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Abstract

Scope—Exposure of the breast to estrogens and other sex hormones is an important cancer risk 

factor and estrogen receptor down-regulators are attracting significant clinical interest. 

Epigallocatechin gallate (EGCG), a polyphenolic compound found in green tea, has gained 

considerable attention for its antitumor properties. Here we aimed to investigate the molecular 

mechanisms through which EGCG regulates ERα expression in ER+ PR+ breast cancer cells.

Material and Methods—Western blotting analysis, real time PCR and transient transfections of 

deletion fragments of the ERα gene promoter show that EGCG down-regulates ERα protein, 

mRNA and gene promoter activity with a concomitant reduction of ERα genomic and non 

genomic signal. These events occur through p38MAPK/CK2 activation, causing the release from 

Hsp90 of PR-B and its consequent nuclear translocation as evidenced by immunofluorescence 

studies. EMSA and ChIP assay reveal that, upon EGCG treatment, PR-B is recruited at the half 

PRE site on ERα promoter. This is concomitant with the formation of a corepressor complex 

containing NCoR and HDAC1 while RNA polymerase II is displaced. The events are crucially 

mediated by PR-B isoform, since they are abrogated with PR-B siRNA.

Conclusions—Our data provide evidence for a mechanism by which EGCG down-regulates 

ERα and explain the inhibitory action of EGCG on the proliferation of ER+ PR+ cancer cells 

tested. We suggest that the EGCG/PR-B signaling should be further exploited for clinical 

approach.
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Introduction

Breast cancer risk factors, such as early age at menarche, late age at menopause, 

postmenopausal hormone therapy, and high body mass index are thought to affect breast 

carcinogenesis by increasing the life-time exposure of the breast to estrogens and other sex 

hormones [1]. Estrogens particularly are mitogenic to breast epithelial cells, and since the 

effects of estrogens are mediated by both estrogen receptors (ERα and ERβ), the magnitude 

of their effects may be determined by the individual levels of ERs expressed in the breast.

Up-regulated ERα expression in mice produces ductal hyperplasia, lobular hyperplasia, and 

ductal carcinoma in situ, demonstrating the consequences of unregulated ERα levels at all 

stages of breast cancer development [2]; in contrast ERβs acts to regulate the degree of 

estrogen action by negatively modulating ERα, and the estrogen independent transcriptional 

activity of ERβ isoforms is inhibited by ERα [3]. Further evidence shows that ERα levels in 

both hyperplastic lesions and ER-positive tumors are greatly elevated as compared with 

adjacent normal tissue [4]. Therefore it is not surprising that elevated levels of ERα in 

benign breast epithelium is, itself, considered a risk factor for progression to invasive breast 

disease [5].

The strong correlation between ERα expression, breast disease patho-physiology, and 

therapeutic response have justified the use of estrogen receptor down-regulators as attractive 

intervention, with significant clinical interest in their use. In this regard, many naturally 

occurring compounds, commonly present in the diet have gained considerable attention as 

well [6,7]. In recent years epigallocatechin gallate (EGCG), a polyphenolic compound found 

in green tea, has demonstrated chemo-preventative and antitumor properties [8].

Epidemiological studies have suggested that green tea consumption is linked to a decrease in 

the incidence and recurrence of breast cancer [9]. Additionally, treatment with EGCG (50 

mg/kg/day, 14 days) reduced the growth of MCF-7 implanted breast tumors in athymic nude 

mice by 40% [10], and it has been reported that catechin inhibited the proliferation of human 

breast cancer cells in vitro [11]. This is partly attributable to its effects on modulating the 

activity of mitogen-activated protein kinases (MAPKs), IGF/IGF-1 receptor, AKT, NF-κB, 

and CDKs [12,13]. EGCG also inhibits growth factor receptor extracellular signaling, the 

proteasome, mitochondrial depolarization, and fatty acid synthase [14–16].

Recent studies report that the anti-tumor activity of EGCG is mediated by targeting HSP70 

and HSP90 in vitro and in vivo, through a mechanism that involves direct binding of EGCG 

to the C-terminal region of HSP90 [17], a chaperone protein that is constitutively expressed 

at high levels in many cancer cells. HSP90 is assembled into heterocomplexes with 

unliganded steroid receptors, such as GR and PR, thus influencing their cellular distribution 

and activity [18].
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Particularly recent studies on breast cancer models have implicated EGCG in the regulation 

of ERα. Since the catechin family is structurally similar to isoflavones, it has been shown 

that catechins, such as EGCG, were co-estrogenic for ERα at lower doses (< 5 μM) but 

antiestrogenic at higher doses (100–150 μM) and eliciting a concomitant massive cell death 

at the higher levels [11,19].

In the present study we report that EGCG produces a significant inhibition of ER+ PR+ 

breast cancer cell proliferation and we define the molecular mechanisms associated with this 

growth effect. Concomitant with nuclear localization of PR, EGCG treatment causes a 

down-regulation of ERα protein, mRNA and gene promoter activity. We demonstrate that 

these effects are crucially mediated by PR-B via its recruitment to the ERα proximal 

promoter.

Materials and Methods

Materials

Epigallocatechin 3 gallate (EGCG), aprotinin, leupeptin, phenylmethylsulfonyl fluoride 

(PMFS), and sodium orthovanadate were from Sigma (Milan, Italy). PD 169316 and TBB 

from Calbiochem (Darmstadt, Germany). ICI 182,780 (ICI, ER antagonist), was purchased 

from Zeneca Pharmaceuticals (Cheshire, UK). Antibodies used in this study were GAPDH, 

laminin B, NCoR, RNA Pol II, HDAC1, total p38, phosphorylated p38, ERα, progesterone 

receptor B (PR-B), EGFR, Raf1, Her2, Hsp90, CK2 from Santa Cruz Biotechnology (Santa 

Cruz, CA); progesterone receptors (PR-B, PR-A), total MAPK, total AKT, phosphorylated 

p42/44 MAPK (Thr202/Tyr 204) and pAKT (Ser437), from Cell Signaling Technology 

(Beverly, MA).

Cell Culture

Cells utilized in the studies were obtained from American Type Culture Collection 

(Manassas, VA). MCF-7 and T47D, were cultured as described [20]. Ishikawa endometrial 

cancer cells (ISK) were maintained in DMEM without phenol red supplemented with 10% 

fetal bovine serum (FBS). SkBr3 cells were cultured in RPMI1640 with 10% FBS. 

Treatments were performed, after 48h of serum starvation, in 1% dextran charcoal-stripped 

(CS) FBS to reduce steroid concentration [20].

MTT assay

Cells (3×104cells/mL) were plated in 24 well plates and serum-starved for 48h before the 

addition of treatment for 4 days (d). The MTT assay was performed as the following: 100 μl 

of MTT (2mg/mL) (Sigma Aldrich Milan, Italy) were added to each well, and the plates 

were incubated for 2h at 37 C. Then, 500μl of DMSO were added. The absorbance was 

measured with the Ultrospec 2100 Prospectrophotometer (Amersham-Biosciences, Milan, 

Italy) at a test wavelength of 570nm.

Anchorage-independent growth assays

T47D cells (5,000/well) were plated in 4 ml of 0.35% agarose with 5% charcoal-stripped 

FBS in phenol red-free media, on a 0.7% agarose base in 6-well plates. Two days after 
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plating, media containing control vehicle or hormonal treatments was added to the top layer, 

and the appropriate media was replaced every 2 days. After 14 d, 150 μl of MTT was added 

to each well and allowed to incubate at 37°C for 4 h. Plates were then placed in 4°C 

overnight and colonies ≥50 μm diameter from triplicate assays were counted. Data are the 

mean colony number of three plates and representative of two independent experiments 

analyzed for statistical signiӿcance (P<0.05) using a two-tailed student’s Test, performed by 

Graph Pad Prism 5 (GraphPad Software, Inc., San Diego, CA). Standard deviations are 

shown.

Plasmids

XETL [21], the wild-type human ERα (HEGO) [22], the full-length PR-B consisting of the 

full-length PR-B cDNA fused with the SV40 early promoter (a gift from Dr. D. Picard, 

University of Geneve, Switzerland) [20], the PR DNA-binding mutant C587A (mDBD PR) 

previously described by Faivre et al. [23] (gift from Dr. C. Lange, University of Minnesota 

Cancer Center, Minneapolis, MN), the full-length PR-A [24] and the deletion fragments of 

the ERα gene promoter [25]. The Renilla luciferase expression vector pRL-TK (Promega, 

Milan, Italy) was used as a transfection standard.

Reverse transcription and real-time PCR

Cells (6×106) were treated as indicated and processed as described [26]. cDNA diluted were 

analysed in triplicates by real-time PCR in an iCycler iQ Detection System (Bio-Rad, USA). 

The primers were: (ERα forward) 5′-AGAGGGCATGGTGGAGATCTT-3′; (ERα reverse) 

5′-CAAACTCCTCTCCCTGCAGATT -3′; (pS2 forward) 5′-

TTCTATCCTAATACCATCGACG-3′; (pS2 reverse) 5′-

TTTGAGTAGTCAAAGTCAGAGC-3′; (IRS1 forward) 5′-

AGGATATTTAATTTGCCTCGG-3′; (IRS1 reverse) 5′-

AAGCGTTTGTGCATGCTCTTG-3′; (CD1 forward) 5′-

TCTAAGATGAAGGAGACCATC-3′; (CD1 reverse) 5′-

GCGGTAGTAGGACAGGAAGTTGTT-3′; (18S forward) 5′-

GGCGTCCCCCAACTTCTTA-3′ (18S reverse) 5′-GGGCATCACAGACCTGTTATT-3′.

Western blotting and immunoprecipitation

Protein expression or complex formation were assessed as described [27] by Western 

blotting (WB) or immunoprecipitation (IP) followed by WB, using total protein lysates, 

cytoplasmic, or nuclear protein lysates, where appropriate. Cells (6×106) were harvested to 

be analyzed using 500 μl of lysis buffer containing 50 mmol/liter HEPES (pH 7.5), 150 

mmol/liter NaCl, 1%b Triton X-100, 1.5 mmol/liter MgCl2, 10 mmol/liter EGTA (pH 7.5), 

10% glycerol, and inhibitors (0.1 mmol/liter Na3VO4, 1% phenylmethylsulfonyl fluoride, 

and 2.0 mg/ml aprotinin) to obtain cytoplasmic proteins. After the collection using a scraper, 

incubation of 30′ on ice, we lysed the nuclei for 15′ at 4°C using 250 μl of nuclear buffer 

containing 20 mmol/liter HEPES (pH 8), 0.1mmol/liter EDTA, 5 mmol/liter MgCl2, 0.5 

mol/liter NaCl, 20% glycerol, 1% NP-40, and inhibitors(1.7 mg/ml aprotinin, 1 mg/ml 

leupeptin 200 mmol/liter phenylmethylsulfonylfluoride, 200 mmol/liter sodium 

De Amicis et al. Page 4

Mol Nutr Food Res. Author manuscript; available in PMC 2015 November 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



orthovanadate, and 100 mmol/liter sodium fluoride). Then lysates were collected and 

centrifuged at 10.000xg for 10′ at 4°C.

For total protein extracts, 500 μl RIPA buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1% 

NP-40, 0.25% Na deoxycholate, plus inhibitors1.7 mg/ml aprotinin, 1 mg/ml leupeptin 200 

mmol/liter phenylmethylsulfonylfluoride, 200 mmol/liter sodium orthovanadate, and 100 

mmol/liter sodium fluoride) was added to the 100 ml cell culture plate for 15′ at 4°C. Then 

lysates were collected and centrifuged at 10.000xg for 10′ at 4°C. The protein content was 

determined using Bradford dye reagent (Bio-Rad). For WB, 50 μg of total, cytoplasmic or 

nuclear lysates were separated on an 11% polyacrylamide denaturing gel (SDS-PAGE) and 

transferred to nitrocellulose membranes. Proteins of interest were detected with specific 

Abs, recognized by peroxidase-coupled secondary Abs, and developed using the ECL Plus 

Western Blotting detection system (Amersham Pharmacia Biotech, United Kingdom). For 

IP, 500 μg of protein of cytoplasmic or nuclear lysates were precleared for 1h with protein 

A/G-agarose (Santa Cruz), incubated with primary Abs at 4°C for 18 h in HNTG buffer (20 

mmol/liter HEPES, pH 7.5, 150 mmol/liter NaCl, 0.1% Triton X-100, 10% glycerol, and 0.1 

mmol/liter Na3VO4), and then the antigen-Ab complexes were precipitated with protein 

A/G agarose for 2 h in HNTG buffer. The immunoprecipitated proteins were washed three 

times with HNTG buffer, separated on SDS-PAGE, and processed by WB. The images were 

acquired by using an Epson Perfection scanner (Epson, Japan) using Photoshop software 

(Adobe). The optical densities of the spots were analyzed by using ImageJ software (NIH; 

http://rsb.info.nih.gov/IJ). Images are representative of three different experiments.

Immunofluorescence

T47D cells seeded on glass cover-lips were treated with 40 μM EGCG for 12h, washed with 

PBS, and then fixed with 4% paraformaldehyde in PBS for 20 min at room temperature. 

Next, cells were permeabilized with 0.2% Triton X-100 in PBS for 5 min, blocked with 5% 

bovine serum albumin for 30 min, and incubated with anti-PR-B antibody (1:50) in PBS 

overnight at 4°C. The day after the cells were washed three times with PBS and incubated 

with the secondary antibody anti-rabbit IgG-fluorescein isothiocyanate (FITC) (1:200) for 

1h at room temperature. To check the specificity of immunolabeling the primary antibody 

was replaced by normal rabbit serum (negative control). The blue-fluorescent DAPI was 

used for nuclear stain. Immunofluorescence analysis was carried out on a OLYMPUS BX51 

microscope using a ×40 objective. Images are representative of three different experiments.

Transfections and luciferase assays

Transfections were done as described [20] using Fugene 6 reagent (Roche Diagnostics, 

Milan, Italy). Luciferase activity was measured with the Dual Luciferase kit (Promega, 

Milan, Italy). Results represent mean of luciferase activities observed in three independent 

experiments done in triplicate.

Site directed mutagenesis

Mutagenesis was performed on Fragment D of the ERα promoter using the QuikChange 

mutagenesis kit (Stratagene, La Jolla, CA) following the manufacturer’s instructions. The 

sequence for the sense primer was: 5′-
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AGCAGGGAGATGAGGATTGCTGAAGTCCATGGGGGTATGT-3′. The plasmids were 

then sequenced to confirm the mutation of the desired site.

Lipid-Mediated Transfection of siRNA Duplexes

Custom-synthesized siRNA (Invitrogen)-annealed duplexes (25-bp double-stranded RNA 

[dsRNA]) were used for effective depletion of PR-B. A non specific siRNA (NS) 

(Invitrogen) that lacked identity with known gene targets was used as a control for non-

sequence-specific effects. Cells were transfected using Lipofectamine 2000 reagent 

(Invitrogen, Paisley, UK) according to the manufacturer’s instructions and then treated as 

indicated.

Electrophoretic mobility shift assay (EMSA)

EMSA was carried out as previously described [25], with a few modifications. Cells were 

treated for 6h before harvesting for the assay. The sequence of ERα-half PRE 

oligonucleotide used as probe or the unlabelled competitor was 5′- 

AGGATTGTGTTCTCCATGGG -3′, mutated 5′- AGGATTGTTAAGTCCATGGG-3′. To 

test specific binding nuclear extracts were pre-incubated with rabbit polyclonal PR antibody 

or normal rabbit IgG. The reactions were separated on 6% polyacrylamide gel in 0.25x Tris 

borate–EDTA for 3h at 150V. Images are representative of three different experiments.

Chromatin immunoprecipitation (ChIP) assays

Cells were treated for 12h before harvesting for the assay performed as described [28]. ERα 

promoter primers used for PCR: forward, 5′-ACGTTCTTGATCCAGCAGGGTA-3′ and 

reverse, 5′-ACCTGCCAAATTATATGCAAATGGCAG-3′ containing the half-PRE site; 

and forward, 5′-GTGGCCATTGTTGACCTACAG- 3′ and reverse, 5′-

CTGTAGGTCAACAATGGCCAC-3′ upstream the half-PRE site. Images are representative 

of three different experiments.

Statistical Analysis

Each datum point represents the mean ± S.D. of three different experiments. Data were 

analyzed by Student’s t test using the GraphPad Prism 4 software program. P<0.05 was 

considered as statistically significant.

Results

EGCG treatment decreases ER+ PR+ cancer cell proliferation

We first investigated whether EGCG affects cancer cell proliferation following extended 

treatments with low doses of the catechin. We tested ER+ PR+ breast cancer cell lines, 

including T47D cells, which are known to express ERα and elevated levels of endogenous 

PRs [20], MCF-7 cells which express ERα and low levels of PR, and a well-differentiated 

ER+ PR+ human endometrial adenocarcinoma cell line (Ishikawa cells). Proliferating cells 

were exposed to different nontoxic concentrations of EGCG (10μM; 20μM; 40μM) and then 

analyzed in MTT growth assays (Fig.1A). After 4 d treatment, 10μM EGCG inhibited basal 

cell proliferation of both T47D (50%), and MCF-7 (20%). With increasing doses of EGCG 
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(20 and 40μM), T47D cell number was further reduced by 52% to 67%, respectively. 

MCF-7 (25% to 50%) and ISK (55% to 68%) cells growth was also significantly decreased. 

EGCG inhibitory action was still present after pre-treatment with 1μM ICI 182,780, a potent 

and specific antagonist with excellent growth-inhibitory effects in several cell and animal 

models of human breast cancer, which induces ERα degradation through ubiquitin-mediated 

mechanism [29]. This suggests that growth inhibition was not mediated by binding of 

EGCG to ER.

Of note is that the antiproliferative effects produced by EGCG occur earlier in T47D cells 

with respect of those observed in MCF-7 and ISK. Consistent with MTT assay results, 

40μM EGCG treatment also markedly reduced basal and E2 induced colony formation of 

T47D cells growing in soft agar (Fig.1B).

EGCG down-regulates ERα expression and transcriptional activity

It is well known that increased expression of ERα is an early event in breast carcinogenesis, 

driving breast cancer cell proliferation. We thus hypothesized that EGCG’s effects in ERα-

positive breast cancer cells could involve the regulation of ERα itself. As shown in Fig.2A, 

ERα protein expression levels were decreased after 24h of increasing EGCG concentrations, 

in MCF-7 and T47D. E2 treatment was used as control for down-regulation of ERα.

To investigate the functional effects of down-regulation of ERα by EGCG, we next 

analyzed ERα genomic activity after treatment. To this aim a luciferase reporter plasmid 

containing a consensus estrogen-responsive element (XETL) was transiently transfected into 

MCF-7 cells. EGCG treatment caused a significant decrease of basal, and with more 

intensity of E2 induced luciferase activity (7 fold) (Fig.2B). To confirm these results we also 

evaluated mRNA levels of known estrogen-regulated genes, such as IRS1, pS2 and cyclin 

D1 (CD1). As assessed by real-time PCR, EGCG at 40μM significantly decreased basal and 

E2 induced levels (Fig.2C) of IRSI, pS2 and CD1 in T47D and MCF-7 cells.

Stemming from our evidence that EGCG inhibited ERα levels, we hypothesized that it could 

also influence E2/ERα non genomic rapid effects within seconds to minutes [30]. Therefore 

to demonstrate the effects of EGCG on E2-induced non genomic activity, we pretreated 

T47D cells with EGCG for 24h causing ERα levels to decrease, and subsequently we treated 

the same cells with short exposures to E2. As shown in Fig.2D, EGCG treatment blocked E2 

induced phosphorylation of MAPK and AKT. 5% CS treatments were used as positive 

controls for activation of downstream signaling.

The ERK/MAPK and PI3K/AKT signaling pathways that are rapidly activated by the ERα–

E2 complex, also have critical roles in estrogen action as survival agents. In fact, these 

pathways enhance the expression of the anti-apoptotic protein Bcl-2 and block the activation 

of p38 kinase [31]. Western blot analysis in MCF-7 cells revealed that p38MAPK 

phosphorylation was significantly upregulated in EGCG-exposed cells, effectively opposing 

estrogen’s effect (Fig.2D). These results suggest that EGCG-induced ERα downegulation 

can affect non genomic events in the E2/ERα signaling cascade.
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EGCG down-regulates ERα mRNA via a region between −2769 bp to −1000 bp of its 
promoter

To further investigate the molecular basis for regulation of ERα expression by EGCG, we 

examined its effects on ERα mRNA levels in T47D and MCF-7, treated for 24h. EGCG (20 

μM and 40 μM) significantly down-regulated ERα as assessed by real-time-PCR (Fig.2E). 

Since EGCG down-regulated ERα mRNA, we next evaluated whether it could act at the 

level of gene transcription through regulatory regions within the ERα promoter. Therefore, 

we examined the ERα promoter region covered from −4100 bp to +212 bp first with a 

bioinformatics approach using the NCBI Genome data base (www.ncbi.nlm.nih.gov). The 

region examined in this study contains multiple regulatory elements, including binding sites 

for AP-1, NF-κB, Oct-1, Sp1, CCAAT binding proteins, CREB-2, USF1,1/2 PRE [20,25]. 

Five overlapping ERα promoter deletion constructs, −245 bp to +212 bp (A), −735 bp to 

+212 bp (B), −1000 bp to +212 bp (C), −2769 bp to +212 bp (D), and −4100 bp to +212 bp 

(E), all relative to the first transcriptional ATG start site (depicted in Fig.3A) and previously 

described [25], were transiently transfected into T47D and MCF-7 cells and the data are 

shown as relative promoter activity in luciferase units (Fig. 3B). We found that 40μM 

EGCG had no effect on the promoter activity of fragments A, B, or C. In contrast it reduced 

the activity of fragments D and E by 44% and 40%, respectively, indicating that the region 

between −2769 bp to −1000 bp may be responsible for down-regulation of ERα promoter 

activity after EGCG treatment.

Precisely within this region of ERα promoter we also previously reported the presence of a 

functional half-PRE site responsible for transcriptional repression of ERα mediated by the B 

isoform of the PR [20]. Green tea poliphenols have been reported to exert their biological 

effects through steroid receptors [15] therefore we hypothesized that EGCG down-

regulatory effects on ERα gene transcription might involve this potential half-PRE site. To 

test this hypothesis we next used site-directed mutagenesis to alter this site. Mutation of 3bp 

of the half-PRE site of the ERα promoter D fragment resulted in the loss of EGCG-

responsiveness, suggesting that this half-PRE site could be an effector of EGCG signaling 

(Fig.3C).

To investigate DNA-protein interactions induced by EGCG within this promoter region, we 

next performed EMSA, using oligonucleotide from the ERα promoter sequence bearing the 

half PRE site (Fig.3D). Cell extracts prepared in the absence of ligand (lane 1) generated 

double retarded bands corresponding to half-PRE complexes which were enhanced in 

EGCG treated extracts (lane 2), and whose appearance were effectively competed by a 100 

fold molar excess of unlabelled probe (lane 3), thus demonstrating the specificity of the 

DNA-binding complexes. This inhibition was no longer observed using a mutated half-PRE 

oligonucleotide as competitor (lane 4). A rabbit antibody to PR also completely disrupted 

the DNA-protein complexed bands (lane 5) while normal rabbit IgG addition did not affect 

protein–DNA complex formation (lane 6).

EGCG inhibits Hsp90 client proteins and promotes PR-B translocation into the nucleus

The functions of PR are modulated by Hsp90 and its inhibition can be measured via the 

degradation of its many client proteins (such as c-Raf and Her2) [32]. As shown in Fig.4A 
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we observed depletion of Hsp90 client proteins EGFR, Raf-1, and Her 2 after EGCG 

treatment.

Thus, we characterized the effects of EGCG on protein interaction between PR and Hsp90, 

performing co-immunoprecipitation assay from T47D cells cytosolic extracts. EGCG 

reduced the specific interactions between PR-B isoform and Hsp90 (Fig.4B), while it did not 

affect PR-A/Hsp90 complex. We also investigated the influence of EGCG treatment on PR-

B cellular localization by immunofluorescence microscopy experiments using a specific 

antibody. As shown in Fig.4C, PR-B showed both a light nuclear and a stronger cytoplasmic 

distribution in untreated T47D cells. Interestingly, when cells were exposed to 40μM EGCG 

there was a remarkable redistribution of the PR-B from the cytosol to the nucleus. Results 

confirmed, by western blotting analysis of isolated cellular compartments (Fig 4D), that the 

PR-B nuclear isoform specifically was influenced by EGCG (7.5 fold nuclear vs. 0.3 fold 

cytoplasmic).

Therefore we next examined the effects of a short treatment of EGCG on the activation of 

kinase cascades. As shown in Fig4E, 40μM EGCG at different times modulated basal levels 

of p42/p44 MAPK and pAKT depending upon the cell type. At 15′, in both cell types, 

EGCG induced p38MAPK phosphorylation, which remained activated in MCF-7 cells even 

after 24h of treatment (data not shown). An important effector of p38MAPK is CK2 [33]. 

Immunoprecipitation assays revealed that EGCG treatment enhanced a physical interaction 

between CK2 and p-p38 (Fig.4F).

Stemming from these results, we next investigated the relevance of activated p38 in 

triggering the effects of EGCG treatment, by using a p38 inhibitor PD169316, known to 

block the p38 kinase activity [34]. Pretreatment with PD or with the CK2 inhibitor TBB, 

strongly restored the specific interaction between Hsp90 and PR-B (Fig.4B) indicating that 

activation of p38/CK2 signalling by ECGC modulates Hsp90/PR-B interaction.

Moreover PD and TBB clearly changed the cellular localization of PR-B produced by 

EGCG (Fig.4C,D) demonstrating that EGCG via p38/CK2 allows PR nuclear translocation; 

furthermore, PD attenuated ERα mRNA down-regulation by EGCG (Fig.2E).

Downregulation of ERα expression by EGCG is dependent on PR-B

We next investigated the role of the PR-B isoform in mediating EGCG effects on ERα. We 

co-transfected equal amounts of expression plasmids encoding PR-B or PR-A into the ER-

PR-negative SKBR3 cell line, along with the ERα promoter reporter fragments. Only PR-B 

reduced ERα promoter activity (51%) with EGCG treatment (Fig.5A). Cotransfection of 

equal amounts of expression plasmids encoding either the PR-A isoform or the PR mutant 

with a disrupted DNA-binding domain (DBD) (Cys587 to Ala, called mDBD PR) did not 

affect ERα promoter activity either in presence or absence of EGCG, strongly suggesting 

that PR-B was responsible for EGCG down-regulatory effects on ERα, which occur at the 

transcriptional level.

We also performed PR-B siRNA knockdown experiments during EGCG treatment of T47D 

cells. Addition of a PR-B-targeting siRNA resulted in a remarkable decrease in PR-B 
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protein levels (Fig.5B) which greatly blocked ERα downregulation by EGCG treatment. PR-

B knockdown also blocked the growth inhibitory effect of EGCG in MTT assays (Fig 1A). 

Altogether these data strongly support the hypothesis that PR-B through the half PRE site 

within the ERα prmoter mediates EGCG effects on transcriptional regulation of ERα.

The NCoR corepressor is recruited with PR-B to the ERα promoter upon EGCG treatment

To demonstrate the recruitment of PR to the ERα gene promoter, we also used ChIP assays. 

T47D and MCF-7 cells were exposed to either control vehicle or 40μM EGCG, after which 

chromatin was cross-linked with formaldehyde, and protein-DNA complexes were 

immunoprecipitated with antibodies directed against PR, RNA polymerase II, or the 

corepressors NCoR, DAX-1, and SMRT. Results obtained demonstrate an enhanced 

recruitment of PR to the ERα promoter with EGCG treatment (Fig.5C); as a control we did 

not see recruitment to an unrelated ERα promoter region located upstream of the half-PRE 

site (data not shown). Specific knockdown of PR-B also confirmed the recruitment of this 

isoform to the ERα promoter (Fig.5C).

Concomitant with the increased recruitment of PR-B to the ERα promoter after EGCG 

treatment, we saw the similar molecular events we described previously [20]: displacement 

of RNA polymerase II, indicating that the chromatin in this region is probably in a less 

permissive environment for gene transcription, recruitment of NCoR in T47D and MCF7 

cells (Fig.5C). Since it is known that different corepressor complexes contain one or more 

HDACs, as candidate mediators of PR action [35] we looked for histone deacetylases, in 

particular the class I HDAC-1 and HDAC-3. Our results show that HDAC-1 was the most 

strongly recruited following EGCG treatment. These data indicate PR-B binds to the ERα 

promoter at half-PRE site and this results in enhancement of the tripartite complex 

containting NCoR and HDAC1 with EGCG treatment and a concomitant release of RNAPol 

II, thereby inhibiting ERα transcription. Thus the catechin may acquire pharmacological 

significance acting as an estrogen receptor down-regulator in breast cancer cells.

To further address the interaction between PR-B, HDAC1 and NCoR we performed 

coimmunoprecipitation assays from nuclear extracts of T47D cells. EGCG induced the 

complex formation between PR-B, NCoR and HDAC1 (Fig.5D) via p-38/CK2, since 

pretreatment with PD or TBB prevented the interaction upon EGCG.

Discussion

Epidemiological studies have shown that breast cancer incidence rates are lowest among 

Asians, suggesting that Asian diets may contain phytochemicals with anti-breast cancer 

activities. Accumulating clinical evidence indicates the protective effects of polyphenols 

derived from green tea in ER+/PR+/HER2− breast tumor patients [36], while recent in vitro 

studies demonstrate their specific cytotoxicity toward breast cancer cells regardless of their 

ER status [37]. This could be due to the use of high doses of phytochemicals which may 

produce misleading results with regard to DNA damage and in several other respects. 

Specifically it was reported that dietary chemopreventive compounds can increase oxidative 

stress and cause DNA damage at high concentrations [38], whereas they act as antioxidants 

to reduce DNA damage at dietary or pharmacologic concentrations [39]. Often, the doses 
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utilized in these studies are not achievable in vivo, therefore, whether phytochemicals might 

exert translational promises and benefits in clinical settings and prevention of breast cancer 

remain unclear.

In this study we tested EGCG doses considerably lower than the dose of 100–120 μM used 

for most in vitro studies and thus are closer to levels with physiological relevance [40]. We 

demonstrate that at doses of 10,20,40 μM EGCG effectively inhibits the growth of ER+ PR+ 

cancer cells (Fig. 1), and it exerts its effects through multiple mechanisms of action 

including 1) modulation of Hsp90 chaperone activity (Fig. 4A,B) and 2) activation of 

p38MAPK/CK2 signalling (Fig. 4E,F), influencing the redistribution of the PR (Fig. 4C) 

from the cytosol to the nucleus 3) recruitment of PR-B onto the ERα promoter (Fig. 5C) 

leading to transcriptional inhibition of ERα (Fig.3B) thus reducing its expression (Fig. 2A) 

and E2/ERα genomic (Fig. 2B,C) and non genomic activity (Fig. 2D). We herein indicate 

that EGCG via modulation of ERα blocks cancer cell proliferation. These studies provide a 

better understanding of the specific factors that can mediate ERα down-regulation in breast 

cancer cells, which may be critical for future therapeutic strategies attempting to reduce its 

expression.

A body of evidences obtained by in vivo studies demonstrate the consequences of 

unregulated ERα levels at all stages of breast cancer development. For instance, transgenic 

mice with elevated ERα levels can develop ductal hyperplasias, lobular hyperplasias, and 

ductal carcinoma in situ [2]. Furthermore it is shown that ESR1 is amplified in subsets of 

breast cancers and in precancerous breast diseases [41]. Therefore it is reasonable to 

consider ERα down-regulators of significant clinical interest. In this concern we show that 

EGCG treatment decreased both ERα genomic and rapid non genomic activity as a 

consequence of ERα content depletion which occurs through PR-B nuclear translocation. 

These novel findings corroborate our previous studies [20] indicating that inhibition of ERα 

by PR-B is a critical regulatory pathway in ERα positive breast cancer cells, and highlight 

the protective role of PR-B as determinant of EGCG down-regulatory effects, since PR-B 

knockdown attenuated the inhibition of ERα levels after EGCG stimulus.

Steroid receptors such as PR in the absence of ligand, interact with Hsp90 [42]. Previous 

studies demonstrated that EGCG interferes with Hsp90 chaperone activity for PR, by 

binding to Hsp90 at or near a C-terminal ATP binding site [43]. We demonstrate that EGCG 

acts at both ERα mRNA and protein level via Hsp90/p-38MAPK signaling to PR-B in T47D 

and MCF-7 cells. We also define the molecular mechanisms through which EGCG interferes 

with ERα gene transcription. Our functional experiments using five deletion constructs of 

the ERα promoter showed that EGCG’s down-regulatory effects occur through a region 

between −2769 bp to −1000 bp of the promoter (Fig. 3A) which contains a known half-PRE 

site that is required for repression of the ERα promoter by PR-B [20]. Our data support 

previous clinical and in vitro studies [20,44] illustrating the protective role of PR-B 

expression in breast cancer. This concept is further reinforced by studies showing that 

HER-2/neu signaling, is also inversely associated with PR levels [45].

EGCG specifically reduced the expression of HSP70 and HSP90 [43] which overproduction, 

instead, results in the increased incidence of cell transformation [46]. Our results correlate 
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with these data since EGCG decreased Hsp90 client proteins expression levels (Fig. 4A) 

with a concomitant reduction of cell proliferation and estradiol induced colony formation of 

MCF-7 and T47D (Fig. 1B). Hsp90 inhibition is known to impact cellular client protein 

homeostasis via different mechanisms [32,47]. For example, Hsp90 inhibition can arrest 

maturation of Hsp90-bound client proteins without disrupting the cochaperone complex, can 

block the release of the refolded protein, leading to ubiquitin-dependent degradation or can 

prevent the binding of the target client protein to Hsp90. Our results confirm that EGCG acts 

as an inhibitor of Hsp90 chaperone function in ER+ PR+ breast cancer cell types examined, 

since it produced a drastic reduction of Her 2, EGFR, raf1 levels in a dose dependent 

manner (Fig.4 A).

Hsp90 functions in part as a cytoplasmic retention factor for steroid receptors [42], and our 

results suggest a role of Hsp90 as mediator of EGCG action in the modulation of the 

subcellular localization of PR-B isoforms. The nucleo-cytoplasmic distribution of PR-B in 

T47D cells was affected by EGCG treatment (Fig. 4C). Unliganded receptors mainly 

localize to the cytoplasm. However, EGCG treatment leads to more PR-B nuclear 

localization, concomitant to a reduced cytoplasmic retention due inhibition of the PR-B/

Hsp90 interaction (Fig. 4B). EGCG treatment via p38/CK2 activation indeed resulted in 

destabilization of Hsp90/PR-B complexes. We also demonstrated the specific involvement 

of the PR-B isoform in mediating EGCG action using the isoform-specific siRNA 

experiments (Fig. 5B,C).

Our results are consistent with previous studies [48] showing that disruption of the 

chaperone function of Hsp90 by treatment with different drugs increased polyubiquitylation 

and depletion of ERα levels and transcriptional activity resulting growth arrest and 

apoptosis [49, 50].

EGCG may indirectly affect steroid receptors nuclear translocation influencing their ability 

to interact with Hsp90 clients via MAP kinase superfamily. It has been reported that PR-A 

and PR-B stability and transcriptional activities is selectively regulated by p38 and p42/44 

MAPK through specific phosphorylation sites [51] and MAPKs are known to play important 

roles in PR subcellular trafficking via Ser294 phosphorylation [52]. A significant ӿnding in 

our study is that sustained p38 and CK2 activation by EGCG influenced Hsp90/PR-B 

interactions, and played a critical role in the nuclear localization of PR-B as demonstrated 

with specific inhibitors of p38 and CK2 (Fig.4 C, D). Dissociation of PR with its chaperones 

and receptor dimerization, leads to its binding to PREs in the promoters of target genes and 

the recruitment of specific coregulators and general transcription factors, resulting in the 

modulation of transcription of those genes [53]. Recent studies in the human endometrium 

have demonstrated that PR-A and PR-B are distributed either evenly throughout the nucleus 

or into discrete nuclear foci, and that there is a link between the subnuclear distribution of 

PR and its transcriptional activity [54]. These data collectively indicate that these nuclear 

foci contain multiple activated PR-coregulator complexes which can influence the basic 

transcriptional machinery. Our ChIP assays (Fig. 5C) of the ERα promoter correlate well 

with these previous reports and also show a release of RNAPol II. This is concomitant to the 

enhancement of the tripartite corepressor complex PR-B/NCoR/HDAC1 (Fig. 5C) due to 

PR-B nuclear localization via p38/CK2 activation.
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Our results support the molecular mechanism that EGCG’s inhibition of ERα gene 

transcription is mediated by a physical recruitment to the promoter of PR-B, which then 

exerts a repressive effect on chromatin by maintaining interactions between the corepressor 

NCoR and HDAC1 with the ERα gene (Fig. 5C). Thus, PR-B recruitment after EGCG 

treatment is to the PRE half-sites in the ERα promoter. We also show that EGCG induces 

PR-B binding directly to this PRE half-site. Results from transient cell transfection assays, 

with ERα reporter gene containing point mutations in the half PRE (Fig. 3C), further 

confirm the importance of PR DNA binding and the PRE half-site for a functional inhibitory 

response to EGCG. Furthermore siRNA knockdown of PR-B confirmed that recruitment of 

the PR-B isoform to the half-PRE site within the ERα gene promoter is a prerequisite in 

mediating EGCG down-regulatory effects on ERα expression in breast cancer cells.

We propose a novel model (Fig.6) for the inhibitory action of EGCG s on the proliferation 

of ER+ PR+ breast cancer cells, through regulation of ERα gene transcription. p38/CK2 

activation by EGCG provides a mechanism for the downregulation of Hsp90/PR-B 

interactions, as well as PR-B nuclear localization which is necessary for its recruitment to 

the half-PRE site within the ERα promoter. The formation of a tripartite complex, 

containing PR-B, HDAC1, and NCoR which interacts with the half PRE, induces those 

alterations in chromatin structure such as deacetylation which then block promoter 

accessibility to the transcriptional machinery such as RNAPol II.

In conclusion we discovered that EGCG can function as ERα downregulator thus inhibiting 

ER+/PR+ breast cancer cell growth. Our results suggest that potentiating EGCG/PR-B 

signaling should be further exploited for clinical approach.
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Figure 1. EGCG inhibits ER+ PR+ cancer cell proliferation
A, MTT assay. Cells, serum starved, were exposed to vehicle (−), or 1 μM ICI and/or 

different concentrations of EGCG in medium containing 1% dextran charcoal-stripped FBS 

for 4d (treatments were renewed every 2d). Results indicate mean of three independent 

experiments done in triplicate; bars SD;◊ P<0.05 compared with untreated cells. B, EGCG 

blocks E2 induced anchorage independent growth of T47D. Soft agar colony formation 

assay was performed in control conditions (−), or in the presence of 10 nM estrogen (E2) 

and/or 40 μM EGCG. Cells were allowed to grow for 14 d and the number of colonies ≥50 
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μm were quantified. bars SD;◊ P<0.05 compared with untreated cells; ◊◊ P<0.05 compared 

with E2 treated cells. Pictures at the bottom show typical well for each condition.
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Figure 2. EGCG down-regulates ERα expression, genomic and non genomic signal
A, Immunoblot analysis. Cells were treated with different concentrations of EGCG for 24 h. 

The whole-cell lysates obtained were then collected and analyzed by WB using specific 

Abs. Numbers represent the average fold change in ERα and GAPDH levels. B, ERE 

luciferase reporter assay. XETL was transiently transfected into MCF-7 cells treated with 

vehicle (−) or 10 nM E2 and/or different concentrations of EGCG. Cells were then 

harvested, and luciferase activities were determined; Columns, mean of relative luciferase 

units (RLU); bars SD; ◊, P<0.05 compared with E2. C, Real time PCR assay. mRNA 
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expression of pS2, IRS1 and CD1 in T47D and MCF-7 cells treated with vehicle (−) or 10 

nM E2 and/or different concentrations of EGCG for 24 h; 18S was determined as a control. 

Graphs are the mean of three independent experiments run in triplicate; bars SD;◊ P<0.05 

compared with untreated cells; ◊◊ P<0.05 compared with E2 treated cells. D, Immunoblot 

analysis. T47-D cells pre-treated with 40μM EGCG for 24 h were then treated with 10nM 

E2 for different times as indicated or with 5% CS for 24h treatment. The whole-cell lysates 

obtained were then collected and analyzed by WB using specific Abs. Numbers represent 

the average fold change in ERα and GAPDH, p-p38 and p38, p-MAPK and MAPK, p-AKT 

and AKT levels E, Real-time PCR assay. mRNA expression of ERα. Cells were treated with 

vehicle (−), different concentrations of EGCG for 24h as indicated in presence or absence of 

PD. Columns mean of three independent experiments; bars, SD. ◊, P<0.05 compared with 

untreated cells, ◊◊, P<0.05 compared with 40μM EGCG.
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Figure 3. EGCG down-regulates ERα promoter activity through an half PRE site
A, Schematic representation of deletion fragments of the ERα gene promoter. Fragments 

coordinates are expressed relative to the primary transcription start site. B, Promoter activity 

of the ERα 5′–flanking region. Constructs depicted in panel A were transiently transfected 

in T47D and MCF-7. cells, treated with vehicle (−) or 40μM EGCG. After 24h, cells were 

harvested and luciferase activities were determined; bars, SD; ◊, P<0.05 compared with 

untreated cells. C, Site-directed mutagenesis of the half-PRE site present in D fragment. 

Fragment D and fragment D mut promoter constructs were cotransfected into MCF-7 cells, 

and promoter activity was assessed in the absence or presence of 40μM EGCG.; bars, SD. 

D, EMSA assay. Nuclear extracts from T47-D cells treated with vehicle (−, lane 1) or 40μM 

EGCG (lanes 2–6) were incubated with a ERα promoter/half PRE annealed probe (lane 2) 

or, for competition analysis, 100-fold excess unlabeled annealed probe (lane 3), or mutated 

in half PRE site (lane 4). EGCG-treated nuclear extracts were also incubated with anti-PR-B 

(lane 5), IgG (lane 6), or probe alone (lane 7). Picture is representative of three independent 

experiments.
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Figure 4. EGCG inhibits Hsp90 client proteins and promotes PR translocation into the nucleus 
via p38MAPK activation
A, Immunoblot analysis. Cells were treated with different concentrations of EGCG for 24 h. 

The whole-cell lysates obtained were then collected and analyzed. Numbers represent the 

average fold change in EGFR or Raf1 or Her2 or Hsp90 and GAPDH levels B, Co-

immunoprecipitation assay. T47-D cells were treated for 24h with vehicle (−) or 40μM 

EGCG in presence or absence of PD or TBB. Cytosolic cell lysates were 

immunoprecipitated using anti-Hsp90 and then blotted with anti Hsp90 or anti-PR antibody. 
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Columns, mean of three independent experiments in which band intensities were evaluated 

in terms of optical density arbitrary units and expressed as IP/Input; bars, SD;◊ P<0.05 

compared with untreated cells. C, Immunofluorescence with anti PR-B antibody. T47-D 

cells were treated for 12h with vehicle (−) or 40μM EGCG in presence or absence of PD or 

TBB, then were stained (Dapi/Fitc merge is presented). Immunofluorescent receptor is 

cytoplasmic in absence of treatment but shifted into the nucleus after EGCG administration. 

Pictures are representative of three independent experiments D, Immunoblot analysis. Cells 

were treated with 40μM of EGCG for 12h in presence or absence of PD or TBB, then 

nuclear and cytoplasmic protein extracts were analyzed. Numbers represent the average fold 

change in PR-B and Laminin B or GAPDH levels. E Immunoblot analysis. Cells were 

treated with vehicle (−) or 40μM EGCG at different times as indicated. The whole-cell 

lysates obtained were then collected and analyzed. Numbers represent the average fold 

change in p-p38 and p38, p-MAPK and MAPK, p-AKT and AKT levels. F Co-

immunoprecipitation assay. Cells were treated for 24h with vehicle (−) or 40μM EGCG. Cell 

lysates were immunoprecipitated using anti-CK2 and then blotted with anti-p-p38.

De Amicis et al. Page 23

Mol Nutr Food Res. Author manuscript; available in PMC 2015 November 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. PR-B mediates the EGCG effects on ERα promoter and recruits an NCoR corepressor 
complex
A, Promoter activity of the ERα 5′–flanking region. Fragment E was transiently transfected 

into Skbr3 cells in the presence or absence of full-length PR-B, or PR-A, or mDBD PR 

expression plasmid, then treated with 40μM EGCG or left untreated. After 24 h, cells were 

harvested, and luciferase activities were determined; bars, SD P<0.05 compared with 

untreated cells B, Immunoblot analysis.T47-D cells were transfected with NS siRNA or 

targeted against PR-B and treated with vehicle (−) or 40μM EGCG. C, ChIP assay. Cells 
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were treated for 12h with vehicle (−) or 40 μM EGCG and then harvested. Antibodies used 

to immunoprecipitate the protein-DNA complex are indicated on the left. PCR primers 

encompass half PRE site within the ERα promoter. Results are representative of three 

independent experiments. D, Coimmunoprecipitation assay. T47-D cells were treated with 

vehicle (−) or 40μM EGCG in presence or absence of PD or TBB. Nuclear cell lysates were 

immunoprecipitated using anti-NCoR and then blotted with anti anti-PR or anti HDAC1 

antibody.
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Figure 6. A proposed model for EGCG induced repression of ERα promoter in ER+ breast 
cancer cells
For details see the text. Ac, acetylation.
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