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Abstract

We have synthesized a novel derivative of Digitoxin, termed “MonoD”, which demonstrates 

cytotoxic effects in lung cancer cells with much higher potency as compared to Digitoxin. Our 

data show that within 1 h of MonoD treatment, H460 cells showed increased oxidative stress, 

increased formation of autophagic vacuoles, and increased expression of pro-autophagic markers 

Beclin-1 and LC3-II. Cells pretreated with MnTBAP, a superoxide scavenger not only lowered 

superoxide production, but also had lower levels of LC3-II and Beclin-1. Prolonged treatment with 

MonoD-induced apoptosis in lung cancer cells. We investigated MonoD-dependent regulation of 

Akt and Bcl2, proteins that are known regulators of both autophagy and apoptosis. Molecular and 

pharmacologic inhibitors of Bcl2 and Akt, when combined with MonoD, led to higher expression 

of LC3-II and Beclin-1 as compared to MonoD alone, suggesting a repressive effect for these 

proteins in MonoD-dependent autophagy. Pretreatment of cells with an autophagy inhibitor 

repressed the apoptotic potential of MonoD, confirming that early autophagic flux is important to 

drive apoptosis. Therapeutic entities such as MonoD that target multiple pathways such as 

autophagy and apoptosis may prove advantageous over current therapies that have unimodal basis 

for action and may drive sustained tumor regression, which is highly desirable.

Lung cancer is a leading cause of cancer mortality, accounting for approximately 28% of all 

cancer deaths, which is more than that from the next three common cancers (colon, breast, 

and prostate) combined. Almost 75% of lung cancers are of the non-small cell lung cancer 

(NSCLC) type, and exhibit intrinsic resistance to anticancer drugs, with limited response to 

platinum-based therapy (Manish Shanker et al., 2010; Jemal et al., 2011; Gatti et al., 2013). 

Furthermore, most molecular therapies including inhibitors of epidermal growth factor 
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receptor lead to acquired resistance in NSCLC. Such challenges have prompted the 

evaluation of novel drugs that may be able to concomitantly target multiple mechanisms for 

sustained tumor regression.

Sensitization of cancers through apoptotic mechanisms represents the most successful 

approach to development of chemotherapeutic agents. However, cancer cells may either be 

intrinsically resistant to apoptotic signaling through canonical pathways or may acquire 

resistance through a variety of genetic and epigenetic alterations. This has led to evaluation 

of alternate pathways of cell death that can be targeted independently or concomitantly with 

apoptotic signaling mechanisms in an effort to elicit effective and sustained inhibition of 

cancer (Johnstone et al., 2002). From this perspective, autophagy has received much 

attention in recent years as a potent mechanism to overcoming cancer resistance. Autophagy 

is a self-digestive process wherein misfolded and aggregated proteins along with damaged 

organelles are sequestered by double-membraned vesicles termed autophagosomes, and 

delivered to the lysosome for subsequent degradation and recycling. Interestingly, the impact 

of autophagy on eventual cellular fate in the context of cancer is dichotomous, and has been 

a topic of intense debate (Hippert et al., 2006; Marx, 2006; Lerena et al., 2008; Altman and 

Rathmell, 2009; Bhutia et al., 2013). One school of thought suggests that since autophagy 

rids the cell of defective constituents and supplies the cell with nutrients through recycling 

(which tumors need), tumor cells may exploit autophagy in order to survive (Townsend et 

al., 2012). However, data in our study support the alternate mechanism of autophagy 

wherein sustained autophagic flux eventually leads to excessive self-degradation of cellular 

components that are essential for survival (such as mitochondria), eventually driving cell 

death. Recent studies have similarly emphasized the development of novel drugs that induce 

initial autophagy eventually leading to apoptotic cell death.

Digitoxin, a cardenolide used to treat congestive heart failure and atrial fibrillation, has 

demonstrated considerable anti-tumor efficacy in breast, brain and cervical cancers. 

However, concerns related to cardiotoxic side effects arising from to its narrow therapeutic 

index dampened investigative efforts of its cytotoxic potential. To alleviate this problem, we 

designed a novel set of cardenolide analogs that can mimic the anticancer effects of 

Digitoxin but at lower doses, thereby recapitulating the therapeutic benefits of Digitoxin 

signaling while overcoming Digitoxin-associated toxicity. Our preliminary study 

demonstrated potent anti-tumorigenic effects against several forms of cancer (Iyer et al., 

2010). Of the synthesized analogs, the β-D-Digitoxose (henceforth abbreviated as MonoD) 

form was identified as having the greatest anti-tumor potential in our lung cancer model.

The present study assessed the role of autophagy in promoting tumor cell death in NSCLC 

NCI-H460 (hence referred to as H460) cell line by MonoD, and the signaling pathways 

associated with such autophagy-mediated cell death. Our study demonstrates that both 

Digitoxin and MonoD led to increased autophagic flux in H460 cells within 1 h of drug 

exposure. Prolonged exposure to the drugs potentiates apoptosis through the intrinsic 

apoptotic pathway. We document that combination therapy involving either Digitoxin or 

MonoD and small molecule activators of apoptosis creates greater autophagic flux, leading 

to accelerated cell death. To our knowledge, this is the first study that presents detailed 
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mechanistic investigations of Digitoxin and its analogs in relation to autophagy and 

apoptosis in a lung cancer model.

 Materials and Methods

 Synthesis of MonoD

The β-D-Digitoxose (Mono D) form of Digitoxin was synthesized as described previously 

by O’Doherty et al. (Iyer et al., 2010).

 Chemicals and reagents

Amino guanidine (AG), Thiazolyl blue tetrazolium bromide (MTT), Cisplatin, Rapamycin, 

Bafilomycin A1, Sodium dichromate (Na2Cr2O7.2H2O) (Cr[VI]), Pan-caspase inhibitor 

zVAD.FMK, and Akt-inhibitor LY294002 were obtained from Sigma-Aldrich (St Louis, 

MO). Mn(III) tetrakis (4-benzoic acid) porphyrin (MnTBAP) and Bcl-2 inhibitor VI 

(ABT-737) were purchased from Calbiochem (La Jolla, CA). The oxidative probes, 4,5-

Diaminofluorescein diacetate (DAF-2DA), Dichlorofluorescein (DCF) diacetate, 

Dihydroethidium (DHE), and the apoptosis dye Hoechst 33342 were from Molecular Probes 

(Eugene, OR). Antibodies for Beclin-1, p38 MAPK, GAPDH, p-Akt Ser 473, total-Akt, NF-

κB, and peroxidase-labeled secondary rabbit and mouse antibodies were from Cell Signaling 

Technology. Antibody for superoxide dismutase (SOD) was procured from Sigma Aldrich. 

Antibodies for Bcl-2 and LC3 were from Santa Cruz Biotechnology and Novus Biologicals, 

respectively. Cyto-ID® autophagy detection kit was purchased from Enzo Life Sciences. 

Bicinchoninic acid (BCA) was obtained from Thermo Scientific and chemiluminescent 

substrate from Pierce (Supersignal® West Pico, Pierce).

 Cell culture

Both human lung epithelial NCI-H460 cancer cell line and nontumorigenic human bronchial 

epithelial Beas-2B cells were obtained from the American Type Culture Collection 

(Manassas, VA) and cultured as described earlier at in 5% CO2 environment at 37°C (Medan 

et al., 2012).

 MTT assay

Cells (~2,500 cells per well) were plated in 96 well cell-culture microplates (Costar, USA) 

and incubated overnight in cell culture medium to allow them to adhere. Cells were then 

exposed to the appropriate concentration of drug or vehicle for up to 72 h. Cell viability/

proliferation was evaluated by the MTT (Sigma-Aldrich, St. Louis, MT) assay. The 

absorbance of solubilized formazan was read at 570 nm using ELISA reader (Bio-TEK, 

Synergy-1).

 ROS/RNS detection

Intracellular nitric oxide (NO), hydrogen peroxide (H2O2), and superoxide (·o2 −)− 

production was determined by fluorometric analysis using specific probes DAF, DCF, and 

DHE, respectively, as described earlier (Azad et al., 2013).
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 Apoptosis measurements

Sub-confluent (80%) densities of cells were treated with test drugs and incubated with 10 

μg/ml Hoechst 33,342 nuclear stain for 30 min at 37°C. The apoptotic cells having 

condensed chromatin and/or fragmented nuclei were visualized and scored under the 

EVOS® FL Cell Imaging System. Apoptotic cells were quantified by creating a grid using 

ImageJ and using a cell counter.

 Autophagy detection

Qualitative detection of autophagy was performed using Cyto-ID® autophagy detection kit. 

Approximately 1 × 105 cells were stained with 0.25 μl/ml dye and incubated at 37°C for 30 

min. Cells were visualized under a fluorescence microscope and images were obtained. 

Background subtraction was performed using ImageJ with a 50-pixel rolling ball radius. 

Corrected total cell fluorescence was calculated by subtracting mean fluorescence of the 

background from the total integrated density of the field.

 Western blotting

After specific treatments, H460 cells were incubated in lysis buffer containing 20 mM Tris–

HCl (pH 7.5), 1% Triton X-100, 150 mM NaCl, 10% glycerol, 1 mM sodium orthovanadate, 

50 mM sodium fluoride, 100 mM phenylmethylsulfonyl fluoride (PMSF), and a protease 

inhibitor mixture for 20 min on ice. After precipitating insoluble debris by centrifugation at 

14,000g for 15 min at 4°C, the supernatants were collected and assayed for protein content 

using bicinchoninic acid (BCA) method. Equal amount of protein per sample (40 μg) were 

resolved on a 10% SDS–PAGE and transferred onto a 0.45-μm nitrocellulose membrane 

(Pierce) using Trans-Blot® Turbo™ Transfer System from Bio-Rad. The transferred 

membranes were blocked for 1 h in 5% non-fat dry milk in TBST (0.05% Tween-20 in TBS) 

and incubated with the appropriate primary antibodies and horseradish peroxidase-

conjugated isotype specific secondary antibodies. The immune complexes were detected by 

chemiluminescence imaged using myECL Imager from Thermo Fisher Scientific and 

quantified by imaging densitometry, using ImageJ. Mean densitometry data from 

independent experiments were normalized to the control where indicated.

 Statistical analysis

The data represent mean ± SD from three or more independent experiments. Statistical 

analysis was performed by Student’s t-test at a significance level of P < 0.05 for all 

experiments for the indicated data sets.

 Results

 Synthesis and characterization of MonoD

MonoD is the β-D digitoxose analog of Digitoxin, which was synthesized using a palladium-

based de-novo method that has been developed by our group as described previously (Iyer et 

al., 2010). Both Digitoxin and MonoD consist of identical aglycone regions, but vary in the 

sugar region. While Digitoxin contains a trisaccharide, β-D-Digitoxose (MonoD) has only 

one sugar unit that is modified such that hydroxyl groups are on the third and fourth carbon 
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(Supplementary Fig. 1). Our preliminary assessment of growth inhibition in the normal 

Beas-2B cells and H460 cancer cells indicated that MonoD is much more efficacious on 

H460 cells as compared to Beas-2B cells (Supplementary Fig. 2). We therefore proceeded to 

assess the efficacy of MonoD in lung cancer cells and delineate intracellular pathways that 

drive its anti-tumor effects.

 MonoD reduces cell viability/proliferation and induces autophagy in lung cancer cells

We first assessed for the cytostatic and autophagic effects of Digitoxin and MonoD on H460 

cells. The cells were treated with varying doses of Digitoxin and MonoD over 24 h, and 

showed a dose-dependent decrease in viability/proliferation (Fig. 1A). Since we observed 

sustained effects of MonoD and Digitoxin over 72 h for 50 nM of drug, (Fig. 1B), we chose 

this dose of the drug for all subsequent experiments.

We next assessed for initiation of autophagy by assessing for the formation of autophagic 

vacuoles, which is indicative of the formation of the autophagosome. Phase-contrast 

microscopy clearly demonstrated formation of cytoplasmic vacuoles and numerous punctate 

structures in drug-treated cells in as little as 1 h; both the size and the number of vacuoles 

were much higher in MonoD-treated cells as compared to Digitoxin treatment (Fig. 1C). The 

hallmark of autophagy induction is the formation of cellular autophagosome punctae 

containing the microtubule-associated protein 1A/1B-light chain 3 (LC3). Translocation of 

LC3 protein from the cytosol (LC3-I form) to the autophagosome membrane (LC3-II form) 

is currently a standard method to monitor autophagy (Kabeya et al., 2000). Cyto-ID®, a 

green fluorescent dye that selectively labels the LC3-II protein in autophagic vacuoles, 

showed increased accumulation with both Digitoxin and MonoD treatment as compared to 

the untreated control—however, temporal differences were noted in MonoD- versus 

Digitoxin-treated cells (Fig. 1D). Maximal autophagic flux was observed within 1 h of 

MonoD treatment, which decreased at 8 h and disappeared at 24 h. On the other hand, cells 

treated with Digitoxin demonstrated a delayed onset of autophagic flux, but with relatively 

sustained levels of punctate staining observed even at 24 h (Fig. 1E).

Although H460 cells showed some basal level of autophagy, the autophagic flux increased 

significantly with MonoD treatment as indicated by the LC3-II band intensity (Fig. 2A and 

B), which correlated with the extent of autophagosome formation. Beclin1, a well-

established mediator of autophagy that is recruited early in the autophagic cascade, showed 

upregulation with Digitoxin and MonoD (P < 0.05) treatment. Both NF-κB, a positive 

modulator of Beclin1 transcription and p38 MAPK, which has been reported to induce 

autophagy via Beclin-1 overexpression, (Cui et al., 2007; Kim et al., 2010) showed 

significant upregulation with MonoD treatment (P < 0.05) (Fig. 2C and D). Immunoblotting 

for key regulators of autophagy revealed that both Digitoxin and MonoD induced expression 

levels of Beclin 1, NF-κB, and p38 MAPK, which peaked around 1 h before reducing at 6 h 

(Fig. 2E). Therefore, in order to better understand the intracellular mechanism that drives 

Digitoxin- and MonoD-mediated early autophagy, we probed for autophagic proteins after 1 

h of drug treatment. The dynamic nature of autophagic flux is evident from the decrease in 

LC3-II at 6 h as compared to 1 h with MonoD treatment. Furthermore, pre-treatment with 

the autophagy inhibitor Bafilomycin A1 causes accumulation of p62 SQSTM1 over time, 
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indicating the presence of autophagic flux (Supplementary Fig. 3). All these results taken 

together strongly indicate that both Digitoxin and MonoD initiate autophagy in H460 cells.

 Digitoxin and MonoD modulate intracellular levels of reactive radicals

Reactive radicals, including reactive oxygen species (ROS) and reactive nitrogen species 

(RNS), serve as signaling molecules in a variety of cellular processes including autophagy 

(Azad et al., 2008; Tripathi et al., 2013). Therefore we assessed for cellular ROS-RNS levels 

in both Digitoxin- and MonoD-treated H460 cells. Both MonoD and Digitoxin induced a 

significant increase in •O2- (P < 0.01) as compared to control; moreover, the effect of 

MonoD on induction of superoxide radicals was significantly higher as compared to 

Digitoxin-treated cells (P < 0.05) (Fig. 3A). Changes in intracellular levels of nitric oxide 

(assayed using DAF-DA) and peroxide (assayed using DCF-DA) were not significant. We 

also observed a down-regulation of superoxide dismutase (SOD) upon treatment with 

Digitoxin and MonoD, which suggests an effect of these drugs on upstream modulators of 

reactive radicals (Fig. 3B).

The potential role of ROS and RNS in Digitoxin- and MonoD-induced autophagy was 

further examined by evaluating the effects in the presence of ROS/RNS modulators. NO 

synthase inhibitor aminoguanidine (AG) drove significant scavenging of drug-induced •O2- 

(Fig. 3C) and NO (Supplementary Fig. 4). In order to assess whether changes in reactive 

radicals affected intracellular mediators of autophagy, we investigated the potential 

regulation of autophagic proteins by NO (Fig. 3D). Surprisingly, short-term modulation of 

NO had no significant effects on the expression levels of Beclin-1, NF-κB, or p38 MAPK. 

Furthermore, qualitative analysis of punctate containing LC3-II using Cyto-ID® staining 

showed no significant effect on vacuole formation mediated by NO modulation (through 

AG) as compared to the control groups (Fig. 3E and F). These observations indicate that 

although Digitoxin and MonoD induce both oxidative and nitrosative stress, the autophagic 

effects of MonoD may not be mediated directly through NO.

 Regulation of autophagic flux and vacuole formation in response to MonoD is mediated 
by superoxide

Since we did not observe any change in autophagic flux in response to NO modulators, we 

wanted to establish whether superoxide played a predominant role in mediating autophagy 

induced by Digitoxin and MonoD. We therefore tested for drug-mediated ROS generation in 

the presence of MnTBAP, a superoxide dismutase mimetic and •O2-scavenger, which 

completely inhibited •O2- production (P < 0.01) in the presence of both Digitoxin and 

MonoD (Fig. 4A). H460 cells that were pretreated with MnTBAP also showed complete 

inhibition of LC3-II levels and greater accumulation of LC3-I. Such LC3 localization to the 

cytosolic fraction (LC3-I) confirmed that pretreatment with MnTBAP led to an inhibition of 

Digitoxin- and MonoD-induced autophagy (Fig. 4B). Further, the increase in levels of 

Beclin-1, NF-κB, and p38 MAPK that was observed with MonoD treatment was countered 

significantly (P < 0.05) in cells pretreated with MnTBAP (Fig. 4C and D). MnTBAP-

mediated inhibition of MonoD-induced autophagy was further confirmed qualitatively using 

Cyto-ID® staining. Cells pretreated with MnTBAP showed reduced translocation of LC3 to 

the autophagosome membrane when treated with the positive control rapamycin (P < 0.05) 
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and MonoD (P = 0.06) as compared to the drug treated controls (Fig. 4E and F). These data 

suggest that MonoD-induced autophagy in H460 cells is mediated by the production of •O2-.

 Bcl-2 inhibits MonoD-induced autophagy

Given that Digitoxin and MonoD treatment in H460 cells reduced overall cell viability/

proliferation, we assessed the effect of MonoD and Digitoxin on apoptosis in order to 

evaluate whether the early autophagic flux observed had any effect on cell death. Prolonged 

treatment with Digitoxin and MonoD-induced apoptosis at 8 h in a dose-dependent manner 

(Fig. 5A and B). We then assessed for possible mechanistic crosstalk between autophagy 

and apoptosis to identify putative regulatory proteins that may direct this interaction. 

Beclin-1, a key modulator of MonoD-induced autophagy in our cellular model is regulated 

via its inhibitory interaction with pro-survival factor Bcl-2 (Pattingre et al., 2005). 

Additionally, Beclin-1 has been shown to be a target of protein kinase Akt, where Akt 

mediated Beclin-1 phosphorylation inhibited autophagy and increased oncogenic 

transformation (Wang et al., 2012).

In order to clarify the role played by Bcl-2 in mediating Digitoxin- and MonoD-induced 

regulation of autophagic proteins, we tested the effect of these drugs on a previously 

generated H460 cell line that has stable overexpression of Bcl-2 (H-Bcl2) (Azad et al., 

2006). Treatment with both Digitoxin and MonoD failed to induce up-regulation of 

autophagy regulators Beclin-1 and NF-κB in H-Bcl2 as compared to H460 cells (Fig. 5C). 

This result validated the antagonistic role of Bcl2 in driving Beclin-1-dependent autophagy 

in response to Digitoxin and MonoD in H460 cells.

We also assessed for the importance of Bcl-2 activity in MonoD-induced autophagy by 

pretreating H460 cells with ABT-737, a BH3 mimetic that selectively inhibits Bcl-2. Cells 

treated with MonoD in the presence of Bcl-2 inhibitor showed higher accumulation of 

autophagosome membrane bound LC3-II as compared to the cells treated with MonoD alone 

(Fig. 5D). In addition to the increased accumulation of autophagy marker LC3-II, Bcl-2 

inhibition in combination with MonoD resulted in an increased expression of Beclin-1, 

though the increase was not significant (Fig. 5E and F). Microscopic evaluation of the cells 

treated with Digitoxin and MonoD with and without Bcl-2 inhibitor exhibited greater uptake 

of Cyto-ID® when pretreated with the inhibitor, indicating the increased presence of 

autophagosomal moieties (Fig. 5G and H). The increase in expression of autophagy 

regulatory proteins and fluorescent intensity of cells in the ABT-737-pretreated group were 

not found to be significant due to the loss of membrane integrity of these cells in as little as 

1 h, suggesting a highly accelerated rate of activation of proteins in the autophagic cascade 

that pushed the cells rapidly towards apoptosis (Supplementary Fig. 5).

 Akt inhibits MonoD-induced autophagy

The early autophagic flux and induction of apoptosis with prolonged exposure to drug seems 

to suggest that autophagy may play a pro-death role in our system. Akt has been shown to 

inhibit autophagy and drive oncogenic transformation (Wang et al., 2012). Therefore, we 

assessed for the role of Akt in MonoD-induced autophagy in our cellular model by using 

LY294002, a highly selective reversible inhibitor of PI3 kinase. Pretreatment of cells with 20 
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μM LY294002 increased LC3-II levels as compared to cells treated with MonoD alone (Fig. 

6A). Additionally, co-treatment of MonoD with LY294002 further increased the expression 

level of autophagy regulator Beclin-1, though the increase was not significant (Fig. 6B and 

C). A statistically significant increase in the Cyto-ID® staining in the cells treated with 

MonoD in the presence of LY294002 (P < 0.01) as compared to MonoD alone (P < 0.05) 

was also observed (Fig. 6D and E). Cells treated concomitantly with Akt inhibitor in the 

presence of Digitoxin and MonoD had vacuoles that appeared much larger in size than cells 

treated with test drugs alone (Supplementary Fig. 5). Overall, the data suggested anti-

autophagic role for Akt, driven by inhibition of Beclin-1 and other autophagic mediators.

 Crosstalk between MonoD-induced autophagy and apoptosis

We finally wanted to address whether the early autophagic flux induced by both MonoD and 

Digitoxin had a direct influence on the apoptosis observed after prolonged exposure to drug 

(Fig. 5A). We examined the effect of MonoD and Digitoxin on induction of apoptosis in the 

presence of both Rapamycin and Bafilomycin A1 (Fig. 7A). Bafilomycin A1 inhibits 

autophagy by preventing the maturation of autophagic vacuoles by interfering with the 

fusion of autophagosomes with the lysosomes (Yamamoto et al., 1998). Cells pretreated 

with Rapamycin showed increased sensitivity to apoptosis, whereas pretreatment with 

Bafilomycin A1 significantly decreased the overall apoptosis in MonoD treated cells (Fig. 

7B). This data suggests a clear relation between autophagy and apoptosis, and posits a pro-

death role for autophagy wherein early autophagic flux driving cells to undergo apoptosis in 

response to MonoD and Digitoxin.

 Discussion

As a result of de novo or acquired resistance to molecularly targeted lung cancer therapies, 

there is a pressing need to discover and design therapies that can concomitantly target 

multiple pathways of cell death, thereby leading to sustained tumor regression. In this 

context, Digitoxin and its monosaccharide synthetic analog MonoD, have shown 

considerable promise as anti-cancer therapeutics (Pongrakhananon et al., 2013).

We found MonoD to exert higher cytotoxic activity as compared to Digitoxin. This is 

evident from the cell viability/proliferation data where a decrease in cell viability/

proliferation with 50 nM MonoD is comparable to 100 nM Digitoxin (Fig. 1A). 

Additionally, MonoD caused accelerated loss in cell viability/proliferation—reduction in 

viability/proliferation with 50 nM MonoD at 24 h is comparable to that with 50 nM 

Digitoxin at 72 h (Fig. 1B). These results are also validated from quantification of apoptotic 

cells, which showed comparable levels of apoptosis using 50 nM MonoD and 100 nM 

Digitoxin (Fig. 5B). This effect seems to be more specific to H460 cells as normal Beas-2B 

cells do not show the same level of inhibition (Supplementary Fig. 2). Taken together, these 

data support the higher cytotoxic potential of MonoD preferentially in lung cancer cells.

In this study, we identified a novel mode of action for Digitoxin and MonoD whereby they 

induce both autophagic and apoptotic cell death in H460 lung cancer cells. Short-term 

exposure of H460 cells with Digitoxin and MonoD led to the formation of reactive free 

radicals including superoxide and nitric oxide, promoted the formation of cytoplasmic 
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vacuoles, and activated several autophagy regulators such as Beclin-1, NF-κB, and p38 

MAPK. On the other hand, sustained exposure to drug led to the activation of apoptotic cell 

death, which was facilitated by early autophagic flux. A dynamic interplay seems to exist 

between autophagy in the short term and apoptosis over the longer term, which is mediated 

by important intracellular mediators including Akt and Bcl2. Inhibition of Akt and Bcl2 

activity intensified the effects of MonoD, resulting in an accelerated rate of autophagic flux 

and apoptotic death.

Formation of autophagic vacuoles increased very early following drug exposure particularly 

for MonoD, and decreased much more rapidly for MonoD as compared to Digitxoin (Fig. 

1D). Maximal autophagic flux (measured using Cyto-ID®) was observed with 1 h MonoD 

treatment, which decreased at 8 h and disappeared at 24 h. Early induction of autophagy 

leading to apoptosis observed with Digitoxin and MonoD treatments is in agreement with 

other findings where gefitinib treated cells induced an autophagic flux in MCF7 cells in as 

little as 45 min, and a natural triterpenoid GA-DM increased Beclin-1 and LC3 expression in 

3 h to induce autophagy in melanoma cells eventually leading to apoptosis (Hossain et al., 

2012; Dragowska et al., 2013). Contrastingly, rottlerin induced autophagy in prostate cancer 

stem cells at 24 h, and metformin increased the autophagic flux at 48 h in esophageal 

squamous cell carcinoma eventually inducing the cells to undergo apoptosis (Feng et al., 

2014; Kumar et al., 2014). We attribute temporal kinetics associated with increased 

accelerated autophagic flux with MonoD to its higher efficacy and potential differences in 

global signaling mechanisms as compared to Digitoxin.

Autophagic progression was verified by comparing the LC3-II levels between different 

treatments, as increase in LC3-II intensity corresponds to increased autophagy (Mizushima 

and Yoshimori, 2007). In several reports, the ratios of LC3-II/LC3-I and LC3-II/Total LC3 

(LC3II + LC3-I) have been reported as a quantitative index for autophagy (Karim et al., 

2007; Kadowaki and Karim, 2009; Eisenberg-Lerner and Kimchi, 2012). However, 

difference in the immunoreactivity of LC3-I and LC3-II may result in such ratio-based 

interpretations regarding the autophagic flux inappropriate. Comparing the amount of LC3-

II alone between samples has been determined to be a more accurate method of interpreting 

autophagy, and we have adopted this approach to interpret our data (Mizushima and 

Yoshimori, 2007).

Beclin-1, one of the first autophagy effectors to be identified, is recruited early in the 

formation of pre-autophagosomal structures where it forms a complex with vacuolar protein 

sorting family members Vps15 and Vps34, which are responsible for vesicle nucleation 

(Liang et al., 1999). Moreover, the induction of autophagy mediated by p38 MAPK is often 

accompanied by increased expression of Beclin-1 (Cui et al., 2007). Beclin-1 and LC3-II are 

well established and widely used markers of induction of autophagy (Liang et al., 1999; 

Tanida et al., 2008; Cherra et al., 2010; Maejima et al., 2013). Therefore, we probed for 

LC3-II and Beclin-1 as key markers of autophagy in response to MonoD.

Digitoxin and MonoD treatment caused an increase in oxidative stress leading to excess 

production of ROS and NO in H460 cells. This finding is in agreement with earlier reports 

that demonstrate increased production of ROS in response to cardiac glycosides (Tian et al., 
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2003; Pasdois et al., 2007). Assessment of autophagy under various experimental conditions 

such as starvation, mitochondrial electron transport chain inhibitors and exogenous H2O2 

concluded that increased autophagy levels correlated with increased •O2- production (Chen 

et al., 2009). This is consistent with previous reports showing a role for NO production in 

mediating autophagic flux (Tripathi et al., 2013). However, immunoblotting showed that 

inhibition of NO had no effect on regulation of LC3-II, Beclin-1, NF-κB, and p38 MAPK, 

suggesting that although NO was being produced, it did not directly drive Digitoxin- and 

MonoD-dependent autophagy in our cellular model at least for short-term exposure with the 

drugs (Fig. 3D and E). On the other hand, MnTBAP treatment not only inhibited the 

production of Digitoxin- and MonoD-induced •O2-, it was also accompanied by inhibition of 

MonoD induced upregulation of Beclin-1, NF-κB, p38 MAPK, and LC3-II levels (Fig. 4C). 

Previous studies have also demonstrated that overexpression of SOD2 has been shown to 

inhibit autophagy, supporting a role for •O2- in autophagy induction (Chen et al., 2007; 

Chen et al., 2008). These data prove that Digitoxin- and MonoD-induced autophagy is 

mediated by superoxide production in H460 cells.

The oncogenic potential of Bcl-2 is well established, with its overexpression reported in 

various cancers, making Bcl-2 an attractive chemotherapeutic target (Yip and Reed, 2008; 

Kang and Reynolds, 2009; Thomas et al., 2013). Additionally, Bcl-2 functions as an anti-

autophagic protein by binding Beclin-1 via its BH3 (Bcl-2 homology 3) domain, thereby 

preventing Beclin-1 from forming a pre-autophagosome complex with Vps15 and Vps34 

(Pattingre et al., 2005). To evaluate the function of Bcl-2 in Digitoxin- and MonoD-induced 

autophagic cell death both in terms of protein expression as well as activity, we used a H460 

model overexpressing Bcl-2 as well as a small molecule inhibitor of Bcl-2 (ABT-737). Our 

results show that both Digitoxin and MonoD failed to induce expression of Beclin-1 and NF-

κB in Bcl-2-overexpressing H460 cells (Fig. 5C). Furthermore, inhibition of Bcl-2 activity 

by co-treatment with ABT-737 led to an increase in autophagic vacuoles (Fig. 5G). These 

results clearly validate the role of Bcl-2 as an important inhibitor of MonoD-driven 

autophagy in our system.

In addition to the well-documented role of Akt in tumorigenesis (Testa and Bellacosa, 2001), 

there is emerging evidence of Akt inhibiting autophagy by targeting Beclin-1 (Wang et al., 

2012). In keeping with such observations, we find that the reversible Akt-inhibitor 

LY294002 had an augmentative effect on autophagy. Both Akt and Bcl-2 are inhibitors of 

autophagy, and therefore inhibiting their activity resulted in an increased basal autophagy in 

H460 cells indicated by increased LC3-II and Beclin-1 expression. Concomitant treatment 

of these inhibitors with MonoD resulted in further elevation in levels of LC3-II and Beclin-1 

expression, with increased punctae and vacuole formation. Concomitant treatment 

modicums such as that involving MonoD and inhibitors for Bcl-2 and Akt that targets 

distinct intracellular cell-death/cell-survival pathways in addition to the autophagic pathway 

may represent a novel paradigm for triggering effective and accelerated cancer cell death.

Autophagy is by definition a self-eating catabolic process that recycles misfolded and 

aggregated cytoplasmic proteins and organelles, and maintains cellular homeostasis by 

protecting cells from unfavorable conditions such as nutrient starvation by acting as an 

energy source. This confers upon cancer cells the ability to tolerate stressful conditions, 
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eventually leading to a drug-resistant phenotype (Degenhardt et al., 2006), a concept that has 

encouraged strategies that inhibit autophagy as a viable therapeutic approach in cancer 

treatment (Townsend et al., 2012). There is plenty of recent evidence to suggest that 

autophagy acts as a double-edged sword, where short term autophagy may be thought of as 

cell survival mechanism while sustained autophagic flux causes progressive cellular 

consumption eventually leading to cell death (Mathew et al., 2007). We posit this latter role 

for autophagy with MonoD and Digitoxin, where short term autophagic signaling 

contributes to eventual apoptotic death. Co-treatment of MonoD with autophagic inducers 

and inhibitors has a direct effect on overall apoptotic death (Fig. 7A and B). It would be 

interesting to assess whether a complete loss of autophagic machinery in our cell model at 

the genetic level might recapitulate some of the effects we observe using pharmacological 

inhibitors. Also, while we have shown that inhibition of pro-survival proteins increases 

autophagy and eventually potentiates apoptosis in the context of our study, we have not 

identified all the factors that trigger the lateral cross talk between these two pathways of cell 

death in the context of MonoD action, which will be the focus of future evaluation of these 

compounds.

We have summarized our findings in the Schematic provided (Fig. 7C). Digitoxin and 

MonoD treatment leads to the production of superoxide, which drives early autophagy via 

the up-regulation of Beclin-1. MnTBAP inhibits the superoxide production, leading to 

down-regulation of Beclin-1 thereby inhibiting autophagy. Pro-survival factors Bcl-2 and 

Akt inhibit autophagy via Beclin-1, which is reversible in the presence of Bcl-2 and Akt 

inhibitors, leading to an increase in Beclin-1 expression and autophagic flux. Longer 

treatment with Digitoxin and MonoD leads to sustained autophagy, which eventually 

sensitizes cells to apoptosis, with a possible cross talk between autophagic and apoptotic 

mediators. We believe that we have presented an elegant mode of action for a hitherto 

uncharacterized drug, MonoD, which directs its action through both autophagic and 

apoptotic signaling. We propose that such multifarious effects of MonoD may be exploited 

not only for targeting resistant cancers of the lung such as NSCLC, but other cancers that 

show limited sensitivity to apoptotic stimuli.
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Fig. 1. 
Digitoxin and MonoD reduce cell viability/proliferation and induce autophagy in H460 lung 

cancer cells. A: H460 Cells were treated with increasing concentrations of Digitoxin and 

MonoD (10, 50, and 100 nM) for 24 h and assessed for viability/proliferation using MTT (5 

mg/ml). Cisplatin (300 μM) was used as a positive control. MTT absorbance at 570 nm was 

measured and normalized relative to no-drug control (referred to as “Ntx” here and 

henceforth in the figures). B: Time course of the MTT viability/proliferation assay 

performed over 72 h with 50 nM Digitoxin and MonoD. C: Cells treated for 1 h with 50 nM 

Digitoxin and MonoD and imaged using EVOS® FL Cell Imaging System under transmitted 

light at 40× resolution. D: Visualization of autophagic vacuole accumulation and flux 

performed using Cyto-ID®, a green fluorescent dye (0.25 μl/ml) that selectively labels the 

LC3-II protein in autophagic vacuoles imaged using EVOS® FL Cell Imaging System at 40× 

resolution. E: Autophagic vacuoles were quantified using ImageJ analysis software after 

performing background subtraction and plotted as Corrected Total Cell Fluorescence.
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Fig. 2. 
Digitoxin and MonoD treatment modulate levels of autophagy markers and autophagy 

regulatory proteins. A: H460 cells were treated with 50 nM Digitoxin and MonoD for 1 h, 

lysed and 40 μg lysate was separated on a 10% SDS-PAGE and assayed for autophagic 

marker LC3-II levels by immunoblot analysis. Blots were re-probed with GAPDH antibody 

to confirm equal loading of the samples. B: Densitometric quantification of LC3-II/LC3-I 

levels in response to drug treatment. C: H460 cells treated with 50 nM Digitoxin and 

MonoD for 1 h were lysed and assayed for autophagy regulatory proteins such as Beclin-1, 

NF-κB and p38 MAPK levels by immunoblot analysis. Blots were re-probed with GAPDH 

antibody to confirm equal loading of the samples. D: Beclin-1, NF-κB and p38 MAPK blots 

were quantified with densitometry using ImageJ. (*P < 0.05 for each drug treated data point 

as compared to non-treated control). E: H460 cells were treated with 50 nM Digitoxin and 

MonoD for 1 and 6 h, lysed and 40 μg lysate was separated on a 10% SDS–PAGE and 

assayed for autophagic marker Beclin-1, p38 MAPK, and NFkB levels by immunoblot 

analysis to demonstrate the temporal change in autophagy regulatory proteins. Blots were re-

probed with GAPDH antibody to confirm equal loading of the samples.
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Fig. 3. 
Digitoxin and MonoD modulate intracellular levels of reactive species. A: Cells were treated 

with 50 nM Digitoxin and MonoD and assayed for nitric oxide, hydrogen peroxide, and 

superoxide production using DAF, DCF and DHE fluorescent probes. Cr(VI) (100 μM) was 

used as a positive control. Fluorescence intensity was recorded using a multi-mode 

fluorescence plate reader. Plots show relative fluorescence intensity over no drug treated 

control at the peak response time of 15 min. B: Cells treated with Digitoxin and MonoD 

were lysed and lysates separated on a SDS–PAGE and probed for SOD. C: Cells were pre-

treated with 300 μM aminoguanidine for 1 h prior to treatment with 50 nM Digitoxin and 

MonoD. Superoxide production was assayed using DHE (Fig. 2D) and fluorescence 

intensity was measured at the peak response time of 15 min post-drug treatment. D: Cells 
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were pre-treated with 300 μM aminoguanidine for 1 h prior to treatment with 50 nM 

Digitoxin and MonoD. Following this, cells were treated with 50 nM Digitoxin and MonoD 

for 1 h and lysed and assayed for autophagy regulatory proteins such as Beclin-1, NF-κB, 

and p38 MAPK levels by immunoblot analysis. Blots were re-probed with GAPDH antibody 

to confirm equal loading of the samples. E: Cells pre-treated for 1 h with 300 μM 

aminoguanidine prior to 1 h treatment with 50 nM Digitoxin and MonoD were analyzed for 

autophagosome formation by Cyto-ID®. Rapamycin (2 nM) was used as a positive control. 

Following treatment with test drugs, cells were incubated with Cyto-ID® for 30 min at 37°C 

and intracellular Cyto-ID® fluorescence imaged using EVOS® FL Cell Imaging System at 

40× resolution. F: Autophagic vacuoles were quantified using ImageJ after performing 

background subtraction and plotted as Corrected Total Cell Fluorescence. (*P < 0.05 for 

each drug treated data point as compared to non-treated control; #P < 0.05 versus Digitoxin- 

and MonoD-treated datasets).
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Fig. 4. 
Regulation of autophagic flux and vacuole formation in response to MonoD is mediated by 

superoxide. A: Cells were pre-treated with 100 μM MnTBAP for 1 h prior to treatment with 

50 nM Digitoxin and MonoD. Superoxide production was assayed using DHE fluorescence 

intensity, respectively, at the peak response time of 15 min post-drug treatment. B: Cells 

pretreated for 1 h with MnTBAP (100 μM) were treated with 50 nM Digitoxin and MonoD 

for 1 h and lysed and assayed for detection of autophagy marker LC3-II levels. Blots were 

re-probed with GAPDH antibody to confirm equal loading of the samples. C: Lysate 
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obtained from cells treated for 1 h with 50 nM Digitoxin and MonoD following 1 h pre-

treatment with 100 μM MnTBAP was assayed for autophagy regulatory proteins Beclin-1, 

NFkB, and p38 MAPK using immunoblotting. D: Beclin-1, NF-κB, and p38 MAPK blots 

were quantified with densitometry using ImageJ. E: Cells pretreated for 1 h with MnTBAP 

(100 μM) were treated with 50 nM Digitoxin and MonoD for 1 h and assayed for 

intracellular autophagic vacuole formation using Cyto-ID®. Following treatment with test 

drugs, cells were incubated with Cyto-ID® for 30 min at 37°C and intracellular Cyto-ID® 

fluorescence imaged using EVOS® FL Cell Imaging System at 40× resolution. F: 

Autophagic vacuoles were quantified using ImageJ after performing background subtraction 

and plotted as Corrected Total Cell Fluorescence. (*P < 0.05 for each drug treated data point 

as compared to non-treated control; #P < 0.05 versus Digitoxin- and MonoD-treated 

datasets).
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Fig. 5. 
Prolonged Digitoxin and MonoD treatment eventually leads to apoptosis and Bcl-2 inhibits 

autophagic flux in H460 cells. A: Digitoxin and MonoD activate apoptosis in H460 cells 

which can be inhibited using a pan-caspase inhibitor zVAD-FMK. Cells were treated with 

respective drugs for 8 h following 1 h pre-treatment with 20 μM zVAD-FMK. Cisplatin was 

used as a positive control. Following treatment, cells were incubated at 37°C with 5 μM 

Hoechst 33,342 for 30 min and imaged using EVOS® FL Cell Imaging System at 40× 

resolution. B: Apoptosis quantification was done using ImageJ by creating a grid and 

initializing a cell counter and counting the apoptotic and live cells. C: To understand the 

regulatory effect of Bcl-2 on autophagy regulatory proteins, H460 cells overexpressing Bcl-2 

(H-Bcl2) were treated for 1 h with 50 nM Digitoxin and MonoD in parallel with H460 cells. 

Lysates were obtained and probed for autophagy regulatory proteins Beclin-1, NFkB, and 
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p38 MAPK. Blots were reprobed for GAPDH to confirm equal loading. D: Cells were 

pretreated for 1 h with Bcl-2 inhibitor ABT-737 (1 μM), followed by 50 nM Digitoxin and 

MonoD for 1 h. Forty micro gram cell lysate was separated on a 10% SDS–PAGE followed 

by immunoblotting and probed for autophagy marker LC3-II. E: Lysates obtained as 

described in Figure 4D were probed for autophagy regulatory proteins Beclin-1, NF-κB, and 

p38 MAPK. F: Blots were quantified using ImageJ after normalizing to GAPDH as a 

loading control. G: Cells were pretreated for 1 h with Bcl-2 inhibitor ABT-737 (1 μM), 

followed by 50 nM Digitoxin and MonoD for 1 h. Autophagic fluorescence was visualized 

using Cyto-ID® autophagy detection kit. H: Autophagic vacuoles were quantified for 

corrected total cell fluorescence as described earlier. (*P < 0.05 versus Digitoxin- and 

MonoD-treated datasets).
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Fig. 6. 
Akt inhibits MonoD-induced autophagy. A: Cells were pretreated for 1 h with Akt inhibitor 

LY294002 (20 μM), followed by 50 nM Digitoxin and MonoD for 1 h. Forty micro gram 

cell lysate was separated on a 10% SDS–PAGE followed by immunoblotting and probed for 

autophagy marker LC3-II. Please note the control lanes Ntx,Dtx, and MonoD were a part of 
a combined experiment with Bcl2-inhibitor and are the same as in Figure 4E. B: Lysates 

obtained as described in Figure 5A were probed for autophagy regulatory proteins Beclin-1, 

NFkB, and p38 MAPK and quantified as described earlier. Please note the control lanes Ntx, 
Dtx, and MonoD were a part of a combined experiment with Bcl2-inhibitor and are the same 
as in Figure 4F. C: Beclin-1, NF-κB, and p38 MAPK blots were quantified with 
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densitometry using ImageJ. D: Cells were pretreated for 1 h with Akt inhibitor LY294002 

(20 μM), followed by 50 nM Digitoxin and MonoD for 1 h. Autophagic fluorescence was 

visualized using Cyto-ID1 autophagy detection kit. E: Autophagic vacuoles were quantified 

using ImageJ analysis software after performing background subtraction and plotted as 

Corrected Total Cell Fluorescence. (*P < 0.05 versus untreated control; #P < 0.05 versus 

MonoD-treated dataset)
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Fig. 7. 
Schematic of Digitoxin and MonoD-induced autophagy. A: To assess the interplay between 

autophagy and apoptosis, cells were pretreated for 1 h with 2 μM Rapamycin, an autophagy 

inducer and 10 nM Bafilomycin A1, an autophagy inhibitor. Following this, the cells were 

treated with Digitoxin and MonoD for 24 h and assessed for apoptosis by staining with 5 μM 

Hoechst 33342. (*P < 0.05 versus untreated control; #P < 0.05 versus MonoD-treated 

dataset). B: Quantification of the apoptosis data. C: Digitoxin- and MonoD-driven 

autophagy is regulated through superoxide, which is mediated via the up-regulation of 

Beclin-1. MnTBAP scavenges superoxide, which leads to Beclin-1 down-regulation 

resulting in inhibition of autophagic response. Pro-survival factors Bcl-2 and Akt inhibit 

autophagy via Beclin-1, which is reversible in the presence of Bcl-2 and Akt inhibitors 

leading to up-regulation of Beclin-1 expression and increased autophagic response. 

Prolonged treatment with Digitoxin and MonoD cause sustained autophagy, which 

eventually sensitizes H460 cells to apoptosis.
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