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Abstract. Breast cancer is one of the most lethal cancers 
affecting women worldwide and was estimated to account 
for ~30% of all new cancer diagnoses in women. Although 
available evidence has proved the tumor suppressor role 
of genistein in cancer, the underling mechanisms have 
remained to be fully elucidated. S‑phase kinase‑associated 
protein 2 (Skp2) has been revealed to critically enhance the 
pathogenesis of multiple human cancers. The present study 
determined whether genistein exerts its anti‑tumor function 
by suppressing Skp2 in breast cancer cells. Genistein signifi-
cantly inhibited the proliferation, invasion and migration of 
breast cancer cells. Furthermore, genistein treatment also 
induced marked apoptosis and a typical cell cycle arrest in 
G2/M phase. Mechanistically, genistein treatment was iden-
tified to cause a significant downregulation of Skp2. Two 
crucial tumor suppressors, p21 and p27, were upregulated 
in genistein‑treated breast cancer cells. The present results 
revealed that genistein exerted its tumor suppressor effect 
at least partially via inhibition of Skp2 and promotion of its 
downstream targets p21 and p27. Therefore, inactivation of 
Skp2 by genistein may be a promising approach for breast 
cancer treatment.

Introduction

Breast cancer is one of the most commonly diagnosed cancers 
in women and accounts for ~30% of all new cancer diagnoses 
in women (1). An estimate of 252,710 patients are expected 
to be newly diagnosed with breast cancer in the US in 2017, 
and 40,610 patients will die from this disease (1). Accumulated 
data have demonstrated that certain molecular signaling path-
ways contribute to the development and progression of breast 
carcinoma. For instance, in breast tumors, constitutive acti-
vation of nuclear factor (NF)‑κB was reported to contribute 

to cellular proliferation, angiogenesis and evasion of apop-
tosis (2). The expression of members of the Sonic Hedgehog 
pathway was identified to be increased in MCF‑7 breast 
cancer mammospheres in comparison to that in MCF‑7 cells 
cultured as monolayers (3). Ibrahim et al (4) reported that 
the Notch and epidermal growth factor receptor signaling 
pathways are involved in syndecan‑1‑mediated modulation of 
cancer stem cell phenotypes of inflammatory breast cancer. 
In breast cancer, Wnt signaling is constitutively activated by 
an autocrine mechanism. In accordance with this, a study by 
Jang et al (5) reported that Wnt signaling is associated with 
the maintenance of stem cell properties and that blockade of 
Wnt/β‑catenin signaling suppresses in vitro and in vivo tumor 
formation and cellular migration.

S‑phase kinase associated protein 2 (Skp2) has been 
reported to regulate cellular senescence, cancer progression and 
metastasis (6). It is an E3 ubiquitin ligase that belongs to the 
ubiquitin proteasome system and has emerged as an important 
factor in tumorigenesis due to the deregulated ubiquitination 
and proteolysis of its substrates (7). Skp2 was reported to be an 
oncoprotein and regulates the cell cycle, proliferation, differen-
tiation, apoptosis and metastasis of a variety of human cancer 
types (7‑9). In breast cancers, Skp2 has been revealed to promote 
carcinogenesis and cancer progression (10‑12), rendering Skp2 a 
potential therapeutic target to combat breast cancer.

4',5,7‑trihydroxyisoflavone (genistein) is a biologically 
active small molecule that is highly abundant in soy and 
soy products (13). This important compound is well known 
to inhibit cancer progression. In particular, genistein has 
emerged as an important inhibitor of cancer metastasis (14). 
It has been reported that genistein decreases cyclin B1 and 
induces p21, leading to cell cycle arrest of breast carcinoma 
cells in G2/M phase (15). Valachovicova et al (16) reported 
that genistein suppresses breast cancer cell adhesion and 
migration by inhibiting the constitutively activated transcrip-
tion factors NF‑κB and activator protein (AP)‑1. It was also 
reported that genistein treatment increased the expression 
of p21 and p16 in breast cancer cells, and a genistein‑rich 
diet inhibited the development of breast cancer xenografts 
in mice (17). Due to its important role in tumorigenesis, the 
potential of genistein as a promising therapeutic inhibitor of 
metastasis is highlighted.

The present study assessed the effects of genistein on 
cell proliferation, apoptotic cell death, cell cycle distribution, 
migration and invasion of breast cancer cells. The underling 
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mechanisms of the antineoplastic activity of genistein in breast 
cancer were also investigated. Specifically, it was explored 
whether genistein exerted its anti‑tumor effect in breast cancer 
cells via inhibition of Skp2.

Materials and methods

Cell culture and reagents. The MDA‑MB‑231 and SKBR3 
human breast cancer cell lines were cultured in Dulbecco's 
modified Eagle's medium (DMEM, Gibco; Thermo Fisher 
Scientific, Inc., Waltham, MA, USA) supplemented with 
10% fetal bovine serum (FBS; Invitrogen; Thermo Fisher 
Scientific, Inc.), penicillin (100  U/ml) and streptomycin 
(100 U/ml) in a humidified atmosphere containing 5% CO2 at 
37˚C. Genistein, calcein‑acetoxymethyl (AM) and MTT were 
purchased from Sigma‑Aldrich (Merck KGaA, Darmstadt, 
Germany). An Annexin V‑FITC/PI Apoptosis Detection Kit, 
Transwell inserts and Matrigel were purchased from BD 
Biosciences (Franklin Lakes, NJ, USA). Primary antibody 
against tubulin (cat no. SC‑5274) was purchased from Santa 
Cruz Biotechnology, Inc. (Dallas, TX, USA). Anti‑p21 (cat 
no. 2946), anti‑Skp2 (cat no. 4358), and anti‑p27 (cat no. 2552) 
antibodies were obtained from Cell Signaling Technology, Inc. 
(Danvers, MA, USA). Anti‑mouse HRP‑linked antibody (cat 
no. 7076) and anti‑rabbit HRP‑linked antibody (cat no. 7074) 
were purchased from Cell Signaling Technology, Inc.

MTT assay. Cells were seeded at 5x103 cells/well in a 96‑well 
plate and cultured overnight. Subsequently, the cells were 
treated with different concentrations of genistein. After 48 
and 72 h, 10 µl MTT solution (5 mg/ml) was added to each 
well, followed by incubation for at 37˚C for 4 h. Subsequently, 
the supernatant was discarded and 100 µl dimethyl sulfoxide 
was added to dissolve the MTT‑formazan crystals. The cell 
viability was evaluated by measuring the absorption of each 
well at 490 nm using a microplate reader.

Analysis of cell apoptosis. Cells were seeded at 1x105 cells/well 
in a six‑well plate, cultured overnight and then treated with 
20 or 40 µM genistein for 48 h. Cells were then harvested 
and washed with PBS, resuspended in 500 µl binding buffer 
containing 5 µl propidium iodide (PI) and 5 µl fluorescein 
isothiocyanate (FITC)‑conjugated Annexin V antibody in the 
dark for 15 min using a Dead Cell Apoptosis kit with Annexin V 
FITC and PI (cat. no. V13242; Thermo Fisher Scientific, Inc.). 
Genistein‑induced breast cancer cell apoptosis was analyzed 
using a FACSCalibur flow cytometer (BD Biosciences).

Cell cycle analysis. Breast cancer cells in the exponen-
tial growth phase cells were seeded in a 6‑well plate at 
2.5x105  cells/well. After incubation overnight, the cells 
were treated with 20 or 40  µM genistein for 48  h. Cells 
were collected, washed with cold PBS and then fixed with 
ice‑cold ethanol 70% (v/v), in which they were kept at 4˚C 
overnight. Prior to analysis, the cells were washed with cold 
PBS, re‑suspended at 1x106 cells/ml and stained with PBS 
containing 0.1 mg/ml RNase I (Invitrogen; Thermo Fisher 
Scientific, Inc.) and 50 mg/ml PI. After staining for 30 min at 
room temperature in the dark, the cell cycle was determined 
using a FACSCalibur flow cytometer (BD Biosciences).

Wound healing assay. Breast cancer cells were seeded and 
cultured in a 6‑well plate. After the cells reached almost 100% 
confluency, the cell monolayers were scraped with a pipette 
tip to generate linear scratch wounds. The detached cells were 
rinsed off with PBS and then supplemented with medium 
(without FBS) containing genistein. Images of the wounds 
were captured at 0 and 16 h.

Transwell migration and invasion assay. Breast cancer cells 
(1x104 cells/well) were cultured in each of the upper cham-
bers of Transwell without Matrigel (for migration assay) 
or Matrigel‑precoated inserts (for invasion assay) in 200 µl 
serum‑free DMEM with genistein. In the lower chambers, 
500 µl complete medium containing 10% FBS and the same 
concentration of genistein was added. After 24 h of incuba-
tion, the cells that had invaded through the pores and attached 
to the bottom surface of the membrane were stained with 
calcein‑AM. Images of the stained invaded cells were captured 
under a fluorescent microscope.

Western blot analysis. Cells were harvested and resuspended 
in protein lysis buffer (Cell Signaling Technologies, Inc.). The 
protein samples were quantified using a Bicinchoninic Acid 
Protein assay kit (Thermo Fisher Scientific, Inc.) and heated 
for 5 min at 100˚C. Equal amounts of protein (30 µg) were then 
separated by 10% SDS‑PAGE. The decentralized proteins were 
transferred onto a polyvinylidene difluoride membrane (EMD 
Millipore, Billerica, MA, USA) and immunoblotted with the 
appropriate primary antibodies (anti‑Skp2, 1:1,000 dilution; 
anti‑p21 and anti‑p27, 1:500 dilution) at 4˚C overnight. After 
washing with Tris‑buffered saline containing Tween-20, the 
membrane was probed with secondary antibodies (anti‑mouse 
HRP‑linked antibody, 1:5,000; anti‑rabbit HRP‑linked anti-
body, 1:5,000) and incubated at room temperature for 1 h. 
Enhanced chemiluminescence (Thermo Fisher Scientific, Inc.) 
was then used to detect the expression of the proteins.

Statistical analysis. Statistical analysis was performed using 
GraphPad Prism 4.0 (Graph Pad Software, Inc., La Jolla, CA, 
USA). One‑way analysis of variance was performed followed 
by a Dunnett's test to assess statistical significance. Values are 
expressed as the mean ± standard error of the mean. P<0.05 
was considered to indicate a statistically significant difference.

Results

Genistein suppresses breast cancer cell proliferation. To 
determine whether genistein suppresses breast cancer cell 
proliferation, MDA‑MB‑231 and SKBR3 cells treated with 
different concentrations of genistein for 48 or 72  h were 
subjected to an MTT assay. The results indicated that genis-
tein significantly suppressed cell proliferation in time‑ and 
dose‑dependent manner (Fig.  1). In particular, treatment 
of each cell line with 20 and 40 µM genistein led ~40 and 
60% cell growth inhibition at 72 h, respectively. Therefore, 
genistein was used at used at 20 and 40 µM concentrations in 
the subsequent assays.

Genistein induces breast cancer cell apoptosis. It was further 
determined whether genistein‑induced cell growth inhibition 
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is due to induction of cell apoptosis. Thus, after treatment with 
20 and 40 µM genistein for 48 h, a PI‑FITC‑Annexin V assay 
was performed to detect the rate of apoptotic cell death in the 
two breast cell lines. It was revealed that genistein treatment 
significantly induced cell apoptosis in a dose‑dependent manner 
(Fig. 2). The results indicated that genistein stimulated apoptosis 
in breast cancer cells, which was therefore partly responsible for 
the observed inhibition of cell proliferation induced by genistein.

Genistein induces cell cycle arrest in breast cancer cells. Next, 
it was assessed whether genistein modulates cell cycle arrest 
in MDA‑MB‑231 and SKBR3 cells after treatment with genis-
tein. PI staining and flow cytometric analysis were performed 
for each of the two breast cancer cell lines. It was observed that 
genistein treatment caused cell cycle arrest in G2/M phase in a 
dose‑dependent manner (Fig. 3). In MDA‑MB‑231 cells, treat-
ment with 0, 20 and 40 µM genistein led to an increase in the 
G2/M phase population from 7.51 to 16.17 and 41.72%, respec-
tively (Fig. 3A). A similar G2/M phase arrest was observed in 
SKBR3 cells after genistein treatment (Fig. 3B). These results 
demonstrate that genistein induced cell cycle arrest in G2/M 
phase in the two breast cancer cell lines.

Genistein inhibits breast cancer cell migration. It was then 
assessed whether genistein inhibits breast cancer cell migra-
tion. The MDA‑MB‑231 and SKBR3 cell lines treated with 
genistein were subjected to a wound healing assay. The 
results indicated that in each of the two cell lines, genistein 
treatment significantly suppressed cell migratory activity in a 
dose‑dependent manner (P<0.05; Fig. 4). Consistent with this, 
the Transwell assay also indicated that genistein inhibited cell 
migration in breast cancer cells (Fig. 5).

Genistein inhibits breast cancer cell invasion. In order to 
further assess whether genistein inhibits the invasion poten-
tial of breast cancer cells, a Transwell invasion assay was 
performed. The cells that had migrated through the pores of 
the matrigel‑coated membranes were significantly decreased 
in each of the two genistein‑treated breast cancer cell lines 
(Fig. 5). This result indicated that genistein reduces the inva-
sive potential of breast cancer cells.

Genistein suppresses Skp2 expression in breast cancer 
cells. Accumulated evidence has characterized Skp2 as an 
oncoprotein in breast cancer and suppression of Skp2 may 
be a promising target for the treatment of breast cancer (7). 
The present study explored whether genistein suppresses 
Skp2 expression in breast cancer cells. Western blot analysis 
results demonstrated a significantly decreased expression 
of Skp2 in genistein‑treated breasted cancer cells (Fig. 6). 
Furthermore, the protein levels of p21 and p27, two typical 
downstream targets of Skp2, were increased after genistein 
treatment (Fig. 6). These results confirm that genistein exerts 
its anti‑tumor activity in breast cancer cells at least partially by 
suppressing Skp2 expression.

Discussion

Breast cancer is one of the most lethal cancer types affecting 
women and represents the second leading cause of cancer‑associ-
ated mortality in women (1). However, as the precise pathogenic 
factors remain to be fully elucidated, the development of effective 
measures of prevention and treatment methods for breast cancer 
remain a significant challenge. Over the past decades, abundant 
research has verified numerous natural products obtained from 

Figure 1. Genistein inhibits breast cancer cell growth. The proliferation of (A) MDA-MB‑231 cells and (B) SKBR3 cells was detected by an MTT assay after 
treatment with genistein for 48 or 72 h. **P<0.001 vs. control group.
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Figure 3. Genistein induces cell cycle arrest of breast cancer cells in G2/M phase. The effect of genistein on the cell cycle distribution of (A) MDA-MB‑231 
cells and (B) SKBR3 cells was measured by flow cytometry. The X‑axis displays the DNA content and the Y‑axis the cell count.

Figure 2. Genistein promotes apoptosis of breast cancer cells. The effect of genistein on the apoptosis of (A) MDA-MB‑231 cells and (B) SKBR3 breast cancer 
cells was accessed by flow cytometry. (C) Quantification of A and B provided the apoptotic rates. **P<0.01 vs the control group. PI, propidium iodide; FITC, 
fluorescein isothiocyanate.
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Figure 5. Genistein inhibits breast cancer cell migration and invasion. The effect of genistein on the invasion potential of (A) MDA-MB‑231 cells and 
(B) SKBR3 cells was detected by a Transwell assay Cells were stained with calcein‑AM. Images of the stained invaded cells were captured under a fluorescent 
microscope. Magnification, x40.

Figure 4. Genistein suppresses breast cancer cell migration. At 16 h after genistein or control treatment, the migration ability of (A) MDA-MB‑231 cells and 
(B) SKBR3 cells was measured by a wound healing assay. Magnification, x40. *P<0.05 vs. control group.
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dietary sources, which have potential chemopreventive and 
anti‑cancer effects (18). In general, higher intake of soy products 
has been associated with lower risk of breast cancer, particularly 
in Asian countries (19). Genistein, a major active component of 
soy isoflavones, is thought to be a potent chemopreventive and 
therapeutic agent for breast cancer (20). However, it should be 
noted that it has also been indicated that genistein is associated 
with breast cancer development (20). Accumulating evidence 
has suggested that genistein acts as a multi‑targeting antitumor 
agent in a variety of human cancer types (21). Early studies have 
revealed that genistein exerts its effects of phytoestrogen, tyro-
sine kinase and topoisomerase inhibition by directly binding 
to the estrogen receptor  (22), receptor tyrosine kinase  (23) 
and topoisomerase (24). With regard to its antitumor function, 
genistein was identified to modulate numerous key signaling 
molecules, including NF‑κB, caspase‑3, p38 mitogen‑activated 
protein kinase and phosphoinositide 3 kinase/Akt to induce 
growth inhibition and apoptosis  (16,25,26). Genistein also 
suppressed matrix metalloproteinase‑9 transcription by inhib-
iting the activity of AP‑1 and NF‑κB, which restrained the 
invasiveness and metastatic potential of hepatocellular carci-
noma cells (26). Genistein was also demonstrated to suppress 
cancerous inhibitor of protein phosphatase 2A, a newly identi-
fied oncogene frequently overexpressed in breast cancer, which 
contributed to its growth inhibitory and apoptosis‑inducing 
effects  (27). Li et al  (17) revealed that genistein treatment 
significantly suppressed breast cancer cell growth, increased the 

expression of the two crucial tumor inhibitor genes p21 and p16, 
and decreased the two important tumor promoting genes BMI1 
and c‑MYC. In addition, an in vivo experiment suggested that 
the development of breast cancer xenografts in mice was effec-
tively inhibited by the intake of a genistein‑rich diet (17). It was 
suggested that genistein represses early breast tumorigenesis 
by epigenetic regulation of p21 and p16. Consistent with these 
results, the present study observed that genistein significantly 
inhibited breast cancer cell growth, migration and invasion, and 
induced apoptosis in a dose‑dependent manner. Two crucial 
tumor suppressors, p21 and p27, were markedly upregulated in 
genistein‑treated breast cancer cells.

Available evidence suggests that Skp2 has important roles in 
cell growth, apoptosis, invasion and metastasis, and is a predic-
tive factor for poor prognosis in human breast cancer (12). Thus, 
inactivation of Skp2 may be a promising therapeutic strategy 
for breast cancer treatment. Of note, several Skp2 inhibitors, 
including Compound A and Compound 25, were reported to 
block Skp2 E3 ligase activity (28,29). However, chemical inhibi-
tors tend to exhibit side effects during treatment, which are 
difficult to overcome. Therefore, natural agents with innoxious 
properties and the ability to inactivate Skp2 in human cancers are 
of great interest. Several natural agents, including flavokawain 
A (30), chrysin (31), curcumin (32,33), butylidenephthalide (34) 
and rottlerin (35,36), have been identified to downregulate Skp2 
in various types of human cancer. The present study reported 
on another natural product, genistein, which had a potent 

Figure 6. Genistein suppresses Skp2 expression. (A) The expression of Skp2 and its downstream targets, p21 and p27, was detected by western blot analysis in 
genistein‑treated MDA‑MB‑231 cells (left panel) and SKBR3 cells (right panel). (B) Quantitative expression levels determined by densitometric evaluation of 
the immunoblot images. *P<0.05 vs. control group. Skp2, S‑phase kinase‑associated protein 2.
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inhibitory effect on Skp2 expression in breast cancer cells. The 
results suggested that inactivation of Skp2 may, at least partially, 
contribute to the anticancer effect of genistein. Therefore, inac-
tivation of Skp2 by genistein may be utilized for the clinical 
treatment of breast cancer. However, it is necessary to explore 
the precise molecular mechanisms of genistein‑induced inhibi-
tion of Skp2. More importantly, the anti‑breast cancer effects of 
genistein should be assessed in an animal model and a clinical 
trial should be performed in the future.
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