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Mechanisms of digitoxin-inhibited cell growth and induced apoptosis in human non-small cell lung cancer
(NCI-H460) cells remain unclear. Understanding how digitoxin or derivate analogs induce their cytotoxic ef-
fect below therapeutically relevant concentrations will help in designing and developing novel, safer and
more effective anti-cancer drugs. In this study, NCI-H460 cells were treated with digitoxin and a synthetic an-
alog D6-MA to determine their anti-cancer activity. Different concentrations of digitoxin and D6-MA were
used and the subsequent changes in cell morphology, viability, cell cycle, and protein expressions were de-
termined. Digitoxin and D6-MA induced dose-dependent apoptotic morphologic changes in NCI-H460 cells
via caspase-9 cleavage, with D6-MA possessing 5-fold greater potency than digitoxin. In comparison, non-
tumorigenic immortalized bronchial and small airway epithelial cells displayed significantly less apoptotic
sensitivity compared to NCI-H460 cells suggesting that both digitoxin and D6-MA were selective for
NSCLC. Furthermore, NCI-H460 cells arrested in G(2)/M phase following digitoxin and D6-MA treatment.
Post-treatment evaluation of key G2/M checkpoint regulatory proteins identified down-regulation of cyclin
B1/cdc2 complex and survivin. Additionally, Chk1/2 and p53 related proteins experienced down-regulation
suggesting a p53-independent cell cycle arrest mechanism. In summary, digitoxin and D6-MA exert anti-
cancer effects on NCI-H460 cells through apoptosis or cell cycle arrest, with D6-MA showing at least 5-fold

greater potency relative to digitoxin.

© 2011 Elsevier Inc. All rights reserved.

Introduction

Appropriate cell cycle progression is crucial for cell viability
(Lapenna and Giordano, 2009; Lapenna and Giordano, 2009; Schwartz
and Shah, 2005). Cardiac glycosides (CGs) are a class of natural products
known for their cardiotonic and anti-neoplastic effects (Newman et al.,
2008). In vitro studies on CG pharmacodynamics showed apoptosis,
autophagy, and cell cycle arrest; however, such effects were selective
against tumor cells when compared to normal cells (Daniel et al,
2003; Lawrence, 1988; Lopez-Lazaro, 2007; Newman et al., 2008).
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Digitoxin, a clinically approved CG for heart failure has shown
anti-cancer effect in several types of cancer (L6pez-Lazaro, 2007).
For instance, Stenkvist et al. (1982) found that breast cancer patients
on digitoxin regiment (20-33 nM) displayed improved outcomes
than untreated patients (Lopez-Lazaro et al., 2005). Digitoxin induces
apoptosis and inhibits cancer cell growth by binding to the Na™/
K*ATPase pump (Lopez-Lizaro, 2007; Newman et al, 2008).
Digitoxin-bound Na™*/K™ ATPase activates tyrosine kinase Src, PI3K,
phospholipase C and Ras/MAPK pathways which leads to anti-
proliferative downstream effects related to cell growth and apoptosis
(Newman et al.,, 2008; Xie and Cai, 2003). Given that the integrated
sugars give the unique biological function of CGs (Iyer et al., 2010;
Langenhan et al., 2008; Zhou and O'Doherty, 2008), digitoxin pro-
vides an excellent model to efficiently modify its carbohydrate moiety
and assess the biological impact of novel synthetic derivatives using
cellular-based experiments. Therefore, synthesis of CG derivatives
has become a potential approach for developing safer and more effec-
tive anti-neoplastic drugs.

Previous studies showed that modifying the glycosidic linkage or the
oligosaccharide moiety of digitoxin could significantly enhance its anti-
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neoplastic activity (Iyer et al,, 2010; Langenhan et al.,, 2008; Zhou and
O'Doherty, 2008;). In other studies, Wang et al. (2010) synthesized
and compared stereochemistry structure/activity relationships of the
carbohydrate moiety of several digitoxin monosaccharide analogs
based on a 60 cancer cell line NCI screening for lethal and growth inhib-
itory effects. This screening showed that non-small cell lung carcinoma
(NSCLC) cells were more sensitive to digitoxin and its analogs than
many other cancer cell lines being tested (Iyer et al., 2010; Wang et
al., 2010). Additionally, three monosaccharide analogues, namely (3-D-
digitoxose, a-L-rhamnose and a-L-amicetose showed at least a 5-fold
increase in potency to induce apoptosis and growth inhibition in
NSCLC (Wang et al., 2010, 20114a, 2011b). However, these studies failed
to identify the mechanisms mediating the anti-neoplastic effects of digi-
toxin or its synthetic analogs in cancer cells at/or below therapeutically
relevant concentrations. Understanding the cytotoxic mechanism of
digitoxin and its analogs in NSCLC will help in designing and developing
safer and more effective CG-based anti-cancer therapies.

Based on the sensitivity to digitoxin and its analogs (Wang et al.,
2010) and increased resistance to chemotherapy (Mijatovic et al.,
2006), NCI-H460 cells were chosen as a NSCLC model in this study.
We examined the cytotoxic mechanism of digitoxin and o-L-
rhamnose digitoxin analog (namely D6-MA) below therapeutically
relevant concentrations. We hypothesized that exposure of NCI-
H460 cells to therapeutically relevant doses of digitoxin and D6-MA
would decrease cell viability due to G2/M arrest and induce apoptosis,
with greater potency for D6-MA. By comparing cytotoxic mechanisms
of digitoxin to D6-MA, we aim to demonstrate that improved anti-
cancer activity can be obtained by sugar-based modifications of natu-
ral products.

Materials and methods

Reagents and chemicals.  Digitoxin was purchased from Sigma
Chemicals (St. Louis, MO). Hoechst 33342, RNase, and propidium io-
dide (PI) were purchased from Molecular Probes (Eugene, OR). MTT
cell viability assay kit, Triton X-100, sodium dodecyl sulfate (SDS),
Tris-HCl, EDTA, NaCl, and Complete Mini cocktail protease inhibi-
tors were purchased from Roche Applied Science (Indianapolis,
IN). BCA assay kit was purchased from Thermo Scientific (Rockford,
IL). Cdc2 antibody was purchased from Santa Cruz Biotechnology
(Santa Cruz, CA). All other primary and horseradish peroxidase-
conjugated secondary antibodies were purchased from Cell Signal-
ing (Boston, MA). Acrylamide/Bis solution was purchased from
Bio-Rad Laboratories (Hercules, CA). The iBlot® dry blotting and
transferring system, PVDF transfer membranes, Countess automat-
ed cell counter, Countess cell counting chamber slides, and trypan
blue stain 0.4% were purchased from Invitrogen (Carlsbad, CA).
High Throughput Colorimetric ATPase Assay kit was purchased
from Innova Biosciences Ltd. (Babraham, Cambridge, UK). Small air-
way cell basal medium (SABM), SAGM SingleQuots supplementa-
tion, and Cabrex medium were purchased from Lonza
(Walkersville, MD). Purified Na*/K* adenosine 5'-triphosphatase
(ATPase) isolated from porcine cerebral cortex, and all other
chemicals and reagents (including ethanol, isopropanol, Tween 20,
Tris-HCl, DMEM medium, and RPMI 1640 medium) were purchased
from Sigma Chemicals (St. Louis, MO).

Synthesis of D6-MA. D6-MA, an «o-L-rhamnose monosaccharide
analog of digitoxin, was synthesized from digitoxin based on a pre-
viously described method (Wang et al., 2011a; Zhou and O'Doherty,
2008). Briefly, digitoxin was first subjected to acid hydrolysis to
cleave off the trisaccharide moiety and generate free aglycone moi-
ety, digitoxigenin (Fig. 1A). The monosaccharide moiety was then
synthesized from «-L-pyranose generated from acetyl furan by
asymmetric reduction and oxidative rearrangement followed by tert-
butoxycarbonyl (BOC) protection to provide the desired glycosyl

donor. Subsequently, a-L-pyranose was coupled with the digitoxigen-
in and dihydroxylation via palladium-catalyzed glycosylation. The
resulting digitoxin-a-L-pyranose was subjected to Luche reduction to
generate digitoxin-o-L-rhamnoside.

Cell culture.  Human NSCLC cells (NCI-H460) and non-tumorigenic
human bronchial epithelial cells (BEAS-2B) were purchased from
American Type Culture Collection (ATCC, Manassas, VA). Dr. Tom Hei
generously provided immortalized small airway epithelial cells
(hTERT SAEC) cells. The hTERT SAEC cells were developed and authen-
ticated by the ectopic expression of human telomerase reverse tran-
scriptase (hTERT) in normal human small airway epithelial cells
according to the procedure previously described (Piao et al., 2005). Pri-
mary human respiratory epithelial cells (pSAEC), isolated from the
small airway of a normal human donor (Lonza, Walkersville, MD),
were also examined. pSAEC were cultured following manufacturer's di-
rections. Electron microscope and cytokeratin 8 and 18 immuno-
staining were used to verify the phenotype of the cells. pSAEC were
identified as type I and type Il lung epithelial cells with a normal diploid
human male karyotype. Cells of at least 90% purity and 80% viability
from a single lot were used for all experiments. All cell lines were tested
for Mycoplasma contamination using Hoechst fluorescence staining.
Briefly, cells were seeded overnight in a 12 well plate at 1x 10 cells/
ml, stained with 10 pg/ml of Hoechst 33342 for 30 min and analyzed
for the presence of foreign or Mycoplasma nuclear material. No Myco-
plasma was detected in any of the cell lines tested.

NCI-H460 cells were cultured in RPMI 1640 medium supplemen-
ted with 10% bovine fetal serum (FBS), 2 mM L-glutamine and 100-
units/ml penicillin/streptomycin. BEAS-2B cells were cultured in
DMEM medium supplemented with 5% bovine fetal serum (FBS),
2 mM L-glutamine and 100-units/ml penicillin/streptomycin. hTERT
SAEC cells were cultured in SABM medium supplemented with 1% bo-
vine serum albumin and SAGM SingleQuots growth factors. Cells
were maintained in culture in a humid atmosphere containing 5%
CO, at 37 °C. All experiments with NCI-H460 and BEAS-2B cells
were performed in medium enriched with 1% FBS serum, 2 mM L-glu-
tamine and 100-units/ml penicillin/streptomycin. 1% FBS was used
due to existing concerns about digitoxin binding to serum proteins
(Baggot and Davis, 1973; Lohman and Merkus, 1987).

Cell viability tests with MTT assay.  Cells were seeded overnight in
96 well plates at a concentration of 1x10* cells/well, and then
treated for 48 h with a log;o scale dilution series of either digitoxin
or D6-MA dissolved in sterile filtered DMSO. Subsequently, 10 ul of
5 mg/ml MTT reagent was added to each well and then incubated
for 4 h at 37 °C. Isopropanol acidified with 0.04 N HCl was used to dis-
solve converted dye. Absorbance at 570 nm was measured using an
Automated Microplate Reader ELx800 (BioTek, Winooski, VT). Each
experiment was conducted 4 times with 4 replicate wells per
concentration.

Trypan blue exclusion assay. ~ NCI-H460 cells were seeded overnight
in 60 mm? dishes at 5x 10° cell/dish, and subsequently treated with
10 nM of either digitoxin or D6-MA for 24 h, 48 h and 72 h. After
treatment, cells were collected, stained with 0.4% trypan blue, and
counted using a Countess automated cell counter.

Na™*/K™* ATPase activity assay. ~Nat/K™ ATPase activity assay for re-
lease of inorganic phosphate was performed on Na*/K* ATPase iso-
lated from porcine cerebral cortex following exposure to each
compound according to the manufacturer's protocol. Briefly, serial di-
lutions of each compound were prepared in a buffer containing
50 mM Tris, 25 mM MgCl,, 0.5 mM ATP, 130 mM NacCl, and 20 mM
KCl at pH 7.5, then plated in a 96 well plate in triplicate. Subsequently,
diluted Nat/K*™ ATPase was added to each well and the reaction
allowed to proceed for 15 minutes. The reaction was stopped with
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Fig. 1. Digitoxin and D6-MA inhibit NCI-H460 cell viability in a dose dependent manner. (A) a-L-rhamnose monosaccharide analog (D6-MA) was synthesized from digitoxin. (B)
Dose-response curve showing a 4-fold difference in potency between digitoxin and D6-MA for inhibition of cell viability generated by colorimetric MTT cell viability assay. (C)
Time-response inhibition of cell proliferation after treatment with 10 nM of either digitoxin or D6-MA; (*) indicates significantly different from control, (7) indicates significantly

different from digitoxin. (D) Dose-response inhibition of Na™/K*ATPase activity.

Pi ColorLock Gold for 30 minutes, and then the absorbance of each
well was determined at 595 nm.

Apoptosis assay.  Cells were seeded overnight in 12 or 24 well plates
at a concentration of 1x10° cell/ml and subsequently treated with
different concentrations of either digitoxin or D6-MA for 24 h. After
treatment, cells were incubated with 10 pg/ml of Hoechst 33342 for
30 min and analyzed for apoptosis by scoring the percentage of cells
having intensely condensed chromatin and/or fragmented nuclei
using fluorescence microscopy (Leica Microsystems, Bannockburn,
IL). Approximately 1000 nuclei from ten random fields were analyzed
for each sample. The apoptotic index was calculated as the percentage
of cells with apoptotic nuclei over total number of cells.

Cell cycle analysis.  NCI-H460 cells were seeded in 60 mm? cell cul-
ture dishes at a concentration of 5x 10° cells/dish, starved overnight
in serum-free media, and then treated with 1, 5, 10, and 20 nM of ei-
ther digitoxin or D6-MA for 48 h. Treated cells were then trypsinized,
collected, washed with PBS and fixed in 70% ethanol at 4 °C overnight.
Subsequently, cells were washed with PBS and stained with
propidium iodide containing 0.05% RNase. For cell cycle analysis, the
DNA content was determined using a FACScan laser flow cytometer
(FACSCalibur; Becton Dickinson, San Jose, CA). Data were analyzed
using MODFIT software (Verity Software House, Topsham, ME). Ex-
periments were repeated 4 times to conduct statistical analysis.

Western blot analysis.  Cells were seeded in 60 mm? cell culture dis-
hes at a concentration of 1x10° cell /plate, starved overnight, and
then treated with 5 to 50 nM of either digitoxin or D6-MA for 24 h.
After treatment, cells were collected and lysed for 30 min on ice in
lysis buffer containing 2% Triton X-100, 1% sodium dodecyl sulfate
(SDS), 100 mM NaCl, 10 mM Tris-HCI (pH 7.5), 1 mM EDTA, and

Complete Mini cocktail protease inhibitors. Insoluble debris was pel-
leted by centrifugation at 4 °C and 6800 g for 15 min. Subsequently,
the supernatant was collected and used to determine protein content
using BCA assay. Briefly, diluted supernatant samples and bovine
serum albumin standards were plated in duplicate to a 96 well
plate. Working reagent (1000 pL) was prepared by mixing 50 parts
of reagent A (1000 pL) with 1 part of reagent B (20 pL), added to
each well (200 pL each), and incubated at 37 °C for 30 min. Absor-
bance of each well was measured at 562 nm with a Varioskan spec-
trophotometer (Thermo, Waltham, MA). BSA protein standard
curves were plotted to determine sample protein content.

Samples were next separated on 12% SDS-PAGE and transferred to
PVDF membranes using the iBlot® Dry Blotting System. Membranes
were blocked in 5% skim milk in TBST (25 mM Tris-HCl, pH 7.4,
125 mM NaCl, 0.1% Tween 20) for 1 h, and subsequently incubated
with appropriate primary antibodies at 4 °C overnight. Membranes
were washed three times for 10 min each with TBST and then incu-
bated with horseradish peroxidase-conjugated secondary antibodies
for 2 h at room temperature. The immune complexes formed were
detected by chemiluminescence (Supersignal West Pico; Pierce,
Rockford, IL). Band quantification via densitometry was performed
using Image] software version 10.2.

Statistical analysis. ~ All results are presented as mean + standard
deviation. For cell viability, ATPase activity and apoptosis assays,
dose-response curves and concentrations that caused 50% effect
(i.e. ICs0) were calculated for both digitoxin and D6-MA in all the
cell lines tested using non-linear regression analysis in GraphPad
Prism 5.0 (San Diego, CA). Two-way analysis of variance (ANOVA)
and unpaired two-tailed Student's t-test with oc=0.05 were per-
formed to compare the effect of compounds and administered
dose on cell viability, apoptosis and quantified protein expression
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data. Post-hoc Tukey-Kramer HSD tests were conducted on signifi-
cant ANOVA results. Results were considered significant when
p<0.05.

Results

D6-MA causes inhibition of NCI-H460 cell viability and Na™/K*ATPase
enzyme activity

D6-MA, a digitoxin analog, was prepared by subjecting digitoxin-o-
L-pyranoside to post-glycosylation modification (Fig. 1A) as previously
described (Wang et al.,, 2010, 2011a). To evaluate whether D6-MA ex-
hibits greater potency than digitoxin to reduce NCI-H460 cell viability,
we performed colorimetric MTT and trypan blue exclusion assays.
Non-linear regression analysis (Fig. 1B) showed that D6-MA exhibited
about 4-fold greater potency (ICso=12.0nM) than digitoxin
(ICsp=49.4 nM) while Student's t-test detected digitoxin's and D6-
MA's inhibition lowest observed effective concentration (LOEC) at
10nM and 1nM (p<0.001) respectively. Additionally, two-way
ANOVA test showed that while both compounds significantly inhibited
NCI-H460 cell viability in a time dependent manner, D6-MA was signif-
icantly more potent than digitoxin (Fig. 1C; F=18.11, p<0.0001). Next,
we tested whether the compounds inhibit Na™/K™ ATPase enzyme ac-
tivity. Non-linear regression analysis showed that D6-MA is more po-
tent (ICsp=1.1uM) than digitoxin (ICsp=2.8 uM) at inhibiting
activity of isolated Na™ /K™ ATPase (Fig. 1D).

D6-MA induces apoptosis in NCI-H460 cells

Previous studies attributed the anti-neoplastic effects of CG to
their capacity to induce apoptosis (Newman et al., 2008). To investi-
gate whether D6-MA is more potent than digitoxin in inducing apo-
ptosis, we exposed NCI-H460 cells to each of the compounds and
used Hoechst 33342 DNA fragmentation assay to evaluate the apo-
ptotic effects. Non-linear regression analysis showed that the per-
centage of NCI-H460 cells displaying apoptotic nuclei was both dose
and compound dependent (Figs. 2A and B), with D6-MA displaying
about 5-fold greater potency (ICso =10 nM) when compared to digi-
toxin (ICso =48 nM).
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D6-MA exhibits selective cytotoxicity to NSCLC cells

Anti-cancer drugs ought to be selectively toxic toward cancer
cells and not normal cells. To test whether digitoxin and D6-MA
are selectively toxic to NSCLC cells, we exposed primary small air-
way epithelial cells (pSAEC), immortalized non-tumorigenic
human small airway epithelial cells (hTERT SAEC), and immortal-
ized non-tumorigenic human bronchial epithelial cells (BEAS-2B)
to digitoxin and D6-MA, and used Hoechst 33342 DNA fragmenta-
tion assay to evaluate apoptosis in these cell lines. Interestingly,
non-linear regression analysis showed that treated hTERT SAEC
and BEAS-2B cells had significantly less sensitivity to apoptosis for
either of the compounds when compared to NCI-H460 -cells
(Figs. 3A and B). To validate this finding, an apoptosis assay with
set doses of digitoxin and D6-MA on all four cell lines was con-
ducted. Two-way ANOVA showed a significant difference between
cell line sensitivity (Fig. 3C; F=91.84, p<0.0001) while no differ-
ence existed between the compounds with dosing placed at a 5-
fold interval. Specifically, NCI-H460 and BEAS-2B cells showed
greater sensitivity to each compound while both SAEC cell lines dis-
played minimal sensitivity. In addition, D6-MA exhibited a 4-fold
greater potency than digitoxin to induce apoptosis regardless of
cell type (Fig. 3D).

D6-MA induces expression of cytochrome c¢ and extensive caspase-9
cleavage

Previous studies have shown that sequential activation of caspases
and increased cytochrome c expression play a central role in the exe-
cution phase of apoptosis (Ashkenazi, 2008). Specifically, caspase-
8 and caspase-9 mediate the extrinsic (death ligand) and intrinsic
(mitochondrial) apoptotic pathways, respectively. Studies have also
shown that caspase-3 interacts with both caspase-8 and -9 and expe-
riences activation in both apoptotic signaling pathways (Ashkenazi,
2008). With persistent apoptotic stimulus, increased cytochrome c
is released from mitochondria into the cytoplasm, recruits pro-
caspase-9 and APAF-1 and forms the apoptosome that causes
caspase-9 activation (Ashkenazi, 2008). To examine which apoptotic
pathway predominates in NCI-H460 cells exposed to digitoxin or
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Fig. 2. Digitoxin and D6-MA induce NCI-H460 cell apoptosis in a dose dependent manner. (A) Dose-response induced apoptosis. (B) Hoechst staining and fluorescence microscopy

images of NCI-H460 cells. Arrows point to apoptotic cells.
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D6-MA, we performed Western blot analysis for cytochrome ¢ and that D6-MA exhibited greater potency than digitoxin in inducing sub-
caspase cleavage respectively. Based on [3-actin expression (used as stantial caspase-9 cleavage (Figs. 4A, and B; F=28.78, p<0.0001).
control), two-way ANOVA with subsequent post-hoc tests showed Pro-caspase-3 experienced a significant drop in expression (Figs. 4A,
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50 nM, while D6-MA caused pro-caspase 3 to drop at 20 nM. (B) Quantification of cleaved caspase 9 blots shows fold change in cleavage following treatment. (C) Quantification
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and C; F=7.19, p<0.0001) while caspase-8 displayed slight cleavage
following digitoxin and D6-MA treatment (Figs. 4A, and D; F=16.06,
p=0.066). Additionally, two-way ANOVA and post-hoc testing
showed that D6-MA was more potent than digitoxin in inducing cyto-
chrome c expression (Fig. 5A) at 10 nM while at 50 nM, D6-MA signif-
icantly reduced cytochrome c expression (Fig. 5B; F=25.52,
p<0.001).

Digitoxin and D6-MA induce G2/M phase arrest

Previous research suggested that cell cycle arrest causes apoptosis
or loss of cell viability (Dickson and Schwartz, 2009; Schwartz and
Shah, 2005). To investigate whether digitoxin or D6-MA induces cell
cycle arrest, we exposed NCI-H460 cells to different doses of either
digitoxin or D6-MA for 48 h. Using two-way ANOVA our results
showed that digitoxin and D6-MA significantly increased the percent-
age of cells in sub-G1 phase in a dose dependent manner (Fig. 6A and
B; F=16.1, p<0.0001). Additionally, D6-MA was significantly more
potent than digitoxin at 20 nM (Fig. 6B; p=0.0071). Both compounds
induced G2/M arrest and was dose-dependent (Fig. 6A and C;
p=0.0099). D6-MA's LOEC for inducing G2/M phase arrest was at
1 nM, while digitoxin showed comparable effect at 5 nM. Moreover,
digitoxin increased G2/M phase arrest in a dose dependent manner,
while D6-MA G2/M phase arrest peaked between 1 and 5nM and
then decreased to control levels at 20 nM. Our results suggest that
the drop in the percentage of D6-MA-treated cells in G2/M phase co-
incide with a significant increase of cells in sub-G1 phase.

Digitoxin and D6-MA induce down-regulation of cyclin B, cdc2, and
survivin

Inducing G2/M phase arrest usually occurs following an alter-
ation in the signaling pathways that control cell progression
through G2/M phase (Stark and Taylor, 2006). Since our results
showed that the percentage of cells in G2/M phase increased upon
exposure to digitoxin and D6-MA, we further investigated how digi-
toxin and D6-MA induce G2/M phase arrest. Specifically, we exam-
ined the expression of key molecular drivers of G2/M phase, namely
cyclin B1, cdc2, and survivin, using Western blot analysis. Cdc2 re-
quires both cdc2 and cyclin B1 in the complex form for adequate ac-
tivity. Cyclin B1/cdc2 complex is known to catalyze the chromatin
condensation as well as nuclear envelope breakdown during mito-
sis, thus performing a key and rate limiting function in the cell
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Fig. 5. Western blot analysis shows changes in cytochrome c expression. (A) Digitoxin
and D6-MA induce cytochrome c expression in a dose dependent manner. (B) D6-MA
is more potent than digitoxin in inducing cytochrome c expression (F=25.51,
p<0.001). Quantification of cytochrome c blots shows increased expression following
treatment (*p<0.05 compared 0 nM, 7p<0.05 compared to digitoxin treatment).

transition from G2 to M phase (Stark and Taylor, 2006). Survivin
promotes mitosis by activating the chromosomal passenger com-
plex (Mita et al., 2008). Moreover, the phosphorylation of survivin
by cyclin B1/cdc2 complex facilitates the association of survivin/
caspase-9, which inhibits caspase-9 activity (O'Connor et al., 2000).
Two-way ANOVA testing revealed that D6-MA was significantly more
potent than digitoxin in inducing dose-dependent down-regulation of
cyclin B1, cdc2, and survivin (Fig. 7A-E; F=29.06, 6.8, and 25.43;
p<0.0001, 0.0036, and 0.0001 respectively) based on [3-actin and
GAPDH expression.). D6-MA's LOEC for reducing expression of both
cyclin B and cdc2 was 5 nM while digitoxin showed similar effect at
10nM (Fig. 7C and D). Both compounds exhibited reduced survivin
expression LOEC at 5nM (Fig. 7E). Interestingly, the doses that
resulted in reduced expression of each protein correlated with the
observed arrest in G2/M phase; moreover, this was dependent on
compound treatment, thus implicating these proteins in cell cycle
arrest signaling.

Digitoxin and D6-MA-mediated G2/M phase arrest does not correlate
with up-regulation of p53-related signaling protein or Chk1/2

We further aimed to identify the signaling pathways that mediate
G2/M phase arrest following exposure to digitoxin or D6-MA. For this
we examined the key upstream regulatory pathways of the cyclin B1/
cdc2 complex. Since p53 functions as a key coordinator of cell cycle
check point activity and as an effective promoter of apoptosis,
(Stark and Taylor, 2006; Vermeulen et al., 2003), we also examined
p53-related signaling including p53, p21, and p27 (Vermeulen et al.,
2003). Our results showed that while digitoxin significantly inhibited
the expression of p53, p21, and p27 at concentrations between 5 to
20 nM, D6-MA was significantly more potent in inducing down-
regulation of p53, p21, and p27 (Fig. 8A). Specifically, two-way
ANOVA and post-hoc testing confirmed that p53, p21 and p27 expres-
sion was compound and dose dependent (Fig. 8B-D; F=52.89, 2.06,
and 4.23; p<0.001, 0.0008, and 0.0155 respectively).

We also examined whether checkpoint kinase 1 and 2 (Chk1/2)
up-regulation contributed to G2/M phase arrest signaling. Chk1/2 is
involved in DNA damage response and in normal cell cycle progres-
sion by controlling cell cycle checkpoints (Bartek and Lukas, 2003;
Wang et al,, 2009a; Zhou and Bartek, 2004). Our results and two-
way ANOVA analysis showed that digitoxin and D6-MA induced inhi-
bition of Chk1 and Chk 2 expression and was dose-dependent (Fig.
9A-C; F=36.11 and 7.982; p<0.001 and 0.002 respectively). Notably,
Chk1 experienced a 2-fold decrease in expression while Chk2 exhib-
ited a less substantial decrease. Reduced expression of both proteins
correlated with similar trends observed with cyclin B and cdc2.

Discussion

Our study aimed to evaluate and compare the cytotoxic potency of
digitoxin and D6-MA in NCI-H460 cells in order to derive the mecha-
nisms and signaling pathways responsible for cell cycle arrest. Such
studies could lead to feasible, reliable and more potent drug thera-
pies, which exhibit potent anti-cancer effects at safe and therapeuti-
cally relevant doses. Our results showed that digitoxin and D6-MA
modulates one or several signaling pathways controlling cell cycle
progression, cell proliferation, and apoptosis.

Cardiac glycosides (CGs) are known to mediate their cellular ef-
fects by inhibiting Na™/K™ ATPase activity, by affecting ion homeo-
stasis at high doses and activating the ATPase ‘signalasome’ at low
doses (Newman et al., 2008; Smith, 1989). Our studies showed that
D6-MA is more potent than digitoxin at inhibiting Na™*/K™ ATPase ac-
tivity. Interestingly, concentrations of digitoxin and D6-MA that
inhibited Na™/K™ ATPase activity were more than 10-fold greater
than their cytotoxic concentrations. This result suggests that Na™/K*
ATPase inhibition by either digitoxin or D6-MA does not account for
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pushed cells into sub-G1 phase. (C) Digitoxin and D6-MA induced significant G2/M phase arrest compared to controls; (*) indicates significantly different from control, (}) indicates
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Fig. 7. Western blot analysis show decreased expression of cyclinB1, cdc2, and survivin. (A) Digitoxin and D6-MA inhibited cyclinB1 and cdc2 expression in a dose dependent man-
ner. (B) Digitoxin and D6-MA inhibited survivin expression in a dose dependent manner. (C) D6-MA is more potent than digitoxin in inhibiting cyclinB1 expression (F=29.06,
p<0.001). Quantification of cyclinB1 blots shows decreased expression following treatment (*p<0.05 compared 0 nM, Tp<0.05 compared to respective digitoxin treatment).
(D) D6-MA is more potent than digitoxin in inhibiting cdc2 expression (F=6.805, p=0.0036). Quantification of cdc2 blots shows decreased expression following treatment
(*p<0.05 compared 0 nM, Tp<0.05 compared to respective digitoxin treatment). (E) D6-MA is more potent than digitoxin in inhibiting survivin expression (F=25.43,
p<0.001). Quantification of survivin blots shows decreased expression following treatment (*p<0.05 compared 0 nM, Tp<0.05 compared to respective digitoxin treatment).
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Fig. 8. Western blot analysis show decreased expression of p53, p21, and p27. (A) Digitoxin and D6-MA down-regulated p53, p21, and p27 in a dose dependent manner. (B) D6-MA
is more potent than digitoxin in inhibiting p53 expression (F=52.89, p<0.001). Quantification of p53 blots shows decreased expression following treatment (*p<0.05 compared
0 nM, fp<0.05 compared to respective digitoxin treatment). (C) D6-MA is more potent than digitoxin in inhibiting p21 expression (F=4.23, p<0.001). Quantification of p21 blots
shows decreased expression following treatment (*p<0.05 compared 0 nM, fp<0.05 compared to respective digitoxin treatment). (D) D6-MA is more potent than digitoxin in inhi-
biting p27 expression (F=2.06, p=0.008). Quantification of p27 blots shows decreased expression following treatment (*p<0.05 compared 0 nM, {p<0.05 compared to respective
digitoxin treatment).

drug or analog cytotoxic effects, thus leaving the possibility for ‘signala- Hoechst apoptosis assay on primary human lung epithelial cells and
some’ activation. non-tumorigenic human lung epithelial cells treated with each com-

We hypothesized that the apoptotic effect of digitoxin and D6-MA pound. Our results showed that D6-MA caused increased apoptosis
are selective to NSCLC cells. To test this hypothesis, we performed when compared to digitoxin in all the cell lines being tested.
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Fig. 9. Western blot analysis show decreased expression of Chk1 and Chk2. (A) Digitoxin and D6-MA down-regulated Chk1 and Chk2 in a dose dependent manner. (B) D6-MA is
more potent than digitoxin in inhibiting Chk1 expression (F=10.17, p<0.001). Quantification of Chk1 blots shows decreased expression following treatment (*p<0.05 compared
0 nM, fp<0.05 compared to respective digitoxin treatment). (C) D6-MA is more potent than digitoxin in inhibiting Chk2 expression (F=7.982, p<0.001). Quantification of Chk2
blots shows decreased expression following treatment (*p<0.05 compared 0 nM, §p<0.05 compared to respective digitoxin treatment).
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Moreover, digitoxin and D6-MA showed higher ICsq values in non-
tumorigenic lung epithelial cells than in NSCLC cells. Thus, this con-
firmed that primary human lung epithelial cells and non-
tumorigenic human lung epithelial cells are significantly less sensitive
to digitoxin and D6-MA when compared to NCI-H460 cells.

We further hypothesized that for both digitoxin and D6-MA, ap-
optosis is mediated through the mitochondrial pathway. Mitochon-
drial pathway involvement leads to cytochrome c release and
association with pro-caspase-9 and APAF1 respectively (Ashkenazi,
2008). Such association leads to caspase-9 and caspase-3 activation
and induced cell apoptosis (Ashkenazi, 2008). To test this hypothe-
sis, we performed Western blot analysis of NCI-H460 cells exposed
to digitoxin and D6-MA, respectively. Our results showed that D6-
MA was more potent than digitoxin in inducing cytochrome c ex-
pression and cleavage of caspase-9, while for pro-caspase-3 there
was a drop in expression and only slight differential cleavage for
caspase-8. In addition, increased cytochrome c expression suggests
that H460 cells retained their ability to synthesize protein, which
contrasts previous claims that CG induced cytotoxicity is due to gen-
eral inhibition of protein synthesis (Perne et al., 2009).

We further investigated cyclin B1 and cdc2 regulation; cyclin B1
and cdc2 form cyclin B1/cdc2 complex that is crucial for progression
of cells through G2/M phase, protects mitotic cells from apoptosis,
and maintains cancer cell viability (Allan and Clarke, 2007; Stark
and Taylor, 2006; Yuan et al., 2004). We showed down-regulation
of cyclin B1 and cdc2 by both digitoxin and D6-MA, with D6-MA exhi-
biting greater potency in reducing cell viability.

We also tested whether survivin, a protein that promotes mitosis
by activating the chromosomal passenger complex (Mita et al.,
2008) is involved in the reduced NCI-H460 cell viability. Our results
showed that digitoxin and D6-MA induced survivin down-
regulation at sub-therapeutic concentrations, with D6-MA being sig-
nificantly more potent than digitoxin. Such down-regulation further
explains the observed G2/M phase arrest and points to survivin as
being a viable target for digitoxin or D6-MA mediated anti-
neoplastic activity in NCI-H460 cells.

Our results provide further support that cytotoxic effects of CGs are
independent of p53 status. Digitoxin's ability to down-regulate p53,
even though is first demonstrated in this study, is supported by previous
reports employing other CGs (such as oubain and digoxin) in both
breast and lung cancer cells (Kometiani et al, 2005; Wang et al.,
2009b). For instance, p53 null and p53 wild type lung cancer cells
were previously shown to exhibit equal cell death when exposed to
CGs (Wang et al., 2009b). In addition, we also report for the first time
on the down-regulation of p21 and p27 by digitoxin and D6-MA. Several
studies suggested that p21 possesses oncogenic properties in promoting
mitosis and cell migration (Abbas and Dutta, 2009; Kumar et al., 2006;
Roninson, 2002). In contrast to our findings, p21 up-regulation in breast
cancer cells following oubain exposure was reported (Kometiani et al.,
2005). p21 down-regulation possibly explains the reduced NCI-H460
cell viability following digitoxin and D6-MA exposure.

We also studied Chk1/2 expression to further explain the reduced
cell viability associated with G2/M arrest. Chk1/2 is known to mediate
cell cycle arrest following DNA damage or stress response (Bartek and
Lukas, 2003; Wang et al., 2009a; Zhou and Bartek, 2004). Abrogating
cell cycle checkpoints by chemotherapeutic agents that specifically tar-
get Chk1/2 was shown to be an effective chemotherapeutic alternative
for several types of cancer (Bartek and Lukas, 2003; Zhou and Bartek,
2004). We are first to show that digitoxin and D6-MA inhibit Chk1/2 ex-
pression at sub-therapeutic concentrations in NCI-H460 cells, with the
D6-MA being more potent than digitoxin. These results indicate that
following digitoxin or D6-MA treatment neither G2/M phase arrest,
nor down-regulation of cyclin B1 and cdc2 is mediated by the up-
regulation of Chk1/2. However, down-regulation of Chk1/2 following
treatment with digitoxin or D6-MA at sub-therapeutic concentrations
can explain the reduced cell viability found in our studies.

The results presented herein further advance our understanding
of the selective anti-neoplastic mechanism of sub-therapeutic digi-
toxin concentrations towards NSCLC cancer cells. In addition, en-
hanced and selective anti-neoplastic activity of D6-MA for NSCLC
opens new perspectives for more effective chemotherapeutic strate-
gies based on artificially synthesized compounds.

Conclusions

Our study is the first to focus on determining anti-neoplastic ef-
fects of realistic, sub-therapeutic doses of digitoxin and D6-MA in
NCI-H460 cancer cells. Moreover, we show for the first time that
sub-therapeutic concentrations of digitoxin and D6-MA induce G2/
M phase arrest and cyclinB1 and cdc2 down-regulation, with D6-
MA exhibiting greater potency than digitoxin. Our results also suggest
that G2/M phase arrest and down regulation of cyclinB1 and cdc2 by
digitoxin and D6-MA are not directly controlled by up-regulation of
p53 signaling or checkpoint kinase signaling.
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