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Abstract

:

Phthalates comprise a group of synthetic chemicals present in the environment because of their wide use as plasticizers and as additives in products for personal care. Among others, diethyl phthalate (DEP) is largely used in products for infants, children, and adults, in which its exposure has been correlated with an increased risk of breast cancer. The adverse health outcomes deriving from phthalate exposure have been associated with their activity as endocrine disruptors (EDCs) of the steroid and thyroid hormone signaling by affecting developmental and reproductive health, and even carcinogenicity. However, the estrogen disruptor activities of DEP are still controversial, and the mechanism at the root of the estrogenic-disrupting action of DEP remains to be clarified. Here, we evaluated the DEP mechanism of action on the activation status of estrogen receptor α (ERα) by analyzing the receptor’s phosphorylation as well as both nuclear and extra-nuclear pathways triggered by the receptor to modulate the proliferation of breast cancer cells. Although DEP does not bind to ERα, our results suggest that this phthalate ester exerts multiple parallel interactions with ERα signaling and emphasize the importance to determine an appropriate battery of in vitro methods that will include specific molecular mechanisms involved in the endocrine disruption.
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1. Introduction


The most active form of estrogen, 17β-estradiol (E2), regulates secondary sex characteristics and gametogenesis in the female reproductive system and exerts profound effects in terms of the balance between cell differentiation and growth, also playing a role in non-reproductive tissues [1,2,3]. Moreover, E2 plays an important role in male reproduction and fertility [4]. Two members of the nuclear receptor superfamily, namely, estrogen receptor α (ERα) and β (ERβ), represent the main mediators of E2 pleiotropic effects by acting as ligand-activated transcription factors of genes containing estrogen response element (ERE) sequences [1,5]. Besides the classical direct nuclear action, the engagement of membrane-tethered ERs triggers the activation of several rapid extra-nuclear signaling pathways, which integrate at different levels with the nuclear ones in the definition of E2 physiological functions [1,5,6,7,8,9]. As the critical role of E2 and its cognate receptors in human physiology, any event dysregulating the estrogenic pathway, including receptor subtype balance and their mechanisms of action, can deeply interfere with the physiological development and function of certain organs, potentially inducing reproductive disorders and cancers [10].



According to the U.S. Environmental Protection Agency (EPA), endocrine disruptor chemicals (EDCs) are chemical agents, mostly human-made, that interfere with the synthesis, secretion, transport, binding, or elimination of natural hormones responsible for homeostasis maintenance, reproduction, development, and/or behavior [11,12]. Estrogenic EDCs have been studied for a long time, but it is debatable whether most of the EDCs are able to bind to ERs, exerting a mimetic or anti-estrogenic effect on receptor transcriptional activities and, thus, altering a wide range of signaling processes and cellular functions [3,13,14]. The group of estrogenic EDCs also includes phthalates.



Phthalates (esters of phthalic acid) are chemical compounds primarily used as plasticizers, and many consumer products including building materials, medical equipment, household furnishings, cosmetics, food, beverages, clothes, and toys contain specific members of this chemical family [15,16,17]. Among phthalates, exposure to diethyl phthalate (DEP) is more common for humans, being predominantly connected with the usage of personal care products including perfumes, shampoo, cosmetics, and detergents [15,18,19]. Phthalate exposure through oral, dermal, and inhalation contact has been associated with developmental and reproductive abnormalities including sperm damage, early onset of puberty, infertility, alteration of the reproductive tract, and adverse effects on pregnancy ([20] and reported citations). Such observations have established these compounds as suspected endocrine disruptors [16,21], which are thought to interfere with steroid hormone (e.g., E2 and testosterone) biosynthesis pathways and androgen receptor (AR), thyroid receptor (TR), and ERα signaling [20,21]. Notwithstanding, for a long time, dermal exposure to DEP has been considered to be safe, not presenting a significant toxic liability [19]. However, DEP exposure has been correlated with a 2-fold increase in breast cancer risk [22], raising questions about the possible detrimental effect of DEP at non-toxic doses which can occur through a hormonal disruption mechanism. Although in vivo and in vitro evidence has suggested an estrogenic nature of DEP [18,23,24], other reports [16,19,25] challenged the estrogenic potential of DEP through direct estradiol mimicking potency or even generally, indicating that the estrogenic-disrupting mechanisms of DEP are still a matter of controversy.



Despite substantial advances in understanding EDC effects and their mechanisms of action, the screening and definition of estrogenic interference have been historically focused on their ability to modulate the DNA binding and direct transcriptional effect of estrogen receptors through the classical nuclear mode of action [5,26]. Extra-nuclear effects have been commonly neglected in the study of EDC estrogenicity, leading to (i) a substantial underestimation of the potential pool of environmental xenoestrogens and (ii) creating a real challenge in the evaluation of EDC risk assessment in the regulatory context.



In the present study, the estrogenic potential of DEP was evaluated, expanding the “classical” methodological path for detecting direct ERα estrogenic interference (e.g., ERα binding, ERα-mediated nuclear mechanism) to a broad-spectrum analysis of ERα activation related to the mechanistic and functional outcomes of breast cancer cell proliferation.




2. Materials and Methods


Cell Culture and Reagents. 17β-estradiol (E2), DMEM (with and without phenol red), and fetal calf serum were purchased from MERCK (Darmstadt, Germany). Bradford protein assay kit, as well as anti-mouse and anti-rabbit secondary antibodies, was obtained from Bio-Rad (Hercules, CA, USA). Antibodies against ERα (H-C20, rabbit), pS2 (FL-84, rabbit), cyclin B1 (GNS1, mouse), cyclin D1 (H-295, rabbit), AKT (B-1, mouse), anti-phospho-ERK (E-4, mouse), and ERK1/2 (C-14, rabbit) were obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA); anti-phospho-ERα (Ser118, mouse) and anti-phospho-AKT (pAKT Ser473, 193H12, rabbit) antibodies were obtained from Cell Signaling; anti-vinculin (mouse) antibody was purchased from MERCK (Darmstadt, Germany). Chemiluminescence reagent for Western blotting was obtained from BioRad Laboratories (Hercules, CA, USA). ERα inhibitor endoxifen (End) was purchased from Tocris (Bristol, UK). Diethyl phthalate (DEP) was purchased from MERCK (Darmstadt, Germany). PolarScreen™ ERα Competitor Assay Kit, Green (A15882) was acquired from Thermo Scientific (Waltham, MA, USA). All the other products were from MERCK (Darmstadt, Germany). Analytical- or reagent-grade products were used without further purification.



Human MCF-7 breast cancer cells were purchased from ATTC (LGC Standards S.r.l., Milano, Italy). MCF-7 cells were grown in air containing 5% CO2 in modified DMEM medium containing 10% (v/v) fetal calf serum, gentamicin (0.1 mg/mL), L-glutamine (2 mM), and pen–strep solution (penicillin 100 U/mL and streptomycin 100 mg/mL). The identity of the cell line was verified by STR analysis (BMR Genomics, Padova, Italy). When reported, cells were treated with 17β-estradiol (E2) and/or diethyl phthalate (DEP) at the indicated doses for the indicated periods; endoxifen (End) was added alone or 1 h before E2 and DEP administration and maintained throughout the reported time of stimulation.



In Vitro ERα Binding Assay. A fluorescence polarization (FP) assay was used to measure the binding affinity of diethyl phthalate (DEP) and 17β-estradiol (E2) for recombinant ERα in vitro. The FP assay was performed using a PolarScreen™ ERα Competitor Assay Kit, Green (A15882, Thermo Scientific), as previously reported [27]. Briefly, different doses (10−12–10−5 M) of DEP were administrated in the assay reaction containing Fluormone ES2 (4 nM) and ERα (75 nM) in binding buffer, and measurements were conducted in accordance with the instructions of the manufacturer. The assay was performed for each sample in quintuplicate for 2 h to reach steady-state conditions at room temperature in the dark, and results were read by using a Tecan Spark microplate reader for detecting fluorescence polarization [27].



Cell Manipulation for Western Blotting Analyses. Cells were grown in DMEM with phenol red plus 10% fetal calf serum for 24 h. Before stimulations, media were changed with DMEM without phenol red plus 1% of charcoal-stripped fetal calf serum, and then cells were treated with DEP and E2 at the indicated doses for the indicated periods in the presence or absence of End pre-treatment (10−6 M, 1 h before). After treatment, cells were lysed in Yoss Yarden (YY) buffer (50 mM Hepes (pH 7.5), 10% glycerol, 150 mM NaCl, 1% Triton X-100, 1 mM EDTA, and 1 mM EGTA) plus protease and phosphatase inhibitors.



Western blot analysis was performed by loading 20–30 μg of protein on SDS gels. Gels were run, and the proteins were transferred to nitrocellulose membranes with a Turbo-Blot semidry transfer apparatus from Bio-Rad (Hercules, CA, USA). Immunoblotting was carried out by incubating the membranes with 5% milk or bovine serum albumin (60 min), followed by incubation overnight with anti-phospho-ERα (final dilution 1:1000), anti-ERα (final dilution 1:1000), anti-phospho-AKT (final dilution 1:1000), anti-AKT (final dilution 1:1000), anti-phospho-ERK (final dilution 1:1000), anti-ERK1/2 (final dilution 1:1000), anti-pS2 (final dilution 1:1000), anti-cyclin B1 (final dilution 1:1000), anti-cyclin D1 (final dilution 1:1000), and anti-vinculin (final dilution 1:40.000). Secondary antibody (final dilution 1:5000) incubation was continued for an additional 60 min. Bands were detected using a Chemidoc apparatus from Bio-Rad (Hercules, CA, USA).



Cell count. MCF-7 cells were grown in six-well plates in DMEM with phenol red plus 10% fetal calf serum for 24 h. Before stimulations, media were changed with DMEM without phenol red in the presence of 1% charcoal-stripped fetal calf serum, and cells were stimulated with DEP 10−5 M for 72 h in the presence or absence of End (10−6 M, 1 h before) pre-treatment. After stimulation, cells were harvested with trypsin, centrifuged, stained with trypan blue solution (0.5 mL; 0.4%), and counted in a hemocytometer (improved Neubauer chamber) in quadruplicate.



Cell Cycle Assays. Cell cycle analysis was performed using Nicoletti’s protocol [28]. Briefly, the cell pellet was resuspended in 500 μL of PBS, fixed by adding 4.5 mL of 70% cold ethanol, washed twice, and resuspended in 500 μL of PBS + 500 μL of DNA extraction buffer (0.19 M Na2HPO4, 0.004% Triton X-100, pH 7.8). Cells were incubated for 5 min at room temperature. The pellet was resuspended in 1 mL of DNA staining solution (20 μg of propidium iodide, 0.2 mg of RNase A, in PBS) and incubated once again for 30 min at room temperature. Finally, 20,000 total events on a linear scale were acquired with a CytoFlex Beckman Coulter (Brea, CA, USA), and the percentage of each cell cycle phase was calculated by a proper electronic marker.



Cellular DNA Content, Propidium Iodide (PI) Assay. MCF-7 cells were grown in 96-well plates in complete (10% fetal calf serum) DMEM with phenol red for 24 h. Media were replaced with DMEM without phenol red plus 1% charcoal-stripped fetal calf serum before cell treatment with DEP 10−5 M for 72 h in the presence or absence of End pre-treatment (10−6 M, 1 h before). The cells were fixed and permeabilized with frozen EtOH 70% for 15 min at −20 °C. EtOH solution was removed, and the cells were incubated with propidium iodide (PI) buffer for 30 min in the dark. The solution was removed, and the cells were rinsed with PBS solution. The fluorescence was revealed (excitation 537 nm, emission 621 nm) with a Spark 20 M multimode microplate reader.



Statistical Analysis. Densitometric analyses were performed using the free software Image J by quantifying the band intensity of the protein of interest with respect to the relative loading control band (i.e., vinculin) intensity. The statistical analysis was performed with ANOVA followed by the Bonferroni post-test using the InStat version 8 software system (Graph-Pad Software Inc., San Diego, CA, USA). In all cases, only values of p < 0.05 were considered significant.




3. Results


3.1. DEP Activates ERα without Binding the Receptor


One of the first mechanisms occurring after E2 binding to ERα is receptor activation throughout its phosphorylation at Serine 118 (Ser 118) followed by receptor degradation; these events are pivotal in ERα functional activation [29,30,31,32,33]. Consequently, to determine the estrogenicity of DEP, ductal carcinoma cells (MCF-7 cells) were treated for 1 h with increasing doses of DEP in the absence or presence of E2. Figure 1A shows that E2 stimulation (10−8 M) rapidly increased both receptor phosphorylation and degradation, while at just a 10−5 M concentration, DEP induced a similar effect. However, DEP co-treatment enhanced the E2-induced receptor degradation even at low doses (i.e., 10−7 and 10−9 M), increasing the receptor active status and suggesting an estrogen-agonistic role for this phthalate in the presence of ERα (Figure 1A).



The evaluation of ERα–ligand interaction is the most common assay performed to characterize the estrogenicity of EDCs [34], although divergent results have been reported in the literature on the ability of DEP to bind to ERα [18,19,35,36,37]. The in vitro polarization-based competitive binding assay of DEP and E2 to ERα was performed at room temperature and in steady-state conditions. Figure 1B shows that E2 displaced the fluorescent ligand (i.e., tracer) from ERα with an IC50 of about 3 nM comparable with the hormone Kd measured elsewhere [8,38]. On the other hand, DEP did not displace the fluorescent ligand over the range of 10−12–10−5 M, indicating that it does not bind to ERα in vitro (Figure 1B). Such evidence demonstrates that DEP could fully activate ERα without directly biding to it.




3.2. Analysis of DEP Effect on the Activation of Nuclear and Extra-Nuclear ERα Signals


ERα phosphorylation and degradation are critical events directly linked with the function of this receptor as a ligand-activated transcription factor; moreover, these mechanisms integrate the nuclear and extra-nuclear estrogen signals [1,9,29,32,39,40]. We then analyzed the downstream consequence of the DEP-induced E2-mimetic effect on receptor activation. In particular, the effect of DEP treatment on the main ERα-activated extra-nuclear cascade pathways pivotal for E2-induced cell proliferation (i.e., PI3K/AKT and ERK/MAPK) was evaluated at short-term (1 h) and long-term (24 h) exposures of diverse DEP concentrations. As previously reported [30,41], E2 treatment induced rapid (1 h) and persistent (24 h) ERK1/2 and AKT phosphorylation, whereas only DEP 10−5 M mimicked the rapid and persistent AKT activation (Figure 2 A) without any parallel effect on the ERK pathway activation (Figure 2B). Pre-treating MCF-7 cells with the ERα-specific inhibitor endoxifen (End, 10−6 M; 1 h pre-treatment) completely abolished the rapid (1 h, Figure 2C) and persistent (24 h, Figure 2D) effect of both E2 (10−8 M) and DEP (10−5 M) on AKT phosphorylation.



The impact of DEP on the direct nuclear action of ERα was evaluated by measuring the level of presenilin 2 (pS2), a protein encoded by an E2/ERα target gene whose promoter contains the canonical ERE sequence [29,39]. MCF-7 cell treatment with different doses of DEP ranging from 10−9 to 10−5 M for 24 h indicated that only at a 10−5 M concentration did DEP increase the pS2 level to a similar extent as that observed for the positive control E2 (10−8 M; 24 h) (Figure 2E). End pre-treatment (10−6 M) prevented the up-regulation of pS2 by both E2 and DEP (Figure 2F), supporting the notion that ERα is required for the DEP effect. Overall, these data demonstrate that, in line with the results obtained in Figure 1A on ERα phosphorylation and degradation, DEP (10−5 M) mimics the E2 effect, being able to activate ERα-dependent nuclear and extra-nuclear activities, showing a prevalent role of the PI3K/AKT pathway in the DEP effect. For this reason, 10−5 M of DEP was used for subsequent experiments.




3.3. DEP Induces Cyclin Expression and MCF-7 Proliferation


It is well known that E2-dependent activation of ERα promotes DNA synthesis, cell cycle progression, and cell proliferation in estrogen-sensitive breast cancer cells (i.e., MCF-7) [6,42]. Prompted by the identification of DEP-dependent activation of ERα-based pathways important for E2-induced cell cycle progression (i.e., AKT activation), we investigated the DEP effect on cell proliferation-related intracellular events. As previously shown [41,43,44,45,46,47], cyclin D1 is under the indirect control of the E2/ERα pathway and is involved in the G1/S transition. Moreover, the cyclin B1 protein, which is necessary for G2/M passage, is also positively regulated by E2 in breast cancer cells [44]. Therefore, we analyzed the effect of DEP treatment at the 10−5 M concentration on the expression of both cyclins D1 and B1 at two different time points, 24 h and 72 h. The time of administration was chosen because it is known that the MCF-7 doubling time is 55 ± 11 h [48]. As reported in Figure 3A and in other reports [44], E2 (10−8 M) increased cyclin D1 but not cyclin B1 levels at the 24 h time point (Figure 3A). As with E2 treatment, DEP (10−5 M) stimulation did not modify the expression levels of cyclin B1 but significantly increased those of cyclin D1 at 24 h (Figure 3A). The same analysis conducted 72 h after the stimulation revealed that E2 up-regulated both cyclin D1 and cyclin B1 levels (Figure 3B), whereas DEP treatment promoted only the accumulation of cyclin B1 (Figure 3B”). The effect of DEP on cyclin D1 and cyclin B1 was completely abrogated by End (10−6 M; 1 h before) pre-treatment (Figure 3A’,B”), indicating an ERα-dependent mechanism. On the other hand, End pre-stimulation was able to block only the E2 effect on the modulation of cyclin D1 but not of cyclin B1, suggesting that E2 regulation of cyclin B1 could be more complex (e.g., the regulation of its expression could be dependent on the progression of the cell cycle). Furthermore, the fact that treatment with End alone or in combination with DEP significantly decreased the cyclin D1 (24 h, 72 h, Figure 3A’,B’) and cyclin B1 (72 h, Figure 3B”) levels significantly below the control conditions may support a critical role exerted by ERα in the regulation of the cell cycle and in the absence of any direct ligand/interactor. The reported results evidence that DEP exposure promoted the expression of critical E2-controlled regulators of the cell cycle through an ERα-dependent mechanism. This mechanism shows a “timing”, which was completely superimposable on that reported for E2 treatment with respect to cyclin B1 (i.e., increased levels at 72 h), whereas it did not completely coincide with respect to cyclin D1 levels (Figure 3C). Indeed, in the latter case, only E2 was able to maintain a persistent increase in the protein after 72 h; however, a decline in the protein level was evident beyond the 24 h time point (Figure 3C).



Once we defined the DEP-dependent increase in cyclins, we evaluated the impact of the phthalate on cell cycle progression at the same time of the maximum peak of cyclin D1 induction (24 h). E2 treatment significantly promoted an increased number of MCF-7 cells in the S phase of the cell cycle (Figure 4A). DEP treatment led to the same effect by promoting the G1-to-S phase transition of MCF-7 cells. To support the pivotal role of ERα in the DEP-dependent effect on the cell cycle, MCF-7 cells were pre-treated with End (10−6 M; 1 h before) which prevented the effect of both E2 and DEP. In turn, as reported in Figure 4B,C, the effect of DEP on cell cycle progression reflected the ability of the phthalate to significantly induce the proliferation of MCF-7 cells to the same extent as that of the endogenous ligand E2, as confirmed by viable cell counting (Figure 4B) and propidium iodide (PI) assay [49] (Figure 4C). As reported for the cell cycle progression, the pre-stimulation with End (10−6 M; 1 h before) blocked the proliferative effect of E2 and DEP (Figure 4B,C). These results demonstrate that DEP exposure fully activates the ERα nuclear and extra-nuclear signaling pathways devoted to breast cancer cell cycle progression and proliferation despite the lack of direct receptor binding.





4. Discussion


Phthalates comprise a wide range of chemicals grouped into high-molecular weight compounds (e.g., di-2-ethylexyl phthalate, DEHP) and low-molecular weight compounds (e.g., dibutyl phthalate, DBP) [50] which are environmentally widespread and have been identified as a human concern due to their endocrine disruption activities [35,50]. However, the mechanisms at the root of phthalate cellular functioning, concerning their estrogenic potential, are not completely elucidated and appear to be different when the compounds are used singularly or in a mixture [20]. Here, we considered the low-molecular weight diethyl phthalate (DEP) compound, which is not classified as estrogenic or as an anti-androgenic compound by European chemical agencies [51]. For the first time, we demonstrate that DEP acts as an estrogen mimetic able to indirectly activate ERα and, in turn, to increase the proliferation of human breast cancer cell models. These discoveries enlarge the idea about the mechanisms of estrogenic interference by chemical compounds and imply the need for the implementation of novel methods to confirm or to identify potential unknown endocrine disruptors.



Phthalates including DBP and butyl benzyl phthalate (BBP) have been reported as week estrogen mimetics, being able to interact with ERα, induce receptor-dependent gene transcription, and increase the proliferation of MCF-7 breast cancer cells [16,25,52,53]. For a long time, evidence indicating no effect of DEP in the estrogen receptor transcriptional activation assay performed in yeast strains or in inducing augmentation of uterine weight in rats (uterotrophic assay) was related to the lack of agonistic effects of DEP on estrogen receptors and, in turn, of any estrogenic potential of such a phthalate [19,25]. Despite this, other independent studies have lately supported the estrogenic nature of DEP, as confirmed by in vitro transactivation assays in CHO and MCF-7 cells, the increased expression of the E2-susceptible vitellogenin (VTG) gene in zebrafish embryos, and the positive uterotrophic effect in immature female rats [18]. In this context of controversial evidence, the data reported here indicate that DEP up-regulates, in an ERα-dependent manner, the levels of the pS2 protein, whose expression is under the control of ERE sequences, indicating the ability of DEP to activate the direct transcriptional effect of the receptor. The same effect has already been reported, and it has been suggested to rely on the interaction between DEP and ERα by comparison with other phthalates [18]. However, we demonstrate, according to other previous works [19,35,36,37], that DEP does not directly bind ERα in vitro over the 10−12–10−5 M range of concentrations, indicating a more complex interference effect of DEP on ERα, which could occur at different levels of the receptor-dependent estrogenic signaling. Indeed, although EDC studies are mainly focused on the analysis of compounds’ interference in the classical direct nuclear ER mode of action [26], ERs are also localized at the plasma membrane, functioning as extrinsic receptors (for review, see [6]). Thus far, it is well known that ERα membrane localization is needed for the E2-dependent regulation of different cellular processes including cell migration, survival, and proliferation [54,55,56,57] occurring through the activation of the most conserved ERα-dependent extra-nuclear signaling pathways such as PI3K/AKT, ERK/MAPK, and p38/MAPK (for review, see [6]). We firstly demonstrate that DEP activates AKT signaling rapidly and persistently through ERα. Moreover, although the activation of the MAPK/ERK pathway by high DEP concentrations has been reported elsewhere [18], here, the obtained results indicate that DEP 10−5 M does not lead to ERK phosphorylation, differently to what occurs upon treatment with E2. This result supports the idea that the activation of estrogen receptor and its related signaling is a function of the molecule administered to the cell and of receptor conformational changes that the specific ligand can generate [6].



As previously reported in breast cancer cells [30], the rapid E2-dependent activation of the PI3K/AKT but not the ERK/MAPK pathway regulates Ser118 phosphorylation of ERα and its degradation, both events indicating the functional activation of the receptor [30,31,32]. ERα phosphorylation at the Ser118 residue represents the main integration link between extra-nuclear and nuclear E2-dependent receptor signaling, resulting in the ERα rapid signaling-dependent receptor protection from the proteolytic breakdown and full activation of target gene transcription [1,32,40,58]. Moreover, E2-dependent proteasomal ERα breakdown relates to the transcriptional activities of the receptor, whereas lysosomal-dependent degradation is needed for the E2-induced extracellular events linked to breast cancer cell proliferation [31]. In the context of EDC estrogenicity, the connection of ERα Ser118 phosphorylation/breakdown with the cellular consequences of endocrine disruptor exposure has been evidenced for bisphenol A (BPA), a prototype of xenoestrogen, and the plant-derived flavonoid naringenin (Nar) which binds to both ERα and ERβ with a similar affinity [5,7]. Both BPA and Nar bind to ERα and activate the receptor by triggering Ser118 phosphorylation and the direct transcriptional activity on ERE-containing genes. In addition, only BPA induced parallel receptor degradation and the induction of MCF-7 proliferation as well as the endogenous ligand E2 [7], indicating that mechanisms of ERα activation are strongly susceptible to external ligands and critically linked to the cellular outcomes.



The present results prove that, despite the lack of direct ERα binding, DEP also induces ERα phosphorylation and degradation, as it occurs upon E2 or BPA binding, and it conveys the same cellular outcome. Indeed, although some investigators indicated that DEP exposure does not lead to a proliferative effect on breast cancer cells [16], other evidence [18,23,24] supports our observation (Figure 4B,C), which reveals the ability of this phthalate to induce MCF-7 cell proliferation. Our data provide new insights about the molecular signature of DEP-dependent proliferation, which converges on the same effector proteins activated by the endogenous ligand E2. Indeed, DEP treatment triggers the up-regulation of two different proteins which take part in the regulation of the cell cycle under E2 stimulation, namely, cyclin D1 and cyclin B1 [41,44]. Cyclin D1 has been reported for a long time as an E2 target in breast cancer cells [41,43,44] which plays a key function in the hormone-dependent promotion of G1/S transition, as confirmed by the increase in cells in the S phase after hormone treatment. Despite the well-known transcriptional regulation of the cyclin D1 gene by E2 treatment in hormone-sensitive breast cancer cells [45,46,47], it does not present any ERE sequence in the promoter region [41,59], and it was clarified that hormone induction of cyclin D1 is under the control of a DNA binding-independent effect of ERα relying on the receptor membrane rapid signaling [41]. In parallel, cyclin B1, which promotes progression toward the M phase of the cell cycle [60], is also under the regulation of the E2/ERα-activated rapid ERK/MAPK and PI3K/AKT signals [44]. Thus, in line with the evidence that xenoestrogen could interfere with non-ERE-containing gene transcription [41], as well as cyclin D1 and B1, by regulating ERα membrane starting signals, we identified a novel DEP-activated circuit. Indeed, DEP-dependent activation of PI3K/AKT signals through ERα is accompanied by the receptor’s phosphorylation in Ser118 and its degradation, which converge to a time- and ERα-dependent increase in cyclins D1 and B1, resembling the effect provided by treatment with the endogenous ligand E2, as further evidenced by the DEP promotion of cell cycle progression. Altogether, the obtained results confirm the estrogenicity of DEP, providing the proof of principle that the DEP effect is strictly dependent on the presence of ERα and on the activation of rapid extra-nuclear signaling devoted to the increase in breast cancer cell proliferation, although DEP does not bind the receptor.



The absence of any physical DEP/ERα interaction has weakened the hypothesis of a direct effect of DEP on estrogen signaling for a long time. Some reports indicate that the main endocrine-disrupting function of DEP could be limited to the regulation of steroid biosynthesis, resulting in a greater production of E2 [20,35], which, in turn, could be responsible for the ER-based effect induced by DEP [35]. In the context of breast cancer cells, although playing a common role as a negative regulator of estrogen signaling, evidence indicates that the aryl hydrocarbon receptor (AhR)-activated pathway promotes intratumoral estrogen synthesis, as indicated by the induction of aromatase expression in MCF-7, T47D-1, and MDA-MB-231 breast cancer cells [61]. Thus, the reported ability of DEP to act as an AhR agonist [20] could sustain the hypothesis that DEP interference on estrogenic signaling in breast cancer cells may occur by stimulating cellular E2 synthesis. Nonetheless, results about the DEP-dependent rapid PI3K/AKT activation together with the differential activation of the ERK/MAPK pathway between E2 and DEP (Figure 2A,B) could not be reconciled with the idea of an E2-mediated mechanism. Instead, it may be thought that DEP impacts estrogenic signals by stimulating the engagement and the activation of ERα through an indirect mechanism involving other receptors, as it occurs for other EDCs [30], whose identification is still a matter of study in our laboratory. In this context, the ERα-46 and ERα-36 variants, both expressed in MCF-7 [62,63], could be considered as possible alternative receptors for DEP. Although the differential and broader ligand affinities of ERα variants [63,64] may sustain a possible accommodation of DEP, the biological functions associated with these variants do not completely fit with those reported for DEP. Indeed, the ERα-46 antagonistic effect on the proliferative function of full-length ERα [62] and ERα-36-dependent inhibition of transactivation and genomic estrogen signaling (e.g., pS2 expression) [63] may lead to ruling out an engagement of ERα-46 and ERα-36 by DEP, although further studies on this may be worthy.



Furthermore, it has been suggested that phthalates can exert their disruptive effects on estrogen signaling through both ERα and G protein-coupled estrogen receptor (GPER-1) [65]. In spite of this, the lack of any evidence of direct interaction between DEP and GPER-1 and of convincing evidence supporting the role of GPER-1 in the estrogen-dependent response in vivo [66] weakens the hypothesis of the involvement of the GPER-1 receptor in DEP effects.




5. Conclusions


In conclusion, the evidence reported here adds a higher level of complexity to the study of xenoestrogens. Indeed, the definition of the ERα-dependent pathway activated by DEP corroborates the idea that compounds able to interfere with the estrogenic signaling through an ER-mediated effect could not only function as receptor partners but also modulate the estrogenic signaling through the indirect induction of a conformational change in ERα and subsequent transduction mechanisms/functional outcomes. Such alternative mechanisms of estrogenic signaling activation, over time, have led to underestimating the potential estrogenic interference of environmental compounds that do not directly bind the receptor as well as DEP. Among the different methods applied to EDCs, assays that have pointed to the analysis of direct binding with sex steroid receptors, gene transcription, DNA, and co-regulator binding (e.g., yeast two-hybrid assay, transcription assay, report gene assay) are considered the basic tools for the screening of ER-based endocrine activity [12,34,67]. However, the use of pathway-based risk assessment which relies on the analysis of signaling pathways to evaluate the estrogenicity of environmental compounds has found increasing interest in the scientific community as a valuable option for cell/animal outcome-based evaluation, laying the groundwork for a paradigm shift, which should be necessarily set on reliable assays [34].



In this scenario, the evidence reported here reveals a circuitry where ERα Ser118 phosphorylation, degradation, and transduction pathways are linked to the final cellular outcome (e.g., proliferation) under different conditions including exposure to endogenous ligands, classical ER-binding xenoestrogens (e.g., BPA [30]), and other interfering compounds such as DEP, despite the absence of any physical binding with the receptor. In line with such evidence, analyses of ERα Ser118 phosphorylation and receptor breakdown could serve as critical endpoints and predictive assays for the screening of broader potential xenoestrogens, and for the evaluation of functional consequences of their exposure in the challenging perspective to shift the paradigm on EDC identification and reconsider the risk assessment for estrogenic interference beyond the common assays used in the regulatory context.







Author Contributions


Conceptualization, M.F. and M.M.; methodology, F.A., S.L. and M.C.; formal analysis, G.B. and M.C.; data curation, M.F.; writing—original draft preparation, M.F.; writing—review and editing, M.M., M.F. and F.A.; funding acquisition, M.M. and M.F. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by INAIL, grant number BRIC-ID49, and the MIUR Department of Excellence.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data presented in this study are available on request from the corresponding author.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Ascenzi, P.; Bocedi, A.; Marino, M. Structure–function relationship of estrogen receptor α and β: Impact on human health. Mol. Asp. Med. 2006, 27, 299–402. [Google Scholar] [CrossRef]

	



Cooke, P.S.; Nanjappa, M.K.; Ko, C.; Prins, G.S.; Hess, R. Estrogens in Male Physiology. Physiol. Rev. 2017, 97, 995–1043. [Google Scholar] [CrossRef] [PubMed]

	



Bulzomi, P. Environmental endocrine disruptors: Does a sex-related susceptibility exist? Front. Biosci. 2011, 16, 2478–2498. [Google Scholar] [CrossRef]

	



Guercio, G.; Saraco, N.; Costanzo, M.; Marino, R.; Ramirez, P.; Berensztein, E.; Rivarola, M.A.; Belgorosky, A. Estrogens in Human Male Gonadotropin Secretion and Testicular Physiology From Infancy to Late Puberty. Front. Endocrinol. 2020, 11, 72. [Google Scholar] [CrossRef] [PubMed]

	



Marino, M.; Pellegrini, M.; La Rosa, P.; Acconcia, F. Susceptibility of estrogen receptor rapid responses to xenoestrogens: Physiological outcomes. Steroids 2012, 77, 910–917. [Google Scholar] [CrossRef] [PubMed]

	



Eacconcia, F.; Emarino, M. The Effects of 17β-estradiol in Cancer are Mediated by Estrogen Receptor Signaling at the Plasma Membrane. Front. Physiol. 2011, 2, 30. [Google Scholar] [CrossRef]

	



La Rosa, P.; Pellegrini, M.; Totta, P.; Acconcia, F.; Marino, M. Xenoestrogens Alter Estrogen Receptor (ER) α Intracellular Levels. PLoS ONE 2014, 9, e88961. [Google Scholar] [CrossRef]

	



Busonero, C.; Leone, S.; Bartoloni, S.; Acconcia, F. Strategies to degrade estrogen receptor α in primary and ESR1 mutant-expressing metastatic breast cancer. Mol. Cell. Endocrinol. 2019, 480, 107–121. [Google Scholar] [CrossRef]

	



Pescatori, S.; Berardinelli, F.; Albanesi, J.; Ascenzi, P.; Marino, M.; Antoccia, A.; di Masi, A.; Acconcia, F. A Tale of Ice and Fire: The Dual Role for 17β-Estradiol in Balancing DNA Damage and Genome Integrity. Cancers 2021, 13, 1583. [Google Scholar] [CrossRef]

	



Calaf, G.M.; Ponce-Cusi, R.; Aguayo, F.; Bleak, T.C. Endocrine disruptors from the environment affecting breast cancer (Review). Oncol. Lett. 2020, 20, 19–32. [Google Scholar] [CrossRef]

	



Kavlock, R.J.; Daston, G.P.; DeRosa, C.; Fenner-Crisp, P.; E Gray, L.; Kaattari, S.; Lucier, G.; Luster, M.; Mac, M.J.; Maczka, C.; et al. Research needs for the risk assessment of health and environmental effects of endocrine disruptors: A report of the U.S. EPA-sponsored workshop. Environ. Health Perspect. 1996, 104, 715–740. [Google Scholar] [CrossRef]

	



La Merrill, M.A.; Vandenberg, L.N.; Smith, M.T.; Goodson, W.; Browne, P.; Patisaul, H.B.; Guyton, K.Z.; Kortenkamp, A.; Cogliano, V.J.; Woodruff, T.J.; et al. Consensus on the key characteristics of endocrine-disrupting chemicals as a basis for hazard identification. Nat. Rev. Endocrinol. 2020, 16, 45–57. [Google Scholar] [CrossRef]

	



Roy, J.R.; Chakraborty, S.; Chakraborty, T.R. Estrogen-like endocrine disrupting chemicals affecting puberty in humans—A review. Med. Sci. Monit. 2009, 15, RA137–RA145. [Google Scholar]

	



Acconcia, F.; Pallottini, V.; Marino, M. Molecular Mechanisms of Action of BPA. Dose-Response 2015, 13. [Google Scholar] [CrossRef]

	



Heudorf, U.; Mersch-Sundermann, V.; Angerer, J. Phthalates: Toxicology and exposure. Int. J. Hyg. Environ. Health 2007, 210, 623–634. [Google Scholar] [CrossRef]

	



Hong, E.-J.; Ji, Y.-K.; Choi, K.-C.; Manabe, N.; Jeung, E.-B. Conflict of Estrogenic Activity by Various Phthalates between In Vitro and In Vivo Models Related to the Expression of Calbindin-D9k. J. Reprod. Dev. 2005, 51, 253–263. [Google Scholar] [CrossRef]

	



Monneret, C. What is an endocrine disruptor? Comptes Rendus Biol. 2017, 340, 403–405. [Google Scholar] [CrossRef] [PubMed]

	



Kumar, N.; Sharan, S.; Srivastava, S.; Roy, P. Assessment of estrogenic potential of diethyl phthalate in female reproductive system involving both genomic and non-genomic actions. Reprod. Toxicol. 2014, 49, 12–26. [Google Scholar] [CrossRef]

	



Api, A. Toxicological profile of diethyl phthalate: A vehicle for fragrance and cosmetic ingredients. Food Chem. Toxicol. 2001, 39, 97–108. [Google Scholar] [CrossRef]

	



Mankidy, R.; Wiseman, S.; Ma, H.; Giesy, J.P. Biological impact of phthalates. Toxicol. Lett. 2013, 217, 50–58. [Google Scholar] [CrossRef] [PubMed]

	



Shen, O.; Du, G.; Sun, H.; Wu, W.; Jiang, Y.; Song, L.; Wang, X. Comparison of in vitro hormone activities of selected phthalates using reporter gene assays. Toxicol. Lett. 2009, 191, 9–14. [Google Scholar] [CrossRef]

	



López-Carrillo, L.; Hernández-Ramírez, R.U.; Calafat, A.M.; Torres-Sánchez, L.; Galván-Portillo, M.; Needham, L.L.; Ruiz-Ramos, R.; Cebrián, M.E. Exposure to Phthalates and Breast Cancer Risk in Northern Mexico. Environ. Health Perspect. 2010, 118, 539–544. [Google Scholar] [CrossRef]

	



A Harris, C.; Henttu, P.; Parker, M.G.; Sumpter, J.P. The estrogenic activity of phthalate esters in vitro. Environ. Health Perspect. 1997, 105, 802–811. [Google Scholar] [CrossRef]

	



Oh, B.S.; Jung, Y.J.; Oh, Y.J.; Yoo, Y.S.; Kang, J.-W. Application of ozone, UV and ozone/UV processes to reduce diethyl phthalate and its estrogenic activity. Sci. Total. Environ. 2006, 367, 681–693. [Google Scholar] [CrossRef]

	



Takeuchi, S.; Iida, M.; Kobayashi, S.; Jin, K.; Matsuda, T.; Kojima, H. Differential effects of phthalate esters on transcriptional activities via human estrogen receptors α and β, and androgen receptor. Toxicology 2005, 210, 223–233. [Google Scholar] [CrossRef] [PubMed]

	



Rosenfeld, C.S.; Cooke, P.S. Endocrine disruption through membrane estrogen receptors and novel pathways leading to rapid toxicological and epigenetic effects. J. Steroid Biochem. Mol. Biol. 2019, 187, 106–117. [Google Scholar] [CrossRef] [PubMed]

	



Bartoloni, S.; Leone, S.; Acconcia, F. Unexpected Impact of a Hepatitis C Virus Inhibitor on 17β-Estradiol Signaling in Breast Cancer. Int. J. Mol. Sci. 2020, 21, 3418. [Google Scholar] [CrossRef]

	



Riccardi, C.; Nicoletti, I. Analysis of apoptosis by propidium iodide staining and flow cytometry. Nat. Protoc. 2006, 1, 1458–1461. [Google Scholar] [CrossRef] [PubMed]

	



Reid, G.; Hübner, M.R.; Métivier, R.; Brand, H.; Denger, S.; Manu, D.; Beaudouin, J.; Ellenberg, J.; Gannon, F. Cyclic, Proteasome-Mediated Turnover of Unliganded and Liganded ERα on Responsive Promoters Is an Integral Feature of Estrogen Signaling. Mol. Cell 2003, 11, 695–707. [Google Scholar] [CrossRef]

	



La Rosa, P.; Pesiri, V.; Leclercq, G.; Marino, M.; Acconcia, F. Palmitoylation Regulates 17β-Estradiol-Induced Estrogen Receptor-α Degradation and Transcriptional Activity. Mol. Endocrinol. 2012, 26, 762–774. [Google Scholar] [CrossRef]

	



Totta, P.; Pesiri, V.; Marino, M.; Acconcia, F. Lysosomal Function Is Involved in 17β-Estradiol-Induced Estrogen Receptor α Degradation and Cell Proliferation. PLoS ONE 2014, 9, e94880. [Google Scholar] [CrossRef]

	



Acconcia, F.; Kumar, R. Signaling regulation of genomic and nongenomic functions of estrogen receptors. Cancer Lett. 2006, 238, 1–14. [Google Scholar] [CrossRef] [PubMed]

	



Ali, S.; Metzger, D.; Bornert, J.; Chambon, P. Modulation of transcriptional activation by ligand-dependent phosphorylation of the human oestrogen receptor A/B region. EMBO J. 1993, 12, 1153–1160. [Google Scholar] [CrossRef]

	



Kiyama, R.; Wada-Kiyama, Y. Estrogenic endocrine disruptors: Molecular mechanisms of action. Environ. Int. 2015, 83, 11–40. [Google Scholar] [CrossRef] [PubMed]

	



Lee, H.; Lee, J.; Choi, K.; Kim, K.-T. Comparative analysis of endocrine disrupting effects of major phthalates in employed two cell lines (MVLN and H295R) and embryonic zebrafish assay. Environ. Res. 2019, 172, 319–325. [Google Scholar] [CrossRef]

	



Blair, R.M.; Fang, H.; Branham, W.S.; Hass, B.S.; Dial, S.L.; Moland, C.L.; Tong, W.; Shi, L.; Perkins, R.; Sheehan, D.M. The Estrogen Receptor Relative Binding Affinities of 188 Natural and Xenochemicals: Structural Diversity of Ligands. Toxicol. Sci. 2000, 54, 138–153. [Google Scholar] [CrossRef] [PubMed]

	



Dvorakova, M.; Kejlová, K.; Rucki, M.; Jírová, D. Selected bisphenols and phthalates screened for estrogen and androgen disruption by in silico and in vitro methods. Neuro Endocrinol. Lett. 2018, 39, 409–416. [Google Scholar]

	



Pesiri, V.; La Rosa, P.; Stano, P.; Acconcia, F. Identification of an estrogen receptor alpha non-covalent ubiquitin binding surface: Role in 17β-estradiol-induced transcriptional activity. J. Cell Sci. 2013, 126, 2577–2582. [Google Scholar] [CrossRef]

	



Métivier, R.; Penot, G.; Hübner, M.R.; Reid, G.; Brand, H.; Kos, M.; Gannon, F. Estrogen Receptor-α Directs Ordered, Cyclical, and Combinatorial Recruitment of Cofactors on a Natural Target Promoter. Cell 2003, 115, 751–763. [Google Scholar] [CrossRef]

	



Anbalagan, M.; Rowan, B.G. Estrogen receptor alpha phosphorylation and its functional impact in human breast cancer. Mol. Cell. Endocrinol. 2015, 418, 264–272. [Google Scholar] [CrossRef] [PubMed]

	



Marino, M.; Acconcia, F.; Bresciani, F.; Weisz, A.; Trentalance, A. Distinct Nongenomic Signal Transduction Pathways Controlled by 17β-Estradiol Regulate DNA Synthesis and Cyclin D1Gene Transcription in HepG2 Cells. Mol. Biol. Cell 2002, 13, 3720–3729. [Google Scholar] [CrossRef]

	



Scott, S.C.; Lee, S.S.; Abraham, J. Mechanisms of therapeutic CDK4/6 inhibition in breast cancer. Semin. Oncol. 2017, 44, 385–394. [Google Scholar] [CrossRef]

	



Foster, J.S.; Henley, D.C.; Ahamed, S.; Wimalasena, J. Estrogens and cell-cycle regulation in breast cancer. Trends Endocrinol. Metab. 2001, 12, 320–327. [Google Scholar] [CrossRef]

	



Razandi, M.; Pedram, A.; Rosen, E.M.; Levin, E.R. BRCA1 Inhibits Membrane Estrogen and Growth Factor Receptor Signaling to Cell Proliferation in Breast Cancer. Mol. Cell. Biol. 2004, 24, 5900–5913. [Google Scholar] [CrossRef] [PubMed]

	



Altucci, L.; Addeo, R.; Cicatiello, L.; Dauvois, S.; Parker, M.G.; Truss, M.; Beato, M.; Sica, V.; Bresciani, F.; Weisz, A. 17β-Estradiol induces cyclin D1 gene transcription, p36D1-p34cdk4 complex activation and p105Rb phosphorylation during mitogenic stimulation of G(1)-arrested human breast cancer cells. Oncogene 1996, 12, 2315–2324. [Google Scholar] [PubMed]

	



Prall, O.W.J.; Sarcevic, B.; Musgrove, E.A.; Watts, C.K.W.; Sutherland, R.L. Estrogen-induced Activation of Cdk4 and Cdk2 during G1-S Phase Progression Is Accompanied by Increased Cyclin D1 Expression and Decreased Cyclin-dependent Kinase Inhibitor Association with Cyclin E-Cdk2. J. Biol. Chem. 1997, 272, 10882–10894. [Google Scholar] [CrossRef] [PubMed]

	



Doisneau-Sixou, S.F.; Sergio, C.M.; Carroll, J.; Hui, R.; A Musgrove, E.; Sutherland, R.L. Estrogen and antiestrogen regulation of cell cycle progression in breast cancer cells. Endocr.-Relat. Cancer 2003, 10, 179–186. [Google Scholar] [CrossRef]

	



Wiese, T.E.; Kral, L.G.; Dennis, K.E.; Butler, W.B.; Brooks, S.C. Optimization of estrogen growth response in MCF-7 cells. Vitr. Cell. Dev. Biol.-Anim. 1992, 28, 595–602. [Google Scholar] [CrossRef]

	



Leone, S.; Busonero, C.; Acconcia, F. A high throughput method to study the physiology of E2:ERα signaling in breast cancer cells. J. Cell. Physiol. 2018, 233, 3713–3722. [Google Scholar] [CrossRef]

	



Falco, M.E.; Forte, M.; Elaforgia, V. Estrogenic and anti-androgenic endocrine disrupting chemicals and their impact on the male reproductive system. Front. Environ. Sci. 2015, 3. [Google Scholar] [CrossRef]

	



European Chemical Agencies, ECHA. Available online: https://echa.europa.eu/documents/10162/9d73fc2a-1e8c-bb19-212b55bc925238ac (accessed on 20 July 2021).

	



Zacharewski, T. Examination of thein Vitroandin VivoEstrogenic Activities of Eight Commercial Phthalate Esters. Toxicol. Sci. 1998, 46, 282–293. [Google Scholar] [CrossRef]

	



Picard, K.; Lhuguenot, J.-C.; Lavier-Canivenc, M.-C.; Chagnon, M.-C. Estrogenic Activity and Metabolism of N-Butyl Benzyl Phthalate in Vitro: Identification of the Active Molecule(s). Toxicol. Appl. Pharmacol. 2001, 172, 108–118. [Google Scholar] [CrossRef] [PubMed]

	



Acconcia, F.; Ascenzi, P.; Bocedi, A.; Spisni, E.; Tomasi, V.; Trentalance, A.; Visca, P.; Marino, M. Palmitoylation-dependent Estrogen Receptor α Membrane Localization: Regulation by 17β-Estradiol. Mol. Biol. Cell 2005, 16, 231–237. [Google Scholar] [CrossRef]

	



Marino, M.; Ascenzi, P.; Acconcia, F. S-palmitoylation modulates estrogen receptor α localization and functions. Steroids 2006, 71, 298–303. [Google Scholar] [CrossRef] [PubMed]

	



Galluzzo, P.; Rastelli, C.; Bulzomi, P.; Acconcia, F.; Pallottini, V.; Marino, M. 17β-Estradiol regulates the first steps of skeletal muscle cell differentiation via ER-α-mediated signals. Am. J. Physiol. Physiol. 2009, 297, C1249–C1262. [Google Scholar] [CrossRef] [PubMed]

	



Pedram, A.; Razandi, M.; Deschenes, R.J.; Levin, E.R. DHHC-7 and -21 are palmitoylacyltransferases for sex steroid receptors. Mol. Biol. Cell 2012, 23, 188–199. [Google Scholar] [CrossRef] [PubMed]

	



Acconcia, F.; Fiocchetti, M.; Marino, M. Xenoestrogen regulation of ERα/ERβ balance in hormone-associated cancers. Mol. Cell. Endocrinol. 2017, 457, 3–12. [Google Scholar] [CrossRef]

	



Herber, B.; Truss, M.; Beato, M.; Müller, R. Inducible Regulatory Elements in the Human Cyclin D1 Promoter. Oncogene 1994, 9, 1295–1304. [Google Scholar]

	



Pines, J.; Hunter, T. Cyclins A and B1 in the Human Cell Cycle. Ciba Found. Symp. 1992, 170, 187–196. [Google Scholar]

	



Saito, R.; Miki, Y.; Hata, S.; Ishida, T.; Suzuki, T.; Ohuchi, N.; Sasano, H. Aryl hydrocarbon receptor induced intratumoral aromatase in breast cancer. Breast Cancer Res. Treat. 2017, 161, 399–407. [Google Scholar] [CrossRef] [PubMed]

	



Penot, G.; Le Péron, C.; Mérot, Y.; Grimaud-Fanouillère, E.; Ferriere, F.; Boujrad, N.; Kah, O.; Saligaut, C.; Ducouret, B.; Métivier, R.; et al. The Human Estrogen Receptor-α Isoform hERα46 Antagonizes the Proliferative Influence of hERα66 in MCF7 Breast Cancer Cells. Endocrinology 2005, 146, 5474–5484. [Google Scholar] [CrossRef]

	



Wang, Z.; Zhang, X.; Shen, P.; Loggie, B.W.; Chang, Y.; Deuel, T.F. A variant of estrogen receptor-, hER- 36: Transduction of estrogen- and antiestrogen-dependent membrane-initiated mitogenic signaling. Proc. Natl. Acad. Sci. USA 2006, 103, 9063–9068. [Google Scholar] [CrossRef]

	



Lin, A.H.Y.; Li, R.W.S.; Ho, E.Y.W.; Leung, G.P.H.; Leung, S.W.S.; Vanhoutte, P.M.; Man, R.Y.K. Differential Ligand Binding Affinities of Human Estrogen Receptor-α Isoforms. PLoS ONE 2013, 8, e63199. [Google Scholar] [CrossRef]

	



Popescu, M.; Feldman, T.B.; Chitnis, T. Interplay Between Endocrine Disruptors and Immunity: Implications for Diseases of Autoreactive Etiology. Front. Pharmacol. 2021, 12. [Google Scholar] [CrossRef] [PubMed]

	



Luo, J.; Liu, D. Does GPER Really Function as a G Protein-Coupled Estrogen Receptor in vivo? Front. Endocrinol. 2020, 11, 148. [Google Scholar] [CrossRef] [PubMed]

	



Freyberger, A.; Schmuck, G. Screening for estrogenicity and anti-estrogenicity: A critical evaluation of an MVLN cell-based transactivation assay. Toxicol. Lett. 2005, 155, 1–13. [Google Scholar] [CrossRef] [PubMed]








[image: Toxics 09 00237 g001 550] 





Figure 1. ERα activation and in vitro binding assays. Western blot (left panel) and corresponding densitometric analysis (right panel) of Ser118-phosphorylated ERα and total ERα protein level in MCF-7 treated for 1 h with the endogenous ERα ligand E2 (10−8 M) as positive control, and a dose curve of DEP at 10−9, 10−7, and 10−5 M in the presence or absence of E2 co-treatment (A). The vinculin levels were used as an internal control of protein loading. Data are means ± SD of at least four experiments. p < 0.01 was determined by the ANOVA test followed by the Bonferroni post-test vs. Veh (*) and E2 (°). In vitro ERα competitive binding assay for the endogenous ligand E2 and DEP performed over the 10−12–10−5 M range by using fluorescent E2 as a tracer. Inhibitor concentration (IC50- nM) is indicated in the panel for each compound (B). 
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Figure 2. DEP activates nuclear and extra-nuclear rapid ERα signals. DEP dose-dependent effect on phosphorylation of AKT (A) and ERK1/2 (B) analyzed at short (1 h) and long (24 h) time exposures. Data show the Western blot image representative of at least four different experiments (upper panel) and the densitometric analysis (bottom panel). Western blot analysis of pAKT levels (upper panel) and densitometric analysis (bottom panel) in MCF-7 treated with DEP 10−5 M for 1 h (C) or 24 h (D) with or without cell pre-treatment with specific ERα inhibitor endoxifen (End; 10−6 M, 1 h before). Western blot (left panel) and corresponding densitometric analysis (right panel) of the E2-responsive protein pS2 in MCF-7 cells treated for 24 h with a dose curve of DEP (10−9, 10−7, 10−5 M) (E) or with DEP 10−5 M in the presence or absence of End (10−6 M, 1 h pre-treatment) (F). E2 in the presence and/or absence of End pre-treatment was used as internal positive control throughout all the experiments. The amount of protein was normalized in comparison with vinculin levels or with total AKT or total ERK1/2 and vinculin levels. Data are means ± SD of at least four experiments. p < 0.01 was determined by the ANOVA test followed by the Bonferroni post-test vs. Veh (-,-,-) (*). 
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Figure 3. ERα-dependent effect of DEP on cyclin expression. MCF-7 cells were treated with DEP 10−5 M for 24 h (A) or 72 h (B) in the presence or absence of End (10−6 M, 1 h before) pre-stimulation, and the protein expression levels of cyclin D1 (Cyc D1; A’,B’) and cyclin B1 (Cyc B1; A”,B”) were evaluated by Western blot. Data show representative Western blot images of at least four experiments (upper panels) and the corresponding densitometric analysis (bottom panels). E2 with or without End pre-treatment was used as positive control. Analysis of expression of cyclin D1 (left box) and cyclin B1 (right box) as a function of the time of DEP 10−5 M exposure (C). The level of vinculin was used for protein normalization. Data are means ± SD of at least four experiments. p < 0.01 was determined by the ANOVA test followed by the Bonferroni post-test vs. Veh (-,-,-) (*). 
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Figure 4. The effect of DEP on ERα-dependent DNA synthesis, cell cycle progression, and proliferation. Cell cycle analysis in MCF-7 cells treated with DEP 10−5 M for 24 h with or without pre-stimulation with End (10−6 M, 1 h before). Upper panels show flow cytometry analysis for cell cycle distribution of MCF-7 cells under different treatment conditions. The bottom panel shows the percentage of cells in G0/G1, S, and G2/M phases with respect to different stimulations. Histograms are representative of at least three independent experiments (A). Viable cell number (B) and analysis of total DNA content obtained from propidium iodide (PI) assay (B) of MCF-7 cells treated with DEP 10−5 M for 72 h in the presence or absence of End pre-treatment (10−6 M, 1 h before). Data are shown as fold of increase in Vehicle condition represented by the blank column (B) or as the dotted line (C). E2 stimulation with or without End pre-stimulation was used as positive control. p < 0.01 was determined by the ANOVA test followed by the Bonferroni post-test vs. G0/G1 phase Veh (-,-,-) and Veh (B,C) (*) or vs. S phase Veh (-,-,-) (°). 
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