot for ATM expression. ATM expression was not correlated with /DH mutation status.
The a-tubulin was used as a loading control. All samples were loaded on the same gel. Whole blot with densitometry readings
can be found in Figure S2C. Graph represents the quantification of ATM expression normalized to a-tubulin.
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The combination of PARP inhibition and temozolomide is synergistic in
chondrosarcoma cell lines

We next examined if PARP inhibition could overcome the intrinsic chemo- and radiotherapy
resistance present in chondrosarcoma. Talazoparib was combined with increasing concen-
trations of two conventional chemotherapeutic agents (cisplatin and doxorubicin), and
temozolomide, a DNA alkylating/methylating agent known for its synergistic effect with
PARP inhibitors [43, 44]. No synergy was observed when talazoparib was combined with
cisplatin or doxorubicin (Figure S1). However, combination of talazoparib with temozolo-
mide showed synergy in all three chondrosarcoma cell lines analyzed as determined by the
Excess over Bliss score (Figure 4A-B). Notably, while JJ012 and SW1353 cells responded to
single temozolomide treatment, CH2879 cells were resistant to >100 uM temozolomide
but became sensitive to <10 uM temozolomide in the presence of talazoparib. Long-term
AGI-5198 treatment of JJ012 cells did not alter the sensitivity towards single or combina-
tion therapies with temozolomide (Figure 4C). This result indicates that the effect of both
therapeutic strategies was independent of /IDH mutation status.

Temozolomide sensitivity in glioblastoma patients correlates with the expression and
promoter methylation status of O-6-methylguanine-DNA methyltransferase (MGMT) [45],
an enzyme that counteracts temozolomide-induced DNA damage. IDH mutations cause
hypermethylation of DNA in tumors, including chondrosarcoma [5], and this epigenetic
modification may reduce MGMT mRNA expression [46]. Therefore, we investigated the
methylation status of the MGMT promoter and effects on RNA expression in our chon-
drosarcoma cell line panel with or without long-term treatment with AGI-5198 or D-2-HG.
Expression of MGMT was higher in CH2879 cells as compared to JJ012 and SW1353 cells
and Spearman correlation analysis showed a trend towards an association between
expression and temozolomide GRs, values in these cell lines, although sample size was
small (Figure 4D-F). Furthermore, a significant correlation between MGMT expression and
CpG island methylation status was observed (Figure 4E-F). However, long-term treatment
with AGI-5198 in IDH1 mutant cell lines or with the oncometabolite D-2-HG in a wildtype
cell line did not affect MGMT RNA expression (except for L835) or promoter methylation
(Figure 4D-E). Overall, these data indicated that the effectivity of temozolomide as either
single or combination therapy in chondrosarcoma is not determined by the IDH mutation
status and may be associated with other molecular differences between cell lines, such as
MGMT expression.
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Figure 4. Combination of PARP inhibition and temozolomide is synergistic in chondrosarcoma cell lines.

(A) Dose-response curves for single temozolomide treatment or temozolomide combined with talazoparib. Talazoparib sen-
sitized all cell lines towards temozolomide. Dose-response curves were corrected for growth rate. Data points represent the
mean of three experiments performed in triplicate + standard deviation. (B) Heatmap represents the calculated Excess over
Bliss scores for temozolomide and talazoparib combinations, in which yellow represents antagonism, white represents ad-
ditivity, and blue represents synergy. Combination induced synergy in all tested cell lines. (C) Long-term AGI-5198 treatment
(>20 passages) could not rescue the effect of single or combined treatments in an IDH1 mutant cell line. (D) RNA expression
of MGMT per cell line determined from a previously published RNA sequencing data set [11]. Long-term AGI-5198 (1.5 uM)
or D-2-HG (5 mM) treatment did not influence MGMT RNA expression. (E) MGMT promoter methylation determined from a
previously reported genome-wide methylation data set [11]. Heatmap represents the B-values, in which yellow represents
low methylation and blue represents high methylation. (F) Spearman correlations between temozolomide sensitivity, MGMT
expression, and MGMT promoter methylation status. A trend towards a correlation between MGMT expression and temo-
zolomide sensitivity was observed. Promoter methylation significantly correlates to MGMT RNA expression.
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PARP inhibition sensitizes chondrosarcoma cells to radiation which is
partially rescued when mutant IDH1 is inhibited

To determine if there is a synergistic effect between talazoparib and y-irradiation, colony
formation assays were performed. Combinations of talazoparib and radiotherapy resulted
in a significant reduction of the surviving fraction after 2 Gy (SF2) in all cell lines, indicating
that this combination therapy could overcome radiotherapy resistance in chondrosarcoma
(Figure 5A) [47].

Interestingly, long-term AGI-5198 treatment in JJ012 cells induced a partial rescue of the
effect after both single and combined treatment strategies. This radiotherapy desensitiz-
ing effect was not observed when CH2879 cells were treated long-term with AGI-5198,
suggesting a specific on-target IDH1 mutant inhibition effect (Figure 5B). In all cell lines,
combination of y-irradiation and talazoparib led to synergistic effects indicated by the
Excess over Bliss score (Figure 5C). Furthermore, radiation alone or radiation combined
with talazoparib induced DNA damage in all cell lines as indicated by induction of y-H2AX
signalling at 2 h after treatment. Of note, combination therapy only induced additional
DNA damage in the two most radio-resistant cell lines (i.e., SW1353 and JJ012 + AGI-5198)
(Figure 5D-E).
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Figure 5. PARP inhibition sensitized chondrosarcoma cells to radiation which was partially rescued when mu-
tant IDH1 was inhibited.

(A) Surviving fractions of three chondrosarcoma cell lines after treatment with single dosages of y-radiation + 5 nM talazopa-
rib. Talazoparib sensitized all cell lines towards radiotherapy. (B) Surviving fractions of long-term AGI-5198 treated cell lines
after treatment with single dosages of y-radiation + 5 nM talazoparib. A partial rescue was observed in JJ012 + AGI-5198 cells,
while CH2879 + AGI-5198 cells gave a similar response as the nontreated counterpart. Data points represent the mean of
two experiments performed in triplicate + standard deviation. Significant changes between SF2 values of + 5 nM talazoparib
treated counterparts were determined with a Mann—Whitney test at * p < 0.05, ** p < 0.01, *** p <0.001, **** p < 0.0001.
(C) Heatmap represents the calculated Excess over Bliss scores for radiotherapy and talazoparib combinations, in which white
represents additivity and blue represents synergy. Combination induced synergy in all tested cell lines. (D) Western blot for
y-H2AX expression after 2 h recovery of 2 Gy y-radiation treatment. All cell lines showed induction of DNA damage signaling.
The a-tubulin was used as a loading control. Whole blots with densitometry readings can be found in Figure S2D. (E) Quan-
tification of the expression of all y-H2AX forms. Per sample, y-H2AX expression was normalized to a-tubulin expression. For
each cell line, fold changes were calculated relative to the untreated control.
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Discussion

In this study, we explored if PARP inhibition alone or in combination with chemo- or
radiotherapy could be a potential therapeutic strategy for chondrosarcoma and whether
sensitivity towards these therapies depends on the IDH mutation status. Furthermore, we
assessed if chondrosarcomas have impaired DNA repair pathways.

A synthetic lethal interaction between IDH mutations and PARP inhibition was identified in
glioma and AML, and ascribed to decreased ATM expression in AML [15, 20, 21]. We did
not identify a similar association in a panel of human chondrosarcoma cell lines. Likewise,
the synthetic lethal interaction between temozolomide and /IDH mutations described
in gliomas was not observed in our study [48, 49]. Our research group published that
the reported synthetic lethal interaction between IDH mutations and Bcl-2, NAMPT, and
glutaminase inhibition was absent in chondrosarcoma [11, 50-52]. Together, these find-
ings indicate that therapeutic strategies in AML and glioma based on /IDH mutation status
cannot be directly translated to chondrosarcoma.

Several considerations may clarify differences in results among the above studies that
examined synthetic lethal interactions with /DH mutations. First, distinct tumor types
differ in endogenous gene expression patterns, mutational background, and tumor mi-
croenvironment (i.e., hypoxia in chondrosarcoma), which probably influences the role of
IDH mutations in tumor onset and progression. Our current and previous [11] findings
suggest that /IDH mutations may be important in the onset but become less relevant in
advanced chondrosarcomas. Second, the most frequent IDH mutations in glioma and AML
(IDH1*3™ and IDH2™°9, respectively) are weak D-2-HG producers as compared to the
most common point mutation in chondrosarcoma (IDH1%%*) [7]. The biological effects
of the IDH mutation may depend on the level of D-2-HG, which could explain why not
all IDH-mutated tumors have identical targetable vulnerabilities. Third, most synthetic
lethal interactions were identified in in vitro models with introduced IDH mutations. These
models do not fully represent the tumor type or the genetic background in which an IDH
mutation normally exists. Finally, the genetic background in which the IDH mutation func-
tions determines whether gliomas will be resistant or sensitive to radiotherapy, because
concomitant loss of TP53 and alpha thalassemia/mental retardation syndrome X-linked
gene (ATRX) results in a radio-resistant phenotype of IDH-mutated gliomas [53]. These
considerations emphasize the importance of conducting studies for the identification of

synthetic lethal interactions in in vitro models with endogenous /DH mutations.

In this study, we found that chondrosarcoma cell lines are variably sensitive towards
single PARP inhibitor treatment irrespective of IDH mutation status, with 4 out of 10 cell
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lines harboring similar GRs, or ICso values as cell lines with known DNA repair deficiencies
[40-42]. The chondrosarcoma cell lines had very different growth rates, which rendered
the interpretation of drug sensitivity assays inaccurate unless growth rate corrections
were applied. As shown in a previous study [32] and the current study (Table 1), correc-
tion for growth rates may change the estimated ICsp, and this growth rate dependence
necessitates numerical corrections in drug effects to improve comparisons between in
vitro studies, in vitro to in vivo translations and the identification of molecular mechanisms

that mediate vulnerabilities to different therapeutic strategies.

A RAD51 foci assay shows that CH2879 and SW1353 cells have a functioning homologous
recombination pathway, indicating that PARP inhibitor sensitivity in chondrosarcoma part-
ly depends on a different mechanism than classical homologous recombination pathway
defects, such as BRCA mutations. Indeed, such alternative scenarios have been described:
For instance, PARP signalling attracts chromatin remodelers and is linked to changes in
several DNA and histone epigenetic modifications (e.g., acetylation and methylation) and
thus controls the epigenetic landscape of cells [54, 55]. Of note, JJ012 cells lack efficiency
to repair DNA double-strand breaks that are localized in RAD51 foci within 24 h, indica-
tive of a delay in DNA repair or an impairment in the disassembly of RAD51 and other
repair factors from DNA double-strand breaks [56]. These findings correlate with y-H2AX
foci staining previously published by our group in which we showed that only JJ012 cells
retained DNA damage signalling over time [57]. Additionally, JJ012 cells have a lower
capacity to sense DNA damage as indicated by the reduced formation of PAR chains which
recruit DNA repair factors [58]. Moreover, long-term AGI-5198 treatment in JJ012 cells
led to a partial rescue of the radiotherapy effect resulting in a more resistant phenotype.
These findings suggest that in a subset of chondrosarcomas PARP inhibitor sensitivity can
be explained by a nonclassical DNA damage repair deficiency, such as low capacity to sense
DNA damage or defects more downstream in the homologous recombination pathway.

We also explored the role of PARP in the intrinsic chemo- and radiotherapy resistance
observed in chondrosarcoma. Our results show that combination therapies with temo-
zolomide or radiotherapy and PARP inhibition were synergistic in all chondrosarcoma cell
lines and are therefore promising candidate therapeutic strategies for both IDH"" and
IDHYT chondrosarcoma patients. Recently, a similar radio-sensitizing effect was described
in a study in which olaparib was combined with different radiotherapeutic strategies in the
chondrosarcoma cell line CH2879 [59]. Notably, combination of talazoparib with the DNA
alkylating/methylating agent temozolomide seems to be most effective. The mechanism
underlying the observed synergy is probably related to PARP trapping on DNA; a known
mechanism of temozolomide to enhance PARP inhibitor effectiveness [43, 60]. Further-
more, temozolomide sensitivity in chondrosarcoma cell lines appears to be associated
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with MGMT RNA expression and methylation of the CpG island located in the promoter. It
is conceivable that MGMT expression or promoter methylation could be viable biomarkers
for temozolomide mono- or combination therapy in chondrosarcoma.

Although talazoparib and temozolomide are currently FDA approved, both are used for
different indications and are usually given as a monotherapy. Talazoparib is approved for
the treatment of patients with germline BRCA-mutated HER2-negative locally advanced
or metastatic breast cancer, reaching plasma concentrations of 55 nM after multiple daily
dosing of 1 mg [61]. Temozolomide is currently approved for newly diagnosed glioblastoma
multiforme and refractory anaplastic astrocytoma patients, reaching plasma concentra-
tions of 30 uM after multiple daily dosing of 150mg/m? [62]. The in vitro experiments in
this study were performed with drug concentrations in the range of the observed clinical
maximum plasma concentrations, suggesting that the observed effects are specific and
not related to off-target toxicities. However, in vitro models do not represent tumor
heterogeneity, the high complexity of the tumor microenvironment and the interplay
between different cell types, underlining the need for thorough in vivo testing before
findings can be translated into the clinic. The present in vitro results are promising and
give a rationale for extensive testing in 3D in vitro models and orthotopic in vivo models
of chondrosarcoma.

Conclusions

In summary, inhibition of PARP combined with temozolomide or radiotherapy could be
effective therapeutic strategies for both IDH"" and IDH"'" chondrosarcoma patients. Our
study also establishes that a subset of chondrosarcomas may harbor a nonclassical DNA
repair deficiency related to a low DNA damage sensing capacity, low MGMT expression,
or a defect more downstream in the homologous recombination pathway. However,
PARP inhibitor sensitivity could also be related to a change in the epigenetic landscape
and further research is needed to elucidate the different mechanisms underlying PARP
inhibitor sensitivity in chondrosarcoma. Taken together, our findings indicate that while
PARP inhibitor sensitivity is multifactorial in chondrosarcoma, development of targeted
therapies for chondrosarcoma remains an important endeavor, especially for the treat-
ment of patients for which tumor resection is not a viable option.
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Figure S1. Combination of talazoparib and cisplatin or doxorubicin does not induce a synergistic effect in

chondrosarcoma cell lines.
(A) Dose-response curves for single cisplatin treatment or cisplatin combined with talazoparib. None of the cell lines showed
sensitization towards cisplatin. (B) Dose-response curves for single doxorubicin treatment or doxorubicin combined with
talazoparib. Talazoparib did not sensitize cells to doxorubicin treatment. Dose-response curve data was corrected for growth
rate. Data points represent the mean of one experiment performed in triplicate * standard deviation.
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Figure S2. Whole blots with densitometry readings.
(A) Whole blot with intensity values and calculated ratios of the Western blot depicted in Figure 2B. (B) Whole blots with
intensity values and calculated ratios of the Western blots depicted in Figure 2D. (C) Whole blot with intensity values and
calculated ratios of the Western blot depicted in Figure 3D. (D) Whole blots with intensity values and calculated ratios of the
Western blots depicted in Figure 5D.
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