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Abstract

:

Aim: To establish a p53-negative osteosarcoma (OS) SaOS-2 cellular subline exhibiting resistance to specific chemotherapeutic agents, including topoisomerase II inhibitors, taxanes, and vinca alkaloids. Methods: The OS subline exhibiting resistance to the chemotherapeutic agents indicated above was generated by the stepwise treatment of the parental SaOS-2 cell line with increasing concentrations of doxorubicin (Dox) for 5 months. Half-inhibitory concentrations (IC50) for Dox, vinblastine (Vin), and paclitaxel (PTX) were calculated by a colorimetric MTS-based assay. Crystal violet staining was used to assess cellular viability, whereas the proliferation capacities of cancer cells were monitored in real-time by the i-Celligence system. Expression of apoptotic markers (e.g., cleaved PARP and caspase-3), DNA repair proteins (e.g., ATM, DNA-PK, Nbs1, Rad51, MSH2, etc.), and certain ABC transporters (P-glycoprotein, MRP1, ABCG2, etc.) was assessed by western blotting and real-time PCR. Flow cytometry was used to examine the fluorescence intensity of Dox and ABC-transporter substrates (e.g., Calcein AM and CMFDA) and to assess their excretion to define the activity of specific ABC-transporters. To confirm OS resistance to Dox in vivo, xenograft experiments were performed. Results: An OS subline generated by a stepwise treatment of the parental SaOS-2 cell line with increasing concentrations of Dox resulted in an increase in the IC50 for Dox, Vin, and PTX (~6-, 4-, and 30-fold, respectively). The acquisition of chemoresistance in vitro was also evidenced by the lack of apoptotic markers (e.g., cleaved PARP and caspase-3) in resistant OS cells treated with the chemotherapeutic agents indicated above. The development of the multidrug resistance (MDR) phenotype in this OS subline was due to the overexpression of ABCB1 (i.e., P-glycoprotein) and ABCC1 (i.e., multidrug resistance protein-1, MRP-1), which was evidenced on both mRNA and protein levels. Due to increased expression of MDR-related proteins, resistant OS exhibited an excessive efflux of Dox. Moreover, decreased accumulation of calcein AM, a well-known fluorescent substrate for both ABCB1 and ABCC1, was observed for resistant OS cells compared to their parental SaOS-2 cell line. Importantly, tariquidar and cyclosporin, well-known ABC inhibitors, retained the intensity of Dox-induced fluorescence in resistant SAOS-2 cells. Furthermore, in addition to the increased efflux of the chemotherapeutic agents from Dox-resistant OS cells, we found higher expression of several DNA repair proteins (e.g., Rad51 recombinase, Mre11, and Nbs1, activated forms of ATM, DNA-PK, Chk1, and Chk2, etc.), contributing to the chemoresistance due to the excessive DNA repair. Lastly, the in vivo study indicated that Dox has no impact on the SaOS-2 Dox-R xenograft tumor growth in a nude mouse model. Conclusions: An acquired resistance of OS to the chemotherapeutic agents might be due to the several mechanisms undergoing simultaneously on the single-cell level. This reveals the complexity of the mechanisms involved in the secondary resistance of OS to chemotherapies.
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1. Introduction


Osteosarcoma (OS) is a well-known aggressive malignant bone tumor that occurs frequently in children and adolescents. Combined therapy (surgery with pre- and postoperative chemotherapy) of localized (non-metastatic) OS significantly improved the patient outcomes [1], whereas disease-free survival and overall survival rates for the patients with advanced and recurrent OS remain unfavorable, in particular due to the rapid development of the multidrug resistance (MDR) of OS to the chemotherapeutic agents [2] and the lack of targeted therapies introduced into the clinical practice for OS patients. In general, the mechanisms of acquired resistance to chemotherapies include a broad spectrum of universal and overlapping mechanisms rendering the tumors non- or less susceptible to a broad spectrum of anti-cancer agents. This includes overexpression of drug efflux pumps in cancer cells [3,4], reduced uptake of the drug, enhanced DNA damage response (DDR) [5], deregulation of apoptosis [6,7,8], epithelial-mesenchymal transition [9,10,11], etc. Of note, these mechanisms can also overlap, especially at the final stage of the disease.



p53 is a tumor suppressor gene that is mutated in ~20% of OS and frequently undergoes rearrangement, resulting in the loss of its expression. The most common mechanisms of p53 inactivation in OS include rearrangements and MDM2 mutations and amplifications [12,13,14]. In general, OS patients with TP53 mutations had poorer overall survival [15]. Whereas the effectiveness of cancer chemotherapy correlates with the ability to induce a p53-dependent apoptotic response [16], it is still debatable whether overexpression of wild-type p53 modulates chemosensitivity in MDR OS cells [17].



The aim of the present study was to examine the mechanisms involved in the acquired resistance of p53-negative OS to certain chemotherapeutic agents, including doxorubicin (Dox) and paclitaxel (PTX). To achieve this goal, we established the Dox-resistant SaoS-2 subline (further named SaOS-2_DoxR) from parental OS cells. The resistance of SaOS-2_DoxR to certain chemotherapeutic drugs, including Dox, PTX, and vinblastine (Vin), was due to the increased expression and activity of ABC-transporters, in particular P-glycoprotein, thereby facilitating an efflux of Dox from cancer cells. In addition to the upregulation of ABC-transporters, SaOS-2_DoxR cells exhibited the signatures of activated DDR-signaling pathways involved in the repair of double-strand breaks (DSBs). This was shown for both homology-mediated DNA repair and non-homologous end-joining (NHEJ) pathways.



Thus, our established and characterized SaOS-2_DoxR cell subline exhibiting cross-resistance to certain chemotherapeutic agents via pleiotropic molecular mechanisms can be a useful tool for identifying novel mechanisms of drug resistance and new drug targets in OS.




2. Methods


2.1. Chemical Compounds


PTX, Dox, Vin, and Ifosfamide (Ifos) were obtained from Sigma-Aldrich (Merck KGaA, Darmstadt, Germany). Calcein acetoxymethyl ester (Calcein AM) and Green CMFDA were obtained from Abcam (Abcam, Cambridge, MA, USA). Tariquidar, Cyclosporin, and MK-571 were purchased at SelleckChem (Houston, TX, USA). The chemicals were dissolved in dimethyl sulfoxide (DMSO) according to the manufacturer’s recommendations. For in vivo experiments, the stock solution of Dox (1 mg/mL) was prepared in DMSO and diluted before administration in a formulation that contained a final concentration of 5% DMSO, 40% PEG-400, 5% Tween 80 (Sigma-Aldrich, Merck KGaA, Darmstadt, Germany), and 50% dd H2O.




2.2. Cell Lines and Culture Conditions


The OS cell line SaOS-2 was obtained from the American Type Culture Collection (Manassas, VA, USA). The Dox-resistant OS subline (SaOS-2_DoxR) was established via the stepwise treatment of OS cells with increasing concentrations of Dox (using a maximum dose of 1 μM). Both OS cell lines were maintained in RPMI-1640 medium (Paneco, Moscow, Russia) supplemented with 15% fetal bovine serum (Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA), 50 U/mL penicillin, and 50 μg/mL streptomycin (Paneco, Moscow, Russia). The cells were cultured at 37 °C in a humidified atmosphere of 5% CO2 in an incubator (LamSystems, Miass, Russia).




2.3. Antibodies


The primary antibodies used for western blotting were anti-PARP (cat. no. 436400; Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA), cleaved caspase-3 (cat. no. 9661S), p-BRCA1 S1524 (cat. no. 9009S), MSH2 (cat. no. 2017T), MSH6 (cat. no. 5424), Chk1 (cat. no. 2360S), Chk2 (cat. no. 6334P), Topoisomerase IIα (cat. no. 12286T), Rad51 (cat. no. 8875S), ERCC1 (cat. no. 12345), XRCC1 (cat. no. 2735), (Cell Signaling Technology Inc., Danvers, MA, USA); anti-ABC subfamily G member 2 (cat. no. sc-58222), MDR-1 (cat. no. sc-55510), MRP-1 (cat. no. sc-18835), BRCA1 (cat. no. sc-642) (Santa Cruz Biotechnology, Dallas, TX, USA), and beta-actin (cat. No. A00730-200, GenScript, Piscataway, NJ, USA); p-ATM S1981 (cat. no. ab81292), ATM (cat. no. ab32420), p-DNA-PK S2056 (cat. no. ab18192), DNA-PK (cat. no. ab32566), MGMT (cat. no. ab108630), (Abcam plc., Cambridge, UK); pChk1 S317 (cat. no. AF2054), pChk2 T68 (cat. no.AF1626), (R&D Systems, Inc., R&D Systems, Inc. Minneapolis, MN, USA), Nbs1 (cat. no. NB100-143), Mre11 (cat. no. NB100-141), (Novus Biologicals, Centennial, CO, USA). HRP-conjugated secondary antibodies, anti-mouse immunoglobulin (Ig)G (cat. no. sc-2005) and anti-rabbit IgG (cat. no. sc-2004), were purchased from Santa Cruz Biotechnology, Dallas, TX, USA.




2.4. Western Blotting Analysis


To examine the protein expression in parental and Dox-R cells, whole-cell lysates (WCL) were prepared by scraping the cells growing as monolayers into radio-immunoprecipitation buffer (RIPA buffer) (25mMTris-HCl pH 7.6, 5mMnEDTA, 150mMNaCl, 0.1% SDS, 1% NP-40, 1% sodium deoxycholate) supplemented with a cocktail of protease and phosphatase inhibitors. The cellular lysates were further incubated for 1 h at 4 °C and clarified by centrifugation for 30 min at 11,400 rpm at 2 °C. The protein concentrations in WCL were calculated by the Bradford assay. The protein samples (20 µg) were loaded on the 4–12% Bis-Tris or 3–8% Tris-acetate NuPAGE gels (Invitrogen, Carlsbad, CA, USA) and, upon completion of electrophoresis, transferred to a nitrocellulose membrane (Bio-Rad, Hercules, CA, USA). Membranes were probed with primary (1:1000 and incubated overnight at 4 °C) and secondary antibodies (1:1000 and incubated for 1 h at room temperature) and visualized by enhanced chemiluminescence (Western Lightning Plus-ECL reagent, Perkin Elmer, Waltham, MA, USA). The densitometry analysis of Western blotting images was performed by NIH ImageJ software, version 1.49 (Bethesda, MD, USA).




2.5. Crystal Violet Staining


Cells were seeded into the culture plates and treated with PTX (1 µM), Vin (0.1 µM), and Dox (0.5 µM) for 96 hrs. Cell medium was aspirated, and 5 mL of 0.5% crystal violet staining solution was added to each well and incubated for 20 min at room temperature. Plates were washed four times in a stream of tap water and kept inverted on filter paper to air-dry 3 mL of 1% SDS was added to each plate and kept on a shaker at room temperature for 1 h. The optical density was measured at 570 nm wavelength using a MultiScan FC plate reader (Thermo Fisher Scientific, Waltham, MA, USA).




2.6. RNA Extraction and Reverse Transcription-Quantitative Polymerase Chain Reaction (RT-qPCR)


Parental and SaOS-2_DoxR cells were seeded in p100 plates and cultured for 48 h. TRIzol reagent (cat. no. BC032; Invitrogen; Thermo Fisher Scientific, Inc.) was used to extract total RNA, according to the manufacturer’s protocol, and re-suspended in diethyl pyrocarbonate-treated H2O. RNA was reverse transcribed to cDNA using the Moloney murine leukemia virus reverse transcriptase kit (cat. no. SK021; Evrogen JSC, Moscow, Russia) following the manufacturer’s protocol and further subjected to quantitative PCR. 1 µL of template cDNA in total was used in the qPCR reaction, with 5× qPCRmix-HS SYBR (Evrogen JSC, Moscow, Russia) and 10 mM of each forward and reverse primer (Supplementary Table S1). The sequences of the primers and thermal cycling conditions used in this study are shown elsewhere [18]. qPCR was performed using the CFX96 Real-Time detection system (Bio-Rad Laboratories, Inc., Hercules, CA, USA). Assays for each experience sample were processed in parallel with the reference gene GAPDH, and the relative levels of each mRNA were normalized for GAPDH. The 2−∆∆Cq method was then used to calculate relative gene expression [19].




2.7. Cellular Survival Assay


Parental and SaOS-2_DoxR cells were plated on 96-well flat-bottomed plates (Corning Inc., Corning, NY, USA) and allowed to attach and grow for 24 h before treatment with PTX, Vin, or Dox that were introduced into the cell culture for 72 h with specified concentrations. Half-inhibitory concentrations (IC50), further named as IC50 values, were defined as the concentration of the anti-cancer drug required to inhibit cellular growth by 50%. This data was normalized to the DMSO-treated control cells. To calculate the IC50 values of the chemotherapeutic agents indicated above, MTS reagent (Promega, Madison, WI, USA) was introduced into the cell culture for 1 h to assess the live cell numbers. The viability of the cells was assayed at 492 nm on a MultiScan FC plate reader (Thermo Fisher Scientific, Waltham, MA, USA). IC50 values were determined by using the IC50 Tool Kit (http://ic50.tk/, accessed on 10 January 2022).




2.8. Real-Time Monitoring of Cell Proliferation


The growth curves of parental and SaOS-2_DoxR cells were analyzed using the iCELLigence system (ACEA Biosciences, San Diego, CA, USA). For this, cells were seeded in electronic microtiter plates (E-Plate; Roche Diagnostics, GmbH, Mannheim, Germany). Cell index measurements were performed with a signal detection set for every 30 min until the end of the experiment (96 h). Normalized cell index values were analyzed by RTCA software, version 1.2 (Roche Diagnostics, GmbH, Mannheim, Germany).




2.9. ABC Transporter Assays


The activities of ABC transporters in naive vs. SaOS-2_DoxR cells were assessed by flow cytometry using BD FACSCanto II (Becton Dickinson Biosciences, Franklin Lakes, NJ, USA) and BD FACSDiva Software, version 7.0 following the manufacturer’s protocols. Briefly, cells harvested by trypsinization were pre-incubated for 5 min at room temperature in PBS containing 2% FBS. To examine Calcein AM (ABCB1 and ABCB1-specific probe) and CMFDA (MRP-specific probe)-induced fluorescence, the cells were incubated with the fluorochromes indicated above for 30 min in the dark, further washed twice with PBS, and subjected to Fluorescence-Activated Cell Sorting (FACs) analysis. The specific ABC inhibitors (e.g., cyclosporin, tariquidar, and MK-571) were also used for particular experiments. Concentrations were 10 μM for tariquidar and cyclosporine and 50 μM MK-571. Flow cytometry data were analyzed by comparison of median fluorescence using Kolmogorov–Smirnov statistics (D-value) [20].



FACs analysis was also used to examine the efficiency of Dox transport in naive and SaOS-2_DoxR cells. Briefly, cells were trypsinized and incubated with Dox (10 μM) in the dark for 60 min. Subsequently, cells were washed with ice-cold phosphate-buffered saline and analyzed as indicated above. Results were presented as the percentage of desired cells relative to the total number of cells as the mean ± standard deviation (SD) of five biological repeats.




2.10. Xenograft Studies Models


Subcutaneous human tumor xenografts were generated via s.c. inoculation in the flank areas of 5-to 8-week-old female nu/nu mice with 100 μL of 1 × 107 SaOS-2 cancer cells/mL suspensions in Dulbecco’s phosphate-buffered saline. The animal experimental protocols were approved by the Committee for Ethics of Animal Experimentation, and the experiments were conducted under the Guidelines for Animal Experiments at the N.N. Blokhin National Medical Research Center of Oncology. Mice were administered three times a week either vehicle (a negative control) or Dox (2.5 mg/kg). The tumor volume, size, and general health of the mice were recorded. After the mice were sacrificed, tumors were excised and subjected to histopathologic examination. Formalin-fixed, paraffin-embedded tissues were sectioned at 4 μM for hematoxylin and eosin (H&E) staining. The images of the IHC-stained samples were captured using an Olympus BX63 microscope (Olympus, Japan).




2.11. Statistics


All the experiments were repeated a minimum of three times. The results are presented as the mean ± standard error (SE) for each group. Statistical analyses (Student’s t-test) were performed using Statistical Software Program version 7.0 (S.A. Glantz, McGraw Hill Education, NY, USA). p < 0.05 was considered to indicate a statistically significant difference.





3. Results


3.1. Establishment of the Multi-Drug Resistant (MDR) SaOS-2 Subline


The SaOS-2 subline resistant to Dox (further named SaOS-2_DoxR) was generated following a continuous treatment of parental SaOS-2 cells with a stepwise increasing concentration of Dox, ranging from 0.01–1 μM. Approximately 5 months and 50 passages were required to develop OS cells with stable drug resistance. The IC50 values for the chemotherapeutic agents, including Dox, PTX, Vin, and Ifos, in parental and SaOS-2_DoxR cells are shown in Figure 1 and Table 1. For example, we observed a substantial (~30-fold) increase in the IC50 value for PTX in SaOS-2_DoxR cells when compared with naive SaOS-2 cells. Similarly, ~6 and 4-fold increase in IC50 values for Dox and Vin was found in SaOS-2_DoxR cells, thereby illustrating the acquisition of the MDR phenotype in this subline. At the same time, we found no significant increase in IC50 value for Ifos in SaOS-2_DoxR cells when compared with parental SaOS-2 cells.



The resistance to Dox in this subline was confirmed by western blotting, which revealed a lack of apoptotic markers (e.g., cleaved PARP and caspase-3) in SaOS-2_DoxR cells treated with this chemotherapeutic agent (Figure 2A). As expected, the expression of these markers was significantly increased in Dox-treated parental SaOS-2 cells (Figure 2A). The resistance to Dox was also observed by the significant decrease in the confluency of parental but not of SaOS-2_DoxR cells after Dox treatment for 72 h (Supplementary Figure S1). Similarly, Dox significantly impaired the proliferative activity of parental but not SaOS-2_DoxR cells (Figure 2B). In addition, crystal violet staining also revealed the decreased viability of Dox-treated naive SaOS-2 cells when compared with SaOS-2_DoxR cells (Figure 2C,D). Resistance to Dox in SaOS-2_DoxR cells remained stable following 1 month of culturing without Dox and following storage at −80 °C for 6 months.




3.2. An Increased Expression of ABC-Transporters in the SaOS-2_DoxR Subline Mediates the Effective Efflux of Anti-Cancer Agents


Given that SaOS-2_DoxR cells exhibited a cross-resistance to certain chemotherapeutic agents indicated above, we initially examined the expression of ABC-transporters providing the efflux of the drugs from cancer cells. Indeed, we found an increased expression of 2 major ABC-transporters—ABCB1 (ATP Binding Cassette subfamily B member 1, also known as P-glycoprotein) and ABCC1 (i.e., multidrug resistance protein-1, MRP-1). In contrast, we observed a minor increase in the expression of ABCG2 (ATP-binding cassette subfamily G member 2, also known as breast cancer resistance protein, BCRP) in the Dox-R subline when compared with the parental SaOS-2 cells. This was observed at both mRNA and protein levels (Table 2 and Figure 3, respectively). Importantly, we observed a time- and dose-dependent increase of MDR1, MRP-1, and ABCG2 expression in SaOS-2 cells treated with Dox (Figure 3). In addition, expression of the other MDR-associated genes (e.g., MRP-4, 5, and -7) was moderately increased in DoxR cells when compared with their parental counterparts (Table 2). Thus, this data demonstrated an increased expression of two major ABC-transporters in the SaOS-2_DoxR subline, thereby suggesting that the MDR phenotype in these cells might be due to the effective efflux of chemotherapeutic agents from cancer cells.



To examine this possibility directly, we performed a fluorescence-based assay to compare the Dox-induced intracellular fluorescence between parental and SaOS-2_DoxR cells. For this purpose, naïve vs. resistant SaOS-2 cells were exposed to Dox for 1 h and after the anti-cancer agent was washed out, the cells were subjected to FAC analysis to examine the fluorescence intensity of Dox. FACs data shown in Figure 4A revealed a decreased intensity of Dox fluorescence in SaOS-2_DoxR cells when compared with parental OS cells, thereby revealing an increased efflux of this chemotherapeutic agent from resistant cells.




3.3. Assessment of the Activity of the ABCB1-, ABCC1- and ABCG2- Transporters in SaOS-2/Dox-R Cells


Given that expression of ABCB1 and ABCG2 was increased in SaOS-2_DoxR cells, we further examined the functional activities of these ABC-transporters by using the corresponding MDR probes with known substrate specificity (e.g., the Calcein AM (MDR1-specific probe) and the CMFDA (MRP-specific probe). We found a substantial decrease in Calcein AM-mediated fluorescence in Dox-R SaOS-2 cells when compared with parental cancer cells (Figure 4B). In contrast, the fluorescence intensity of CMFDA was similar between parental and SaOS-2_DoxR cells (Figure 4C), thereby suggesting increased activity of the ABCB1 transporter as a prominent mechanism of the efflux of chemotherapeutic agents from SaOS-2_DoxR cells. In addition, a significant fluorescence increase of Calcein AM was observed in the presence of cyclosporine A and tariquidar (potent ABCB1 inhibitors) (Figure 5A,B). As expected, MK-571 has no effect on CMFDA-mediated fluorescence in SaOS-2-DoxR cells (Figure 5C), thereby revealing the inability of the ABCC1 transporter to maintain the efflux of this substrate from SaOS-2 cells. The FSC and SSC characteristics of cells shown in Figure 4 and Figure 5 are shown in Supplementary Figure S2.




3.4. The Activity of DDR Pathways in SaOS-2_DoxR Cell Subline


Given that activation of DDR pathways plays an important role in the resistance of cancer cells to chemo- and radiotherapies, we examined the expression of DDR proteins in SaOS-2 cells cultured with stepwise increasing concentrations of Dox for over 5 months. As expected, we observed the activation of DDR pathways involved in the repair of DSBs shortly after the initiation of Dox treatment. Indeed, SaOS-2 cells treated with low doses of Dox (e.g., 0.2 μM) exhibited an increased expression of phosphorylated forms of ATM and DNA-PK-kinases, the well-known sensors of DNA damage (Figure 6), further activating the homology-mediated and non-homology end-joining-mediated DNA repair pathways. Similarly, Chk1 and Chk2 effector kinases were also activated in SaOS-2 cells treated with Dox. In addition, we observed an increased expression of Rad51 recombinase and phosphorylated BRCA1 after Dox treatment, thereby revealing the activation of the homology-mediated DNA repair pathway after induction of DSBs. Lastly, expression of Mre11 and Nbs1, the components of the MRN complex, was moderately increased in Dox-treated cells. In contrast, expression of the proteins involved in nucleotide excision repair (NER), base excision repair (BER), and mismatch repair (MMR) pathways remained unchanged or even decreased after Dox treatment (Figure 6). However, further culturing of the SaOS-2 cells with Dox resulted in a moderate decrease in the expression of the activated forms of DDR proteins that were increased during the initial period. This was shown for both of the sensor and effector kinases involved in DSB repair pathways (e.g., ATM, DNA-PK, Chk1, and Chk2). Indeed, the expression of the phosphorylated forms of these kinases gradually declined after the Dox concentration was increased to 0.8 μM. This discrepancy might be explained by a significant increase in expression of the ABC transporters at this particular time-point (shown in Figure 6), thereby suggesting a decreased intensity of DNA damage in cancer cells due to the effective efflux of the chemotherapeutic agent from cancer cells.




3.5. Anti-Tumor Activity of Dox in SaOS-2 Xenografts


Lastly, we examined Dox for its anti-tumor activity by using the SaOS-2 vs. SaOS-2_DoxR xenograft models. Of note, the speed of growth of naive tumors was significantly higher when compared with their Dox-R counterparts, as shown in Figure 7A. This might be due to several reasons described in the Discussion. As expected, vehicle-treated mice (control) demonstrated a continuous increase in tumor size from the baseline during the period of the experiment in the next 1 week (Figure 7). A substantial (>70%) decrease in tumor size and volume was observed in Dox-treated mice bearing SaOS-2 tumors. In contrast, SaOS-2-DoxR xenografts exhibited a minor decrease in size and volume after Dox treatment, thereby revealing the resistance of the SaOS-2-DoxR subline to Dox treatment in vivo (Figure 7B,C, respectively). Representative images illustrating changes in tumor sizes in naive and Dox-resistant SaOS-2 tumors after Dox treatment are shown in Figure 7A. H&E staining of the tumors was also performed, which illustrated that both naive and Dox-resistant non-treated tumors comprised dense, viable cancer cells with many mitoses (20–25 mitotic cells per field). Naive SaOS-2 tumors treated with Dox exhibited a much lower density of viable and mitotic cancer cells when compared with control (i.e., non-treated) mice. Necrosis was also found in naive tumors treated with Dox (Figure 8). In contrast, tumors arising from inoculation of SaOS-DoxR cells did not exhibit significant histological changes after Dox treatment compared with vehicle-treated tumors, in addition to a ~2-fold decrease in mitotic cell numbers (Figure 8).



Collectively, we generated and characterized osteosarcoma SaOS-2 sublines exhibiting stable cross-resistance to a broad spectrum of chemotherapeutic agents (e.g., Dox, Vin, PTX) due to the increased activity of ABC-transporters and activation of DDR pathways involved in DSB DNA repair during the initial steps of the acquisition of drug resistance.





4. Discussion


The acquisition of resistance to chemotherapeutic agents in cancer patients remains a major obstacle in anti-cancer treatment, decreasing progression-free survival and overall survival as well. Malignant tumors acquire the multi-drug resistance (MDR) phenotype via a broad spectrum of overlapping molecular mechanisms, especially at the final stage of the disease. This includes an increased efflux of anti-cancer drugs, activation of DNA repair pathways, attenuated apoptosis, epithelial-mesenchymal transition, etc. (reviewed in [21,22,23] or elsewhere). In particular, increased Pgp protein and MDR1 gene expression in tumors correlate with resistance to chemotherapeutic agents [24]. Indeed, the expression of Pgp in cancer cells has often been associated with poor prognosis and failure of chemotherapy [25]. Therefore, the elucidation of the underlying pleiotropic mechanisms involved in the resistance of cancer cells to chemotherapeutic drugs used for the therapy of different types of malignancies is essential for the development of novel strategies to effectively overcome the resistance mechanisms in tumors [26,27]. Furthermore, non-target-specific chemotherapeutic agents usually exhibit low bioavailability and are generally toxic, and their efficiency is limited by multiple side effects, including cardiotoxicity, myelo- and immunosuppression, neutropenia, mucositis, and fluid retention. Thus, there is an urgent need for the development of novel, safe, and effective therapeutic options for cancer therapies to bypass MDR mechanisms. To achieve this goal, multiple strategies aimed at reversing the MDR phenotype of cancer cells have been extensively studied over the past few decades. For example, 3 generations of MDR inhibitors have been developed, including verapamil, valspodar (PSC833), biricodar (VX710), tariquidar (XR9576), zosuquidar (LY335979), laniquidar (R101933), etc. [28,29]. Several clinical trials of the MDR inhibitors indicated above have been conducted in various cancer types [30,31,32,33]. Unfortunately, almost no substantial survival benefits have been established, which might be due to the pleiotropic molecular mechanisms of drug resistance ongoing at the single cancer cell level.



Our data shown here illustrates the acquisition of the MDR phenotype in a p53-negative SaOS-2 cell line cultured in the presence of stepwise increasing concentrations of Dox for 5 months. Resistance to chemotherapeutic agents, including Dox, Vin, and PTX, was developed due to pleiotropic molecular mechanisms, including an increased efflux of the anti-cancer agents and DDR mechanisms involved in the repair of DSBs.



The first one was due to the up-regulation of several ABC-transporters (e.g., P-glycoprotein and MRP-1), which was evidenced both on the mRNA and protein levels (Table 1, Figure 3). Increased activity of the ABC-transporters was revealed by the decreased intracellular concentration of Dox in SaOS-2_DoxR cells when compared with parental SaOS-2 cells (Figure 4A). Since Dox is a well-known substrate for ABCB1 (P-glycoprotein) and ABCC1 (MRP-1) transporters [34,35], the decreased fluorescence intensity of this fluorescent drug in SaOS-2_DoxR cells indicates its increased efflux from cancer cells via the ABC-transporters indicated above. To assess the functional activity of ABC-transporters more precisely in SaOS-2_DoxR cells, we utilized several ABC transporter substrates to evaluate their intracellular accumulation. In particular, Calcein AM is known to be a substrate for P-glycoprotein and MRP-1 [36,37]. It easily gets into the cells via passive diffusion and becomes cleaved irreversibly to a hydrophilic, non-permeable, and fluorescent calcein AM-free acid by endogenous esterases. Therefore, intracellular accumulation of the fluorescent calcein AM is inversely related to ABC-mediated efflux from the cells. Indeed, we observed a decreased intensity of calcein AM-mediated fluorescence in SaOS-2_DoxR, as shown in Figure 4B. This might indicate increased activity of ABCB1 and ABCC1 transporters in the MDR SaOS-2 subline. In contrast to Calcein AM, FACs data with CMFDA, a well-known specific substrate for ABCC1 [38], demonstrated similar intensity of fluorescence in naive and Dox-resistant SaOS-2 cells (Figure 4C), thereby indicating the efflux of Dox and Calcein AM from SaOS-2_DoxR was mainly mediated via the ABCB1 transporter.



Of note, we also observed the activation of DDR pathways involved in DSB DNA repair in SaOS-2 cells exposed to Dox. As expected, this happened in OS cells at the early beginning of treatment with Dox (Figure 6). However, the signs of activation of DDR proteins during long-term exposure to Dox eventually decreased. Of note, decreased expression of the activated forms of ATM, DNA-PK, BRCA1, and Chk1/2 kinases (Figure 6) is inversely related to an increased expression of ABC-transporters (Figure 3), thereby illustrating the decreased intensity of DNA damage in Dox-treated OS cells due to an increased efflux of the chemotherapeutic agents (e.g., Dox) from cancer cells.



Importantly, resistance to Dox in SaOS-2_DoxR cells was also illustrated by the in vivo studies using a xenograft model (Figure 7 and Figure 8). Surprisingly, 8 days after subcutaneous inoculation of cancer cells, SaOS-2_DoxR tumors exhibited much lower sizes and volumes when compared with naive SaOS-2 tumors. This might be due to several reasons, including the higher metastatic potential of SaOS-2_DoxR cells and/or the enhanced mutational burden of resistant tumor cells, thereby triggering a potent immune response and reducing the size and volume of the primary tumor. Additional experiments (comparative analysis of migration and invasion capacities in naive vs. resistant OS cells) and histological examination of the primary tumors and places of potential metastatic lesions (e.g., regional lymphatic nodes, lungs, and liver) are needed to confirm this hypothesis. Despite the fact that SaOS-2_DoxR-based xenografts exhibited lower volumes and sizes when compared with naive SaOS-2 tumors, they demonstrated resistance to Dox treatment. This was in agreement with our in vitro studies shown before.



Collectively, we established and characterized the SaOS-2_DoxR subline as exhibiting cross-resistance to several chemotherapeutic agents, including Dox, Vin, and PTX. This multi-drug-resistant OS cell subline can be suitable for understanding the multifactorial resistance processes in tumor cells and, consequently, for screening novel anti-cancer drugs to overcome the mechanisms of resistance found in the clinical context.
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Abbreviations




	Osteosarcoma
	OS



	doxorubicin
	Dox



	half-inhibitory concentrations
	IC50



	vinblastine
	Vin



	paclitaxel
	PTX



	the multidrug resistance
	MDR



	DNA damage response
	DDR



	Dox-resistant OS subline
	SaOS-2_DoxR



	double-strand breaks
	DSBs



	Ifosfamide
	Ifos



	Calcein acetoxymethyl ester
	Calcein AM



	dimethyl sulfoxide
	DMSO



	Fluorescence-Activated Cell Sorting
	FACs



	standard deviation
	SD



	hematoxylin and eosin
	H&E



	standard error
	SE



	ATP Binding Cassette subfamily B member 1
	ABCB1, also known as P-glycoprotein



	ATP Binding Cassette subfamily C member 1
	ABCC1, also known as multidrug resistance protein-1, MRP-1



	ATP-binding cassette subfamily G member 2
	ABCG2, also known as breast cancer resistance protein, BCRP
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Figure 1. MTS-based viability assay in parental SaOS-2 (dotted line) and SaOS-2_DoxR (solid line) cells treated with Dox, Ifos, PTX, and Vin for 72 h. The data were normalized to DMSO-treated controls. 
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Figure 2. (A) Immunoblot analysis for apoptosis markers (i.e., cleaved forms of PARP and caspase-3) in naive and Dox-R SaOS-2 cells after treatment with Dox for 48 h. Actin stain is used as a loading control. Quantification by the mean pixel density of cleaved forms of PARP and caspase-3 in naive and Dox-R SaOS-2 cells as shown in (A). Values are means ± SD, N = 3. * p < 0.05. (B) Changes in growth kinetics of SaOS-2 (left) and SaOS-2_DoxR (right) cells treated with DMSO (control) and Dox (0.25/0.5/1 μM). (C) Crystal violet staining of Dox-sensitive and resistant SaOS-2 cells treated with Dox for 72 h. The culture dishes were fixed, stained with crystal violet, and photographed. (D) Quantitative analysis of crystal violet staining of SaOS-2 cells as shown in (C). 
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Figure 3. Expression of ABCB1 (P-glycoprotein), ABCC1 (MRP-1), and ABCG2 (BCRP) transporters in naive vs. Dox-resistant SaOS-2 cells. Actin stain was used as a loading control. Quantification by the mean pixel density of ABCB1 (P-glycoprotein), ABCC1 (MRP-1), and ABCG2 (BCRP) transporters in naive vs. Dox-resistant (1 μM) SaOS-2 cells. Values are means ± SD, N = 3. * p < 0.05. 
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Figure 4. The intracellular accumulation of Dox (A), calcein AM (B), and CMFDA (C) in Dox-resistant (blue) and naive (i.e., drug-sensitive) (red) SaOS-2 cells. The cells were treated with 10 μM of Dox, 100 nM of Calcein AM, or 100 nM CMFDA. The fluorescence intensity was analyzed by FACs. The right-shifting of the latter compared to the former histogram represents inhibition of efflux through the corresponding ABC transporter (representative of 3 samples per group). 
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Figure 5. The intracellular accumulation of Calcein AM (A,B) and CMFDA (C) in drug-resistant SaOS-2 cells cultured in the presence of ABC-inhibitors—tariquidar (10 μM) (A), cyclosporine (10 μM) (B), and MK-571 (50 μM) (C). The cells were pretreated with the ABC inhibitors indicated above for 1 h before being exposed to the fluorescent substrates (e.g., Calcein AM and CMFDA) for 30 min. The cells were further washed out with PBS, and fluorescence intensity was analyzed by FACs. Histograms of untreated cells are shown in red, while dark blue indicates histograms obtained after treatment with tariquidar, cyclosporin, or MK-571. The right-shifting of the latter compared to the former histogram represents inhibition of efflux through the corresponding ABC transporter (representative of three samples per group). 
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Figure 6. Expression of DDR proteins in SaOS-2 cells during continuous treatment with stepwise increasing concentrations of Dox. Parental SaOS-2 cells were used to assess basal levels of expression of DDR proteins. Actin stain was used as a loading control. 






Figure 6. Expression of DDR proteins in SaOS-2 cells during continuous treatment with stepwise increasing concentrations of Dox. Parental SaOS-2 cells were used to assess basal levels of expression of DDR proteins. Actin stain was used as a loading control.



[image: Diagnostics 13 02646 g006]







[image: Diagnostics 13 02646 g007 550] 





Figure 7. Antitumor effects of Dox in a nude mice xenograft tumor model. After subcutaneous inoculation of naive (B) and Dox-R (C) SaOS-2 cells (day 8), nude mice were randomized into 2 groups (n = 5) and administered i.p. 100 μL of vehicle (negative control) or Dox (2.5 mg/kg). The animals were treated according to the schedule specified in Materials and Methods. The changes in tumor sizes were calculated as a percentage of the baseline. The tumor volume in each group was assessed by calipers and calculated as length × width × width × 0.5. Results were expressed as the mean volume and weight of tumors (mean ± SE, n = 5; *: p < 0.001) compared to control (vehicle-treated) animals. (A) Representative images of the final tumor volumes in each experimental group. 
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Figure 8. H&E-stained sections of tumors resected from OS xenograft mouse models treated with vehicle (Control) or Dox. Upper line—naive SaOS-2 xenografts; bottom line—SaOS-2_DoxR xenografts. Scale bars: 100 μm. 
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Table 1. The IC50 values for Dox, Ifos, PTX, and Vin in parental SaOS-2 and SaOS-2_DoxR cells.
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	Chemical Compounds
	Parental
	Dox-R
	Fold Increase





	Dox (μM)
	0.16 ± 0.02
	0.97 ± 0.12
	6.1



	Ifos (μM)
	4903 ± 91
	7197 ± 618
	1.5



	PTX (μM)
	0.0000000039 ±

0.0000000008
	0.0000001196 ±

0.0000000209
	30.7



	Vin (μM)
	0.00029 ± 0.00005
	0.00122 ± 0.00021
	4.2







The data were normalized to DMSO-treated controls. Values are the means ± SD (n = 3).
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Table 2. Fold-increase of ABC-transporter mRNA levels in SaOS-2_DoxR cells compared with parental SaOS-2 cells (determined by RT-qPCR).
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	Genes
	MDR-1
	MRP-1
	MRP-2
	MRP-3
	MRP-4
	MRP-5
	MRP-7
	ABCG2





	Fold-increase
	20.2
	19.6
	0.02
	1.1
	2.1
	2.0
	4.0
	1.2







Values are averages of three experiments.
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