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Abstract

High grade chondrosarcoma is characterized by its lack of response to conventional cyto-

toxic chemotherapy, the tendency to develop lung metastases, and low survival rates.

Research within the field prioritizes the development and expansion of new treatment

options for dealing with unresectable or metastatic diseases. Numerous clinical trials using

the proteasome inhibitor bortezomib have shown specific efficacy as an active antitumor

agent for treating a variety of solid tumors. However, as of yet the effect of bortezomib on

chondrosarcoma has not been investigated. In our study, bortezomib decreased cell viability

and proliferation in two different chondrosarcoma cell lines in a time- and dose dependent

manner. FACS analysis, mRNA- and protein expression studies illustrated that induction of

apoptosis developed through the intrinsic mitochondria-caspase dependent pathway. Fur-

thermore, bortezomib treatment significantly increased expression of the death receptors

TRAILR-1 and TRAILR-2 in chondrosarcoma cells. An increased expression of the autop-

hagy markers Atg5/12, Beclin, and LC3BI-II supports the interpretation that bortezomib

functions as a trigger for autophagy. Our results demonstrated for the first time that bortezo-

mib reduced viability and proliferation of chondrosarcoma cells, induced apoptosis via the

mitochondria-caspase dependent pathway and enhanced death receptor expression and

autophagy.

Introduction

Chondrosarcoma denotes a heterogeneous group of neoplasms, comprised of tumor cells that

share the common characteristic of producing extracellular matrix components in cartilage tis-

sue [1]. With an incidence of 1:50,000 chondrosarcoma typically occurs in adults in their 3rd to

6th decade of life and represents the second most common primary malignant bone tumor in a

large epidemiologic series [2]. Extensive surgical resection remains the best available treatment
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option for intermediate- to high-grade tumors as they are relatively chemo- and radiotherapy

resistant, due to their extracellular matrix, low percentage of dividing cells, and poor vascular-

ity [3, 4]. From the clinical point of view, preventing recurrence and finding better treatment

options for unresectable or metastatic chondrosarcoma is a considerable challenge within the

field of cancer treatment.

The ubiquitin proteasome pathway plays a significant part in the regulation of a variety of

cellular processes dealing with the growth and survival of tumor cells. Generally it has been

established that inhibition of proteasome activity not only leads to cell death but also induces

cell autophagy [5, 6]. The role of autophagy in cancer cells is complex and context-dependent

[7]. Some types of cancer cells may exploit autophagy to adapt to the hypoxic, nutrient limit-

ing, and metabolically stressful tumor microenvironment, as well as therapeutically induced

cell stress or damage [8]. On the other hand it can raise the efficiency of radiation therapy [9]

and chemotherapy [10, 11] including the activity of inhibitors of histone deacetylase [12],

hedgehog [13], and mTOR [14] respectively. It is therefore evident that therapeutically evoked

autophagy improves the therapeutic efficiency of anti-cancer drugs [15]. Resistance to chemo-

therapy-induced apoptosis is one of the most important features of tumor cells, and also con-

tributes to tumor recurrence and metastasis. There are significant indications that as a cell-

protective mechanism, activation of the autophagy pathway plays an important role in apopto-

sis resistance [16].

Substances that inhibit the proteasome function could therefore function as anti-cancer

agents and open up the search for new cancer therapies. In this context it has been previously

demonstrated that the proteasome inhibitor bortezomib exhibits antitumor activity against a

variety of malignancies. Bortezomib was the first proteasome inhibitor used in clinical practice

and is now approved for the treatment of multiple myeloma [17]. Numerous clinical trials

with bortezomib have shown its efficacy as an active antitumor agent against a variety of solid

tumors such as colon cancer, prostate cancer, breast cancer, and ovarian cancer [18–20]. It has

been applied as a single agent and in combination with other chemotherapeutic drugs, and

showed potent effects. Clinical phase I and II studies using bortezomib in isolation or com-

bined with other drugs have shown encouraging results in treating a variety of other hemato-

logical malignancies and solid tumors [21–26]. However, the effect of bortezomib on

chondrosarcoma has not yet been investigated. Furthermore, due to the dual roles of autop-

hagy in the survival and death of tumor cells, the effect of autophagy inhibition on human

chondrosarcoma cells remains to be elucidated.

The aim of this study was to analyze the effect of the proteasome inhibitor bortezomib on

cell growth and proliferation, as well as apoptosis and autophagy induction and the involve-

ment of different signal transduction pathways in two human chondrosarcoma cell lines.

Material and Methods

Cell culture

Human chondrosarcoma cell lines SW-1353 (CLS, Eppelheim, Germany) and Cal-78

(DSMZ, Braunschweig, Germany) were cultured in Dulbecco’s-modified Eagle’s medium

(DMEM-F12; GIBCO1, Invitrogen, Darmstadt, Germany), containing 5% fetal bovine

serum (FBS), 1% L-glutamine, 100 units/ml Penicillin, 100 μg/ml Streptomycin, and

0.25 μg Amphotericin B (all GIBCO1, Invitrogen). Both cell lines were verified by short

tandem repeat analysis using PowerPlex 16 System Kit (Promega, Mannheim, Germany).

Cells were kept at 37˚C in a humidified atmosphere of 5% CO2 and were passaged by tryp-

sinization after reaching 80–90% confluence.

Influence of Bortezomib on Chondrosarcoma Cells
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Cell viability and proliferation assays

The MTS assay (Brand, Voerde-Friedrichsfeld, Germany) was used to measure the meta-

bolic activity of cells: 5x103 cells per well were seeded into 96 well plates and treated with

0–100 nM bortezomib (Selleckchem, Houston, TX). The cells were treated at 24, 48, and

72 h, after which a CellTiter 96 AQueous Assay (Promega, Madison, WI) was performed

following the manufacturers’ instructions; untreated cells were used as control. Data are

the mean ± S.D. of three independent experiments each performed in quadruplicates. To

analyze the effect of the lysosomal protease inhibitors on cell viability, cells were treated

either with bortezomib alone or in combination with E64d or/and pepstatin A (each

10 μg/ml; both Sigma Aldrich, Vienna, Austria). Untreated cells were measured as con-

trols (n = 8, mean ± S.D.).

The xCELLigence RTCA DP (ACEA Biosciences Inc., San Diego, CA) was used to monitor

cell proliferation in real-time after cells were seeded on electronic microtiter plates (E-Plate;

ACEA). Cells were treated with 0, 2.5, 5, and 10 nM bortezomib and the proliferation rate was

measured at 96 h. Cell index (CI) measurements were performed in triplicate with a signal

detection scheduled every 20 min. The cell index (CI) is a measure for the cell density and was

normalized to the time point at which bortezomib was added. Following the continuous xCEL-

Ligence cell monitoring, the slope (1/h), representing the rate of change of the cell index, was

calculated. The calculation was set within a 30 h time span and the start point was set 6 h after

initiating the bortezomib treatment. Acquisition and analysis was performed with the RTCA

software (Version 1.2, ACEA).

Caspase-Glo® 3/7 assay

1x104 cells/well were treated with 5, 10, and 25 nM bortezomib for 1–72 h and analyzed for

caspase 3/7 activation using the Caspase-Glo1 3/7 Assay (Promega) according to the manufac-

turer´s protocol. Briefly, Caspase-Glo1 reagent was added 1:1 to sample volume into each well

and incubated at room temperature for 30 min protected from light. Blank values were sub-

tracted from the experimental values to exclude background luminescence and negative con-

trols were used to determine basal caspase activity. Luminescence of each sample was

measured using a Luminometer (LUMIstar; BMG Labtech, Ortenberg, Germany). Results

were expressed as the mean from two independent experiments (n = 2, measured in biological

quadruplicates) and error bars represent the S.D.

Caspase-3 apoptosis assay

After incubation with 5 and 10 nM bortezomib for 48 h, cells were harvested by trypsiniza-

tion, fixed with formaldehyde for 10 min at 37˚C (2x106 cells/ml), permeabilized with

methanol, and re-suspended in incubation-buffer (FBS:PBS 1:200). Activation of caspase-

3, a marker for cells undergoing apoptosis, requires proteolytic processing of its inactive

zymogen into activated p17 and p12 fragments. The FITC-conjugated monoclonal cleaved

caspase-3 (Asp175) antibody (Cell Signaling Technology, Danvers, MA) detects endoge-

nous levels of the large fragment (17/19 kDa) of activated caspase-3 resulting from cleavage

adjacent to aspartic acid175. The antibody does not recognize full length caspase-3 or other

cleaved caspases. Cells were analyzed by flow cytometry (FACSCalibur™, BD Biosciences,

San Jose, CA) performed with FACSDiva software. Histograms were created using FCS3

express software (De Novo software, Los Angeles, CA). Untreated cells were used as nega-

tive control.

Influence of Bortezomib on Chondrosarcoma Cells
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Annexin V/PI apoptosis assay

The APC Annexin V Apoptosis Detection Kit (BioLegends, San Diego, CA) was performed

following the manufacturers´ instructions. Apoptotic cells were identified by incubation of

1x105 cells in 100 μl Annexin V Binding buffer containing 5 μl Annexin V-APC and 5 μl PI for

15 min at room temperature. Flow cytometry analysis was performed with FACSCalibur™ (BD

Biosciences). 10,000 events were collected. Cells were identified by side scatter and forward

scatter with linear scale. Compensation was performed by single Annexin and PI measure-

ments and analyzed by FCS3 express software (De Novo software). Untreated cells were used

as negative control.

Protein array

The Human Apoptosis Antibody Array (Abcam, Cambridge, UK) is suitable for the multiplex

protein detection of 43 human apoptotic markers. Cells were treated with the respective IC50

value of bortezomib for 24 h and whole cell protein extracts were prepared with lysis buffer.

Capture and control antibodies of the major contributors to apoptosis were spotted in dupli-

cate on nitrocellulose membranes. The array was performed following the manufacturers’

instructions; untreated cells were used for control.

Reverse transcription polymerase chain reaction (RT-PCR)

Total ribonucleic acid (RNA) was isolated from treated and untreated cells with the RNeasy

Mini Kit and DNase-I treatment according to the manufacturer’s manual (Qiagen, Hilden, Ger-

many). One microgram RNA was reverse transcribed using a RevertAid cDNA Synthesis Kit

(Thermo Fisher Scientific, Waltham, MA). Amplification was performed with the Platinum

SYBR Green Super Mix with ROX (Invitrogen) and measured by the AB7900HT instrument

(Applied Biosystems, Invitrogen). Each qPCR run consisted of a standard 3-step PCR tempera-

ture protocol (annealing temperature of 60˚C) followed by a melting curve protocol to confirm a

single gene-specific peak and to detect primer dimerization. Relative quantification of expression

levels were obtained by the ΔΔCt method based on the geometric mean of the internal controls

glyceraldehyde 3-phosphate dehydrogenase (GAPDH), β-actin (ACTB), and hypoxanthine

phosphoribosyl-transferase (HPRT-1), respectively. The following QuantiTect primer assays

(Qiagen) were used for real time RT-PCR: Bax, Bak, Bcl-2, Bcl-xl, Atg5, Atg7, Atg12, Beclin,

IGF1R, Fas, TRAILR-1, and TRAILR-2. The expression level (CT) of the target gene was normal-

ized to the reference genes (ΔCt), the ΔCt of the test sample was normalized to the ΔCt of the con-

trol (ΔΔCt). Finally, the expression ratio was calculated with the 2-ΔΔCt method (� p< 0.05).

Western blot analysis

For immunoblotting, whole cell protein extracts were prepared with lysis buffer (50 mM Tris-

HCl pH 7.4, 150 mM NaCl, 1 mM NaF, 1 mM EDTA, 1% NP-40, 1mM Na3 VO4, and protease

inhibitor cocktail (P8340; Sigma Aldrich), subjected to SDS-PAGE and blotted onto Amer-

sham™ Protran™ Premium 0.45 μM nitrocellulose membrane (GE healthcare Life science, Little

Chalfont, UK). All steps were performed on ice. Protein concentration was determined with

the Pierce BCA Protein Assay Kit (Thermo Fisher Scientific) according to the manufacturer’s

protocol. Primary antibodies against Atg5/12, Beclin, cytochrome C, and β-actin were pur-

chased from Santa Cruz (Santa Cruz Biotechnology, Santa Cruz, CA). Fas, TNF-R1, TNF-R2,

TRADD, and RIP antibodies were purchased from Cell Signaling Technology (Cell Signaling

Technology). For cytochrome C immunoblotting cells were incubated with 0, 2.5, and 5 nM

bortezomib for 24 h. Nuclear and cytoplasmic protein extracts were isolated according to the

Influence of Bortezomib on Chondrosarcoma Cells
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manufacturer’s protocol (Active Motif North America, Carlsbad, CA). Subsequently, cells

were collected in ice-cold PBS containing phosphatase inhibitors, centrifuged and re-sus-

pended in hypotonic buffer to swell cell membranes. Detergent was added to lyse cell mem-

branes and the suspension was centrifuged at 14,000 x g to separate the nuclei from the

cytoplasmatic protein fraction. The cytoplasmic extracts were collected from the supernatant

containing all cell organelles except the nuclei. After an additional centrifugation step, nuclei

were lysed, and the nucleic extracts were collected in the presence of a protease inhibitor cock-

tail. For LC3B I-II immunoblotting cells were treated with the lysosomal protease inhibitors

E64d and pepstatin A (10 μg/ml; both Sigma Aldrich), which were used to block autophagic

flux and inhibit the degradation of LC3B-II [27]. Blots were developed using a horseradish per-

oxidase- conjugated secondary antibody (Dako, Jena, Germany) at room temperature for 1 h

and the Amersham™ ECL™ prime western blotting detection reagent (GE Healthcare), in accor-

dance with the manufacturer‘s protocol. Chemiluminescence signals were detected with the

ChemiDocTouch Imaging System (BioRad Laboratories Inc., Herkules, CA) and images were

processed with the ImageLab 5.2 Software (BioRad Laboratories Inc.).

Immunofluorescence

5x105 cells were seeded in polystyrene culture slides (BD Biosciences) and incubated either with-

out, or with 5 nM (Cal-78) or 10 nM (SW-1353) bortezomib for 24 h. In addition, both cell lines

where treated with the lysosomal protease inhibitors E64d and pepstatin A (10 μg/ml; both Sigma

Aldrich) [27]. After incubation, cells were washed with PBS, fixed with 4% formaldehyde in PBS

for 15 min at room temperature and washed with PBS. Subsequently, cells were permeabilized for

10 min at 4˚C with ice-cold methanol. Cells were blocked 5 min at room temperature with Ultra-

Vision Protein Block (Thermo Fisher Scientific) and treated with the primary antibody against

LC3B purchased from Cell Signaling Technology or rabbit-IgG (Linaris Biologische Produkte,

Dossenheim, Germany) for negative controls overnight at 4˚C. After an incubation of 2 h at room

temperature with Alexa Fluor1 488-conjugated AffiniPure Goat Anti-Rabbit IgG secondary anti-

body (Jackson Immunoresearch, Suffolk, UK), nuclei were counterstained and slides were

mounted with Vectashield Mounting Medium with DAPI (Vector Laboratories, Burlingame, CA).

Cells were stored in the dark and viewed at a 510 LSM Meta confocal microscope (Zeiss, Vienna,

Austria) using excitation at 405 nm and detection with a BP 420–480 nm filter for the nuclear

stain. Binding of the LC3B antibody was measured by excitation at a wavelength of 488 nm and

detection with a LP 505 nm filter. ZEN 2009 Software was used to capture and process images.

Statistical analysis

The outcome variables were expressed as mean ± SD. Student’s unpaired t-test and the exact

Wilcoxon test were used to evaluate differences between groups with the PASW statistics 18

software (IBM Corporation, Somers, NY). Two-sided P-values below 0.05 were considered sta-

tistically significant. The significance of dose or time responses was assessed by repeated mea-

sures analysis. Graphical data were prepared and calculated with SigmaPlot1 (Systat Software

Inc., San Jose, CA).

Results

Bortezomib reduces viability and cell proliferation of chondrosarcoma

cells

After treatment with 0–100 nM bortezomib for 24, 48, and 72 h, cells were measured by the MTS

assay (n = 12). Bortezomib inhibited cell growth in a time- and dose-dependent manner in both

Influence of Bortezomib on Chondrosarcoma Cells
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cell lines (Fig 1A and 1C). The IC50 values after an incubation of 48 h were 2.36 nM for Cal-78

cells and 4.95 nM for SW-1353 cells. Cell growth curves were automatically recorded in real-time

by the xCELLigence System over the entire time-period of 72 h and with three different concen-

trations of bortezomib (2.5 nM, 5 nM, 10 nM), (Fig 1B and 1D). In Cal-78 cells slope values

changed under the influence of bortezomib from 0.015 ± 0.0003 (ctrl) to -0.025 ± 0.0002 (2.5

nM), -0.04 ± 0.0002 (5 nM) and -0.053 ± 0.0003, respectively. In SW-1353 cells slopes of 0.073±
0.0006 (ctrl), 0.019 ± 0.0012 (2.5 nM), -0.02 ± 0.0002 (5 nM) and -0.039 ± 0.00016 (10 nM) were

measured.

Bortezomib induces apoptosis through the mitochondria-caspase

dependent pathway

To elucidate the apoptotic potential of bortezomib on chondrosarcoma cells, we performed a

series of apoptosis assays. Apoptosis induction was investigated by quantitative measurement of

the caspase 3/7 activity for a time period between 6 and 72 h and flow cytometric analysis

(FACS) of caspase-3 cleavage after 24 h (Fig 2). Caspase 3/7 activity peaked after 24 h as a result

of bortezomib treatment in Cal-78 and SW-1353 cells (Fig 2A and 2C). Accordingly, cleaved cas-

pase-3 measurements performed after 24 h exposure to 5 and 10 nM bortezomib resulted in a

significant increase of caspase-3 cleavage from 5.89±2.11% (ctrl) to 24.14±4.63% (5 nM; p< .05)

and 69.31±7.78% (10 nM; p< .001) in Cal-78 cells and 3.83±1.67% (ctrl) to 32.45±4.23% (5 nM;

Fig 1. Influence of bortezomib on cell viability and proliferation of chondrosarcoma cells. A,C) After 24, 48, and 72 h incubation bortezomib

inhibited cell growth in a concentration dependent manner. Untreated cells were measured as controls (n = 12, mean ± S.D.). B,D) Dynamic

proliferation curves for Cal-78 and SW-1353 cells in the presence of 0 (red), 2.5 nM (green), 5 nM (blue), and 10 nM (purple) bortezomib. Data

shown are representatives from three independent experiments (n = 3, measured in biological quadruplicates).

doi:10.1371/journal.pone.0168193.g001

Influence of Bortezomib on Chondrosarcoma Cells
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p< .05) and 36.59±12.19% (10 nM; p< .05) in SW-1353 cells (n = 4) (Fig 2B and 2D). The

FACS histograms represent untreated cells (black filled) versus 5 nM (striated lines) and 10 nM

(checkered lines) bortezomib treated cells. In addition, apoptosis induction was investigated by

Annexin V/PI staining (data not shown). Compared to untreated control cells, Cal-78 cells

treated with 2.5 and 5 nM bortezomib showed a three to eightfold increase in Annexin positive

cells after 24 h and a 10–18 fold increase after 48 h. Under the same conditions SW-1353 detailed

a threefold increase in Annexin positive cells after 24 h and a fivefold increase after 48 h (n = 3).

In order to investigate the proteins that are responsible for the observed effect on apoptosis

we performed RT-PCR and a human apoptosis antibody protein array for simultaneous detec-

tion of 43 human apoptotic markers (Fig 3). Relative mRNA expression levels of Bax, Bak, Bcl-2,

and Bcl-xl were analysed by real time RT-PCR after treatment with the respective IC50 concen-

trations of bortezomib for 24 h. Untreated control cells served as a reference value (ratio = 1). In

the case of Cal-78 cells, treatment with bortezomib induced significant downregulation of Bak

(0.69±0.14; p< .001) and Bcl-2 (1.28±0.15; p< .001), whereas Bax and Bcl-xl remained unaf-

fected (Fig 3A). Compared to untreated control cells SW-1353 cells showed an increase of Bax

(1.55±0.72) and a significant decrease of the expression of Bak (0.74±0.20; p< .05) and Bcl-2

(0.27±0.13; p< .001) within the observation period (Fig 3B). Using the human apoptosis anti-

body protein array, the downregulation of the heat shock proteins HSP27, HSP60, and HSP70,

Fig 2. Apoptotic induction of bortezomib. A,C) Bortezomib treated chondrosarcoma cells showed a significantly higher level of caspase 3/7 activity than

untreated cells. Untreated control cells served as reference value (ratio = 1). B,D) Cleavage of caspase-3 was detected after 24 h of bortezomib treatment

by flow cytometry. The y-axis denotes cell counts and the x-axis represents fluorescence intensity of the APC antibody. The black filled histogram

represents untreated control cells, the striated histogram represents 5 nM, and the checkered histogram shows 10 nM bortezomib treated cells.

doi:10.1371/journal.pone.0168193.g002
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HTRA, Livin, p27, and p53 was shown in both cell lines (Fig 3C). A particularly significant upre-

gulation in the expression of cytochrome C was closely monitored. Western blot analysis of the

cytoplasmic and nuclear protein extracts revealed an upregulation of cytochrome C in the cyto-

plasmic fraction after bortezomib treatment, whereas, the expression in the nuclear extract

revealed no significant changes (Fig 3D).

Bortezomib increased the expression of death receptors

To investigate the expression of insulin-like growth factor 1 receptor (IGF1R), the tumor

necrosis factor (TNF)-related apoptosis-inducing ligand (TRAIL) receptors TRAIL-R1,

TRAIL-R2, and Fas (CD95/Apo-1) on chondrosarcoma cells by bortezomib treatment, cells

were incubated with the respective IC50 concentrations for 24 h. Relative mRNA expression

Fig 3. Analysis of the mitochondria-caspase dependent pathway. A,B) Relative gene expression analysis of the pro- and anti-

apoptotic markers Bax, Bak, Bcl-2, and Bcl-xl in Cal-78 and SW-1353 cells treated with the respective IC50 values of bortezomib for 24 h

(n = 10). C) The human apoptosis antibody protein array revealed the downregulation of the heat shock proteins HSP27, HSP60, and

HSP70 as well as HTRA, Livin, p27, and p53 in both cell lines. D) Western blot analysis showed an upregulation of cytochrome C in the

cytoplasmic fraction after bortezomib treatment.

doi:10.1371/journal.pone.0168193.g003
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levels were then analysed by real time RT-PCR. Untreated control cells served as a reference

value (ratio = 1). Compared to untreated control cells both cell lines showed a significant

decrease of IGFR1 (Cal-78: 0.66±0.14; p< .001 and SW-1353: 0.76±0.21; p< .01) and a

decrease of the expression of Fas (Cal-78: 0.84±0.14; p< .05 and SW-1353: 0.82±0.24) within

the observation period (Fig 4A and 4B). Furthermore, TRAILR-1 and TRAILR-2 were quanti-

fied by RT-PCR. Bortezomib treatment increased transcript expression of TRAILR-1 (Cal-78:

2.46±1.32; p< .05; SW-1353: not detectable) and TRAILR-2 (Cal-78: 1.79±0.39; p< .001 and

SW-1353: 2.29±1.27; p< .05) significantly. The apoptosis antibody protein array confirmed all

these results and supported the important role of the IGF binding proteins (IGFBP-1 to

IGFBP-6), the TNF receptor family, and the TRAIL receptors (Fig 4C). In order to substantiate

our observations, western blot analysis for the Fas, TNF-R1, TRADD, and RIP were performed

Fig 4. Analysis of TRAIL/death receptor pathway. A,B) Relative gene expression analysis of IGF1R, Fas, and the death receptors

TRAILR-1 and TRAILR-2 after bortezomib treatment with the respective IC50 concentrations for 48 h. Untreated control cells served as

reference value (ratio = 1). C) The human apoptosis antibody protein array supported the important role of the IGF binding proteins

(IGFBP-1 to IGFBP-6), the TNF receptor family, and the TRAIL receptors in both cell lines. D) Western blot analysis showed the

downregulation of Fas and TNF-R1.

doi:10.1371/journal.pone.0168193.g004
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(Fig 4D). Corresponding to the real time RT-PCR data, the expression of Fas and TNF-R1

were downregulated after treatment with the proteasome inhibitor. No changes were observed

in the expression of TNFR-associated death domain (TRADD) and the receptor-interacting

protein 1 (RIP).

Bortezomib increased the expression of autophagy-associated proteins

Studies have shown that autophagy plays a key role in tumor survival and apoptosis. Therefore,

we monitored the expression of the autophagy-associated proteins Atg5/12, Beclin, and

LC3I-II in chondrosarcoma cells following treatment with bortezomib. Both the relative gene

expression and the protein expression analysis revealed a significant upregulation of Atg5,

Atg12, and Beclin (Fig 5A and 5B). Bortezomib treatment increased transcript expression of

Atg5 (Cal-78: 1.59±0.81; p< .05 and SW-1353: 1.66±1.09; p < .05), Atg7 (Cal-78: 1.23±0.42

and SW-1353: 1.46±0.52), Atg12 (Cal-78: 2.45±1.37; p< .05 and SW-1353: 1.91±0.69; p<

.01), and Beclin (Cal-78: 1.41±0.54 and SW-1353: 1.92±0.91; p< .05) significantly. Western

blot data (Fig 5B) confirmed that bortezomib increased the protein expression of the autop-

hagy related proteins Atg5/12 and Beclin in both chondrosarcoma cell lines. When autophagy

occurs, the microtubule-associated protein LC3B localizes to isolation membranes leading to

the formation of autophagosome membranes. LC3B-I, the cellular form, converts to LC3B-II

when autophagy happens and the amount of LC3B-II becomes a marker for the formation of

autophagosomes. As shown in Fig 5C bortezomib apparently increased the expressions of

LC3B-II. The quantification of the relative LC3B protein expression is shown in Fig 5D. The

change in the subcellular distribution of LC3B can also be followed by immunofluorescence

microscopy. The characteristic pattern of LC3B puncta can be observed in autophagic cells

stained with anti-LC3B antibody, whereas untreated control cells revealed only a small quan-

tity of LC3B positivity (Fig 6). The effect of the lysosomal protease inhibitors E64d and pepsta-

tin A can be easily observed. Inhibition of the autophagic flux led to prevention of LC3B-II

degradation, which subsequently resulted in LC3B-II accumulation (Fig 6A, last row). MTS

experiments with both chondrosarcoma cell lines treated either with bortezomib alone or in

combination with the lysosomal protease inhibitors E64d and pepstatin A (each 10 μg/ml),

indicated that these inhibitors did not exhibit significant effects on cell viability (Fig 6B).

Discussion

The observation that cell death pathways are often disabled in cancer cells has been an impor-

tant motivation to target these pathways as an anti-cancer strategy. To develop new cancer

treatment options, a fundamental requirement is an understanding of the interrelationship

between different cell death pathways, as well as between cell death and non-cell death path-

ways. Chondrosarcoma is characterized by its lack of response to conventional cytotoxic che-

motherapy, propensity for developing lung metastases, and poor patient survival. Therefore,

research in the field of cell death mechanisms is of particular importance. In the diverse group

of human sarcomas, the effect of the proteasome inhibitor bortezomib has only been tested on

liposarcoma cells [28]. In the present study, we have demonstrated for the first time that borte-

zomib reduced the cell viability and proliferation of human chondrosarcoma cells in a time-

and dose-dependent manner, with IC50 values located in a low nM range. The underlying

mechanism of the effect of bortezominb was examined in a series of apoptosis arrays, the

expression of death receptor proteins, and the induction of autophagy in Cal-78 and SW-1353

chondrosarcoma cell lines.

Two pathways characterize apoptotic processes, both mediated by a family of cysteine pro-

teases known as caspases: the intrinsic or mitochondrial pathway and the extrinsic or death
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receptor pathway. The intrinsic pathway involves the activation of pro-apoptotic molecules

upon receiving intracellular stress signals. These molecules converge on the mitochondria to

Fig 5. Bortezomib induces autophagy in human chondrosarcoma cells. A) Relative gene expression and B) western blot analysis of whole cell lysates

for the expression of the autophagy markers Atg 5/12 and Beclin in Cal-78 and SW-1353 cells treated with the respective IC50 values of bortezomib for 24 h.

C) Western blot analysis for the expression of LC3BI-II. The lysosomal protease inhibitors E64d and pepstatin A (Inh) blocked the autophagic flux and

inhibited the degradation of LC3B-II. D) Quantification of the relative LC3B protein expression.

doi:10.1371/journal.pone.0168193.g005
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trigger the release of mitochondrial apoptogenic molecules under the control of the Bcl (B-cell

lymphocytic-leukaemia proto-oncogene) proteins, a family which includes the anti-apoptotic

Fig 6. LC3B immunostaining. A) Effect of bortezomib treatment on LC3B immunostaining of Cal-78 and SW-1353 cells. Double immunolabeling with

DAPI (blue) and anti-LC3B (green) antibodies was performed as described in the methods section. The lysosomal protease inhibitors E64d and

pepstatin A (Inh) blocked the autophagic flux and inhibited the degradation of LC3B-II (bar: 20 μm). B) Cal-78 and SW-1353 cells were treated either

with bortezomib alone or in combination with the lysosomal protease inhibitors E64d and pepstatin A (Inh; striated bars) and cell viability was analysed

by the MTS assay. Untreated cells were measured as controls (light grey; n = 8, mean ± S.D.).

doi:10.1371/journal.pone.0168193.g006
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members Bcl-2 and Bcl-xL, and the pro-apoptotic members Bax and Bak [29]. Bortezomib

treatment resulted in a time-dependent increase of cleaved caspase-3 activity in Cal-78 and

SW-1353 cells. In these two cell lines the caspase 3/7 activity peaked after 24 h. The induction

of apoptosis in chondrosarcoma cells was further confirmed by cleaved caspase 3 FACS analy-

sis and AnnexinV/PI staining. Relative mRNA expression levels revealed a significant downre-

gulation of the pro-apoptotic marker Bax and a downregulation of the anti-apoptotic marker

Bcl-2. In addition, the human apoptosis antibody protein array still showed the importance of

the heat shock proteins (HSP) HSP27, HSP60, and HSP70. HSP’s protective function allows

the cells to survive under lethal conditions. It is important to mention, that a diminished

expression of HSP27, HSP60, and HSP70 increases the cells’ sensitivity to apoptotic stimuli

[30, 31]. Within the intrinsic mitochondria-caspase dependent pathway, one of the released

mitochondrial molecules is cytochrome C, which interacts with cytosolic apoptotic protease

activation factor-1 (Apaf-1) and pro-caspase-9 to form the apoptosome, the caspase-3 activa-

tion complex [32]. A particularly significant upregulation in the expression of cytochrome C

was observed in chondrosarcoma cells.

Tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) triggers programmed

cell death in various types of cancer cells without causing toxicity to normal cells [33]. Binding

of TRAIL to the death receptors (TRAILR-1 and TRAILR-2) is essential for directing apoptosis

in many types of tumor cells [34]. Within this context, death receptors contribute differentially

to apoptotic signaling, depending tumor type. It has been reported that bortezomib sensitizes

melanoma tumors to TRAIL-mediated apoptosis [28]. Bortezomib upregulated TRAILR-2 but

not TRAILR-1 receptors cell surface expression in lung cancer cell lines [35] and significantly

increased the transcript expression of TRAILR-1, TRAILR-2 and Fas in colorectal tumor cells

[36]. Corresponding to the literature TRAILR-1, TRAILR-2, and DR6 were significantly upre-

gulated in chondrosarcoma cells after bortezomib treatment. During cancer progression, the

interaction between Fas and Fas-ligand (FasL) is largely impaired due to suppression of Fas

expression on tumor cells [37]. Together these results suggested that bortezomib enhances

TRAIL sensitivity in human chondrosarcoma cells through regulating expression of death

receptors.

The role of autophagy as an alternative cell death mechanism has in recent years been a

topic of debate. In vivo, chemotherapy and radiotherapy are known to induce both cell death

and autophagy in tumor cells and autophagy has been observed to confer a tumor suppressive

effect in various animal models. Two ubiquitin-like conjugation systems are important for

autophagosome elongation. The first one involves Atg5 and Atg12 proteins and the other

requires the conjugation of microtubule-associated protein 1 light chain 3 (LC3B). The cova-

lent attachment of Atg12 to Atg5 is mediated by Atg7 [38]. Our data demonstrates the signifi-

cant increase of the relative mRNA expression levels and the protein levels of the autophagy

marker Atg 5, Atg 12, and Atg 7. In mammals, the autophagic process undergoes regulation by

Beclin1, a protein able to promote autophagy and inhibit tumorigenesis [39]. Beclin is upregu-

lated in chondrosarcoma cell lines as well. When autophagy occurs, the microtubule-associ-

ated protein LC3B localizes to membranes leading to the formation of autophagosome

membranes and the amount of LC3B-II becomes a marker for the formation of autophago-

somes. If cells are treated with lysosomal protease inhibitors such as E64d and pepstatin A,

degradation of LC3B-II is partially inhibited, whereas that of LC3B-I is not affected [27].

Autophagy inhibitors were used in this work to improve the quality of Western blot images.

Although these experiments showed that the use of the autophagy inhibitors did not modulate

bortezomib-induced apoptosis during in vitro experiments, this was not the primary research

focus.
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As shown in Fig 5C and 5D and Fig 6 bortezomib apparently increased the expressions of

LC3B-II. These results clearly indicate that bortezomib can induce autophagy in human chon-

drosarcoma cells.

In any case, the in vivo functional relationship between apoptosis (’self-killing’) and autop-

hagy (’self-eating’) is complex given that under certain circumstances autophagy constitutes a

stress adaptation to avoid cell death (thereby suppressing apoptosis). In contrast, in other cel-

lular conditions autophagy provides an alternative cell-death pathway. Autophagy and apopto-

sis may be triggered by common upstream signals, which can result in a combined autophagy

and apoptosis response. Alternatively, the cell may switch between the two responses in a

mutually exclusive manner. On a molecular level, this means that the apoptotic and autophagic

response machineries share common pathways that can either link or polarize the cellular

responses. Depending on the physiopathological setting, it has been proposed that autophagy

could protect the cell from apoptosis. Conversely, autophagy may act as an alternative pathway

to apoptosis to induce cell death. Finally, autophagy could also act together with apoptosis as a

combined mechanism for cell death [40].

Our results demonstrate for the first time that bortezomib decreased the viability of human

chondrosarcoma cells and induced apoptosis through the mitochondrial-caspase dependent

pathway and death receptor regulation. In addition, bortezomib increased autophagy. In light

of the complex interplay between different cell death and autophagic pathways, it is important

to consider the potential interactions and complications that may arise when administering

cell death- and autophagy-regulating therapies for cancer treatment.

In summary, our findings strongly support bortezomib as an interesting target for further

investigation and development of novel therapeutics in sarcoma research.
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