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Abstract 

Doxorubicin is one of the most effective drugs for the first-line treatment of high-grade osteosarcoma. Several studies have 

demonstrated that the major cause for doxorubicin resistance in osteosarcoma is the increased expression of the drug efflux 

transporter ABCB1/P-glycoprotein (Pgp).  

We recently identified a library of H2S-releasing doxorubicins (Sdox) that were more effective than doxorubicin against 

resistant osteosarcoma cells. Here we investigated the molecular mechanisms of the higher efficacy of Sdox in human 

osteosarcoma cells with increasing resistance to doxorubicin. 

Differently from doxorubicin, Sdox preferentially accumulated within the endoplasmic reticulum (ER), and its accumulation 

was only modestly reduced in Pgp-expressing osteosarcoma cells. The increase in doxorubicin resistance was paralleled by 

the progressive down-regulation of genes of ER-associated protein degradation/ER-quality control (ERAD/ERQC), two 

processes that remove misfolded proteins and protect cell from ER stress-triggered apoptosis. Sdox, that sulfhydrated ER-

associated proteins and promoted their subsequent ubiquitination, up-regulated ERAD/ERQC genes. This up-regulation, 

however, was insufficient to protect cells, since Sdox activated ER stress-dependent apoptotic pathways, e.g. the C/EBP-β 

LIP/CHOP/PUMA/caspases 12-7-3 axis. Sdox also promoted the sulfhydration of Pgp, that was subsequently ubiquitinated: 

this process further enhanced Sdox retention and toxicity in resistant cells.  

Our work suggests that Sdox overcomes doxorubicin resistance in osteosarcoma cells by at least two mechanisms: it induces 

the degradation of Pgp following its sulfhydration and produces a huge misfolding of ER-associated proteins, triggering ER-

dependent apoptosis. Sdox may represent the prototype of innovative anthracyclines, effective against doxorubicin-

resistant/Pgp-expressing osteosarcoma cells by perturbing the ER functions. 

 

Keywords: osteosarcoma, P-glycoprotein, H2S-releasing doxorubicin; endoplasmic reticulum-associated protein 

degradation; endoplasmic reticulum stress 

 

Abbreviations: dox: doxorubicin; ABCB1/Pgp, ATP binding cassette B1/P-glycoprotein; H2S, hydrogen sulfide; ROS, 

reactive oxygen species; Sdox, H2S-releasing doxorubicin; FBS, fetal bovine serum; MFI, mean fluorescence intensity; 

LDH, lactate dehydrogenase; FITC, fluorescein isothyocianate; PI, propidium iodide; RLU, relative luminescence units; 

DAPI, 4’,6-diamidino-2-phenylindole dihydrochloride ; GFP; green fluorescence protein; ER, endoplasmic reticulum; 

EDEM1, ER degradation enhancing α-mannosidase like protein 1; UGGT1, UDP-glucose glycoprotein glucosyltransferase 
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1; SEC62, SEC62 homolog/preprotein translocation factor; VCP, valosin containing protein; GRP78/BiP, glucose-regulated 

protein 78/binding immunoglobulin protein; IRE1α, inositol requiring kinase-1α; XBP1, X-box binding protein 1; PERK; 

protein kinase-like endoplasmic reticulum kinase ; eIF2α, eukariotic initiation factor-2α; ATF4, activating transcription 

factor 4; ATF6, activating transcription factor 6; C/EBP-β, CCAAT-enhancer-binding protein-β; CHOP/GADD153, C/EBP 

homologous protein/growth arrest and DNA damage 153; TRB3, Tribbles homolog 3; PUMA, p53 up-regulated modulator 

of apoptosis; TBP, TATA box binding protein antibodies; DTT, dithiothreitol; RFU, relative fluorescence units; UPR, 

unfolded protein response; ERAD, endoplasmic reticulum-associated protein degradation; ERQC, endoplasmic reticulum-

quality control.  
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Introduction 

Osteosarcoma is the most frequent bone tumor. High-grade osteosarcomas, localized in the extremities in patients younger 

than 40 years without evidence of metastases at diagnosis, are usually treated with pre- and post-operative 

polychemotherapy, in association with surgical removal of the tumor. Doxorubicin (dox) is one of the leader drugs, together 

with cisplatin and methotrexate. Unfortunately, this multimodal treatment achieves control disease in no more than 60% of 

osteosarcoma patients. Despite alternative therapeutic strategies, the prognosis of osteosarcoma has not significantly 

improved in the last decades [1,2].  

One of the main factors hampering dox success is the presence of ATP binding cassette B1/P-glycoprotein (ABCB1/Pgp), 

which effluxes dox, reducing its intracellular accumulation and cytotoxicity [3,4]. Pgp is indeed predictive of poor response 

to dox treatment in osteosarcoma patients [5-7]. Another factor reducing dox’s efficacy is the onset of a dose-dependent 

cardiotoxicity [8], which limits the cumulative dose of the drug that can be administered.  

To circumvent Pgp-mediated resistance, several natural and synthetic inhibitors have been tested: although successful in 

vitro, they often failed in vivo for the low specificity, the side-effects and the unexpected toxicity due to inhibition of the 

physiological ABC transporters-mediated drug detoxification in normal tissues [9]. Recently, libraries of small molecules 

with selective cytotoxicity against Pgp-overexpressing cells - i.e. molecules inducing the so-called “collateral sensitivity” - 

have been identified, but the molecular bases of their selective cytotoxicity are poorly understood [10]. Pgp-silencing 

vectors, used alone or in combination with chemotherapeutic drugs [11], inhibitors of transcription factors that up-regulate 

Pgp [12,13], inhibitors of surface proteins necessary for Pgp activity [14] have been successfully experimented in vitro and 

in preclinical models, but the application of these strategies to osteosarcoma patients remains uncertain. 

Different approaches that reduce the oxidative damage produced by anthracyclines have been considered to overcome dox-

related cardiotoxicity. Recently, it has been shown that hydrogen sulfide (H2S) protects cardiomyocytes from dox-induced 

toxicity [15] by scavenging reactive oxygen species (ROS) [16]. Starting from these observations, we recently synthesized a 

library of doxs conjugated with H2S-releasing groups: most compounds resulted less cardiotoxic than dox since the presence 

of H2S prevented the increase of ROS [17]. 

The role of H2S in tumor biology is controversial, depending on the cancer cell line, the amount and the kinetics of H2S 

release: some experimental evidences supported a pro-tumor effect of H2S [18,19], while an increasing number of works 

demonstrated the opposite effect [20-22], fostering the synthesis of H2S-releasing molecules with potential oncological 

applications [20,21,23]. Interestingly, all the H2S-releasing doxs of our library were more cytotoxic than dox against human 
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dox-resistant osteosarcoma cells. Curiously, H2S-releasing doxs inhibited topoisomerase II and increased ROS levels less 

than dox [17], suggesting that their higher cytotoxicity did not rely on these two classical effects of dox [24]. 

In the present work, we investigated the molecular bases of the high efficacy of H2S-releasing doxs against Pgp-expressing 

human osteosarcoma cells, in order to identify the properties that make these compounds noteworthy of future evaluation in 

preclinical models of osteosarcoma. To this aim, we focused on the most effective H2S-releasing dox, i.e. the compound 10 

in [17], here termed Sdox.  

 

Materials and methods 

Chemicals. Fetal bovine serum (FBS) and culture medium were from Invitrogen Life Technologies (Carlsbad, CA). 

Plasticware for cell cultures was from Falcon (Becton Dickinson, Franklin Lakes, NJ). The protein content in cell extracts 

was assessed with the BCA kit from Sigma Chemical Co. (St. Louis, MO). Electrophoresis reagents were obtained from 

Bio-Rad Laboratories (Hercules, CA). Dox was purchased by Sigma Chemical Co. Sdox was synthesized as described in 

[17]. Unless otherwise specified, all the other reagents were purchased from Sigma Chemical Co. 

Cell lines. Human dox-sensitive osteosarcoma U-2OS and Saos-2 cell lines were purchased from ATCC (Manassas, VA). 

The corresponding variants with increasing resistance to dox (U-2OS/DX30, U-2OS/DX100, U-2OS/DX580, Saos-2/DX30, 

Saos-2/DX100, Saos-2/DX580), selected by culturing parental cells in medium containing progressively increased dox 

dosages, 30, 100, 580 ng/ml dox, respectively, were generated as reported in [25], and continuously cultured in presence of 

dox. All cell lines were authenticated by microsatellite analysis, using the PowerPlex kit (Promega Corporation, Madison, 

WI; last authentication: January 2017). Primary non-transformed osteoblasts were obtained as reported in [26]. Primary 

human fibroblasts were a kind gift of Prof. Francesco Novelli, Department of Molecular Biotechnology and Health 

Sciences, University of Torino, Italy. Rat H92c cells were from ATCC. Cells were maintained in medium supplemented 

with 10% v/v FBS, 1% v/v penicillin-streptomycin, 1% v/v L-glutamine. 

Doxorubicin accumulation. Dox content was measured fluorimetrically as detailed previously [27], using a Synergy HT 

Multi-Detection Microplate Reader (Bio-Tek Instruments, Winoosky, MT). The results were expressed as nmoles dox/mg 

cell proteins, according to a titration curve previously set. In competition assays with verapamil, 250 x 10
5
 cells were 

incubated with dox or Sdox, alone or in combination with verapamil. The intracellular fluorescence was detected using a 

Guava® easyCyte flow cytometer (Millipore, Bedford, MA) equipped with the InCyte software (Millipore). The results 

were expressed as mean fluorescence intensity (MFI). 
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Cell cytotoxicity. The extracellular release of lactate dehydrogenase (LDH), considered an index of cell damage and 

necrosis, was measured as reported in [27]. The results were expressed as percentage of extracellular LDH versus total 

(intracellular plus extracellular) LDH.  

Cell apoptosis. 1 x 10
6
 cells were stained with the Annexin V-FITC Apoptosis Detection kit (Sigma Chemicals Co.), using 

either Annexin-V-fluorescein isothyocianate (FITC) and propidium iodide (PI), as per manufacturer’s instructions. Samples 

were analyzed using Guava® easyCyte flow cytometer (Millipore) and InCyte software (Millipore). 

Cell viability. Cell viability was measured by the ATPlite Luminescence Assay System (PerkinElmer, Waltham, MA), as 

per manufacturer’s instructions, using a Synergy HT Multi-Detection Microplate Reader to measure the relative 

luminescence units (RLU). The RLUs of untreated cells was considered as 100% viability; the results were expressed as a 

percentage of viable cells versus untreated cells. To determine IC50, 2 x 10
3
 cells were incubated for 72 h with increasing 

concentrations of dox or Sdox (from 10 nM to 0.5 mM). IC50 was considered the concentration of the drug that reduced cell 

viability to 50% using the CalcuSyn software (www.biosoft.com/w/calcusyn.htm; BioSoft, Cambridge, UK). The fold-

change of dox or Sdox sensitivity was determined by calculating the ratios of the IC50 of DX-resistant variants to that of 

their corresponding parental cell lines. 

Clonogenic assay. In order to have a comparable cloning efficiency, clonogenic assay was performed by seeding in triplicate 

monocellular suspensions of 3,200 cells (parental cell lines) or 12,500 cells (DX-resistant variants) in 60-mm dishes. After 24 h, 

the medium was changed with fresh medium containing  the following increasing concentrations of dox or Sdox: 0, 0.01, 0.05, 

0.10, 0.50, 1, 2.5, 5, 10, 15, 20, 30, 40, 50, 60, 70, 80, 90, 100 µM. After additional 120 hours of culture, cells were fixed with 

methanol:acetic acid (3:1) and stained with Giemsa. Colonies containing at least 30 cells were counted. The number of colonies 

in drug-treated dishes was related to those of the appropriate control to calculate the percentages of clonogenic inhibition. 

Percentages of clonogenic inhibition were then used to estimate the drug concentration resulting in 50% inhibition of colonies 

formation (IC50) by using the CalcuSyn software. The fold-change of dox or Sdox sensitivity was determined by calculating the 

ratios of the IC50 of DX-resistant variants to that of their corresponding parental cell lines.  

DNA damage. 5 x 10
5
 cells were seeded onto glass coverslips. Cells were fixed using 4% w/v paraformaldehyde for 15 

minutes, washed with PBS, permeabilized with 1% Triton X-100 for 5 minutes, washed with PBS and incubated for 1 h 

with an antibody detecting p(Ser139)-γH2AX (1:1000, Abcam, Cambridge, UK), considered a marker of DNA damage 

[28]. Samples were washed five times with PBS and incubated for 1 hour with a Alexa488-conjugated secondary antibody 

(1:100, Abcam). After washing steps, cells were stained with 4’,6-diamidino-2-phenylindole dihydrochloride (DAPI), 

diluted 1:1000 in PBS for 5 min, washed four times with PBS and once with deionized water. The cover slips were mounted 

http://www.biosoft.com/w/calcusyn.htm
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with Gel Mount Aqueous Mounting and examined with a Leica DC100 fluorescence microscope (Leica Microsystems 

GmbH, Wetzlar, Germany). For each experimental point, a minimum of five microscopic fields were examined. 

Intracellular drug localization. 5 x 10
5
 cells were grown on sterile glass coverslips and transfected with the green 

fluorescence protein (GFP)-KDEL fused-calreticulin expression vector (Cell Light BacMan 2.0, Invitrogen Life 

Technologies) to label endoplasmic reticulum (ER). After 24 h cells were incubated with 5 µM dox or Sdox for 6 h. 

Samples were rinsed with PBS, fixed with 4% w/v paraformaldehyde for 15 min, washed three times with PBS and once 

with water, mounted with 4 μl of Gel Mount Aqueous Mounting. Slides were analysed Leica DC100 fluorescence 

microscope. For each experimental condition, a minimum of 5 microscopic fields were examined. 

PCR arrays. Total RNA was extracted and reverse-transcribed using iScript
TM

 cDNA Synthesis Kit (Bio-Rad 

Laboratories). The PCR arrays were performed on 1 μg cDNA, using the Unfolded Protein Response Plus PCR Array (Bio-

Rad Laboratories), as per manufacturer’s instructions. Data analysis was performed with PrimePCR™ Analysis Software 

(Bio-Rad Laboratories). 

Immunoblotting. Cells were rinsed with ice-cold lysis buffer (50 mM Tris, 10 mM EDTA, 1% v/v Triton-X100; pH 7.5), 

supplemented with the protease inhibitor cocktail set III (80 μM aprotinin, 5 mM bestatin, 1.5 mM leupeptin, 1 mM 

pepstatin; Calbiochem, San Diego, CA), 2 mM phenylmethylsulfonyl fluoride, 1 mM Na3VO4. Cells were then sonicated 

(10 bursts of 10 sec, 4°C, 100 W, using a Labsonic sonicator, Hielscher, Teltow, Germany) and centrifuged at 13,000 x g 

for 10 min at 4°C. 20 μg of protein extracts were subjected to 4-20% gradient SDS-PAGE and probed with the following 

antibodies: anti-ABCB1/Pgp (1:500, Calbiochem); anti-ER degradation enhancing α-mannosidase like protein 1 (EDEM1; 

1:500, Abcam); anti-UDP-glucose glycoprotein glucosyltransferase 1 (UGGT1; 1:250, Abcam); anti-SEC62 

homolog/preprotein translocation factor (SEC62; 1:250, Abcam); anti-valosin containing protein (VCP; 1:1,000, Abcam); 

anti-glucose-regulated protein 78/binding immunoglobulin protein (GRP78/BiP; 1:500, Abcam), anti-inositol requiring 

kinase-1α (IRE1α; 1:500, Thermo Scientific Inc., Rockford, IL), anti-X-box binding protein 1 (XBP1; 1:1,000, Abcam), 

anti-protein kinase-like endoplasmic reticulum kinase (PERK; 1:500, Santa Cruz Biotechnology Inc., Santa Cruz, CA), anti-

phospho(Ser51)eukariotic initiation factor-2α (peIF2α; 1:500, Abcam), anti-eIF2α (1:1,000, Abcam), anti-activating 

transcription factor 4 (ATF4; 1:1,000, Abcam), anti-activating transcription factor 6 (ATF6; 1:500, Abcam), anti-CCAAT-

enhancer-binding protein-β (C/EBP-β, recognizing either LAP or LIP isoform; 1:500, Santa Cruz Biotechnology Inc.), anti-

C/EBP homologous protein/growth arrest and DNA damage 153 (CHOP/GADD153; 1:500, Santa Cruz Biotechnology 

Inc.), anti-Tribbles homolog 3 (TRB3; 1:500, Proteintech, Chicago, IL), anti-p53 up-regulated modulator of apoptosis 

(PUMA; 1:1,000, Cell Signaling Technology, Danvers, MA); anti-caspase 12 (1:500, Abcam), anti-caspase 7 (1:1,000, 
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Abcam), anti-caspase 3 (1:500, GeneTex, Hsinhu City, Taiwan), anti-β-tubulin (1:1,000, Santa Cruz Biotechnology Inc.). 

The membranes were then incubated with peroxidase-conjugated secondary antibodies (1:3,000, Bio-Rad Laboratories) and 

washed with Tris-buffered saline-Tween 0.1% v/v solutions. Protein bands were detected by enhanced chemiluminescence 

(Bio-Rad Laboratories). Nuclear extracts were prepared using the Nuclear Extract kit (Active Motif, La Hulpe, Belgium). 

Nuclear proteins were separated by SDS-PAGE and probed with anti-CHOP or anti-TATA box binding protein antibodies 

(TBP, 1:500, Santa Cruz Biotechnology Inc.). Microsomal fractions were prepared using the Endoplasmic Reticulum 

Isolation Kit (Sigma Chemicals. Co), as per manufacturer’s instructions. 100 μg of microsomal proteins were resolved by 

SDS-PAGE and probed with an anti-mono/poly-ubiquitin antibody (1:1,000, Axxora, Lausanne, Switzerland) or with an 

anti-calreticulin antibody (1:1,000, Affinity Bioreagents, Rockford, IL). To measure ubiquitinated Pgp, 100 μg of 

microsomal proteins were immunoprecipitaed with the anti-Pgp antibody, using 25 μl of PureProteome Magnetic Beads 

(Millipore), then probed with the anti-mono/poly-ubiquitin antibody. 

Microsomal protein sulfhydration. The sulfhydration of microsomal proteins (100 μg) or immunopurified Pgp (50 μg) 

was measured according to [29], with minor modifications. Samples were re-suspended in 600 μl solubilization buffer (150 

mM NaCl, 0.5% v/v Tween 20, 50 mM Tris 7.5, 1 mM EDTA) and incubated for 2 h at 4°C with 2 μM Alexa Fluor 680 

conjugated C2 maleimide (Thermo Fisher Scientific, Waltham, MA), to label either sulfhydrated and unsulfhydrated 

cysteines. Samples were vortexed every 20 minutes. 300 μl were transferred in a new series of tubes and incubated for 1 h at 

4°C with 1 mM dithiothreitol (DTT), that removes maleimide adducts from sulfhydrated cysteines only, increasing the 

labelling specificity. The samples fluorescence (λ excitation=684 nm;λ emission=714 nm) was read with a Synergy HT 

Multi-Detection Microplate Reader. The fluorescence of samples treated with maleimide and DTT treated samples was 

divided per the fluorescence of the same samples without DTT [29]. The results were expressed as relative fluorescence 

units (RFU)/mg of microsomal proteins or Pgp protein. 

Microsomal protein ubiquitination. The ubiquitination of microsomal proteins (100 μg) or immunopurified Pgp (50 μg) 

was measured with the E3Lite Customizable Ubiquitin Ligase kit (Life-Sensors Inc., Malvern, PA). Samples were diluted in 

100 μl of ubiquitination assay buffer (1 M Tris/HCl, 500 mM MgCl2, 10 mM DTT; pH 8), and incubated for 30 min at 

37°C, in the presence of 5 nM E1 activating enzyme provided by the kit, 100 nM E2 conjugating enzyme Ube2g2 

(LifeSensors Inc.), 200 μM ATP, 6 mM human recombinant ubiquitin. Samples were washed twice with PBS-Tween 0.1% 

v/v containing 5% w/v bovine-serum albumin and incubated with the biotinylated anti-ubiquitin antibody of the kit, 

followed by streptavidin/horseradish peroxidase-conjugated polymer and enhanced chemiluminescence detection. The 
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chemiluminescent signal was read using a Synergy HT Multi-Detection Microplate Reader. The results were expressed as 

RLU/mg of microsomal proteins or Pgp protein. 

Flow cytometry analysis. ABCB1/Pgp amount on cell surface was measured as reported in [26]. Samples were analyzed 

using Guava® easyCyte flow cytometer (Millipore) and InCyte software (Millipore). Control experiments included 

incubation of cells with not-immune isotypic antibody, followed by secondary antibody. 

Statistical analysis. All data in the text and figures are provided as means±SD. The results were analysed by a one-way 

analysis of variance (ANOVA) and Tukey’s test. p < 0.05 was considered significant. 

 

Results 

H2S-releasing doxorubicin exerts cytotoxic effects against drug-resistant osteosarcoma cells 

We compared the cytotoxic and anti-proliferative effects of dox and Sdox in U-2OS and Saos-2 cells, and in the respective 

variants with increasing expression of ABCB1/Pgp (Fig. 1a) and resistance to dox. As expected, dox was well retained in 

U-2OS and Saos-2 cells, but it was progressively less accumulated in resistant variants (Fig. 1b-c) where it did not induce 

cell damage, measured as release of LDH (Fig. 1d-e). Although the accumulation and the release of LDH were also 

progressively decreased in the resistant cells treated with Sdox, such decrease was less pronounced: overall, Sdox was 

significantly more accumulated and induced significantly more damage than dox in all resistant variants (Fig. 1b-e).  

To verify whether the cell damage was followed by cell death, we first measured the percentage of apoptotic cells after a 24 

h treatment with dox or Sdox. Both drugs induced a significant increase of Annexin V-FITC-positive U-2OS and Saos-2 

cells (Fig. 2a-b), indicating the induction of early apoptosis, and of Annexin V-FITC/PI-positive cells (Supplementary Fig. 

1, Online Resource 1), suggesting the progression towards late apoptosis and/or necrosis. Dox progressively reduced its 

pro-apoptotic effect in the DX30 and DX100 sublines of both U-2OS and Saos-2 cells, and was completely ineffective in 

the DX580 subpopulation (Fig. 2a-b; Supplementary Fig. 1, Online Resource 1). In line with this result, dox decreased 

cell viability (Fig. 2c-d) and clonogenic potential (Fig. 2e-f) in U-2OS and Saos-2 cells only, and lost its anti-proliferative 

efficacy in resistant sublines. By contrast, Sdox reduced cell viability and clonogenic potential to the same extent in 

sensitive and resistant cells (Fig. 2c-f). 

The IC50 of dox calculated with the clonogenic assay (Table 1) or viability assay (Supplementary Table 1, Online Resource 2; 

Supplementary Fig. 2, Online Resource 3) indicated that all cell lines were sensitive to Sdox compared to dox. Moreover, DX-

resistant variants showed a decrease of sensitivity to dox treatment, accordingly to their dox-resistance level, which was not 

present for Sdox, confirming the absence of cross-resistance to this drug.  
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Differently from dox, Sdox was not cytotoxic, in terms of increase in LDH release and reduction in cell viability, against 

not-transformed cells, such as human osteoblasts and fibroblasts, and rat cardiomyocytes (Supplementary Fig. 3, Online 

Resource 4).  

Interestingly, whereas dox accumulation was significantly increased in U-2OS/DX580 cells treated with the Pgp inhibitor 

verapamil, Sdox accumulation was slightly but not significantly increased. As expected because of the very low amount of 

Pgp, verapamil had no effect on drug accumulation (Supplementary Fig. 4a-b, Online Resource 5), LDH release 

(Supplementary Fig. 4c-d, Online Resource 5) and cell viability (Supplementary Fig. 4e-f, Online Resource 5) in U-

2OS cells treated with dox and Sdox, but it increased dox accumulation and cytotoxicity in the DX580 variant. Again, 

verapamil did not significantly increase the cytotoxicity elicited by Sdox in resistant cells (Supplementary Fig. 4d-f, 

Online Resource 5). 

To investigate the mechanisms at the basis of Sdox cytotoxicity and proliferation arrest, we analyzed if the compound 

damaged DNA, eliciting a peculiar effect of dox [24]. Indeed, dox induced the appearance of p(Ser139)-γH2AX foci in the 

nucleus of U-2OS cells, whereas it was ineffective in DX580 variant (Fig 2g). By contrast, Sdox did not induce the 

appearance of p(Ser139)-γH2AX foci in sensitive or resistant cell lines (Fig 2g), leading to hypothesize a mechanism of 

action completely different from dox. Interestingly, this experimental set also revealed a different intracellular localization 

of dox and Sdox. 

H2S-releasing doxorubicin localizes within ER and up-regulates ERAD/ERQC-related genes  

The analysis of such differential localization indicated that dox had a prevalent nuclear localization in U-2OS cells after 24 

h, Sdox was mainly localized within ER (Fig. 3a). As expected on the basis of the low intracellular retention (Fig. 1b), dox 

was undetectable within U-2OS/DX580 cells. By contrast, Sdox resulted accumulated in the ER also in resistant cells (Fig. 

3a). Of note, 20 minutes after incubation, dox was detectable in the ER, as well as in the nucleus, of U-2OS cells 

(Supplementary Fig. 5, Online Resource 6); after this time point the drug was completely localized within the nucleus, as 

observed at 24 h (Fig. 3a) 

We thus investigated whether the cytotoxic effects of Sdox were mediated by alterations of ER functions.  

A baseline gene profiling of U2-OS and resistant clones revealed a variable up- or down-regulation of genes controlling the 

unfolded protein response (UPR; Supplementary Table 2, Online Resource 7; Supplementary Fig. 6a, Online Resource 

8), a series of events triggered by misfolded/unfolded proteins accumulated within ER lumen, leading to protein degradation 

and cell survival, or ER stress and cell death [30,31]. Genes mediating cell death or survival consequent to UPR were either 

up- or down-regulated in untreated sensitive and resistant cells (Supplementary Table 2, Online Resource 7; 
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Supplementary Fig. 6b, Online Resource 8). By contrast, a remarkable number of genes related to ER-associated protein 

degradation (ERAD) and ER-quality control (ERQC), two processes checking protein folding and removing irreversibly 

damaged proteins [30,31], were progressively down-regulated with the increase of dox-resistance (Supplementary Table 2, 

Online Resource 7; Supplementary Figure 6c, Online Resource 8). Both dox and Sdox up-regulated most of 

ERAD/ERQC-related genes in U-2OS cells (Fig. 3b; Supplementary Table 3, Online Resource 9). As expected as a 

consequence of the low intracellular accumulation, dox produced minor changes in the expression of this gene set in U-

2OS/DX580 cells. By contrast, Sdox still up-regulated most ERAD/ERQC-related genes in drug-resistant cells (Fig. 3b; 

Supplementary Table 4, Online Resource 10). 

The key proteins of ERAD pathway EDEM1, UGGT1, SEC62 and VCP were lower in U-2OS/DX580 cells compared to U-

2OS cells (Fig. 3c). In keeping with the gene profiling, dox increased these proteins in drug-sensitive but not in drug-

resistant cells, Sdox increased them in both cell populations (Fig. 3c). 

These data suggests that Sdox forces resistant cells to up-regulate the ERAD/ERQC apparatus, likely as a consequence of an 

increased burden of unfolded/misfolded proteins in the ER. 

H2S-releasing doxorubicin increases sulfhydrated proteins of ER and promotes their ubiquitination 

Since Sdox releases H2S [17] that sulfhydrates cysteines and impairs the formation of disulfide bonds [32], we hypothesized 

that this property induced a significant misfolding of proteins synthesized within the ER. We did not detect any appreciable 

difference of protein sulfhydration between U-2OS and U-2OS/DX580 cells, either under baseline conditions or after dox 

treatment (Fig. 4a). By contrast, Sdox significantly increased the amount of sulfhydrated proteins in both sensitive and 

resistant cells: this effect was due to the release of H2S, since it was abrogated by the co-incubation with the H2S-scavenger 

hydroxy-cobalamin (Fig. 4a). 

U-2OS cells had low basal ubiquitination of ER-associated proteins; this ubiquitination rate was not affected by dox (Fig. 

4b-c). By contrast, the microsomal ubiquitinated proteins of U-2OS/DX580 cells were significantly higher, either in 

untreated or in Sdox-treated cells (Fig. 4b-c), likely as a consequence of the low activity of ERAD/ERQC apparatus in the 

resistant population. Sdox increased ubiquitination of ER-associated proteins and this effect was abolished by H2S-

scavenging (Fig. 4b-c), suggesting that sulfhydration was necessary to promote protein ubiquitination. The extent of 

ubiquitination exerted by Sdox was greater in U-2OS/DX580 cells than in U-2OS cells (Figure 4b-c), providing a further 

confirmation of the lower efficiency of ERAD/ERQC system in U-2OS/DX580 cells. 

H2S-releasing doxorubicin decreases Pgp amount by promoting its sulfhydration and ubiquitination in resistant 

osteosarcoma cells 
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Pgp is synthesized in the ER where it undergoes to proper folding and formation of disulfide bonds. This process is relevant 

for Pgp functions, since several cysteine residues are critical to preserve the structure and catalytic activity of the protein 

[33]. Sdox strongly increased the sulfhydration of Pgp extracted from the ER of U-2OS/DX580 cells (Fig. 5a). This process 

was followed by Pgp ubiquitination (Fig. 5b-c) and resulted in a decrease of Pgp amount in whole cell lysates (Fig. 5d). 

The abrogation of all these effects by hydroxy-cobalamin (Fig. 5a-d) indicated that H2S is responsible for the sulfhydration 

and subsequent ubiquitination of Pgp. As a result, the amount of Pgp on cell surface, that was higher in U-2OS/DX580 cells 

compared to U-2OS cells, returned to the same levels of sensitive cells in the resistant cells treated with Sdox (Fig. 5e). 

H2S-releasing doxorubicin triggers ER-dependent apoptosis in drug-resistant osteosarcoma cells 

Since UPR may trigger either cell death or survival [30,31], we finally investigated which type of response was induced by 

Sdox. As shown in Supplementary Tables 3-4 (Online Resources 9-10) and Fig. 6a, Sdox up-regulated the expression of 

UPR sensors (e.g. HSPA5/GRP78, EIF2AK3/PERK, ERN1/IRE1α, ATF6) and effectors (e.g. ATF4, XBP1, CEBPB, 

DDIT3/CHOP, TRIB3, HERPUD1) in both U-2OS and U2-OS/DX580 cells. A similar trend was elicited by dox in sensitive 

cells, but not in resistant ones (Supplementary Tables 3-4, Online Resources 9-10; Fig. 6a). Sdox-treated cells increased 

the expression of the GRP78/Bip, an upstream sensor of UPR [31] (Fig. 6b), suggesting that cells exposed to drug exhibited 

ER stress. The increase of GRP78/Bip was paralleled by the increase of the main ER stress effectors, as demonstrated by the 

activation of IRE1α/XBP1 axis, PERK/phospho(Ser51) eiF2α/ATF4 axis and ATF6 (Fig. 6b). ATF6 was present in the 

cleaved form (Fig. 6b) that up-regulates several ERAD-related and UPR-related genes [30].  

A prolonged activation of UPR effectors increases the expression of the pro-apoptotic isoform of C/EBP-β (i.e. C/EBP-β 

LIP) and of its downstream effector CHOP [34,35]. CHOP is known to activate TRB3 [36] and PUMA [37] that trigger 

caspase-mediated apoptosis [37,38]. In U-2OS/DX580 cells, Sdox increased the amount of C/EBP-β LIP and CHOP levels 

(Fig. 6b), the nuclear translocation of CHOP (Fig. 6c), the expression of TRB3 and PUMA, and the cleavage of caspase 12, 

7 and 3 (Fig. 6d). Interestingly, all Sdox effects were exerted with the same extent in dox-sensitive and dox-resistant cells. 

By contrast, dox activated these pathways only in the sensitive population (Fig. 6). 

The ER stress-triggered apoptosis induced by S-dox was confirmed by the up-regulation of several cell death-inducing 

genes (e.g. BAX, BEX2, CREB3, ERN2, HTRA2, UHRF1), coupled with the down-regulation of pro-survival genes (e.g. 

DNAJB9, MAPK8, PCNA, PPP1R15A, RRM2) (Supplementary Tables 3-4, Online Resources 9-10; Supplementary Fig. 

7, Online Resource 11) in both sensitive and resistant osteosarcoma cells. Once again, dox induced a gene signature similar 

to Sdox in sensitive cells, while its effects in resistant cells were not univocal, since it increased either cell death-related or 
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cell survival-related genes (Supplementary Tables 3-4, Online Resources 9-10; Supplementary Fig. 7, Online Resource 

11). 

Discussion 

In this work we showed that impairing ER functions with a ER-targeting dox, namely a H2S-releasing dox, was effective 

against Pgp-expressing osteosarcoma cells.  

The results with the Pgp-inhibitor verapamil – that slightly but non significantly increased the intracellular accumulation 

and cytotoxicity of Sdox – suggested that this compound is less effluxed by Pgp than dox. Our hypothesis is supported by at 

least two experimental findings. First, Sdox intracellular accumulation had a little decrease in DX30, DX100 and DX580 

sublines, where the amount of Pgp hugely increased compare to parental U-2OS and Saos-2 cells. Second, the efflux 

kinetics in U-2OS/DX580 revealed higher Km and lower Vmax of Sdox compared to dox [17]. This kinetics suggest that: i) 

Sdox has a lower affinity for Pgp than dox; ii) the amount of active Pgp is decreased in Sdox-treated cells. Although 

resistant cells dramatically decreased the amount of Pgp after Sdox treatment, as discussed below, the residual amount of 

the protein can be still inhibited by verapamil, justifying the small increase in Sdox intracellular retention and cytotoxicity 

induced by verapamil. Of note, Pgp has been detected in the cytoplasm and perinuclear region of U-2OS/DX580 cells [39]: 

this localization is compatible with the presence of Pgp in the ER surrounding the nucleus. Since Sdox has a peculiar 

accumulation within ER, we might speculate that the progressive decrease in Sdox accumulation in DX variants might be 

due to the residual Pgp not completely sulphydrated by Sdox and still active, either on ER (where it pumps Sdox from the 

ER lumen to the cytosol) or on cell surface (where it pumps the drug outside the cell). The residual activity of Pgp and the 

efflux of Sdox through Pgp, however, were minimal, since Sdox was significantly more accumulated and significantly more 

cytotoxic than dox in all the resistant variants. 

Indeed dox produced less cell damages, apoptosis and/or necrosis with the progressive increase of resistance: the damages 

elicited by dox did not produce any significant reduction of cell viability and clonogenic potential of resistant cells. By 

contrast, Sdox retained all these properties in both sensitive and resistant cell lines, where the cell damage, apoptosis and 

necrosis were followed by a strong reduction of cell viability and colonies-forming ability.  

Notably, Sdox was not toxic in non-transformed cells, confirming previous data showing that Sdox did not damage 

cardiomyocytes, one of the cell types most sensitive to dox [24]. We thus hypothesized that Sdox efficacy relies on the 

ability of targeting pathways which are specifically active and biologically relevant in neoplastic cells. 

The apoptosis consequent to DNA damage is a peculiar mechanism of dox cytotoxicity [24,28]. However, Sdox did not 

induce DNA damage in osteosarcoma cells. This feature can be explained by the lack of nuclear localization of Sdox and/or 
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by the lack of topoisomerase II inhibition [17]. These results suggest that the cytotoxicity and inhibition of clonogenic 

potential elicited by Sdox against resistant cells was independent from nuclear localization of the drug. 

By reducing oxidative damage [16,29] that is elicited by many chemotherapeutic drugs, H2S can potentially induce 

chemoresistance. In contrast with these observations, we found that Sdox was cytotoxic notwithstanding the reduction of 

intracellular ROS and that the drug’s cytotoxicity was reduced by H2S scavenging [17]. Differently from most works using 

H2S donors, we used a hybrid compound containing a H2S-releasing group linked with dox. Dox moiety can trigger redox 

cycles and increase the synthesis of reactive nitrogen species like nitric oxide [40]. Under these conditions, H2S shifts from 

an anti-oxidant to a pro-oxidant molecule, promotes the synthesis of radical species and induces cell damage [41]. In line 

with our data, H2S-releasing valproic acid exerted cytotoxic effects in lung cancer cells, by impairing the mitochondrial 

redox balance [42].  

Altering the homeostasis of intracellular compartments of drug-resistant cells is an effective strategy to overcome 

resistance. Indeed, we recently demonstrated that a mitochondrial-targeted dox [43] overcame Pgp-mediated dox-resistance 

in osteosarcoma cells by decreasing mitobiogenesis, reducing the ATP supply for Pgp, depolarizing mitochondria and 

triggering a mitochondria-dependent apoptosis [26].  

Sdox had a peculiar localization within ER, raising the hypothesis that it can be cytotoxic by activating ER-dependent cell 

death pathways. We thus investigated if sensitive and resistant osteosarcoma cells differ for specific ER-related functions 

and how these functions can be affected by Sdox. Indeed, multiple linkages exist between ER functions and 

chemoresistance. On the one hand, cells with constitutive or acquired chemoresistance due to Pgp expression are refractory 

to ER stress-triggered cell death, because they do not activate ER-dependent apoptotic pathways [35]. On the other hand, 

cancer cells adapted to survive during chronic ER stressing conditions acquire a chemoresistant phenotype [44]. Cells 

surviving in stressing conditions moderately activate the ERQC program and/or promote ERAD pathways to remove 

misfolded proteins. If these integrated programs fail, ER stress induces apoptotic pathway such as the C/EBP-

β/CHOP/TRB3/caspase 3 axis [35,45,46].  

We found that the progressive increase of dox-resistance in osteosarcoma cells was associated with the progressive down-

regulation of ERAD/ERQC-related genes. This signature is similar to that found in dox-resistant colon and lung cancer cells 

[35], suggesting that different tumor types resistant to dox share defects in protein folding and/or misfolded protein 

degradation. We hypothesized that these defects make resistant cells more susceptible to the apoptosis triggered by elevated 

levels of unfolded proteins within ER, as it occurs in VCP-defective cells upon stress induction [47].  
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Dox is known to induce ER stress [48], but this response is limited to sensitive cells [35]. In U-2OS cells, indeed, dox up-

regulated ERAD/ERQC system genes and proteins, suggesting that it likely damages ER proteins that must be extracted 

from ER and destroyed. Such compensatory response, however, was not sufficient to protect sensitive cells, that – upon dox 

treatment – activated ER-dependent pro-apoptotic pathways. While dox was localized in the nucleus after 24 h, in the first 

20 minute after cell exposure, it was found within the ER of U-2OS cells. After this time point, the nuclear localization 

became predominant and dox resulted undetectable in other compartments. This result suggests that during the uptake 

process the drug had a transient delivery to ER, providing the rationale basis to explain the ER stress triggered by dox and 

the consequent ER-dependent apoptosis in sensitive cells. Overall, we suggest that at least two mechanisms – i.e. DNA 

damage-dependent and ER stress-dependent apoptosis – mediate the cytotoxicity of dox in osteosarcoma sensitive cells. By 

contrast, the progressive decrease of intracellular dox retention in resistant variants prevented the induction of apoptosis. 

Differently from dox, Sdox produced ER-dependent apoptosis in both sensitive and resistant cells. Multiple reasons may 

explain Sdox efficacy in both cell populations. 

First, the predominant accumulation within the ER in sensitive and resistant cells increased the amount of H2S and dox 

sequestered within this compartment.  

Second, Sdox induces a huge sulfhydration of ER-associated proteins. By changing the pattern of disulfide bonds and the 

consequent tertiary structures of proteins, sulfhydration can either activate or inhibit the target proteins [29,32]. In our 

model, sulfhydration was paralleled by increased ubiquitination of ER-associated proteins, suggesting that Sdox increased 

misfolded/unfolded proteins that are primed for the degradation. Pgp has several cysteines whose mutations can alter 

catalytic function, ATP binding and protein stability [33,49]. In U-2OS/DX580 cells, Sdox-induced sulfhydration and 

ubiquitination of Pgp reduced the protein’s amount to the same level of U-2OS cells: this event provides an additional 

mechanism explaining why Sdox was well accumulated in Pgp-expressing U-2OS/DX580 and Saos-2/DX580 variants. The 

result also explains the lower Vmax of Sdox compared to dox [17], indicative of a reduced amount of Pgp on cell surface.  

Interestingly, Sdox induced a higher amount of sulfhydrated and ubiquitinated proteins in resistant cells than in sensitive 

cells. In the case of Pgp, this difference can be justified by the higher amount of the protein in U-2OS/DX580 cells. In the 

case of other proteins, the defective ERAD/ERQC pathways, which represents an “Achille’s heel” of resistant osteosarcoma 

cells, may explain the different phenotype. As dox did in sensitive cells, Sdox increased the expression of ERAD/ERQC-

related genes in both sensitive and resistant cells, likely as a physiological consequence of the increased misfolded/unfolded 

proteins. Since resistant cells have a defective ERQC/ERAD system, the attempt to compensate the misfolding produced by 

Sdox was much more difficult than in sensitive cells. Therein, although Sdox was less accumulated in resistant cells, it was 
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sufficient to trigger a ER-dependent apoptosis consequent to the burden of misfolded/ubiquitinated proteins. We believe that 

this is the main mechanisms responsible of Sdox cytotoxicity. 

ER stress is usually associated to conditions promoting oxidative stress, such us radiotherapy, chemotherapy, ionizing 

radiations, viral infections [50]. Our work suggests that also a strongly reductive environment within ER lumen, like the 

environment produced by H2S, induces ER stress.  

It has been reported that H2S activates the UPR sensor PERK by sulfhydrating the PERK activator protein tyrosine 

phosphatase 1B [51]. Moreover, H2S modulates the expression of genes involved in UPR, metabolism, cell death and 

survival, by activating ATF4-dependent pathways [52]. Consistently, Sdox up-regulated UPR-related genes and increased 

the ratio cell death-related genes/cell survival-related genes. The ER-dependent pro-apoptotic pathways induced by Sdox in 

sensitive and resistant cells were the same pathways induced by dox in sensitive cells, suggesting that both drugs activated 

the same ER stress-dependent cell death effectors, although they have different upstream mechanisms, i.e. the induction of 

oxidative stress for dox, the induction of reductive stress for Sdox [35,46].  

In summary, we characterized the pharmacodynamic properties of a H2S-releasing dox, whose efficacy against dox-

resistant osteosarcoma cells relies on multiple factors. First, Sdox has low affinity for Pgp and is localized within ER: these 

two factors may limit the drug efflux through the Pgp present on cell surface. Second, Sdox exploits a peculiar phenotype of 

dox-resistant osteosarcoma cells, i.e. the defective ERAD/ERQC system: by increasing the amount of misfolded proteins, it 

overflows the ERAD/ERQC buffering capacity of resistant cells and triggers ER stress-dependent apoptosis, 

notwithstanding its lower accumulation in these cells. Third, since Pgp is misfolded and ubiquitinated upon Sdox treatment, 

we may hypothesize that Sdox triggers a “virtuous circle”: by promoting Pgp degradation, Sdox enhances its own 

accumulation; this step further amplifies the anti-tumor efficacy of Sdox against resistant cells. 

The Sdox characterized in this work can be considered the prototype of a new family of H2S-releasing anthracyclines that 

that kill both dox-sensitive and resistant human osteosarcoma cells. After being validated in pre-clinical models of dox-

resistant osteosarcoma, a step that is currently ongoing, this lead compound may represent a significant advancement in the 

treatment of dox-resistant/Pgp-overexpressing osteosarcomas, where therapeutic improvements are urgently needed.  
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Table 1, IC50 (μM) to doxorubicin and H2S-releasing doxorubicin according to the clonogenic assay 

Cell line IC50 dox IC50 dox: fold 

change compared 

to parental cells 

IC50 Sdox IC50 Sdox: fold 

change compared 

to parental cells 

U-2OS 1.04 

 

1.02 

  

U-2OS/DX30 7.89 * 7.59 

 

1.09 ° 

 

1.07 

 

U-2OS/DX100 10.54 * 10.13 

 

0.86 ° 

 

0.84 

 

U-2OS/DX580 21.60 * 20.77 

 

0.91 ° 

 

0.89 

 

Saos-2 0.89 

 

0.79 

  

Saos-2/DX30 2.29 * 2.57 

 

0.66 ° 

 

0.84 

 

Saos-2/DX100 6.56 * 7.37 

 

0.59 ° 

 

0.75 

 

Saos-2/DX580 9.53 * 10.71 

 

0.89 ° 

 

1.13 

 

 

Cells were incubated for 5 days with fresh medium or increasing concentrations (10 nM-100 µM) of 

doxorubicin (dox) or H2S-realeasing doxorubicin (Sdox). The number of colonies and the corresponding 

IC50 was calculated as reported in the Materials and method section. Data are means±SD (n=3 

independent experiments). *p< 0.005 for dox-resistant variants vs.their parental cells; °p <0.001 for Sdox 

versus dox. 
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Figure legends  

Fig. 1 H2S-releasing doxorubicin is effective against resistant osteosarcoma cells 

a. Expression of ABCB1/Pgp in human doxorubicin-sensitive U-2OS cells and Saos-2 cells, and their doxorubicin-resistant 

variants (DX30, DX100, DX580) by immunoblotting. The β-tubulin expression was used as control of equal protein 

loading. The figure is representative of 1 out of 4 experiments. b-c. Intracellular doxorubicin accumulation, measured after a 

6 h incubation with 5 µM doxorubicin (dox) or H2S-releasing doxorubicin (Sdox), by a fluorimetric assay in duplicates. 

Data are means±SD (n=6 independent experiments). *p<0.05 for DX-cells vs. parental U-2OS or Saos-2 cells; °p<0.001 for 

Sdox vs. dox. d-e. Extracellular release of LDH measured spectrophotometrically in triplicates, in cells grown 24 h in drug-

free medium (ctrl) or in medium containing 5 µM doxorubicin (dox) or H2S-releasing doxorubicin (Sdox). Data are 

means±SD (n=6 independent experiments). *p<0.001 for treated vs. untreated cells; °p<0.001 for Sdox vs. dox.  

Fig. 2 H2S-releasing doxorubicin induces apoptosis and clonogenic arrest without eliciting DNA damage 

Human doxorubicin-sensitive U-2OS cells and Saos-2 cells and their resistant sublines DX30, DX100 and DX580 were 

incubated 24 h (panels a-b), 72 h (panels c-d) or 120 h (panels e-f) in fresh medium (ctrl) or in medium containing 5 µM 

doxorubicin (dox) or H2S-releasing doxorubicin (Sdox). a-b. Percentage of annexin V-FITC-positive cells, measured by 

flow cytometry in duplicates. Data are means±SD (n=3 independent experiments). *p<0.001 for treated vs. untreated cells; 

°p<0.02 for Sdox vs. dox. c-d. Percentage of viable cells, measured by a chemiluminescence-based assay in quadruplicates. 

Data are means±SD (n=6 independent experiments). *p<0.001 for treated vs. untreated cells; °p<0.001 for Sdox vs. dox. e-f. 

Clonogenic assay, measured in triplicates after staining colonies with Giemsa and counting by optical microscopy. Data are 

means±SD (n=3 independent experiments). *p<0.001 for treated vs. untreated cells; °p<0.001 for Sdox vs. dox. g. 

Representative immunofluorescence analysis of p(Ser139)-γH2AX in U-2OS cells and its DX580 variant after 24 h of drug 

treatment. Magnification: 63× objective lens (1.10 numerical aperture); 10× ocular lens. Bar: 10 µM. The micrographs are 

representative of 1 out or 3 experiments. 

Fig. 3 H2S-releasing doxorubicin localizes within endoplasmic reticulum and up-regulates ERAD/ERQC system 

a. U-2OS and U-2OS/DX580 cells were incubated for 24 h with the GFP-KDEL-calreticulin expression vector to label 

endoplasmic reticulum (ER), then treated with 5 µM doxorubicin (dox) or H2S-releasing doxorubicin (Sdox) for the last 6 h. 

The intracellular localization of the drugs was analyzed by fluorescence microscopy. Magnification: 63× objective lens 

(1.42 numerical aperture); 10× ocular lens. Bar: 10 μm. The micrographs are representative of 4 experiments with similar 

results. b. Hitmap of ER-associated degradation/endoplasmic reticulum quality control (ERAD/ERQC)-related genes in U-
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2OS and U-2OS/DX580 cells, after 24 h treatment with drug-free medium, 5 µM dox or Sdox. The figure reports genes up-

or down-regulated at least two-fold, in at least one cell line, compared to untreated U-2OS cells (n=6 independent 

experiments). The expression of each gene in U-2OS cells was considered 1 (not shown in the figure). The whole list of 

genes analyzed is reported in the Supplementary Tables 3-4 (Online Resources 9-10). c. Expression of the indicated 

ERAD/ERQC-related proteins measured by immunoblotting in U-2OS and U-2OS/DX580 cells, treated as in b. The β-

tubulin expression was used as control of equal protein loading. The figure is representative of 1 out of 4 experiments. ctrl: 

drug-free medium  

Fig. 4 H2S-releasing doxorubicin increases sulfhydration and ubiquitination of ER-associated proteins 

U-2OS and U-2OS/DX580 cells were grown in drug-free medium (ctrl) or in the presence of 5 µM doxorubicin (dox) or 

H2S-releasing doxorubicin (Sdox) for 24 h. When indicated, the H2S-scavenger hydroxy-cobalamin (100 µM, Cbl) was co-

incubated. Cells were lysed and microsomal fractions were isolated. a. Fluorimetric analysis of sulfhydrated microsomal 

proteins, performed in triplicates. Data are means±SD (n=5 independent experiments). *p<0.001 for U-2OS/DX580 cells vs. 

U-2OS cells; °p<0.001 for Sdox-treated cells vs untreated (ctrl) or dox-treated cells; 
 #
p<0.001 for Cbl-treated cells vs. 

corresponding cells without Cbl. b. Ubiquitination of microsomal proteins, measured by a chemiluminescence-based assay 

in triplicates. Data are means±SD (n=5 independent experiments). *p<0.001 for U-2OS/DX580 cells vs. U-2OS cells; 

°p<0.001 for Sdox-treated cells vs untreated (ctrl) or dox-treated cells; 
 #
p<0.001 for Cbl-treated cells vs. corresponding 

cells without Cbl. d. Microsomal proteins were resolved by SDS-PAGE and probed with an anti-mono/poly-ubiquitin (UQ) 

antibody. The caltreticulin (CRT) expression was used as control of equal protein loading. MW: molecular weight. The 

figure is representative of 1 out of 4 experiments. 

Fig. 5 H2S-releasing doxorubicin decreases Pgp by inducing its sulfhydration and ubiquitination 

U-2OS/DX580 cells were grown in drug-free medium (ctrl) or in the presence of 5 µM doxorubicin (dox) or H2S-releasing 

doxorubicin (Sdox) for 24 h. When indicated, the H2S-scavenger hydroxy-cobalamin (100 µM, Cbl) was co-incubated. a. 

Pgp was isolated by immunoprecipitation; the amount of sulfhydrated Pgp was measured fluorimetrically in triplicates. Data 

are means±SD (n=5 independent experiments). *p<0.001 for Sdox-treated cells vs untreated (ctrl) or dox-treated cells; 

°p<0.001 for Cbl-treated cells vs. corresponding cells without Cbl. b. Ubiquitinated Pgp, measured by a 

chemiluminescense-based assay in triplicates. Data are means±SD (n=5 independent experiments). *p<0.001 for Sdox-

treated cells vs untreated (ctrl) or dox-treated cells; °p<0.001 for Cbl-treated cells vs. corresponding cells without Cbl. c. 

Microsomal proteins were immunoprecipitated (IP) with an anti-Pgp antibody, then immunoblotted (IB) with an anti-

mono/poly-ubiquitin (UQ) antibody. The caltreticulin expression was used as control of equal protein loading. The figure is 
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representative of 1 out of 4 experiments. no Ab: untreated U-2OS/DX580 cell lysate immunoprecipitated in the absence of 

antibody, to check the specificity of the procedure. MW: molecular weight. The figure is representative of 1 out of 4 

experiments. d. Expression of Pgp in whole lysate derived from cells treated as reported in a. U-2OS cells were used as 

control of lowly-expressing Pgp. The β-tubulin expression was used as control of equal protein loading. The figure is 

representative of 1 out of 4 experiments. e. Surface Pgp in U-2OS and U-2OS/DX580 cells, treated as reported in a, 

measured as per flow cytometry in duplicates. Blank: cells incubated with not-immune isotypic antibody. Histograms are 

representative of 1 out of 5 experiments. 

Fig. 6 H2S-releasing doxorubicin triggers ER-dependent pro-apoptotic pathways in resistant osteosarcoma cells 

a. Hitmap of unfolded protein response (UPR)-related genes in U-2OS and U-2OS/DX580 cells, after 24 h treatment with 

drug-free medium, 5 µM doxorubicin (dox) or H2S-releasing doxorubicin (Sdox). The figure reports genes up-or down-

regulated at least two-fold, in at least one cell line, compared to untreated U-2OS cells (n=6 independent experiments). The 

expression of each gene in U-2OS cells was considered 1 (not shown). The whole list of genes analyzed is reported in 

Supplementary Tables 3-4 (Online Resources 9-10). b. Cells treated as in a were lysed and probed with the indicated 

antibodies. The β-tubulin expression was used as control of equal protein loading. The figure is representative of 1 out of 4 

experiments. XBP1(u): un-spliced; XBP1(s): spliced. c. CHOP amount measured in nuclear extracts of cells treated as 

reported in a. The TBP expression was used as control of equal protein loading. The figure is representative of 1 out of 4 

experiments. d. Whole cell lysates from cells treated as indicated in a were probed with the indicated antibodies. The β-

tubulin expression was used as control of equal protein loading. The figure is representative of 1 out of 4 experiments. ctrl: 

drug-free medium. 

 

Supplementary Figure legends (Online Resources 1, 3, 4, 5, 6, 8, 11) 

Supplementary Fig. 1 (Online Resource 1) Representative dot plots of apoptotic/necrotic cells 

Doxorubicin-sensitive U-2OS and Saos-2 human osteosarcoma cell lines and their resistant variants (DX30, DX100 and 

DX580) were incubated 24 h with drug-free medium, 5 µM doxorubicin (dox) or H2S-releasing doxorubicin (Sdox), then 

the percentage of cells positively stained for Annexin V-FITC or propidium iodide (PI) was measured by flow cytometry in 

duplicates. Dot plots are representative of 1 out of 3 experiments. 

Supplementary Fig. 2 (Online Resource 3) Dose-response effect of doxorubicin and H2S-releasing doxorubicin on cell 

viability 
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Human doxorubicin-sensitive U-2OS cells and Saos-2 cells and their resistant sublines DX580 were incubated for 72 h with 

increasing concentrations (from 10 nM to 0.5 mM) of doxorubicin (dox) or H2S-releasing doxorubicin (Sdox). Cell viability 

measured by a chemiluminescence-based assay in quadruplicates. Data are means±SD (n=6 independent experiments).  

Supplementary Fig. 3 (Online Resource 4). Effects of doxorubicin and H2S-releasing doxorubicin on non-

transformed cells 

Human osteoblasts, human fibroblasts and rat H9c2 cardiomyocytes were grown in drug-free medium (ctrl) or in medium 

containing 5 µM doxorubicin (dox) or H2S-releasing doxorubicin (Sdox) for 24 h (panels a, c, e) or 72 h (panels b, d, f). a, 

c, e. Extracellular release of LDH measured spectrophotometrically in triplicates. Data are means±SD (n=3 independent 

experiments). *p<0.001 for treated vs. untreated cells; °p<0.001 for Sdox vs. dox. b, d, f. Cell viability measured with a 

chemiluminescence-based method in quadruplicates. Data are means±SD (n=3 independent experiments). *p<0.002 for 

treated vs. untreated cells; °p<0.05 for Sdox vs. dox. 

Supplementary Fig. 4 (Online Resource 5) Effects of verapamil on H2S-releasing doxorubicin accumulation and 

cytotoxicity 

Doxorubicin-sensitive U-2OS human osteosarcoma cell line and its U-2OS/DX580 resistant variant were cultured for 6 h 

(panels a-b), 24 h (panels c-d) or 72 h (panels e-f) in drug-free medium (ctrl) or in medium containing 5 µM doxorubicin 

(dox) or H2S-releasing doxorubicin (Sdox), in the absence (-) or presence (+) of 50 µM verapamil (ver). a-b Intracellular 

drug accumulation, measured by flow cytometry in duplicates, and expressed as mean fluorescence intensity (MFI). Data 

are means±SD (n=6 independent experiments). *p<0.001 for treated vs. untreated cells; °p<0.001 for verapamil-treated vs. 

verapamil-untreated cells. c-d. Extracellular release of LDH measured spectrophotometrically in triplicates. Data are 

means±SD (n=4 independent experiments). *p<0.001 for treated vs. untreated cells; °p<0.01 for verapamil-treated vs. 

verapamil-untreated cells. e-f. Cell viability measured with a chemiluminescence-based method in quadruplicates. Data are 

means±SD (n=3 independent experiments). *p<0.001 for treated vs. untreated cells; °p<0.001 for verapamil-treated vs. 

verapamil-untreated cells. 

Supplementary Fig. 5 (Online Resource 6) Early intracellular localization of doxorubicin within sensitive 

osteosarcoma cells 

U-2OS cells were incubated for 24 h with the GFP-KDEL-calreticulin expression vector to label endoplasmic reticulum 

(ER), then treated with 5 µM doxorubicin (dox) for 10 min, 20 min, 30 min, 1 h, 3h, 6 h, 24 h. The intracellular localization 

of the drug was analyzed by fluorescence microscopy. Magnification: 63× objective lens (1.42 numerical aperture); 10× 
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ocular lens Bar: 7.5 μm. The micrographs are representative of the dox localization after 20 min, corresponding to the time 

point with the highest accumulation within the ER, and are representative of 3 experiments with similar results. 

Supplementary Fig. 6 (Online Resource 8) Expression of ERAD/ERQC and UPR-related genes in doxorubicin-

sensitive and doxorubicin-resistant osteosarcoma cells 

a-c. Hitmap of unfolded protein response (UPR)-related genes, cell death/survival related genes, ER-associated 

degradation/endoplasmic reticulum quality control (ERAD/ERQC)-related genes in U-2OS/DX30, U-2OS/DX100 and U-

2OS/DX580 cells. The figure reports genes up-or down-regulated at least two-fold, in at least one cell line, compared to 

untreated U-2OS cells (n=6 independent experiments). The expression of each gene in U-2OS cells was considered 1 (not 

shown). The whole list of genes analyzed is reported in Supplementary Table 2 (Online Resource 7). 

Supplementary Fig. 7 (Online Resource 11) Expression of genes related to cell death and survival in doxorubicin-

sensitive and doxorubicin-resistant osteosarcoma cells 

Hitmap of genes related to cell death/survival in U-2OS and U-2OS/DX580 cells, after 24 h treatment with drug-free 

medium, 5 µM doxorubicin (dox) or H2S-releasing doxorubicin (Sdox). The figure reports genes up-or down-regulated at 

least two-fold, in at least one cell line, compared to untreated U-2OS cells (n=6 independent experiments). The expression 

of each gene in U-2OS cells was considered 1 (not shown). The whole list of genes analyzed is reported in Supplementary 

Tables 3-4 (Online Resources 9-10). 
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