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A B S T R A C T

Advanced stage cancers acquire anoikis resistance which provides metastatic potential to invade and

form tumors at distant sites. Suppression of anoikis resistance by novel molecular therapies would

greatly benefit treatment strategies for metastatic cancers. Recently, digitoxin and several of its novel

synthetic derivatives, such as a-L-rhamnose monosaccharide derivative (D6-MA), have been synthesized

and studied for their profound anticancer activity in various cancer cell lines. In this study, we

investigated the anoikis sensitizing effect of D6-MA compared with digitoxin to identify their anti-

metastatic mechanism of action. D6-MA sensitized NSCLC H460 cells to detachment-induced apoptosis

with significantly greater cytotoxicity (IC50 = 11.9 nM) than digitoxin (IC50 = 90.7 nM) by activating

caspase-9. Screening of the Bcl-2 protein family revealed that degradation of anti-apoptotic Mcl-1

protein is a favorable target. Mcl-1 over-expression and knockdown studies in D6-MA and digitoxin

exposed cells resulted in rescue and enhancement, respectively, indicating a facilitative role for

decreased Mcl-1 expression in NSCLC anoikis. Transfection with mutant Mcl-1S159 attenuated

detachment-induced cell death and correlated with a remaining of Mcl-1 level. Furthermore, D6-MA

suppressed Mcl-1 expression via ubiquitin proteasomal degradation that is dependent on activation of

glycogen synthase kinase (GSK)-3b signaling. In addition, D6-MA also targeted Mcl-1 degradation

causing an increased anoikis in A549 lung cancer cells. Anoikis sensitizing effect on normal small airway

epithelial cells was not observed indicating the specificity of D6-MA and digitoxin for NSCLC. These

results identify a novel cardiac glycoside (CG) sensitizing anoikis mechanism and provide a promising

anti-metastatic target for lung cancer therapy.

� 2013 Elsevier Inc. All rights reserved.
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1. Introduction

Late stage aggressive cancers undergo the phenomenon of
metastasis, usually preceded by invasion of neighboring tissues.
Abbreviations: Bcl-2, B-cell lymphoma 2; Casp-3, caspase-3; CHX, cycloheximide;

CG, cardiac glycoside; DMSO, dimethyl sulfoxide; D6-MA, a-L-rhamnose monosac-

charide derivative; ECM, extracellular matrix; ERK, extracellular signal-regulated

protein kinase; FAK, focal adhesion kinase; GSK-3b, glycogen synthase kinase-3b;

JNK, c-Jun amino-terminal kinase; MOA, mode of action; NSCLC, non-small cell lung

cancer; PARP, poly(ADP-ribose) polymerase; PI, propidium iodide; PI3K, phospha-

tidylinositol-3 kinase; TDZD, thiadiazolidinones.
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Metastasis involves cancer cells breaking free from the initial tumor
mass, circulatory system transportation, reattachment at a target
organ and prolonged growth, resulting in drastically elevated
mortality rates [1–3]. Normal cells that detach from their
extracellular matrix (ECM) quickly undergo anoikis, a programmed
cell death via the mitochondrial apoptosis pathway [4,5]. Metastatic
cancers, such as late stage III and stage IV lung cancer, resist anoikis
via several different mechanisms including altered adhesion and
growth factor signaling, epithelial to mesenchymal transition, and
dysregulation of pro-apoptotic Bcl-2 proteins [6]. Metastatic lung
tumors greatly reduce lung cancer survival rates by more than 40%
compared to early stage tumors and cause death rates 2–4 times
higher than all other cancers [7–9]. Development of novel, late stage
cancer therapeutic strategies is clearly warranted. Given that 80–
85% of lung cancers are non-small cell lung cancers (NSCLC),
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development of therapeutic strategies to sensitize aggressive NSCLC
to anoikis would greatly improve malignant chemotherapy strate-
gies and lung cancer patient prognosis.

Epidemiologic evidence suggests that congestive heart failure
patients on cardiac glycoside (CG) therapy (i.e. digitalis 10–40 nM)
exhibit reduced breast and leukemia cancer diagnoses and breast
cancer reoccurrence [10–12]. Initial consensus on CG’s anti-cancer
mechanism of action (MOA) was that CGs act via direct binding to
the a subunit of the Na+/K+ ATPase causing inotropic inhibition,
internal Ca+ ion release, thereby resulting in apoptosis initiation.
More recent evidence suggests that Na+/K+ ATPase with other
membrane-associated signaling proteins act as a ‘signalosome’
complex [13,14] that activates several signaling pathways result-
ing in in vitro anti-neoplastic activity [15,16]. Although cancer cells
exhibit greater CG sensitivity than non-malignant cells, safety
concerns with their clinical use remain due to cardiotoxicity,
narrow therapeutic window and protein synthesis inhibition [17–
19]. Nevertheless, low reoccurrence rate and in vitro cancer cell
apoptotic sensitivity to CGs suggests that cancer cells may exhibit
anoikis sensitivity to CG therapy. Surprisingly, little research effort
has focused on CG-induced anoikis in cancer cells given the large
volume of literature on apoptotic effect. By investigating the ability
of CG’s to induce both apoptosis and anoikis, researchers can
identify whether CGs can therapeutically target primary tumors
and/or their metastatic ability. Oleandrin, ouabain and UNBS1450
exhibit ability to sensitize cells to detachment-associated cell
death via programmed cell death, autophagy and cellular swelling
[20,21]. Mcl-1 expression, an anti-apoptotic Bcl-2 family protein,
was recently described as a key anoikis resistance mediator and
may serve as a CG target for cancer therapy [22–24].

Concerns with CG cardiotoxicity and a clear MOA have
restricted their clinical use and anti-neoplastic research efforts.
Recent advances, however, in synthetic carbohydrate chemistry
and testing low dose effects (<50 nM) in vitro have further
advanced CGs for anti-neoplastic therapy. Novel digitoxin deriva-
tive syntheses via Pd-catalyzed glycosylation [25,26] and in vitro
cytotoxic screening using NCI’s multiple attached cancer cell lines,
including NSCLC cells [27,28], identified several monosaccharide
digitoxin analogs displaying greater cytotoxic potency than
digitoxin. The corresponding anti-neoplastic effects were identi-
fied as apoptotic cell death via caspase-9 intrinsic apoptotic
pathway and G2/M arrest in attached NSCLC cells [27,29].

To further expand and identify digitoxin monosaccharide
derivatives’ anti-cancer modes of action, this study’s primary
objectives were to (a) compare a-L-rhamnose monosaccharide
derivative (D6-MA) to digitoxin for their ability to sensitize NSCLC
cells to anoikis and (b) determine the underlying anoikis
sensitization mechanism. Our hypotheses stated that D6-
MA would exhibit greater potency than digitoxin in initiating
NSCLC anoikis via caspase-9 activation due to altered Mcl-1
expression. Identification of a NSCLC anoikis sensitization signal-
ing mechanism for digitoxin-based derivatives will enhance
understanding of CG apoptotic MOA and lend insight into whether
CG reduce rate of cancer reoccurrence by inhibiting metastasis.

2. Methods

2.1. Cell culture and reagents

Human non-small cell lung cancer NCI-H460 and lung carcinoma
A549 cells were obtained from American Type Culture Collection
(ATCC, Manassas, VA). Non-tumorigenic, human small airway
epithelial cells immortalized with human telomerase (SAEC) were
a kind gift from Dr. Tom Hei (Columbia University Medical Center).
H460 cells were cultured in RPMI 1640 medium while A549 cells
were cultured in DMEM medium (Sigma, St. Louis MO). All culture
media contained 10% fetal bovine serum (FBS), 2 mM L-glutamine,
100 units/mL penicillin/streptomycin. SAECs were cultured in SABM
medium supplemented with SAGM growth factor BulletKit (Lonza,
Allendale, NJ) following manufacturer’s instructions. Cells were
cultured in a humid, 5% CO2 environment at 37 8C. Hoechst 33342,
cisplatin, cycloheximide, and poly(2-hydroxyethyl-methacrylate;
poly-HEMA) were obtained from Sigma. MG132 was obtained from
Calbiochem (San Diego, CA). Antibodies for poly-ADP-ribose
polymerase (PARP), caspase-8, caspase-9, Mcl-1, phosphorylate
Mcl-1, Bcl-2, Bax, Bim, Bid, b-actin, and peroxidase-labeled
secondary antibodies were obtained from Cell Signaling Technology,
Inc. (Beverly, MA). Ubiquitin antibody and protein-G agarose were
obtained from Abcam Inc. (Cambridge, MA). Caspase-8 inhibitor (z-
IETD-FMK), caspase-9 inhibitor (z-LEHD-FMK), pan-caspase inhibi-
tor (z-VAD-FMK), and FasL were obtained from Alexis Biochemicals
(San Diego, CA). Caspase-3 activity kit was purchased from Cell
Signaling Technology, Inc. Caspase-8 and caspase 9 assay kits were
obtained from BioVision (Milpitas, CA).

Digitoxin (>99% pure) was acquired from Sigma Chemicals (St.
Louis, MO). D6-MA, and a-L-rhamnose monosaccharide digitoxin
derivative (>98% pure) was synthesized using a previously
described de novo Pd-catalyzed glycosylation method for unique
carbohydrate synthesis [25,26]. Briefly, acetyl furan underwent
asymmetric reduction, oxidative rearrangement and tert-butox-
ycarbonyl protection to acquire the correct glycosyl donor. The
resulting a-L-pyranose was coupled to digitoxigenin, the acid-
cleaved aglycone moiety of digitoxin, via Pd-catalyzed glycosylation
followed by Luche reduction to acquire D6-MA. All D6-MA was
purified using SiO2 gel flash chromatography, recrystallized in either
methyl chloride or ethyl chloride in hexane and dried under vacuum.
Sample purity was determined via 1H and 13C NMR as well as
melting point and optical rotation. The chemical structure was
shown in Fig. 1A. Both compounds were diluted in sterile DMSO to
2 mM stock and serially diluted in DMSO to reach exposure doses.

2.2. Anoikis sensitivity determination

Anoikis sensitization assays on H460 cells were performed in
12-well plates coated with poly-HEMA to keep cells from attaching
to well bottom. A 6 mg/mL poly-HEMA solution was prepared with
warm 95% ethanol, pipetted into each well and allowed to
evaporate overnight. Sub-confluent H460 cells were then PBS
washed, 0.05% trypsinized, suspended in 1% FBS and diluted to
1 � 105 cells/mL in microfuge tubes. Cells were exposed to 0–
500 nM by pipetting diluted compound (DMSO < 0.1% v/v) to each
tube, triturated and seeded to each well. Following a 24 and 48 h
exposure, 10 mM Hoechst 33342 and 5 mg/mL propidium iodide
(PI) dissolved in PBS were added to each well and incubated for
30 min. Stained cells were immediately photographed using a
Leica DFC 490 digital camera mounted on a Leica DMIL inverse
compound microscope at 400� magnification. At least three
replicates per dose per compound were run in each experiment
which 3–5 experiments were performed. Percentage of cells
displaying condensed chromatin and/or fragmented apoptotic
nuclei and necrotic cell death were determined from 5 replicate
photos of each experimental replicate. Cells displaying PI-stained
fragmented nuclei were considered late-stage apoptotic nuclei. A
minimum of 1000 cells were counted per treatment. IC50 analyses
were conducted in GraphPad Prism 5 (La Jolla, CA).

2.3. Caspase activity determination

Caspase 3 activity was measured using Ac-DEVD-AMC caspase
3 activity assay kit (Cell Signaling Technology, Inc., Beverly, MA),
and caspase 8 and 9 activations were using IETD-AFC caspase 8 and
LEHD-AFC caspase 9 assay kits (BioVision, Milpitas, CA) following



Fig. 1. D6-MA exhibits greater efficacy than digitoxin in sensitizing non-small cell lung cancer cell anoikis. (A) Structures of digitoxin and its a-L-rhamnose monosaccharide

derivative D6-MA. (B) Mean detachment-induced cell death (anoikis) was determined by Hoechst 33342/propidium iodide staining assay. H460 cells were cultured on poly-

HEMA-coated plate and treated with varying concentrations of D6-MA and digitoxin (0, 1, 5, 50, 250, 500 nM for 24 h, left; 0, 1, 5, 10, 25, 50 nM for 48 h, right). (C) Anoikis

sensitizing effects of D6-MA and digitoxin on unfixed cells were determined by Hoechst 33342 and propidium iodide (PI) fluorescence staining. Examples of early (blue) and

late (red) apoptotic cells with fragmented nuclei are indicated by solid and dashed arrows, respectively. (D) Caspase-3 activity in suspended cells following 12 h treatment of

D6-MA and digitoxin (0–50 nM). Caspase-3 activity was determined by Ac-DEVD-AMC fluorescence assay. Data represent mean � S.D. (n = 4). *p < 0.05 versus non-treated

cells. (E) Effects of D6-MA and digitoxin on poly-ADP-ribose polymerase (PARP). H460 cells were detached and treated with D6-MA (0–50 nM) and digitoxin (0–200 nM) for 12 h.

Attached (A) and detached cells (D) without treatment were also collected to clarify the spontaneously apoptosis after 12 h-detachment (right panel). Cleaved length PARP (CL-

PARP) and full length PARP (FL-PARP) were examined by Western blotting. PARP cleavage is out of linear range.
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manufacturer’s instructions. Briefly, 5 � 105 suspended cells were
plated in triplicate to low attachment 6-well plates (Corning,
Lowell, MA) and exposed for 12 h to each compound. Cells were
collected, pelleted via centrifugation, lysed and frozen at �20 8C
until needed. Next, treatment medium was aspirated and cells
lysed. Suspended cell lysates were incubated with Ac-DEVD-AMC
(caspase-3 activity) for 3 h and fluorescent intensity determined at
380 nm excitation and 420 nm emission. Likewise, cell lysates
were incubated with either IETD-AFC (caspase 8 activity) or LEHD-
AFC (caspase-9 activity) for 3 h and fluorescent intensity deter-
mined at 400 nm excitation and 505 nm emission.

2.4. Generation of stable and transient transfectants

Mcl-1 plasmid (pcDNA3.1-hMcl-1), phosphorylate Mcl-1
(pcDNA3.1-hMcl-1 S159) and control plasmid (pcDNA3.1) were



Fig. 2. D6-MA and digitoxin mediated anoikis through mitochondria pathway. (A) Effects of D6-MA and digitoxin on caspase-9 and caspase-8 expression. Detached H460 cells

in serum-free medium were treated with various doses of D6-MA and digitoxin (0–50 nM) for 12 h. Caspase-9, caspase-8 and their cleaved products were analyzed by

Western blotting. (B) Detached cells were treated with either D6-MA (0–100 nM) or digitoxin (0–100 nM) in the presence or absence of 10 mM pan-caspase inhibitor (zVAD-

FMK), 10 mM specific caspase-8 inhibitor (zIETD-FMK), or 10 mM specific caspase-9 inhibitor (zLEHD-FMK) for 12 h in 1% FBS medium and evaluated for anoikis using

Hoechst 33342/propidium iodide staining assay. (C) H460 cells were treated with cisplatin (50 mM) in the presence or absence of 10 mM of caspase-9 inhibitor for 12 h. Under
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obtained from Addgene (Cambridge, MA) [30]. H460 cells were
stably transfected with these plasmids using Amaxa Nucleofection
system (Walkersville, MD), according to manufacturer’s instruc-
tion. Approximately 36 h after the initiating transfection, cells
were trypsinized, plated onto 75 mL culture flasks, and cultured for
28 days with neomycin containing medium (700 mg/mL). Pooled
stable transfectants were identified by Western blotting of Mcl-1,
and phosphorylate Mcl-1, and cultured in neomycin-free RPMI
medium for at least two passages before each experiment.

Mcl-1 and control knockdown cells were generated by transient
transfection with esiRNA and negative control siRNA-tagged GFP
obtained from Sigma (St. Louis, MO). H460 cells were plated into 6-
well plates and allowed to reach 50% confluence in 10% FBS
medium without antibiotics. 900 ng/mL of either negative control
or esiRNA Mcl-1 were added to their respective wells in triplicate
in the presence of Lipofectamine 2000 (Invitrogen, Grand Island,
NY). Cells were incubated for 6 h followed by removal of esiRNA
containing medium and addition of fresh medium. After 40 h of
culturing in normal conditions, cells were assessed for loss of
anoikis resistance and lysed for Mcl-1 knockdown assessment.

2.5. Western blot

After CG exposure, cells were incubated with lysis buffer
containing 2% Triton X-100, 1% sodium dodecyl sulfate (SDS),
100 mM NaCl, 10 mM Tris–HCl (pH 7.5), 1 mM EDTA, and a
Complete Mini cocktail protease inhibitors (Roche Molecular
Biochemicals, Basel, Switzerland) for 30 min on ice. SDS-PAGE and
Western blot analyses were performed as previously described
[31]. Mean protein band densitometry data from independent
experiments were normalized with b-actin protein. Data were
represented as the mean � SD and analyzed by Student’s t-test.

2.6. Immunoprecipitation

After CG exposure, cells were washed with PBS and lysed in lysis
buffer at 4 8C for 20 min. Cell lysates were collected and
determined for protein content using the BCA assay. Lysate
proteins (60 mg) were incubated with Mcl-1 antibody for 14 h at
4 8C, followed by 4 h incubation with protein G-conjugated agarose
at 4 8C. The immune complexes were washed 6 times with cold
lysis buffer, and resuspended in 2� Laemmli sample buffer. The
immune complexes were separated by 10% SDS-PAGE and
analyzed by Western blotting as described [30].

2.7. Quantitative real time PCR

After specific treatment for 12 h, total RNA was extracted by
Trizol (Invitrogen), and 1 mg was reverse transcribed in a 100 mL
reaction mixture containing 500 mM dNTP, 125 units of Multi-
Scribe Reverse Transcript (Applied Biosystems, Foster City, CA), 40
units of RNase inhibitor, 2.5 M olido(dT), 1� TaqMan reverse
transcriptase buffer, and 5 mM MgCl2 at 48 8C for 40 min. The
primers used in this study were obtained from Applied Biosystems,
Mcl-1 (Hs03043899_ml*) and 18S rRNA (Hs99999901_s1). Am-
plification was performed at 95 8C for 10 min followed by 40 cycles
at 95 8C for 15 s and 60 8C for 1 min. A SYBR Green PCR Master Mix
(Applied Biosystems) was used with 1 ng of cDNA and 100–400 nM
primers. A negative control without cDNA template was run with
each assay. All PCR reactions were performed using ABI PRISM
7900 Sequence Detection System (Applied Biosystems). Relative
the same condition, H460 cells were treated with FasL (50 ng/mL) in the presence or ab

Hoechst 33342 assay. (D) Caspase-8 and -9 activities in suspended cells following 12 h

LEHD-AFC fluorescence assay, respectively. (E) Effects of D6-MA and digitoxin on Bcl-2 

were quantified by densitometry, and mean data from independent experiments were no

non-treated cells. #p < 0.05 versus control treated group.
mRNA levels were determined by using the comparative CT
(threshold cycle) method, where the Mcl-1 target is normalized to
the control and compared with a reference sample (assigned a
relative value of 1) by the equation: 2�

DDCT.

2.8. Statistical analyses

Anoikis dose response curves and IC50 values for each
compound were determined using non-linear regression analysis
in Prism 5.0 (GraphPad Software, Inc.). Regression curves were
plotted assuming a sigmoidal dose response and setting the
unexposed cell response to 0. Statistical differences among
treatment means for anoikis assays and densitometry data were
determined using two-way ANOVA and t-test methodology,
respectively (a = 0.05) in JMP 8.0 (SAS Institute).

3. Results

3.1. Digitoxin derivative D6-MA sensitizes human lung carcinoma

H460 cells to detachment-induced cell death

To investigate anoikis sensitization, suspended H460 cells
were treated with various concentrations of D6-MA and digitoxin
(Fig. 1B; 0–500 nM), and evaluated by using Hoechst 33342/PI
assays. Both D6-MA and digitoxin exposure caused a significant,
dose-dependent increase in anoikis compared to non-treated cells
(Fig. 1B, left). Co-staining unfixed cells with Hoechst/PI also
revealed that both D6-MA and digitoxin induced a gradual
increase in intense nuclear fluorescence condensation and
fragmentation in H460 cells, whereas a dose-dependent increase
in PI exclusion of necrotic (non-apoptotic) nuclei (<5% at all
doses) was not observed (Fig. 1C). D6-MA exhibited significantly
greater anoikis potency (IC50 = 11.9 nM) than digitoxin
(IC50 = 90.7 nM) at 24 h. This fold potency difference was
maintained at 48 h (Fig. 1B, right) indicating that bio-availability
differences could not explain different potencies. To validate
observed anoikis sensitizing effect, detached cells were treated
with D6-MA and digitoxin, and assessed for caspase-3 activation
and poly(ADP-ribose) polymerase (PARP) cleavage using Ac-
DEVD-AMC fluorescence and Western blotting, respectively. Both
D6-MA and digitoxin showed significant caspase-3 activation at
12 h in a dose-dependent manner (Fig. 1D). Treatment with D6-
MA also caused a complete loss in PARP expression, whereas
reduction of PARP was observed in response to higher concentra-
tion of digitoxin (50 nM/L; Fig. 1E). An increase of activated PARP
in non-treated cells was spontaneous in response to detachment
for 12 h compared to attached cells (Fig. 1E, right). These results
suggested that D6-MA possessed a potent anoikis sensitizing
effect.

3.2. D6-MA sensitizes NSCLC cell anoikis primarily through

mitochondria pathway

It has been indicated that the defected regulation in mitochon-
drial and/or death receptor partway plays a significant role on
anoikis resistance [23,31–33]. To further identify which pathways
were stimulated during D6-MA’s and digitoxin’s anoikis sensitiza-
tion of H460 cells, caspase-8 and caspase-9 expressions were
determined by Western blotting following treatment. Exposed
H460 cells displayed cleaved caspase-8 and -9 following treatment
with D6-MA and digitoxin (Fig. 2A). A low amount of cleaved
sence of 10 mM of caspase-8 inhibitor for 12 h. Apoptosis cells were determined by

 treatment of D6-MA and digitoxin (0–50 nM) were determined by LETD-AFC and

family protein expression were analyzed by Western blotting. Immunoblot signals

rmalized to non-treated cells. All data represent mean � S.D. (n = 4). *p < 0.05 versus



Fig. 3. Mcl-1 over-expression rescues D6-MA and digitoxin-mediated anoikis. (A) Western blot analysis of Mcl-1 expression in control (H460/pcDNA) and Mcl-1-transfected

(H460/Mcl-1) cells. Attached H460 cells were stably transfected with Mcl-1 or pcDNA control plasmid as described under Section 2. Mcl-1 expression level was evaluated by

Western blotting. (B) Effects of D6-MA and digitoxin on Mcl-1 over-expressing cells (H460/Mcl-1). Suspended H460/Mcl-1 and H460/pcDNA cells were treated with various

doses of D6-MA and digitoxin (0–100 nM), and DMSO as control diluent for 24 h. Anoikis cells were evaluated by Hoechst 33342/propidium iodide staining assay. Data are the

mean � S.D. (n = 4). *p < 0.05 versus control transfected cells (H460/pcDNA). (C) Effects of D6-MA and digitoxin on Mcl-1 expression in H460/Mcl-1 and H460/pcDNA cells.
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caspase-9 in unexposed cells was due to use of serum-free medium
during exposure. Unexposed cells in serum containing medium (1%
FBS) had no detectable caspase-9 cleavage (data not shown). To
determine whether one or both pathways controlled anoikis-
related death, detached cells were treated with either D6-MA or
digitoxin in the presence or absence of pan-caspase inhibitor (z-
VAD-FMK), caspase-8 inhibitor (z-IETD-FMK), and caspase-9
inhibitor (z-LEHD-FMK). Anoikis was determined by Hoechst/PI
assay. Although cleaved caspase-8 was observed in treated cells,
the inhibitory study demonstrated that pan-caspase and caspase-9
inhibitor significantly rescued anoikis mediated by D6-MA and
digitoxin, whereas the caspase-8 inhibitor did not (Fig. 2B). A
parallel study also tested the role of caspase inhibitors using
known inducer of caspase-9 dependent pathway, cisplatin [34,35],
and caspase-8 dependent pathway, FasL [36,37] as positive
controls (Fig. 2C). To confirm that caspase-9 activity dominates
and preceeds potential caspase-8 activity, both D6-MA and
digitoxin treatment (0–50 nM) resulted in significant dose-
dependent increase in caspase-9 activity while no significant
effect was detected in caspase-8 activation (Fig. 2D) except at
50 nM D6-MA. Reactive oxygen species detection assays using
dichlorofluorescene acetate for increased ROS levels associated
with mitochondrial apoptotic pathway activation did not differ
from unexposed cells (data not shown). These results suggested
that D6-MA and digitoxin sensitize cell-detachment induced
apoptosis primarily through the mitochondrial apoptotic pathway.

3.3. D6-MA sensitized detachment-induced apoptosis by decreased

Mcl-1 expression

Since expression of pro- and anti-apoptotic proteins in the Bcl-2
family play an important role in the mitochondrial apoptotic
pathway [38], we further investigated which apoptotic regulatory
protein(s) were required for D6-MA and digitoxin induced anoikis.
Detached cells were incubated with D6-MA and digitoxin (0–
100 nM) in attachment resistant plates for 12 h and determined
expression for several key pro- and anti-apoptotic Bcl-2 family
proteins by Western blotting. Among the Bcl-2 family proteins,
only anti-apoptotic Mcl-1 was substantially decreased in dose-
dependent manner by both compounds. D6-MA showed approxi-
mately 10-fold greater potency than digitoxin, while all other
proteins displayed negligible change (Fig. 2E). Similarly, decreased
Mcl-1 expression was also observed in attached H460 cells at doses
that result in apoptosis (data not shown). This result suggested that
Mcl-1 is a target of digitoxin-based compound induced anoikis and
attached cell apoptosis in NSCLC.

Since reduced Mcl-1 expression correlated with D6-MA’s and
digitoxin’s anoikis sensitization, we investigated whether Mcl-1
expression protects NSCLC from anoikis by stably transfecting
H460 cells with Mcl-1. These transfected cells and control plasmid
cells (pcDNA) were then evaluated for detachment-induced cell
death following D6-MA and digitoxin exposure. Western blot
analysis of Mcl-1 expression resulted in elevated Mcl-1 expression
in Mcl-1-transfected cells compared with pcDNA cells (Fig. 3A).
Both transfected cell lines were detached, treated with either D6-
MA or digitoxin and analyzed for anoikis by Hoechst/PI assay. Mcl-
1-transfected cells exhibited resistance to D6-MA and digitoxin (0–
100 nM) compared to pcDNA-transfected cells (Fig. 3B). A parallel
Western blot study demonstrated that Mcl-1 level was slightly
Detached cells were treated with indicated concentration of D6-MA and digitoxin for 24 h, 

transfected with either esiMcl-1 or SiGFP control, and Mcl-1 expression was determined by 

cells (H460/siGFP). (E) Effects of D6-MA and digitoxin treatment on siMcl-1 H460 knockdow

iodide staining assay after treatment for 24 h. Data are the mean � S.D. (n = 4). *p < 0.05 ver

SiMcl-1 and H460/SiGFP cells. Detached cells were treated with indicated concentrations of D

blots were reprobed with b-actin to confirm equal loading. Immunoblot signals were quanti

the results. Bars are the means � SD (n = 4). *P < 0.05 versus non-treated cells.
decreased in Mcl-1 over-expressing cells treated with 100 nM D6-
MA and 200 nM digitoxin, whereas it was extensively down-
regulated in pcDNA cells (Fig. 3C). These results confirmed that
Mcl-1 expression is a major target for D6-MA and digitoxin-
induced anoikis.

Furthermore we assessed whether decreased Mcl-1 expression
facilitates or induces anoikis by performing anoikis assays on
siRNA Mcl-1 knockdown compared to normal H460 cells. Negative
control and siRNA Mcl-1 knockdowns were assessed for anoikis
following D6-MA and digitoxin treatment. Western blot analysis of
Mcl-1 expression resulted in decreased Mcl-1 levels in attached,
siRNA Mcl-1 transfected H460 cells compared to attached negative
control siRNA-GFP tagged cells (Fig. 3D). Both transfected cell lines
were suspended and exposed to D6-MA and digitoxin. Unexposed
Mcl-1 knockdown cells showed a significant increase in anoikis
compared to negative controls, supporting the positive role of Mcl-
1 on anoikis resistance. Furthermore, CG-exposed Mcl-1 knock-
down cells displayed significantly decreased Mcl-1 level which
correlated with increasing anoikis in response to D6-MA and
digitoxin treatment at known therapeutic digitoxin concentrations
(Fig. 3E and F). Collectively, these results suggest that decreased
Mcl-1 expression facilitates anoikis and that both D6-MA and
digitoxin stimulate other key protein(s) to drive anoikis-related
signaling.

3.4. D6-MA mediated Mcl-1 degradation through proteasomal

degradation pathway

Recent studies demonstrated that Mcl-1 expression is regulated
at both transcriptional and post-translational levels [40–42]. To
investigate whether D6-MA and digitoxin down-regulated Mcl-1
via suppression of protein synthesis or induction of protein
degradation, Mcl-1 expression was determined in detached cells
treated with D6-MA (25 nM) and digitoxin (100 nM) in the
presence or absence of proteasome inhibitor MG132 or protein
translation inhibitor cycloheximide (CHX). Both D6-MA and
digitoxin suppressed Mcl-1 levels, which were significantly turned
over by pretreatment of the cells with MG132, but not CHX
(Fig. 4A).

Quantitative-real time PCR analysis also showed that no
significant change in Mcl-1 mRNA expression was observed in
cells treated with both D6-MA and digitoxin (Fig. 4B), whereas
protein level was substantial decreased (Fig. 2C). Thus, reduction of
Mcl-1 protein was regulated through a transcription-independent
mechanism. Our results suggested that proteasomal degradation is
a pivotal mechanism in Mcl-1 down-regulation mediated by D6-
MA and digitoxin. Since proteins targeted by the proteasome
require ubiquitination and subsequent degradation [42], Mcl-1
ubiquitination was confirmed by co-immunoprecipitation. Both
D6-MA and digitoxin induced Mcl-1 ubiquitination in a dose-
dependent manner (Fig. 4C). Furthermore, a cycloheximide half-
life study demonstrated that D6-MA treatment accelerated
constitutive Mcl-1 down-regulation (Fig. 4D). Mcl-1 half-life in
CGs-untreated, detached H460 cells was approximately 17 h,
whereas it was dramatically decreased to 4.5 h and 10 h following
exposure to equipotent doses of D6-MA and digitoxin, respectively.
Together, these results supported the mechanism of D6-MA and
digitoxin sensitized anoikis of NSCLC via Mcl-1 proteasomal
degradation.
and analyzed for Mcl-1 expression by Western blotting. (D) Attached H460 cells were

Western blotting. Data are the mean � S.D. (n = 4). *p < 0.05 versus control transfected
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6-MA and digitoxin for 24 h, and analyzed for Mcl-1 expression by Western blotting. All
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Fig. 4. D6-MA and digitoxin mediate Mcl-1 degradation through ubiquitin-proteasomal pathway. (A) Suspended H460 cells were treated with D6-MA (25 nM) or digitoxin

(100 nM) in the presence or absence of proteasome inhibitor MG132 (10 mM), or protein translation inhibitor cycloheximide (CHX, 10 mg/mL) for 12 h to determine if protein

degradation or synthesis regulated Mcl-1 expression. Mcl-1 expression was determined by Western blot analysis. Data are the mean � S.D. (n = 4). *p < 0.05 versus non-treated

cells; #p < 0.05 versus D6-MA or digitoxin treated cells. (B) Detached H460 cells were treated with D6-MA (0–50 nM) and digitoxin (0–200 nM) for 12 h, and mRNA was separated

and determined by quantitative real-time PCR. The relative Mcl-1 mRNA expression was determined by using the comparative CT method as described under Section 2. Data are the

mean � S.D. (n = 4). *p < 0.05 versus non-treated cells. (C) Detached H460 cells were treated with various concentrations of D6-MA (0–50 nM) or digitoxin (0–200 nM) for 2 h post-

treatment where ubiquitination was found to be maximal. Cell lysates were immunoprecipitated with anti-Mcl-1 antibody and the immune complexes were analyzed for ubiquitin

by Western blots using anti-ubiquitin antibody. (D) Detached H460 cells were pretreated with 10 mg/mL of protein translation inhibitor, cycloheximide (CHX) for 1 h in the presence

or absence of either 25 nM of D6-MA or 200 nM of digitoxin for various times. Mcl-1 level was analyzed by Western blotting. Immunoblot signals were quantified by densitometry,

and mean data from independent experiments were normalized to sample at time = 0 h. All data represent mean � S.D. (n = 4). *p < 0.05 versus CHX-treated cells at each time point.
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3.5. Proteasomal degradation of Mcl-1 mediated by D6-MA is

dependent on GSK-3b pathway

Since D6-MA showed more potent anoikis sensitizing, we
focused deeper on the molecular mechanism of D6-MA. Recently,
it was reported that glycogen synthase kinase (GSK)-3b plays a
Fig. 5. D6-MA mediated Mcl-1 degradation via GSK-3b-dependent pathway. (A) Wester

transfected cells. H460 cells were stably transfected with WT Mcl-1, mutant Mcl-1S159, or

examined by Western blotting. (B) Effects of D6-MA on Mcl-1S159 over-expressing (H460

doses of D6-MA (0–100 nM), and DMSO as control diluent for 24 h. Anoikis cells were eva

(n = 4). *p < 0.05 versus non-treated transfected cells. (C) Effects of D6-MA on Mcl-1 expre

concentration of D6-MA for 24 h and Mcl-1 and phosphorylate Mcl-1 expressions were ex

mediated by D6-MA. Suspended Mcl-1S159-transfected cells were treated with D6-MA (0–50

were immunoprecipitated with anti-Mcl-1 antibody and the immune complexes were analyz

suspended H460 treated with 25, 50, or 100 nM of D6-MA for 12 h under increasing doses o

cells were evaluated by Hoechst assay in suspended H460 cells treated with D6-MA (0–100 n

the mean � S.D. (n = 4). *p < 0.05 versus non-treated control cells; #p < 0.05 versus D6-MA

Mcl-1 expression in suspended H460 treated with digitoxin (100 nM) under GSK-3b inhibito

quantified by densitometry. All data represent mean � S.D. (n = 4). *p < 0.05 versus non-

evaluated by Hoechst 33342/propidium iodide staining assay in suspended H460 cells trea

(40 mM) for 12 h. Data are the mean � S.D. (n = 4). *p < 0.05 versus non-treated control ce
central role in negatively regulating Mcl-1 stability [41,43] by
phosphorylating serine 159 which targets it for ubiquitin
degradation. To investigate whether D6-MA sensitizes H460 cells
to anoikis through GSK-3b-mediated Mcl-1 degradation, cells
were stably transfected with mutant Mcl-1 at S159 and wild-type
(WT) Mcl-1 plasmids. Transfected cells were suspended, exposed
n b lot analysis of Mcl-1 expression in wild-type (WT), Mcl-1S159 and control (Ctrl)-

 control plasmid as described under Section 2. Phosphorylate Mcl-1 and Mcl-1 were

/S159) cells. Suspended H460/S159 and H460/Mcl-1 cells were treated with various

luated by Hoechst 33342/propidium iodide staining assay. Data are the mean � S.D.

ssion in H460/S159 and H460/Mcl-1 cells. Detached cells were treated with indicated

amined by Western blotting. (D) Effect of Mcl-1S159 plasmid on Mcl-1 ubiquitination-

 nM) for 2 h post-treatment where ubiquitination was found to be maximal. Cell lysates

ed for ubiquitin by Western blots using anti-ubiquitin antibody. (E) Mcl-1 expression in

f GSK-3b inhibitor TDZD-8 (40–60 mM) was analyzed by Western blotting. (F) Anoikis

M) in the presence or absences of GSK-3b inhibitor TDZD-8 (40 mM) for 12 h. Data are

 treated cells. (G) GSK-3b inhibitor rescued H460 cells from digitoxin induced anoikis.
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Fig. 6. D6-MA and digitoxin sensitized A549, but not normal small airway epithelial cells to anoikis. (A) Detachment-induced cell death was determined by Hoechst 33342/

propidium iodide staining assay. A549 cells were seeded onto poly-HEMA-coated plate and treated with varying concentrations of D6-MA and digitoxin (0–1000 nM) for 24 h.

(B) Effects of D6-MA and digitoxin on Mcl-1 protein expression were analyzed by Western blotting. (C) Effects of GSK-3b on Mcl-1 expression mediated by D6-MA and
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to increasing concentrations of D6-MA (0–50 nM), and evaluated
for anoikis by Hoechst/PI assay. Fig. 5A showed that phosphory-
late Mcl-1 level was substantially suppressed in cells transfected
with mutant Mcl-1S159 compared to WT Mcl-1-transfected cells.
The presence of phosphorylate Mcl-1 in mutant transfected cells
(H460/S159) was observed due to endogeneous Mcl-1 which was
also found in control cells (H460/Ctrl). Treatment with 100 nM
D6-MA significantly increased anoikis in WT Mcl-1 transfected
cells compared to Mcl-1S159-transfected cells (Fig. 5B). D6-MA
was unable to significantly increase anoikis in Mcl-1S159-
transfected cells compared to unexposed controls (p < 0.05).
Similarly, D6-MA exhibited reduced anoikis induction ability in
WT Mcl-1-transfected cells compared to pcDNA transfected-cells
(Fig. 3B). This suggested that Mcl-1S159 over-expressing cells were
more resistant to anoikis mediated by D6-MA (Fig. 5B). Western
blot analysis with similar treatment also confirmed the correla-
tion of Mcl-1 level and anoikis cells. There was no detectable
change in Mcl-1 level in cells transfected with mutant Mcl-1S159

plasmid as compared to control cells (Fig. 5C). Phosphorylated
Mcl-1 in H460/S159 cells was slightly increased in response to
high dose of D6-MA (100 nM) compared to its gradual dose-
dependent increase in H460/Mcl-1 cells (Fig. 5C). Co-immuno-
precipitation of Mcl-1 and ubiquitin in Mcl-1S159-transfected cells
showed that Mcl-1 ubiquitination was not significantly altered by
D6-MA compared with non-treated control cells (Fig. 5D). These
results implied that inhibition of Mcl-1 phosphorylation at S159
was able to prevent D6-MA activated GSK-3b designation of Mcl-
1 for degradation.

To evaluate GSK-3b activity on Mcl-1 expression, detached
cells were incubated with D6-MA (0–100 nM) in the presence or
absence of GSK-3b inhibitor TDZD-8, and probed for Mcl-1
expression by Western blot. TDZD-8 is a well-established
inhibitor of GSK-3b and shows no inhibitory activity against
several kinases involved in signal transduction pathways
[44,45]. Western blot analysis revealed that cells pretreated
with various concentrations of TDZD-8 caused a dose-dependent
Mcl-1 stabilization as compared to cells treated with D6-MA
alone (Fig. 5E). The relationship between Mcl-1 expression and
cell anoikis regulated by GSK-3b in response to D6-MA was also
examined. Hoechst/PI assay demonstrated that TDZD-8 was able
to rescue H460 cell anoikis mediated by D6-MA, whereas TDZD-
8 alone did not significantly increase anoikis compared to non-
treated cells (Fig. 5F). TDZD treatment also rescued H460 cells
from digitoxin induced anoikis (Fig. 5G and H). Together, these
findings indicated that GSK-3b plays an important regulatory
role in suppressing Mcl-1 expression during D6-MA induced
anoikis.

3.6. Effect of digitoxin and its derivative D6-MA on A549 and normal

lung epithelial cell anoikis

To substantiate the effect of D6-MA and digitoxin on anoikis
sensitization, we broadened our study to include A549 lung cancer
and non-tumorigenic small airway epithelial cells (SAEC). A549
cells were treated with D6-MA and digitoxin followed by
assessment for anoikis induction and Mcl-1 protein expression.
D6-MA and digitoxin induced anoikis in A549 cell lines which
correlated with decreased Mcl-1 expression (Fig. 6A and B). Similar
to H460 cells, decreased Mcl-1 expression in A549 cells was
digitoxin. Suspended A549 cells were pretreated with GSK-3b inhibitor TDZD-8 (40 mM

Mcl-1 expression was analyzed by Western blotting. Immunoblot signals were quantifie

to non-treated cells. All data represent mean � S.D. (n = 4). *p < 0.05 versus non-treated cel

Hoechst 33342/propidium iodide staining assay in suspended A549 cells treated with either

TDZD-8 (40 mM) for 12 h. Data are the mean � S.D. (n = 4). *p < 0.05 versus non-treated cont

airway epithelial cells (SAEC) determined by Hoechst/PI staining assay. SAEC were suspended

digitoxin (0–500 nM) for 24 h. Anoikis cells were evaluated by Hoechst 33342/propidium 
reversed by pre-treatment with GSK-3b inhibitor (Fig. 6C).
Furthermore, TDZD treatmentresulted in the protection of A549
cells from D6-MA and digitoxin-sensitized A549 anoikis (Fig. 6D).
Both D6-MA and digitoxin exhibited higher potency against
suspended H460 cells (IC50 = 11.9 and 90.7 nM) while both
compounds exhibited 50–100-fold reduction in potency against
A549 cells (IC50 > 500 nM). Lastly, both compounds did not
significantly affect anoikis status of suspended SAEC cells
(Fig. 6E) which displayed 52% to 61% anoikis at 24 h with <8%
necrosis from 0 to 500 nM. This further suggests promising NSCLC-
specific, anti-metastatic activity of D6-MA and digitoxin. In
summary, both D6-MA and digitoxin induced anoikis in lung
cancer cells via decreased Mcl-1 expression. D6-MA and digitoxin
activate GSK-3b leading to Mcl-1 degradation and NSCLC anoikis.

4. Discussion

Anoikis, detachment-induced apoptosis, plays an important
role in the prevention of cancer cell migration and establishment of
secondary tumors. Since anoikis resistance provides a survival
mechanism for advanced metastatic cancers, sensitizing cancer
cells to anoikis will provide benefit for cancer therapy [4]. Our
study has reported for the first time on the potent anoikis
sensitizing effect of the digitoxin derivative D6-MA. Its underlying
MOA in NSCLCs was shown to involve Mcl-1 degradation
associated with GSK-3b-mediated signaling. Along with epidemi-
ological evidence, digitoxin possesses anticancer properties in
various cancers including breast, melanoma, and NSCLC [10–
12,16,19,27,28]. Apoptotic induction by digitoxin is believed to
occur through downstream signaling cascades activated by the
conformational change of Na+/K+ ATPase leading to diverse cellular
responses [14,46]. Although prior studies reported digitoxin’s
ability to initiate cancer cell anoikis, a clear MOA had not been
established.

Recently, a-L-rhamnose monosaccharide digitoxin derivative,
D6-MA, has shown greater potency in apoptotic induction of
attached NSCLC than digitoxin through a caspase-9 dependent
pathway [27,28] and that this potency difference correlated with
inhibition of isolated Na+/K+ ATPase [29]. Here, we found that D6-
MA exhibits a promising anoikis sensitizing effect by showing 7.5-
fold greater potency than digitoxin (Fig. 1B), and that this activity
was maintained over time, similar to our previous attached cell
findings [28,29]. Simpson et al. screened the anoikis sensitizing
effect of several CGs on prostate cancer cells including ouabain,
peruvoside, digoxin, digitoxin, and strophanthidin, and showed
anoikis induction was mediated through inhibition of Na+/K+

ATPase causing hypoosmotic stress and caspase activation [21]. By
comparing the anoikis IC50 to attached cell apoptosis IC50 values
previously reported by our group [28,29], we concluded that D6-
MA exhibited equal ability to induce mitochondrial apoptotic cell
death in attached or suspended NSCLC cells. Digitoxin, however,
was more effective at inducing apoptotic death in attached NSCLC
cells compared to suspended cells. This suggests that D6-MA is
equally effective at targeting primary NSCLC tumors and decreas-
ing metastasis risk at low doses. Conversely, digitoxin exhibits
ability to target primary NSCLC tumors near therapeutic doses.
Administration of D6-MA may target both primary tumors and
suspended metastatic cells, thus reducing metastatic risk and
improving patient prognosis. Maintenance of cell death activity
), prior to D6-MA (50 nM) and digitoxin (200 nM) or left untreated as control cells.

d by densitometry, and mean data from independent experiments were normalized

ls. #p < 0.05 versus D6-MA or digitoxin treated cells. (D) Anoikis cells were evaluated by
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over time in both unattached and attached cells suggests that
potency is not a bioavailability difference, but is potentially due to
differences in target binding affinity. ATPase binding studies are
currently underway in a collaborator’s laboratory. Our study
provides additional anti-metastatic evidence and a MOA for D6-
MA’s and digitoxin’s anticancer properties.

Because apoptotic induction by CGs was demonstrated to
mediate both mitochondria and death receptor pathway [27,47],
we identified the pathway through which D6-MA and digitoxin
sensitize NSCLCs to anoikis. Several signaling pathways regulate
anoikis including c-Jun amino-terminal kinase (JNK), phosphati-
dylinositol-3 kinase (PI3K)/Akt, focal adhesion kinase (FAK), and
extracellular signal-regulated protein kinase (ERK) [48–50].
Furthermore, deregulation of mitochondria apoptotic pathway
was suggested to be the important downstream anoikis signaling
mechanism [5,32]. Our results also clearly showed that mitochon-
drial apoptotic pathway is the MOA for anoikis sensitization
(Fig. 2). Of note, the cell death (i.e. apoptosis-like programmed cell
death; 51) observed with co-treatment of pan-caspase inhibitor
and D6-MA doses at 5- to 10-fold above IC50 was potentially due to
Na+/K+ ATPase inhibition causing an ionotropic cascade, internal
Ca2+ release and a caspase independent apoptotic cell death which
has been reported for other CGs [14]. This cell death mechanism,
however, may not be relevant for clinical therapeutic doses of
digitoxin-based compounds (<100 nM) and for D6-MA’s high
potency for NSCLCs. Caspase-8 inhibitor was minimally effective in
rescuing NSCLC cells from D6-MA and digitoxin induced anoikis
(Fig. 2B). Frese et al. showed that CG treatment caused over-
expression of death receptors 4 and 5, facilitating cells to become
more susceptible to TRAIL and caspase-8 mediated apoptosis [47].
Based on our data, digitoxin and D6-MA exposure strongly cleaved
caspase-9, an initiator caspase in mitochondria pathway, to induce
NSCLC cell anoikis while cleaved caspase-8 was not a sufficient
signal.

Increasing evidence suggests the importance of Bcl-2 family
proteins in cell survival during anchorage condition [22,31,32]. In
addition, sufficient Mcl-1 expression was widely implicated as a
positive regulator of anoikis resistance in cancer [22,23]. This
present study also shows that Mcl-1 is an appreciable target for
D6-MA and digitoxin in anoikis sensitizing effect on NSCLC at
clinically relevant doses (Fig. 2E, 3B and C). In addition, the failure
of over-expressed Mcl-1 to completely block anoikis at high D6-
MA dose (Fig. 3B) further supports an ionotropic, caspase-
independent cell death [21,51] that does not rely on Mcl-1.
Transcriptional regulation and post-translational modifications
(i.e. ubiquitination) of Mcl-1 are principle regulators for its
stability and function [39,40]. Nijhawan et al. demonstrated that
proteasomal pathway is a key regulator of Mcl-1 in response to
apoptotic induction-mediated by UV [52], supporting our finding.
We herein found that Mcl-1 was primarily regulated by
proteasomal degradation in response to D6-MA and digitoxin-
mediated anoikis (Fig. 4). In addition, D6-MA exposure to Mcl-1
knockdown cells increased anoikis incidence lending further
support to Mcl-1’s role sensitizing suspended NSCLC to cardiac
glycosides (Fig. 3E and F).

We conducted further studies with D6-MA to determine the
MOA of CG-mediated Mcl-1 ubiquitination in anoikis cells. GSK-3b
is a well-recognized requirement for Mcl-1 degradation since it
phosphorylates Mcl-1 at serine 159, leading to the association with
E3-ligase prior to ubiquitination and degradation [41,43]. In the
present study, we also showed the importance of Mcl-1 serine 159
motif in regulating its proteasomal degradation in NSCLC.
Furthermore, GSK-3b inhibition was able to reverse D6-MA’s
effect on Mcl-1 expression (Fig. 5E). Our findings coincide with
previous reports that GSK-3b activation in breast cancer with high
levels of inactive pGSK-3b (ser9) results in Mcl-1 degradation
[45,53]. GSK-3b is increasingly seen as a potential chemothera-
peutic target due to its role in mediating numerous cancer cell
survival and development pathways; however, its role as a tumor
‘suppressor’ or ‘enhancer’ is tumor cell type dependent [54]. Lung
and oral cancers display high levels of inactive pGSK-3b (ser9)
[55]. Alternatively, our findings contradict a recent report that
cinobufagin, a cardenolide, inactivates GSK-3b via serine 9
phosphorylation leading to decreased p65 NF-kB expression and
apoptosis in osteosarcoma cells [56]. Cardiac glycosides and
cardenolides are known to target (1) over-expressed NF-kB in
cancer cells [13,14,24] and (2) upstream Bim, Bak and Bax that
target Mcl-1 [21,24]. It is highly likely that endogenous GSK-3b
activation state and cancer cell type will influence cardiac
glycoside effects on GSK-3 b regulated cell signaling pathways
regulating apoptosis. Our present study provides additional novel
mechanistic insight of the requirement of activated GSK-3b in D6-
MA-induced Mcl-1 degradation in NSCLCs. Since anoikis resistance
attributes to the metastatic ability of cancer, our novel findings on
the anoikis sensitizing effect of D6-MA and digitoxin expands the
mechanistic understanding of CG anti-metastatic properties and
supports their potential future use in cancer therapy.
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