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Abstract

In the past decade, there has been a profound increase in the number of studies revealing that cardenolide glycosides
display inhibitory activity on the growth of human cancer cells. The use of potential cardenolide glycosides may be a
worthwhile approach in anticancer research. Reevesioside A, a cardenolide glycoside isolated from the root of Reevesia
formosana, displayed potent anti-proliferative activity against human hormone-refractory prostate cancers. A good
correlation (r2 = 0.98) between the expression of Na+/K+-ATPase a3 subunit and anti-proliferative activity suggested the
critical role of the a3 subunit. Reevesioside A induced G1 arrest of the cell cycle and subsequent apoptosis in a thymidine
block-mediated synchronization model. The data were supported by the down-regulation of several related cell cycle
regulators, including cyclin D1, cyclin E and CDC25A. Reevesioside A also caused a profound decrease of RB
phosphorylation, leading to an increased association between RB and E2F1 and the subsequent suppression of E2F1
activity. The protein and mRNA levels of c-myc, which can activate expression of many downstream cell cycle regulators,
were dramatically inhibited by reevesioside A. Transient transfection of c-myc inhibited the down-regulation of both cyclin
D1 and cyclin E protein expression to reevesioside A action, suggesting that c-myc functioned as an upstream regulator.
Flow cytometric analysis of JC-1 staining demonstrated that reevesioside A also induced the significant loss of
mitochondrial membrane potential. In summary, the data suggest that reevesioside A inhibits c-myc expression and down-
regulates the expression of CDC25A, cyclin D1 and cyclin E, leading to a profound decrease of RB phosphorylation. G1 arrest
is, therefore, induced through E2F1 suppression. Consequently, reevesioside A causes mitochondrial damage and an
ultimate apoptosis in human hormone-refractory prostate cancer cells.
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Introduction

Cardenolide glycosides, a class of steroid-like compounds, are

well appreciated in the treatment of congestive heart failure and

arrhythmia. The mechanism of action arises from the inhibition of

Na+/K+-ATPase, leading to an increase of intracellular Ca2+

concentrations [1]. Cardenolide glycosides have a narrow

therapeutic index that limits the broader application to treat other

diseases. However, it has been documented recently that the

anticancer activities induced by cardenolide glycosides occurred at

concentrations that are achievable in humans without toxic effects.

It has been suggested that this class of compounds may be useful

for anticancer treatment [1–3]. Within the past decade, a variety

of studies have identified the anti-proliferative effects of cardeno-

lide glycosides in human malignant tumor cells. The diverse

mechanisms have been reported to be involved in the exposure to

this class of compounds, including the increase of intracellular

Ca2+ concentrations [4], oxidative stress [4,5] and mitochondrial

injury [6], the increase of FasL expression [7,8], inhibition of

transcription factors NF-kB and AP-1 [8], suppression of Akt

activity [9], down-regulation of protein levels of Bcl-2 and Bcl-xL

[10], and inhibition of topoisomerases [11]. Although Na+/K+-

ATPase is the primary target of cardenolide glycosides, not all of

the identified mechanisms that lead to the inhibition of cell

proliferation are relevant to the suppression of the pumping

activity of the enzyme.

Na+/K+-ATPase consists of two types of subunits, a and b, and

a single transmembrane spanning protein FXYD — the conserved

amino acids in its signature motif Phe-Xxx-Tyr-Asp [1]. The a
subunit is the catalytic subunit of the enzyme and is responsible for

the binding of Na+, K+ and ATP [1,12]. The b subunit has been

suggested to serve as an adhesion molecule and regulate gap

junction proteins, the holoenzyme maturation and the transport of
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a subunit to plasma membrane [1,12,13]. The conjugation of

cardenolide glycosides with a subunits results in the inhibition of

ATP binding and the blockade of enzyme activity in exchanging

intracellular Na+ and extracellular K+. The accumulation of

intracellular Na+ concentrations, in turn, triggers the influx of

calcium into cells [12,13].

A variety of human cancers have been identified to express

different levels of subunit isoforms of Na+/K+-ATPase, in which

certain isoforms have been demonstrated to be up-regulated in

specific cancers, including pancreatic cancers, colon cancers, non-

small-cell-lung cancers, glioblastomas, melanomas and prostate

cancers [14–16]. Several studies provide evidence that particular

Na+/K+-ATPase isoforms are crucial in the progression of

epithelial-to-mesenchymal transition in cancers [17]. Moreover,

a lot of patients fail to respond to cancer chemotherapy due to

intrinsic resistance in cancer cells or acquisition of multidrug

resistant phenotype during chronic treatment. Several reports

suggest that the ligands that target Na+/K+-ATPase and inhibit

the enzyme activity can combat the resistance in cancer cells

[15,18]. Therefore, it has been suggested that Na+/K+-ATPase

can serve as a target for anticancer therapy. Currently, several

cardenolide glycoside-based anticancer drugs are under clinical

trials [2,3].

c-myc is a regulator gene which codes for a transcription factor.

c-myc mutation has been identified in a variety of cancers that

results in constitutive expression of this transcription factor,

leading to uncontrolled expression of many downstream genes

involved in cell proliferation and, ultimately, in cancer formation

[19]. Malfunctions in c-myc have been found in numerous

cancers, including lymphoma, lung cancers, breast cancers, colon

cancers, gastric cancers and prostate cancers [19–22]. The c-myc

proto-oncogene contributes to various cellular processes including

cell proliferation, apoptosis, differentiation and angiogenesis [19].

A large body of evidence supports that c-myc is a promising target

for anticancer approach [19–22].

Recently, bioassay-guided fractionation of the root of Reevesia

formosana led to the isolation of new cardenolide glycosides in our

work [23]. The determination of the anticancer activity against

prostate cancers in the present study showed that reevesioside A

displayed potent activity in blocking c-myc expression and

inducing arrest of the cell cycle as well as cell apoptosis. The

signaling pathways following the exposure to reevesioside A has

been identified to demonstrate the anticancer potential of this

natural product in prostate cancers.

Materials and Methods

Materials
RPMI 1640 medium and fetal bovine serum (FBS) were

obtained from GIBCO/BRL Life Technologies (Grand Island,

NY). Antibodies to cyclin D1, cyclin E, cyclin A, cyclin B1, cyclin-

dependent kinase 4 (Cdk4), Cdk2, PARP, E2F1, CDC25A, a-

tubulin, Bcl-2, Bcl-xL, Mcl-1, Bak, Bid, Bax, Bad, Na+/K+-

ATPase a3 subunit, c-myc (N262), c-myc siRNA and anti-mouse

and anti-rabbit IgGs were obtained from Santa Cruz Biotechnol-

ogy, Inc. (Santa Cruz, CA). Antibodies to Cdk1, retinoblastoma

(RB), p-RBSer801/811, caspase-8, caspase-9, caspase-3, caspase-7, p-

AktSer473, p-AktThr308, Akt, c-myc, acetyl-a-tubulin and GAPDH

were from Cell Signaling Technologies (Boston, MA). Sulforho-

damine B (SRB), propidium iodide (PI), phenylmethylsulfonyl-

fluoride (PMSF), trichloroacetic acid (TCA), CGP-37157 and all

other chemical compounds were obtained from Sigma-Aldrich (St.

Louis, MO). Fluo-3/AM and carboxyfluorescein succinimidyl

ester (CFSE) were from Molecular Probes Inc. (Eugene, OR,

USA). Reevesioside A was isolated from the root of reevesia

formosana. The purification and identification of reevesioside A

were published elsewhere [23].

Cell lines and cell culture
Human hormone-refractory prostate cancer (HRPC) cell lines

PC-3 and DU-145 were from American Type Culture Collection

(Rockville, MD). Cells were cultured in RPMI 1640 medium with

10% FBS (v/v) and penicillin (100 U/ml)/streptomycin (100 mg/

ml). Cultures were maintained in a humidified incubator at 37uC
in 5% CO2/95% air.

SRB assays
Cells were seeded in 96-well plates in medium with 5% FBS.

After 24 hours, cells were fixed with 10% TCA to represent cell

population at the time of drug addition (T0). After additional

incubation of DMSO or the compound for 48 hours, cells were

fixed with 10% TCA and SRB at 0.4% (w/v) in 1% acetic acid

was added to stain cells. Unbound SRB was washed out by 1%

acetic acid and SRB bound cells were solubilized with 10 mM

Trizma base. The absorbance was read at a wavelength of

515 nm. Using the following absorbance measurements, such as

time zero (T0), control growth (C), and cell growth in the presence

of the compound (Tx), the percentage growth was calculated at

each of the compound concentrations levels. Percentage growth

inhibition was calculated as: [1-(Tx-T0)/(C-T0)] x 100%. Growth

inhibition of 50% (IC50) is determined at the compound

concentration which results in 50% reduction of total protein

increase in control cells during the compound incubation.

Cell proliferation assay with CFSE labeling
CFSE was dissolved in DMSO to constitute a storage solution of

10 mM and kept at -80uC until use. The cells were adjusted to a

density of 106 cells/ml and were treated with CFSE at a final

concentration of 10 mM. After incubation at 37uC for 10 minutes,

labeling was blocked by the addition of RPMI medium with 10%

FCS. Tubes were placed in ice for 5 minutes and then washed.

After centrifugation, the cells were seeded in RPMI medium with

10% FCS for 12, 24 and 48 hours at 37uC under 5% CO2/95%

air. After the treatment, the fluorescence intensity was determined

by flow cytometric analysis.

Cell cycle synchronization
Synchronization of the cells was performed by thymidine block.

Briefly, Cells were treated with 2 mM thymidine in medium/10%

FCS for 24 hours. After washing cells with PBS, the block was

released by the incubation of cells in fresh medium/10% FCS

(indicated as time zero), and cells were harvested at the indicated

times. The cell-cycle progression was detected by flow cytometric

analysis.

Flow cytometric analysis of PI staining
After treatment, cells were harvested by trypsinization, fixed

with 70% (v/v) alcohol at 4uC for 30 minutes and washed with

PBS. The cells were centrifuged and resuspended with 0.5 ml PI

solution containing Triton X-100 (0.1%, v/v), RNase (100 mg/ml)

and PI (80 mg/ml). DNA content was analyzed with the FACScan

and CellQuest software (Becton Dickinson, Mountain View, CA).

Measurement of intracellular Ca2+ level
After incubation with fluo-3/AM (5 mM) for 30 minutes, cells

were washed twice and incubated in fresh medium. Vehicle (0.1%

Reevesioside A on c-myc Suppression and G1 Arrest

PLOS ONE | www.plosone.org 2 January 2014 | Volume 9 | Issue 1 | e87323



Figure 1. Effect of reevesioside A on cell proliferation. Chemical structure of reevesioside A (A). The graded concentrations of reevesioside A
were added to PC-3 and DU-145 cells for 48 hours (A) or a single concentration (50 nM) was added for 48 hours (B) or the indicated times (C). After
the treatment, the cells were observed by microscopic examination (B) or the cells were fixed and stained for SRB assay (A) or labeled with CFSE for
flow cytometric analysis. Data are expressed as mean6SEM of three to five determinations. ** P,0.01 and *** P,0.001 compared with the respective
control. Arrowhead, cell apoptosis; star, cell differentiation; bar, 50 mm.
doi:10.1371/journal.pone.0087323.g001
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Figure 2. Effect of reevesioside A on cell-cycle progression. (A) Synchronization of PC-3 cells was performed by thymidine block as described
in the Materials and Methods section. Then, the cells were released in the absence (upper panel) or presence of 50 nM reevesioside A for the
indicated times. Data are representative of five independent experiments. (B) DU-145 cells were incubated in serum-free medium for 48 hours
(starvation) and then, 10% FBS was added in the absence or presence of reevesioside A for 18 hours. The cells were harvested for the detection of cell
cycle population by flow cytometric analysis. Quantitative data are expressed as mean6SEM of five (A) or three (B) independent experiments. * P,
0.05, ** P,0.01 and *** P,0.001 compared with the respective control.
doi:10.1371/journal.pone.0087323.g002
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DMSO) or reevesioside A was added to cells and intracellular

Ca2+ levels were measured by flow cytometric analysis.

Immunoprecipitation assay
After treatment with vehicle or the indicated agent, the cells

were washed twice with ice-cold PBS, lysed in 700 ml of lysis

buffer containing 20 mM Tris, pH 7.5, 1 mM MgCl2, 125 mM

NaCl, 1% Triton X-100, 1 mM PMSF, 10 mg/ml leupeptin,

10 mg/ml aprotinin, 25 mM b-glycerophosphate, 50 mM NaF,

and 100 mM sodium orthovanadate, and centrifuged. The

supernatant was immunoprecipitated with the antibody against

E2F1 in the presence of A/G-agarose beads overnight. The beads

were washed four times with lysis buffer for immunoblotting.

Western blotting
After the treatment, the cells were harvested with trypsinization,

centrifuged and lysed in 0.1 ml of lysis buffer containing 10 mM

Tris-HCl (pH 7.4), 150 mM NaCl, 1 mM EGTA, 1% Triton X-

100, 1 mM PMSF, 10 mg/ml leupeptin, 10 mg/ml aprotinin,

50 mM NaF and 100 mM sodium orthovanadate. Total protein

was quantified, mixed with sample buffer and boiled at 90uC for 5

minutes. Equal amount of protein (30 mg) was separated by

electrophoresis in SDS-PAGE, transferred to PVDF membranes

and detected with specific antibodies. The immunoreactive

proteins after incubation with appropriately labeled secondary

antibody were detected with an enhanced chemiluminescence

detection kit (Amersham, Buckinghamshire, UK).

Measurement of mitochondrial membrane potential
(Dym)

JC-1, a mitochondrial dye staining mitochondria in living cells

in a membrane potential-dependent fashion, was used to

determine Dym. Cells were treated with or without reevesioside

A. Thirty minutes before the termination of incubation, the cells

were incubated with JC-1 (final concentration of 2 mM) at 37uC
for 30 minutes. The cells were finally harvested and the

accumulation of JC-1 was determined using flow cytometric

analysis.

Transient transfection
The plasmid encoding Myr-AKT was a gift from Professor

Mien-Chie Hung (The University of Texas M. D. Anderson

Cancer Center). For transfection, PC-3 cells were seeded into 60-

mm tissue culture dishes with 30% confluence and grown for

24 hours to about 50% confluence. Each dish was washed with

serum-free Opti-MEM (Life Technologies), and 2 ml of the same

medium was added. Aliquots containing Myr-Akt expression

vector or a control plasmid in serum-free Opti-MEM were

transfected into cells using Lipofectamine 2000 (Invitrogen)

following the manufacturer’s instructions. After the incubation

for 6 hours at 37uC, cells were washed with medium and

incubated in 10% FBS-containing RPMI-1640 medium for

48 hours. Then, the cells were treated with or without reevesioside

A. The Western blot analyses were performed.

RNA extraction and reverse transcription polymerase
chain reaction (RT-PCR)

Total RNA was extracted (20 mg). The PCR primers pairs used

for genes amplification were as follows: c-myc forward primer: 59-

TGG TCG CCC TCC TAT GTT G-39; c-myc reverse primer:

59–CCG GGT CGC AGA TGA AAC TC-39; GAPDH forward

primer: 59-TCC TTG GAG GCC ATG TGG GCC AT-39;

GAPDH reverse primer: 59-TGA TGA CAT CAA GAA GGT

GGT GAA G-39. After denaturation at 94uC for 2 minutes, PCR

was performed in a Robocycler Gradient 96 (Stratagene) for 30

cycles. Each reaction cycle includes denaturation at 94uC for 1

minute, annealing at 55uC for 1 minute, and extension at 72uC for

1 minute, followed by a final extension at 72uC for 10 minutes.

PCR products were analyzed on 1.5% agarose gel in TAE buffer

(40 mM Tris acetate, 1 mM EDTA), and visualized in the

presence of 1 mg/ml ethidium bromide staining using BioDoc-It

Imaging System (UVP, Upland, CA, USA).

Data Analysis
Data are presented as the mean6SEM for the indicated

number of separate experiments. Statistical analysis of data for

multiple groups is performed with one-way analysis of variance.

Student’s t-test is applied for comparison of two groups. P-values

less than 0.05 are statistically considered significant.

Results

Reevesioside A induces anti-proliferative activity in HRPC
cells

The SRB assay is used to examine the cell growth based on the

measurement of cellular protein content. The data demonstrated

that reevesioside A caused a concentration-dependent inhibition of

cell growth against HRPC cells, including PC-3 and DU-145, with

IC50 values of 20.1 and 32.0 nM, respectively (Figure 1A).

Microscopic examination showed that reevesioside A induced

two different types of cell morphology, the apoptosis with signature

of cell shrinkage and the differentiation with spreading morphol-

ogy in both PC-3 and DU-145 cells (Figure 1B). The cell

proliferation was further determined by flow cytometric analysis of

CFSE staining. The dye, CFSE, conjugated to cellular proteins

and was allocated evenly to daughter cells after cell division.

Accordingly, daughter cells showed half the fluorescence intensity

of the parents as demonstrated in Figure 1C. Reevesioside A

significantly prevented the loss of fluorescence intensity in both

PC-3 and DU-145 cells, indicating the inhibition of cell

proliferation (Figure 1C).

Reevesioside A induces G1 arrest of the cell cycle and
subsequent apoptosis

To study the effect of reevesioside A on the progression of cell

cycle, PC-3 cells were synchronized predominantly at S phase by

using thymidine block treatment. Upon the release from thymidine

block in the absence of reevesioside A for six hours, more than

90% of the cells progressed into G2/M phases and then, into G1

phase after the release for 12 to 15 hours. One complete

progression of the cell cycle achieved after the release from

thymidine block for more than 18 hours (Figure 2A). In the

presence of reevesioside A, the progression of cell cycle was

delayed and significantly arrested when the cells progressed into

G1 phase. Subsequently, apoptotic cell death was triggered in a

time-dependent fashion in response to reevesioside A (Figure 2A).

Similar effects were detected in DU-145 cells using the method of

starvation. The cells were synchronized at G1 phase in serum-free

medium for 48 hours. After the release from starvation by 10%

FBS supplementation, the cells significantly progressed into S and

G2/M phases. Reevesioside A significantly arrested the cells at G1

phase (Figure 2B).

Reevesioside A on c-myc Suppression and G1 Arrest
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Reevesioside A induces a profound inhibition of cell cycle
regulators

Cdk activity is regulated by the levels of the cyclin partners and

by the association with intrinsic Cdk inhibitors. The cyclin D1/

Cdk4 complex is a critical determinant in progression through G1

phase of the cell cycle. The active cyclin D1/Cdk4 complex acts

on RB protein for phosphorylation, leading to the release of E2F1

transcription factor which stimulates the expression of G1/S phase

genes. In contrast, cyclin E associates with and activates Cdk2.

The cyclin E/Cdk2 complex further phosphorylates RB protein,

allowing progression of the cell cycle into S phase [24]. After a 6-

hour exposure to reevesioside A, the protein levels of both cyclin

D1 and cyclin E were dramatically decreased in PC-3 (Figure 3A)

and DU-145 cells (Figure S1). The site-specific inhibition of RB

phosphorylation at Ser-807/811 by reevesioside A was also tightly

associated with the profound decrease of cyclin D1 protein

expression in PC-3 (Figure 3A) and DU-145 cells Figure S1).

CDC25A, a member of the CDC25 family of dual-specificity

phosphatases, is required for the progression from G1 to S phase.

The protein levels of CDC25A were down-regulated in a manner

similar to that of cyclin D1 (Figure 3A). Altogether, these data

were highly correlated with the induction of G1 arrest to

reevesioside A action. It was noteworthy that the protein

expression of E2F1 was moderately increased by reevesioside A

(Figure 3A). The immune-precipitation assay was performed. As a

result, reevesioside A prevented the phosphorylation of RB,

leading to an increase of the association between RB protein and

E2F1 (Figure 3B). The data revealed that E2F1 activity was

blocked by the binding of RB.

Reevesioside A induces mitochondrial dysfunction
Mitochondria are involved in various cellular functions,

including differentiation, cell signaling, cell growth, cell death

and the control of cell cycle [25]. Mitochondria are also well-

known serving as a sensor to receive signals from cellular stress that

causes arrest of the cell cycle. The Dym was examined using JC-1

staining to detect the integrity of mitochondrial membrane. JC-1

aggregates (red fluorescence) favor high Dym in intact cells. In

response to the loss of Dym, JC-1 monomers are formed showing

green fluorescence. Reevesioside A induced a significant decrease

in red fluorescence intensity associated with a concomitant

increase in green fluorescence intensity, suggesting the loss of

Dym and mitochondrial damage in cells (Figure 4).

Akt is not a functional regulator in reevesioside A-
induced effects

Akt, a serine/threonine kinase, plays a crucial role in regulating

cell survival and apoptosis. Akt is activated through the

phosphorylation of Thr308 in the activation loop and Ser473 at

the carboxyl terminus [26]. Reevesioside A resulted in a decreased

phosphorylation in Akt at both Thr308 and Ser473, indicating the

inhibition of Akt activity (Figure 5A). To determine the functional

role of Akt, PC-3 cells were overexpressed with constitutively

active Akt (Myr-Akt) and several expressions including cyclin D1,

cyclin E and PARP were detected. Consequently, the overexpres-

sion of Myr-Akt neither prevented the down-regulation of both

cyclin D1 and cyclin E, nor inhibited the cleavage of PARP

(Figure 5B).

c-myc is an upstream player in reevesioside A-mediated
effects

There are studies showing that activation of c-myc expression is

able to trigger quiescent cells entering into cell cycle, whereas

blockade of c-myc expression leads to the arrest of the cell cycle

[19,27], suggesting that c-myc plays a critical role in regulating cell

cycle. Reevesioside A induced a rapid down-regulation of c-myc

protein levels in PC-3 (Figure 6A) and DU-145 cells (Figure S1).

The detection of c-myc mRNA levels also demonstrated an

inhibitory activity to reevesioside A action (Figure 6B). Further

determination of c-myc function by transient transfection of PC-3

cells with c-myc gene resulted in the prevention of protein down-

regulation of both cyclin D1 and cyclin E (Figure 6C). The data

suggested that c-myc served as an upstream target on reevesioside

A-mediated blockade of cell cycle progression. It is noteworthy

that reevesioside A caused a time-dependent increase of a-tubulin

acetylation in PC-3 (Figure 6A) and DU-145 cells (Figure S1).

However, reevesioside A did not inhibit the activity of HDAC

using both in vitro enzyme assay and cell-based activity assay (data

not shown).

Expression of Na+/K+-ATPase a3 subunit is highly
correlated with the anti-proliferative activity

The a subunit is the catalytic subunit of Na+/K+-ATPase and is

responsible for the binding of Na+, K+ and ATP [1,12]. To

determine whether a3 subunit is responsible for reevesioside A-

mediated activity, the correlation between the protein expression

of a3 subunit and anti-proliferative activity of reevesioside A has

been conducted in several cancer cell lines, including acute

promyelocytic leukemia HL-60, prostate cancer PC-3 and DU-

145, multidrug resistant cell line NCI/ADR-RES, cardiomyocyte

H9c2 and glioblastoma cell line A172. The data demonstrated a

good correlation for reevesioside A but not for paclitaxel, a

negative control that causes mitotic arrest of the cell cycle and

anti-proliferation through the induction of microtubule stabiliza-

tion (Figure 7A).

Normally, by inhibiting the Na+/K+-ATPase, cardenolide

glycosides lead to the increase of intracellular sodium concentra-

tion which, in turn, causes an accumulation of intracellular calcium

through Na+-Ca2+ exchange system [1]. The detection of

intracellular calcium by flow cytometric analysis of fluo-3/AM

staining showed that reevesioside A did not modify intracellular

calcium concentration in PC-3 cells (Figure 7B), indicating that the

anticancer effect was not attributed to the Na+-Ca2+ exchanging

activity.

Discussion

Within the past decade, there has been considerable increase in

the number of studies suggesting the anticancer effects of

cardenolide glycosides against a wide variety of cancer cells [1–

10]. It reveals that the use of certain cardenolide glycosides may be

a potential approach for the control of cancer cell proliferation

even despite their common limitation of narrow therapeutic index.

Recently, several promising clinical trials of cardenolide glycosides

have been initiated [1–3,28]. Na+/K+-ATPase, which serves as an

energy-transducing ion pump, has been extensively studied for

more than fifty years. This enzyme consists of two necessary types

of subunits, a and b subunits. The levels of expression of Na+/K+-

ATPase subunits have been reported to be differentially altered in

cancer versus normal cells. Both a and b subunit expression levels

have been suggested to be predictors of recurrence-free time of

bladder cancer patients [29]. The a1 subunit has been reported to

be actively involved in cancer cell growth and survival [30].

Furthermore, the reduced b subunit levels are associated with the

clear-cell renal cancer carcinoma phenotype [31]. Therefore, the

altered expression levels of the subunits can be therapeutically

targeted to inhibit cancer cell survival. The data in the present

Reevesioside A on c-myc Suppression and G1 Arrest

PLOS ONE | www.plosone.org 6 January 2014 | Volume 9 | Issue 1 | e87323



Figure 3. Effect of reevesioside A on the expression of several cell cycle regulators. (A) PC-3 cells were incubated in the absence or
presence of reevesioside A (50 nM) for various times. Cells were harvested and lysed for the detection of the indicated protein expression by Western
blot analysis. The expression was quantified using the computerized image analysis system ImageQuant (Amersham Biosciences). The data are
expressed as mean6SEM of three to five independent experiments. * P,0.05, ** P,0.01 and *** P,0.001 compared with 100% control. (B) After the
treatment, the cells were harvested for immunoprecipitation assay. The protein expression was detected by Western blot analysis. Data are
representative of three independent experiments.
doi:10.1371/journal.pone.0087323.g003
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study has suggested that a3 subunit is critical for reevesioside A-

induced anticancer activity. The result is consistent with the

studies that a3 subunit is responsible for the binding of several

cardenolide glycosides [1,32]. Reevesioside A did not induce any

change of intracellular Ca2+ concentration using flow cytometric

analysis of fluo-3 staining, suggesting that reevesioside A induced

anticancer activity through the signaling pathway independent of

intracellular Ca2+ mobilization.

G1 phase, a cell cycle phase during which the cell grows in size

and synthesizes mRNA and proteins for DNA synthesis, is

especially important because it determines if a cell commits to

division or to escape from the cell cycle. A wide range of cellular

stress, such as stress at mitochondria [33], Golgi apparatus [34],

endoplasmic reticulum [35] and nucleus [36], has been suggested

to interrupt cell cycle progression, leading to G1 arrest. Reevesio-

side A induced G1 arrest of the cell cycle followed by apoptotic cell

death. The G1 arrest was confirmed by a dramatic decrease of

protein levels of cyclin D1, a regulatory partner of Cdk4 or Cdk6.

The cyclin D1/Cdk4 or cyclin D1/Cdk6 complex activity tightly

controls the G1/S transition of the cell cycle through stimulating

the phosphorylation of RB protein that, in turn, leads to the release

of E2F1 transcription factor [37,38]. E2F1 may display oncogenic

activity via stimulating the expression of G1/S phase genes [38].

The immune-precipitation assay showed that under the condition

of hypo-phosphorylation of RB to reevesioside A action, the

association between RB and E2F1 was increased, leading to the

suppression of E2F1 activity and subsequent G1 arrest of the cell

cycle. However, reevesioside A also induced an increase of E2F1

protein levels. Several lines of evidence show that E2F1 is stress-

responsive. There is study demonstrating that DNA damage may

result in the induction of E2F1 accumulation [39]. Furthermore,

the anticancer agent flavopiridol induces an increase of E2F1

protein levels that is responsible to the apoptosis in H1299 lung

carcinoma cells [40]. These studies indicate that E2F1 may

function as a pro-apoptotic factor. Whether E2F1 displays pro-

apoptotic activity in reevesioside A-mediated anticancer mecha-

nism warrants further investigation.

Another key regulator for the G1/S transition is CDC25A.

CDC25A is able to activate Cdk4 or Cdk6 through removing

inhibitory phosphorylation from tyrosine residues. Recent study

shows that microRNA-induced silencing of CDC25A abolishes

Cdk4/6 capability on association with cyclin D1, blocking

downstream cyclin E stimulation and arresting cells at early G1

phase. The study proposes a new approach by using microRNA

for anticancer treatment [41]. Similar to the silencing of CDC25A,

reevesioside A induced a profound down-regulation of CDC25A,

cyclin D1 and cyclin E, facilitating G1 arrest of the cell cycle in

prostate cancers.

Akt, a serine/threonine protein kinase, plays a critical role in

cell survival and apoptosis. Akt is activated through phospholipid

binding and phosphorylation at Thr308 of activation loop. The

phosphorylation with the carboxy terminus at Ser473 may also

induce Akt activity [26]. Recent studies demonstrate that Na+/K+-

ATPase is also a crucial receptor which transduce ligand binding

into the activation of protein kinases. The binding of ouabain, a

cardenolide glycoside, to Na+/K+-ATPase has been reported to

induce several intracellular signaling molecules, including ERK1/

2 and Akt, which enhance protein translation [42,43]. The

intrinsic Akt activity may impede ouabain-mediated anticancer

activity. In contrast, some other cardiac glycosides, such as bufalin

Figure 4. Effect of reevesioside A on mitochondrial membrane potential (Dym). PC-3 cells were incubated in the absence or presence of
reevesioside A (50 nM) for the indicated times. Cells were incubated with JC-1 for the detection of Dym using flow cytometric analysis. The data are
expressed as mean6SEM of three independent experiments. * P,0.05 and *** P,0.001 compared with the control.
doi:10.1371/journal.pone.0087323.g004
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and oleandrin, caused the inhibition of Akt activity [44,45].

Reevesioside A, similar to bufalin and oleandrin, inhibited the Akt

activity in PC-3 cells. It is not clear why there exists the

discrepancy between these cardiac glycosides on the regulation

of Akt activity. Lipid solubility may be one of the reasons since

bufalin, oleandrin and reevesioside A are lipid soluble, whereas

ouabain is much more water soluble. However, the overexpression

of constitutively active Akt neither prevented the down-regulation

of both cyclin D1 and cyclin E, nor inhibited the cleavage of

PARP, suggesting that the suppression of Akt activity might play a

role beyond the regulation of cell cycle and cell apoptosis.

The c-myc gene encodes a sequence-specific transcription factor

that leads to the expression of numerous genes, some of which are

importantly involved in cell proliferation and oncogenesis

Figure 5. Determination of functional involvement of Akt. (A) PC-3 cells were incubated in the absence or presence of reevesioside A (50 nM)
for various times. The cells were harvested and lysed for the detection of the indicated protein by Western blot analysis. (B) PC-3 cells were
transfected with the indicated plasmid. Then, the cells were treated without or with reevesioside A (50 nM) for 24 hours. After treatment, the cells
were harvested and lysed for the detection of the indicated protein by Western blot analysis. The expression was quantified using the computerized
image analysis system ImageQuant (Amersham Biosciences). The data are expressed as mean6SEM of three independent experiments. * P,0.05 and
** P,0.01 compared with 100% control. WT-Akt, wild type Akt; CA-Akt, constitutively active Akt.
doi:10.1371/journal.pone.0087323.g005
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[19,22,46]. On the contrary, c-myc may regulate apoptosis and

senescence [47]. The transient transfection of PC-3 cells with c-

myc gene was performed to determine if c-myc served as an

oncogenic factor or a tumor suppressor. The data revealed that c-

myc expression prevented the cells from the down-regulation of

both cyclin D1 and cyclin E, suggesting that c-myc played a role

on proliferation and oncogenesis. The c-myc also has been

suggested to control cell differentiation [48]. Differentiated cancer

cells tend to grow at a much slower rate than undifferentiated or

poorly differentiated cancer cells that grow uncontrollably. The

Figure 6. Determination of functional involvement of c-myc. (A) PC-3 cells were incubated in the absence or presence of reevesioside A
(50 nM) for various times. The cells were harvested and lysed for the detection of the indicated protein by Western blot analysis. The expression was
quantified using the computerized image analysis system ImageQuant (Amersham Biosciences). The data are expressed as mean6SEM of three
independent experiments. *** P,0.001 compared with 100% control. (B) PC-3 cells were incubated in the absence or presence of reevesioside A
(50 nM) for the indicated times. The cells were harvested for the determination of mRNA expression by RT-PCR. (C) PC-3 cells were transfected with
the indicated plasmid. The cells were treated without or with reevesioside A (50 nM) for 6 hours. After treatment, the cells were harvested and lysed
for the detection of the indicated protein by Western blot analysis.
doi:10.1371/journal.pone.0087323.g006
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microscopic examination demonstrated that, under the exposure

to reevesioside A, part of the cells showed the differentiated

spreading morphology. Demeterco and the colleagues using a b-

cell line model have reported that the differentiation is association

with a decrease in cell proliferation. The mechanism has been

identified that the down-regulation of c-myc protooncogene is a

critical event. It has been, therefore, suggested that c-myc plays a

central role in the switch mechanism by which cell proliferation vs.

differentiation is determined [48]. The similar mechanism may

also explain reevesiosdie A-induced anti-proliferative effect and

cell differentiation.

Microtubules are highly dynamic polymers involved in a wide

variety of cellular processes, such as cell division, differentiation

and signal transduction. Tubulin acetylation is a post-translational

modification, which function just begins to be revealed. Tubulin

acetylation may positively recruit molecular chaperons and

regulate related client proteins involved in cell proliferation and

apoptosis [49]. In neural and non-neural cells, tubulin may also

form a complex with Na+/K+-ATPase to regulate the enzyme

Figure 7. Correlation between Na+/K+-ATPase a3 subunit and anti-proliferative activity. (A) The expression of Na+/K+-ATPase a3 subunit
was detected using Western blot analysis. The anti-proliferative IC50 values were determined using SRB assays except for HL-60 cells by MTT assays.
(B) PC-3 cells were incubated in the absence or presence of reevesioside A (50 nM) for the indicated times. After the treatment, the cells were
harvested for the detection of intracellular Ca2+ levels using flow cytometric analysis of the staining with fluo-3 AM. Data are expressed as mean6SEM
of three independent experiments. * P,0.05 compared with the control.
doi:10.1371/journal.pone.0087323.g007
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activity. Increasing lines of evidence suggest that acetylated

tubulin, but not non-acetylated form, is able to associate with

Na+/K+-ATPase and to block its catalytic activity [50]. Not only

on ATPase activity, tubulin acetylation is also associated with cell

apoptosis. Tubacin (tubulin acetylation inducer), a small molecule

that selectively inhibits histone deacetylase 6 and causes tubulin

acetylation, inhibits cell proliferation and induces apoptosis in

numerous types of cancer cells [51]. Reevesioside A induced the

acetylation of tubulin in a pattern correlated well with the anti-

proliferative signaling as well as the mitochondrial damage stress

in PC-3 cell. The tubulin acetylation may play a role on the

anticancer activity to reevesioside A action although the mecha-

nism needs further elucidation.

In conclusion, the data suggest that reevesioside A induces anti-

proliferative and apoptotic signaling in a sequential manner. The

exposure to reevesioside A induces a dramatic down-regulation of

c-myc in both mRNA and protein levels which, in turn, down-

regulates the protein expressions of CDC25A, cyclin D1 and

cyclin E. Consequently, RB phosphorylation is inhibited and the

association between RB and E2F1 is increased, leading to the

suppression of E2F1 activity and subsequent G1 arrest of the cell

cycle. Next, reevesioside A induces the loss of Dym and

mitochondrial damage stress, lead to an ultimate apoptotic cell

death.
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Figure S1 Effect of reevesioside A on the expression of
several proteins in DU-145 cells. The cells were incubated in

the absence or presence of reevesioside A (50 nM) for various

times. Cells were harvested and lysed for the detection of the

indicated protein expression by Western blot analysis. The

expression was quantified using the computerized image analysis

system ImageQuant (Amersham Biosciences). The data are

expressed as mean6SEM of three independent experiments. *

P,0.05, ** P,0.01 and *** P,0.001 compared with 100%

control.
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46. Högstrand K, Hejll E, Sander B, Rozell B, Larsson LG, et al. (2012) Inhibition
of the intrinsic but not the extrinsic apoptosis pathway accelerates and drives

MYC-driven tumorigenesis towards acute myeloid leukemia. PLoS One 7:

e31366.
47. Uribesalgo I, Benitah SA, Di Croce L (2012) From oncogene to tumor

suppressor: the dual role of Myc in leukemia. Cell Cycle 11: 1757–1764.
48. Demeterco C, Itkin-Ansari P, Tyrberg B, Ford LP, Jarvis RA, et al. (2002) c-Myc

controls proliferation versus differentiation in human pancreatic endocrine cells.
J Clin Endocrinol Metab 87: 3475–3485.

49. Giustiniani J, Daire V, Cantaloube I, Durand G, Poüs C, et al. (2009) Tubulin
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