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Abstract

Successful drug repurposing relies on the understanding of molecular mechanisms of the target 

compound. Cardiac glycosides have demonstrated potent anticancer activities; however, the 

pharmacological mechanisms underlying their anticancer effects remained elusive, which has 

restricted their further development in cancer treatment. A bottleneck is the lack of comprehensive 

understanding about genes and signaling pathways that are altered at the early stage of drug 

treatment, which is key to understand how they inhibit cancer. To address this issue, we first 

investigated the anticancer effects of a panel of 68 naturally isolated cardiac glycosides. Our 

results illustrate critical structure activity relationship of these compounds on cancer cell survival. 

We confirmed the anticancer effect of cardiac glycoside in mouse tumor xenografts. Through 

RNA sequencing, quantitative PCR and immunoblotting, we show that cardiac glycoside first 
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activated autophagy and then induced apoptosis. Further activating autophagy by rapamycin 

or inhibiting apoptosis by caspase inhibitor mitigated cardiac glycoside-induced cell death, 

whereas inhibiting autophagy by RNA interference-mediated depletion of critical autophagy genes 

enhanced cell death. While depletion of Na/K-ATPase, the protein target of cardiac glycosides, 

by RNA interference inhibited both autophagy activation and apoptosis induction by cardiac 

glycoside, expression of human, but not rodent Na/K-ATPase, increased cell sensitivity to cardiac 

glycoside. In conclusion, our analyses reveal sequential activation of autophagy and apoptosis 

during early stages of cardiac glycoside treatment and indicate the importance of Na/K-ATPase in 

their anticancer effects.
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1. Introduction

Natural products have remained a rich source for drug discovery. In fact, many currently 

FDA approved anticancer drugs were derived from natural products, such as paclitaxel, 

irinotecan, vincristine, arsenic trioxide and trabectedin [1-4]. Cardiac glycosides, also called 

cardiotonic steroids, are steroid-like natural compounds that contain an aglycone (steroid), 

a glycoside (sugar) at the C3 position, and an unsaturated lactone ring at the C17 position 

(Fig. 1A) [5,6]. Conventionally, this class of compound was used in the clinic to treat 

congestive heart failure and atrial arrhythmias as they increase the contractile force of 

cardiac muscles [5,6]. In recent years, cardiac glycosides have been constantly identified 

as agents that inhibit the growth of various types of cancer cells [7-11]. Certain cardiac 

glycosides or their derivatives even reached clinical trial stages for cancer treatment [5,12]. 

For instance, the first cardiac glycoside tested in an anticancer clinical trial is the water 

extract from oleander called Anvirzel [13], which showed potent anticancer activity against 

various types of cancers while displaying little side effect [14]. Others including digitoxin, 

digoxin and its semi-synthetic compound UNBS1450 were shown to inhibit non-small cell 

lung adenocarcinoma at clinical trials (clinicaltrials.gov) [5,15-17].

Although the anticancer effect of cardiac glycoside had long been observed and widely 

reported, the underlying molecular mechanisms seem to be complex and may involve 

a variety of signaling pathways, including the membrane pump Na+/K+-ATPase (the 

only known cellular target of cardiac glycoside identified so far [5,18]), the Src-EGFR-

Ras-Raf-MAPK signaling, [5,15], the topoisomerase 2 [19,20], the death receptors 4/5 

[21], Hif1α [9], NF-κB [22], etc. However, since most studies investigated effects of 

these compounds after prolonged treatment (e.g., 24 h), the results might represent the 

consequence, but not the cause, of these compounds; therefore, the precise anticancer 

mechanism for this compound class remains unclear. One approach to solve this critical 

issue is to comprehensively interrogate molecular events occurring at early time points of 

drug treatment.
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We had previously isolated a large number of cardenolide-type cardiac glycosides from 

the poisonous plants Antiaris toxicaria and Thevetia peruviana [23-26]. These compounds 

display both similarity and diversity in their structures, representing great tools to 

investigate the structure–activity relationship (SAR) and the anticancer mechanisms of 

cardiac glycosides. In this study, we first conducted SAR analysis to investigate their 

anticancer effects. We subsequently profiled the change of the transcriptional landscape at 

early time points of compound treatment using RNA sequencing. We carried out quantitative 

PCR (qPCR), immunoblotting and RNA interference (RNAi) to confirm results from the 

transcriptomal analysis, which collectively illustrate the re-wiring of molecular signaling 

and cellular reaction to cardiac glycosides that lead to their anticancer effects.

2. Materials and methods

2.1. Cell culture and reagents

Human cancer cell lines were purchased from American Type Culture Collection (ATCC). 

The cell lines were grown in DMEM (for U2OS, HOP62 and H1650) or RPMI-1640 (for 

A549) supplemented with 10% FBS (ExCell bio, Shanghai, China or Gibco, Carlsbad, USA) 

and 1% penicillin–streptomycin (Gibco, Carlsbad, USA) and maintained at 37 °C in 5% 

CO2 and 98% humidity. Cells passaged for around ten passages were used for experiments.

DMSO was obtained from Thermo Fisher (Waltham, MA, USA). Ouabain octahydrate 

(#T1318) was purchased from TargetMol (Wellesley Hills, MA, USA). Na/K-ATPase 

(#A7510), ATP (#A3377) and ammonium molybdate (#277908) were purchased from Sigma 

(St. Louis, MO, USA). Z-VAD-FMK (#S7023) was purchased from Selleckchem (Huston, 

TX, USA). Rapamycin (#1292) was from Tocris Bioscience (Minneapolis, MN, USA). 

Antibodies used in this study are as follows: β-ACTIN (#4970), PARP (#9542S), caspase-3 

(#9665S), cleaved-caspase-3 (#9664S), c-FOS (#4384), c-JUN (#9165), FOSB (#2251), 

ULK1 (#8054), BECN1 (#3495), p-mTOR (Ser-2448, #5536), p-P62 (Ser-403, #39786), 

and BAX (#2772S) were purchased from Cell Signaling Technology (Beverly, MA, 

USA). Anti-human LC3B (#NB100-2220) and P62/SQSTM1 (#NBP1-42821) antibodies 

were obtained from Novus Biologicals (Centennial, CO, USA). Anti-P53 (#SC-6243), 

anti-ATR (#SC-515173), and anti-P21 (#SC-397) were from Santa Cruz Biotechnology 

(Santa Cruz, CA, USA). Anti-ATM (#GTX70103), antihuman β-Actin antibody (#GT5512) 

and HRP conjugated secondary antibodies were purchased from GeneTex Inc (Irvine, CA, 

USA). Anti-p-P62 (Ser-351, #PM074) was from MBL Int Corp (Woburn, MA, USA). Anti-

ATP1A1 (#ab7671) and ATP1A3 (#ab2826) were from Abcam (Cambridge, MA, USA). 

Alexa Fluor® 488 goat anti-rabbit IgG (#A11008) were from Invitrogen/Thermo Fisher 

Scientific (Carlsbad, CA, USA).

Isolation and characterization of cardiac glycosides have been previously reported by our 

group [23-26]. These compounds were dissolved in DMSO at 10 mM stock concentration 

for cell culture analyses.

Geng et al. Page 3

Biochem Pharmacol. Author manuscript; available in PMC 2023 May 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



2.2. Cell viability assay

Cell viability was analyzed using the Cell Counting Kit-8 (Beyotime Inst Biotech, China) 

assay according to the manufacturer’s instructions. Briefly, 5 × 103 cells/well were seeded in 

a 96-well flat-bottomed plate, grown at 37 °C for 24 h, and treated with 10 μM of the tested 

compounds for another 24 h. Then 10 μl CCK-8 solution was added to each well, incubated 

at 37 °C for 2 h and the absorbance was finally determined at 450 nm using a microplate 

reader (Synergy TM HT, BioTEK, Winooski, VT, USA).

2.3. Clonogenic cell survival assay

Clonogenic survival assay was used to determine the long-term survival of cells. Briefly, 

5 × 103 A549 cells (treated with agents or vehicles) were seeded into 6-well plates in 

triplicate and cultured in drug-free full media for 10–14 days or until cell colonies were 

clearly visible. The culture medium was changed every 3 days. Cells were washed once with 

phosphate buffered saline and fixed in acetic acid–-methanol solution (1:7, vol/vol) at room 

temperature for 5 min. After staining with 0.1% crystal violet dye (Sigma, St. Louis, MO, 

USA) in methanol at room temperature for 15 min, the plates were then gently rinsed under 

tap water, placed upside down to allow air dry. The dried plates were first scanned, then 

dissolved in 1% SDS. The plates were placed on a shaker to incubate until no areas of dense 

coloration were visible at the bottom of the wells. Finally, the absorbance of each well was 

read at 570 nm using a microplate reader (Synergy TM HT, BioTEK, Winooski, VT, USA).

2.4. Western blotting

Total cell lysates were harvested in the cell lysis buffer (Beyotime Inst Biotech, Shanghai, 

China) containing 1 mM phenylmethylsulfonyl fluoride (Beyotime Inst Biotech, Shanghai, 

China). The protein concentration was measured using the Pierce® BCA Protein Assay Kit 

(#23225; Pierce/Thermo Fisher, Waltham, MA, USA). Equal quantities of proteins (~40 

μg) were separated by 6%-10%-15% SDS-PAGE and transferred to PVDF membranes 

(#IPVH00010) from Millipore/Sigma (Burlington, MA, USA). The membranes were 

blocked with 5% skim milk and probed with indicated primary antibodies overnight at 4 

°C. After incubated with horseradish peroxidase conjugated secondary antibodies, the bands 

were revealed by an ECL detection imaging system (bioTanon, Shanghai, China). Protein 

band quantitation was done through the Image J software from at least three independent 

experiments.

2.5. Cell cycle analysis

A549 cells were seeded in 6-cm dishes and cultured overnight. Cells were treated with 

500 nM ANTO2 for 0, 4, 12 and 24 h. The cell cycle analysis was determined by 

the Cell Cycle and Apoptosis Analysis Kit (Beyotime Inst Biotech, Shanghai, China) 

following manufacturer’s protocol. Cells were harvested by trypsinization and collected 

by centrifugation. Cells were washed once by cold PBS, fixed in 70% ethanol, and stored 

at 4 °C for subsequent cell cycle analysis. Fixed cells were washed with PBS once, then 

re-suspended in 1 mL of propidium iodide (PI) staining reagent (50 mg/mL PI and 1 mg/mL 

RNAse in 1 mL of sodium citrate buffer, pH 7.4). Samples were incubated in the dark for 30 

min before FACS analysis. The distribution of cells in the cell cycle was measured by flow 
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cytometer (BD FACSCantoII, San Jose, CA, USA) analysis system and quantitation of cell 

cycle distribution was performed using the ModFit software.

2.6. Apoptosis inhibitor treatment

A549 cells were plated in 6-well plates until 80% confluence was reached and exposed to 

DMSO or Z-VAD-FMK(10 μM) for 2 h. Then, cells were treated with 500 nM ANTO2 
for 0, 2, 4 and 8 h, collected by trypsinization, and cell death was determined by staining 

with 0.4% Trypan Blue solution (w/v) (Sigma, St. Louis, MO, USA) and counted using a 

hemocytometer. The remaining cells were analyzed for protein expression.

2.7. RNA sequencing

The RNA-Seq service and data analysis were provided by the BGI Co. Ltd. Briefly, U2OS 

cells in the exponential phase were treated in duplicate with 500 nM ANTO2 for 2 and 

8 h, and harvested in TRIzol (Invitrogen/Thermo Fisher, Carlsbad, CA, USA). Library 

construction was performed by following the Illumina Truseq RNA sample preparation v2 

workflow (Cat# RS-122-2001). In brief, 200 ng of total RNA was treated with oligo (dT) 

magnetic beads to isolate mRNA, which was then fragmented and converted to cDNA with 

reverse transcriptase reaction. Agilent 2100 Bioanalyzer (Santa Clara, CA, USA) and ABI 

StepOnePlus Real-Time PCR (Thermo Fisher, Waltham, MA, USA) were used to quantify 

and quantitate the RNA quality. Subsequent steps include end repair, addition of an “A” 

overhang at the 3’ end, ligation of the indexing-specific adaptor, followed by purification 

with Agencourt Ampure XP beads. The library is then amplified and purified with Ampure 

XP beads. Size and yield of the bar-coded libraries are assessed on the LabChip GX, with 

an expected peak size around 300 bp. Concentration of each library is measured with qPCR. 

Pools of indexed library are then prepared for cluster generation and 100 bp paired end 

sequencing was performed on the Illumina HiSeq 4000 platform.

2.8. Processing of RNA sequencing data

The obtained raw reads were checked for quality and sequences containing adapter, high 

content of unknown bases and low quality reads were removed from further analysis. We 

obtained greater than 96% of clean reads for each sample. Clean reads were mapped with 

Bowite2 (version 2.1.0) [27] to the mRNA sequence from NCBI RefSeq database. Based 

on the alignment result, RSEM (version 1.2.12) [28] were used to calculate the expression 

profile for all genes. Differentially expressed genes are identified by EBSeq (v 1.4.0) [29] 

with criteria of absolute value of log2 (fold changing) no < 1 and the posterior probability 

of being equivalent expression no more than 0.05. Based on the results, volcano plots and 

expression scatter plots were drawn using R package ggplot2. Scaled expression values were 

used to cluster all the genes using the R package “gplots” with default parameters based 

on FPKM normalized expression profiles. Co-expression network was built with WGCNA 

(version 1.5.1) based on expression profiles of all genes, which led to the selection of 7644 

genes with a significant score ≥0.9 and p-value ≤ 0.01, the co-expression list is intersected 

with the differentially expressed gene list to identify 1701 genes as candidates.
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2.9. Functional annotation for candidate gene list

Among the 1701 genes, 857 and 844 genes were down- and up-regulated at 8 h, respectively, 

compared with control samples. Using the GOTERM_CC_ALL from DAVID [30] with 

criteria of p-value ≤ 0.01, more than 132 associated genes (the size of the spliceosome, the 

largest protein complex) were removed [31]. Core candidate genes were tested for biological 

process enrichment or depletion using the panther-db server (pantherdb.org). The list was 

tested against the PANTHER GO-Slim Biological Process annotation set [31]. Log2 values 

were used to cluster all the candidate genes using R pheatmap (v0.7.7) with Euclidean 

distance and the complete linkage method based on FPKM normalized expression profile 

for each sample. Pathway annotation was performed with AmiGO [32] Biological process 

database and MSigDB [33].

2.10. QPCR analysis

Quantitative PCR (qPCR) was performed following MIQE guidelines. Briefly, total RNA 

was extracted from U2OS, H1650 or HOP62 cell cultures by the RNeasy plus kit (#74134, 

Qiagen USA, Germany Town, MD, USA). The cDNA was synthesized using the Revert 

Aid first strand cDNA synthesis kit according to the manufacturer’s protocol (#K1622, 

ThermoFisher, Franklin, MA, USA). Real-time PCR was performed on a CFX96 Real-Time 

PCR system (Bio-Rad, Hercules, CA, USA) with SYBR Green Master Mix (#208054, 

Invitrogen/ThermoFisher, Franklin, MA, USA). The mRNA level of target gene was 

determined by analyzing 2-ΔΔCt using HPRT1 as the internal control. The qPCR program 

used is: 95 °C for 3 min, followed by 40 cycles of 95 °C 10 sec and 60 °C 30 sec. 

Immediately following the cycle, melt curve is determined by heating the sample to 95 °C 

for 10 s, reducing to 60 °C for 30 s, and then gradually increasing to 95 °C with 0.5 °C 

increment increase.

Primers for RT-PCR are:

TP53-F: 5′-CTTCCATTTGCTTTGTCCCG-3′

TP53-R: 5′-CATCTCCCAAACATCCCTCAC-3′

EGR-F: 5′-ACAGCAACCTTTTCTCCCAG-3′

EGR-R: 5′-CCAATAGACCTTCCACTCCAG-3′

FOSB-F: 5′-AGTGAGACTGAGGGATCGTAG-3′

FOSB-R: 5′-CATTGAATTGTGGTTGGCAGG-3′

JUN-F: 5′-TGTCCGAGAACTAAAGCCAAG-3′

JUN-R: 5′-TCAATGTTAACGAAAAGTCCAACG-3′

ATG3-F: 5′-GATGGCGGATGGGTAGATACA-3′

ATG3-R: 5′-TCTTCACATAGTGCTGAGCAATC-3′
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ATG12-F: 5′-AATCAGTCCTTTGCTCCTTCC-3′

ATG12-R: 5′-GCTGTCTCTTCCGTGAAAATCC-3′

ATG14-F: 5′-TTTGTGATATCCCTTCCCAGTC-3′

ATG14-R: 5′-GCAGATTTGGTATGTTTTGGTCC-3′

SQSTM1-F: 5′-TCCAGTATTCAAAGCATCCCC-3′

SQSTM1-R: 5′-CTCCCTTCATGTCACTTGTTTTG-3′

BECN1-F: 5′-GGTGTCTCTCGCAGATTCATC-3′

BECN1-R: 5′-TCAGTCTTCGGCTGAGGTTCT-3′

MAP1LC3B-F: 5′-CGTCTCCACACCAATCTCAG-3′

MAP1LC3B-R: 5′-CGATCTCAGTTGGTAACATCCC-3′

HPRT1-F: 5′-AGCTTGCTGGTGAAAAGGA-3′

HPRT1-R: 5′-CCAAACTCAACTTGAACTCTCATC-3′

2.11. In vitro Na/K-ATPase catalytic activity inhibition assay

Molybdenum was used to measure the production of inorganic phosphate (Pi) from Na/K-

ATPase hydrolysis, which will serve as the surrogate to determine the enzymatic activity of 

Na/K-ATPase. Ouabain was used as the calibrator. Briefly, 20 μl of desired concentrations 

of ouabain or cardiac glycosides (1000, 100, 10, 1, 0.1, 0.01, 0.001, and 0 μM) were added 

into 96 well plates with tris buffer as the no-inhibitor control. Then 20 μl of porcine Na/K-

ATPase (60 U/L) was added into each well and incubated for 10 min. Subsequently, 20 μl of 

ATP solution (2.5 mM) was added into each well, and the final concentration of the reaction 

is potassium 2.33 mM, sodium 134.2 mM, magnesium 1.67 mM, ATP 0.83 mM, and 82 mM 

Tris-HCl pH 7.8. The plate was incubated for 30 min at 37 °C, added 100 μl of molybdate 

solution (48.6 mM dissolved in 263.3 mM ferrous sulfate and 560 mM sulfuric acid) into 

each well and the final volume is adjusted to 160 μl. The absorbance at 700 nm was then 

measured. KH2PO4 (1 mM) is the standard phosphorus solution for calibration. The IC50 of 

each compound was determined by the absorbance, and that of ouabain served as the control 

to normalize those from cardiac glycosides tested. The relative enzymatic inhibition ratio 

was then converted into log2 scale and compared within sub-group of compounds.

2.12. Mouse xenograft experiment

5–6 weeks old female BALB/c Nu/Nu mice with body weight ranging from 15 to 17 g 

were purchased from Beijing HFK Bioscience CO. LTD (Beijing, China). All mice were 

housed in-group in cages with bedding, controlled temperature (23 ± 2 °C), humidity (50 

± 5%) and illumination (12 h light/dark cycle). Mice were adapted to the facility for one 

week before experiments. All animal experiments were performed in accordance with the 

National Institutes of Health’s Guide for the Care and Use of Laboratory Animals (NIH 
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publication No. 80–23, revised in 1996) and were approved by the Animal Ethics Committee 

of Jinan University (Approval Number: 20130904001). In addition to all procedures to be 

sterile, mice were allowed access to sterile food and water and libitum. ANTO2 stock 

solution was prepared by dissolving the compound in ethylene glycol diethyl ether (Sigma, 

St. Louis, MO, USA): cremophor (Sigma, St. Louis, MO, USA): saline (1:1:8, vol) as 

the following: ANTO2 powder was dissolved in ethylene glycol diethyl ether followed by 

ultrasonic dissolution until no particles were visible, then the same volume of cremophor 

was added with ultrasonic dissolution. Finally, normal saline was added into the mixture. 

The combination was freshly diluted 10 times by saline buffer right before mouse injection. 

The vehicle used in the preparation of ANTO2 was administrated as the control.

For mouse tumor inoculation, 3–5 × 106 A549 cells suspended in serum free medium 

were injected subcutaneously into the right flank of mice. When the tumor volume reached 

approximately 100–200 mm3, mice were randomly divided into the following 3 groups with 

8 mice in each group: (1) Control; (2) ANTO2 low (0.3 mg/kg); and (3) ANTO2 high (0.6 

mg/kg). ANTO2 was given by i.v every two days. Tumor volume and body weight were 

measured every two days for 20 days. Tumor volume was calculated using the formula V = 

(L × W2) × 0.52 where V = volume, L = length, W = width. At the end of treatment, mice 

were sacrificed and samples including blood, organs and tumors were collected for further 

analysis.

2.13. Statistical analysis

All cell culture experiments were performed at least in triplicates. Data are presented 

as mean ± standard deviation. The statistical analysis was conducted by the Prism 8.0 

(GraphPad) software. Pairwise comparison was performed using a two-tailed Student t-test, 

whereas one-way ANOVA was used to compare multiple comparisons. P-values of less than 

at least 0.05 were considered statistically significant.

3. Results

3.1. Structure-activity relationship (SAR) of cardiac glycosides on cancer cell growth

To answer a long standing question about how exactly cardiac glycosides inhibit cancer, we 

took advantage of a collection of 68 structurally related cardiac glycosides that we recently 

isolated from the poisonous plants Antiaris toxicaria and Thevetia peruviana (hence named 

the compounds as ANTO and THPE series, respectively, Fig. 1A) [23-26] to measure their 

effects on the survival of U2OS osteosarcoma cells using the CCK-8 proliferation assay. Our 

data showed variable inhibitory effects of these compounds on cell survival. However, after 

categorizing these compounds based on both the substitution groups and the orientation of 

the C3/5/10/17 positions, we found that when the C3/5/17 positions adopt the β orientation, 

the substitution group at the C10 position determines the outcome of the cell survival 

inhibitoin with CHO ≈ CH3 ≈ H2OR≫H≫OR ≈ COOR (Fig. 1B). On the other hand, once 

the C3/5/17 position is adopting the α orientation, no matter which group is at the C10 

position, the compound lost its activity dramatically or even became completely inactive in 

terms of cancer cell survival inhibition (Fig. 1B). These data suggest the importance of the 

chemical structure of cardiac glycosides, particularly the orientation of the C3/5/17, in their 
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anticancer activities. Based on this SAR information and the availability of large quantity 

for further analyses, we chose ANTO2 (Fig. 1C) as the model compound to systemically 

investigate the anticancer mechanisms of cardiac glycosides. We found that ANTO2 also 

strongly inhibited the growth of A549 lung cancer cells with an IC50 of ~135 nM (Fig. 1D).

Cardiac glycosides had been previously reported to induce cell cycle arrest [34-36]. 

However, we found that treatment of A549 cells with 500 nM ANTO2 for up to 24 h 

rarely affected the cell cycle profile (Fig. 1E). Our results are similar to those of digoxin 

and ouabain [37], indicating that not all cardiac glycosides could induce cell cycle arrest. 

Another possibility is that different experimentation settings (such as cell lines, compound 

category, concentration and treatment durations, etc.) contributed to such a discrepancy. To 

understand if ANTO2 affects the long-term cell survival, we performed clonogenic survival 

assay. The results show that ANTO2 time-dependently suppressed the long-term survival of 

A549 cells (Fig. 1F).

To further confirm the anticancer effect in vivo, we inoculated A549 cells into immune-

compromised nude mice and treated mice with two doses of ANTO2. We found that both 

doses of ANTO2 significantly suppressed the growth of xenografted lung tumors in mice 

(Fig. 1G). These in vitro and in vivo data validated the anticancer effect of cardiac glycoside, 

allowing us to further investigate their molecular mechanisms.

3.2. Transcriptional landscape change induced by cardiac glycoside

RNA sequencing is arguably the most comprehensive approach to determine genes and 

signaling pathways that are altered by drug treatment. Hence, to understand genes and 

signal pathways that are changed over time by cardiac glycoside, we performed RNA 

sequencing to determine genome-wide transcriptional changes of U2OS cells at 2 and 8 

h of ANTO2 treatment. Control cells were treated with the same volume of DMSO for 

8 h. Our analyses showed that 2 h treatment rarely changed the gene expression profile 

(Fig. 2A & C). However, treatment for 8 h significantly altered the transcriptional landscape 

(Fig. 2B-D). By comparing control and the 8 h group, we identified a number of signaling 

pathways that were significantly altered. Among them, stress responses like autophagy were 

greatly up-regulated (Figs. 2E & 3A). Specifically, there were 5.2, 8.5, 7.1, 4.6 and 5.2 

fold increases in the autophagy genes SQSTM1, MAP1LC3B, MAP1LC3B2, ATG12 and 

ATG14, respectively. In contrast, transcription factors especially the NF-κB family were 

significantly down-regulated (Figs. 2F & 3B). For instance, the levels of the NF-κB family 

members like FADD, TRADD, TNFRSF1A were reduced to 0.186, 0.175 and 0.309 of that 

in DMSO control, respectively. However, transcription factors involved in the early stress 

response are exceptions to this downregulation, such as FOS, EGR1, FOSB and JUN, which 

were actually elevated by 4.9, 55.6, 23, and 9.2 folds, respectively, by ANTO2 treatment, 

representing an early cellular response to the drug treatment.

To confirm these RNA sequencing results, we performed qPCR to measure the mRNA levels 

of genes involved in these pathways. The results showed up-regulation of early response 

genes (EGR1, JUN, FOSB), whereas common transcriptional substrates, for instance, TP53, 

were time-dependently reduced by ANTO2 in U2OS cells (Fig. 3C). There was an overall 
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increase in autophagy genes; however, some of them such as BECN1 did not change, which 

is consistent with a previous report showing the lack of mRNA level change of BECN1 [38].

To further confirm these qPCR results, we measured the corresponding protein levels by 

Western blotting. The data reveal time-dependent increases in c-JUN, c-FOS and FOSB and 

decreases in P53 and P21, respectively (Fig. 4A-B), by ANTO2, which is consistent with the 

RNA sequencing results.

3.3. Sequential activation of autophagy followed by apoptosis by cardiac glycoside

Our protein analysis showed an increase in the conversion of the non-lipidated form I 

of LC3B to its lipidated form II, a well-known marker of autophagy activation [39,40], 

followed by its return to nearly the normal level (Fig. 4A-B). These results indicate a 

time-dependent transient activation of autophagy. We found that the level of cleaved Caspase 

3 (cCasp3), a marker of apoptosis [41-43], was also gradually increased in a time-dependent 

manner by ANTO2 (Fig. 4A-B). Interestingly, the increase in cleaved Caspase3 falls behind 

that of LC3B II/I conversion (Fig. 4A-B), indicating that activation of autophagy preceded 

that of apoptosis.

To determine the generality of these observations, we carried out similar analyses in A549 

cells. We found that ANTO2 also dose-dependently increased the LC3B II/I conversion in 

A549 cells, which was supported by the reduction of both phosphorylated and total levels 

of P62/SQSTM1 (Fig. 5A-B), an important adaptor and also a substrate of autophagic 

degradation during autophagy [44]. Similarly, we observed dose-dependent increases in 

cleaved Caspase 3, as well as poly (ADP-ribose) polymerase (PARP), another known marker 

of apoptosis [45,46] (Fig. 5A-B) by ANTO2 in A549 cells.

We also observed the same time-dependent activation of autophagy (LC3B II/I conversion 

and P62/SQSTM1 degradation) followed by apoptosis (time-dependent increases in the 

levels of cCasp3 and PARP proteins) by ANTO treatment in A549 cells (Fig. 6A-B). 

Again, the activation of autophagy was evident at 2 h of ANTO2 treatment, whereas that 

of apoptosis was clear only after 4–8 h of compound treatment (Fig. 5A-B), reinforcing the 

idea that autophagy activation precedes that of apoptosis. While we observed a consistent 

increase in LC3B II/I conversion in A549 cells (Fig. 6A-B), the kinetics in U2OS cells 

seemed to peak at 2 h treatment (Fig. 4A-B), representing a cell line difference. Nonetheless, 

the time-dependent activation of autophagy is the same.

To confirm the activation of autophagy using orthogonal approaches, we turned to 

immunofluorescence microscopy to measure the level of LC3B. We found that ANTO2 
time-dependently increased the cellular intensity of LC3B (Fig. 7A-B), consistent with the 

RNA sequencing and immunoblotting results. Further, to confirm the cell death inducing 

effect, we measured cell death by trypan blue exclusion assay. The data show that 

ANTO2 dose- and time-dependently increased A549 cell death (Fig. 7C-D), confirming 

the biochemical results (i.e., increases in the levels of cleaved PARP and Caspase 3).

To further confirm the generality of effects of cardiac glycosides, we determined effects of 

ANTO2 on two additional lung cancer cell lines, H1605 and HOP62. We first measured 
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transcription of stress response genes by qPCR. The results show time-dependent up- and 

down-regulation for EGR1, FOSB, c-JUN and TP53, respectively, in these two cells lines 

(Fig. 8A-B), similar to those seen in U2OS cells. We then measured protein level changes 

in HOP62 cells after ANTO2 treatment. The results show that ANTO2 time-dependently 

induced LC3B II/I conversion and increased levels of cleaved PARP and c-JUN; in the 

meantime, it also downregulated P53 and P21 (Fig. 8C-E). Although the magnitude of 

mRNA or protein level change varied among cell line, these results suggest that cardiac 

glycosides can broadly activate autophagy and induce apoptosis in different cancer cells.

3.4. Specific roles of apoptosis and autophagy in response to cardiac glycosides

Although it has been reported that cardiac glycosides induce activation of autophagy and 

apoptosis, roles of autophagy and apoptosis in the anticancer effects of cardiac glycosides 

are less clear and sometimes even controversial. For instance, previous studies reported 

that cardiac glycosides induced cell death in an apoptosis-independent manner [34,37,47]. 

Yet, we observed significant cleavage of Caspase 3 and PARP, indicating the involvement 

of apoptosis in cell death induced by cardiac glycosides. To address this question, we 

co-treated A549 cells with ANTO2 and a pan apoptosis inhibitor Z-VAD-FMK (Z-VAD) 

[48]. We found that Z-VAD almost completely inhibited ANTO2-induced PARP cleavage 

(Fig. 9A-B) and cell death (Fig. 9C), confirming the role of apoptosis in the cell death 

induced by cardiac glycoside.

Autophagy is generally considered as a protective mechanism for cells to overcome harsh 

situations such as low levels of oxygen or nutrients, DNA damage, pathogen infection, etc. 
[39,49,50]. However, there are also studies reporting that inhibition of autophagy reduced 

cardiac glycoside-induced cell death [34,37,47], indicating a cell death inducing role of 

autophagy in the presence of cardiac glycoside. To determine the exact role of autophagy in 

cardiac glycoside-induced cell death, we generated stable A549 cell lines in which critical 

autophagy genes including Unc-51–like kinase 1 (ULK1) and Beclin 1 (BECN1) were 

depleted by RNA interference (RNAi).

ULK1 is a serine/threonine protein kinase that plays a critical role in the initiating step of 

autophagy [51-53]. On the other hand, BECN1 forms a complex with VPS34 to initiate 

autophagy activation [54]. We found that depletion of ULK1 or BECN1 greatly increased 

the non-lipidated form (I) of LC3B (Fig. 9A-B), suggesting the inhibition of autophagy 

when these two genes were depleted. Importantly, we found that ANTO2 induced much 

higher levels of cleaved PARP (Fig. 9A-B) and cell death (Fig. 9C) in ULK1 or BECN1 

depleted cells than in control cells, suggesting that autophagy was protecting cells from 

cardiac glycoside-induced cell death. We noticed a time-dependent reduction in the level of 

ULK1 by ANTO2 (Fig. 9A-B), which is consistent with the idea that ULK1 is degraded in a 

proteasome-dependent manner during autophagy activation [55,56].

To further test the role of autophagy in ANTO2-induced cell death, we treated cells with 

rapamycin, a known autophagy activator [57,58]. The results show that rapamycin greatly 

reduced ANTO2-induced PARP cleavage (Fig. 10A-B) and cell death (Fig. 10C). Together, 

these results support a protective, but not inducive effect of autophagy toward cardiac 

glycoside-induced cell death.
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3.5. The Na/K-ATPase is responsible for cardiac glycoside-induced activation of 
autophagy and cell death

Then we investigated how cardiac glycoside activates autophagy and induces apoptosis. The 

membrane Na+/K+-ATPase is the only known cellular target of cardiac glycosides identified 

so far [5,18]. To understand if this enzyme is involved in cardiac glycoside-induced cellular 

responses that we observed here, we first measured the effects of these 68 compounds 

on the enzymatic activity of Na/K-ATPase by comparing them with the positive control 

compound ouabain. We observed similar SAR tendency of these compounds on the Na/K-

ATPase activity (Fig. 11A) as seen on the cell survival inhibition (Fig. 1B), in which the 

β orientation of the C3/5/17 position is key for inhibiting the enzymatic activity. These 

data indicate an association between cell survival inhibition and the inhibition of the Na/K-

ATPase.

When the ubiquitously expressed catalytic α1 subunit of Na/K-ATPase was depleted by 

RNAi, cleavage of PARP and Caspase 3 by ANTO2 was partially suppressed (Fig. 11B-C). 

Consistently, cell death was also partially reduced by depletion of the α1 subunit (Fig. 

11D). It seems that depletion of the α1 subunit elevated the basal level of autophagy (Fig. 

11B-C, 0 h); however, the increase in the I/II conversion of LC3B induced by ANTO2 
was significantly reduced by α1 depletion (Fig. 11B-C). These results suggest that the Na/

K-ATPase is positively involved in ANTO2-induced cell death and autophagy activation. We 

noticed that there were still significant levels of cell death (Fig. 11D). One reason is due to 

incomplete depletion of the Na/K-ATPase. Another possibility is that mechanisms other than 

the Na/K-ATPase are also involved, which will be further explored in other studies.

Cardiac glycosides poorly inhibit the rodent Na/K-ATPase due to amino acid substitutions 

in the α1 subunit that weakens their binding [59], leading to the resistance of mouse cells 

to these agents. Consistent with this idea, ANTO2 induced much less PARP cleavage (Fig. 

12A-B) and cell death (Fig. 12C) in mouse embryonic fibroblasts (MEFs) than in A549 

cells. However, overexpression of the human Na/K-ATPase α1 wild type (WT) increased the 

sensitivity of MEFs to ANTO2 (Fig. 12D), whereas expression of a rat α1 subunit mutant 

that does not bind with cardiac glycosides [60] induced much less cell death than the human 

WT (Fig. 12D). Together, these results suggest that the cell death inducing effect of cardiac 

glycoside is at least partially dependent on the Na/K-ATPase.

4. Discussion

Cardiac glycosides, best known for treating cardiac arrhythmias, have shown potent 

anticancer activities. However, the underlying anticancer mechanisms remained elusive, 

which has limited the development of this class of compound in cancer therapy. A bottleneck 

is the lack of comprehensive understanding about genes and signaling pathways that are 

altered at early time points after drug treatment. Previous studies reported the effects of 

cardiac glycosides on expression of genes including transcription factors, growth factors, 

cytokines, etc. [5]. However, these results were mostly obtained after the cells had been 

treated for a long period of time (e.g., more than 24 h) and therefore it may have missed the 

finding of initial signaling alterations that are key for understanding the molecular actions of 

these compounds. Our studies tackled this issue by first demonstrating the structure–activity 
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relationship of 68 naturally isolated cardiac glycosides on cancer cell survival and then 

investigating the global gene expression profile during early stages of cardiac glycoside 

treatment by RNA sequencing. Our analyses reveal important transcriptional landscape 

changes at the early time points of cardiac glycoside treatment. While no obvious changes of 

genes and pathways were observed after 2 h of treatment, significant alterations on the levels 

of survival and death genes were observed after 8 h of treatment, indicating potent action of 

this compound class. These changes in turn support our idea that it is important to evaluate 

the signaling changes at early stage of compound treatment. To the best of our knowledge, 

such kind of transcriptional analysis has not been done previously for cardiac glycosides. 

Our study revealed novel information about genes and pathways that are affected by these 

compounds.

We found that cardiac glycosides temporarily increased autophagy, similar to digoxin 

and ouabain [37,61], the semi-synthetic UNBS1450 [62] and oleandrin [34]. Interestingly, 

when autophagy activation declines at later time points of cardiac glycoside treatment, the 

apoptotic cell death program kicked in, correlating with increased cell death and reduced 

cell survival. Previously, cardiac glycosides including digoxin, oleandrin and ouabain were 

reported to induce autophagy and cause cell death in an apoptosis-independent manner 

[34,37,47]; in addition, inhibition of autophagy reduced cell death [34,37,47], suggesting 

that these compounds may activate autophagy to induce cell death independent of apoptosis. 

In contrast, here we observed a protective role of autophagy in the presence of cardiac 

glycosides, which is in agreement with the concept that autophagy generally promotes cell 

survival during stressful conditions [63]. Our data are supported by a series of analyses 

including RNA sequencing, qPCR, RNAi and pharmacological agent treatment, helping to 

clarify the role of autophagy and apoptosis in cardiac glycoside-induced cancer cell death.

Unlike its human counterpart, the rodent α-1 subunit of the Na/K-ATPase has alterations 

in residues that are important for binding with cardiac glycosides and therefore is resistant 

to these compounds [16,64]. Consistently, we found that cardiac glycosides we isolated 

from plants were also less toxic to mouse cells than to human cells. We then provided 

evidence to demonstrate that the Na/K-ATPase is at least partially responsible for autophagy 

activation and cell death induction by cardiac glycosides. Meanwhile, we realize that cardiac 

glycosides may activate other as-yet unidentified pathways to induce cell death, as inhibition 

of the Na/K-ATPase could not completely inhibit cell death induced by cardiac glycosides. 

Identification of such additional gene targets/pathways may enhance the effect of cardiac 

glycosides, leading to more effective therapy by combining cardiac glycosides with other 

anticancer agents. This may represent an interesting research direction that warrants further 

investigation.

In conclusion, our comprehensive analyses unveil a time-dependent activation of autophagy 

followed by apoptosis during the early stages of cardiac glycoside treatment. Despite the 

presence of protective autophagy, cells enter cell death stages in the continuous presence 

of cardiac glycosides, highlighting the potency of this compound class in inhibiting cancer 

cell survival. Our results provide a strong support for the development of these compounds 

in the treatment of human cancers. Further, the structure–activity relationship studies offer 

critical information for future medicinal chemistry research to discover more potent cardiac 
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glycoside derivatives. Hence, these results may revitalize the development of this class of 

compound as cancer therapeutics.
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Fig. 1. 
Anticancer effects of cardiac glycosides. (A) Structural backbone of 68 cardiac glycosides 

studied herein. (B) SAR of survival inhibition rate by cardiac glycosides in U2OS cells. 

68 natural cardiac glycosides were tested and presented as the Box-Whisker plot showing 

1st and 3rd quartile, based on the effects of the substitution groups. The more inhibition, 

the stronger the anticancer effect it has. (C) Structure of ANTO2. (D) IC50 of ANTO2 in 

A549 cells representing average and standard deviation from five replicates. (E) A549 cells 

were treated with 500 nM ANTO2 for indicated times and cell cycle profile was analyzed 

by FACS. (F) Clonogenic survival assay of A549 cells treated with 500 nM ANTO2 for 

indicated times. Data represent average and SEM from 3 replicates. (G) Effect of ANTO2 
on A549 tumor growth in nude mice. Relative tumor growth is obtained by normalizing the 

tumor volume to that at day 1. Data represent mean and standard deviation from 10 mice 

per group. Two-tailed t-student test was used to determine the statistical significance. * P < 

0.001 between control and ANTO2 group.
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Fig. 2. 
Transcriptional profiling of U2OS cells after ANTO2 treatment. U2OS cells were treated 

with 500 nM ANTO2 in duplicate for 2 and 8 h, and RNA seq was performed. Differentially 

expressed genes were analyzed. Data criteria for selection are PPEE ≤ 0.05 and absolute 

value of log2 (fold change) ≥ 1. Scatter plot of all expressed genes in control versus ANTO2 
treatment 2 h (A) or 8 h (B). Blue and orange dots represent down- and up-regulated 

genes, respectively. Brown dots represent non-changed genes. Hierarchical cluster analysis 

of gene expressed with more than 5 supported reads in total across all samples (C) or in 

control and ANTO2 8h group (D) with scaled and FPKM normalized expression values 

analyzed by the javaTreeview software. Each column represents an experimental condition 

whereas each row represents a gene. Expression differences are indicated by colors with 

red to green representing up- and down-regulated genes, respectively. Data shown are from 

duplicated samples. Functional annotation of most up-regulated (E) and down-regulated 

(F) gene pathways using DAVID GOTERM_CC_ALL category. Log2 values were used to 

cluster all the candidate genes using R pheatmap (v0.7.7) with Euclidean distance and the 

complete linkage method based on FPKM normalized expression profile for each sample.
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Fig. 3. 
Differentially expressed genes regulated by ANTO2. (A, B) Violin plots of pathways 

significantly regulated in ANTO2 8 h group by KEGG. Log2 values were used to cluster 

all candidate genes (2681 genes) using R pheatmap (v0.7.7) with Euclidean distance and the 

complete linkage method based on FPKM normalized expression profile for each sample. 

The p-value is calculated using the wilcox test. (C) U2OS cells were treated with 500 nM 

ANTO2 for the indicated times and gene expression levels were measured by qPCR. Data 

represent average and standard deviation from 5 replicates.
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Fig. 4. 
Cardiac glycoside activates autophagy and apoptosis. (A) U2OS cells were treated with 

500 nM ANTO2 for the indicated times, and expression levels of indicated proteins were 

assessed by specific antibodies. (B) The band intensity of each blot was quantitated by 

the Image J software and normalized to that in control group. Data represent average and 

standard deviation from three replicates. *P < 0.05 is considered as significant.
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Fig. 5. 
Time course effect of ANTO2 on autophagy and apoptosis in A549 cells. (A) A549 cells 

were treated with indicated concentrations of ANTO2 for 12 h, and protein levels were 

analyzed by indicated specific antibodies. Arrow indicates cleaved PARP. Short and long 

exposures for LC3B are shown. (B) The relative protein ratio was quantitated and shown as 

average and standard deviation from three replicates. *P < 0.005 between control and treated 

groups.
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Fig. 6. 
Dose-dependent response of A549 cells to ANTO2. (A) A549 cells were treated with 

500 nM ANTO2 for indicated h, and protein levels were analyzed by indicated specific 

antibodies. Arrow indicates cleaved PARP. (B) The relative protein level ratio was 

quantitated and shown as average and standard deviation from three replicates. *P < 0.005 

between control and treated groups.
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Fig. 7. 
Induction of autophagy and apoptosis by ANTO2. (A) A549 cells were treated with 500 

nM ANTO2 for 0, 2, 4 and 12 h, stained with anti-LC3B antibodies and visualized under 

fluorescence microscopy. Representative images are shown. Bar is 10μm. (B) Fluorescence 

intensity of LC3B in each cell from A was quantitated by the Image J software from the 

indicated number of cells. (C, D) A549 cells were treated as indicated and cell death rate 

was measured by the trypan blue exclusion assay. Data represent average and standard 

deviation from 5 replicates. *P < 0.001 between control and treated groups.
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Fig. 8. 
Effect of ANTO2 on H1650 and HOP62 lung cancer cells. H1650 (A) or HOP62 (B) 

cells were treated with 500 nM ANTO2 for 0, 2, 4 and 8 h, and gene expression levels 

were assessed by qPCR. Data represent average and standard deviation from five replicates. 

(C) HOP62 cells were treated with 500 nM ANTO2 for the indicated times and protein 

expression levels were measured by specific antibodies. (D, E) The relative protein level 

ratio was quantitated and shown as average and standard deviation from three replicates. *P 

< 0.005 between control and treated groups.
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Fig. 9. 
Roles of autophagy and apoptosis in ANTO2-induced cell death. (A) A549 control, ULK1 

or BECN1 depleted cells were treated with DMSO, 10 μM Z-VAD-FMK or 500 nM 

ANTO2 for indicated hours, and protein expression was analyzed using specific antibodies. 

(B) The relative protein level ratio was quantitated and shown as average and standard 

deviation from three replicates. (C) Quantitation of dead cell population in A by trypan blue 

assay. Data represent average and standard deviation from 5 replicates. *P < 0.005 between 

control and treated groups.
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Fig. 10. 
The protective role of autophagy in ANTO2-induced cell death. (A) A549 cells were treated 

with 500 nM ANTO2, 200 nM rapamycin (Rapa) or both for indicated times and protein 

expression was assessed by specific antibodies. (B) The relative protein ratio was quantitated 

and shown as average and standard deviation from three replicates. (C) Quantitation of dead 

cell population in A by trypan blue assay. Data represent average and standard deviation 

from 5 replicates. *P < 0.005 between ANTO2 and ANTO2 + Rapa groups.
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Fig. 11. 
Roles of Na/K-ATPase in the effects of cardiac glycosides. (A) SAR of 68 natural cardiac 

glycosides on the enzymatic activity of Na/K-ATPase in vitro using ouabain as the model 

compound. Relative enzyme activity is presented in log10 scale as the Box-Whisker plot 

showing 1st and 3rd quartile based on the effects of the substitution groups of cardiac 

glycosides. The lower the enzymatic activity, the more inhibition by the compound. (B) 

A549 cells were transfected with siRNA control or targeting the α1 subunit of the Na/

K-ATPase for 48 h, treated with 500 nM ANTO2 for indicated times and protein expression 

was analyzed by western blotting using specific antibodies. (C) The band intensity of each 

lane in B was quantitated and normalized to that of the control group. Data represent average 

and standard deviation from 3 replicates. (D) Cell death rate of cells from B. Data represent 

average and standard deviation from at least 5 replicates. *P < 0.05 is considered significant.
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Fig. 12. 
Human but not rodent Na/K-ATPase is responsive to cardiac glycosides. (A) A549 cells 

or mouse embryonic fibroblasts (MEFs) were treated with 500 nM ANTO2 for indicated 

times and protein expression was examined. (B) The band intensity of each lane in A was 

quantitated and normalized to that of the control group. Data represent average and standard 

deviation from 3 replicates. (C) Cell death rate of A549 and MEF cells after 12 h ANTO2 
treatment in A was analyzed by trypan blue staining. *P < 0.005. (D) MEF parental cells or 

those expressing either the wild type human Na/K-ATPase α1 subunit or a rat α1 mutant 

(D376E) that does not bind cardiac glycoside were treated with 500 nM ANTO2 or not for 

12 h, and the dead cell rate was counted by trypan blue assay. Data represent average and 

standard deviation from 5 replicates. *P < 0.05 was considered significant.
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