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Abstract
Background/Aims: 3-Deazaneplanocin, DZNep, has been reported to inhibit the EZH2 histone 
methylase and to induce cell apoptosis in chondrosarcomas (CS). The present study aims to 
confirm the therapeutic potential of EZH2 inhibitors and investigate the molecular mechanisms 
of DZNep in chondrosarcomas. Methods: CS cell lines and primary cultures were used. 
Apoptosis was investigated using PARP cleavage, caspase 3/7 activity, or Apo2.7 expression. 
S-adenosylhomocysteine (SAH) and S-adenosylmethionine (SAM) were quantified by UHPLC-
MS/MS. Differentially expressed genes in treated-chondrosarcomas and chondrocytes were 
researched by microarray analysis. Results: DZNep induced apoptosis in chondrosarcomas 
both in vivo and in vitro. However, this effect was not correlated to EZH2 expression nor activity, 
and EZH2 knock-down by siRNA did not reduce CS viability. Additionally, the reduction of 
H3K27me3 induced by GSK126 or tazemetostat (EPZ-6438) did not provoke chondrosarcoma 
death. However, as expected, DZNep induced SAH accumulation and reduced SAM:SAH ratio. 
Further, microarray analysis suggests a key role of EGFR in antitumoral effect of DZNep, and 
pharmacological inhibition of EGFR reduced chondrosarcoma survival. Conclusion: EZH2 is 
not an adequate target for chondrosarcoma treatment. However, DZNep induces apoptosis 
in chondrosarcomas in vitro and in vivo, by a mechanism likely mediated though EGFR 
expression. Consequently, it would be worth initiating clinical trials to evaluating efficiency 
to S-adenosylhomocysteine hydrolase or EGFR inhibitors in patients with chondrosarcomas.
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Introduction

Chondrosarcomas (CS) are malignant bone mesenchymal tumors that represent about 
25% of bone tumors. Potentially fatal, their 10-year survival rates vary between 30% and 
80% according to CS grade. Their treatment has not progressed for 30 years, mainly due to 
the fact that chondrosarcomas are resistant to radio- and chemo-therapy [1, 2]. Thus, to date, 
therapeutic strategy consists in a surgical approach, with tumor curettage or wide resection. 
Therefore, we still need to identify efficient therapies to improve life quality of patients with 
chondrosarcomas.

We previously showed that high grade chondrosarcomas express high level of the 
histone-lysine N-methyltransferase EZH2 (Enhancer of zeste homolog 2) compared to 
enchondromas or normal cartilages [3]. This observation led us to assess the effect of 
3-Deazaneplanocin (DZNep), an S-adenosylhomocysteine hydrolase (SAHH) inhibitor 
known to deplete EZH2 protein expression and reduce trimethylation of histone H3 on 
lysine 27 (H3K27me3), on the survival of chondrosarcomas. Using two chondrosarcoma cell 
lines, CH2879 and SW1353, we previously demonstrated that, in vitro, DZNep reduces EZH2 
expression and H3K27me3, and induces apoptosis [3]. Additionally, we showed that DZNep 
reduces also JJ012 chondrosarcoma growth in vitro and in vivo [4].

To validate the concept that EZH2 inhibition could be an innovative approach to treat 
chondrosarcomas, additional experiments are required. In particular, since it is now admitted 
that some tumors are resistant to DZNep [5–7], it becomes essential to test its effect on a 
larger number of chondrosarcomas. Besides, the mechanism of DZNep is not well known. 
This carbocyclic adenosine analog was initially described as an EZH2 inhibitor. This was in 
line with our previous results showing that DZNep reduces EZH2 protein expression, and 
H3K27me levels in CH2879 and SW1353 chondrosarcomas [3]. However, it is now admitted 
that this effect is indirect, and that, actually, DZNep inhibits S-adenosylhomocysteine (SAH) 
hydrolase resulting in SAH accumulation and thus overall reduction of S-adenosylmethionine 
(SAM), causing the indirect inhibition of the EZH2 methyltransferase activity. DZNep 
also causes EZH2 degradation probably through the ubiquitin-proteasome system [8]. In 
addition, several studies suggest that DZNep could induce apoptosis of tumoral cells by an 
EZH2 methylase independent mechanism [6].

In this context, we tested the effect of DZNep on chondrosarcoma growth in vivo using 
a xenograft model in immunodeficient mice, and investigated the mechanism involved in 
DZNep-induced death.

Materials and Methods

Cell culture
Human chondrosarcoma cell line SW1353 was purchased from the American Type Culture Collection 

(ATCC, Manassas, VA, USA). The human JJ012 and FS090 cell lines were kindly provided by Dr. J.A. Block 
(Rush University medical center) [9, 10]. They were cultured in Dulbecco’s Modified Eagle Medium (DMEM) 
supplemented with 10% fetal bovine serum (FBS) (Invitrogen) and antibiotics. CH2879 cell line was kindly 
provided by Pr. A. Llombart-Bosch (University of Valencia, Spain), cultured in Roswell Park Memorial 
Institute 1640’s medium (Lonza AG) supplemented with 10% FBS (Invitrogen) and antibiotics [11]. The 
identity of cell lines was confirmed using STR profiling with the GenePrint 10 System (Promega).

Primary chondrosarcomas and chondrocytes were obtained from biopsies of CS during resection, 
and from femoral heads of patients undergoing arthroplasty, respectively. Protocols have been accepted 
by local ethical committee (Comité de Protection des Personnes Nord Ouest III). Clinical characteristics of 
chondrosarcomas are in Supplementary Table S1 (for all supplemental material see www.cellphysiolbiochem.
com). Cells were released by digestion with type I collagenase (2 mg/mL for 15 hours) (Invitrogen). After 
seeding, cells were incubated in DMEM supplemented with 10% FBS and antibiotics. Experiments were 
done between passages 2 and 4 for primary chondrosarcomas, or without passage for chondrocytes.
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All cultures were done at 37°C in a humidified atmosphere containing 5% CO2. Cell cultures were 
regularly tested for mycoplasma contamination, by PCR detection of mycoplasma DNA.

Animals
Animal experimental procedures were performed according to local legislation, and procedures were 

approved by ethics committee (Comité d’Ethique de Normandie en Matière d’Expérimentation Animale, 
agreement #03968.01). Mice were provided and kept in the animal facility (Centre Universitaire de 
Ressources Biologiques, Caen, France) under controlled temperature and light conditions (temperature 
23± 2°C, 12h reversed light-dark cycle). Animals had ad libitum access to food and water. Each animal was 
humanely handled throughout the experiment in accordance with internationally accepted ethical principles 
for laboratory animal use and care, and all efforts were made to minimize animal suffering. Euthanasia was 
performed using CO2 inhalation.

Xenograft of chondrosarcomas in nude mice
For first round of in vivo experiments, nude mice (11 weeks old, males) were injected subcutaneously 

with 100 µl of matrigel containing 106 CH2879 cells which had, in advance, been treated or not with DZNep 
(1µM, 5 days). Mice were euthanized 46 days after injection. A total of 10 mice were used (5 pre-treated and 
5 controls).

For the second set of experiments, 22 nude mice (11 weeks old, males) were injected subcutaneously 
with 106 CH2879 cells (100 µl of matrigel) on their back, and separated in two groups. When the tumor 
volume reached 300 mm3, DZNep or vehicle was administered intraperitoneally three times per week at 2 
mg/kg.

During all these experiments, tumors were measured three times per week by a caliper and tumoral 
volume calculated by the following equation (L x w²) /2 (with L corresponding to length and w to width). At 
the end of the experiments, tumors were resected, weighted, measured, and photographed.

Cell growth experiments
Cells were seeded at 750 cells/cm². The day after, they were treated with inhibitors for two weeks. 

Regularly, adherent cells were counted. Each count was performed twice, and independent experiments 
were done at least three times.

Protein extraction and Western blot
Total proteins were extracted using RIPA buffer (50 mM Tris-HCl; pH 7.5; 1%; IGEPAL; 150 mM 

NaCl; 1 mM EGTA; 1 mM NaF; 0.25% Na deoxycholate) supplemented with phosphatase (10 µL/mL 
Na3VO4) and protease inhibitors (1 µL/mL leupeptin, 1 µL/mL aprotinin, 1 µL/mL pepstatin and 4 µL/mL 
phenylmethylsulfonyl fluoride) (Sigma). Western-blot experiments were performed as previously described 
[3]. Briefly, protein samples were loaded onto acrylamide gels for Sodium dodecyl sulfate-polyacrylamide 
gel electrophoresis (SDS-PAGE), and thereafter the proteins were transferred to polyvinylidene difluoride 
membranes (Biorad). The following primary antibodies were used: β-actin (sc-47778), GAPDH (sc-25778), 
EGFR (sc-71033) from Santa Cruz Biotechnology, and EZH2 (#3147), H3 (#4499), H3K27me3 (#9733) and 
PARP (#9542) from Cell signaling. The membranes were probed with a corresponding secondary antibody 
conjugated to horseradish peroxydase. Signals were revealed with Western Lightning® Plus-ECL (Perkin 
Elmer) and exposed to X-ray film (Santa Cruz biotechnology). β-actin, histone H3 or GAPDH were used to 
verify that similar amounts of proteins were loaded in all lanes.

Caspase 3/7 activation
The Caspase-Glo 3/7 assay reagent (Promega, Charbonnières-les-Bains, France) was used for caspase 

detection. The reagent provides a proluminescent caspase-3/7 substrate, which contains the tetrapeptide 
sequence DEVD, in combination with luciferase and a cell-lysing agent. The addition of the Caspase-Glo 3/7 
reagent directly to the assay well results in cell lysis, followed by caspase cleavage of the DEVD substrate, 
and the generation of luminescence. The amount of luminescence which is proportional to the amount of 
caspase activity in the sample, was measured using Varioskan (Thermofisher).
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γH2AX immunocytofluorescence
Cells were fixed in 4% paraformaldehyde for 15 minutes at room temperature. Then, cells were washed 

three times with PBS and incubated overnight at 4 °C with a solution composed by PBS, 0.25% Triton, 1% 
BSA and anti-γH2AX antibody (#613410, BioLegend), then with Alexa Fluor 594 Goat IgG Anti Rabbit IgG 
(111–585–003, Jackson) in the presence of Hoescht to stain cell nuclei. Fluorescence was evaluated using 
EVOS FL Auto 2 Cell Imaging System (ThermoFisher Scientific).

S-adenosylhomocysteine quantification
S-adenosylhomocysteine (SAH) and S-adenosylmethionine (SAM) were quantified by UHPLC-MS/MS 

on the technical platform PRISMM of SFR 4206 (Structure Federative de Recherche 4206, Caen, France). 
Briefly, the first step consisted in adding tubercidin as internal standard (IS) to approx. 2.106 packed cells 
(50  µL in acetone). Then the cells were sonicated for 5 min and 50 µL of acetone were added again to the 
cells. The vial was then centrifuged at 10000 g for 5 min. The supernatant was injected in a Nexera X2 
UHPLC interfaced with an electrospray triple quadrupole mass spectrometer (LCMS-8030Plus; Shimadzu) 
used in the Multiple Reaction Monitoring (MRM) acquisition mode after positive ionization and HILIC 
UHPLC chromatographic separation on a Waters Acquity BEH Amide column using acetonitrile and water 
both containing 0.1% (v/v) of acetic acid.

Apo2.7 staining
For apoptosis assay, cells were stained with phycoerythrin (PE)-conjugated antibody directed against 

APO2.7 (clone 2.7 7A6) according to the manufacturer’s condition (Beckman Coulter) as previously 
reported [3]. Cell fluorescence was measured using Gallios flow cytometer (Beckman Coulter) on the 
technical platform of SFR 146 (Structure Federative de Recherche 146, Caen, France). A minimum of 10, 000 
events were analyzed in each sample using FlowJo software. At least, three independent experiments were 
performed.

siRNA transfection
SMARTpool ON-TARGETplus EZH2 siRNA (siRNA-EZH2) and on target plus non targeting pool siRNA 

(siRNA-control) were purchased from Dharmacon, and transfected in chondrosarcomas by nucleofection 
(Amaxa) using SE Cell line 4D-NucleofectorTM X kit (Lonza).

Cell survival
Cell survival was determined using Cell Titer-Glo luminescent cell viability assay kit (Promega) 

according to the manufacturer’s instructions. The assay is based on quantitation of the ATP present, 
which signals the presence of metabolically active cells. The addition of the reagent results in cell lysis and 
generation of a luminescent signal proportional to the amount of ATP present. Luminescence was measured 
using Varioskan (Thermofisher).

Total RNA Isolation
Total RNA was isolated from cell cultures using NucleoSpin RNA (Macherey-Nagel), according to the 

manufacturer’s instructions. RNA quantity and quality were measured on a MultiSkan GO spectrophotometer 
with a µDrop Plate (ThermoFisher Scientific).

Gene expression microarray analysis
RNA integrity was assessed on 2100 Bioanalyzer (Agilent Technologies) using RNA 6000 Nano 

(Agilent Technologies), according to the manufacturer’s instructions. RNA integrity numbers above 8 were 
considered suitable for microarray analysis.

Two-color microarray-based gene expression analysis was performed, according to the manufacturer’s 
instructions (Agilent Technologies). Briefly, 100 ng of total RNA were amplified and labeled using a 
Low input Quick Amp Labeling kit, Two-color (Agilent Technologies), and hybridized to a Human Gene 
Expression 4x44K v2 Microarray (design ID 026652, Agilent Technologies). Slides were scanned on a 
G2505C Microarray Scanner (Agilent Technologies) located at Proteogen platform (SFR ICORE, UNICAEN, 
Caen). Raw data were extracted and Lowess normalized using Feature Extraction software (v. 10.7.3, Agilent 
Technologies), and analyzed using GeneSpring GX software (v. 13.1.1, Agilent Technologies). Microarray 
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probes with a signal that is not positive and significant or not above the background were filtered out. Genes 
with a p-value < 0.01 and a fold-change > 1.5 were considered differentially expressed (DEGs).

Gene Ontology (GO) and Pathway enrichment analysis
Gene enrichment among the genes showing significant differential expression was performed with the 

Functional annotation tool of the Database for Annotation, Visualization and Integrated Discovery (v. 6.7, 
DAVID) tool [12] considering the biological processes option (GOTERM_BP_FAT), the cellular compartment 
option (GOTERM_CC_FAT), the molecular function option (GOTERM_MF_FAT) or the Pathways database 
(KEGG_Pathway). Enrichment with a p-value < 0.05 after correction for multiple testing (according to 
Benjamini test) were considered as significant.

Protein-Protein Interaction (PPI) network construction
Protein-protein interaction network among DEGs was constructed using the Search Tool for the 

Retrieval of Interacting Genes/Proteins (v. 10, STRING) [13] available online. Minimum required interaction 
score was fixed at the value 0.9.

Real-time reverse transcription-polymerase chain reaction (RT-PCR)
RNA (1 μg) were treated with DNAse-I (Invitrogen) reverse transcribed into cDNA in the presence of 

oligodT and Moloney murine leukemia virus reverse transcriptase (MMLV-RT). The reaction was carried 
out at 37°C for 1 h followed by a further 10-min step at 95°C. Amplification of the generated cDNA was 
performed by real-time PCR in Step One Plus Real Time PCR system (Applied Biosystems) with appropriate 
primers. The relative mRNA level was calculated with the 2–ΔΔCT method.

Statistical analysis
All data are expressed as mean ± SEM. For in vivo experiment, a two-way ANOVA with repeated 

measurements was performed. For in vitro experiments, at least three different experiments were 
performed for each condition. Statistical significances were calculated with Students-t-test. P-values ≤ 0.05 
were considered as statistically significant.

Results

Pretreatment of CS cells with DZNep reduced tumor implantation and growth in xenograft 
mice model
We previously showed that DZNep induces apoptosis of CH2879 and SW1353 

chondrosarcoma cell lines, in vitro [3], suggesting that it could be a candidate to target 
chondrosarcoma growth in vivo. To validate this hypothesis, we used CH2879 cell line because 
of its good rate of xenograft implantation and its fast growth in nude mice (data not shown). 
Cells were treated or not with DZNep for 5 days before being implanted in mice and tumor 
volume was regularly measured (Supplementary Fig. S1). Tumors from DZNep-treated-cells 
grew more slowly than those from untreated cells. This decrease of tumor growth was also 
confirmed by their lower weight at the end of the experiments.

Peritoneal injection of DZNep induced apoptosis of CS in xenograft mice
Furthermore, we tested whether DZNep treatment is able to reduce tumor growth 

after grafting in nude mice. For these experiments, once chondrosarcoma cells developed 
palpable tumors, mice were injected with DZNep (2 mg/kg) or vehicle intraperitoneally 
three times per week. Eight week-treatment with DZNep decreased tumor growth of about 
30%. Tumoral volumes and weights in DZNep group (2789±1509 mm3, and 3.48±1.91 g) 
were significantly lower than those in the control group (4142±735 mm3, and 4.9±1.33 g) 
(Fig. 1A, B and C). Interestingly, this reduction of tumor weight was, at least in part, due 
to tumoral cell death by apoptosis, as shown by PARP cleavage in DZNep-treated tumors 
(Fig. 1D). No significant modification in weight of mouse body or organs (heart, lung, brain, 
kidney, liver) was observed (data not shown).
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DZNep reduced CS growth and induced apoptosis of all tested CS cells
We have previously reported that DZNep-induced cell death in CH2879 and SW1353 

[3], but since it has been shown that some tumors are resistant to DZNep, we investigated 
a larger number of chondrosarcomas. Cell survival was assessed in vitro by adherent cell 
counting, and apoptosis through observation of PARP cleavage by Western-blot, in four 
chondrosarcoma cell lines, and in three primary chondrosarcomas derived directly from 
patient biopsies (Fig. 2A and B). We observed that DZNep reduced survival and induced 
apoptosis in all CS cells tested. In contrast, DZNep did not induce apoptosis in chondrocytes. 
The induction of apoptosis in CS cell lines was confirmed by DZNep-induced increase of 
caspase 3/7 activation.

DZNep did not induce DNA damage in CS
Furthermore, we investigated whether DZNep induces DNA damage in chondrosarcomas. 

We studied γH2AX expression by immunofluorescence after treatment with DZNep at the 
dose used for the study (1 µM), or at a dose 10 time higher (10 µM). No staining was detected 

Fig. 1. Peritoneal injection of DZNep reduced tumoral growth of CS in xenograft mice. CH2879 
chondrosarcoma cell line was subcutaneously injected in the back of nude mice. When tumors were 
implanted and reached 300 mm3, DZNep was intraperitoneally injected three times per week (2 mg/kg) for 
56 days. (A) Tumors were measured regularly by a caliper and tumoral volume calculated. (B-C) At the end 
of experiments, tumors were weighted and measured. Representative macroscopic views of the resected 
xenograft tumors of each group are shown. Data are expressed as means + SEM. N=9 and 7 for control and 
DZNep groups, respectively. *: p-value < 0.05; **: p-value < 0.01. (D) Proteins were extracted from tumors 
and PARP cleavage was analyzed by Western blot. Histograms represent the proportion of cleaved form of 
PARP on total PARP. Data are expressed as means + SEM (n=4).*: p-value < 0. 05.
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after DZNep, suggesting that DZNep did not induce DNA damage (Fig. 3). At contrary, we 
were able to detect γH2AX staining in cells treated with cisplatin, condition used as a positive 
control.

DZNep induced S-adenosylhomocysteine accumulation but not EZH2 inhibition in CS
To elucidate the mechanism by which DZNep induces apoptosis in CS cells, we first 

assayed intracellular concentration of SAH by ELISA. Indeed, DZNep has been described as 
an inhibitor of SAH hydrolase, leading to inhibition of EZH2 methylase. Using UHPLC-MS/
MS, we showed that DZNep induced intracellular SAH accumulation, and reduced SAM:SAH 
ratio in all CS cell lines (Fig. 4A and B). The intracellular accumulation of SAH in DZNep 
treated-cells was also confirmed by ELISA assay (data not shown). These data suggest that 
DZNep inhibited SAH hydrolase in chondrosarcomas.

However, H3K27me3 level and EZH2 expression were decreased by DZNep treatment 
only in CH2879 and SW1353, but not in the other cell lines (Fig. 4C). This suggests that 
DZNep could induce apoptosis independently to its ability to inhibit EZH2 expression and 
H3K27 methylation.

Fig. 2. DZNep induced apoptosis in chondrosarcoma cells but not in chondrocytes. (A) CH2879, SW1353, 
JJ012, and FS090 chondrosarcomas cell lines as well as CS121030, CS141110,  and CS150409 primary 
chondrosarcomas were treated with DZNep (1 µM) for 14 days. Treatment was renewed at each medium 
change (days 4, 7, 10) and adherent cells regularly counted. Data are expressed as means + SEM. (B) 
Chondrosarcomas and chondrocytes were treated with DZNep (1 µM) for 7 days. After treatment, proteins 
were extracted and PARP cleavage was analyzed by Western blot. Fig.s show a representative image of 
three independent experiments. (C) Chondrosarcomas were treated as previously. At the end of incubation, 
caspase 3/7 activity was assayed.  Fig.s show a representative image of three independent experiments. 
Data are expressed as means + SEM (n=3).*: p-value < 0.05; **: p-value < 0.01; ***: p-value < 0.001.
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Fig. 3. DZNep did not induce DNA damage in CS Chondrosarcomas were treated with DZNep or cisplatin 
for 24h. Then, γH2AX was detected by immunocytofluorescence. Hoescht staining was used to visualize cell 
nucleus. For each condition, an image representative of three independent experiments is shown.
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Figure 3

Fig. 4. DZNep induced SAH accumulation but not EZH2 inhibition in CS (A-B) SAH and SAM assayed in 
cells after 24h-treament with DZNep (1µM). SAH concentration (A) and SAM:SAH ratio (B) were are shown. 
Means + SEM are shown (n=3). (C) EZH2 protein expression or H3K27me3 levels were analyzed by Western 
blot in DZNep treated-cells. β-actin and H3 were used to compare protein loading for EZH2 and H3K27me3 
respectively. Representative Fig.s of three independent experiments are shown. Histograms represent the 
relative quantification of EZH2/actin signals and H3K27me3/H3 signals. Data are expressed as means + 
SEM (n=4).*: p-value < 0.05.
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EZH2 inhibition did not provoke cell death in chondrosarcomas
Furthermore, we evaluated the effects of more recent drugs, namely GSK126 or 

tazemetostat (EPZ-6438) in chondrosarcomas. These inhibitors, currently being tested in 
clinical trials for patients with lymphomas and some other tumors, are known to reduce 
H3K27me3 in tumoral cells by inhibiting EZH2 methylase activity without modifying its 
expression. Both GSK126 and EPZ6438 strongly reduced H3K27me3 in chondrosarcomas 
(Fig. 5A). However, they did not significantly modify the cell growth, neither induced 
apoptosis in CS (Fig.s 5B and C). Furthermore, we knocked down EZH2 expression by 
transfecting siRNA. EZH2 siRNA significantly reduced EZH2 protein expression, but it did not 
affect cell viability compared to control siRNA, in chondrosarcomas (Fig. 5D and E). These 
results confirm that DZNep-induced apoptosis is not reliable to H3K27me3 regulation in 
chondrosarcomas, and show that EZH2 inhibition is not an efficient approach to treat these 
bone tumors.

DZNep regulated expression of apoptosis and angiogenesis-related genes in CH2879 
chondrosarcomas
Next, in order to identify genes with changed expression in response to DZNep 

in chondrosarcomas, genome wide expression profiles were generated for CH2879 
chondrosarcomas treated with 1µM of DZNep for 24h. 1406 entities were identified, 
corresponding to 1194 unique differentially expressed genes (DEG) with a fold-change 
superior or equal to 1.5. Notably, 760 entities corresponding to 616 unique DEG were up-
regulated, while 646 entities (i.e. 578 unique DEG) were down-regulated (Supplementary 
Tables S2 and S3). Interestingly, among the top 20 of the most regulated genes, we identified 
mitotic arrest deficient-like 1, MAD1L1 (also called MAD1). This regulator of cell proliferation 
and apoptosis was down-regulated in CH2879.

Fig. 5. EZH2 inhibition did not affect chondrosarcoma survival. (A) Chondrosarcomas were cultured with 
EPZ6438 or GSK126 for one week. At the end of treatments, H3K27me3 was determined by Western-blot.  
(B-C) Cells were cultured with DZNep, EPZ6438 or GSK126. At the end of treatments (one week), survival 
fraction and percentage of apoptotic cells were evaluated by counting adherent cells (B) and by Apo2.7 
staining (C), respectively. Data are expressed as means + SEM (n=3). *: p-value < 0.05 (D-E) Cells were 
transfected with siRNA-control or siRNA-EZH2 and incubated 72h. Then, EZH2 expression was determined 
at protein level by western-blot (D). Cell survival was assayed by ATP measure using Cell Titer Glo Assay (E).
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Gene Ontology analysis showed that genes regulated by DZNep were enriched in 
numerous processes, including protein-DNA complex, nucleosome, ECM-receptor interaction, 
cell death, and angiogenesis (all categories with p-value < 0.05) (Fig. 6; Supplementary 
Tables S4 and S5).

Next, when analyzing interactions among proteins encoded by these genes using STRING, 
we found significant enrichment for protein-protein interactions (PPI) (Fig. 7) which were 
primary centered on JUN/EGR1 and EGFR, for up-regulated and down-regulated gene lists, 
respectively.

CH2879 chondrosarcoma Vs chondrocyte DEG by DZNep
Furthermore, we compared genome wide expression profiles generated by DZNep 

treatment in CH2879 chondrosarcomas and chondrocytes (HAC) since we found that DZNep 
did not induce apoptosis in HAC. Significant differential expression in chondrocytes was 
identified for 901 probes with a fold change superior or equal to 1.5. A weak degree of overlap 
was observed between DEG in chondrosarcomas and chondrocytes (Supplementary Tables 
S6 and S7). Only 11% of entities were common to both cell types. This strong heterogeneity 
of response confirms that DZNep elicits different responses in normal and tumoral cells. 
Interestingly, EGFR and MAD1L1 were not found in the list of DEG from chondrocytes. In 
contrast, JUN and EGR1 were found in both lists.

DZNep down-regulated EGFR in all tested chondrosarcoma cells
By real-time RT-PCR, we showed that EGFR and MAD1L1 are down-regulated by DZNep in 

the four chondrosarcoma cell lines used in this study, but not in chondrocytes (Supplementary 
Fig. S2). However, the effect on MAD1L1 was very low in FS090 (Supplementary Fig. S2). The 
reduction of EGFR expression in chondrosarcomas were also confirmed at protein level by 
Western-Blot (Fig. 8A).

Fig. 6. Gene enrichment analysis. Gene ontology analysis in DAVID using the genes from tables S2 (A) and 
S3 (B) with at least 1.5-fold expression difference between DZNep-treated and untreated cells. *: p-value < 
0.05; **: p-value < 0.01; ***: p-value < 0,001.
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Together, these data suggest that EGFR may be one of the master genes responsible to 
anti-tumoral effect of DZNep. If this hypothesis is fair, we expect to observe an alteration of 
EGFR downstream signaling, such as RAS-RAF-MEK-ERK cascades. In coherence with that, 
an additional analysis from our microarray data from DZNep-treated CH2879 cells, using 
STRING permitted to identify functional enrichments in the DEG network in the biologic 
processes corresponding to “GO:0070372: regulation of ERK1 and ERK2 cascade“ (False 
Discovery Rate = 0.0267), and “GO:0046578: regulation of Ras protein signal transduction” 
(FDR = 0.0375) (Supplementary Table S8).

EGFR inhibition reduced chondrosarcoma viability
To confirm the role of EGFR, we assayed cell viability of chondrosarcomas treated 

with increased dose of gefitinib, an EGFR inhibitor. This latter reduced viability in all 
chondrosarcoma cells lines (Fig. 8B). However, high concentrations of inhibitor (>10 μM) 
were required to display a significant effect on cell viability.

Fig. 7. Interactome. Protein-protein interaction networks between the genes with expression changes of at 
least 1.5-fold (table S2 and S3) as determined with STRING. The nodes represent the proteins, and the edges 
represent the corresponding PPI pairs.
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Discussion

High grade chondrosarcomas have a poor prognosis and their treatment remains a major 
concern, due to their resistance to radio- and chemotherapies. In this study, we show that 
DZNep decreases cell and tumor growth, and induces apoptosis of chondrosarcomas both in 
vitro and in vivo. We also demonstrate that the induction of cell death in DZNep-treated cells 
is not correlated to the reduction of H3K27 trimethylation. However, it is associated to the 
inhibition of SAH hydrolase activity and EGFR expression.

First, we demonstrate that DZNep treatment decreases tumor growth and induces 
apoptosis of chondrosarcomas in a mouse xenograft model. However, the tumors did not 
disappear completely in the frame time of our experiment. The DZNep doses used here (2 
mg/kg; 3 time a week) had proven to be effective against tumors, to reduce EZH2 expression 
and H3K27 trimethylation, and to be almost safe for animals [14–17]. A higher DZNep dose 
or longer time exposure may be needed for optimal antitumoral effects in chondrosarcomas. 
In addition, the effect of DZNep may be limited due to its poor delivery. Indeed, its half-life 
in mice is comprised between 1 and 3 hours [18, 19]. Therefore, pharmacokinetic of DZNep 
could be improved by entrapment within a pegylated liposomal carrier [18]. This strategy 
would probably increase the therapeutic effect of DZNep on chondrosarcomas, and avoid 
using too high doses of drug by optimizing its delivery.

DZNep has been identified as an inhibitor of S-adenosyl-L homocysteine hydrolase 
(SAHH), which is required for EZH2-dependent methylation. It has been shown that DZNep 
depletes cellular EZH2 levels and selectively blocks the trimethylation of H3K27 in numerous 
tissues [20]. However, it is no longer considered as a specific EZH2 inhibitor [21] and it could 
act independently to this histone methylase. Here, we demonstrate that apoptosis induction 
by DZNep is correlated to SAHH inhibition (showed by the intracellular SAH accumulation), 
but not to the reduction of EZH2 expression nor that of H3K27 trimethylation. Additionally, 
EZH2 knock-down did not reduce viability of chondrosarcomas. These results confirm that 
DZNep is able to induce cell death independently of EZH2 methylase activity. In addition, we 
show that the reduction of H3K27me3 using GSK126 and tazemetostat (EPZ-6438) is not 
able to induce apoptosis in chondrosarcoma cell lines, indicating that EZH2 is not a good 
target to treat chondrosarcomas. This was unexpected because EZH2 is overexpressed in 
chondrosarcomas. Additionally, these EZH2 inhibitors are known to be efficient against 
lots of others tumors in vitro and in vivo, and several clinical trials are in process to treat 
patients with lymphomas but also sarcomas [20]. Nonetheless, since SAH is accumulating 

Fig. 8. EGFR is down-regulated by DZNep, and its 
inhibition reduces cell survival in chondrosarcomas. 
(A) EGFR protein expression in chondrosarcomas 
treated with 1 µM DZNep for 72 h were analyzed 
by Western blot. β-actin was a loading control. 
(B) Chondrosarcomas were treated with gefitinib, 
an EGFR inhibitor, for 72 h. Then cell survival 
was assayed using Cell Titer-Glo luminescent cell 
viability assay kit. Histograms represent means + 
SEM (n=3). *: p-value < 0.05; **: p-value < 0.01; ***: 
p-value < 0,001.
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and SAM:SAH ratio is declining in DZNep-treated cells, that are two markers of methylation 
status in cells [22], we believe that DZNep may act through other methyltransferases. 
However, which histone or DNA methyltransferase is involved remains to be determined.

Mechanistically, we demonstrated that DZNep induced apoptosis without inducing 
γH2AX, a biomarker for DNA damage [23]. Similar observations was done in other studies 
[7, 24], while another study reported that DZNep increases γH2AX in hepatoma cells [25]. 
Interestingly, we identified EGFR as putative mediators of DZNep induced-apoptosis. 
EGFR expression was decreased by DZNep in chondrosarcomas but not in chondrocytes. 
Interestingly, this gene is also downregulated by DZNep in oral squamous cell carcinoma 
SAS cell line [26]. Epidermal Growth Factor Receptor is a transmembrane glycoprotein that 
belongs to ErbB/Her family of receptor tyrosine kinases. Binding of growth factors to EGFR 
leads to autophosphorylation of receptor tyrosine kinase and activates the downstream 
signal transduction pathways which regulates cellular proliferation, differentiation, and 
survival [27]. EGFR is overexpressed in a variety of tumor cell lines, and has been associated 
with metastasis, poor prognosis, and resistance to chemotherapy [28]. Particularly, EGFR has 
been reported to be overexpressed in 8.3% of chondrosarcomas (based on a collection of 24 
cases) and in chondrosarcoma cell lines [29, 30], and to be activated in grade II and grade III 
chondrosarcoma tumors [31]. Beside, in the present study, genome wide expression profiles 
followed by protein-protein interaction analysis revealed that many proteins encoded by 
genes down-regulated by DZNep treatment are related to EGFR, at least in CH2879 cells, 
suggesting that EGFR may play a role in DZNep-induced apoptosis in CS cells. Consistent 
with this hypothesis, gefitinib, a direct inhibitor of EGFR already approved by FDA for 
the treatment of lung cancers [27], reduced cell viability in chondrosarcomas. This is in 
agreement with previous works of Song and collaborators which have showed that gefitinib 
significantly inhibits the growth, induces cell cycle arrest and decreases the migration ability 
of human chondrosarcoma cells [30]. In addition, a recent study demonstrated that a highly 
potent and selective inhibitor of EGFR, the tyrphostin AG1478, reduces cell proliferation and 
migration, and enhances cell death by apoptosis in human chondrosarcomas [31].

Conclusion

Herein, we found that DZNep, an inhibitor of SAHH, induces apoptosis in                  
chondrosarcomas in vitro and in vivo, by a mechanism, likely mediated though EGFR 
expression. Consequently, it would be worth initiating clinical trials to evaluate efficiency of 
SAHH or EGFR inhibitors in patients with chondrosarcomas. In contrast, the specific inhibition 
of the methylase EZH2, a strategy currently developed in clinical trials for lymphomas and 
some other tumors is not an adequate approach for chondrosarcoma treatment.
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