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Abstract 

Autophagy is linked to multiple cancer-related signaling pathways, and represents a 

defense mechanism for cancer cells under therapeutic stress. The crosstalk between apoptosis 

and autophagy is essential for both tumorigenesis and embryonic development. We studied 

the influence of autophagy on cell survival in pro-apoptotic conditions induced by anticancer 

drugs in three model systems: human cancer cells (NCI-H460, COR-L23 and U87), human 

normal cells (HaCaT and MRC-5) and zebrafish embryos (Danio rerio). 

Autophagy induction with AZD2014 and tamoxifen antagonized the pro-apoptotic effect 

of chemotherapeutics doxorubicin and cisplatin in cell lines, while autophagy inhibition by 

wortmannin and chloroquine synergized the action of both anticancer agents. This effect was 

further verified by assessing cleaved caspase 3 and PARP-1 levels. Autophagy inhibitors 

significantly increased both apoptotic markers when applied in combination with doxorubicin 

while autophagy inducers had the opposite effect. In a similar manner, autophagy induction in 

zebrafish embryos prevented cisplatin-induced apoptosis in the tail region while autophagy 

inhibition increased cell death in the tail and retina of cisplatin-treated animals. Autophagy 

modulation with direct inhibitors of the PI3kinase/Akt/mTOR pathway (AZD2014 and 

wortmannin) triggered the cellular response to anticancer drugs more effectively in NCI-

H460 and zebrafish embryonic models compared to HaCaT suggesting that these modulators 

are selective towards rapidly proliferating cells. Therefore, evaluating the autophagic 

properties of chemotherapeutics could help determine more accurately the fate of different 

cell types under treatment. Our study underlines the importance of testing autophagic activity 

of potential anticancer agents in a comparative approach to develop more rational anticancer 

therapeutic strategies. 
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Introduction 

 

 Autophagy is an evolutionary conserved mechanism characterized by degradation and 

recycling of cellular components. Ubiquitinated components are sequestered into autophagic 

vesicles and subsequently degraded through fusion with lysosomes (Eskelinen and Saftig 

2009). Autophagy has a dual role in cellular homeostasis, promoting both cell survival and 

cell death (Aredia et al. 2012). Although autophagy occurs at a basal level in mammalian 

cells, it is often upregulated in response to a range of both physiological and non-

physiological conditions.  

 In cancer cells, autophagy is triggered in response to cellular stress, such as nutrient and 

growth factor starvation, or hypoxia and can act as either tumor suppressor or tumor promoter 

(Mathew et al. 2007). Such diverse role of autophagy largely depends on the type and genetic 

background of cancer cells (Janji et al. 2013). Although autophagy is linked to multiple 

cancer-related pathways, the most relevant and best studied is phosphatidylinositol 3-

kinase/protein kinase B/mammalian target of rapamycin (PI3kinase/Akt/mTOR) signaling 

pathway (Meijer and Codogno 2004). Multiple studies demonstrated that tumor cells can 

survive anticancer treatment upon activating autophagy (Mathew et al. 2007; Hippert et al. 

2006; Janji et al. 2013). Furthermore, autophagy can act as a resistance mechanism of cancer 

cells under therapeutic stress and prevent cell death by blocking apoptosis (Martinet et al. 

2009). Therefore, autophagy has an important role in developing cancer multidrug resistance. 

 Autophagy is also associated with tissue remodeling essential for the development of 

vertebrates (Aburto et al. 2012). During embryonic development, activation of the autophagic 

machinery can promote cell death, proliferation or differentiation under different conditions. 

In recent years, zebrafish (Danio rerio) emerged as a useful vertebrate model system for 

investigating the mechanisms behind these processes. Interplay between autophagy and 

apoptosis was shown to be an important part of both development and injury-induced tissue 

renewal in zebrafish (Cole and Ross 2001; Lee et al. 2014; Varga et al. 2014). Research has 

shown that genetic and pharmacological inhibition of autophagy impaired the regeneration of 

amputated caudal fins in the zebrafish and upregulation of autophagy in the regeneration zone 

protected cells from undergoing apoptosis (Varga et al. 2014). Using GFP-LC3 expressing 

zebrafish, Lee and coworkers found that during the embryonic period autophagy activates 

early on and in multiple tissues. Analysis of the temporal expression pattern detected RNA 

transcripts of autophagy-related genes from 1-cell stage embryos up to 48 hours post 

fertilization (hpf) (Lee et al. 2014).  
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 Apoptosis, as a programmed cell death, plays a fundamental role in embryonic 

development and tissue homeostasis. Defects in this process can lead to various diseases, 

including cancer and neurodegenerative disorders (Thompson 1995). The apoptotic 

mechanisms in zebrafish are very similar to those in mammals with significant amount of 

homology in apoptosis-related genes including Bcl-2 family members, caspases, apoptosis-

related kinases and transcriptional factors, implying high degree of preservation in cell death 

pathways within vertebrates (Inohara and Nunez 2000). There is a normal apoptosis pattern 

during zebrafish development and apoptotic cells can regularly be observed in various tissues 

and organs (Cole and Ross 2001; Detrich et al. 2010). 

 Apoptosis and autophagy are in a complex crosstalk sharing molecular components that 

directly regulate them and can be triggered by common upstream signals (Fimia and 

Piacentini 2010). Both processes can either induce cell death in a coordinated fashion, or the 

cell can switch between the two responses in a mutually exclusive manner. Consequently, 

autophagy can antagonize apoptotic cell death by promoting cell survival, and apoptosis-

associated caspase activation can disrupt the autophagic process. 

 Understanding the interplay between these key processes in cancer and other diseases is 

fundamental for the development of successful therapy. When autophagy is manipulated for 

therapeutic purposes, it is crucial to recognize its role in both cytoprotection and cytotoxicity, 

since interfering with one type of cell death may activate another cell-damaging pathway. 

Considering the evolutionary conservation of autophagic and apoptotic mechanisms, 

comparative studies of the zebrafish embryos and human cells can provide novel insights on 

the two processes, understand their role in human disease and help develop new treatments 

based on autophagy modulation.  

 In this study, we investigated the influence of autophagy on cell survival in pro-apoptotic 

conditions induced by anticancer drugs in cancer, normal and embryonic cells. Autophagy 

was inhibited with wortmannin or chloroquine while AZD2014 or tamoxifen served as 

autophagy inducers. We employed five human cell lines, NCI-H460 and COR-L23 non-small 

cell lung carcinoma and U87 glioblastoma as a model for cancer cells while HaCaT 

keratinocytes and MRC-5 embryonic lung fibroblasts served as a model for normal cells. For 

further evaluation, zebrafish embryos were engaged as in vivo model system for embryonic 

cells. Our results demonstrated the similarities and differences regarding autophagy as a 

cellular survival response in the three aforementioned models. 
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Materials and Methods 

 

Drugs 

 Doxorubicin (DOX) solution was obtained from EBEWE Arzneimittel GmbH (Vienna, 

Austria). Cisplatin (CPt) was obtained from Pfizer (Perth) Pty Ltd (Bentley, Australia). 

AZD2014 and wortmannin (WORT) were kindly provided by SelleckChem (Houston, TX, 

USA). Tamoxifen (TMX) and chloroquine (CQ) were purchased from Sigma-Aldrich Chemie 

GmbH (Munich, Germany).  

 

Reagents 

 RPMI 1640 medium, DMEM medium, penicillin–streptomycin solution, antibiotic–

antimycotic solution, L-glutamine and trypsin/EDTA were purchased from PAA (Vienna, 

Austria). Fetal bovine serum (FBS), dimethyl sulfoxide (DMSO) and Thiazolyl blue 

tetrazolium bromide (MTT) were obtained from Sigma-Aldrich Chemie GmbH. Acridine 

orange was purchased from Alfa Aesar (Heysham, UK) and Hoechst 33342 was from 

Thermo Fisher Scientific (Waltham, USA). Annexin-V-FITC (AV) and propidium iodide (PI) 

were purchased from Abcam (Cambridge, UK). Bovine serum albumin (BSA) was from 

Serva (Heidelberg, Germany) and Triton™ X-100 was obtained from Merck KGaA 

(Darmstadt, Germany). Rabbit anti- microtubule-associated protein-1 light chain 3 (LC3) and 

rabbit anti-Phospho-Akt (Ser473) Alexa Fluor 647 conjugated (pAkt) antibodies were 

purchased from Cell Signaling Technology
®
 (MA, USA). Goat anti-cleaved caspase-3 and 

mouse anti-cleaved Poly(ADP-ribose) polymerase-1 (PARP-1) antibodies were from Santa 

Cruz Biotechnology (CA, USA). Rabbit anti-p62/SQSTM1 antibody was obtained from 

Novus Biologicals (MN, USA). Secondary antibodies Alexa Fluor 488 goat anti-Rabbit 

IgG(H+L), Alexa Fluor 555 goat anti-Rabbit IgG(H+L), Alexa Fluor 488 goat anti-Mouse 

IgG(H+L), and Alexa Fluor 488 donkey anti-Goat IgG(H+L) were purchased from Thermo 

Fisher Scientific (Waltham, USA). Tricaine-S was obtained from Western Chemicals Inc 

(WA, USA).  

 

Cell culture 

 Human non-small cell lung carcinoma (NSCLC) cells NCI-H460, normal human 

embryonic lung fibroblasts MRC-5 and human glioblastoma U87 cell line were purchased 

from the American Type Culture Collection (ATCC, Rockville, MD, USA). Another human 

NSCLC-derived cell line, COR-L23 was purchased from the European Collection of Cell 
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Cultures (ECACC, Salisbury, UK). NCI-H460 and COR-L23 cells were maintained in RPMI 

1640 supplemented with 10% FBS, 2 mM L-glutamine, 4.5 g/L glucose, 10,000 U/mL 

penicillin, 10 mg/mL streptomycin, 25 mg/mL amphotericin B solution. U87 cells were 

cultured in MEM supplemented with 10% FBS, L-glutamine (2 mM) and 5000 U/mL 

penicillin, 5 mg/mL streptomycin solution. HaCaT cell line (obtained from CLS - Cell Lines 

Service) was generous gift from Prof. Jörg Andrä, Division of Biophysics, Research Center 

Borstel, Leibniz-Center for Medicine and Biosciences, Borstel, Germany. HaCaT and MRC-5 

cells were cultured in DMEM supplemented with 10% FBS, 4 g/L glucose, L-glutamine (2 

mM) and 5,000 U/mL penicilin, 5 mg/mL streptomycin solution. All cell lines were 

subcultured at 72 h intervals using 0.25% trypsin/EDTA and seeded into a fresh medium at 

the following densities: 8,000 cells/cm
2
 for NCI-H460, COR-L23 and MRC-5 cells, and 

16,000 cells/cm
2
 for U87 and HaCaT cells. All cell lines were maintained at 37 °C in a 

humidified 5% CO2 atmosphere. 

 

Cytotoxicity by MTT assay 

 Cell viability was assessed by MTT assay according to the manufacturer’s instructions. 

Briefly, cells were seeded overnight in 96-well tissue culture plates (1,000 cells/well for NCI-

H460 and COR-L23; 2,000 cells/well for HaCaT and MRC-5; 4,000 cells/well for U87) and 

then treated with increasing concentrations of DOX or CPt for 72 h (Table 1). In addition, 

NCI-H460, COR-L23, U87, HaCaT and MRC-5 cells were treated with increasing 

concentrations of WORT, CQ, AZD2014 or TMX (Table 1). 

 The combined effects of WORT, CQ, AZD2014 or TMX with DOX or CPt after 72 h 

were also studied. In co-treatments, 5 μM WORT, 20 μM CQ, 100 nM AZD2014 or 2.5 μM 

TMX, were combined with increasing concentrations of DOX (10 nM, 25 nM and 50 nM) or 

CPt (0.5 μM, 1 μM and 2.5 μM) and cells were grown at 37 °C for 72 h. Finally, MTT 

solution (1 mg/mL) was added to each well and plates were incubated at 37°C for 4 h. The 

absorbance was measured at 540 nm by an automatic microplate reader (LKB 5060-006 

Micro Plate Reader, Vienna, Austria). IC50 was calculated by linear regression analysis in 

Excel software. 

 

Median effect analysis 

 The nature of interaction between inhibitors (WORT, CQ, AZD2014 or TMX) and DOX 

or CPt was analyzed using CalcuSyn software (Biosoft) that uses the combination index (CI) 

method (Chou and Talalay 1984), based on the multiple drug effect equation. At least three 
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data points were used for each single drug in each designed experiment. The non-constant 

ratio combination was chosen to assess the effect of both drugs in combination. The results 

are presented by fraction-affected CI graphs. Values of CI < 1 point to a pronounced additive 

effect or synergism, that is, the smaller value, the greater the degree of synergy. A value of CI 

= 1 indicates an additive effect, and values of CI > 1 point to an antagonistic effect. 

 

Cell death detection by flow cytometry 

 The percentages of apoptotic, necrotic and viable cells were determined by Annexin-V-

FITC and propidium iodide labeling according to the manufacturer’s instructions. NCI-H460, 

COR-L23, HaCaT and MRC-5 cells were seeded and incubated overnight in 6-well plates at 

density of 100,000 cells/well. NCI-H460 and HaCaT cells were treated for 72 h with 5 μM 

WORT, 20 μM CQ, 100 nM AZD2014 and 2.5 μM TMX as well as their combinations with 

20 nM DOX. COR-L23 cells were treated with 5 μM WORT, 20 μM CQ, 100 nM AZD2014 

and 2.5 μM TMX and their combinations with 80 nM DOX, while MRC-5 cells were treated 

with 5 μM WORT, 10 μM CQ, 100 nM AZD2014 and 2.5 μM TMX and their combinations 

with 80 nM DOX. The attached and floating cells were collected by centrifugation and AV/PI 

staining of the cells was analyzed within 1 h by flow cytometry. The fluorescence intensity 

was measured in green FL1-H and red FL2-H channel on CyFlow Space flow cytometer 

(Partec, Münster, Germany). In each sample, 10,000 cells were recorded, and the percentages 

of viable (AV− PI−), early apoptotic (AV+ PI−), late apoptotic (AV+ PI+), and necrotic 

(AV− PI+) cells were analyzed by Summit analysis software (Dako Colorado Inc., USA). 

 

Detection of cleaved capase-3, PARP-1, p62 and pAkt levels by flow cytometry 

 The protein levels of apoptosis markers were detected on a flow cytometer by measuring 

the fluorescence intensity of anti-cleaved caspase-3 antibody coupled with secondary Alexa 

Fluor 488 donkey anti-Goat IgG(H+L) antibody, and anti-cleaved PARP-1 antibody coupled 

with secondary Alexa Fluor 488 goat anti-Mouse IgG(H+L) antibody. The protein levels of 

p62 and phosphorylated Akt were detected by measuring the fluorescence intensity of anti-

p62 antibody coupled with secondary Alexa Fluor 488 goat anti-Rabbit IgG(H+L) antibody, 

and anti-pAkt antibody conjugated with Alexa Fluor 647. NCI-H460, COR-L23, HaCaT and 

MRC-5 cells were grown overnight in 6-well plates (seeding density 100,000 cells/well), and 

then treated for 72 h at 37 °C. NCI-H460 and HaCaT were treated with 5 μM WORT, 20 μM 

CQ, 100 nM AZD2014 or 2.5 μM TMX as well as their combinations with 20 nM DOX. 

COR-L23 cells were treated with 5 μM WORT, 20 μM CQ, 100 nM AZD2014 and 2.5 μM 
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TMX and their combinations with 80 nM DOX, while MRC-5 cells were treated with 5 μM 

WORT, 10 μM CQ, 100 nM AZD2014 and 2.5 μM TMX and their combinations with 80 nM 

DOX. Adherent cells were harvested by trypsinization, washed twice in PBS and fixed in 4% 

paraformaldehyde for 10 min at room temperature. NCI-H460, COR-L23, HaCaT and MRC-

5 cells were then permeabilized by adding ice-cold 90% methanol and stored at −20 °C 

overnight. After washing in PBS, cells were blocked for 1 h with 0.5% BSA in PBS. Cells 

were then resuspended in primary antibody diluted in 0.5% BSA (1:1000) and incubated 1 h 

at room temperature. After washing in PBS, cells labeled with unconjugated primary 

antibody were resuspended in secondary antibody diluted in 0.5% BSA (1:1000) and 

incubated for 30 min at room temperature. NCI-H460, COR-L23, HaCaT and MRC-5 cells 

were subsequently washed and resuspended in 500 μL of PBS. The fluorescence intensity 

was measured in FL1-H or FL3-H channel on CyFlow Space flow cytometer and analyzed by 

Summit analysis software. 

 

Cell lines immunohistochemistry and fluorescence microscopy 

 NCI-H460, COR-L23, HaCaT and MRC-5 cells were seeded in 8-well chamber-slides 

(Labtek, Nunc, USA) and allowed to grow at 37°C overnight before treatment. Then, NCI-

H460 and HaCaT were treated for 72 h with 5 μM WORT, 20 μM CQ, 100 nM AZD2014 or 

2.5 μM TMX as well as their combinations with 20 nM DOX. COR-L23 cells were treated 

with 5 μM WORT, 20 μM CQ, 100 nM AZD2014 and 2.5 μM TMX and their combinations 

with 80 nM DOX, while MRC-5 cells were treated with 5 μM WORT, 10 μM CQ, 100 nM 

AZD2014 and 2.5 μM TMX and their combinations with 80 nM DOX.  Cells were fixed in 

4% paraformaldehyde, blocked for 1 h with 2% BSA/0.3% Triton™ X-100 in PBS and then 

incubated with primary antibodies in 0.5% BSA in PBS overnight at 4°C. LC3 is one of the 

main markers of autophagy involved in the autophagosome formation (Tanida et al. 2005). 

To detect autophagosomes, anti-LC3 antibody was applied at 1:500 dilution. Polyubiquitin-

binding protein p62 is another common autophagy marker whose total cellular expression 

levels inversely correlate with autophagic activity (Mizushima et al. 2010). To detect p62 

levels, anti-p62 antibody was applied at 1:1000 dilution. To detect p17 subunit of cleaved 

caspase-3 and examine the cellular localization of cleaved PARP-1, anti-caspase-3 and anti-

cleaved PARP-1 antibodies were applied at 1:1000 dilution and cells were incubated 

overnight at 4°C. After washing in PBS, corresponding secondary antibodies (anti-rabbit 

Alexa Fluor 488, anti-rabbit Alexa Fluor 555, anti-goat Alexa Fluor 488 or anti-mouse Alexa 

Fluor 488) were applied at 1:1000 dilution in 0.5% BSA in PBS in dark for 2 h at room 
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temperature. Nuclei were counterstained with Hoechst 33342 for 15 min at room temperature 

and cells were mounted in Mowiol (Sigma-Aldrich Chemie GmbH). NCI-H460, COR-L23, 

HaCaT and MRC-5 cells were visualized under the Zeiss Axiovert inverted fluorescent 

microscope (Carl Zeiss Foundation, Oberkochen, Germany) equipped with AxioVision4.8 

software.  

 

Zebrafish stocks and maintenance 

 Zebrafish, Tübingen wild type strain, were maintained at 28 °C in 14:10 h light/dark 

cycle and fed twice daily with flake food and once daily with live brine shrimp. Zebrafish 

embryos were collected from pairwise mating of adults and kept and handled in egg water 

containing 0.073 mM KCl, 2 mM CaCl2, 0.5 mM MgSO4, and 0.0002% methylene blue with 

the addition of sodium bicarbonate to final concentration of 0.75 mM. Maintenance, embryo 

collection, staging and incubation were conducted according to standard procedures and 

guidelines (Westerfield 2000). All animal handling was in accordance with local and national 

regulations. 

 

Zebrafish drug treatment 

 At 6 hpf embryos were transferred into 24-well plates (12 embryos per well) and treated 

with selected autophagy modulators at non-toxic concentrations (2.5 µM WORT, 250 µM 

CQ, 100 nM AZD2014, 2.5 µM TMX) or with the combinations of these compounds with 

250 µM CPt.  As DOX treatment of zebrafish embryos did not produce substantial cell death 

in selected experimental conditions, CPt was used to induce apoptosis in this model. 

Autophagy modulator concentrations with at least 90% embryo survival rate were considered 

non-toxic and selected for further treatments. The embryo survival was monitored at 24 hpf 

and 48 hpf. At 48 hpf the remaining chorions were manually removed and embryos were 

anesthetized in a 1:10 dilution of 0.003% Tricaine-S. Each experiment was carried out in 

triplicates and repeated at least three times. 

 

Acridine orange apoptosis assay 

 Acridine orange is a vital DNA intercalating dye used to visualize the nuclei in apoptotic 

cells (Brand et al. 1996). Dechorionated live embryos were incubated in 10µg/mL acridine 

orange at 28°C for 30 min and washed 3 times in water. Anesthetized embryos were then 

mounted in water containing Tricaine-S (0.003%) and imaged in a 3.5-cm glass-bottom 

culture dish on Leica TSC SP8 confocal microscope using 10x/0.3 NA lens. All confocal 
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images were processed using ImageJ software (U.S. National Institutes of Health, Bethesda, 

MD, USA) and represent maximum projections of z-stacks.  

 

Zebrafish immunohistochemistry and confocal microscopy 

 For whole-mount immunostaining, deyolked embryos were fixed in 4% paraformaldehide 

overnight and then kept in methanol at −20 °C until staining. Embryos were rehydrated by 

sequential washing with gradient dilution of methanol and then permeabilized with 0.2% 

Triton™ X-100 in PBS (PBST) by heating at 70 °C for 15 min and blocked with 2% BSA in 

PBST for 2 h at room temperature. Embryos were then incubated with primary antibodies 

(anti-LC3, anti-p62, anti-cleaved caspase-3 or anti-cleaved PARP-1) in PBST overnight at 4 

˚C. Embryos were then washed in PBST 4 times and incubated with corresponding secondary 

antibodies (anti-rabbit Alexa Fluor 488, anti-rabbit Alexa Fluor 555, anti-goat Alexa Fluor 

488 or anti-mouse Alexa Fluor 488) at 1:1000 dilution in PBST in dark, overnight at 4 ˚C. 

Hoechst 33342 was added 2 h before the end of the incubation and samples were kept in dark 

at 37 ˚C with constant mixing. Stained embryos were mounted in glycerol and imaged on 

Leica TSC SP8 confocal microscope (Leica Microsystems) using 63/1.4 NA oil immersion 

lens.  

 

Statistical analysis  

 Statistical analysis for flow-cytometric data was performed by two-way ANOVA test 

(GraphPad Prism software) and the differences between groups were determined by Dunnett's 

multiple comparisons test. Statistical significance was accepted if p < 0.05. 

 

Results 

 

Sensitivity of cancer and normal cells to anticancer drugs after autophagy modulation 

 The growth inhibition effect of autophagy inhibitors (WORT and CQ) and inducers 

(AZD2014 and TMX) on NCI-H460, COR-L23, U87, HaCaT and MRC-5 cells were 

evaluated by MTT cytotoxicity assay. The cytotoxicity of two classic chemotherapeutics and 

potent pro-apoptotic agents DOX and CPt was also evaluated in all cell lines. The results 

obtained after the 72 h treatment are shown in Fig. 1a and Online Resource Fig. S1. 

The IC50 values of DOX and CPt in single and combined treatments with autophagy 

modulators are summarized in Table 2. The IC50 values of autophagy modulators are also 

presented. DOX was not selective towards cancer cells in this experimental system and 
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among all tested cell lines the lowest IC50 values were obtained in NCI-H460 and HaCaT 

cells (41.7 nM and 29.2 nM, respectively). CPt also exerted non-selective inhibitory effect in 

tested cell lines (Table 2, Fig. 1b). Between autophagy inhibitors, WORT was most active in 

NCI-H460 and HaCaT cells, while CQ showed significantly higher efficacy in both normal 

cell lines compared to cancer cells (Table 2). Between autophagy inducers, AZD2014 was 

most active in NCI-H460 among cancer cell lines and selective towards NCI-H460 cells with 

3 fold lower IC50 value when compared to HaCaT and 10 fold lower IC50 value compared to 

MRC-5 cells. TMX was most efficient in U87 and MRC-5 cells with IC50 values ranging 

from approximately 5 to 15 µM in tested cell lines. 

 Concentrations of autophagy modulators that displayed moderate to low cell growth 

inhibition in tested cell lines were chosen for autophagy modulation in further experiments 

and for combination treatments. 

 The nature of interaction between autophagy modulators with DOX and CPt was 

investigated during combined treatments. Autophagy inhibitors WORT and CQ increased the 

sensitivity of cancer and normal cell lines to classic chemotherapeutics. On contrary, 

autophagy inducers AZD2014 and TMX significantly decreased the chemosensitivity of 

tested cell lines (Fig. 1b, Table 2). The chemosensitization with CQ was not observed only in 

U87 cells. Analysis of the nature of interaction between the two drugs revealed that WORT 

and CQ combinations with DOX have a pronounced synergistic effect (CI < 1). AZD2014 

and TMX combinations with DOX resulted in a prominent antagonism (CI > 1), especially in 

NCI-H460 cells (Fig. 1c). Combined treatments of each autophagy modulator with CPt 

displayed a similar, although less notable effect in NCI-H460 and HaCaT cells (Fig. 1c). 

Comparable trend was detected in COR-L23 and MRC-5 cells, although the synergistic effect 

with WORT was observed at lower CPt concentrations in COR-L23, while in MRC-5 cell 

line antagonism with AZD2014 was present at higher DOX concentrations (Online Resource 

Fig. S2). In U87 cells, synergistic effect was detected only with WORT in both DOX and CPt 

co-treatments, while combinations with CQ were dose-dependent and synergism was 

observed only at higher CPt concentrations and was not present with DOX. The 

synergistic/antagonistic interaction of autophagy inhibitors/inducers with chemotherapeutics 

was the most evident in NCI-H460 among cancer cell lines while HaCaT as a normal cells 

model showed higher sensitivity to most tested compounds and these cell lines were selected 

for the majority of further studies. Since combinations with DOX had a more prominent 

antagonistic or synergistic effect on the modulation of the cell survival, concentration 



 13 

approximate to IC30 value for DOX in NCI-H460 cells was chosen for further experiments on 

selected cell lines. 

 

Autophagy modulation in cancer and normal cells 

 To confirm that autophagy modulators interfered with autophagy in cancer and normal 

cells at selected concentrations, we studied the cellular distribution of autophagosomal 

marker LC3 and autophagy flux marker p62. 

 Autophagic vesicles labeled with anti-LC3 antibody were visualized in NCI-H460 and 

HaCaT cells after 72 h treatment with WORT, CQ, AZD2014 or TMX as well as their 

combinations with DOX. Treatment with WORT, which inhibits phagophore formation, 

prevented the appearance of autophagic vesicles in NCI-H460 and HaCaT cells (Fig. 2a). 

Treatment with CQ, which inhibits autophagy by preventing the autophagosome/lysosome 

fusion, caused excessive cytoplasmatic accumulation of LC3 puncta. AZD2014 and TMX 

activated the autophagy process which resulted in the appearance of autophagosomes in the 

cytoplasm. Autophagy inhibitors WORT and CQ both prevented autophagy-mediated 

degradation of p62 causing its cytoplasmatic accumulation (Fig. 2b). The flow-cytometric 

profiles and quantification of p62 accumulation are presented in Online Resource Fig. S3. 

The presence of DOX in co-treatments did not interfere with the autophagy-modulating 

properties of the selected compounds. In COR-L23 and MRC-5 cell lines, which displayed a 

comparable trend to NCI-H460 and HaCaT regarding antagonistic or synergistic effects of 

DOX co-treatment, autophagy modulators interfered with autophagy in a similar manner. The 

flow-cytometric profiles and quantification of p62 accumulation as well as fluorescent 

microscopic images of LC3 and p62 labeling in COR-L23 and MRC-5 cells are presented in 

Online Resource Fig. S4. 

 

The effect of autophagy modulation on DOX-induced cell death in cancer and normal 

cells 

 The impact of autophagy modulation on DOX-induced cell death was studied in cancer 

and normal cells treated for 72 h with DOX alone and in combination with WORT, CQ, 

AZD2014 or TMX. Cells were subsequently subjected to Annexin-V-FITC/Propidium Iodide 

staining and examined on a flow cytometer. Quantification and statistical analysis of the 

results obtained in NCI-H460 and HaCaT cells by flow cytometry is shown in Fig. 3a. The 

flow-cytometric profiles for each experimental condition are shown in Fig. 3b. 



 14 

 The addition of WORT did not significantly increase the amount of late apoptotic NCI-

H460 cells. WORT caused a very small increase in early apoptotic and necrotic cells (from 

1% to 4% and from 10% to 12%, respectively) and reduced the number of viable cells only 

from 79% to 74%. However, co-treatment with CQ significantly amplified the pro-apoptotic 

effect of DOX, decreasing the number of viable cells from 79% to 68% compared to a single 

DOX treatment. The percentage of cells in late apoptosis increased from 10% to 22%. The 

induction of autophagy with AZD2014 and TMX had the opposite effect on cell viability. 

Combination treatment with AZD2014 significantly reduced the percentage of late apoptotic 

and necrotic cells observed when DOX was applied alone (from 10% to 6% and from 10% to 

4%, respectively). The percentage of viable cells increased from 79% to 90% in the same 

experimental conditions. Co-treatment with TMX produced a similar effect significantly 

increasing the percentage of viable NCI-H460 cells (from 79% to 89%) compared to cells 

treated only with DOX. TMX presence also significantly decreased the percentage of late 

apoptotic and necrotic cells (from 10% to 5% in both cases) compared to treatment with DOX 

alone. 

 Autophagy inhibition in normal keratinocytes showed a stronger synergy on DOX-

induced apoptosis compared to NCI-H460 cells (Fig. 3a and 3b). WORT combination with 

DOX reduced viable cell number from 78% to 64% compared to a single DOX treatment, 

while late apoptotic and necrotic cells number rose from 6% to 13% and from 15% to 22%, 

respectively. Co-treatment with CQ considerably decreased the viable cells percentage from 

78% to 35% compared to a single DOX treatment. Late apoptotic and necrotic cells 

percentages increased from 6% to 25% and from 15% to 41%, respectively. Comparable 

trend of autophagy inducers antagonizing pro-apoptotic activity of DOX was also observed in 

HaCaT cells. 

In COR-L23 and MRC-5 cell lines autophagy modulators interfered with DOX-induced 

cell death in a similar manner. Quantification, statistical analysis and the flow-cytometric 

profiles for each experimental condition are presented in Online Resource Fig. S5. The 

percentage of late apoptotic and necrotic cells in both COR-L23 and MRC-5 cell lines after 

WORT or CQ co-treatment with DOX substantially increased compared to DOX treatment 

alone. AZD2014 combined with DOX significantly decreased the percentage of late apoptotic 

and necrotic (COR-L23) or late apoptotic cells (MRC-5) compared to single DOX treatment. 

Co-treatment with TMX produced a similar effect and antagonized DOX-induced cell death 

reducing the amount of late apoptotic and necrotic cells in both cell lines. 
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The effect of autophagy modulation on cleaved caspase-3 and PARP-1 levels in cancer 

and normal cells 

 To further investigate the impact of autophagy modulation on the apoptosis process, we 

assessed the cellular content of cleaved caspase-3 and PARP-1. Quantification and statistical 

analysis of flow-cytometric measurements of cleaved caspase-3 and PARP-1 levels is shown 

in Fig. 4a, while flow-cytometric profiles for each experimental condition are shown in Fig. 

4b. 

 WORT in combination with DOX significantly raised only cleaved PARP-1 content in 

NCI-H460 cells compared to a single DOX treatment while co-treatment with CQ 

additionally elevated cellular levels of both apoptotic markers. Compared to single DOX 

treatment, overall cleaved caspase-3 and PARP-1 content in cancer cells was significantly 

lower after AZD2014 or TMX co-treatment. WORT and CQ co-treatment with DOX in 

HaCaT cells elevated cellular pool of both apoptotic markers compared to application of 

DOX alone. Additionally, CQ elevated pAkt levels in both cell lines and this was also 

observed in DOX co-treatment in HaCaT cells, while other autophagy modulators decreased 

pAkt content in NCI-H460 cells (Online Resource Fig. S3). AZD2014 combination with 

DOX significantly decreased only cleaved caspase-3 levels while combination with TMX 

decreased the total amount of cleaved caspase-3 and PARP-1 proteins in HaCaT cells. 

 In addition to flow-cytometric quantification, overall cellular content and localization of 

cleaved caspase-3 and PARP-1 proteins was visualized by fluorescent microscopy in NCI-

H460 and HaCaT cells under the same experimental conditions (Fig. 4c). Co-treatments with 

WORT and CQ enhanced the pro-apoptotic effect of DOX and the accumulation of cleaved 

caspase-3 and PARP-1. 

 

Autophagy modulation in embryonic zebrafish cells 

 Zebrafish embryos at 6 hpf were treated for 48 h with compounds at concentrations 

which modulated autophagy but did not affect embryo survival and development.  

 To confirm that autophagy modulators at selected concentrations interfered with the 

autophagy process, we assessed the cellular content of autophagy markers, LC3 and p62 in 

zebrafish embryos. Anti-LC3-labeled autophagosomes were visualized after 48 h treatment 

with WORT, CQ, AZD2014 or TMX and their combinations with CPt (Fig.5a). WORT 

treatment prevented the appearance of LC3 positive autophagic vesicles in the cytoplasm 

while CQ triggered their substantial accumulation. Autophagy induction with either 

AZD2014 or TMX resulted in increased LC3 puncta in the cytoplasm. Autophagy inhibition 
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with WORT and CQ also blocked p62 degradation leading to cytoplasmatic accumulation of 

this autophagy marker (Fig. 5b). The presence of CPt in co-treatments did not change the 

autophagy-modulating properties of the selected compounds. 

 

The effect of autophagy modulation on CPt-induced cell death in embryonic zebrafish 

cells 

 To follow the changes in apoptosis patterns during zebrafish development in context of 

autophagy modulation, 6 hpf embryos were treated with WORT, CQ, AZD2014 or TMX and 

their combinations with CPt for 48 h. Application of autophagy modulators alone did not 

induce abnormal apoptosis patterns (Fig. 6a). After CPt treatment an increased amount of 

acridine orange-positive apoptotic cells was evident in the trunk, and especially in the tail 

region. Autophagy inhibition with WORT and CQ synergized with the pro-apoptotic effect of 

CPt, causing an additional increase of apoptotic cells in the trunk as well as the lens and 

retina region of the embryos. AZD2014 and TMX co-treatment prevented CPt-induced 

apoptosis significantly reducing the amount of acridine orange-positive cells in zebrafish 

embryos (Fig. 6a). 

 To assess the cellular distribution of apoptosis markers in embryonic zebrafish cells, 

embryos were labeled with antibodies for cleaved caspase-3 and PARP-1 (Fig. 6b). WORT 

and CQ co-treatment with CPt had a similar effect on the apoptotic markers’ immunostaining 

as the application of CPt alone. AZD2014 and TMX co-treatment decreased cellular cleaved 

caspase 3 and PARP-1 content compared to a single CPt treatment, reducing cell death during 

embryogenesis in CPt-treated animals (Fig. 6b). 

 

Discussion 

 Herein, we conducted a comparative study using three models - human cancer cells, 

human normal cells and zebrafish embryonic cells in order to elucidate how autophagy 

modulation affects the cell survival and sensitivity to anticancer drugs.   

One of the initial steps in bioactive compounds testing includes evaluation of their 

biological effects on embryonic models. Testing of candidate cancer modulators on these 

models gives valuable insight on toxicity and tissue specificity as well as compound’s growth 

arrest capacity of highly proliferative cells in vivo. Many cancer cells possess the ability to 

switch from a primarily oxidative metabolism to glycolysis even with abundant amounts of 

oxygen present (Smith and Sturmey 2013). A dramatic increase in aerobic glycolysis is also a 

main feature of the early embryo development. Aside from the similarity in metabolism 
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regulation, cancers and early embryos share a number of other analogies including invasive 

properties, constitutively active pathways, gene expression, and the capacity to undergo rapid 

proliferation (Smith and Sturmey 2013). Many of these features could be affected by 

autophagy, another fundamental process in both tumorigenicity and embryonic development. 

Four autophagy-modulating compounds with different mechanisms of action were 

included in the study. The autophagy process in NCI-H460, HaCaT and embryonic zebrafish 

cells was altered after treatment with wortmannin, chloroquine, AZD2014 or tamoxifen. 

Wortmannin is a potent and specific phosphatidylinositol 3-kinase inhibitor with the capacity 

to suppress autophagosome formation which relies upon the activity of this kinase 

(Blommaart et al. 1997). Chloroquine, an antimalarial drug, is an indirect autophagy inhibitor 

which neutralizes lysosomal pH thereby inhibiting autophagosome clearance and disrupting 

the autophagic flux (Stern et al. 2012). AZD2014 is a small-molecule ATP competitive 

inhibitor of mTOR that directly inhibits both mTORC1 and mTORC2 complexes (Guichard 

et al. 2015). Tamoxifen is an antagonist of the estrogen receptor with an ability to indirectly 

induce autophagy by increasing the intracellular levels of ceramide, which then inhibits 

mTOR activation and stimulates the expression of Atg genes (Scarlatti et al. 2004).  

Notably, autophagy modulators displayed varying growth arrest ability in cells depending 

on whether they directly acted on PI3kinase/Akt/mTOR pathway or indirectly modulated 

autophagy. Although NCI-H460 and HaCaT cells were most sensitive to direct inhibitors of 

the PI3kinase/Akt/mTOR pathway, WORT and AZD2014 were generally more active in all 

tested cell lines compared to indirect autophagy modulators. WORT and AZD2014 were over 

1.5 fold and 3 fold more efficient, respectively, in NCI-H460 cells compared to HaCaT cells. 

The PI3kinase/Akt/mTOR pathway is constitutively activated in various types of cancer 

including non-small cell lung cancer cells and confers resistance to different cancer therapies 

(Assinder et al. 2009; Jeong et al. 2012). In NSCLC cells, the sensitivity to WORT was 30 

fold higher in NCI-H460, and 3 fold higher in COR-L23 cells when compared to CQ. For 

comparison, MRC-5, a normal lung epithelial cell line, had nearly the same sensitivity for 

both autophagy inhibitors. Moreover, the efficiency of AZD2014 in NSCLC cells was 

notably higher than TMX when compared to compounds’ activity in MRC-5 cell line. 

Accordingly, direct inhibition of the PI3kinase/Akt/mTOR pathway could trigger the cellular 

stress response more effectively in cancer cell lines suggesting that these inhibitors more 

selectively target cancer compared to normal cells. 

 Induction of apoptosis is a key mechanism behind the cytotoxicity of many 

chemotherapeutic agents. DOX is an anthracycline drug which, in addition to free radical 
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formation, also intercalates DNA and inhibits the action of topoisomerase II (Pommier et al. 

2010). CPt is a platinum based chemotherapy drug used to treat various cancers. This 

alkylating agent is known to cause cross-linking and adduct formation by intercalating with 

DNA strands and promote generation of free radicals (Matsushima et al. 1998). Autophagy 

may play a pro-survival role and allow tumor growth under starvation or chemotherapy-

induced cell death. Application of autophagy inhibitor 3-methyladenine as well as targeting 

Atg7 protein sensitized human colorectal cancer cells to 5-fluorouracil (Li et al. 2010). 

Autophagy inhibition also enhanced the therapeutic efficacy of CPt in esophageal squamous 

cell carcinoma cells (Liu et al. 2011). However, during increased or prolonged stress, 

autophagy can also lead cancer cells into apoptosis.  

 In our study, both autophagy inducers considerably diminished the growth inhibition 

effect that apoptotic agents DOX and CPt had on tested cell lines. AZD2014 and TMX 

demonstrated a strong antagonistic effect on either DOX or CPt activity. Interestingly, the 

observed antagonism according to CI values was more consistent in cancer cells, regardless 

of the DOX or CPt concentration. The strength of the antagonism in normal cells was largely 

dependent on the applied concentration of DOX and CPt. Moreover, the direct inhibition of 

mTOR by AZD2014 had a far more prominent antagonistic effect on DOX or CPt in cancer 

cells than indirect autophagy induction by TMX, particularly at higher DOX concentrations. 

Autophagy inhibitors, including CQ, have been previously reported to synergize with 

chemotherapeutic agents in killing cancer cells (Livesey et al. 2009). In our experiments, 

WORT, as a direct inhibitor of PI3 kinase was overall more efficient in synergizing with 

DOX in cancer cell lines compared to the indirect autophagic flux inhibition by CQ. As CI 

values indicate, synergistic effect of either autophagy inhibitor in combination with 

chemotherapeutics was more prominent in cancer cell lines, particularly in NCI-H460 and 

COR-L23 cells. NSCLC cell lines, NCI-H460 and COR-L23, both carry KRAS mutations 

(Looyenga et al. 2012; Chakrabarti 2015) unlike U87 glioblastoma cells which possess a wild 

type KRAS gene (Spangler et al. 2012). Ras-driven cancers are reported to depend on 

autophagy for metabolic support and this process is required to promote cell survival and 

rapid tumor growth (Avalos et al. 2014; Guo et al. 2011). Genetic or pharmacologic 

inhibition of autophagy leads to increased reactive oxygen species, triggers DNA damage, 

and promotes the accumulation of dysfunctional mitochondria in Ras-driven tumors (Avalos 

et al. 2014; Yang et al. 2011). Consequently, the synergistic effect of autophagy inhibitors 

with DOX or CPt in NSCLC cells could be the result of their KRAS mutational status. 

Moreover, in U87 cells CQ treatment exhibited synergism only at higher CPt doses while 
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synergistic effect was not observed with DOX. The synergism between autophagy inhibitors 

and chemotherapeutics in HaCaT and MRC-5 cells was not as pronounced, particularly in 

CPt co-treatments. These results imply that modulation of autophagy has a stronger impact on 

cancer cells compared to normal cells, what should be considered as an important 

characteristic for development of anticancer agents based on autophagy modulation.  

Cell death analysis after co-treatments of autophagy modulators with DOX showed anti-

apoptotic effect of autophagy induction in cancer cells. Autophagy inducers AZD2014 and 

TMX reduced the percentage of late apoptotic and necrotic cancer cells observed when DOX 

was applied alone. Autophagy inhibitors WORT and CQ had the opposite effect on cell 

viability and significantly amplified the pro-apoptotic effect of DOX. Interestingly, CQ 

inhibition of autophagic flux through blockage of lysosomal fusion mainly induced apoptosis 

while WORT autophagy inhibition at the early stage promoted necrotic cell death in NCI-

H460 cells. In other NSCLC cell line, COR-L23, CQ co-treatment with DOX also 

predominantly induced apoptosis while WORT co-treatment triggered both apoptotic and 

necrotic cell death. Similarly to the effect on cell growth, autophagy induction affected the 

activity of DOX much less prominently in normal cells compared to cancer cells. On 

contrary, autophagy inhibition in HaCaT and MRC-5 cells, particularly by CQ, had a more 

notable effect on DOX-induced apoptosis and necrosis than in NCI-H460 cells. However, this 

is likely due to considerably higher sensitivity of these cell lines to CQ. Moreover, 

chloroquine, which has been reported to promote Akt activation (Halaby et al. 2013; Spears 

et al. 2016), raised pAkt levels in both cell lines and induced a higher response in more 

sensitive HaCaT cells. WORT, AZD2014 and TMX, as direct or indirect inhibitors of 

PI3kinase/Akt/mTOR pathway components, have previously been reported to negatively 

affect Akt activation (Ng et al. 2001; Dietze et al. 2004; Yu et al. 2016), and in our 

experimental system they either decreased or unaffected pAkt levels in NCI-H460 and 

HaCaT cells, respectively. 

 There are various zebrafish mutants with abnormal cell death patterns that can be used to 

study apoptosis or as models for anti-apoptotic drug screening (Parng 2005; Furutani-Seiki et 

al. 1996). Treatment with different compounds can also alter these specific patterns of 

apoptosis. Various pro-apoptotic agents can increase cell death while anti-apoptotic drugs can 

reduce the number of apoptotic cells in developing zebrafish (Detrich et al. 2010). In Danio 

rerio, CPt has been previously shown to cause ototoxicity and hair cell loss in lateral line (Ou 

et al. 2007; Uribe et al. 2013). We observed an increased amount of apoptotic cells in the 

trunk and tail region of 48 hpf zebrafish embryos after CPt treatment. Autophagy induction 
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with AZD2014 and TMX prevented CPt-induced apoptosis in zebrafish embryos. Autophagy 

inhibitors WORT and CQ further enhanced cell death in CPt-treated animals, amplifying the 

amount of apoptotic cells in the trunk and eye region in 48 hfp embryos. Similarly to results 

obtained in human cell lines, these findings suggest that autophagy modulators, regardless of 

their mechanism of action, have the potential to interact with pro-apoptotic agents in an 

antagonistic or synergistic manner. During early zebrafish embryo development the 

PI3kinase/Akt/mTOR pathway is active and crucial for numerous processes including cell 

proliferation, migration and angiogenesis (Sasore and Kennedy 2014). Therefore, similarly to 

human cancer cell lines, autophagy induction by direct targeting of PI3kinase/Akt/mTOR 

pathway with AZD2014 considerably prevented chemotherapeutic-induced cell death in 

embryonic zebrafish cells, almost completely eliminating the appearance of dead cells within 

the tail region. 

 Activated caspases, key players in apoptosis, cleave various proteins ultimately leading to 

loss of cell function and death. Caspase-3 is one of the main and most widespread effectors of 

this process (Li and Yuan 2008). The cleavage of PARP-1, another important component, 

promotes apoptosis by preventing DNA repair-induced survival (D'Amours et al. 2001) and 

this protein was also shown to be involved in the release of apoptosis-inducing factor from 

mitochondria in caspase-independent apoptosis (Yu et al. 2002).  

 DOX and CPt concentrations used in our experimental setup predominantly triggered 

apoptosis in investigated models. Modulation of autophagy in human cancer and normal cell 

lines as well as zebrafish embryos displayed a major effect on the pro-apoptotic activity of 

the chemotherapeutic agents. AZD2014 combination with DOX significantly decreased 

cleaved caspase-3 and PARP-1 in NCI-H460 cells, or only cleaved caspase-3 levels in 

HaCaT. Autophagy induction by TMX significantly blocked the activation of caspase-3 and 

PARP-1 in both cell lines during the co-treatment with DOX. Autophagy inhibition by 

WORT and CQ additionally activated either one or both apoptotic markers which were 

triggered by the application of DOX. Zhang and coworkers showed that inhibition of 

autophagy promoted caspase-mediated apoptosis in tunicamycin treated HepG2 cells as the 

activity of caspase-3, 7, 8, 9 and PARP-1 cleavage noticeably increased (Zhang et al. 2014). 

This finding is consistent with our observations that inhibition of autophagosome formation 

or autophagic flux triggered the cleavage of caspase-3 or PARP-1. Similar results were also 

observed in embryonic zebrafish cells. Modulation of the autophagy process in CPt-treated 

animals interfered with the cellular content of apoptotic markers. Co-treatment with 
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AZD2014 and TMX decreased caspase 3 and PARP-1 activation triggered by CPt in 

zebrafish embryos.  

 

Conclusion 

 In conclusion, our results stress the importance of testing autophagy inducing/inhibiting 

activity of new anticancer agents. Namely, in cancer treatment, autophagy may either enable 

cell survival or lead to cell death. Standard protocols for the investigation of new compounds 

include cell death induction testing. However, without an insight in autophagy properties, it is 

difficult to conclude whether a new anticancer agent could affect normal cells or lead to the 

development of resistance. In addition, the similarities that autophagy modulation shows in 

cancer and embryonic models confirm the role of this process in physiological development 

and tumorigenesis which are both dependent on cell growth and the level of differentiation. 

Therefore, the comparative approach presented in this study with cancer, normal and 

developmental cells could help in creating more rational anticancer therapeutic strategies. 
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Figure legends 

Fig.1 Sensitivity of NCI-H460 and HaCaT cells to pro-apoptotic agents after autophagy 

modulation (a) Cell growth inhibition in NCI-H460 and HaCaT cells assessed by MTT assay 

after 72 h treatment with DOX, CPt, WORT, CQ, AZD2014 or TMX. The average value ± 

SD was obtained from at least three independent experiments. (b) IC50 values for DOX and 

CPt in single and co-treatments with WORT, CQ, AZD2014 or TMX in NCI-H460 and 

HaCaT cells. (c) Autophagy inducers antagonize while autophagy inhibitors synergize pro-

apoptotic efficacy of DOX and CPt in NCI-H460 and HaCaT cells during co-treatments. CI 
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values which depict antagonistic effect (log10CI > 0) or synergistic effect (log10CI < 0) are 

represented on the Y-axis. 

 

Fig.2 Modulation of autophagy in NCI-H460 and HaCaT cells (a) Accumulation of 

autophagosomes in the cytoplasm after 72 h treatment with WORT, CQ, AZD2014 or TMX 

or their combination with DOX, was visualized after anti-LC3 antibody labeling. (b) 

Accumulation of autophagy marker p62 in the cytoplasm after 72 h treatment with WORT, 

CQ, AZD2014 or TMX or their combination with DOX, was visualized after anti-p62 

antibody labeling. Nuclei were counterstained with Hoechst 33342. Scale bar = 50 μm. 

 

Fig.3 Autophagy induction by AZD2014 or TMX prevented DOX-induced cell death in NCI-

H460 and HaCaT cells (a) Quantification and statistical analysis of flow-cytometric cell death 

measurements after 72 h treatment with WORT, CQ, AZD2014 or TMX or their combination 

with DOX. Statistical analysis was performed by two-way ANOVA test. Statistical 

significance between untreated and treated samples is presented as p < 0.001 (***). Statistical 

significance between DOX treatment and combination treatments is presented as p < 0.001 

(###) and p < 0.01 (##). (b) Flow-cytometric profiles of cell death induction by WORT, CQ, 

AZD2014 or TMX in single and combination treatments with DOX for 72 h. The samples 

were analyzed for green fluorescence (Annexin V-FITC, FL1-H) and red fluorescence (PI, 

FL2-H). 

 

Fig.4 Autophagy induction decreased cleaved caspase-3 and PARP-1 levels in DOX-treated 

in NCI-H460 and HaCaT cells (a) Quantification and statistical analysis of cleaved caspase-3 

(cCas-3) and cleaved PARP-1 (cPARP-1) content after 72 h treatment with WORT, CQ, 

AZD2014 or TMX or their combination with DOX. Statistical significance was determined 

by one-way ANOVA test and is presented as p < 0.001 (***), p < 0.01 (**) and p < 0.05 

(*).Statistical significance between DOX treatment and combination treatments is presented 

as p < 0.001 (###) and p < 0.01 (##). (b) Flow-cytometric profiles of NCI-H460 and HaCaT 

cells treated for 72 h with WORT, CQ, AZD2014 or TMX or their combination with DOX 

after labeling with antibodies for apoptotic markers, cCas-3 and cPARP-1. The samples were 

analyzed in FL1-H channel for fluorescence intensity. (c) NCI-H460 and HaCaT cells were 

labeled for cCas-3 and cPARP-1 to visualize the cellular distribution of the apoptotic markers 

after 72 h treatment with WORT, CQ, AZD2014 or TMX or their combination with DOX. 

Nuclei were counterstained with Hoechst 33342. Scale bar = 50 μm. 
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Fig.5 Modulation of autophagy in zebrafish embryos (a) Accumulation of autophagosomes in 

the cytoplasm after 48 h treatment with WORT, CQ, AZD2014 or TMX or their combination 

with CPt visualized with anti-LC3 antibody. (b) Accumulation of autophagy marker p62 in 

the cytoplasm after 48 h treatments with WORT, CQ, AZD2014 or TMX or their 

combination with CPt visualized with anti-p62 antibody. Images represent the tail region of 

the zebrafish embryo. Nuclei were counterstained with Hoechst 33342. Scale bar = 20 μm. 

 

Fig.6 Autophagy induction by AZD2014 or TMX prevented CPt-induced cell death of 

embryonic zebrafish cells (a) Live zebrafish embryos were stained with acridine orange after 

48 h treatment with WORT, CQ, AZD2014 or TMX or their combination with CPt. After 

WORT/CPt and CQ/CPt co-treatments, acridine orange-positive apoptotic cells were found 

over the whole embryo and most abundantly within the head and the tail region. Insets on the 

right represent magnified head region of the zebrafish embryo. Scale bar = 250 μm. (b) 

Zebrafish embryos were labeled with anti-cleaved caspase 3 (cCas-3) and anti-cleaved 

PARP-1 (cPARP-1) antibodies to visualize the cellular distribution of the apoptotic markers 

after 48 h treatment with WORT, CQ, AZD2014 or TMX or their combination with CPt. 

Images represent the tail region of the zebrafish embryo. Nuclei were counterstained with 

Hoechst 33342. Scale bar = 20 μm. 
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Table 1. The range of concentrations for autophagy modulating agents and anticancer drugs 

applied on NCI-H460, COR-L23, U87, HaCaT and MRC-5 cells 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Drug concentrations 

 WORT CQ AZD2014 TMX DOX CPt 

NCI-H460 0.1 - 10 μM  25 - 200 μM 10 - 250 nM 5 - 25 μM 2.5 - 50 nM 0.25 - 5 μM 

COR-L23 0.5 - 20 μM 10 - 200 μM 10 - 250 nM   5 - 25 μM 10 - 100 nM 0.25 - 5 μM 

U87 0.5 - 20 μM 10 - 150 μM 10 - 250 nM   1 - 25 μM 10 - 100 nM 0.25 - 5 μM 

HaCaT 0.5 - 20 μM  5 - 100 μM 10 - 250 nM   5 - 25 μM 10 - 100 nM 1 - 10 μM 

MRC-5 0.5 - 20 μM 10 - 200 μM 50 - 1000 nM   5 - 25 μM 10 - 100 nM 1 - 10 μM 
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 Table 2. The IC50 values for autophagy modulators, classic anticancer drugs and their 

combinations in NCI-H460, COR-L23, U87, HaCaT and MRC-5 cells 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 IC50 (μM) 

 NCI-H460 COR-L23 U87 HaCaT MRC-5 

WORT 4.7 13.3 14.7 7.3 16.7 

CQ 137.5 40 36.4 15 18.3 

AZD2014 0.046 0.237 0.25 0.136 0.449 

TMX 13.9 12.5 5.6 14.2 6.7 

DOX 0.041 0.078 0.083 0.029 0.079 

DOX (+ WORT) 0.025 0.033 0.032 0.01 0.06 

DOX (+ CQ) 0.029 0.065 0.087 0.008 0.026 

DOX (+ AZD2014) 0.071 0.093 0.106 0.069 0.14 

DOX (+ TMX) 0.1 0.105 0.142 0.087 0.167 

CPt 4.3 1.5 2.7 2.9 3.4 

CPt (+ WORT) 2.1 0.5 0.5 2.6 2.9 

CPt (+ CQ) 1.9 0.6 2.9 1.8 0.3 

CPt (+ AZD2014) 5 4.8 2.9 15.8 4.4 

CPt (+ TMX) 37.5 2.4 3.3 14.4 5.1 
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Figure 1 
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Figure 2 
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Figure 3 
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Figure 4 
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Figure 5 
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Figure 6 

 




