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Introduction: Cisplatin has been reported to elicit the DNA damage response (DDR) via

activation of the ATR-Chk1 pathway, which in turn contributes to the induction of cisplatin

resistance. Inhibition of ATR-Chk1 signaling reverses cisplatin resistance in some cancers.

However, the influence of inhibiting ATR-Chk1 signaling on cisplatin resistance in chon-

drosarcoma cancer has not been reported.

Materials and methods: We compared the expression levels of ATR kinases in human

nasopharyngeal carcinoma, choriocarcinoma and chondrosarcoma cell lines. We inhibited

ATR kinase function with VE-822, a selective ATR inhibitor, and suppressed ATR kinase

expression with shRNA. Western blotting, the CCK-8 assay, cell cycle distribution assay and

apoptosis analysis were used to study the influence of inhibiting ATR-Chk1 signaling on

reversing cisplatin resistance in chondrosarcoma cell lines.

Results: We found that chondrosarcoma cells expressed very low basal levels of phosphory-

lated ATR, but cisplatin treatment induced the activation of ATR-Chk1 signaling in a dose-

and time-dependent manner, suggesting the induction of DDR. As expected, ATR inhibition

with VE-822 reversed cisplatin-induced DDR and enhanced cisplatin-induced activation of

H2AX, which is an important marker of DNA damage. Meanwhile, ATR inhibition by RNA

interference also reversed DDR and promoted DNA damage. Furthermore, both pharmaco-

logical and molecular inhibition of ATR accelerated cisplatin-induced inhibition of cell

proliferation and cell death.

Conclusion: Our results suggested that inhibiting ATR activation promoted cisplatin-

induced cell death via reversion of DDR, and VE-822 may be a valuable strategy for the

prevention of cisplatin resistance in chondrosarcoma.
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Introduction
Chondrosarcoma (25.8%) is the second most frequently diagnosed primary sarcoma

of bone following osteosarcoma (35.1%).1 The vast majority (90%) of these cancers

are conventional chondrosarcomas, which are subdivided into the central, periph-

eral and periosteal subgroups.2 The remaining 10% are rare variants of chondro-

sarcoma, which include dedifferentiated, clear cell and mesenchymal

chondrosarcomas.2 The 5-year survival rate of patients with grade I chondrosar-

coma is 83%, whereas patients with grade II or III disease have a combined 5-year

survival rate of only 53%.3 Due to the limited clinical efficacies of chemotherapy

and radiotherapy, broad surgical resection of the tumor is the most efficient and
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commonly used treatment method. However, after surgical

treatment, the tumor tends to recur in subsequent years,

and the degree of malignancy often increases over time.

Furthermore, surgical treatment is not applicable to meta-

static or unresectable disease. Therefore, improving the

chemosensitivity and radiosensitivity of chondrosarcoma

can diversify treatment programs and significantly

improve the survival of patients.

Ataxia telangiectasia mutated (ATM) and ATM- and

RAD3-related (ATR) kinase are key regulators of the DNA

damage response (DDR) signal pathway.4 Once DNA

damage occurs, the ATR-Chk1 and ATM-Chk2 pathways

halt cell cycle progression at the G2/M and G1/S check-

points, respectively, to allow time for DNA repair.

Activation of the ATR-Chk1 pathway initiates cell cycle

arrest, DNA repair and stabilization of the replication fork.

VE-822, the improved molecule of VE-821, is a novel

ATR inhibitor with high selectivity and specificity to pre-

vent signal transduction of the ATR-Chk1 pathway.5 In

general, irradiation and chemotherapeutic drugs induce

DNA damage, which triggers the activation of the ATR-

Chk1 and ATM-Chk2 pathways and renders the cell cycle

halted in the G2 and G1 phases, respectively, to facilitate

DNA repair. However, ATR inhibition with VE-822 forces

cells with DNA damage in G2 phase to rapidly progress

into M phase with DNA repair that is severely incomplete.

Cells with damaged DNA fail to divide to the next gen-

eration and instead shift toward mitotic catastrophe.6

Therefore, VE-822 has a dramatic impact on cells active

within the cell cycle, such as cancer cells, leading to a

sharp increase in the number of apoptotic cells. However,

this treatment is ineffective let alone beneficial for the

survival of noncycling cells, such as healthy normal cells.7

Some experimental studies have indicated that VE-822

can enhance the sensitivity of several cancer lines to

chemotherapy and irradiation.8–10 However, VE-822 has

never been reported to increase the chemosensitivity or

radiosensitivity of chondrosarcoma. Our study systemati-

cally elaborated the effectiveness of VE-822 to increase

the chemosensitivity of chondrosarcoma cells to cisplatin.

Materials and methods
Cell culture
SW1353, and JEG-3 cells were purchased from the

American Type Culture Collection (American Type

Culture Collection) and cultured in Dulbecco’s modified

Eagle’s medium (DMEM) supplemented with 10% fetal

bovine serum (BI Inc.), 100 units/ml penicillin and

100 μg/ml streptomycin (BI Inc.). CS-1 is a human chon-

drosarcoma cell line, kindly provided by Dr. Zhenfeng

Duan (Sarcoma Biology Laboratory, Center for Sarcoma

and Connective Tissue Oncology, Massachusetts General

Hospital).11 5-8F is a nasopharyngeal carcinoma cell line,12

kindly provided by Dr. H.M. Wang (Cancer Center, Sun

Yat-sen University, China).13 The use of all these cell lines

was approved by the Ethics Committee of Changsha

Central Hospital and the Ethics Committee of the Second

Xiangya Hospital. All cells were maintained at 37°C in a

humidified incubator with 5% CO2. The medium was chan-

ged every two or three days.

Cell viability assay
Cell viability after cisplatin treatment combined with VE-

822 was determined using CCK-8 reagent purchased from

Dojindo (Kumamoto, Japan). In brief, chondrosarcoma

cells (1×104 per well) were seeded into 96-well plates

and cultured overnight at 37°C in a humidified incubator.

Compared with the control wells, the experimental wells

were treated with cisplatin and/or VE-822. All treatments

were performed in triplicate. After 24 h of treatment, 10 μl
of CCK-8 reagent was added per well (containing 100 µl

of DMEM) according to the manufacturer’s instructions.

Following an incubation at 37°C, the absorbance at

450 nm was measured using a microplate reader

(ELx800, BioTek Inc., USA).

Western blot assay
Cells were lysed with prechilled radioimmunoprecipitation

(RIPA) buffer containing phenylmethylsulfonyl fluoride

(PMSF) and disrupted 60 times in icy water for 5 s each

with an Ultrasonic Cell Disruption System at intervals of

5 s. After centrifugation at 12,000 rpm/min at 4°C for

10 min, supernatants were collected, and protein concentra-

tions were determined with a BCA protein assay kit (Pierce,

Rockford, IL, USA). After the samples were mixed thor-

oughly with loading buffer, they were heated at 100°C for

5 min. Equal amounts of total protein (20–100 μg) were

separated by SDS-PAGE on a 10% gel and transferred onto

a PVDF membrane. Following blocking by incubation in

3% dry nonfat milk at room temperature for 1 h, the

membrane was incubated with primary antibodies at 4°C

overnight. Next, the membrane was rinsed three times with

PBS-T (containing 0.01% Tween 20), incubated for 1.5 h

with secondary antibodies conjugated to HRP and rinsed

three times with PBS-T. The protein bands were detected
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with SuperSignal chemiluminescent substrate-stable perox-

ide solution (Pierce Rockford, IL, USA), and reactions in

the protein bands were developed on BIOMAX-MR film

(Eastman Kodak Co., Rochester, NY, USA).

Apoptosis analysis
Cells were harvested and washed twice with PBS and

subsequently suspended in 200 μl of annexin V binding

buffer. After the suspension was incubated with Annexin

V-FITC in the dark for 15 min at 4°C, propidium iodide

(PI) was added to the samples and incubated in the dark

for 5 min at 4°C. The samples were analyzed on a BD

Accuri C6 using FACSuite analysis software (BD

Bioscience).

ATR knockdown in SW1353 cells
Small hairpin (sh)-RNA targeting ATR was integrated into

the pLent-U6-GFP-Puro vector. The sequence targeting

ATR was as follows: 5ʹ-GCCAAAGTATTTCTAGCC

TATCTTCAAGAGAGATAGGCTAGAAATACTTTGGC-

TTTTTT-3ʹ.14 Vectors with or without the shRNA target-

ing ATR were transfected into SW1353 cells using

Lipofectamine 3000 (Invitrogen Life Technologies)

according to the manufacturer’s protocols. Subsequently,

monoclonal cells were selected using complete medium

supplemented with 1 μg/ml puromycin.

Reverse transcription-polymerase chain

reaction (RT-PCR)
Total RNA was extracted from treated cells using TRIzol

reagent (Invitrogen) according to the manufacturer’s pro-

tocol. For the detection of the mRNA levels, complemen-

tary DNA primed by oligo-dT was synthesized with a

RevertAid First Strand cDNA Synthesis Kit (Thermo

Fisher Scientific, Pittsburgh, PA, USA). Subsequently,

PCR was performed for 20–30 cycles under the following

cycling conditions: denaturation at 94°C for 30 s, anneal-

ing at 60°C for 30 s, and extension at 68°C for 40 s. PCR

products were separated on a 1% agarose gel and then

stained with GelRed. The following primers were used:

ATR-forward: 5ʹ-TCCCTTGAATACAGTGGCCTA-3ʹ,

and ATR-reverse: 5ʹ-TCCTTGAAAGTACGGCAGTTC-

3ʹ; CHK1-forward: 5ʹ-ATATGAAGCGTGCCGTAGACT-

3ʹ, and CHK1-reverse: 5-TGCCTATGTCTGGCTCTATTC

TG-3ʹ; and GAPDH-forward: 5ʹ-AATCCCATCACCATC

TTCCA-3ʹ, and GAPDH-reverse: 5-CCTGCTTCACCAC

CTTCTTG-3ʹ.

Quantitative real-time RT-PCR (qRT-PCR)
cDNA was synthesized as described previously. Real-time

PCR amplification was performed with specific primers on a

Roche LightCycler 96 Sequence Detection System. The reac-

tions were prepared using SYBR Green reaction mix from

Roche. Using the 2−ΔΔCt method, the expression levels of

the relativemRNAswere normalized to those of GAPDH. The

primers used for RT-PCR were used in these experiments.

PI staining of dead cells
SW1353 cells and the above mentioned monoclonal cells

transfected with plasmids with or without ATR shRNAwere

treated with 10 μM cisplatin for 48 h. Then, 1 μg/ml PI was

directly added into the control and treated wells, and the

cells were incubated at room temperature for 30 min. The

bright field and fluorescence images in the same field were

captured with fluorescence microscopy (Leica).

Cell cycle analysis
Cells treated with VE-822 and/or cisplatin were collected

and rinsed once with PBS. Then, they were fixed with 70%

ethanol at 4°C overnight and rinsed once with PBS. After

the cells were suspended with 1 ml PBS per tube, 50 μg/ml

RNase was added. Next, 5 μg/ml PI was incubated with

the samples in the dark for 30 min at room temperature,

after which the cell cycle distribution was analyzed on a

BD Accuri C6 using FACSuite analysis software (BD

Bioscience). The percentage of cells in the different phases

of the cell cycle was counted and compared. The experi-

ments were repeated in triplicate.

Statistical analysis
All experiments were repeated three times independently.

The results are shown as the mean ± SD (standard devia-

tion). Either Student’s t-test or one-way ANOVAwas used

to analyze the data with SPSS software. P-values <0.05

were considered to be statistically significant.

Results
The treatment of chondrosarcoma cells

with cisplatin induces the DNA damage

response
It is well known that the clinical effects of cisplatin treat-

ment are relatively ideal for nasopharyngeal carcinoma

and endometrial carcinoma compared with chondrosar-

coma. We measured the basal levels of phosphorylated

ATR kinase in SW1353, CS-1, 5-8F, and JEG-3 cells.
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The results showed that the chondrosarcoma CS-1 cell line

and SW1353 cells expressed very low levels of phos-

phorylated ATR at baseline. As experimental controls,

5-8F and JEG-3 expressed moderate levels of phosphory-

lated ATR (Figure 1A). Then, we focused on SW1353 and

CS-1 cells to investigate the impact of cisplatin on the

levels of activated ATR and Chk1, which are two impor-

tant markers of the DNA damage response (DRR). The

phosphorylated ATR kinases in both chondrosarcoma cell

lines were significantly upregulated by cisplatin treatment

in a dose- and time-dependent manner (Figure 1B and C).

Cisplatin treatment also induced the activation of Chk1,

which is a downstream molecule of ATR, in both SW1353

and CS-1 cells in a dose- and time-dependent manner

(Figure 1B and C). These results suggest that cisplatin

elicits the DDR in chondrosarcoma.

Inhibition of ATR promotes cisplatin-

induced DNA damage
DNA damage is a key driver of the therapeutic mechanism

of chemotherapy of cancers. The ATR-Chk1 pathway can

Figure 1 Cisplatin activates the ATR-Chk1 pathway in chondrosarcoma cells. (A) Western blot analysis of the total and phosphorylated levels of basal ATR and Chk1 in

untreated CS-1, SW1353, 5-8F, and JEG-3 cells. GAPDH protein levels were measured as loading controls. (B) Western blot analysis of the levels of total and

phosphorylated ATR and Chk1 in CS-1 and SW1353 cells treated with 10 μM cisplatin for the indicated time periods. (C) Western blot analysis of the levels of total

and phosphorylated ATR and Chk1 in CS-1 and SW1353 cells treated with the indicated concentrations of cisplatin for 24 h.
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be activated by DNA damage and is essential for the

survival of many cancer cells in response to multiple

anticancer drugs.15 Therefore, ATR-Chk1 activation con-

tributes to the induction of drug resistance.16 To determine

the roles of the ATR-Chk1 pathway in the induction of

cisplatin resistance in chondrosarcoma, we tested the

effect of the inhibition of ATR on DNA damage induced

by cisplatin. We found that cisplatin activated the ATR-

Chk1 pathway in both SW1353 and CS-1 chondrosarcoma

cells (Figure 2A and B). Pharmacological inhibition of

ATR with VE-822 dose dependently reversed the activa-

tion of ATR-Chk1 signaling induced by cisplatin

(Figure 2A and B). Cisplatin had little effect on the activa-

tion of H2AX, suggesting that cisplatin alone induced a

limited amount of DNA damage (Figure 2C and D).

However, VE-822 significantly upregulated the activation

of H2AX in a dose-dependent manner in both SW1353

and CS-1 cells (Figure 2C and D), suggesting increased

DNA damage. Meanwhile, molecular inhibition of ATR

via RNA interference downregulated the expression of

ATR (Figure 2E), inhibited the activation of the ATR-

Chk1 pathway, and promoted DNA damage induced by

cisplatin (Figure 2F and G). These results suggested that

ATR inhibition promoted cisplatin-induced DNA damage

and may function to reverse cisplatin resistance in

chondrosarcoma.

ATR inhibition sensitizes chondrosarcoma

cells to cisplatin-induced inhibition of cell

proliferation
The ATR inhibitor VE-822 has been reported to enhance

cisplatin chemosensitivity in esophageal squamous cell

carcinoma.9 In this study, we detected the effect of VE-

822 on cell proliferation in chondrosarcoma cells. The

results showed that VE-822 alone did not affect the pro-

liferation of either SW1353 or CS-1 cells (Figure 3A).

When cells were cotreated with VE-822 and cisplatin,

the inhibition of cell proliferation was increased

(Figure 3B and C). Meanwhile, we found that ATR down-

regulation by RNA interference promoted cisplatin-

induced inhibition of cell proliferation in chondrosarcoma

cells (Figure 3D).

ATR inhibition sensitizes chondrosarcoma

cells to cisplatin-induced cell death
Cisplatin has been reported to induce cell cycle arrest at

G2/M phase.17 To determine the effect of VE-822 on

cisplatin-induced cell cycle arrest in chondrosarcoma

cells, SW1353 cells were treated with VE-822 alone, cis-

platin alone, or VE-822 and cisplatin together. PI staining

results showed that VE-822 alone had little effect on the

percentage of cells in the G2 and M phases (Figure 4A and

B), but cisplatin alone induced significant cell cycle arrest

at the G2/M checkpoint (Figure 4A and B). Moreover, VE-

822 treatment combined with cisplatin significantly

decreased the number of cells in G2/M phase but increased

the number of cells in G1 phase. These results suggested

that cisplatin treatment induced cell cycle arrest at the G2/

M checkpoint to signal DNA repair via activation of the

ATR-Chk1 pathway, and the ATR inhibitor VE-822

blocked this mechanism by promoting cell cycle progres-

sion from G2/M to G1 phase.

Chk1 inhibition has been reported to enhance cisplatin

cytotoxicity.18 In this study, we tested the effect of ATR

inhibition on cisplatin-induced cell death. The results

showed that both cisplatin and the ATR inhibitor VE-822

induced very low levels of cell death in SW1353 cells

(Figure 4C and D). However, cotreatment of cells with

cisplatin and VE822 significantly increased cell death in

SW1353 cells (Figure 4C and D). Meanwhile, ATR inhibi-

tion by RNA interference significantly promoted cell death

induced by cisplatin (Figure 4E and F). Western blot

results showed that ATR inhibition upregulated the activa-

tion of caspase 3 induced by cisplatin (Figure 4G). These

results suggested that ATR inhibition enhanced cisplatin

cytotoxicity in chondrosarcoma cells.

Discussion
In this study, we found that cisplatin treatment of chon-

drosarcoma cells induced the activation of the ATR-Chk1

pathway, suggesting the induction of the DDR, which may

contribute to cisplatin resistance in chondrosarcoma. The

ATR inhibitor VE-822 and ATR shRNA reversed cispla-

tin-induced DDR and promoted DNA damage.

Meanwhile, ATR inhibition increased the inhibition of

the proliferation of chondrosarcoma cells induced by cis-

platin and upregulated cisplatin-induced cell death, sug-

gesting that inhibiting ATR may be a strategy for

enhancing the chemosensitivity of chondrosarcoma treated

with cisplatin.

Cisplatin was first approved for the treatment of testi-

cular cancer and remains one of the most effective antitu-

mor agents in a wide variety of solid tumors, such as head

and neck, lung, bladder, ovarian, and cervical neoplasms.19

Although surgical resection is the first treatment option for
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Figure 2 The inhibition of ATR reverses cisplatin-induced DDR. (A) Western blot and semiquantitative analysis of the levels of phosphorylated ATR and Chk1 in SW1353

cells treated with the indicated concentrations of VE-822 alone or VE-822 plus 10 μM cisplatin for 24 h. (B) Western blot and semiquantitative analysis of the levels of

phosphorylated ATR and Chk1 in CS-1 cells treated with the indicated concentrations of VE-822 alone or VE-822 plus 10 μM cisplatin for 24 h. (C) Western blot and

semiquantitative analysis of the levels of phosphorylated H2AX in SW1353 cells treated with the indicated concentrations of VE-822 alone or VE-822 plus 10 μM cisplatin

for 24 h. (D) Western blot and semiquantitative analysis of the levels of phosphorylated H2AX in CS-1 cells treated with the indicated concentrations of VE-822 alone or

VE-822 plus 10 μM cisplatin for 24 h. (E) Western blot and quantitative RT-PCR analysis of the levels of ATR in SW1353 cells transfected with ATR shRNA. ***P<0.001
compared with the control group. (F) Western blot and semiquantitative analysis of the levels of phosphorylated ATR and Chk1 in SW1353 cells transfected with ATR

shRNA and cultured in the presence or absence of 10 μM cisplatin for 24 h. (G) Western blot and semiquantitative analysis of the levels of phosphorylated H2AX in

SW1353 cell, transfected with ATR shRNA and cultured in the presence or absence of 10 μM cisplatin for 24 h.
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Figure 3 The inhibition of ATR reverses cisplatin-induced inhibition of cell proliferation. (A) CCK-8 analysis of the proliferation of SW1353 and CS-1 cells treated with the

indicated concentrations of VE-822 for 24 h. (B) CCK-8 analysis of the proliferation of SW1353 and CS-1 cells treated with the indicated concentrations of VE-822 and

cisplatin for 24 h. (C) CCK-8 analysis of the proliferation of SW1353 cells that were untreated or treated with VE-822 (0.2 μM, 48 h), cisplatin (20 μM, 48 h), VE-822

(0.2 μM, 48 h) + cisplatin (20 μM, 24 h), or cisplatin (20 μM, 48 h) + VE-822 (0.2 μM, 24 h). (D) CCK-8 analysis of the proliferation of SW1353 cells that were untreated or

treated with cisplatin (10 μM, 48 h) or cisplatin (10 μM, 48 h) plus VE-822 (0.05 μM, 48 h) and of SW1353 cells transfected with empty vector (E.V.) and treated with cisplatin

(10 μM, 48 h) or transfected with ATR shRNA and treated with cisplatin (10 μM, 48 h). *P<0.05, **P<0.01, ***P<0.001.
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Figure 4 Inhibition of ATR promotes apoptosis induced by cisplatin. (A) PI analysis of cell cycle progression of SW1353 cells treated with the indicated concentrations of

VE-822 either alone or in combination with 10 μl cisplatin for 24 h. (B) The quantitative data from A. (C) PI/FITC-Annexin V staining analysis of apoptosis of SW1353 cells

treated with the indicated concentrations of VE-822 alone or in combination with 10 μM cisplatin for 24, 48, or 72 h. (D) The quantitative data from C. (E) PI staining
analysis of cell death in SW1353 cells, empty vector (E.V.) transfected SW1353 cells, and ATR shRNA transfected cells that were cultured in the presence or absence of

10 μM cisplatin for 24 h. (F) The quantitative data from E. (G) Western blot analysis of the levels of cleaved caspase 3 in untreated SW1353 cells, cells transduced with

empty vector (E.V.) or cells transduced with ATR shRNA, treated with 10 μM cisplatin for 24 h.
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chondrosarcoma patients, chemotherapy including cisplatin

is an additional option.20 However, one crucial obstacle

encountered often in cisplatin chemotherapy is drug

resistance.19 Several strategies have been reported to sensi-

tize chondrosarcoma to cisplatin.21–24

Cisplatin binds DNA to form intra- and interstrand

crosslinks, resulting in DNA double helix disruption and

further blockage of DNA replication and transcription. In

response to the formation of cisplatin-DNA crosslinks and

adducts, DNA damage is induced, which can be sensed by

Ataxia telangiectasia mutated (ATM) and Ataxia telangiec-

tasia and Rad-3 related (ATR) kinases, leading to the

induction of the DNA damage response.25 ATM and

ATR phosphorylate downstream kinases, such as check-

point kinase 1 (Chk1) and checkpoint kinase 2 (Chk2), and

regulate multiple cellular responses, including DNA

repair, cell cycle arrest, and cell death.25 In this study,

we found that chondrosarcoma cells at rest did not express

phosphorylated ATR or Chk1. However, cisplatin treat-

ment induced the phosphorylation of both ATR and

Chk1, suggesting that cisplatin induces the DNA damage

response in chondrosarcoma cells.

ATR is activated by DNA damaging agents and regu-

lates cisplatin-induced cell death.

ATR activation facilitates chemotherapy resistance to

cisplatin,16,26,27 and ATR inhibition enhances cisplatin

chemosensitivity.9,28,29 In this study, we found that block-

ing ATR with the inhibitor VE-822 or with ATR shRNA

upregulated the phosphorylation of H2AX, a biomarker of

DNA damage,30,31 indicating that ATR inhibition pro-

moted cisplatin-induced DNA damage. As expected,

ATR inhibition promoted cisplatin-induced inhibition of

cell proliferation and cell death in chondrosarcoma cells,

suggesting that VE-822 mediated inhibition of ATR is a

valuable strategy for chemotherapy of chondrosarcoma

with cisplatin.

Highlights
● Cisplatin induces ATR activation in chondrosarcoma

cells.
● ATR inhibition reverses the cisplatin-induced DNA

damage response and promotes DNA repair.
● Pharmacological and molecular inhibition of ATR sig-

naling sensitizes chondrosarcoma to cisplatin-induced

inhibition of cell proliferation.
● Pharmacological and molecular inhibition of ATR sig-

naling sensitizes chondrosarcoma to cisplatin-induced

apoptosis.
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