Treatment with bisphenol A leads to the promotion of human breast cancer cells and alteration of cell cycle-related gene expressions, cyclin E and p27 Kip1 
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Abstract (200-300 words)
Endocrine disrupting chemicals (EDCs) have detrimental effects on human health. Among these EDCs, bisphenol A (BPA) binds to the estrogen receptors (ERs) to stimulate estrogen (E2)-mediated responses. BPA is assumed to disrupt reproductive and development system on human. In addition, BPA has been suspected as a risk of carcinogenesis recently. Because BPA can cause abnormal E2-mediated response in the organism, the exposure to BPA may stimulate the growth of estrogen-dependent breast cancers in human. In breast cancer, cyclin E and cyclin-dependent kinase inhibitor p27 are important in G1/S phase transition during the cell cycle progression. In this study, we investigated the effect of BPA on the proliferation of MCF-7 breast cancer cells in vitro using an MTT assay. Also, we performed analysis of transcriptional levels of cyclin E and p27 following BPA treatment via semi-quantitative RT-PCR. As a result, BPA significantly induced the breast cancer cell growth compared to a vehicle. BPA caused the alterations of cyclin E and p27 expressions. The expression of cyclin E was induced by BPA, while p27 was decreased at 24 hr after treatment of BPA in MCF-7 breast cancer cells. Taken together, these collective results suggest the exposure of BPA induced breast cancer cell proliferation with deregulation of cell cycle. A further study is required to determine effects of BPA on carcinogenic process in in vivo models.  
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Introduction
Endocrine disrupting chemicals (EDCs) are a wide variety of natural or synthetic chemicals to influence on human health problems by activation of hormone receptor-mediated signaling pathways [1]. Among EDCs, bisphenol A (BPA) is a plasticizer in epoxy resins and polycarbonate plastics for food containers or packing products. Exposure of BPA can cause detrimental effects on reproductive and development system [2]. In recent experiments, treatment of BPA at high doses in rodent models has been shown to lead abnormality and toxicity of reproductive system [3, 4]. The studies have shown that BPA has the lower binding affinity to estrogen receptor alpha (ERα) than that of 17-β estradiol (E2). BPA can bind to estrogen receptors (ERs) and interfere with transcriptional regulation of diverse genes through an activation of estrogen response element (ERE) [5]. This fact suggests that exposure to BPA is associated with the growth of estrogen dependent cancers such as breast cancer [6, 7]. 
Cell cycle is an important event leading to proliferation of cells. However, the regulation of cell cycle is abnormal in malignant cells, leading to the promotion of cell growth without apoptosis. During the progression of cell cycle, there are checkpoint factors to transit each phases for regulation. Cyclin D1, a nuclear protein, drives a cell from G1 to S phase for DNA synthesis [8]. Cyclins, including cyclin D1 and cyclin E, control the activities of cyclin-dependent protein kinase (CDK) such as CDK4/6 and CDK2 [9]. Expression of cyclin D induces an assembly with CDK4 into catalytic forms. In particular, cyclin E binds to CDK2 during the G1 phase, which is essential to transit cell cycle from G1 to S phase for DNA synthesis [10]. Cyclin E complex with CDK2 is formed by cyclin D1 with CDK4/6 complex [11]. The expression level of cyclin E is peak in the G1 phase during the cell cycle. The high level of cyclin E is also related with maximal activity of the cyclin E-CDK2 complex, which plays a critical role in p27 degradation [12]. The studies have shown cyclin E accumulation by cyclin D1 expression in some breast cancer cells, providing strong evidence for a role of cyclin E in breast carcinogenesis [13, 14].
p27 is one of the cyclin-dependent kinase inhibitors, which inhibits the progression of cell cycle. p27 interacts with cyclin E and CDK2, and arrests cell to entry into S phase of cell cycle. Therefore, p27 can act as a tumor suppressor gene [15]. It has frequently been shown that p27 expression is decreased and mislocated to cytosol in breast cancers. As the recent clinical data, reduction of p27 expression is associated with not only low survival, but also tumor resistance to hormone therapy in breast cancer patients [16]. In human breast cancer cells, cyclin D1 and cyclin E are important as potential tumor activators, but p21 and p27 are as tumor suppressor genes during the cell cycle, following the stimulation of mitosis including the growth factor and steroids [17]. 
Based on this information, we performed the present study to identify the stimulatory effect(s) of BPA on breast cancer cell proliferation through MTT assay. In addition, we also analyzed transcriptional expression of cell cycle genes, cyclin E and p27, to determine effect(s) of BPA on cell cycle regulation, following treatment BPA in MCF-7 human breast cancer cells.



Materials and Methods
Cell culture and media
A human breast cancer cell line, MCF-7, was obtained from the Korean Cell Line Bank (KCLB, Seoul, Republic of Korea). MCF-7 cells were cultured in Dulbecco's modified Eagle's medium (DMEM; Hyclone Laboratories, Inc., Logan, UT, USA) supplemented with 10 % heat-inactivated fetal bovine serum (FBS; Hyclone Laboratories), 100 U/mL penicillin, and 100 g/mL streptomycin (Cellgro, Manassas,VA, USA) at 37℃ in a humidified 5% CO2 atmosphere. To eliminate the effects of the estrogenic components in the culture media, MCF-7 cells were cultured in phenol red-free DMEM supplemented with 10% charcoal-dextran-stripped FBS was used for 5 days. The media were then changed to phenol red-free DMEM supplemented with 1% charcoal-dextran-stripped FBS for 1 day before experiment to measure the estrogenic activity of BPA in MCF-7 cells.

Cell proliferation assay 
The effect of BPA on cell proliferation was measured by a cell proliferation assay, MTT assay. MCF-7 cells were seed at a density of 8,000 cells/well in 96-well plates with culture media and then changed to 0.1 mL of phenol red-free DMEM supplemented with 1% charcoal-dextran-treated FBS. After incubating the cells in phenol red-free for 48 h, the cells were washed and treated with DMSO (0.1%), E2 (10-9 M) or BPA (10-5 M), which were purchased from Sigma-Aldrich Corp. (St. Louis, MO, USA) in the medium described above for 8 days. DMSO in the same medium was used as a vehicle and as solvent agent for E2 and BPA. Following these treatments, the cells were treated with 10 LMTT solution (5 mg/mL) and incubated at 37℃ for 4 hr. The medium containing MTT was removed and precipitants were solubilized in EtOH. An absorbance was measured at 540 nm using an ELISA reader (VERSA man; Molecular Devices, Sunnyvale, CA, USA).

Total-RNA extraction 
MCF-7 cells were cultured at a density of 3 x 105 cells /well in 6-well plates and then were treated with DMSO, E2 or BPA in same concentrations as a proliferation assay. Total-RNA was extracted at 24 hr after treatment using TRIzol reagent (Invitrogen Life Technologies, Carlsbad, CA, USA) according to the manufacturer's instructions. The concentration of total-RNA was measured by a spectrophotometer (Optizen, Mecasys, Dea-jeon, Republic of Korea) at 260/280 nm. One microgram of total-RNA was dissolved in diethyl pyrocarbonate-deionzed water (DEPC‑DW) for cDNA synthesis.

Semi-quantitative RT-PCR
To synthesize cDNA from total- RNA using RT-PCR, the reaction mixture contained murine leukemia virus reverse transcriptase (M-MLV RT), nonamer random primers, dNTPs, an RNase inhibitor, and RT buffer (all were from Intron Biotechnology, Sungnam, Kyeonggido, Republic of Korea). cDNA synthesis was performed at 37℃ for 1 hr and 95℃for 5 min. Cyclin E, p27 and GAPDH mRNA were amplified with specific forward and reverse primers, Taq polymerase, PCR buffer, dNTP mixture, and each cDNA template; PCR was performed as previously described [18]. The sequences for each forward and reverse primers and the expected sizes of the PCR products are shown in Table 1. The PCR products were separated on a 1.5% agarose gel and the band sizes were estimated according to 100 bp ladders. The gels were scanned and band densities were quantified using a Gel Doc 2000 (Bio-Rad Laboratories, Inc., Hercules, CA, USA).

Data analysis
Data are shown as the mean  standard deviation (S.D.). A statistical analysis was performed using Student’s t-test and two-pair comparisons. P-value (<0.05) was considered statistically significant.


Results
Increased cell proliferation in MCF-7 cells following the treatment of BPA
To evaluate potential of BPA to promote the growth of breast cancer cells, the proliferation of the cells following each chemical treatment was measured using the MTT assay. MCF-7 cells were cultured following the vehicle (DMSO), E2 (10-9 M) or BPA (10-5 M) for 8 days (Fig. 1). The growth of MCF-7 cells in treatment of E2, a positive control, was increased as approximately three-fold compared to DMSO. Treatment of the cells with BPA significantly promoted MCF-7 cells growth at 10-5 M. These results showed that BPA has strong growth-stimulatory effect in human breast cancer in vitro.

Upregulation of cyclin E gene expression by BPA in MCF-7 cells
We treated MCF-7 cells with each concentration of DMSO, E2 or BPA for 24 hr to identify of the effect(s) of BPA on cell cycle-related genes, cyclin E and p27, in transcription levels. Transcriptional levels of cyclin E was measured by semi quantitative RT-PCR (Fig. 2). RT-PCR results showed that cyclin E expression was significantly increased by both E2 and BPA compared to DMSO at 24 hr after treatment. In addition, the expression of cyclin E was induced by E2 at 24 hr compared to that at 0 hr as shown in Fig. 2. These findings showed that BPA caused the alteration of cyclin E, which acts as a cell cycle stimulator, in human breast cancer cells.

Downregulation of p27 gene expression by BPA in MCF-7 cells
To evaluate the effect on the transcriptional expression of p27 in breast cancer cells following BPA treatment, we cultured MCF-7 cells with DMSO, E2 or BPA for 24 hr and then measured p27 expression using a semi quantitative RT-PCR (Fig. 3). Treatment of the cells with BPA caused the down regulation of p27 gene compared to DMSO at 24 hr. In addition, not only E2 but also BPA caused the reduction of this gene for 24 hr treatment compared to 0 hr in MCF-7 cells as seen in Fig. 3. MCF-7 cells following DMSO did not induce any alteration of p27 expression. These results suggest that BPA can interference with the regulation of the cell cycle related genes in breast cancer cells.  





Discussion
As growing concern in the world, EDCs mimic hormones as an agonist or an antagonist via binding to their receptors, resulting in an interference with hormone synthesis and homeostasis at various tissues [19]. BPA, an widespread plasticizer in industry, is known for EDCs to disrupt not only endocrine system and reproduction, but also immune system and metabolism [4]. BPA intends to bind to ERs and activates ERE to transcript several genes through an ER-mediated response. Dysfunction of ERs by BPA influences adversely on biological systems of organisms [20]. 
Breast cancers have become a major death cause in the cancer patients of women in recent. This trend has been consequent to diverse environmental factors such as chronic exposure of EDCs [21]. However, ERs are expressed in about 60% of this cancer and crucially involved in prognosis and survival [22]. Estrogen in breast cancer is an important factor for cell growth. In ER-positive breast cancer cells, E2 modulates the expression of cancer suppressor genes and activates the expression of cancer stimulator genes [23]. Because BPA has an estrogenic activity during various biological states, BPA also has been suspicious to promote the formation of hormone dependent cancers. It has been reported that BPA alters hormone receptor-mediated response and gene expression in cancer by binding to ERs. Exposure to BPA increased risk to rapid progression of estrogen dependent breast cancer during carcinogenesis [24, 25].   
The cell cycle is divided into 4 stages, for instance, G1, S, G2 and M phase [26]. The regulators in G1/S phase are very sensitive and undergo early changed expression levels by exposure of growth stimuli. Cyclin E and p27 are essential regulators of late G1 to S phase transition for cell cycle. Cyclin E starts to be expressed in late G1 phage with CDK2 and induces the cells to enter S phase for DNA synthesis [28]. p27 and p21 are members of a CDK inhibitor, and their expression is changed in environment of cells: the high level in quiescent cells but low level in proliferative cells [28]. Several results from clinical studies indicate that abnormal expression of cyclin E and p27 proteins contributes to poor prognosis in many human cancers including breast cancers [29, 30].  
In the present study, we confirmed that BPA has a potential to stimulate cell growth and to alter the expression of genes associated with cell cycle, leading transition G1 to S phase. To evaluate whether BPA can influence on growth of breast cancer cells, the proliferation of MCF-7 cells was measured using a MTT assay. As proliferation of MCF-7 cells was increased by E2, BPA significantly promoted the growth of MCF-7 cells compared with DMSO. These results suggest that BPA can be an inducer in cancer formation and growth in human breast cancer cells. In addition, we examined whether BPA may have a potential to alter the expression of related genes with cell cycle. As results of RT-PCR, cyclin E expression was significantly induced by E2 and BPA, while p27 level was decreased by them compared to a vehicle of DMSO for 24 hr. These results indicate that the exposure to BPA can induce the deregulations of cyclin E and p27 at the transcriptional level in human breast cancer cells. As shown in the scheme in Fig. 4, an activity of cyclin E/CDK2 complex is regulated by p27 during the cell cycle. Activated this complex stimulates the cells to entry S phase, resulting DNA synthesis. In late G1 phase, cyclin E/CDK2 complex has an enzymatic activity to phosphorylate p27. After phosphorylation, p27 undergoes ubiquitination and deregulation. p27 expression plays a key role in cancer cell proliferation and progression (Fig. 4). 
Taken together, the present study suggests that BPA may detrimentally influence on human health during carcinogenesis of breast cancers. The exposure to BPA may disrupt the alteration of cell cycle-related genes, resulting in sustained cell growth of human breast cancer cells. A further study is required to determine the effect(s) of BPA on breast cancer progression in vivo models.
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Table1. Primer sequences and predicted sizes of the semi-quantitative RT-PCR products.

	Target gene
	Primer sequence
	Product size

	Cyclin E
	Sense: 5’-ATGGTATACTTGCTGCTTCGGCC-3’
	397 bp

	
	Antisense: 5’-AGAACGTGGAGCAGGCGCGCAACT-3’
	

	p27
	Sense: 5’-GGACCAAATGCCTGACTCG-3’
	428 bp

	
	Antisense: 5’-CCTCATCCCTGGACACTGC-3’
	

	GAPDH
	Sense: 5’-ACGACCACTTTGTCAAGCTC-3’
	351 bp

	
	Antisense: 5’-GGTCTACATGGCAACTGTGA-3’
	



Figure Legends

Fig. 1. Increased cell proliferation in MCF-7 cells following treatment with BPA. MCF-7 cells were cultured with DMSO as a vehicle, E2 (10-9 M) or BPA (10-5 M) for 8 days. The proliferation of breast cancer cells was measured following treatment of BPA using an MTT assay. Data represent the mean ± S.D. of triplicate experiments. *, P<0.05 vs. DMSO.

Fig. 2. Upregulation of cyclin E gene expression by BPA. MCF-7 cells were seeded in 6-well plates and treated with DMSO, E2 (10-9 M) or BPA (10-5 M). Total RNA was extracted in a time-dependent manner (0 and 24 hr). The expression of cyclin E gene was detected using a semi-quantitative RT-PCR. The PCR products were separated on a 1.5% agarose gel, and the bands were scanned, and the density of the bands in the gel was quantified using a Gel Doc 2000 as described in “Materials and Methods”. Data represent the mean ± S.D. of triplicate experiments.*, P<0.05 vs. DMSO-treated cells; # , P<0.05 vs. 0 hr. 

Fig. 3. Downregulation of cyclin E gene expression by BPA in MCF-7 cells. MCF-7 cells were cultured in 6-well plates with DMSO, E2 (10-9 M) or BPA (10-5 M). Total RNA was extracted in a time-dependent manner (0 and 24 hr). The expression of p27 gene was analyzed using a semi-quantitative RT-PCR. Data represent the mean ± S.D. of triplicate experiments.*, P<0.05 vs. DMSO-treated cells; # , P<0.05 vs. 0 hr. 

Fig. 4. Scheme of relation between cyclin E and p27 in cell cycle. Cyclin E is complexed with CDK2 in G1/S phase transition. An activity of cyclin E/CDK2 complex is regulated by p27. An activated this complex stimulates the cells to entry S phase, resulting DNA synthesis (A). In late G1 phase, cyclin E/CDK2 complex is formed and induces phosphorylation of p27. After phosphorylation, p27 undergo ubiquitination and deregulation. A expression level of p27 plays a key role in cancer cell proliferation and progression (B). 

