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Chemotherapy is the commonly used treatment for advanced lung cancer. However, it produces side effects such as the development of chemoresistance. A possible responsible mechanism may be therapy-induced senescence (TIS). TIS cells display increased senescence-associated β-galactosidase (SA-β-gal) activity and irreversible growth arrest. However, recent data suggest that TIS cells can reactivate their proliferative potential and lead to cancer recurrence. Our previous study indicated that reactivation of proliferation by TIS cells might be related with autophagy modulation. However, exact relationship between both processes required further studies. Therefore, the aim of our study was to investigate the role of autophagy in the senescence-related chemoresistance of lung cancer cells. For this purpose, human and murine lung cancer cells were treated with two commonly used chemotherapeutics: cisplatin (CIS), which forms DNA adducts or docetaxel (DOC), a microtubule poison. Hypoxia, often overlooked in experimental settings, has been implicated as a mechanism responsible for a significant change in the response to treatment. Thus, cells were cultured under normoxic (~19% O2) or hypoxic (1% O2) conditions. Herein, we show that hypoxia increases resistance to CIS. Lung cancer cells cultured under hypoxic conditions escaped from CIS-induced senescence, displayed reduced SA-β-gal activity and a decreased percentage of cells in the G2/M phase of the cell cycle. In turn, hypoxia increased the proliferation of lung cancer cells and the proportion of cells proceeding to the G0/G1 phase. Further molecular analyses demonstrated that hypoxia inhibited the prosenescent p53/p21 signaling pathway and induced epithelial to mesenchymal transition in CIS-treated cancer cells. In cells treated with DOC, such effects were not observed. Of importance, pharmacological autophagy inhibitor, hydroxychloroquine (HCQ) was capable of overcoming short-term CIS-induced resistance of lung cancer cells in hypoxic conditions. Altogether, our data demonstrated that hypoxia favors cancer cell escape from CIS-induced senescence, what could be overcome by inhibition of autophagy with HCQ. Therefore, we propose that HCQ might be used to interfere with the ability of senescent cancer cells to repopulate following exposure to DNA-damaging agents. This effect, however, needs to be tested in a long-term perspective for preclinical and clinical applications.
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Introduction

Lung cancer remains the leading cause of cancer-related deaths. Approximately 85% of all lung cancer cases are nonsmall cell lung cancer (NSCLC) and adenocarcinoma is the most common histological subtype of NSCLC (1, 2). Despite the development of targeted therapies, platinum-based chemotherapy (CIS or carboplatin) is still a predominant treatment regimen for advanced lung cancer patients. In general, it is combined with other chemotherapeutic drugs: vinorelbine, gemcitabine, or taxanes (DOC or paclitaxel). Unfortunately, the treatment is not always effective. Stage III disease is correlated with poor prognosis, where the 5-year survival probability is only 15%. Moreover, patients who are subjected to such treatment, experience systemic toxicity and many adverse effects, including the following: hair and weight loss, vomiting, greater risk of infection, as well as development of secondary resistance and cancer recurrence (3–5). A responsible mechanism of action might be cellular senescence. This process can be induced by telomere shortening (replicative senescence) or by various stress factors [stress-induced premature senescence (SIPS)] (6). One of the most recently described SIPS is therapy-induced senescence (TIS) (7–10). Besides arrest of cell proliferation, hallmarks of cells displaying TIS are as follows: morphological changes (cell flattening and enlargement), enhanced activity of SA-β-gal, higher production of cytokines and chemokines described as senescence-associated secretory phenotype (SASP), and activation of the DNA damage response (DDR) pathway (5, 11, 12). The induction of senescence has been considered for decades as a satisfactory objective for positive treatment outcome (10, 13, 14). However, it has been largely documented that tumor heterogeneity, plasticity, and adaptation may cause TIS cells to escape from senescence and return into an actively reproductive state, leading to cancer recurrence (7, 15–17). A feature of TIS cells associated with the tumor repopulation might be polyploidy, which determines their ability for atypical divisions (18–21). In addition, the literature suggests that TIS may result in activation of cancer cell invasive properties and induction of stemness phenotype that may contribute to an increased risk of tumor relapse and metastasis (16, 17, 22–26). Therefore, the induction of senescence itself seems to be an insufficient endpoint and additional strategies are needed to achieve a better therapeutic response.

Prior studies, including ours, have indicated that chemotherapy-induced senescence is accompanied by autophagy. Therefore, modulation of this process seems to be an attractive therapeutic strategy for cancer (16, 27, 28). Autophagy is a catabolic process responsible for the recycling of cellular compounds, which allows cells to maintain cellular homeostasis and provides substrates for energy production (29). In cancer, autophagy and senescence show many, often overlapping activities, including an impact on tumor development and modulation of responses to chemotherapy (30). However, the exact relationship between autophagy and senescence is not clear (31–33), pointing to the need for further research that would consider the biologically relevant microenvironmental conditions of tumor growth and proper perspective of treatment intervals.

Hypoxia is a crucial variable in solid tumors, which should be considered in studies evaluating chemoresistance. Although, it is commonly overlooked in in vitro experiments. The examination of tumor cells under normoxic conditions brings an artificial context in terms of oxygen balance, which can be misleading to interpret cell actual response to therapies (34). Therefore the research in a hypoxic environment is closer to the conditions in the tumor compared to standard normoxic culture. Recent data on clinical samples confirm significant changes in the transcriptome of cancer cells in response to hypoxia and suggest their prognostic associations with drug response (35, 36). Importantly, resistance to chemotherapy caused by hypoxia has been reported in many types of cells and the presence of hypoxic sites is a prognostic factor of neoplastic diseases (37, 38). However, the role of senescence and autophagy in the chemoresistance of hypoxic cancer cells has not been studied in detail.

Thus, in this study, we investigated the effects of hypoxia on therapy-induced senescence of lung cancer cells. Additionally, we examined, whether inhibition of autophagy using the autophagy inhibitor hydroxychloroquine (HCQ) could modulate the ability of TIS cells to escape senescence.



Materials and Methods


Reagents and Antibodies

CIS, DOC, irinotecan (IRINO), HCQ, and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) were obtained from Sigma Aldrich, St. Louis, MO, USA. Nutlin-3 (NUT) was obtained from Tocris Bioscience, Bristol, UK. Antibodies against p53 and p16 were purchased from Santa Cruz Biotechnology, Dallas, TX, USA. Antibodies against: E-cadherin, N-cadherin, cyclin B, p-Rb, p-cdc2, SOX-2, and Nanog were procured from Cell Signaling Technology, Danvers, MA, USA. Antibodies against p21 were bought from Sigma Aldrich, St. Louis, MO, USA. Antibodies against p-S6 (Ser235/236) and p62 were purchased from BD Transduction Laboratories™, Lexington, KY, USA. Antibodies against GAPDH were procured from Millipore, Temecula, CA, USA and ALDH1A from LifeSpan Biosciences, Seattle, WA, USA. Secondary antimouse and antirabbit antibodies conjugated with HRP were obtained from Vector Laboratories, Burlingame, CA, USA.



Cells and Culture Conditions

The human A549 lung cancer cell line was kindly provided by Prof. Bozena Kaminska-Kaczmarek (Nencki Institute of Experimental Biology, Warsaw, Poland). The human colon HCT116 cancer cell line was kindly provided by Dr. Bert Vogelstein (Johns Hopkins University, Baltimore, MD, USA). Authentication of these cells was performed by the American Type Culture Collection (ATCC). The LLC1 murine Lewis lung carcinoma cell line was purchased from the ATCC. A549 and LLC1 cells were cultured in high-glucose Dulbecco’s modified Eagle’s medium (Gibco, Life Technologies Limited, Middlesex, UK) supplemented with 10% fetal bovine serum (Gibco, Life Technologies Limited, UK), while HCT116 in McCoy’s medium supplemented with 10% fetal bovine serum (Bio-West, Nuaillé, France). Both media were supplemented with: 100 units/ml of penicillin, 100 μg/ml of streptomycin, and 25 μg/ml of amphotericin B (Antibiotic-Antimycotic, Gibco, Life Technologies Corporation, Grand Island, NY, USA). All experiments were performed in normoxia (~19% O2) or hypoxia (1% O2) under standard culture conditions (37°C, 5% CO2). After experiments, cells were collected by trypsinization (Gibco, Life Technologies Limited, UK). Hypoxic phenotype was confirmed using NGS method. Expression of hypoxia-induced mir210HG and Egl-9 Family Hypoxia Inducible Factor 3 (EGLN3), for example, was elevated in cells cultured under hypoxic conditions (data not shown).



General Experimental Scheme

In the experiments performed on 96-well plates, cells were seeded at 1,500 cells/per well for A549 cells and 91 cells per well for LLC1 cells. For the remaining tests, 125,000 cells were plated on 25 cm2 flask for each A549, LLC1, or HCT116 cell line. After seeding, cells were grown in normoxia for 24 h. Some plates/flasks were then left in normoxic condition, whereas other culture dishes were transferred to the hypoxic chamber, and medium was changed. The hypoxic medium was incubated for at least for 24 h in the hypoxic chamber prior to the experimental procedure. After 24 h of culture in normoxia or hypoxia, cells were treated with chemotherapeutics for the next 24 h. CIS was used at a concentration of 8 µM for A549 or 6 µM for LLC1 cells, and DOC was used at 3 nM and IRINO at 5 µM concentration. After 24 h incubation with chemotherapeutic drugs, medium was changed and cells were cultured in drug-free medium for the next 7 days. Additionally, medium was changed on day 4.



Activation of p53 With Nutlin-3

To study the role of p53 in escaping of hypoxic CIS-treated cells from senescence, nutlin-3 (NUT) was applied together with CIS. After 24 h, medium was changed and cells were cultured in drug-free medium for the next 7 days. Additionally, medium was changed on day 4.



Inhibition of Autophagy by Hydroxychloroquine

Experiments with hydroxychloroquine (HCQ) were carried out as described above (General Experimental Scheme) up to day 4 after chemotherapeutics treatment. At that point, to inhibit autophagy, HCQ was administered for 24 h. Subsequently, the medium was changed and cells were cultured in drug-free medium for the next 3 days. For gene expression analysis, cells were collected on day 8 of the experiment. For all other analyses, cells were collected on day 11.



Silencing of Autophagy-Related Genes Using siRNAs

A549 cells were seeded at 750 per well or 62,500 cells per 25 cm2 flask in normoxic conditions. Twenty-four hours later, some plates/flasks were left in normoxic condition, whereas other culture dishes were transferred to the hypoxic chamber and the medium was changed. After a 24-h incubation, cells were transfected with pooled siRNAs targeting autophagy-related genes: ATG5, ATG7, or BCN1 (ON-TARGETplus siRNA, Dharmacon, Lafayette, CO, USA) using lipofectamine RNAiMAX (Invitrogen, Life Technologies Corporation, Carlsbad, CA, USA). Nontargeting siRNAs was used as a control. Lipofectamine and siRNA dilutions were prepared according to manufacturers’ protocols. Next day, cancer cells were treated with respective drugs for 24 h followed by 7 days of drug-free culture. All analyses were performed on day 12 of the experiment.



Western Blotting

Cells were lysed in RIPA lysis buffer (Thermo Scientific, Rockford, IL, USA) and then lysates were frozen. After defrosting, the lysates were centrifuged at 10,000×g. The protein concentration was determined using the Pierce BCA Protein Assay Kit (Thermo Scientific, Rockford, IL, USA), and aliquots were harvested into Laemmli SDS sample lysis buffer (Bio-Rad, Hercules, CA, USA or EurX, Gdańsk, Poland). The same protein amount (10–50 μg) was loaded into wells for separation by SDS-PAGE electrophoresis and then transferred to a nitrocellulose membrane (Bio-Rad, Feldkirchen, Germany). After proteins were transferred, the membrane was blocked with 5% nonfat milk in Tris-buffered saline pH 7.6/0.15% Tween 20 (TBST) for 1 h at room temperature (RT) and then incubated with primary antibodies diluted in a TBST overnight at 4°C. Next, the membrane was incubated for 1 h at RT with relevant secondary antibodies. Protein signals were visualized on X-ray film with the use of chemiluminescent substrates (Santa Cruz, Santa Cruz, CA, USA or Bio-Rad, Segrate, Italy). The protein size was determined using a protein size-marker (Thermo Fisher Scientific, Waltham, MA, USA). Densitometric analysis was carried out using ImageJ software.



Hypertrophy Evaluation

Cellular hypertrophy was calculated as the amount of total protein and normalized to total cell number. Protein concentration was examined using the BCA method (see Western Blotting). Total cell number was counted using Bürker’s chamber. The results were presented as the amount of total protein per cell.



Measurement of Mitochondrial Dehydrogenase Activity

Mitochondrial dehydrogenase activity was evaluated by measuring the conversion of MTT (final concentration of 0.5 mg/ml) to formazan crystals in living cells. Cells were cultured in 96-well plates as described previously. Seven days after treatment with drugs, cells were incubated for 2 h with MTT at 37°C. Obtained crystals were then dissolved in 50 mM HCl diluted with isopropanol. The optical density was measured at a wavelength of 562 nm using a scanning multiwell Varioskan Lux spectrophotometer (Thermo Scientific).



Analysis of Cell Proliferation

Proliferation of lung cancer cells was performed using the BrdU incorporation assay (Roche, Mannheim, Germany). Cells were cultured in 96-well plates as described previously. Seven days after treatment with drugs, BrdU was added for 2 h, and its incorporation was evaluated according to the manufacturer’s instructions. The optical density was measured at a wavelength of 450 nm using a scanning multiwell Varioskan Lux spectrophotometer (Thermo Scientific).



Detection of SA-β-Gal

SA-β-Gal activity was detected according to modified protocol described by Dimri et al. (39). Cells were trypsinized, fixed with 2% formaldehyde, 0.2% glutaraldehyde in PBS, and washed with PBS. Next, 80,000 cells were cytospined at 800 rpm for 5 min and exposed to a solution containing: 1 mg/ml 5-bromo-4-chloro-3-indolyl-b-d-galactopyranoside, 5 mM potassium ferrocyanide, 150 mM NaCl, 2 mM MgCl2, and 0.1 M phosphate buffer, pH 6.0 for 16 h in 37°C. Microscopic slides were then washed and sealed with fluorescence mounting medium (Dako, Carpinteria, CA, USA). SA-β-Gal-positive and SA-β-Gal-negative cells were calculated (at least 100 cells per condition). Results were presented as a percentage of SA-β-Gal-positive cells.



Flow Cytometry Analysis of Cell Cycle

For DNA analysis, live and adherent cells were collected by trypsinization, centrifuged at 1,200×g for 5 min, suspended in 500 μl PBS, and fixed in frozen 70% ethanol. Fixed cells were stored at −20°C. Before analysis, cells were washed with PBS, centrifuged, and suspended in 200 μl of Muse™ Cell Cycle Reagent (Millipore, Hayward, CA, USA) with propidium iodide (PI). Histograms of cellular DNA content were collected with Beckman Coulter CytoFLEX flow cytometer (Brea, CA, USA). FSC/SSC parameter and DNA content analysis were performed using CytExpert software. Detailed analysis was performed as follows. Events considered as cell debris were excluded from analysis using the FSC/SSC parameters. Subsequently, on the basis of the PI fluorescence intensity, the phases of the cell cycle were identified: subG1 (before the first peak), G0/G1 (first peak), S (between the first and second peaks), G2/M (second peak), and polyploidy (after the second peak). Results were showed as percentage of cells accumulated in the distinct cell cycle phases. At least 10,000 events were analyzed for each sample.



RNA Extraction and qPCR

RNA was extracted using RNeasy Mini Kit (Qiagen, Hilden, Germany) following the manufacturer’s instructions. The concentration and quality of RNA were evaluated using a Varioskan Lux spectrophotometer (Thermo Scientific). Next, the extracted mRNA was subjected to reverse transcription using the High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Thermo Fisher Scientific Baltics, UAB, Vilnius, Lithuania). The cDNA obtained was used as a template in the qPCR reaction. For HIF and E-cadherin genes, SsoAdvanced Universal SYBR Green Supermix (Bio-Rad, Hercules, CA, USA) was used, GAPDH served as a reference, and the following human primer sets were used: hypoxia inducible factor 1α (HIF-1α): for-ATTTTGGCAGCAACGACACA and rev-CGTTTCAGCGGTGGGTAATG, hypoxia inducible factor 2α (HIF-2α): for-CACCTCGGACCTTCACCAC and rev-GCTACTCCTTTTCTTCTCCTTGT, E-cadherin: for-CTTTGACGCCGAGAGCTACA and rev-AAATTCACTCTGCCCAGGACG, and GAPDH: for-GGAGCGAGATCCCTCCAAAAT and rev-GGCTGTTGTCATACTTCTCATGG. For other genes, the TaqMan Gene Expression Master Mix (Applied Biosystems, Thermo Fisher Scientific Baltics, UAB, Lithuania) was used, PPIA served as a reference gene, and following primers were obtained from Thermo Scientific: SOX-2, Hs01053049_s1; ALDH1A, Hs00946916_m1; Nanog, Hs04399610_g1; OCT-4, Hs04260367_gH; and PPIA, Hs01565699_g1.



Statistical Analysis

All experiments were performed at least three times. Results were expressed as mean ± SEM. p-values were calculated in GraphPad PRISM v.9.0. and p -values < 0.05 were recognized as statistically significant (*vs. N control; #vs. H control, $ N vs. H, % 8 vs. 11). The normality of the distributions of numerical data was checked using the Shapiro-Wilk test. For normal distribution, groups were compared using a two-tailed unpaired t-test with Welch’s correction. In the case of an abnormal distribution, a nonparametric two-tailed Mann-Whitney U test was used.




Results


Lung Cancer Cell Cultures Showed Higher Resistance to Cisplatin in Hypoxic Than in Normoxic Conditions

A two-drug regimen based on a platinum derivative and a drug disrupting the microtubule function is most often used in patients with lung cancer. Therefore, we tested the effects of two agents from these groups: CIS and DOC on the induction of senescence of lung cancer cells in vitro. To mimic a regime of chemotherapy in patients, we subjected human lung cancer A549 cell cultures to long-term treatment with a chemotherapeutic drug. The cells were treated with CIS or DOC for 24 h. After drug removal, cells were cultured in a drug-free medium for the next 7 days (Figure 1A). To reproduce the cell response to chemotherapy in the natural microenvironment, we also investigated the effects of both chemotherapeutic agents under hypoxic conditions. The aim of the initial experiments was to define the senescence-inducing dose of CIS and DOC. They were identified as doses that were subtoxic (Figures 1B, D), inhibited cell proliferation (Figures 1C, E), and produced morphological changes: increased size and granularity as well as polyploidization (data not shown). Under CIS, the mitochondrial dehydrogenase activity of A549 lung cancer cells was moderately decreased under hypoxic conditions compared with the normoxic condition (Figure 1B). Accordingly, the effects on A549 cell proliferation were less pronounced under hypoxia than in normoxia (Figure 1C). In contrast, such differences in cell responses to hypoxia vs. normoxia were not observed, when cells were treated with DOC (Figures 1D, E). On the basis of above tests, the senescence-inducing doses of drugs for further experiments were selected as 8 µM for CIS and 3 nM for DOC. Analogous analyses were performed for the murine LLC1 cell line and the 6-μM dose of CIS was chosen (Supplementary Figures 1A, B).




Figure 1 | Human A549 lung cancer cells show higher resistance to CIS in hypoxic than in normoxic conditions. Experimental scheme (A). Cells were grown in normoxic conditions (~19% O2) for 24 hours (a). Then, some plates or flasks were transferred to the hypoxic chamber and the medium was changed (b). After 24 hours, cells in the normoxia or hypoxia conditions were treated with chemotherapeutics for 24 hours (c) and then they were cultured in drug-free medium for 4 days (d). Next medium was changed and cells were incubated next 3 days (e). Analysis and quantification of cell metabolism and proliferation was performed on 11th day of the experiment (according to scheme A). Mitochondrial dehydrogenase activity (MDH) test in normoxia or hypoxia (B) was performed for assessment of CIS effect on cell metabolic activity. BrdU incorporation test in normoxia or hypoxia (C) was performed for assessment of CIS effect on cell proliferation. Both tests were conducted also for DOC-treated cells: MDH in normoxia or hypoxia (D) and BrdU assay in normoxia or hypoxia (E). Each bar represents mean ± SEM. The respective P-values were calculated using a two-tailed t test and a P-value < 0.05 was considered statistically significant: *P < 0.05, **P < 0.01, ***P < 0.001 comparing to normoxic control, #P < 0.05, ##P < 0.01, ###P < 0.001 comparing to hypoxic control, n ≥ 3.



Altogether, the data demonstrated that A549 lung cancer cell cultures exhibited a higher resistance to cisplatin in hypoxic than in normoxic conditions, while DOC treatment did not induce similar effects.



Upon Hypoxia Human and Murine Lung Cancer Cells Escaped From Cisplatin-Induced Senescence

To test the hypothesis of the effects of hypoxia on senescence escape, several markers were investigated. Seven days after CIS treatment, the cells displayed an increased expression of senescence markers: SA-β-gal activity counted as a percentage of positive cells (Figures 2A, B), granularity (Figure 2C), or hypertrophy expressed as the amount of total protein (Figure 2D). Of note, all studied markers showed lower expression, when cells were treated with CIS in hypoxic conditions in comparison with normoxic ones (Figures 2A–D). Consequently, in hypoxia, 7 days after chemotherapeutics treatment, a significant increase in the cell number was observed, indicating cell proliferation and escape from senescence (Figure 2E). A similar pattern of changes was observed for murine LLC1 lung cancer cells (Supplementary Figures S1C–E). It is worth noting, that in the case of cells treated with DOC, no difference in the expression of senescence (Figures 2A–D) or proliferation (Figure 2E) markers was observed between the distinct aerobic conditions. As we have previously shown for the colon and glioma cancer cells, escape from senescence is associated with significant changes in the cell cycle distribution (16). In normoxia, 7 days after CIS treatment, lung cancer cells escaped from the G0/G1 phase (Figure 3B) and accumulated markedly in the G2/M phase (Figure 3D) with a reduced accumulation in S phase (Figure 3C) and an increased polyploidization (Figure 3E). In contrast, hypoxic cells escaped from G2/M (Figure 3D) and proceeded to the G0/G1 phase (Figure 3B), which suggests active progression through the cell cycle. However, hypoxia did not produce a significant effect on the distribution of cells in the S phase (Figure 3C) or on polyploidization (Figure 3E). Similarly, to CIS treatment in normoxia, DOC treatment downregulated the percentage of cells in the G0/G1 phase (Figure 3B) and augmented polyploidization (Figure 3E). Additionally, there was almost a tenfold increase in the percentage of cells in the sub-G1 phase after DOC treatment (Figure 3A), which indicated a significant proportion of cell death. As previously described, there were no observed effects due to hypoxia (Figures 3A–E).




Figure 2 | Hypoxia reduces markers of senescence and increases proliferation of CIS-treated human lung cancer cells. Detection and quantification of senescence and proliferation markers in cells after CIS or DOC treatment were performed on the 11th day of the experiment (according to Figure 1A). Detection and quantification of senescence were conducted using SA-β-gal staining on cytospined A549 lung cancer cells. Representative photos were acquired using light microscopy: original magnification, ×400; scale bar, 20 µm (A). Quantification of SA-β-gal-positive cells shown as a percentage of positive cells (B). Percentages of granular cells were determined by FSC/SSC analysis using flow cytometry (C). Hypertrophy was defined as the ratio of the amount of total protein measured by BCA method to the number of A549 cells counted using Bürker’s chamber (D). Evaluation of cell number after chemotherapeutics treatment was performed using Bürker’s chamber (E). Each bar represents mean ± SEM. The respective p-values were calculated using a two-tailed t-test or Mann-Whitney U test, and a p-value <0.05 was considered statistically significant: *p < 0.05, **p < 0.01, ***p < 0.001 comparing with normoxic control, #p < 0.05, ##p < 0.01, ###p < 0.001 comparing with hypoxic control, $p < 0.05, $$p < 0.01, $$$p < 0.001 comparing hypoxia with normoxia, n ≥ 3.






Figure 3 | Low oxygen level modifies distribution of CIS-treated human lung cancer cells in the cell cycle. Analysis and quantification of cell cycle distribution was performed on the 11th day of the experiment (according to Figure 1A). Cell cycle distribution after CIS or DOC treatment was performed using PI staining and flow cytometry: sub-G1 (A), G0/G1 (B), S (C), G2/M (D), and polyploidy (E). The respective p-values were calculated using a two-tailed t-test or Mann-Whitney U test, and a p-value <0.05 was considered statistically significant: *p < 0.05, **p < 0.01, ***p < 0.001 comparing with normoxic control, #p < 0.05, ##p < 0.01, ###p < 0.001 comparing with hypoxic control, $p < 0.05, $$p < 0.01, $$$p < 0.001 comparing hypoxia with normoxia, n ≥ 3.



In order to confirm that CIS-treated hypoxic lung cancer cells exhibited an active escape from senescence, time-course experiments were conducted. Cell number (Figure 4A) and cell cycle distribution (Figures 4B–F) on two time-points: days 8 and 11 of the experiment were analyzed. On day 8, there were no differences in cell number between normoxic and hypoxic conditions. In contrast, on day 11, the restoration of cell growth was observed in hypoxia but not in normoxia (Figure 4A). It was accompanied by changes in cell cycle distribution: an increase accumulation of hypoxic cells in sub-G1 (Figure 4B) and reduced proportion of cells in S (Figure 4D) and G2/M (Figure 4E) phases. There were no differences in cell number in other phases of cell cycle: G0/G1 phase (Figure 4C) or polyploidization (Figure 4F).




Figure 4 | Hypoxic human lung cancer cells treated with cisplatin escape from G2/M phase and increase proliferation. Cell number and cell cycle distribution after CIS treatment was assessed on the 8th or 11th day of the experiment (according to Figure 1A). Quantification of cell number after CIS treatment was performed using Bürker’s chamber (A). Cell cycle distribution was conducted using PI staining and flow cytometry: sub-G1 (B), G0/G1 (C), S (D), G2/M (E), and polyploidy (F). The respective p-values were calculated using a two-tailed t-test or Mann-Whitney U test and, a p-value <0.05 was considered statistically significant: *p < 0.05, **p < 0.01, ***p < 0.001 comparing with normoxic control, #p < 0.05, ##p < 0.01, ###p < 0.001 comparing with hypoxic control, $p < 0.05, $$p < 0.01, $$$p < 0.001 comparing hypoxia with normoxia, n ≥ 3. %P < 0.05, %%P < 0.01, %%%P < 0.001 comparing day 8 vs day 11.



In summary, these data showed that in hypoxia, human and murine lung cancer cells escape from cisplatin-induced senescence. After initial growth inhibition, the cells escaped from the G2/M phase, proceed to the G0/G1 phase of cell cycle, and exhibited increased proliferation. It seemed to be accompanied by elevated rate of apoptotic events.



Escape From Senescence of Hypoxic CIS-Treated Lung Cancer Cells Depended on the p53/p21 Signaling Pathway

To identify the potential molecular mechanism responsible for the observed differences induced by hypoxia, an analysis of protein expression, leading to senescence and proliferation, was performed. Induction of senescence depends on the activation of two major molecular pathways: p53/p21 and p16/Rb (40). CIS-treated human A549 lung cancer cells produced a significant increase in the expression of p53 (Figure 5A; Supplementary Figure 2A), p21 (Figure 5A; Supplementary Figure 2B), and p16 (Figure 5B; Supplementary Figure 2C), while expression of p-Rb was decreased (Figure 5B; Supplementary Figure 2D). Accordingly in hypoxia, the cells exhibited reduced levels of p53 (Figure 5A; Supplementary Figure 2A) and p21 (Figure 5A; Supplementary Figure 2B), suggesting that this pathway was mainly involved in escaping from CIS-induced senescence. Expression of p16 (Figure 5B; Supplementary Figure 2C) and p-Rb (Figure 5B; Supplementary Figure 2D) did not show any significant changes between the various oxygen conditions. Of importance, the levels of the two proteins that regulate progression from the G2 phase of cell cycle to mitosis–cyclin B and p-cdc2 (Figure 5C; Supplementary Figure 2E) and p-cdc2 (Figure 5C; Supplementary Figure 2F) were augmented in CIS-treated lung cancer cells under hypoxic conditions in comparison with normoxia. As we showed previously, colon cancer cells exhibited epithelial to mesenchymal transition (EMT) during escape from senescence (16, 17). Under normoxic conditions, CIS treatment of lung cancer cells also strongly elevated the expression of the epithelial marker, E-cadherin compared with untreated cells (Figures 5D, E; Supplementary Figure 2G). Subsequently, its level was decreased in hypoxia, both at the mRNA (Figure 5D) and protein levels (Figure 5E; Supplementary Figure 2G). Conversely, expression of the mesenchymal marker, N-cadherin showed a tendency to be upregulated in CIS-treated A549 cells under hypoxia in comparison with normoxia (Figure 5E; Supplementary Figure 2H).




Figure 5 | Hypoxia modulates expression of proteins related to senescence, proliferation, and EMT in CIS-treated human lung cancer, what can be inverted by p53 activation. Analysis was performed on the 11th day of the experiment (according to Figure 1A). Representative Western blots showing expression of p53 and p21 (A), p16 and pRb (B), cyclin B and p-cdc2 (C), and E-cadherin and N-cadherin (E) after CIS or DOC treatment. GAPDH was used as a constitutive reference protein. Expression of E-cadherin gene expression was measured using qRT-PCR. GAPDH was used as a constitutive reference gene (D). To test the effect of p53, lung cancer cells were treated with p53 activator, NUT together with CIS. Representative Western blots showing expression of p53, p21, cyclin B, and p-cdc2 in NUT-treated cells. GAPDH was used as a constitutive reference protein (F). Evaluation of cell number after NUT treatment in hypoxia was performed using Bürker’s chamber (G). Cell morphology after NUT treatment shown as representative images were acquired using light microscopy: original magnification, ×100; scale bar, 200 µm (H). The respective p-values were calculated using a two-tailed t-test or Mann-Whitney U test, and p < 0.05 was considered statistically significant: *p < 0.05, **p < 0.01, ***p-value <0.001 comparing with normoxic control, #p < 0.05, ##p < 0.01, ###p < 0.001 comparing with hypoxic control, $p < 0.05, $$p < 0.01, $$$p < 0.001 comparing hypoxia with normoxia, n ≥ 3.



DOC-treated A549 cells also exhibited an increased expression of senescence markers: p53 (Figure 5A; Supplementary Figure 2A), p21 (Figure 5A; Supplementary Figure 2B), and p16 (Figure 5B; Supplementary Figure 2C), as well as decreased expression of proliferation proteins: p-Rb (Figure 5B; Supplementary Figure 2D), cyclin B (Figure 5C and Supplementary Figure 2E), and p-cdc2 (Figure 5C and Supplementary Figure 2F). Cells cultured under hypoxic conditions showed a significant reduction in p21 expression (Figure 5A; Supplementary Figure 2B). Moreover, DOC-treated cells demonstrated an increased expression of E-cadherin in normoxia, which was downregulated in hypoxia (Figure 5E and Supplementary Figure 2G).

To verify that escaping of CIS-treated lung cancer cells from senescence is dependent on p53/p21 signaling pathway, additional treatment of senescent cells with p53 activator, NUT was applied. NUT-treated cells showed elevated expression of p53 (Figure 5F and Supplementary Figure 3A) and its downstream target, p21 (Figure 5F; Supplementary Figure 3B). It was correlated with decreased cell number (Figure 5G), changed cell morphology (Figure 5H), and reduced expression of proliferation markers: cyclin B (Figure 5F; Supplementary Figure 3C) and p-cdc2 (Figure 5F; Supplementary Figure 3D).

Taken together, these results indicated that escape from senescence in hypoxic CIS-treated lung cancer cells depended on the p53/p21 signaling pathway and the progression from the G2 phase to mitosis required activation of cyclin B. In addition, the EMT results suggested a role in escaping from senescence. Importantly, we do not specify the exact point where the senescence escape process begins: before or after senescence induction.



Colon Cancer Cells Treated With a DNA-Damaging Agent Showed Evidence of Escape From Senescence Under Hypoxic Conditions

To verify our observations in a different cellular model, we used human colon cancer cells HCT116. As CIS is not offered to colon cancer patients in clinical practice, we tested the effects of IRINO in the same hypoxic conditions. IRINO inhibits topoisomerase I, what results in the formation of DNA breaks and the arrest of the cell cycle by activating checkpoints (41). Similar to CIS, IRINO acts on DNA and disturbs acid-base balance, which may affect the response of cancer cells to both drugs in hypoxic conditions (42).

The cells were treated with 5 μM of IRINO for 24 h, and then they were cultured in a drug-free medium for the next 7 days. IRINO caused a significant increase in the number of SA-β-gal+ (Figures 6A, B) and granular (Figure 6C) cells. Despite the lack of significant differences in the number of cells (Figure 6D) and percentages of SA-β-gal-positive (Figure 6B) and granular (Figure 6C) cells between the different aerobic conditions, the appearance of the cells differed on macroscopic inspection. Namely, hypoxia reduced cell size and SA-β-gal staining intensity (Figure 6A). Similar to CIS-treated lung cancer cells, IRINO-treated colon cancer cells showed higher accumulation in: the subG1 (Figure 7A), the G2/M phase (Figure 7D) and polyploidization (Figure 7E), whereas the proportion of cells in G0/G1 (Figure 7B) and S phase (Figure 7C) was diminished. Of note, hypoxia abolished the effects of IRINO on G2/M accumulation (Figure 7D). Consequently, HCT116 cells cultured under hypoxic conditions showed decreased expression of the senescent markers: p53 (Figure 7F; Supplementary Figure 3E) and p21 (Figure 7F; Supplementary Figure 3F), whereas expression of proliferation proteins: cyclin B (Figure 7F; Supplementary Figure 3G) and p-cdc2 (Figure 7F; Supplementary Figure 3H) was upregulated. Moreover, hypoxia reduced expression of E-cadherin in IRINO-treated colon cancer cells (Figure 7F; Supplementary Figure 3I).




Figure 6 | Hypoxia does not alter phenotypic markers of senescence and proliferation in IRINO-treated HCT116 colon cancer cells. Detection and quantification of senescence and proliferation markers in cells after IRINO treatment were performed on the 11th day of the experiment (according to Figure 1A). Detection of senescent cells after IRINO treatment was performed using SA-β-gal staining on cytospined cells. Representative photos were acquired using light microscopy: original magnification, ×400; scale bar, 20 µm (A). Quantification of SA-β-gal-positive cells shown as a percentage of positive cells (B). Percentages of granular cells were obtained using FSC/SSC analysis and flow cytometry (C). Evaluation of cell number after chemotherapeutic drug was performed using Bürker’s chamber (D). Each bar represents mean ± SEM. The respective p-values were calculated using two-tailed t-test or Mann-Whitney U test, and a p-value <0.05 was considered statistically significant: *p < 0.05, **p < 0.01, ***p < 0.001 comparing with normoxic control, #p < 0.05, ##p < 0.01, ###p < 0.001 comparing with hypoxic control, n ≥ 3. $P < 0.05, $$P < 0.01, $$$P < 0.001 comparing hypoxia to normoxia.






Figure 7 | Hypoxia alters molecular markers of senescence, proliferation, and EMT in IRINO-treated colon cancer cells. Detection and quantification of senescence and proliferation markers in cells after IRINO treatment were performed on the 11th day of the experiment (according to Figure 1A). Cell cycle distribution after IRINO treatment was performed using PI staining and flow cytometry: sub-G1 (A), G0/G1 (B), S (C), G2/M (D), and polyploidy (E). Representative Western blots showing expression of p53, p21, cyclin B, p-cdc2, and E-cadherin. GAPDH was used as a constitutive reference protein (F). The respective p-values were calculated using two-tailed t-test or Mann-Whitney U test, and a p-value  <0.05 was considered statistically significant: *p < 0.05; **p < 0.01, ***p < 0.001 comparing with normoxic control, #p < 0.05, ##p < 0.01, ###p < 0.001 comparing with hypoxic control, $p < 0.05, $$p < 0.01, $$$p < 0.001 comparing hypoxia with normoxia, n ≥ 3.



In summary, under hypoxic conditions, cancer cells treated with DNA-damaging agents showed escape from senescence, and the process seemed to be dependent on the p53/p21 pathway, progression from the G2 phase of the cell cycle to mitosis and subsequent EMT.



Autophagy Inhibition by HCQ Reduced Escape From Senescence of CIS-Treated Lung Cancer Cells Under Hypoxic Conditions

As demonstrated previously, modulation of autophagy influences the escape from senescence in colon and glioma cancer cells both in vitro and in vivo (16). Thus, we asked the question, whether this would be observed in CIS-treated lung cancer cells cultured under hypoxic conditions.

Expression of two proteins related with autophagy was tested: p62/SQSTM1 (p62), which is centrally involved in the degradation of ubiquitinated cargo and LC3-binding protein (LC3B), which is directly degraded in autophagosomes during autophagy (16). Expression of p62 was reduced in untreated lung cancer cells in hypoxia (Figure 8A; Supplementary Figure 4A), suggesting that autophagy was activated. CIS treatment potentiated the effect (Figure 8A; Supplementary Figure 4A). In line, expression of another autophagic protein, LC3B II/I was increased after chemotherapeutics treatment in both oxygen conditions (Figure 8A; Supplementary Figure 4B), although CIS-treated cells showed reduced LC3B II/I ratio in hypoxia as compared with normoxia (Figure 8A; Supplementary Figure 4B). As autophagy and senescence are strongly linked to mTOR signaling pathway (43–45) expression of mTOR and its downstream target, p-S6 was checked. mTOR expression in CIS-treated cells was downregulated in hypoxic conditions compared with normoxic ones (Figure 8B; Supplementary Figure 4C). p-S6 protein showed similar pattern of expression as p62 (Figure 8B; Supplementary Figure 4D). Additionally, p-S6 expression was downregulated in DOC-treated cells both in normoxia and hypoxia (Figure 8B; Supplementary Figure 4D).




Figure 8 | HCQ inhibits ability of hypoxic CIS-treated lung cancer cells to escape from the senescence. All analyses after CIS and HCQ treatment were performed on the 11th day of the experiment (according to scheme C). Representative Western blot presenting expression of p62 and LC3B II/I (A) and mTOR and p-S6 (B) proteins after CIS or DOC treatment. GAPDH was used as a constitutive reference protein. Scheme of the experiment with HCQ (C). Cells were grown in normoxic condition (~19% O2) for 24 h (a). Some plates or flasks were then transferred to the hypoxic chamber, and the medium was changed (b). After the next 24 h, cells in normoxia or hypoxia were treated with CIS for 24 h (c), and then they were cultured in drug-free medium for 4 days (d). For the next 24 h, cells were incubated in medium with 50 µM HCQ (e). Medium was then changed and cells were incubated for the next 2 days (f). MDH test in normoxia or hypoxia (D) was performed to assess an effect of HCQ on cell metabolism of CIS-treated lung cancer cells. BrdU incorporation test under normoxia or hypoxia conditions (E) was performed to assess the effects of HCQ on cell proliferation of CIS-treated lung cancer cells. Representative Western blots showing expression of p62 (F) and LC3B II/I (G) in HCQ-treated cells. GAPDH was used as a constitutive reference protein. Cell number evaluation was performed in CIS-treated A549 (H) and LLC1 (I) cells cultured with 50 μM HCQ using Bürker’s chamber. Each bar represents mean ± SEM. The respective p-values was calculated using two-tailed t-test or Mann-Whitney U test, and a p-value  <0.05 was considered statistically significant: *p < 0.05, **p < 0.01, ***p < 0.001 comparing with normoxic control, #p < 0.05, ##p < 0.01, ###p < 0.001 comparing with hypoxic control, $p < 0.05, $$p < 0.01, $$$p < 0.001 comparing hypoxia with normoxia, n ≥ 3.



Since we observed a tendency to activate autophagy in CIS-treated lung cancer cells in hypoxia and normoxia differently (Figures 8A, B; Supplementary Figures 4A–D), the effects of autophagy modulation was investigated. Two approaches were applied to distinguish involvement of autophagy in induction of senescence from its effect on ability of cancer cells to escape senescence.

Effect of autophagy on induction of senescence in lung cancer cells was studied using genetic modulations. Cells were transfected with siRNAs against major autophagy-related genes: Beclin1, ATG5, or ATG7 (46) 1 day before CIS administration (Supplementary Figure 5A). Effectiveness of gene silencing was confirmed on the protein level (Supplementary Figures 5B–E). Knockdown of autophagy-related genes produced rather slight effects on: activity of mitochondrial dehydrogenase (Supplementary Figure 6A), proliferation (Supplementary Figure 6B), or cell number (Supplementary Figure 6C) both in normoxia and hypoxia. Nevertheless, the most pronounced results were observed after ATG5 and ATG7, but not Beclin1 silencing (Supplementary Figures 6A–C). There were no substantial differences in expression of p62 or LC3B II/I in cells transfected with siRNAs against autophagy-related genes (Supplementary Figures 6D–F), which may be due to a compensatory effect by other autophagy-related genes.

Next, effect of autophagy modulation on ability of cancer cells to escape senescence was investigated. As senescent cells are hardly transfected nondividing cells, the pharmacological inhibitor HCQ was applied. HCQ blocks the late phase of autophagy, as it prevents the maturation of autophagic vacuoles by inhibiting the fusion between autophagosomes and lysosomes (47). To test, whether autophagy takes part in escaping from senescence, CIS-treated cells were cultured in the presence of 50 µM HCQ for 24 h. Next, the inhibitor was removed and cells were cultured in drug-free medium for the next 3 days (Figure 8C). In response to HCQ, CIS-treated lung cancer cells reduced mitochondrial dehydrogenase (Figure 8D) and proliferative activity (Figure 8E) but under hypoxic conditions only (Figures 8D, E). Protein expression analysis showed that treatment with HCQ perturbed the autophagic flux, shown as p62 accumulation (Figure 8F; Supplementary Figure 7A) and LC3B activation (Figure 8G; Supplementary Figure 7B). Although, hypoxia seemed to reduce expression of p62 in HCQ-treated senescent cells (Figure 8F; Supplementary Figure 7A). Inhibition of autophagy by HCQ was translated into a decrease in the number of proliferating cells in hypoxia both in human (Figure 8H) and murine (Figure 8I) lung cancer cell lines. When investigating the activity of SA-β-gal, the cells stained weakly after HCQ treatment, but the characteristic features of TIS cells were retained [Figures 9A, B, discussed already in (16)]. Accordingly, the expression of proliferative proteins: cyclin B (Figure 9C; Supplementary Figure 7C) and p-cdc2 (Figure 9C; Supplementary Figure 7D), despite their induction by hypoxia, significantly decreased upon HCQ actions. No significant difference was observed for senescence pathway-associated proteins: p21 (Figure 9D; Supplementary Figure 7E) or p53 (Figure 9D; Supplementary Figure 7F). HCQ was applied also to nonsenescent lung cancer cells. HCQ produced some toxic effect to nonsenescent cells under hypoxia, presented as increased proportion of cells in sub-G1 phase (Supplementary Figure 7G) and reduced cell number (Supplementary Figure 7H).




Figure 9 | HCQ decreases expression of proliferation but not senescence markers in hypoxic CIS-treated lung cancer cells. All analyses after HCQ and CIS treatment were performed on the 11th day of the experiment (according to Figure 8C). Evaluation of senescent cells was conducted using SA-β-gal staining on cytospined A549 cells. Representative photos were acquired using light microscopy: original magnification, ×400; scale bar, 50 µm (A). Quantification of SA-β-gal-positive cells shown as a percentage of positive cells (B). Representative Western blot showing expression of cyclin B and p-cdc2 (C) and p53 and p21 (D) after HCQ treatment. GAPDH was used as a constitutive reference protein. Each bar represents mean ± SEM. The respective p-values was calculated using two-tailed t-test or Mann-Whitney U test, and a p-value  <0.05 was considered statistically significant: *p < 0.05, **p < 0.01, ***p < 0.001 comparing with normoxic control, #p < 0.05, ##p < 0.01, ###p < 0.001 comparing with hypoxic control, $p < 0.05, $$p < 0.01, $$$p < 0.001 comparing hypoxia with normoxia, n ≥ 3.



Twenty-four hours after HCQ treatment (Figure 10A), the expression of E-cadherin mRNA in CIS-treated A549 cells was further reduced under hypoxic conditions (Figure 10B), suggesting acquisition of mesenchymal phenotype (EMT). As this phenotype is one of a characteristic of cancer stem cells (CSCs) (48, 49), stemness-related markers were tested: OCT-3/4, NANOG, SOX2, and ALDH1. HCQ reduced expression of SOX-2 and NANOG in hypoxic CIS-treated cells both on mRNA (Supplementary Figures 8A, B) and protein level (Figures 10C–E). ALDH1 mRNA was also downregulated in senescent cancer cells after HCQ treatment (Supplementary Figure 8C), but expression of its protein was not changed significantly (Figure 10F). Finally, HCQ did not affect expression of OCT-3/4 in hypoxic cells (Supplementary Figure 8D). As both, EMT process and appearance of CSCs might be related with hypoxia (50–55), expression of hypoxia-inducible factors, HIF-1α and HIF-2α were analyzed. HCQ elevated the expression of HIF-2α (Figure 10H) in CIS-treated cells but not of the HIF-1α gene (Figure 10G).




Figure 10 | HCQ reduces expression of E-cadherin and changes expression of hypoxia and stemness-related genes in CIS-treated lung cancer cells under hypoxic conditions. All analyses after HCQ and CIS treatment were performed on the 9th day of the experiment (according to scheme). Scheme of the experiment (A) (10A). Cells were grown in normoxic condition (~19% O2) for 24 h (a). Some plates or flasks were then transferred to the hypoxic chamber, and the medium was changed (b). After the next 24 h, cells in normoxia or hypoxia were treated with CIS for 24 h (c) and then they were cultured in drug-free medium for 4 days (d). For the next 24 h, cells were incubated in medium with HCQ at 50 µM concentration (e). Expression of E-cadherin gene was measured using qRT-PCR. GAPDH was used as a reference gene (B). Representative Western blots showing expression of SOX-2, Nanog, and ALDH1A in HCQ-treated cells (C). Quantification of Western blotting results was performed using densitometric analysis and ImageJ software. Data shown as a ratio of the respective protein:  SOX-2 (D), Nanog (E) ALDH1 (F) to a loading control (GAPDH). Expression of HIF-1α (G) and HIF-2α (H) genes was measured using qRT-PCR. GAPDH or PPIA was used as a reference gene. The respective p-values was calculated using two-tailed t-test or Mann-Whitney U test, and a p-value  <0.05 was considered statistically significant. *p < 0.05, **p < 0.01, ***p < 0.001 comparing with normoxic control, #p < 0.05, ##p < 0.01, ###p < 0.001 comparing with hypoxic control, $p < 0.05, $$p < 0.01, $$$p < 0.001 comparing hypoxia with normoxia, n ≥ 3.



Taken together, HCQ reduced the escape from senescence of CIS-treated lung cancer cells under hypoxia. Moreover, exposure to HCQ led to EMT and, when associated with hypoxia, it modulated distinctly combinations of cancer stem cell markers.




Discussion

Enhanced proliferation and elevated metabolism of cancer cells as well as inefficient angiogenesis may lead to hypoxia within tumor tissues (56). This phenomenon plays a significant role in cancer chemoresistance and is partly responsible for therapy failure (57). Hypoxia takes part in the chemoresistance of different types of cancers to DNA-damaging agents, including cisplatin (58–63). Cisplatin forms different adducts with DNA (monoadducts, intrastrand crosslinks, DNA-protein crosslinks) activating DDR, cell cycle arrest, and apoptosis. Additionally, CIS induces mitochondrial damage, resulting in excessive reactive oxygen species (ROS) generation and lipid peroxidation. Finally, cisplatin toxicity involves disruption of calcium signaling, disruption of the Na+/H+ membrane pump, and inhibition of the Na+/K+ ATPase pump (64). All these mechanisms can interfere with chemoresistance of cancer cells under hypoxic conditions. However, there are very few reports linking hypoxia with cellular senescence (65). Therefore, herein, we investigated the effects of hypoxia on the therapy-induced senescence of lung cancer cells, considering its potential role in the control of the deleterious escape from senescence, which is linked to cells being subjected to autophagy modulation. Our findings showed that: (i) lung cancer cell cultures exhibited higher resistance to cisplatin in hypoxic than in normoxic conditions; (ii) upon exposure to hypoxic conditions, lung cancer cells escaped from cisplatin-induced senescence, which relied on the p53/p21 signaling pathway; and (iii) autophagy inhibition by HCQ reduced escape from senescence of CIS-treated lung cancer cells in hypoxia.

We observed that human (A549) and murine (LLC1) lung cancer cell lines exhibited higher resistance to cisplatin in hypoxic compared with normoxic conditions. Moreover, cisplatin treatment led to the induction of senescence, which was associated with mesenchymal to epithelial transition (MET). Furthermore, hypoxia reversed this phenotype, leading to escape from senescence. The question remains open: at what senescence stage does this escape occurs. Mechanistically, resistance was accompanied by alterations in the major senescence pathway, p53/p21, as confirmed by experiments with nutlin-3, p53 activator. Accordingly, Cramer and coworkers concluded that activation of HIF-1α in cisplatin-treated gastric cancer led to reduced cellular senescence and apoptosis by suppressing p53 and p21. Silencing HIF-1α with RNA interference increased cancer cell chemosensitivity (65). Additionally, mesenchymal stromal cells (MSCs) showed an increase in the resistance to genotoxic damage under hypoxic conditions. This was accompanied by a decrease in the expression of p53 and p21 and reduced accumulation of cells in the G2/M phase. Furthermore, MSCs with shRNA-mediated p53 knockdown exhibited downregulated cell cycle arrest and increased cyclin B/cdc-2 expression. However, p53 knockdown did not modulate resistance to cisplatin (66). A preoxygenated perfluorooctyl bromide (PFOB) nanoemulsion with carbogen breathing effectively increased tumor oxygenation in mouse model, which associated with an increase in cisplatin-mediated apoptosis of cancer cells and inhibition of tumor growth with low doses of cisplatin treatment (67).

We verified our observations relative to hypoxia-induced escape from senescence using another experimental model. As cisplatin is not used for treatment of colon cancer, human HCT116 colon cancer cells were treated with IRINO, which is a different DNA-damaging agent. This camptothecin derivative targets topoisomerase-1 and is largely used in combination regimens to treat metastatic colon cancer (68). Interestingly, we did not observe any significant phenotypic changes across oxygen conditions. Although, hypoxic IRINO-treated colon cancer cells displayed altered expression of senescence, proliferation, and EMT markers, which suggested an early stage of escape from senescence. Accordingly, Chintala et al. indicated that the degradation of HIF-1α sensitized cancer to IRINO treatment in animal model (69). Additionally, resistance to IRINO was correlated with lack of microvessel formation, hypoxia, and limited drug delivery in mice bearing head and neck squamous cell carcinoma (HNSCC) xenografts (70). We and others showed that colon cancer cells underwent senescence in response to IRINO and could escape, which contributed to cancer repopulation (17, 71). Interestingly, Yes-Associated Protein (YAP), a key mediator of the Hippo pathway, has been proposed as a novel mediator of hypoxic resistance to SN38 (active metabolite of IRINO) in hepatocellular carcinoma. The induction of YAP by hypoxia was not mediated by HIF-1α, but rather by the mevalonate-HMG-CoA reductase (HMGCR) pathway (72). Moreover, the embryonic-like stemness characteristic of polyploid giant cells (PGCCs) was associated with nuclear accumulation of YAP in ovarian cancer cells (24). Accordingly, we previously observed that rare, polyploid colon cancer cells might develop a blastocyst-like morphology and produce progeny (17). A critical feature of PGCCs is the generation of progeny during depolyploidization, which may display marked aggressiveness, resulting in the formation of resistant disease and tumor recurrence (19).

Subsequently, we compared data obtained from cells treated with the DNA-damaging agents, cisplatin and IRINO to data obtained from cells treated with DOC, which has a different mode of action. DOC is a second-generation taxane that promotes microtubulin assembly and stabilizes polymers against depolymerization. In turn, this leads to a significant decline in free tubulin, needed for microtubule formation and causes inhibition of mitotic cell division between metaphase and anaphase (73, 74). We showed that DOC induced senescence of A549 lung cancer cells both in normoxia and hypoxia, but there were no significant differences in resistance to the drug in either of these oxygen conditions. Although, we did not observe any phenotypic changes related to escape from senescence, a reduction in the expression of p21 and E-cadherin proteins was observed upon exposure to hypoxia. It might suggest a very early stage of escape from senescence. In accordance, DOC caused senescence of cancer cells and the inhibition of this process affected the resistance to the drug under normoxic conditions (75, 76). Moreover, HIF-1α increased resistance to taxanes (77–79). However, there is no clear evidence linking this effect with TIS. Additionally, propofol (2,6-diisopropylphenol) reversed the hypoxia-induced DOC resistance in prostate cancer. Propofol reduced hypoxia-induced HIF-1α expression and reversed hypoxia-induced EMT by inhibiting HIF-1α (80). Interestingly, Peng et al. showed that normoxic breast cancer cells utilized a crosstalk between EGFR signals and HIF-1α to increase the expression of the antiapoptotic gene, survivin. Targeting HIF-1α could be considered a therapeutic approach for both hypoxic and normoxic tumor cells (81). In turn, survivin was demonstrated to cooperate with cdc-2/cdk1 to inhibit apoptosis following chemotherapy and promote senescence escape (82). We achieved the senescence effect for DOC at much lower doses (3 nM) compared with CIS (8 µM) and IRINO (5 µM) and the cells after DOC showed no clear phenotypic signs of recovery from senescence throughout the experiment. Therefore, we hypothesize that DOC is a stronger inducer of senescence than CIS or IRINO and inhibit escaping from senescence more efficiently than DNA-damaging agents. It might be related with its mode of action. DOC controls processes that are crucial for cell division, namely: assembly of mitotic spindle and separation of the sister chromatids of chromosome. These could be critical also for cell polypliodization/depolyploidization and formation of progeny by senescent cancer cells. Moreover, our data suggest that docetaxel mode of action is not as much dependent of oxygen tension as cisplatin or irinotecan. Nevertheless, our observations and hypotheses require further studies and confirmation.

As we demonstrated previously, modulation of autophagy affects the escape from senescence in colon cancer cells both in vitro and in vivo (16). Inhibiting autophagy to overcome resistance to chemotherapy has been investigated in clinical trials, where HCQ has been combined with different chemotherapeutics (83–85). The relationship between autophagy and chemoresistance under hypoxic conditions has been identified in several types of cancer (86–88), including resistance to cisplatin (89, 90). Accordingly, hypoxia significantly protected A549 and SPC-A1 lung cancer cells from cisplatin-induced cell death in a HIF-1α- and HIF-2α-dependent manner. When autophagy was inhibited by 3-methyladenine (3-MA) or siRNA targeting ATG5, this reduction was effectively diminished (86). Additionally, exposure of A549 cells to hypoxia stimulated autophagic induction and resistance of cancer cells to cisplatin, and LC3B siRNA restored the sensitivity of cancer cells to chemotherapy. Of note, human lung cancer tissues that experienced chemotherapy exhibited an increase rate of autophagy compared with chemo-naive cancer (88). Though, the effects of TIS on acquired drug resistance and the role of inhibition of autophagy on cellular senescence under hypoxic conditions have not been studied in detail. Therefore, here, we focused on effect of autophagy inhibition on escaping of cancer cells from senescence in hypoxia. In a recent study by Saleh and coworkers, neither shRNAs against ATG5 nor BAF A1/HCQ treatment prior to the subsequent exposure to chemotherapeutics or radiation affected ability of cancer cells to induce senescence or recover from it (91). In line, here, we showed that siRNAs against: ATG5, ATG7, or Beclin1 introduced to normoxic or hypoxic lung cancer cells prior to CIS treatment, did not changed their ability to induce senescence or senescence escaping. Therefore, we investigated the effect of autophagy inhibition on elimination of already senescent cells and/or their ability to reactivate proliferation. Wakita et al. showed that upregulation of autophagy removed senescent hepatic stellate cells in obese mouse livers (92). Here, we demonstrated that HCQ could prevent hypoxic CIS-induced lung cancer cells from senescence escaping. HCQ significantly reduced the number of cells and the expression of proliferation markers but did not change the expression of senescence markers. In the same time, HCQ toxicity to nonsenescent lung cancer cells was slight. In contrast, our previous studies on colon and glioma cancer cells indicated that senescent cells were more resistant to BAF A1 than nonsenescent ones (16). Therefore, the question remains, whether the globally measured inhibition of cells escaping from TIS, when treated with autophagy inhibitors, is a result of the following: (i) elimination of senescent cancer cells, (ii) elimination of nonsenescent proliferating cancer cells (maternal cells, progeny), (iii) reduced ability of senescent cancer cells to re-activate proliferation and produce progeny, or (iiii) any combinations of above.

Twenty-four hours after HCQ administration to CIS-treated lung cancer cells, we observed induction of HIF-2α, but not HIF-1α gene expression. Expression of HIF is time dependent, peaks after 24 h in hypoxia. HIF-1α is the earlier and HIF-2α later factor induced by hypoxia (86, 93). Our long-term experimental conditions were likely the reason why we did not observe any upregulation of HIFs. However, since cells were treated with HCQ 1 day before being harvested, its effects on the expression of HIFs could still be detected. Accordingly, Saint-Martin et al. demonstrated that synchronized autophagy and mTOR inhibition could increase cell death and tumor remission was activated only in HIF-2α-silenced cells. Nonetheless, they showed that the HIF-2α inhibitor alone or in combination with drugs in patient-derived primary colon cancer cells was able to overcome resistance to 5-fluorouracil (5-FU) or mTOR inhibitor, CCI-779 (94). Therefore, HCQ via HIF-2α upregulation can lead to the development of secondary resistance. Accordingly, we showed that expression of the epithelial marker, E-cadherin in CIS-treated hypoxic A549 cells was further reduced upon HCQ treatment, suggesting appearance of cells with mesenchymal phenotype. The mesenchymal phenotype is one of the characteristics of cancer stem cells mediating the increased metastatic potential and chemoresistance of cancer cells (95, 96). Thus, we tested the stemness markers: OCT-3/4, NANOG, SOX2, and ALDH1, which showed a mixed pattern of modulation. Accordingly, our previous study showed that colon cancer cells treated with another autophagy inhibitor BAF A1 postponed the in vitro cell repopulation in the short term. Although, with long-term treatment, a pulse of BAF A1 induced the reactivation of autophagy and proliferation, which was correlated only with a transient decrease in the expression of cancer stem cell markers. Notably, senescent HCT116 cells treated with BAF A1 injected into NOD/SCID mice, formed tumors faster than their untreated counterparts (16). Consequently, it was demonstrated that the autophagy/lysosomal pathway is involved in chromatin processing in senescent cells (97) and in the segregation of functional subnuclei during their amitotic divisions (98). Finally, Rahim et al. showed that glioblastoma cells activated ATG9A-related autophagy as a survival mechanism to the hypoxic environment and HCQ treatment in vivo significantly increased survival of patient-derived xenotransplants (99). Altogether, we believe that long-term consequences of chemotherapeutics combined with autophagy modulators should by tested in the context of TIS and stemness induction.



Conclusions

We showed that hypoxia increased the resistance of lung and colon cancer cell lines to the DNA-damaging agents, CIS and IRINO and increased the escape from senescence. In contrast, hypoxia had no direct effect on the microtubule modulator, DOC. Hypoxia and senescence are thus crucial in the modulation of chemoresistance. This study also considered the cancer cell type, drug concentration, and treatment duration. Thus, we propose these parameters are key points to consider for a personalized medicine approach.

Inhibition of autophagy by HCQ treatment may be used to overcome CIS-induced resistance in hypoxia in a time-dependent manner. Nevertheless, HCQ treatment may lead to development of secondary resistance. This opens new study possibilities for the long-term consequences of such combined treatment in preclinical and clinical trials.

We propose that escape from senescence of epithelial cancers is a multistage process, which can be followed during its development by a pattern of specific markers as summarized (Table 1). The early stage of escape from senescence is associated with a decrease in the expression of the cell cycle inhibitor, p21 and the EMT protein, E-cadherin. There is then a decrease in expression of another cell cycle inhibitor, p53, followed by the upregulation of cyclin B and p-cdc2, which are responsible for transition from G2 to M phases. Finally, cells proceed to the G0/G1 phase and phenotypic changes (a rise in cell number, reduced granularity and SA-β-gal activity) are evident. Although, our proposed mechanism of escape from senescence requires further verification using other experimental models. Additionally, it may be helpful to determine whether the reason for senescence escaping is its weaker induction or whether it is based on later events. We believe this algorithm to be useful in preclinical and clinical studies as a prognostic and diagnostic tool to improve the effectiveness of anticancer treatment and to decrease undesired adverse effects.


Table 1 | Proposed molecular and cellular algorithm for evaluation the stages of escaping from TIS.
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Supplementary Figure 1 | Hypoxia reduces markers of senescence and increases proliferation of CIS-treated murine LLC1 lung cancer cells. All analyses of CIS-treated murine LLC1 lung cancer cells were performed on 11th day of the experiment (according to Figure 1A). MDH test in normoxia (A) was performed for assessment of CIS effect on cell metabolism. BrdU incorporation test in normoxia (B) was performed to assess CIS effects on cell proliferation. Detection and quantification of senescent cells using SA-β-gal staining was performed on cytospined LLC1 cells. Representative photos for cells were acquired using light microscopy: original magnification - 400x, scale bar - 20 µm (C). Quantification of SA-β-gal positive cells was showed as a percentage of positive cells (D). Cell numbers were determined using a Bürker’s chamber (E). Each bar represents mean ± SEM. The respective P-values were calculated using two-tailed t-test or Mann-Whitney test and a P-value  < 0.05 was considered statistically significant. *P < 0.05, **P < 0.01, ***P < 0.001 comparing to normoxic control, #P < 0.05, ##P < 0.01, ###P < 0.001 comparing to hypoxic control, $P < 0.05, $$P < 0.01, $$$P < 0.001 comparing hypoxia to normoxia, n ≥ 3.

Supplementary Figure 2 | Evaluation of protein expression related with senescence, proliferation and EMT in CIS- or DOC-treated A549 lung cancer cells. All analyses after CIS treatment were performed on 11th day of the experiment (according to Figure 1A). Quantification of western blotting results was performed using densitometric analysis and ImageJ software. Data shown as a ratio of the respective protein to a loading control (GAPDH): p53 (A), p21 (B), p16 (C), pRb (D), cyclin B (E), p-cdc2 (F), E-cadherin (G) and N-cadherin (H). Each bar represents mean ± SEM. The respective P-values were calculated using two-tailed t-test or Mann-Whitney test and a P-value  < 0.05 was considered statistically significant. *P < 0.05, **P < 0.01, ***P < 0.001 comparing to normoxic control, #P < 0.05, ##P < 0.01, ###P < 0.001 comparing to hypoxic control, $p value < 0.05, $$P < 0.01, $$$P < 0.001 comparing hypoxia to normoxia, n ≥ 3.

Supplementary Figure 3 | Evaluation of expression of proteins related with senescence, proliferation and EMT in NUT- and CIS-treated A549 lung cancer or IRINO-treated HCT116 colon cancer cells. All analyses were performed on 11th day of the experiment (according to Figure 1A). Quantification of western blotting results was performed using densitometric analysis and ImageJ software. Data shown as a ratio of the respective protein to a loading control (GAPDH). In NUT+CIS experiments: p53 (A), p21 (B), cyclin B (C), p-cdc2 (D), E-cadherin (E) and in IRINO experiments: p53 (E), p21 (F), cyclin B (G), p-cdc2 (H) and E-cadherin (I). Each bar represents mean ± SEM. The respective P-values were calculated using two-tailed t-test or Mann-Whitney test and a P-value  < 0.05 was considered statistically significant. $P < 0.05, $$P < 0.01, $$$p value < 0.001 comparing hypoxia to normoxia, n ≥ 3.

Supplementary Figure 4 | Evaluation of expression of proteins associated with autophagy as well as mTOR signaling pathway in CIS- and DOC-treated A549 lung cancer cells. All analyses were performed on 11th day of the experiment (according to Figure 1A). Quantification of western blotting results was performed using densitometric analysis and ImageJ software. Data shown as a ratio of the respective protein: p62 (A), LC3B II/I (B), mTOR (C) and p-S6 (D) to a loading control (GAPDH). Each bar represents mean ± SEM. The respective P-values was calculated using two-tailed t-test or Mann-Whitney test and a P-value  < 0.05 was considered statistically significant. *P < 0.05, **P < 0.01, ***p value < 0.001, #P < 0.05, ##P < 0.01, ###P < 0.001 comparing to hypoxic control, $P < 0.05, $$P < 0.01, $$$P < 0.001 comparing hypoxia to normoxia, n ≥ 3.

Supplementary Figure 5 | Evaluation of efficacy of silencing autophagy-related genes with siRNAs in CIS-treated lung cancer cells. All analyses were performed on 12th day of the experiment (according to A). Scheme of the experiment (5A). Cells were grown in normoxic condition (~19% O2) for 24 hours (a). Then, some plates or flasks were transferred to the hypoxic chamber and the medium was changed (b). Then, autophagy-related gene encoding: BCN1, ATG5 and ATG7 were silenced using siRNAs (c). After next 24 hours the cells were treated with CIS for 24 hours (d) and subsequently cultured in drug-free medium for 4 days (e). Next, medium was changed and cells were incubated for 3 days (f). Western blots with GAPDH as a loading control were performed to confirm ATG5, ATG7 or BCN gene silencing (B). Quantification of western blotting results was performed using densitometric analysis and ImageJ software. Data shown as a ratio of a respective protein: ATG5 (C), ATG7 (D) or BCN1 (E) to a loading control (GAPDH). Each bar represents mean ± SEM. The respective P-values was calculated using two-tailed t-test or Mann-Whitney test and a P-value  < 0.05 was considered statistically significant. *P < 0.05, **P < 0.01, ***p value < 0.001, #P < 0.05, ##P < 0.01, ###P < 0.001 comparing to hypoxic control, $P < 0.05, $$P < 0.01, $$$P < 0.001 comparing hypoxia to normoxia, n ≥ 3.

Supplementary Figure 6 | Effect of BCN1-, ATG5- and ATG7-silencing on metabolism, proliferation and autophagy of CIS-treated lung cancer cells. All analyses were performed on 12th day of the experiment (according to Supplementary Figure 5A). MDH test in normoxia or hypoxia (A) was performed to assess an effect of gene silencing on the cell metabolism of CIS-treated lung cancer cells. BrdU incorporation test in normoxia and hypoxia (B) was performed to assess an effect of gene silencing on cell proliferation of CIS-treated lung cancer cells. Cell number estimation after autophagy-related genes silencing was performed using Bürker’s chamber (C). Representative western blots showing expression of p62 and LC3B II/I (D) in ATGs-silenced cells. Quantification of western blotting results was performed using densitometric analysis and ImageJ software. Data shown as a ratio of a respective protein: p62 (E) and LC3B II/I (F) to a protein loading control (GAPDH). Each bar represents mean ± SEM. The respective P-values was calculated using two-tailed t-test or Mann-Whitney test and a P-value < 0.05 was considered statistically significant: *P < 0.05, **P < 0.01, ***P < 0.001, n ≥ 3.

Supplementary Figure 7 | HCQ affects expression of proteins related to autophagy, proliferation and senescence in CIS-treated A549 lung cancer cells and it increases apoptosis of non-senescent cancer cells. All analyses were performed on 11th day of the experiment (according to Figure 8C). Quantification of protein expression in HCQ- and CIS-treated cells was performed using densitometric analysis and ImageJ software. Data shown as a ratio of the respective protein: p62 (A), LC3B II/I (B), cyclin B (C), p-cdc2 (D), p-21 (E), and p53 (F) to a protein loading control (GAPDH). Distribution of HCQ-treated non-senescent lung cancer cells in subG1 phase of cell cycle was evaluated using PI staining and flow cytometry (G). Cell number estimation of non-senescent cells treated with HCQ was performed using Bürker’s chamber (H). Each bar represents mean ± SEM. The respective P-values was calculated using two-tailed t-test or Mann-Whitney test and a P-value  < 0.05 was considered statistically significant. *P < 0.05, **P < 0.01, ***p value < 0.001, #P < 0.05, ##P < 0.01, ###P < 0.001 comparing to hypoxic control, $P < 0.05, $$P < 0.01, $$$P < 0.001 comparing hypoxia to normoxia, n ≥ 3.

Supplementary Figure 8 | HCQ effects expression of stem cell-related genes in CIS-treated lung cancer cells. All analyses after HCQ and CIS treatment were performed on 9th day of the experiment (according to Figure 10A). Expression of: SOX-2 (A), Nanog (B), ALDH1 (C) and OCT-3/4 (D) genes was measured using qRT-PCR. GAPDH or PPIA were used as a reference genes. The respective P-values was calculated using two-tailed t-test or Mann-Whitney test and a P-value  < 0.05 was considered statistically significant. *P < 0.05, **P < 0.01, ***P < 0.001 comparing to normoxic control, #P < 0.05, ##P < 0.01, ###P < 0.001 comparing to hypoxic control, $P < 0.05, $$P < 0.01, $$$P < 0.001 comparing hypoxia to normoxia, n ≥ 3.
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