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Abstract

Background Reversine, a small synthetic purine ana-

logue, has been reported to be effective in tumor sup-

pression. In the present study, we demonstrated an

antitumor activity of reversine that could suppress cellular

proliferation and induce cell cycle arrest and apoptosis in

human breast cancer cell lines.

Methods To evaluate whether reversine could suppress

cell growth of MCF-7 and MDA-MB-231 cells and induce

cell death, the cell viability, cell cycle, and apoptosis were

determined in this study.

Results Reversine treatment in human breast cancer cells

reduced cell viability in a dose-dependent manner. Cell cycle

accumulation at the G2/M phase in reversine-treated cells

was also determined. Moreover, polyploidy was also found

in reversine-treated cells. Apoptosis in reversine-treated

cells was exhibited with PARP cleavage and caspase-3 and

caspase-8 activation, but not caspase-9 activation, indicating

that caspase-dependent apoptosis mediated by an extrinsic

pathway took place in reversine-treated cells. Furthermore,

reversine attenuated cell death in cells pretreated with a pan-

caspase inhibitor before reversine treatment.

Conclusions In the present study, we demonstrated that

reversine contributes to growth inhibition in human breast

cancer cells through cell cycle arrest, polyploidy, and/or

apoptosis induction. The apoptosis mediated by reversine

was induced by the mitochondria-independent pathway.

Therefore, the potential role of reversine as a novel ther-

apeutic agent for the treatment of breast cancer is worthy of

further investigation.

Keywords Reversine � Breast cancer � Cell cycle �
Polyploidy � Apoptosis

Introduction

Breast cancer is the most common malignant tumor among

women globally, and approximately 10 % of newly diag-

nosed breast cancer patients have locally advanced and/or

metastatic disease. Among these patients, 20–85 % of

those who are diagnosed with early breast cancer will later

develop recurrent or metastatic disease [1]. Despite

advances in the treatment of breast cancer, metastatic

breast cancer remains aggressive and lethal in women, and

the 5-year mortality rate is approximately 25 % [2]. This is

due to the heterogeneity between human breast cancers and

the multiple encompassing subgroups with various

molecular signatures, prognoses, and responses to therapies
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[3]. Three major subtypes of human breast cancer have

distinguishing features closely associated with subtypes

defined by gene expression profiling, including distinct

clinical outcomes, different responses to adjuvant therapy,

and different patterns of metastatic recurrence [3–5].

Reversine, a 2,6-disubstituted purine, was identified as

being able to induce dedifferentiation of murine myoblasts

into multipotent progenitor cells [6]. Moreover, the role of

reversine in regenerative medicine has been well recog-

nized [6–10]. Cell differentiation is also speculated to be

relevant to cancer therapy. Up to now, three reports have

demonstrated the antitumor capabilities of reversine

against myeloid leukemia, oral squamous cells, and mul-

tiple myeloma cells [11–13]. In a human myeloid leukemia

study, reversine was demonstrated to suppress the colony

formation of acute myeloid leukemia cells as well as

VX-680, a potent inhibitor of Aurora kinases, but was less

toxic [11]. Recently, reversine was found to inhibit multi-

ple myeloma cells, using a tumor cell-specific in vitro

bioluminescence imaging (CS-BLI) anticancer drug

screening assay [12]. In that report, reversine was dem-

onstrated to suppress the kinase activity of Aurora kinase A

(Aur-A), Aurora kinase B (Aur-B), JAK2, and SRC [12].

Structurally, reversine is an ATP analogue and is suspected

to inhibit multiple cellular enzymatic activities, possibly

not limited to Aur. In addition, reversine was also found to

suppress the proliferation of human oral squamous cells

and human thyroid cancer cells and induce cell cycle arrest,

apoptosis, and/or autophagy [13, 14]. Therefore, reversine

could be a novel anticancer agent; however, the definite

mechanisms of reversine with regard to its antitumor

behavior have not yet been clearly elucidated.

MCF-7 and MDA-MB-231 cells were used in the

present study. MCF-7 is an estrogen receptor positive and

p53 wild-type cell line, and MDA-MB-231 is an estrogen

receptor negative and p53 mutant cell line. In the present

study, we demonstrated that reversine can be used as an

anticancer agent against human breast cancer cells. We

also showed that cell cycle arrest occurred and that cas-

pase-dependent apoptosis is induced through activation of

a mitochondria-independent pathway. Our data suggest that

reversine is a potential chemotherapeutic agent that can be

used against human breast cancer cells.

Materials and methods

Breast cancer cell lines and cell culture

The human breast cancer cell lines, MCF-7 and MDA-MB-

231, were purchased from Bioresource Collection and

Research Center (BCRC), Taiwan. The MCF-7 cells were

maintained in RPMI medium (Gibco BRL, Grand Island,

NY) supplemented with 10 % fetal bovine serum, 100 U/

ml penicillin, and 0.1 lg/ml streptomycin in a 5 % CO2

humidified atmosphere at 37 �C. The MDA-MB-231 cells

were maintained in DMEM medium (Gibco BRL, Grand

Island, NY) supplemented with 10 % fetal bovine serum,

100 U/ml penicillin, and 0.1 lg/ml streptomycin in a

humidified atmosphere at 37 �C with 5 % CO2.

Cell proliferation assay (MTT assay)

Reversine was purchased from Cayman Chemical (Ann

Arbor, MI, USA). For the assay, 5 9 103 of MCF-7 and

MDA-MB-231 cells/100 ll were plated into 96-well tissue

culture plates and grown in the mentioned medium individ-

ually. After an overnight attachment, the cells were treated

with medium only (containing 0.01 % DMSO) or medium

containing reversine at 0.5, 1, 5, 10, 25, 50, and 100 lM.

After incubation for 24, 48, and 72 h, cellular viability was

determined by MTT assay. MTT labeling reagent was added

to fresh medium and incubated cells for 4 h at room tem-

perature. Absorbance was examined at 590 nm by use of a

microplate reader. The final results were analyzed using

statistical methods with three independent studies.

Cell cycle analysis

The MCF-7 and MDA-MB-231 cells were incubated with

either DMSO 0.01 % or reversine at 1, 5 and 10 lM for 4,

8, 12, 16, 20, and 24 h. Cells were harvested and fixed in

70 % ethanol overnight. After double washing with PBS,

cells were labeled with 500 ll PI staining buffer (Sigma,

St. Louis, MO) and incubated at room temperature in the

dark for 30 min. DNA content was analyzed using FACS

Canto II (Becton–Dickinson, San Diego, CA) with WMDI

2.9 software.

Cell death analysis

After treatment, Annexin-V staining (Sigma, St. Louis, MO)

was performed to detect apoptotic cells among the MCF-7

and MDA-MB-231 cells. The cells were washed with PBS

twice and centrifuged at 1,5009g for 10 min. The cell pellets

were resuspended in 100 ll of staining solution (2 ll

Annexin-V-FITC and 2 ll PI in 100 ll binding buffer) and

incubated for 15 min at room temperature in darkness.

Annexin-V or PI fluorescent intensities were analyzed by

FACScan (Becton–Dickinson, San Diego, CA), and 10,000

cells were evaluated in each sample.

Apoptotic mechanisms investigation

Flow cytometry data analysis led to the conclusion that

apoptosis had occurred in MCF-7 and MDA-MB-231 cells
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after reversine treatment. Further apoptotic mechanisms

were investigated by detecting activation of caspase-3,

caspase-8, caspase-9, etc. using western blotting. Cells

were cultured and treated with or without reversine, and the

total cell extracts harvested at various time points were

subjected to the sodium dodecyl sulfate–polyacrylamide

gel electrophoresis (SDS-PAGE). The separated proteins in

the gel were electrically transferred to a PVDF membrane

(Millipore Corporation, Bedford, MA, USA), followed by

hybridization with the specific primary antibodies, anti-

caspase-3 Ab (Cell signaling, USA), anti-caspase-8 Ab

(Cell signaling, USA), anti-caspase-9 Ab (Cell signaling,

USA), anti-PARP (poly ADP-ribose polymerase) Ab

(GeneTex, USA), anti-Bcl-x Ab (GeneTex, USA), anti-Bid

Ab (GeneTex, USA), anti-GAPDH Ab (GeneTex, USA),

and the secondary antibodies. After incubation with the

enhanced chemiluminescence (ECL) solution (Millipore,

Billerica, MA, USA) for 1 min, the membrane was

exposed to an X-ray film (Eastman Kodak, NY, USA).

Statistical analysis

Data are presented as mean ± standard deviation for the

indicated number of separate experiments. Statistical

software (SPSS 16.0) was used, and the Mann–Whitney

U test was performed for comparisons. Statistical signifi-

cance was defined as a P value less than 0.05 in all tests.

Results

Reversine reduced the cellular viability of MCF-7

and MDA-MB-231 cell lines

The human breast cancer cells, MCF-7 and MDA-MB-231,

were used to evaluate the growth inhibition effect of rev-

ersine treatment. The cellular numbers of MCF-7 and

MDA-MB-231 were observed by microscopy after treat-

ment with DMSO or reversine, and both decreased sig-

nificantly in a time- and dosage-dependent manner during

reversine treatment (data not shown). DMSO was used as a

negative control. Furthermore, cellular viability was

quantified by MTT analysis after reversine treatment, and

was shown in a time- and dose-dependent manner after

reversine treatment in both breast cancer cell lines (Fig. 1a,

b). According to the MTT data, the GI50 of reversine in

MCF-7 and MDA-MB-231 cells was 8 and 38 lM after

treatment for 48 h, respectively (Fig. 1a, b). The MDA-

A

B

Fig. 1 Reversine suppressed

the growth of human breast

cancer cells. The human breast

cancer cells, a MCF-7 and

b MDA-MB-231, were

incubated with reversine with

multiple dosages for 12, 24, 48,

and 72 h, and the proliferation

inhibitions were determined by

MTT assay. The results of MTT

assay are expressed as

mean ± SEM of three

independent experiments
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MB-231 cells, a more aggressive human breast cancer cell

line, showed more resistance to treatment with reversine

than the MCF-7 cells (Fig. 1). These data demonstrated

that reversine could reduce cell viability in human breast

cancer cells. In addition, MCF-7 cells were more suscep-

tible than MDA-MB-231 cells to reversine-mediated cell

viability reduction (Fig. 1).

Reversine-induced polyploidization and cell cycle

arrest at the G2/M phase

The cells, both MCF-7 and MDA-MB-231, were observed

to be bigger under microscopy analysis in the reversine-

treated groups than in the control group after treatment for

48 and 72 h (Fig. 2a, c). Moreover, the cellular publication
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Fig. 2 Polyploidy induced after

reversine treatment in human

breast cancer cells. Human

breast cancer cells, (a, b) MCF-

7 and (c, d) MDA-MB-231,

were treated with reversine. The

cellular morphology was

determined under microscopy

(a, c) and the polyploidy

phenomena were analyzed with

flow cytometry (b, d). The

results were confirmed by three

independent experiments and

data from one of them are

shown
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of G2/M (4 N; tetraploidization) was significantly elevated

in both of the MCF-7 and MDA-MB-231 cells under flow

cytometry analysis (Fig. 2b, d). In addition, cells with 8 N

population were significantly present in the reversine-

treated MCF-7 cells (Fig. 2b), and partially in the MDA-

MB-231 cells (Fig. 2d). The polyploidy phenomenon was

found in a time-dependent manner after reversine treat-

ment, indicating the propensity for mitotic slippage and/or

deficiency in the completion of mitosis as was reported in a

previous study [15].

The MCF-7 and MDA-MB-231 cell numbers were

reduced after reversine treatment (Fig. 1). The reduction in

cell numbers could be mediated by cell cycle arrest and/or

cell death. We further examined whether cell cycle

arrest was induced after reversine treatment. Flow cytom-

etry was used to evaluate the cell cycle of MCF-7 and
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MDA-MB-231 cells after reversine treatment, and DMSO

was used as the negative control. Figure 3 shows that the

ratio of G0/G1 was decreased in reversine-treated MCF-7

and MDA-MB-231 cells, in a time- and dosage-dependent

manner, and the ratio of G2/M during reversine treatment

was elevated in both the MCF-7 and MDA-MB-231 cells, in

a time- and dosage-dependent manner (Fig. 3). In addition,

the sub-G1 phase was partially increased in the MCF-7 and

MDA-MB-231 cells after reversine treatment for 24 h

(Fig. 3). The sub-G1 phase was increased significantly after

48- and 72-h treatment with reversine in MCF-7 and MDA-

MB-231 cells (data not shown). Taken together, these data

demonstrated that reversine could induce polyploidization

and cell cycle arrest at the G2/M phase in human breast

cancer cells, especially in MCF-7 cells. Moreover, a sub-G1

group was found in reversine-treated MCF-7 and MDA-MB-

231 cells, suggesting that apoptosis may be induced during

reversine treatment. Our data demonstrated that reversine

could suppress human breast cancer growth by cell cycle

arrest induction and/or apoptosis.

Reversine-induced apoptosis in human breast cancer

cells

Reversine treatment could induce cell cycle arrest; more-

over, sub-G1 was also found in the reversine-treated MCF-

7 and MDA-MB-231 cells (Fig. 3). This suggested that

apoptosis may occur in human breast cancer cells during

reversine treatment. To confirm the apoptosis induction by

reversine, MCF-7 and MDA-MB-231 cells were incubated

with reversine, and the apoptosis analysis was determined

with PI and Annexin-V double staining by flow cytometry.

Apoptosis was found significantly in a time-dependent

manner in MCF-7 cells, and in a time- and dosage-

dependent manner in MDA-MB-231 cells (Fig. 4). The

levels of apoptosis were greater in MDA-MB-231 cells
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Fig. 3 Reversine induced cell cycle arrest at the G2/M phase and

elevated sub-G1 group formation in human breast cancer cells. Cells

were incubated with reversine at multiple dosages, and the DNA

content of a MCF-7 and b MDA-MB-231 cells was determined by

flow cytometry with propidium iodide labeling. The percentage of G0/

G1, S, G2/M, and sub-G1 phase distribution of reversine-treated cells

was measured by WMDI 2.9 software. Three independent experi-

ments provided confirmation and data from one of them are shown
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than in MCF-7 cells (under 24- and 48-h treatment; Fig. 4).

MDA-MB-231 cells were more susceptible to reversine-

induced apoptosis. This finding demonstrated that reversine

could induce apoptosis in human breast cancer cells.

Reversine-induced mitochondria-independent apoptosis

in human breast cancer cells

Apoptosis was demonstrated by flow cytometry in reversine-

treated MCF-7 and MDA-MB-231 cells (Fig. 4). To further

investigate the mechanisms involved in reversine-mediated

apoptosis in these cells, western blotting was used and cas-

pase-3, -8, and -9 were determined after reversine treatment

in MDA-MB-231 cells (Fig. 5). The pro-caspase-8 was

significantly decreased at 24 h post-treatment with reversine

(5 and 10 lM), and the cleavage form of caspase-8 was

found after 72-h treatment (Fig. 5). The pro-caspase-3 was

significantly reduced at 48 and 72 h in the reversine-treated

groups. However, the active form of caspase-9 was not found

after reversine treatment (data not shown), and the expres-

sion levels of pro-caspase-9 had no influence in either the

reversine-treated or control groups (Fig. 5). This finding was

also demonstrated in the reversine-treated MCF-7 cells (data

not shown). These data suggested that the mitochondria-

independent apoptotic pathway (intrinsic pathway) may not

be involved in reversine-mediated cellular apoptosis. To

further confirm the hypothesis, the expressions of Bcl-x and

Bid were evaluated by western blotting. The expression

levels of Bcl-xL and Bid in reversine-incubated groups, as

well as the control group, showed no significant difference

(Fig. 5). Moreover, the apoptotic isoforms of Bcl-xS and

tBid were not detected in reversine-treated MDA-MB-231

cells. These data suggested that reversine could induce

apoptosis in human breast cancer cells through an extrinsic

pathway. In addition, to determine whether apoptosis had

indeed occurred in the reversine-treated groups, PARP was

detected by western blotting. The expressions of PARP were

decreased significantly after treatment with reversine for 48

and 72 h (Fig. 5). The timing of the PARP decrease was

equivalent to the reduction of pro-caspase-3, suggesting that

caspase-dependent apoptosis occurred during reversine

treatment (Fig. 5).
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In addition, to further evaluate whether the caspase-

dependent apoptosis induced by reversine could suppress the

growth of human breast cancer cells, a pan-caspase inhibitor,

Z-VAD-FMK, was used to block the activation of caspase.

The cell number of the MDA-MB-231 cells was significantly

reduced after reversine treatment (comparing with the non-

treated group; Fig. 6b, panel C), and could be restored par-

tially after Z-VAD-FMK treatment (Fig. 6b, panel D).

However, cells treated with Z-VAD-FMK only showed no

significant difference in cell numbers (Fig. 6b, panel B).
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Fig. 4 Reversine elicited apoptosis in human breast cancer cells.

Cells were incubated with reversine in multiple dosages, and the

apoptotic (a, b) MCF-7 and (c, d) MDA-MB-231 cells were evaluated

by flow cytometry with PI/Annexin-V double staining. DMSO was

used as the solvent and as a negative control. Three independent

experiments provided confirmation; the results were expressed as

mean ± SEM, and apoptosis (early ? late) is shown in b and

d. *P \ 0.05; **P \ 0.01; ***P \ 0.001
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Altogether, we demonstrated that reversine could induce

cellular apoptosis through an extrinsic pathway and further

reduce human breast cancer growth.

Discussion

In the present study, we demonstrated an antitumor activity

of reversine in human breast cancer cells (Fig. 1). Of the

two cell types, MCF-7 cells were more susceptible to

growth inhibition by reversine (Fig. 1). Moreover, the cell

cycle arrest at the G2/M phase was found in both MCF-7

and MDA-MB-231 cells (Fig. 3). However, MCF-7

showed polyploidy induction significantly more than

MDA-MB-231 cells during reversine treatment (Fig. 2).

These findings were consistent with the observations in

HeLa, CWR22Rv1, DU-145, and PC-3 cells after reversine

treatment [15, 16]. In addition, apoptosis was induced

significantly in both MDA-MB-231 and MCF-7 cells

(Fig. 4), and the apoptosis levels in reversine-treated
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Fig. 5 Reversine induced

caspase-dependent apoptosis,

and apoptosis occurred through

an extrinsic pathway in MDA-

MB-231 cells. Cells were

incubated with reversine at

multiple dosages, and caspase-

3, -8, and -9 were detected by

western blotting. PARP, used as

a marker of apoptosis, was also

determined. In addition, the Bid

and Bcl-xL were further

detected to demonstrate the

existence of the extrinsic

apoptosis pathway
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Fig. 6 Reversine-mediated

apoptosis reduced the cell

number of human breast cancer

cells. To evaluate whether

growth inhibition was mediated

by reversine-induced apoptosis,

a pan-caspase inhibitor (Z-

VAD-FMK) was used to block

the activation of the caspases,

and caspase-8 and -3 were

determined after treatment for

24 h. After 2 h pretreatment

with or without Z-VAD-FMK,

MDA-MB-231 cells were

incubated with or without

reversine (10 lM) for 24 h,

a caspase inhibition was

determined by western blotting.

The GAPDH in the western blot

was used as the internal control.

b The cellular phenomena were

determined by microscopy.

A mock treated cells. B Z-VAD-

FMK (20 lM) treated cells.

C reversine (10 lM) treated

cells. D cells treated with

reversine (10 lM) and Z-VAD-

FMK (20 lM)
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MDA-MB-231 cells were elevated 10 to 20 % compared to

MCE-7 cells (Fig. 4b, d). Altogether, the growth inhibition

in reversine-treated MCF-7 was mediated by cell cycle

arrest, polyploidy, and apoptosis, and cell cycle arrest and

apoptosis occurred in MDA-MB-231 cells.

The Aurora kinases, a family of serine/threonine kinase,

are composed of Aurora-A (Aur-A), Aurora-B (Aur-B), and

Aurora-C (Aur-C) in mammalian cells, and are the key

regulators of mitosis [17]. Amplification and overexpres-

sion of Aur-A and/or Aur-B have been reported in different

tumors, including breast, colon, pancreatic, ovarian, gastric,

prostate, thyroid, glioblastoma, and non-small cell lung

cancer, and are associated with tumor grade and prognosis

[18–29]. Owing to the strong association of Aur-A and/or

Aur-B with human malignancies, identifying and develop-

ing Aurora kinase inhibitors for the treatment of human

cancers have been the subject of investigation in many

reports [30–32]. Reversine has reported to be an Aurora

kinase inhibitor [11]. In the present study, we demonstrated

that reversine mediated cell cycle arrest at the G2/M phase

and polyploid formation in human breast cancer cells

(Figs. 2, 3). Therefore, whether reversine can suppress

human breast cancer cell growth through inhibition of Aur

kinases and/or other factors should be further investigated.

In addition, reversine has also been shown to suppress

enzymes, such as JAK2, SRC, and Akt, involved in cell

growth or metastasis signaling pathways [6, 12]. The

overexpression and/or activation of the JAK2, SRC, and

Akt pathways may contribute to tumor growth, metastasis,

and/or invasion in human breast cancers [33, 34]. Inhibi-

tion of src by siRNA has been reported to suppress the

tumor growth and metastasis of human breast cancer cells

[35]. Clinical trials have reported that dasatinib, an inhib-

itor of multiple oncogenic tyrosine kinases, including src,

has limited single-agent activity in unselected patients with

triple-negative breast cancer [36]. In addition, the aberrant

activation of the JAK2/STAT pathway has been reported to

be associated with breast cancer formation [37–39]. Inhi-

bition of the JAK2/STAT pathway demonstrated antitumor

activity through growth inhibition and/or apoptosis [40].

Therefore, whether reversine can suppress human breast

tumor growth and induce cancer death through the inhibi-

tion of these pathways should be further investigated.

The GI50 of the MCF-7 and MDA-MB-231 cells was 8

and 38 lM after 48-h treatment with reversine, showing that

MCF-7 cells were more susceptible than MDA-MB-231

cells (Fig. 1). This finding may cast light on the cell cycle

arrest, polyploidy formation, and apoptosis induction in

MCF-7 cells during reversine treatment. However, only cell

cycle arrest and apoptosis were found in reversine-treated

MDA-MB-231 cells. Nevertheless, we cannot eliminate the

possibility that this was mediated by the genetic alterations

and/or novel signaling pathways in these cells.

Altogether, we demonstrated that reversine plays an

anticancer role in human breast cancer cells and could

induce cell cycle arrest, cellular polyploidy, and apop-

tosis. Moreover, the apoptosis induction during reversine

treatment in human breast cancer cells was through a

caspase-dependent extrinsic pathway. This study sug-

gests that reversine alone or in combination with other

chemotherapeutic agents may be a novel therapeutic

regimen for breast cancer patients.
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