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Abstract: Estrogens are major regulators of the mammary gland development, notably during puberty,
via estrogen receptor (ER) activation, leading to the proliferation and differentiation of mammary
cells. In addition to estrogens, the bone morphogenetic proteins (BMPs) family is involved in breast
stem cell/progenitor commitment. However, these two pathways that synergistically contribute to
the biology of the normal mammary gland have also been described to initiate and/or promote breast
cancer development. In addition to intrinsic events, lifestyle habits and exposure to environmental
cues are key risk factors for cancer in general, and especially for breast cancer. In the latter case,
bisphenol A (BPA), an estrogen-mimetic compound, is a critical pollutant both in terms of the
quantities released in our environment and of its known and speculated effects on mammary gland
biology. In this review, we summarize the current knowledge on the actions of BMPs and estrogens in
both normal mammary gland development and breast cancer initiation, dissemination, and resistance
to treatment, focusing on the dysregulations of these processes by BPA but also by other bisphenols,
including BPS and BPF, initially considered as safer alternatives to BPA.

Keywords: bone morphogenetic protein (BMP); epithelial stem cells; breast cancer; bisphenol;
estrogens; microenvironment

1. Introduction

Breast cancer is the most common cancer in women and exhibits important phenotypic and
genetic diversities associated with different prognostics. Breast cancers are clinically classified based on
histological appearance and expression of hormone receptors such as estrogen (ER) and progesterone
(PR) receptors, as well as on the amplification of the Her2 gene coding for a member of the EGF receptor
family [1]. Based on these criteria, four major breast cancer subtypes have been defined: Luminal A and
luminal B (all ER+), HER+ (that can be either ER− or ER+), and basal-like, triple negative (as such ER−)
tumors [2,3]. The ER status in breast tumors is determined by immunohistochemistry detection of the
nuclear expression of the classical 66 kDa isoform of ERα (ERα66). In ER-positive tumors, preventing
ER activation is an efficient therapy. This can be achieved either by using competitive antagonists
of estrogens (e.g., Tamoxifen), preventing its binding to and subsequent activation of ER, by using
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drugs blocking estrogen synthesis (anti-aromatase) in post-menopausal women, or by luteinizing
hormone-releasing hormone (LHRH) analogs, inhibiting female hormones release by the ovaries [4].

Based on epidemiological studies, different factors increasing the risk of breast cancer development
have been highlighted. These factors can be intrinsic, such as mutations in Brca1 or 2, Tp53 or ATM, or
extrinsic, e.g., related to the environment or lifestyle [5,6]. While different genetic alterations appear
progressively following different oncogenic signals, hereditary mutations in breast cancer-predisposing
genes likely account for approximately 10% of breast cancers [7,8]. In breast cancer with a genetic
origin, the most commonly mutated genes are Brca1 and Brca2 [7]. BRCA1 and 2 are two major
regulators of DNA double-strand break (DSB) repair through homologous recombination (HR) and
play a crucial role as tumor suppressor genes, likely by preventing mutations and genome instability [9].
Breast cancer is a multifactorial disease and evidence for the involvement of extrinsic factors in breast
cancer risk has been described. Indeed, a lack of physical activity, tobacco or alcohol consumption
and contraceptive pills or hormone replacement therapy for post-menopausal women were shown to
increase breast cancer risk [10]. As mentioned previously, estrogens are involved in the proliferation of
normal mammary cells but also of breast tumor cells through ER stimulation, leading to the activation
of several pathways involved in cell proliferation and resistance to apoptosis [11,12]. Hormonal status
has been described to play a major role in breast cancer risk, as a premature or extensive exposure to
endogenous estrogens (due to an early menarche, nulliparity, late age for first full-term pregnancy or a
late menopause) increases the risk of breast cancer [13].

The mammary gland is not only exposed to endogenous hormones but also to endocrine-disrupting
chemicals (EDCs), molecules present in the environment able to mimic these hormones. The interest
in EDCs is growing rapidly, owing notably to their extensive use in manufactured goods and their
release in our environment. Several EDCs involved in breast cancer risk have been identified, including
organochlorine pesticides like DDT or DDE, dioxins or polychlorinated biphenyls. In addition, the
bisphenol A (BPA) EDC has raised increasing concerns during the past few years due to its widespread
presence in our environment [14,15]. BPA is an aromatic compound used by the plastic industry as a
monomer in the synthesis of polycarbonates and epoxy resins. Polycarbonates are found in consumer
plastic-like water bottles, sport equipment or toys. Epoxy resins are used to coat the inside of food or
beverage containers. BPA can also be found in thermal paper. BPA monomers from these compounds
can be released into the environment by hydrolysis. Despite rising concerns about its safety [16] and
progressive restrictions on its use, several million tons of BPA are still produced worldwide. Due to
its estrogen-mimetic properties allowing ER activation [17,18], the role of BPA in breast cancer is of
particular interest. Importantly, tumor development is a long and complex process, which includes
several steps following transformation initiation by genetic and epigenetic modifications in normal
cells. It is thus highly probable that mutations or abnormalities accumulate in a given epithelial cell,
ultimately leading to its transformation. This process is accompanied by morphological changes and
modifications of key cellular functions (proliferation, survival, and differentiation) until advanced
stages of cancer initiation, following which altered cells expand and completely invade the lumen.
In this context, these events will preferentially take place in a long-lasting cell of the mammary gland.
Indeed, previous data suggest that target cells of the transformation process could be mammary
epithelial stem-like cells as documented in the case of the claudin-low breast cancer subtype [19].
In that context, studying the role of BPA on mammary stem cell biology appears to be highly pertinent.
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2. The Role of Estrogens in Mammary Gland Development and Homeostasis

2.1. Production and Function in Early Mammary Gland Development

The mammary gland begins its development during embryogenesis and is composed of a
rudimentary ductal system blocked until puberty. Then, two master reproductive hormones are
secreted, namely, estrogens and progesterone. Estrogens control the growth of ducts from their distal
extremity called terminal end buds (TEBs) [20–22], while progesterone is involved in lateral branch
development [23,24].

One of the major hormones involved in mammary gland development is estrogen, mostly
produced by the ovaries but also by other tissues including breast, adipose tissue, liver, pancreas, bone,
skin, brain, and placenta. Estrone (E1), estradiol (E2), estriol (E3) and estetrol (E4, only produced by
the foetus but passing in the mother’s blood) are the four major endogenous estrogens in women.
Depending on the life stage of women, these various types of estrogens are differentially expressed,
with a predominance for estriol and estetrol during pregnancy, for estrone during menopause, and
for estradiol in non-pregnant women between menarche and menopause [25]. Even though a
non-aromatase pathway exists [26], the major estradiol biosynthesis pathway involves aromatase
enzymes, catalyzing the conversion of androstenedione to estrone that is then converted to estradiol or
catalyzing the direct conversion of testosterone into estradiol [27].

The effects of estrogens appear at the time of breast development following the establishment of the
hypothalamo–hypophyseal axis. During puberty, the hypothalamus releases gonadotropin-releasing
hormone (GRH), leading to the secretion of several hormones by the pituitary gland, such as
gonadotropins, follicle-stimulating hormone (FSH), and growth hormone (GH) [28]. These hormones
drive estrogen production by the ovaries. In addition, it has been shown in the rat mammary gland
that GH can directly increase estrogen receptor alpha (ERα) expression in breast stromal cells that
surround mammary epithelial cells [29]. Altogether, estrogens, in combination with other hormones,
orchestrate the growth of the ductal system and adipose tissue accumulation during puberty [20–22].

2.2. Importance in the Adult Mammary Gland

The adult mammary gland is formed of ducts and lobules of secreting luminal epithelial cells
surrounded by contractile myoepithelial cells. These epithelial cells are embedded in a stroma mainly
formed of fibroblasts and adipocytes that secrete several soluble molecules regulating epithelial cell
functions and differentiation. Epithelial cells of the mammary gland are generated by mammary
stem cells, while the stromal compartment arises from mesenchymal stem cells. During adulthood,
the mammary gland undergoes functional and structural changes that alternate between phases of
proliferation, differentiation and apoptosis. This is controlled by cyclic hormonal variation due to
the estrous/menstrual cycle. However, this post-pubertal mammary tree is still immature and only
achieves full maturation during pregnancy and lactation. These final steps encompass alveogenesis
and milk production, which take place mostly under the control of progesterone and prolactin [30,31].
Mallepell et al. suggested that estrogens do not directly stimulate proliferation of the ER-positive
luminal cells but act via a paracrine process [11,32]. Indeed, ER-positive and proliferative cells were
shown to be distinct [33,34]. Estrogens act on luminal ER/PR-positive cells, leading to the cleavage
and liberation of amphiregulin [35,36], which affects neighboring ER/PR-negative cells. In addition,
these ER/PR-negative cells have characteristics of stem cells (SCs), in which asymmetric division is
controlled by growth factors like amphiregulin released by stromal cells [37–40]. Moreover, when mice
are ovariectomized or treated with letrozole (to inhibit endogenous estrogen biosynthesis and provide a
normal stromal and hormonal environment for all other hormones), a decrease in the absolute number
of repopulating cells and in ductal growth and expansion was reported in the fat pads following
transplantation of a limited number of mammary stem cells (MaSCs) [41]. In this setting, an increase
in the percentage of MaSCs-enriched cells in the G0/G1 phases, a decrease in the Ccnd1 and Ccdn2
level in MaSCs-enriched population, and a decrease in the size of the luminal cell population were
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also observed. However, estrogen depletion does not directly impact the size of the MaSCs-enriched
subpopulation [41].

These data support the hypothesis that ductal elongation controlled by estrogens is dependent on
the presence of luminal ER/PR-positive cells which act as estrogens sensors and release in response
factors resulting in ER/PR-negative stem cell division. This highlights the importance of the estrogen
pathway on MaSC regulation and their potential resultant sensitivity to estrogen-mimetics like BPA.

2.3. Effects of EDCs with Estrogenic Activity

Some chemical pollutants have been classified as EDCs based on the following definition: “an
exogenous chemical, or mixture of chemicals, that interferes with any aspect of hormone action” [15,42].
Estrogens are one of the main hormones altered by EDCs. Perturbations of estrogen functions have
been reported in a wide spectrum of pathologies, including metabolic, bone, and reproductive disorders
as well as breast, endometrial or ovarian cancers [16].

At the cellular level, stem cells are a unique category of cells active from embryogenesis up to
late stages of human adult life. Stem cells are fundamental in the development of all organs, in tissue
homeostasis and in diseases. Their unique properties, such as an extended life and low cycling features,
make these cells privileged targets of long-term exposure to numerous factors and alterations. As
important actors of organ integrity, tissue homeostasis and repair, stem cells are likely involved at one
step or another in dysregulations of physiological processes that can occur at any stage of life.

Normal stem cells functions are thus likely to be affected upon exposure to EDCs [43–47]. It
has been shown that this exposure occurs throughout life and even during embryogenesis, at the
moment of mammary gland establishment. For instance, bisphenol A (BPA) has been detected in
urinary samples but also in maternal and fetal plasma, in colostrum and in placental tissue at birth [48].
Several studies have demonstrated that a prenatal exposure to BPA induces changes in fetal mouse
mammary glands, in the epithelial compartment as well as the stromal compartment, favoring the
fat pad maturation and increasing the mammary gland susceptibility to oncogenes [49–51]. Wadia et
al. have described transcriptome modifications, notably an increased expression of genes involved
in apoptosis prevention, myoepithelial differentiation or adipogenesis and a decreased expression of
those involved in cell adhesion [51]. These data highlight an impact on mammary gland development
by EDCs, such as BPA.

3. Mammary Gland Regulation by the BMP Pathway

One of the major conserved signaling pathways involved in stem cell regulation from
embryogenesis up to adult stages is the bone morphogenetic protein (BMP) signaling. There are 21
different soluble BMP molecules that act through serine/threonine kinase BMP receptors (BMPR). In the
context of SC regulation, BMP2 and BMP4 progressively emerge as the most important BMPs. Likely
through its involvement in SC regulation, the BMP pathway is involved in numerous physiological
and pathological processes [52], particularly in tissue regulation. Indeed, BMPs were first described
as regulators of skeletal development, and are actually found in the microenvironment of several
tissues where they contribute to tissue morphogenesis and homeostasis, such as the mammary
gland. It is well known that members of the TGFβ family, which includes BMPs, are involved in
different aspects of female reproduction [53–56]. BMPs were initially identified as key regulators
of bone morphogenesis through their function in mesenchymal stem cells (MSCs) regulation, such
as lineage specification of adipocytes that are one of the major elements of the mammary gland
microenvironment [57–59]. Alterations in BMP signaling have been implicated in metabolic disorders
such as obesity in women [60,61]. Altogether, it indicates a major importance of BMP signaling in the
regulation of different aspects of the mammary gland biology.
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3.1. Role of BMPs in Mammary Gland Development

The BMP signaling pathway is a dynamic and complex pathway, leading to the transduction of
various signals depending on the nature of the BMP ligand and of the BMPR complex oligomerization
induced (for review: [62,63]). It has been reported that BMPs may interact with their receptors in
two different ways [64,65]: On the one hand, BMPs induce a BMPR complex formation called BISC
(BMP-induced signaling complex) and on the other hand, a preformed BMPR complex is present
before BMPs fixation, known as PFC (pre-formed complex). These two different modes of BMP
signal initiation lead to two different signaling cascades, namely, the canonical SMAD-dependent
pathway and the non-canonical SMAD-independent pathway [65]. The SMAD-dependent pathway
includes the recruitment of SMAD1-5-8 proteins, leading to their phosphorylation by type 1 BMPR.
SMAD-phosphorylated proteins then form a complex with SMAD4, leading to its translocation to
the nucleus where it acts as a transcription factor on target genes [62,66]. The SMAD-independent
pathway does not simply encompass one signaling pathway but a multitude of downstream cascades,
involving p38, Ras/ERK and PI3K/AKT [67–70]. BMPs are involved in the different steps of the
mammary gland development. During embryogenesis in mice, BMP4 was shown to participate in the
early steps of mammary gland development by regulating the dorso–ventral axis establishment [71].
The BMP pathway also plays a role in mammary bud formation and outgrowth, as well as in
ductal branching morphogenesis initiation. Hens et al. showed that BMP4 is expressed in both
mesenchymal and epithelial cells of the mammary bud and that the use of a BMP4 inhibitor leads
to a decrease in bud outgrowth [72]. Ductal elongation and secondary branching development
are induced among others by the progesterone receptor type A (PR-A) [73] via increasing Msx2
expression [74]. A link between BMPs and PR-A involved in branching morphogenesis during
postnatal mammary gland development has been reported [75]. In addition, BMPs are also involved in
the myoepithelial compartmentalization and lumen formation [76]. Finally, an in vitro study using
sorted undifferentiated mouse mammary epithelial cells demonstrated the importance of the BMP
pathway in driving lactogenic differentiation [77].

All of these data demonstrate that BMP signaling constitutes an important regulator of the
mammary gland during embryogenesis but most likely also during adulthood.

3.2. BMPs Are Key Embryonic Factors for Adult Tissue Modeling

In healthy tissues, epithelial cells, as well as cells of the mammary gland environment (fibroblasts,
adipose tissue cells, hematopoietic cells), contribute to the production of soluble BMP2 and BMP4
molecules [78]. These two cytokines regulate normal mammary epithelial cell functions. Indeed,
SCs and progenitors sorted according to their CD10 and EPCAM expressions [79] were shown to
express the different elements of the BMP pathway, indicating that in a physiological context, BMP
molecules likely play a role in the regulation of breast SC. This was formally demonstrated by functional
assay following exposure of different human cell types to soluble BMP2 or BMP4 [78] and further
substantiated by the use of TGF/BMP inhibitors allowing the expansion of immature epithelial basal
cells [80]. Interestingly, as shown in the hematopoietic system [81], BMP2 and BMP4 molecules have
distinct effects on mammary SC regulation. Indeed, while BMP4 modulates MaSC and myoepithelial
progenitors, BMP2 controls the commitment and proliferation of luminal progenitors [78]. This is
consistent with results reported in the context of mammary gland development in mice showing that
BMP2 was involved in the in vivo regulation of the luminal lineage [76]. Importantly, these results
established that despite their close similarity, BMP2 and BMP4 exert different functions on the human
mammary gland.
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4. Early Events of Breast Carcinogenesis

4.1. BMP Signaling and Breast Cancer Initiation

BMP signaling is also a well-known pathway that orchestrates the development and homeostasis
of adult tissues such as the neural system [82] and is involved in the protection against neurotoxic
compounds [83–85]. Studies on BMP signaling dysregulations in the neural system have been
remarkably pioneering in the identification of their importance in cancer SC phenotype in
glioblastoma [86,87]. Modulations of BMP signaling by epigenetic mechanisms such as methylation of
BMP-receptor promoters have been of particular clinical interest to further stratify patients and propose
new therapeutic strategies [86]. Since then, the importance of the BMP signaling alterations in cancer
SC features has been extended to breast cancer and leukemia [78,88]. Indeed, our group unveiled that
the microenvironment of human primary luminal breast tumors produces abnormally high amounts of
soluble BMP2 compared to healthy tissue. This higher level is associated with BMPR1B overexpression
by the tumor cells. These two observations argued in favor of a potential over-activation of the BMP
pathway in the luminal tumor cells. To test this hypothesis, a model of mammary SCs (the MCF10A
human, non-transformed epithelial SC cell line) was chronically exposed to high BMP2 concentrations.
This drove MCF10A transformation towards a luminal tumor phenotype. Interestingly, addition
of the IL6 pro-inflammatory cytokine further stabilized the transformed phenotype. The luminal
phenotype of the tumors derives at least in part from a BMPR1B-initiated signaling cascade involved in
luminal commitment of human mammary SCs in the normal context and leading to a FOXA1/FOXC1
transcription factor balance switch in favor of FOXA1, simultaneously with an up-regulation of
GATA3 [78].

Surprisingly, BMP2-mediated luminal transformation of MCF10A is accompanied by a strong
activation of the estrogen signaling pathway despite the absence of ERα66 in those cells. Our
understanding of estrogen signaling is hindered by the existence of several isoforms generated by
alternative splicing and different promoter usage [89]. These isoforms can be expressed in both
ERα66-positive and -negative cells and display different sub-cellular localizations [90,91]. For example,
unlike ERα66, ERα36 is expressed mainly at the plasma membrane and activates estrogen non-genomic
signaling by activating the ERK pathway through an interplay with the MKP3 phosphatase [92].
Interestingly, in the context of EDC research, ERα36 displays altered ligand preference and causes
distinct effects compared to ERα66. For instance, the tamoxifen drug used as an estrogen antagonist
in ERα66 breast cancers behaves as an estrogen agonist for ERα36 [93,94]. The importance of these
different ERα isoforms in mammary epithelial SC features and in the context of breast cancer has been
confirmed by a recent study [94].

In addition, BMP signaling has also been directly implicated in thyroid-lineage specification [95,96]
as well as in thyroid carcinoma [97]. Of note, thyroid hormone status interferes with estrogen target
gene expression in breast cancer samples in menopausal women [98]. This highlights shared interests
in further investigating the importance of the BMP pathway for both thyroid and estrogen signaling in
the context of exposure to EDCs. Altogether, these different examples illustrate how BMP signaling,
by controlling stem cells, is at the interface of a number of fundamental physiological processes in
humans and is directly involved in mammary stem cell transformation.

4.2. Involvement of Bisphenols in Breast Carcinogenesis

During development and organogenesis, tissue differentiation is tightly regulated by a series of
precisely timed molecular and cellular events. It is now widely accepted that adverse environmental
exposure during these processes might have significant life-long implications [99–101]. Some of the
first steps of carcinogenesis are an increase in proliferation, apoptosis inhibition, and activation of
survival signaling pathways. To do this, several tumor suppressor genes, like p53 or Brca1 for instance,
need to be inactivated by different mechanisms including epigenetic changes.
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Evidence gathered from studies in experimental models and human populations have already
confirmed that EDCs, including BPA, contribute to increased disease risk [102,103]. Given the significant
involvement of estrogens in both normal and pathological conditions, EDCs able to interfere with the
homeostasis of the estrogen endocrine system are a potential source of several health disorders. A
positive relationship between BPA exposure and cancer development is reported in the literature [104].
Although there are growing evidence that exposure to BPA may be harmful for human health,
understanding of the molecular mechanisms underlying BPA-dependent effects in cancer development
is still limited. Of note, one study reported that exposure of normal human mammary epithelial cells
to BPA induces proliferation and senescence [105]. In contrast to non-exposed cells, these BPA-treated
cells generate bigger mammospheres and are able to maintain their proliferation for a longer period
of time due to autocrine growth factor secretion. The authors also observed an increase in DNA
hypermethylation of tumor suppressor genes, such as Brca1. All these data support that BPA can
promote early pre-tumoral stages as also shown in studies performed on normal human breast epithelial
cells (MCF-10F) [106]. When mice were treated at puberty with BPA (added in their drinking water
to mimic typical exposure in humans), estrogen-dependent transcriptional events were perturbed in
their offspring and the number of terminal end buds was altered in a dose-dependent fashion [107].
Moreover, pubertal BPA exposure altered the function of MaSCs, leading to the appearance in the
regenerated glands of early neoplastic lesions with molecular alterations similar to the ones detected in
early neoplastic breast cancer tissues [108]. In addition, BPA-treated human mammary stem cell lines,
such as MCF-10F cells, upregulate their expression of genes involved in DNA repair and downregulate
pro-apoptotic gene expression [109]. Altogether, these observations strongly support that MaSCs are
directly susceptible to BPA-induced transformation [107–109].

Mechanistically, estrogens and estrogen-mimetics like BPA were mainly thought to act through the
canonical ERα66 receptor, a nuclear receptor that can initiate signaling pathways at the cell membrane
and transcriptional responses in the nucleus. It was shown that BPA was capable of up-regulating
the protein levels of steroid receptor coactivators (SRC-1, SRC-3), as well as promoting the activity
of estrogen response elements [110]. Interestingly, it was demonstrated that in this case the addition
of melatonin blocked the increase in steroid receptor coactivator expression and activity of estrogen
response elements triggered by BPA [110]. Another study suggested that BPA stimulates the release of
EGFR-ligands by directly targeting other molecules than ER, such as ADAM17 or ADAM10. A better
understanding of BPA-specific effects on other molecules than ERα66 is much required to improve our
knowledge of its tumorigenic potential [111].

4.3. A New Concept: Bisphenol Molecules as Breast Cancer Drivers through the Perturbation of Alternative
Signaling Such as the BMP Pathway

Works from our team and others suggest that bisphenols could act on multiples cell types of the
mammary gland, and its effects may converge to provoke major dysregulations of the BMP pathway
that could participate in luminal breast cancer initiation. Indeed, we observed a major impact of BPA
on the mammary microenvironment (niche) equilibrium. BPA greatly increases BMP2 production by
stromal cells of the human mammary SC microenvironment [78]. In this context, we also demonstrated
that long-term exposure (60 days) of human mammary stem cells to BPA initiates fundamental changes
in stem cells, in particular by altering major BMP signaling elements such as receptor expression and
localization [43]. This results in the “priming” of the SCs to exogenous activating molecules of the
BMP pathway. Therefore, BPA sensitizes breast SCs to exogenous soluble BMP molecules. Collectively,
these results suggest a possible model where non-genotoxic alterations in both the stem cells and their
niche could act synergistically to initiate the transformation process (Figure 1).
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Figure 1. BPA-induced modifications of the mammary gland ecosystem. In the absence of BPA (left
panel), BMP2 production by the breast microenvironment and BMP receptor expression by mammary
epithelial cells sustains the homeostasis of the mammary gland. In the presence of BPA (right panel),
BMP2 production by mammary fibroblasts is stimulated and in turn activates, in conjunction with
BPA, IL6 production by adipocytes. IL6 can then further increase BMP2 production by fibroblasts. In
parallel, BPA primes epithelial SCs cells to the increased BMP2 signaling by acting on BMP receptor
expression and localization. This dysregulated BMP signaling and the inflammatory context provided
by IL6 cooperate to favor mammary stem cell transformation.

Interestingly, these previous studies showed that BPA impacts BMP signaling pathway members
in both mammary epithelial and stromal cells that do not express ERα66. At the mechanistic level, it
then remains to understand how BPA signals in these cells and especially if it is through other ERα
isoforms or through ER-independent pathways. These questions are of great interest for understanding
the effects of both BPA and estrogens since it has been reported that some cell lines are able to respond
to an estrogen signal despite their very low levels or complete absence of estrogen receptors [99].

In response to accumulating evidence in favor of adverse health effects following exposure to
BPA, likely mediated by its activation of ERα66, alternative bisphenols have been developed such as
BPS and BPF that are considered safer due to their very low binding affinity to ERα [112]. However,
an increasing number of studies are showing that these alternative bisphenol molecules are not as
innocuous towards mammary gland biology and breast cancer as hoped [113]. We were indeed
surprised to observe that BPA (high affinity binding to estrogen-receptors) as well as its substitute BPS
(very weak affinity binding to estrogen-receptors) both induce BMP2 synthesis in the healthy breast
stroma [78], raising the question whether these bisphenols mediate their transforming effects solely
through a classical ER-dependent mechanism. Since then, other studies have shown that BPS, as well
as BPF, induce similar effects as BPA [112,113]. Moreover, it was reported that BPA treatment increases
aromatase expression and its activity in healthy breast fibroblasts, leading to an increase in estrogen
biosynthesis and secretion. The same observations were made after treatment with BPS [114].

These results are particularly interesting with regards to the important role of the microenvironment
in the different steps of carcinogenesis. Our work thus indicates that the BMP pathway could be
altered by EDCs such as BPA and its proposed alternatives, both at the level of the stem cells and
their microenvironment. This suggest that early detection of increased BMP2 levels in the mammary
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microenvironment may constitute a reliable marker of early transformation process and could be a
valuable indicator of exposure to EDCs such as bisphenols.

5. Conclusions

Different signaling pathways often engage in complex interactions synergistically mediating an
appropriate cellular response. Estrogen signaling is no exception and is likely involved in a crosstalk
with the BMP pathway at multiple levels in the mammary gland. BMPs are secreted proteins active in
a very large number of organs and tissues during development, adulthood and pathogenesis [115].
Previous work suggested a close interaction between ER−mediated estrogen signaling and the BMP
pathway in different cell types of the mammary gland. In a model of mammary epithelial SCs (MCF10A
cell line), E2 or known EDCs like BPA or BPS were able to potentialize SMAD activation by BMP2 [43].

Deciphering dysregulations of the BMP pathway has been remarkably useful in unveiling its
importance in regulating cancer SC phenotypes in the neural system [86,87]. The role of BMP signaling
alterations in sustaining cancer SC features has been extended by our own work in breast cancer
and leukemia [78,88]. We have shown that chronic exposure to high concentrations of BMP2 drives
the transformation of mammary SCs toward the luminal tumor subtype [78] through the binding
to its BMPR1B receptor. We have also demonstrated that long-term exposure of human mammary
SCs to pollutants such as BPA initiates fundamental changes in SCs by altering major BMP signaling
components [43], thus “priming” the stem cells to exogenous BMP activation. In addition to this effect
on epithelial stem cells we revealed an impact of BPA on the tumor microenvironment through the
induction of the synthesis of high levels of BMP2 by normal fibroblasts and stromal cells [78].

This review focused on the early steps of the transformation. Tumor progression, metastasis, and
resistance to treatments could also be regulated by bisphenols as briefly illustrated in the following
chapters. Progression is generally characterized by elevated cell proliferation rates. Several studies
have demonstrated the involvement of BPA in the proliferation of ER-positive as well as -negative
cancer cells. However, it has also been shown that BPA can trigger proliferation via non-classical
estrogen receptors, such as the estrogen-related receptor gamma (ERRγ) [116,117]. Several studies
have demonstrated that BPS promotes breast cancer cell proliferation, notably through an ER-cyclin
D1-CDK4/6-pRb-dependent pathway, but only in ER-positive breast cancer cells [118–120]. Moreover,
it has also been reported that BPF has the same proliferative action as BPA, BPS, or estrogen treatment
on ER-positive transformed cells, and as for BPS, this proliferative effect relies on cyclin D and E
expression through ER-dependent pathways [118]. Similarly to BPA, BPS can also induce epigenetic
and transcriptional changes in breast cancer cells, upregulating proliferation-, cellular attachment-,
adhesion- and migration-related genes [121].

Metastasis has long been associated with late stages of cancer, but new hypotheses on the
origin of metastasis have progressively emerged suggesting that it could be an inherent marker of
tumor cells [122,123]. Metastasis dissemination is a dynamic process that involves several steps:
Local invasion of cells from the primary tumor, intravasation leading to dissemination through
the blood or lymph flux, extravasation to invade new tissues, implantation and finally new tumor
growth. Numerous signaling pathways and programs are activated during this process, such as
epithelial-to-mesenchymal transition (EMT), anoikis, migration and proliferation among others (for
review: [124,125]). It has been shown that ER-negative breast cancers are associated with an increased
risk of metastasis development [126]. Indeed, ER-negative breast cancers express more mesenchymal
markers such as vimentin and N-cadherin or EMT-transcription factors that are required for metastasis
initiation. Conversely, ER-positive tumors are associated with a more differentiated luminal phenotype,
expressing epithelial markers (E-cadherin, ER, Foxa1 for instance). Accordingly, a down-regulation
of the luminal-specific transcription factor Foxa1 was induced after BPA treatment in triple negative
tumor cell lines leading to EMT induction and increased cell motility [127]. In this study, BPA treatment
activated the PI3K/AKT pathway, leading to a down-regulation of epithelial genes associated with an
up-regulation of mesenchymal genes.
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Resistance and relapse can be due to tumor adaptation or evolution. Indeed, therapies elicit a
selective pressure on cells, which in turn develop resistance, notably by acquiring mutations. Tamoxifen
resistance of ER-positive tumors can be caused by a loss of ER [128], its mutation or post-translational
modification [129], among others. It has been shown that BPA is involved in chemoresistance [130] and
notably in tamoxifen resistance in ER-positive tumor cell lines [131] by decreasing tamoxifen-induced
apoptosis and increasing gene expression of ERRα, which contributes to tamoxifen resistance [132]
and cell proliferation [117]. Another study has demonstrated that an ERα variant can be induced by
BMP2 [133] and could be involved in tamoxifen resistance [134]. We can hypothesize that in ER-positive
tumors, under tamoxifen treatment and in a BPA-containing environment, some cells acquire resistance
to treatment through a switch in signaling pathways in favor of a decrease in treatment cytotoxicity and
a modification of estrogen receptor stoichiometry, e.g., an increase in ERRα or ERα isoform expression.
Treatment efficacy can then be bypassed and cells can start to proliferate again.

To conclude, the BMP signaling plays a major role in the regulation of SCs and of their
microenvironment (niche), in both normal and tumor contexts. Multiple abnormalities of BMP
signaling have been observed in cancer, but until recently had mostly focused on its role in advanced
disease. However, due to the increasing documented importance of BMP signaling throughout breast
cancer development (from initiation, progression, metastasis up to resistance), we suggest as a working
model that BMP signaling alterations induced by exposure to BPA, such as increased levels of BMP2
and/or of BMP receptors activity, could participate to most stage of breast cancer development (Figure 2).
This suggests that further investigating the alterations of the BMP pathway induced by exposure to
bisphenols will improve our understanding of breast cancer etiology.

Figure 2. Putative mechanism of BPA involvement during mammary gland carcinogenesis. In the
normal breast, the microenvironment secretes factors, BMP2 in particular, that regulate the luminal
lineage [43]). Exposure to BPA induces dysregulations in the synthesis of microenvironmental factors:
Mammary fibroblasts increase their BMP2 secretion [78] and adipocytes establish an inflammatory
environment by releasing IL6 [135]. The microenvironment then becomes permissive to transformation,
and in concert with BPA, leads to the initiation and progression of breast tumor. Treatments can kill the
tumor bulk, but not cancer stem cells, leading to proliferation and relapse. The relapsing tumor has an
aggressive phenotype due to its cancer stem cell origin and/or to pollutants that promote a decrease in
epithelial marker expression (Gata3, Foxa1) [127], an increase in mesenchymal markers and stem-like
features (ALDH1, SOX2) [136,137] or a loss of ER [128]. Fb, fibroblast; SC, stem cell; Ad, adipocyte;
CSC, cancer stem cell; Tam, tamoxifen.



Cancers 2019, 11, 1351 11 of 18

Funding: We thank the following funding bodies for their support of the team’s work mentioned in this review:
The Association pour la Recherche contre le Cancer, La Ligue contre le Cancer, the Déchaine ton cœur association,
the Région Rhône-Alpes and the Institut National du Cancer.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Pourteimoor, V.; Mohammadi-Yeganeh, S.; Paryan, M. Breast cancer classification and prognostication
through diverse systems along with recent emerging findings in this respect; the dawn of new perspectives
in the clinical applications. Tumour Biol. 2016, 37, 14479–14499. [CrossRef] [PubMed]

2. Goldhirsch, A.; Winer, E.P.; Coates, A.S.; Gelber, R.D.; Piccart-Gebhart, M.; Thurlimann, B.; Senn, H.J.;
Panel, m. Personalizing the treatment of women with early breast cancer: Highlights of the St Gallen
International Expert Consensus on the Primary Therapy of Early Breast Cancer 2013. Ann. Oncol. 2013, 24,
2206–2223. [CrossRef] [PubMed]

3. Sorlie, T.; Perou, C.M.; Tibshirani, R.; Aas, T.; Geisler, S.; Johnsen, H.; Hastie, T.; Eisen, M.B.; van de Rijn, M.;
Jeffrey, S.S.; et al. Gene expression patterns of breast carcinomas distinguish tumor subclasses with clinical
implications. Proc. Natl. Acad. Sci. USA 2001, 98, 10869–10874. [CrossRef] [PubMed]

4. Lumachi, F.; Santeufemia, D.A.; Basso, S.M. Current medical treatment of estrogen receptor-positive breast
cancer. World J. Biol. Chem. 2015, 6, 231–239. [CrossRef] [PubMed]

5. Lal, A.; Ramazzotti, D.; Weng, Z.; Liu, K.; Ford, J.M.; Sidow, A. Comprehensive genomic characterization of
breast tumors with BRCA1 and BRCA2 mutations. BMC Med. Genomics 2019, 12, 84. [CrossRef] [PubMed]

6. Lima, Z.S.; Ghadamzadeh, M.; Arashloo, F.T.; Amjad, G.; Ebadi, M.R.; Younesi, L. Recent advances of
therapeutic targets based on the molecular signature in breast cancer: Genetic mutations and implications
for current treatment paradigms. J. Hematol. Oncol. 2019, 12, 38. [CrossRef] [PubMed]

7. Buys, S.S.; Sandbach, J.F.; Gammon, A.; Patel, G.; Kidd, J.; Brown, K.L.; Sharma, L.; Saam, J.; Lancaster, J.;
Daly, M.B. A study of over 35,000 women with breast cancer tested with a 25-gene panel of hereditary cancer
genes. Cancer 2017, 123, 1721–1730. [CrossRef] [PubMed]

8. Tung, N.; Lin, N.U.; Kidd, J.; Allen, B.A.; Singh, N.; Wenstrup, R.J.; Hartman, A.R.; Winer, E.P.; Garber, J.E.
Frequency of Germline Mutations in 25 Cancer Susceptibility Genes in a Sequential Series of Patients With
Breast Cancer. J. Clin. Oncol. 2016, 34, 1460–1468. [CrossRef] [PubMed]

9. Stoppa-Lyonnet, D. The biological effects and clinical implications of BRCA mutations: Where do we go
from here? Eur. J. Hum. Genet. 2016, 24 Suppl 1, S3–S9. [CrossRef]

10. Momenimovahed, Z.; Salehiniya, H. Epidemiological characteristics of and risk factors for breast cancer in
the world. Breast Cancer (Dove Med. Press) 2019, 11, 151–164. [CrossRef]

11. Mallepell, S.; Krust, A.; Chambon, P.; Brisken, C. Paracrine signaling through the epithelial estrogen receptor
alpha is required for proliferation and morphogenesis in the mammary gland. Proc. Natl. Acad. Sci. USA
2006, 103, 2196–2201. [CrossRef]

12. Renoir, J.M.; Marsaud, V.; Lazennec, G. Estrogen receptor signaling as a target for novel breast cancer
therapeutics. Biochem. Pharmacol. 2013, 85, 449–465. [CrossRef] [PubMed]

13. Dall, G.V.; Britt, K.L. Estrogen Effects on the Mammary Gland in Early and Late Life and Breast Cancer Risk.
Front. Oncol. 2017, 7, 110. [CrossRef]

14. Rodgers, K.M.; Udesky, J.O.; Rudel, R.A.; Brody, J.G. Environmental chemicals and breast cancer: An updated
review of epidemiological literature informed by biological mechanisms. Environ. Res. 2018, 160, 152–182.
[CrossRef] [PubMed]

15. Gore, A.C.; Chappell, V.A.; Fenton, S.E.; Flaws, J.A.; Nadal, A.; Prins, G.S.; Toppari, J.; Zoeller, R.T. EDC-2:
The Endocrine Society’s Second Scientific Statement on Endocrine-Disrupting Chemicals. Endocr. Rev. 2015,
36, E1–E150. [CrossRef] [PubMed]

16. Rochester, J.R. Bisphenol A and human health: A review of the literature. Rep. Toxicol. 2013, 42, 132–155.
[CrossRef]

17. Li, Y.; Perera, L.; Coons, L.A.; Burns, K.A.; Tyler Ramsey, J.; Pelch, K.E.; Houtman, R.; van Beuningen, R.;
Teng, C.T.; Korach, K.S. Differential in Vitro Biological Action, Coregulator Interactions, and Molecular
Dynamic Analysis of Bisphenol A (BPA), BPAF, and BPS Ligand-ERalpha Complexes. Environ. Health
Perspect. 2018, 126, 017012. [CrossRef] [PubMed]

http://dx.doi.org/10.1007/s13277-016-5349-7
http://www.ncbi.nlm.nih.gov/pubmed/27651157
http://dx.doi.org/10.1093/annonc/mdt303
http://www.ncbi.nlm.nih.gov/pubmed/23917950
http://dx.doi.org/10.1073/pnas.191367098
http://www.ncbi.nlm.nih.gov/pubmed/11553815
http://dx.doi.org/10.4331/wjbc.v6.i3.231
http://www.ncbi.nlm.nih.gov/pubmed/26322178
http://dx.doi.org/10.1186/s12920-019-0545-0
http://www.ncbi.nlm.nih.gov/pubmed/31182087
http://dx.doi.org/10.1186/s13045-019-0725-6
http://www.ncbi.nlm.nih.gov/pubmed/30975222
http://dx.doi.org/10.1002/cncr.30498
http://www.ncbi.nlm.nih.gov/pubmed/28085182
http://dx.doi.org/10.1200/JCO.2015.65.0747
http://www.ncbi.nlm.nih.gov/pubmed/26976419
http://dx.doi.org/10.1038/ejhg.2016.93
http://dx.doi.org/10.2147/BCTT.S176070
http://dx.doi.org/10.1073/pnas.0510974103
http://dx.doi.org/10.1016/j.bcp.2012.10.018
http://www.ncbi.nlm.nih.gov/pubmed/23103568
http://dx.doi.org/10.3389/fonc.2017.00110
http://dx.doi.org/10.1016/j.envres.2017.08.045
http://www.ncbi.nlm.nih.gov/pubmed/28987728
http://dx.doi.org/10.1210/er.2015-1010
http://www.ncbi.nlm.nih.gov/pubmed/26544531
http://dx.doi.org/10.1016/j.reprotox.2013.08.008
http://dx.doi.org/10.1289/EHP2505
http://www.ncbi.nlm.nih.gov/pubmed/29389661


Cancers 2019, 11, 1351 12 of 18

18. Routledge, E.J.; White, R.; Parker, M.G.; Sumpter, J.P. Differential effects of xenoestrogens on coactivator
recruitment by estrogen receptor (ER) alpha and ERbeta. J. Biol. Chem. 2000, 275, 35986–35993. [CrossRef]

19. Prat, A.; Parker, J.S.; Karginova, O.; Fan, C.; Livasy, C.; Herschkowitz, J.I.; He, X.; Perou, C.M. Phenotypic
and molecular characterization of the claudin-low intrinsic subtype of breast cancer. Breast Cancer Res. 2010,
12, R68. [CrossRef] [PubMed]

20. Silberstein, G.B.; Van Horn, K.; Shyamala, G.; Daniel, C.W. Essential role of endogenous estrogen in directly
stimulating mammary growth demonstrated by implants containing pure antiestrogens. Endocrinology 1994,
134, 84–90. [CrossRef]

21. Feng, Y.; Manka, D.; Wagner, K.U.; Khan, S.A. Estrogen receptor-alpha expression in the mammary epithelium
is required for ductal and alveolar morphogenesis in mice. Proc. Natl. Acad. Sci. USA 2007, 104, 14718–14723.
[CrossRef]

22. Daniel, C.W.; Silberstein, G.B.; Strickland, P. Direct action of 17 beta-estradiol on mouse mammary ducts
analyzed by sustained release implants and steroid autoradiography. Cancer Res. 1987, 47, 6052–6057.

23. Lydon, J.P.; Sivaraman, L.; Conneely, O.M. A reappraisal of progesterone action in the mammary gland. J.
Mammary Gland Biol. Neoplasia 2000, 5, 325–338. [CrossRef]

24. Shyamala, G. Progesterone signaling and mammary gland morphogenesis. J. Mammary Gland Biol. Neoplasia
1999, 4, 89–104. [CrossRef]

25. Holinka, C.F.; Diczfalusy, E.; Coelingh Bennink, H.J. Estetrol: A unique steroid in human pregnancy. J. Steroid
Biochem. Mol. Biol. 2008, 110, 138–143. [CrossRef]

26. Ishikawa, T.; Glidewell-Kenney, C.; Jameson, J.L. Aromatase-independent testosterone conversion into
estrogenic steroids is inhibited by a 5 alpha-reductase inhibitor. J. Steroid Biochem. Mol. Biol. 2006, 98, 133–138.
[CrossRef]

27. Cui, J.; Shen, Y.; Li, R. Estrogen synthesis and signaling pathways during aging: From periphery to brain.
Trends Mol. Med. 2013, 19, 197–209. [CrossRef]

28. Plant, T.M. 60 YEARS OF NEUROENDOCRINOLOGY: The hypothalamo-pituitary-gonadal axis. J. Endocrinol.
2015, 226, T41–T54. [CrossRef]

29. Feldman, M.; Ruan, W.; Tappin, I.; Wieczorek, R.; Kleinberg, D.L. The effect of GH on estrogen receptor
expression in the rat mammary gland. J. Endocrinol. 1999, 163, 515–522. [CrossRef]

30. Brisken, C. Hormonal control of alveolar development and its implications for breast carcinogenesis. J.
Mammary Gland Biol. Neoplasia 2002, 7, 39–48. [CrossRef]

31. Humphreys, R.C.; Lydon, J.P.; O’Malley, B.W.; Rosen, J.M. Use of PRKO mice to study the role of progesterone
in mammary gland development. J. Mammary Gland Biol. Neoplasia 1997, 2, 343–354. [CrossRef] [PubMed]

32. Stingl, J. Estrogen and progesterone in normal mammary gland development and in cancer. Horm. Cancer
2011, 2, 85–90. [CrossRef] [PubMed]

33. Clarke, R.B.; Howell, A.; Potten, C.S.; Anderson, E. Dissociation between steroid receptor expression and cell
proliferation in the human breast. Cancer Res. 1997, 57, 4987–4991. [PubMed]

34. Zeps, N.; Bentel, J.M.; Papadimitriou, J.M.; D’Antuono, M.F.; Dawkins, H.J. Estrogen receptor-negative
epithelial cells in mouse mammary gland development and growth. Differentiation 1998, 62, 221–226.
[CrossRef]

35. Ciarloni, L.; Mallepell, S.; Brisken, C. Amphiregulin is an essential mediator of estrogen receptor alpha
function in mammary gland development. Proc. Natl. Acad. Sci. USA 2007, 104, 5455–5460. [CrossRef]
[PubMed]

36. LaMarca, H.L.; Rosen, J.M. Estrogen regulation of mammary gland development and breast cancer:
Amphiregulin takes center stage. Breast Cancer Res. 2007, 9, 304. [CrossRef] [PubMed]

37. Villadsen, R.; Fridriksdottir, A.J.; Ronnov-Jessen, L.; Gudjonsson, T.; Rank, F.; LaBarge, M.A.; Bissell, M.J.;
Petersen, O.W. Evidence for a stem cell hierarchy in the adult human breast. J. Cell Biol. 2007, 177, 87–101.
[CrossRef] [PubMed]

38. Booth, B.W.; Smith, G.H. ERalpha and PR are expressed in label-retaining mammary epithelial cells that
divide asymmetrically and retain their template DNA strands. Breast Cancer Res. 2006, 8, R49. [CrossRef]
[PubMed]

39. Booth, B.W.; Boulanger, C.A.; Anderson, L.H.; Jimenez-Rojo, L.; Brisken, C.; Smith, G.H. Amphiregulin
mediates self-renewal in an immortal mammary epithelial cell line with stem cell characteristics. Exp. Cell
Res. 2010, 316, 422–432. [CrossRef] [PubMed]

http://dx.doi.org/10.1074/jbc.M006777200
http://dx.doi.org/10.1186/bcr2635
http://www.ncbi.nlm.nih.gov/pubmed/20813035
http://dx.doi.org/10.1210/endo.134.1.8275973
http://dx.doi.org/10.1073/pnas.0706933104
http://dx.doi.org/10.1023/A:1009555013246
http://dx.doi.org/10.1023/A:1018760721173
http://dx.doi.org/10.1016/j.jsbmb.2008.03.027
http://dx.doi.org/10.1016/j.jsbmb.2005.09.004
http://dx.doi.org/10.1016/j.molmed.2012.12.007
http://dx.doi.org/10.1530/JOE-15-0113
http://dx.doi.org/10.1677/joe.0.1630515
http://dx.doi.org/10.1023/A:1015718406329
http://dx.doi.org/10.1023/A:1026343212187
http://www.ncbi.nlm.nih.gov/pubmed/10935022
http://dx.doi.org/10.1007/s12672-010-0055-1
http://www.ncbi.nlm.nih.gov/pubmed/21761331
http://www.ncbi.nlm.nih.gov/pubmed/9371488
http://dx.doi.org/10.1046/j.1432-0436.1998.6250221.x
http://dx.doi.org/10.1073/pnas.0611647104
http://www.ncbi.nlm.nih.gov/pubmed/17369357
http://dx.doi.org/10.1186/bcr1740
http://www.ncbi.nlm.nih.gov/pubmed/17659070
http://dx.doi.org/10.1083/jcb.200611114
http://www.ncbi.nlm.nih.gov/pubmed/17420292
http://dx.doi.org/10.1186/bcr1538
http://www.ncbi.nlm.nih.gov/pubmed/16882347
http://dx.doi.org/10.1016/j.yexcr.2009.11.006
http://www.ncbi.nlm.nih.gov/pubmed/19913532


Cancers 2019, 11, 1351 13 of 18

40. Sternlicht, M.D.; Sunnarborg, S.W.; Kouros-Mehr, H.; Yu, Y.; Lee, D.C.; Werb, Z. Mammary ductal
morphogenesis requires paracrine activation of stromal EGFR via ADAM17-dependent shedding of epithelial
amphiregulin. Development 2005, 132, 3923–3933. [CrossRef] [PubMed]

41. Asselin-Labat, M.L.; Vaillant, F.; Sheridan, J.M.; Pal, B.; Wu, D.; Simpson, E.R.; Yasuda, H.; Smyth, G.K.;
Martin, T.J.; Lindeman, G.J.; et al. Control of mammary stem cell function by steroid hormone signalling.
Nature 2010, 465, 798–802. [CrossRef] [PubMed]

42. Zoeller, R.T.; Brown, T.R.; Doan, L.L.; Gore, A.C.; Skakkebaek, N.E.; Soto, A.M.; Woodruff, T.J.; Vom Saal, F.S.
Endocrine-disrupting chemicals and public health protection: A statement of principles from The Endocrine
Society. Endocrinology 2012, 153, 4097–4110. [CrossRef] [PubMed]

43. Clement, F.; Xu, X.; Donini, C.F.; Clement, A.; Omarjee, S.; Delay, E.; Treilleux, I.; Fervers, B.; Le Romancer, M.;
Cohen, P.A.; et al. Long-term exposure to bisphenol A or benzo(a)pyrene alters the fate of human mammary
epithelial stem cells in response to BMP2 and BMP4, by pre-activating BMP signaling. Cell Death Differ. 2017,
24, 155–166. [CrossRef] [PubMed]

44. Kopras, E.; Potluri, V.; Bermudez, M.L.; Williams, K.; Belcher, S.; Kasper, S. Actions of endocrine-disrupting
chemicals on stem/progenitor cells during development and disease. Endocr. Relat. Cancer 2014, 21, T1–T12.
[CrossRef] [PubMed]

45. Bateman, M.E.; Strong, A.L.; McLachlan, J.A.; Burow, M.E.; Bunnell, B.A. The Effects of Endocrine Disruptors
on Adipogenesis and Osteogenesis in Mesenchymal Stem Cells: A Review. Front. Endocrinol. (Lausanne)
2016, 7, 171. [CrossRef] [PubMed]

46. Alonso-Magdalena, P.; Rivera, F.J.; Guerrero-Bosagna, C. Bisphenol-A and metabolic diseases: Epigenetic,
developmental and transgenerational basis. Environ. Epigenet. 2016, 2, dvw022. [CrossRef]

47. Landero-Huerta, D.A.; Vigueras-Villasenor, R.M.; Yokoyama-Rebollar, E.; Arechaga-Ocampo, E.;
Rojas-Castaneda, J.C.; Jimenez-Trejo, F.; Chavez-Saldana, M. Epigenetic and risk factors of testicular
germ cell tumors: A brief review. Front. Biosci. (Landmark Ed.) 2017, 22, 1073–1098. [PubMed]

48. Corrales, J.; Kristofco, L.A.; Steele, W.B.; Yates, B.S.; Breed, C.S.; Williams, E.S.; Brooks, B.W. Global
Assessment of Bisphenol A in the Environment: Review and Analysis of Its Occurrence and Bioaccumulation.
Dose Response 2015, 13, 1559325815598308. [CrossRef]

49. Moral, R.; Wang, R.; Russo, I.H.; Lamartiniere, C.A.; Pereira, J.; Russo, J. Effect of prenatal exposure to
the endocrine disruptor bisphenol A on mammary gland morphology and gene expression signature. J.
Endocrinol. 2008, 196, 101–112. [CrossRef]

50. Vandenberg, L.N.; Maffini, M.V.; Wadia, P.R.; Sonnenschein, C.; Rubin, B.S.; Soto, A.M. Exposure to
environmentally relevant doses of the xenoestrogen bisphenol-A alters development of the fetal mouse
mammary gland. Endocrinology 2007, 148, 116–127. [CrossRef]

51. Wadia, P.R.; Cabaton, N.J.; Borrero, M.D.; Rubin, B.S.; Sonnenschein, C.; Shioda, T.; Soto, A.M. Low-dose
BPA exposure alters the mesenchymal and epithelial transcriptomes of the mouse fetal mammary gland.
PLoS ONE 2013, 8, e63902. [CrossRef] [PubMed]

52. Wang, R.N.; Green, J.; Wang, Z.; Deng, Y.; Qiao, M.; Peabody, M.; Zhang, Q.; Ye, J.; Yan, Z.; Denduluri, S.;
et al. Bone Morphogenetic Protein (BMP) signaling in development and human diseases. Genes Dis. 2014, 1,
87–105. [CrossRef] [PubMed]

53. Otsuka, F. Multifunctional bone morphogenetic protein system in endocrinology. Acta Med. Okayama 2013,
67, 75–86. [CrossRef] [PubMed]

54. La Rosa, I. Bone Morphogenetic Proteins in Preimplantation Embryos. Vitam. Horm. 2015, 99, 223–248.
[CrossRef] [PubMed]

55. Chang, H.M.; Qiao, J.; Leung, P.C. Oocyte-somatic cell interactions in the human ovary-novel role of bone
morphogenetic proteins and growth differentiation factors. Hum. Reprod. Update 2016, 23, 1–18. [CrossRef]
[PubMed]

56. Persani, L.; Rossetti, R.; Di Pasquale, E.; Cacciatore, C.; Fabre, S. The fundamental role of bone morphogenetic
protein 15 in ovarian function and its involvement in female fertility disorders. Hum. Reprod. Update 2014,
20, 869–883. [CrossRef] [PubMed]

57. Huang, R.L.; Sun, Y.; Ho, C.K.; Liu, K.; Tang, Q.Q.; Xie, Y.; Li, Q. IL-6 potentiates BMP-2-induced osteogenesis
and adipogenesis via two different BMPR1A-mediated pathways. Cell Death Dis. 2018, 9, 144. [CrossRef]
[PubMed]

http://dx.doi.org/10.1242/dev.01966
http://www.ncbi.nlm.nih.gov/pubmed/16079154
http://dx.doi.org/10.1038/nature09027
http://www.ncbi.nlm.nih.gov/pubmed/20383121
http://dx.doi.org/10.1210/en.2012-1422
http://www.ncbi.nlm.nih.gov/pubmed/22733974
http://dx.doi.org/10.1038/cdd.2016.107
http://www.ncbi.nlm.nih.gov/pubmed/27740625
http://dx.doi.org/10.1530/ERC-13-0360
http://www.ncbi.nlm.nih.gov/pubmed/24280134
http://dx.doi.org/10.3389/fendo.2016.00171
http://www.ncbi.nlm.nih.gov/pubmed/28119665
http://dx.doi.org/10.1093/eep/dvw022
http://www.ncbi.nlm.nih.gov/pubmed/28199193
http://dx.doi.org/10.1177/1559325815598308
http://dx.doi.org/10.1677/JOE-07-0056
http://dx.doi.org/10.1210/en.2006-0561
http://dx.doi.org/10.1371/journal.pone.0063902
http://www.ncbi.nlm.nih.gov/pubmed/23704952
http://dx.doi.org/10.1016/j.gendis.2014.07.005
http://www.ncbi.nlm.nih.gov/pubmed/25401122
http://dx.doi.org/10.18926/AMO/49665
http://www.ncbi.nlm.nih.gov/pubmed/23603923
http://dx.doi.org/10.1016/bs.vh.2015.04.001
http://www.ncbi.nlm.nih.gov/pubmed/26279378
http://dx.doi.org/10.1093/humupd/dmw039
http://www.ncbi.nlm.nih.gov/pubmed/27797914
http://dx.doi.org/10.1093/humupd/dmu036
http://www.ncbi.nlm.nih.gov/pubmed/24980253
http://dx.doi.org/10.1038/s41419-017-0126-0
http://www.ncbi.nlm.nih.gov/pubmed/29396550


Cancers 2019, 11, 1351 14 of 18

58. Zhang, X.; Guo, J.; Zhou, Y.; Wu, G. The roles of bone morphogenetic proteins and their signaling in the
osteogenesis of adipose-derived stem cells. Tissue Eng. Part. B Rev. 2014, 20, 84–92. [CrossRef] [PubMed]

59. Gustafson, B.; Hammarstedt, A.; Hedjazifar, S.; Hoffmann, J.M.; Svensson, P.A.; Grimsby, J.; Rondinone, C.;
Smith, U. BMP4 and BMP Antagonists Regulate Human White and Beige Adipogenesis. Diabetes 2015, 64,
1670–1681. [CrossRef] [PubMed]

60. Ribeiro, S.; Lopes, L.R.; Paula Costa, G.; Figueiredo, V.P.; Shrestha, D.; Batista, A.P.; Nicolato, R.L.C.;
Oliveira, F.L.P.; Gomes, J.A.S.; Talvani, A. CXCL-16, IL-17, and bone morphogenetic protein 2 (BMP-2) are
associated with overweight and obesity conditions in middle-aged and elderly women. Immun. Ageing 2017,
14, 6. [CrossRef] [PubMed]

61. Zamani, N.; Brown, C.W. Emerging roles for the transforming growth factor-{beta} superfamily in regulating
adiposity and energy expenditure. Endocr. Rev. 2011, 32, 387–403. [CrossRef] [PubMed]

62. Miyazono, K.; Maeda, S.; Imamura, T. BMP receptor signaling: Transcriptional targets, regulation of signals,
and signaling cross-talk. Cytokine Growth Factor Rev. 2005, 16, 251–263. [CrossRef] [PubMed]

63. Yadin, D.; Knaus, P.; Mueller, T.D. Structural insights into BMP receptors: Specificity, activation and inhibition.
Cytokine Growth Factor Rev. 2016, 27, 13–34. [CrossRef] [PubMed]

64. Nohe, A.; Hassel, S.; Ehrlich, M.; Neubauer, F.; Sebald, W.; Henis, Y.I.; Knaus, P. The mode of bone
morphogenetic protein (BMP) receptor oligomerization determines different BMP-2 signaling pathways. J.
Biol. Chem. 2002, 277, 5330–5338. [CrossRef] [PubMed]

65. Hassel, S.; Schmitt, S.; Hartung, A.; Roth, M.; Nohe, A.; Petersen, N.; Ehrlich, M.; Henis, Y.I.; Sebald, W.;
Knaus, P. Initiation of Smad-dependent and Smad-independent signaling via distinct BMP-receptor complexes.
J. Bone Joint Surg. Am. 2003, 85-A Suppl 3, 44–51. [CrossRef]

66. Miyazono, K.; Kamiya, Y.; Morikawa, M. Bone morphogenetic protein receptors and signal transduction. J.
Biochem. 2010, 147, 35–51. [CrossRef]

67. Gamell, C.; Osses, N.; Bartrons, R.; Ruckle, T.; Camps, M.; Rosa, J.L.; Ventura, F. BMP2 induction of actin
cytoskeleton reorganization and cell migration requires PI3-kinase and Cdc42 activity. J. Cell Sci. 2008, 121,
3960–3970. [CrossRef]

68. Guicheux, J.; Lemonnier, J.; Ghayor, C.; Suzuki, A.; Palmer, G.; Caverzasio, J. Activation of p38
mitogen-activated protein kinase and c-Jun-NH2-terminal kinase by BMP-2 and their implication in
the stimulation of osteoblastic cell differentiation. J. Bone Miner. Res. 2003, 18, 2060–2068. [CrossRef]

69. Hay, E.; Lemonnier, J.; Fromigue, O.; Marie, P.J. Bone morphogenetic protein-2 promotes osteoblast apoptosis
through a Smad-independent, protein kinase C-dependent signaling pathway. J. Biol. Chem. 2001, 276,
29028–29036. [CrossRef]

70. Vinals, F.; Lopez-Rovira, T.; Rosa, J.L.; Ventura, F. Inhibition of PI3K/p70 S6K and p38 MAPK cascades
increases osteoblastic differentiation induced by BMP-2. FEBS Lett. 2002, 510, 99–104. [CrossRef]

71. Cho, K.W.; Kim, J.Y.; Song, S.J.; Farrell, E.; Eblaghie, M.C.; Kim, H.J.; Tickle, C.; Jung, H.S. Molecular
interactions between Tbx3 and Bmp4 and a model for dorsoventral positioning of mammary gland
development. Proc. Natl. Acad. Sci. USA 2006, 103, 16788–16793. [CrossRef]

72. Hens, J.R.; Dann, P.; Zhang, J.P.; Harris, S.; Robinson, G.W.; Wysolmerski, J. BMP4 and PTHrP interact to
stimulate ductal outgrowth during embryonic mammary development and to inhibit hair follicle induction.
Development 2007, 134, 1221–1230. [CrossRef]

73. Shyamala, G.; Yang, X.; Cardiff, R.D.; Dale, E. Impact of progesterone receptor on cell-fate decisions during
mammary gland development. Proc. Natl. Acad. Sci. USA 2000, 97, 3044–3049. [CrossRef]

74. Satoh, K.; Hovey, R.C.; Malewski, T.; Warri, A.; Goldhar, A.S.; Ginsburg, E.; Saito, K.; Lydon, J.P.;
Vonderhaar, B.K. Progesterone enhances branching morphogenesis in the mouse mammary gland by
increased expression of Msx2. Oncogene 2007, 26, 7526–7534. [CrossRef]

75. Fleming, J.M.; Ginsburg, E.; Goldhar, A.S.; Plant, J.; Vonderhaar, B.K. Progesterone receptor activates Msx2
expression by downregulating TNAP/Akp2 and activating the Bmp pathway in EpH4 mouse mammary
epithelial cells. PLoS ONE 2012, 7, e34058. [CrossRef]

76. Forsman, C.L.; Ng, B.C.; Heinze, R.K.; Kuo, C.; Sergi, C.; Gopalakrishnan, R.; Yee, D.; Graf, D.;
Schwertfeger, K.L.; Petryk, A. BMP-binding protein twisted gastrulation is required in mammary gland
epithelium for normal ductal elongation and myoepithelial compartmentalization. Dev. Biol. 2013, 373,
95–106. [CrossRef]

http://dx.doi.org/10.1089/ten.teb.2013.0204
http://www.ncbi.nlm.nih.gov/pubmed/23758605
http://dx.doi.org/10.2337/db14-1127
http://www.ncbi.nlm.nih.gov/pubmed/25605802
http://dx.doi.org/10.1186/s12979-017-0089-0
http://www.ncbi.nlm.nih.gov/pubmed/28293269
http://dx.doi.org/10.1210/er.2010-0018
http://www.ncbi.nlm.nih.gov/pubmed/21173384
http://dx.doi.org/10.1016/j.cytogfr.2005.01.009
http://www.ncbi.nlm.nih.gov/pubmed/15871923
http://dx.doi.org/10.1016/j.cytogfr.2015.11.005
http://www.ncbi.nlm.nih.gov/pubmed/26690041
http://dx.doi.org/10.1074/jbc.M102750200
http://www.ncbi.nlm.nih.gov/pubmed/11714695
http://dx.doi.org/10.2106/00004623-200300003-00009
http://dx.doi.org/10.1093/jb/mvp148
http://dx.doi.org/10.1242/jcs.031286
http://dx.doi.org/10.1359/jbmr.2003.18.11.2060
http://dx.doi.org/10.1074/jbc.M011265200
http://dx.doi.org/10.1016/S0014-5793(01)03236-7
http://dx.doi.org/10.1073/pnas.0604645103
http://dx.doi.org/10.1242/dev.000182
http://dx.doi.org/10.1073/pnas.97.7.3044
http://dx.doi.org/10.1038/sj.onc.1210555
http://dx.doi.org/10.1371/journal.pone.0034058
http://dx.doi.org/10.1016/j.ydbio.2012.10.007


Cancers 2019, 11, 1351 15 of 18

77. Perotti, C.; Karayazi, O.; Moffat, S.; Shemanko, C.S. The bone morphogenetic protein receptor-1A pathway is
required for lactogenic differentiation of mammary epithelial cells in vitro. In Vitro Cell Dev. Biol. Anim 2012,
48, 377–384. [CrossRef]

78. Chapellier, M.; Bachelard-Cascales, E.; Schmidt, X.; Clement, F.; Treilleux, I.; Delay, E.; Jammot, A.;
Menetrier-Caux, C.; Pochon, G.; Besancon, R.; et al. Disequilibrium of BMP2 levels in the breast stem cell
niche launches epithelial transformation by overamplifying BMPR1B cell response. Stem Cell Rep. 2015, 4,
239–254. [CrossRef]

79. Bachelard-Cascales, E.; Chapellier, M.; Delay, E.; Pochon, G.; Voeltzel, T.; Puisieux, A.; Caron, d.F.;
Maguer-Satta, V. The CD10 enzyme is a key player to identify and regulate human mammary stem
cells. Stem Cells 2010, 28, 1081–1088. [CrossRef]

80. Mou, H.; Vinarsky, V.; Tata, P.R.; Brazauskas, K.; Choi, S.H.; Crooke, A.K.; Zhang, B.; Solomon, G.M.;
Turner, B.; Bihler, H.; et al. Dual SMAD Signaling Inhibition Enables Long-Term Expansion of Diverse
Epithelial Basal Cells. Cell Stem Cell 2016, 19, 217–231. [CrossRef]

81. Zylbersztejn, F.; Flores-Violante, M.; Voeltzel, T.; Nicolini, F.E.; Lefort, S.; Maguer-Satta, V. The BMP pathway:
A unique tool to decode the origin and progression of leukemia. Exp. Hematol. 2018, 61, 36–44. [CrossRef]

82. Bier, E.; De Robertis, E.M. EMBRYO DEVELOPMENT. BMP gradients: A paradigm for morphogen-mediated
developmental patterning. Science 2015, 348, aaa5838. [CrossRef]

83. Reiner, D.J.; Yu, S.J.; Shen, H.; He, Y.; Bae, E.; Wang, Y. 9-Cis retinoic acid protects against
methamphetamine-induced neurotoxicity in nigrostriatal dopamine neurons. Neurotox Res. 2014, 25,
248–261. [CrossRef]

84. Ambegaokar, S.S.; Jackson, G.R. Functional genomic screen and network analysis reveal novel modifiers of
tauopathy dissociated from tau phosphorylation. Hum. Mol. Genet. 2011, 20, 4947–4977. [CrossRef]

85. Howard, A.S.; Bucelli, R.; Jett, D.A.; Bruun, D.; Yang, D.; Lein, P.J. Chlorpyrifos exerts opposing effects on
axonal and dendritic growth in primary neuronal cultures. Toxicol. Appl. Pharmacol. 2005, 207, 112–124.
[CrossRef]

86. Lee, J.; Son, M.J.; Woolard, K.; Donin, N.M.; Li, A.; Cheng, C.H.; Kotliarova, S.; Kotliarov, Y.; Walling, J.;
Ahn, S.; et al. Epigenetic-mediated dysfunction of the bone morphogenetic protein pathway inhibits
differentiation of glioblastoma-initiating cells. Cancer Cell 2008, 13, 69–80. [CrossRef]

87. Piccirillo, S.G.; Reynolds, B.A.; Zanetti, N.; Lamorte, G.; Binda, E.; Broggi, G.; Brem, H.; Olivi, A.; Dimeco, F.;
Vescovi, A.L. Bone morphogenetic proteins inhibit the tumorigenic potential of human brain tumour-initiating
cells. Nature 2006, 444, 761–765. [CrossRef]

88. Laperrousaz, B.; Jeanpierre, S.; Sagorny, K.; Voeltzel, T.; Ramas, S.; Kaniewski, B.; Ffrench, M.; Salesse, S.;
Nicolini, F.E.; Maguer-Satta, V. Primitive CML cell expansion relies on abnormal levels of BMPs provided by
the niche and on BMPRIb overexpression. Blood 2013, 122, 3767–3777. [CrossRef]

89. Wang, Z.Y.; Yin, L. Estrogen receptor alpha-36 (ER-alpha36): A new player in human breast cancer. Mol. Cell
Endocrinol. 2015, 418 Pt. 3, 193–206. [CrossRef]

90. Wang, Z.; Zhang, X.; Shen, P.; Loggie, B.W.; Chang, Y.; Deuel, T.F. Identification, cloning, and expression of
human estrogen receptor-alpha36, a novel variant of human estrogen receptor-alpha66. Biochem. Biophys.
Res. Commun. 2005, 336, 1023–1027. [CrossRef]

91. Lee, L.M.; Cao, J.; Deng, H.; Chen, P.; Gatalica, Z.; Wang, Z.Y. ER-alpha36, a novel variant of ER-alpha, is
expressed in ER-positive and -negative human breast carcinomas. Anticancer Res. 2008, 28, 479–483.

92. Omarjee, S.; Jacquemetton, J.; Poulard, C.; Rochel, N.; Dejaegere, A.; Chebaro, Y.; Treilleux, I.; Marangoni, E.;
Corbo, L.; Romancer, M.L. The molecular mechanisms underlying the ERalpha-36-mediated signaling in
breast cancer. Oncogene 2017, 36, 2503–2514. [CrossRef]

93. Lin, S.L.; Yan, L.Y.; Zhang, X.T.; Yuan, J.; Li, M.; Qiao, J.; Wang, Z.Y.; Sun, Q.Y. ER-alpha36, a variant of
ER-alpha, promotes tamoxifen agonist action in endometrial cancer cells via the MAPK/ERK and PI3K/Akt
pathways. PLoS ONE 2010, 5, e9013. [CrossRef]

94. Wang, Q.; Jiang, J.; Ying, G.; Xie, X.Q.; Zhang, X.; Xu, W.; Zhang, X.; Song, E.; Bu, H.; Ping, Y.F.; et al.
Tamoxifen enhances stemness and promotes metastasis of ERalpha36(+) breast cancer by upregulating
ALDH1A1 in cancer cells. Cell Res. 2018, 28, 336–358. [CrossRef]

95. Serra, M.; Alysandratos, K.D.; Hawkins, F.; McCauley, K.B.; Jacob, A.; Choi, J.; Caballero, I.S.; Vedaie, M.;
Kurmann, A.A.; Ikonomou, L.; et al. Pluripotent stem cell differentiation reveals distinct developmental
pathways regulating lung- versus thyroid-lineage specification. Development 2017, 144, 3879–3893. [CrossRef]

http://dx.doi.org/10.1007/s11626-012-9522-z
http://dx.doi.org/10.1016/j.stemcr.2014.12.007
http://dx.doi.org/10.1002/stem.435
http://dx.doi.org/10.1016/j.stem.2016.05.012
http://dx.doi.org/10.1016/j.exphem.2018.02.005
http://dx.doi.org/10.1126/science.aaa5838
http://dx.doi.org/10.1007/s12640-013-9413-4
http://dx.doi.org/10.1093/hmg/ddr432
http://dx.doi.org/10.1016/j.taap.2004.12.008
http://dx.doi.org/10.1016/j.ccr.2007.12.005
http://dx.doi.org/10.1038/nature05349
http://dx.doi.org/10.1182/blood-2013-05-501460
http://dx.doi.org/10.1016/j.mce.2015.04.017
http://dx.doi.org/10.1016/j.bbrc.2005.08.226
http://dx.doi.org/10.1038/onc.2016.415
http://dx.doi.org/10.1371/journal.pone.0009013
http://dx.doi.org/10.1038/cr.2018.15
http://dx.doi.org/10.1242/dev.150193


Cancers 2019, 11, 1351 16 of 18

96. Villacorte, M.; Delmarcelle, A.S.; Lernoux, M.; Bouquet, M.; Lemoine, P.; Bolsee, J.; Umans, L.; de Sousa
Lopes, S.C.; Van Der Smissen, P.; Sasaki, T.; et al. Thyroid follicle development requires Smad1/5- and
endothelial cell-dependent basement membrane assembly. Development 2016, 143, 1958–1970. [CrossRef]

97. Meng, X.; Zhu, P.; Li, N.; Hu, J.; Wang, S.; Pang, S.; Wang, J. Expression of BMP-4 in papillary thyroid
carcinoma and its correlation with tumor invasion and progression. Pathol. Res. Pract. 2017, 213, 359–363.
[CrossRef]

98. Conde, S.J.; Luvizotto Rde, A.; de Sibio, M.T.; Nogueira, C.R. Thyroid hormone status interferes with estrogen
target gene expression in breast cancer samples in menopausal women. ISRN Endocrinol. 2014, 2014, 317398.
[CrossRef]

99. Wassenaar, P.N.H.; Legler, J. Systematic review and meta-analysis of early life exposure to di(2-ethylhexyl)
phthalate and obesity related outcomes in rodents. Chemosphere 2017, 188, 174–181. [CrossRef]

100. Wassenaar, P.N.H.; Trasande, L.; Legler, J. Systematic Review and Meta-Analysis of Early-Life Exposure
to Bisphenol A and Obesity-Related Outcomes in Rodents. Environ. Health Perspect. 2017, 125, 106001.
[CrossRef]

101. Berghuis, S.A.; Bos, A.F.; Sauer, P.J.; Roze, E. Developmental neurotoxicity of persistent organic pollutants:
An update on childhood outcome. Arch. Toxicol. 2015, 89, 687–709. [CrossRef]

102. Holmes, D. Breast cancer: Increased risk with concurrent dietary and EDC exposures. Nat. Rev. Endocrinol.
2017, 13, 378. [CrossRef]

103. Hussain, I.; Bhan, A.; Ansari, K.I.; Deb, P.; Bobzean, S.A.; Perrotti, L.I.; Mandal, S.S. Bisphenol-A induces
expression of HOXC6, an estrogen-regulated homeobox-containing gene associated with breast cancer.
Biochim. Biophys. Acta 2015, 1849, 697–708. [CrossRef]

104. Hafezi, S.A.; Abdel-Rahman, W.M. The Endocrine Disruptor Bisphenol A (BPA) Exerts a Wide Range of
Effects in Carcinogenesis and Response to Therapy. Curr. Mol. Pharmacol. 2019. [CrossRef]

105. Qin, X.Y.; Fukuda, T.; Yang, L.; Zaha, H.; Akanuma, H.; Zeng, Q.; Yoshinaga, J.; Sone, H. Effects of bisphenol
A exposure on the proliferation and senescence of normal human mammary epithelial cells. Cancer Biol.
Ther. 2012, 13, 296–306. [CrossRef]

106. Fernandez, S.V.; Russo, J. Estrogen and xenoestrogens in breast cancer. Toxicol. Pathol. 2010, 38, 110–122.
[CrossRef]

107. Ayyanan, A.; Laribi, O.; Schuepbach-Mallepell, S.; Schrick, C.; Gutierrez, M.; Tanos, T.; Lefebvre, G.;
Rougemont, J.; Yalcin-Ozuysal, O.; Brisken, C. Perinatal exposure to bisphenol a increases adult mammary
gland progesterone response and cell number. Mol. Endocrinol. 2011, 25, 1915–1923. [CrossRef]

108. Wang, D.; Gao, H.; Bandyopadhyay, A.; Wu, A.; Yeh, I.T.; Chen, Y.; Zou, Y.; Huang, C.; Walter, C.A.; Dong, Q.;
et al. Pubertal bisphenol A exposure alters murine mammary stem cell function leading to early neoplasia in
regenerated glands. Cancer Prev. Res. (Phila) 2014, 7, 445–455. [CrossRef]

109. Fernandez, S.V.; Huang, Y.; Snider, K.E.; Zhou, Y.; Pogash, T.J.; Russo, J. Expression and DNA methylation
changes in human breast epithelial cells after bisphenol A exposure. Int. J. Oncol. 2012, 41, 369–377.
[CrossRef]

110. Wang, T.; Liu, B.; Guan, Y.; Gong, M.; Zhang, W.; Pan, J.; Liu, Y.; Liang, R.; Yuan, Y.; Ye, L. Melatonin
inhibits the proliferation of breast cancer cells induced by bisphenol A via targeting estrogen receptor-related
pathways. Thorac Cancer 2018, 9, 368–375. [CrossRef]

111. Urriola-Munoz, P.; Li, X.; Maretzky, T.; McIlwain, D.R.; Mak, T.W.; Reyes, J.G.; Blobel, C.P.; Moreno, R.D. The
xenoestrogens biphenol-A and nonylphenol differentially regulate metalloprotease-mediated shedding of
EGFR ligands. J. Cell Physiol. 2018, 233, 2247–2256. [CrossRef] [PubMed]

112. Eladak, S.; Grisin, T.; Moison, D.; Guerquin, M.J.; N’Tumba-Byn, T.; Pozzi-Gaudin, S.; Benachi, A.; Livera, G.;
Rouiller-Fabre, V.; Habert, R. A new chapter in the bisphenol A story: bisphenol S and bisphenol F are not
safe alternatives to this compound. Fertil Steril 2015, 103, 11–21. [CrossRef] [PubMed]

113. Rochester, J.R.; Bolden, A.L. Bisphenol S and F: A Systematic Review and Comparison of the Hormonal
Activity of Bisphenol A Substitutes. Environ. Health Perspect. 2015, 123, 643–650. [CrossRef] [PubMed]

114. Williams, G.P.; Darbre, P.D. Low-dose environmental endocrine disruptors, increase aromatase activity,
estradiol biosynthesis and cell proliferation in human breast cells. Mol. Cell Endocrinol. 2019, 486, 55–64.
[CrossRef] [PubMed]

115. Katagiri, T.; Watabe, T. Bone Morphogenetic Proteins. Cold Spring Harb. Perspect. Biol. 2016, 8. [CrossRef]
[PubMed]

http://dx.doi.org/10.1242/dev.134171
http://dx.doi.org/10.1016/j.prp.2017.01.008
http://dx.doi.org/10.1155/2014/317398
http://dx.doi.org/10.1016/j.chemosphere.2017.08.165
http://dx.doi.org/10.1289/EHP1233
http://dx.doi.org/10.1007/s00204-015-1463-3
http://dx.doi.org/10.1038/nrendo.2017.68
http://dx.doi.org/10.1016/j.bbagrm.2015.02.003
http://dx.doi.org/10.2174/1874467212666190306164507
http://dx.doi.org/10.4161/cbt.18942
http://dx.doi.org/10.1177/0192623309354108
http://dx.doi.org/10.1210/me.2011-1129
http://dx.doi.org/10.1158/1940-6207.CAPR-13-0260
http://dx.doi.org/10.3892/ijo.2012.1444
http://dx.doi.org/10.1111/1759-7714.12587
http://dx.doi.org/10.1002/jcp.26097
http://www.ncbi.nlm.nih.gov/pubmed/28703301
http://dx.doi.org/10.1016/j.fertnstert.2014.11.005
http://www.ncbi.nlm.nih.gov/pubmed/25475787
http://dx.doi.org/10.1289/ehp.1408989
http://www.ncbi.nlm.nih.gov/pubmed/25775505
http://dx.doi.org/10.1016/j.mce.2019.02.016
http://www.ncbi.nlm.nih.gov/pubmed/30817981
http://dx.doi.org/10.1101/cshperspect.a021899
http://www.ncbi.nlm.nih.gov/pubmed/27252362


Cancers 2019, 11, 1351 17 of 18

116. Pupo, M.; Pisano, A.; Lappano, R.; Santolla, M.F.; De Francesco, E.M.; Abonante, S.; Rosano, C.; Maggiolini, M.
Bisphenol A induces gene expression changes and proliferative effects through GPER in breast cancer cells
and cancer-associated fibroblasts. Environ. Health Perspect. 2012, 120, 1177–1182. [CrossRef]

117. Song, H.; Zhang, T.; Yang, P.; Li, M.; Yang, Y.; Wang, Y.; Du, J.; Pan, K.; Zhang, K. Low doses of bisphenol A
stimulate the proliferation of breast cancer cells via ERK1/2/ERRgamma signals. Toxicol. In Vitro 2015, 30,
521–528. [CrossRef]

118. Kim, J.Y.; Choi, H.G.; Lee, H.M.; Lee, G.A.; Hwang, K.A.; Choi, K.C. Effects of bisphenol compounds on the
growth and epithelial mesenchymal transition of MCF-7 CV human breast cancer cells. J. Biomed. Res. 2017,
31, 358–369. [CrossRef]

119. Deng, Q.; Jiang, G.; Wu, Y.; Li, J.; Liang, W.; Chen, L.; Su, Q.; Li, W.; Du, J.; Wong, C.K.C.; et al.
GPER/Hippo-YAP signal is involved in Bisphenol S induced migration of triple negative breast cancer
(TNBC) cells. J. Hazard. Mater. 2018, 355, 1–9. [CrossRef]

120. Lin, Z.; Zhang, X.; Zhao, F.; Ru, S. Bisphenol S promotes the cell cycle progression and cell proliferation
through ERalpha-cyclin D-CDK4/6-pRb pathway in MCF-7 breast cancer cells. Toxicol. Appl. Pharmacol. 2019,
366, 75–82. [CrossRef]

121. Huang, W.; Zhao, C.; Zhong, H.; Zhang, S.; Xia, Y.; Cai, Z. Bisphenol S induced epigenetic and transcriptional
changes in human breast cancer cell line MCF-7. Environ. Pollut. 2019, 246, 697–703. [CrossRef] [PubMed]

122. Seyfried, T.N.; Huysentruyt, L.C. On the origin of cancer metastasis. Crit. Rev. Oncog. 2013, 18, 43–73.
[CrossRef] [PubMed]

123. Weigelt, B.; Peterse, J.L.; van ’t Veer, L.J. Breast cancer metastasis: Markers and models. Nat. Rev. Cancer
2005, 5, 591–602. [CrossRef] [PubMed]

124. Gupta, G.P.; Massague, J. Cancer metastasis: Building a framework. Cell 2006, 127, 679–695. [CrossRef]
[PubMed]

125. Jin, X.; Mu, P. Targeting Breast Cancer Metastasis. Breast Cancer (Auckl) 2015, 9, 23–34. [CrossRef] [PubMed]
126. Rangel, R.; Guzman-Rojas, L.; Kodama, T.; Kodama, M.; Newberg, J.Y.; Copeland, N.G.; Jenkins, N.A.

Identification of new tumor suppressor genes in triple-negative breast cancer. Cancer Res. 2017. [CrossRef]
[PubMed]

127. Zhang, X.L.; Wang, H.S.; Liu, N.; Ge, L.C. Bisphenol A stimulates the epithelial mesenchymal transition of
estrogen negative breast cancer cells via FOXA1 signals. Arch. Biochem. Biophys. 2015, 585, 10–16. [CrossRef]
[PubMed]

128. Kuukasjarvi, T.; Kononen, J.; Helin, H.; Holli, K.; Isola, J. Loss of estrogen receptor in recurrent breast cancer
is associated with poor response to endocrine therapy. J. Clin. Oncol. 1996, 14, 2584–2589. [CrossRef]

129. Le Romancer, M.; Poulard, C.; Cohen, P.; Sentis, S.; Renoir, J.M.; Corbo, L. Cracking the estrogen receptor’s
posttranslational code in breast tumors. Endocr. Rev. 2011, 32, 597–622. [CrossRef]

130. Lapensee, E.W.; Tuttle, T.R.; Fox, S.R.; Ben-Jonathan, N. Bisphenol A at low nanomolar doses confers
chemoresistance in estrogen receptor-alpha-positive and -negative breast cancer cells. Environ. Health
Perspect. 2009, 117, 175–180. [CrossRef]

131. Huang, B.; Luo, N.; Wu, X.; Xu, Z.; Wang, X.; Pan, X. The modulatory role of low concentrations of bisphenol
A on tamoxifen-induced proliferation and apoptosis in breast cancer cells. Environ. Sci Pollut Res. Int 2019,
26, 2353–2362. [CrossRef] [PubMed]

132. Riggins, R.B.; Lan, J.P.; Zhu, Y.; Klimach, U.; Zwart, A.; Cavalli, L.R.; Haddad, B.R.; Chen, L.; Gong, T.;
Xuan, J.; et al. ERRgamma mediates tamoxifen resistance in novel models of invasive lobular breast cancer.
Cancer Res. 2008, 68, 8908–8917. [CrossRef] [PubMed]

133. Wang, D.; Huang, P.; Zhu, B.; Sun, L.; Huang, Q.; Wang, J. Induction of estrogen receptor alpha-36 expression
by bone morphogenetic protein 2 in breast cancer cell lines. Mol. Med. Rep. 2012, 6, 591–596. [CrossRef]
[PubMed]

134. Gu, W.; Dong, N.; Wang, P.; Shi, C.; Yang, J.; Wang, J. Tamoxifen resistance and metastasis of human breast
cancer cells were mediated by the membrane-associated estrogen receptor ER-alpha36 signaling in vitro.
Cell Biol. Toxicol. 2017, 33, 183–195. [CrossRef] [PubMed]

135. Ben Jonathan, N.; Hugo, E.R.; Brandebourg, T.D. Effects of bisphenol A on adipokine release from human
adipose tissue: Implications for the metabolic syndrome. Mol. Cell Endocrinol. 2009, 304, 49–54. [CrossRef]
[PubMed]

http://dx.doi.org/10.1289/ehp.1104526
http://dx.doi.org/10.1016/j.tiv.2015.09.009
http://dx.doi.org/10.7555/JBR.31.20160162
http://dx.doi.org/10.1016/j.jhazmat.2018.05.013
http://dx.doi.org/10.1016/j.taap.2019.01.017
http://dx.doi.org/10.1016/j.envpol.2018.12.084
http://www.ncbi.nlm.nih.gov/pubmed/30616060
http://dx.doi.org/10.1615/CritRevOncog.v18.i1-2.40
http://www.ncbi.nlm.nih.gov/pubmed/23237552
http://dx.doi.org/10.1038/nrc1670
http://www.ncbi.nlm.nih.gov/pubmed/16056258
http://dx.doi.org/10.1016/j.cell.2006.11.001
http://www.ncbi.nlm.nih.gov/pubmed/17110329
http://dx.doi.org/10.4137/BCBCR.S25460
http://www.ncbi.nlm.nih.gov/pubmed/26380552
http://dx.doi.org/10.1158/0008-5472.CAN-17-0785
http://www.ncbi.nlm.nih.gov/pubmed/28724549
http://dx.doi.org/10.1016/j.abb.2015.09.006
http://www.ncbi.nlm.nih.gov/pubmed/26363213
http://dx.doi.org/10.1200/JCO.1996.14.9.2584
http://dx.doi.org/10.1210/er.2010-0016
http://dx.doi.org/10.1289/ehp.11788
http://dx.doi.org/10.1007/s11356-018-3780-6
http://www.ncbi.nlm.nih.gov/pubmed/30467747
http://dx.doi.org/10.1158/0008-5472.CAN-08-2669
http://www.ncbi.nlm.nih.gov/pubmed/18974135
http://dx.doi.org/10.3892/mmr.2012.945
http://www.ncbi.nlm.nih.gov/pubmed/22711074
http://dx.doi.org/10.1007/s10565-016-9365-6
http://www.ncbi.nlm.nih.gov/pubmed/27837347
http://dx.doi.org/10.1016/j.mce.2009.02.022
http://www.ncbi.nlm.nih.gov/pubmed/19433247


Cancers 2019, 11, 1351 18 of 18

136. Ginestier, C.; Hur, M.H.; Charafe-Jauffret, E.; Monville, F.; Dutcher, J.; Brown, M.; Jacquemier, J.; Viens, P.;
Kleer, C.G.; Liu, S.; et al. ALDH1 Is a Marker of Normal and Malignant Human Mammary Stem Cells and a
Predictor of Poor Clinical Outcome. Cell Stem Cell 2007, 1, 555–567. [CrossRef]

137. Lillo, M.A.; Nichols, C.; Seagroves, T.N.; Miranda-Carboni, G.A.; Krum, S.A. Bisphenol A Induces Sox2 in
ER(+) Breast Cancer Stem-Like Cells. Horm. Cancer 2017, 8, 90–99. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.stem.2007.08.014
http://dx.doi.org/10.1007/s12672-017-0286-5
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	The Role of Estrogens in Mammary Gland Development and Homeostasis 
	Production and Function in Early Mammary Gland Development 
	Importance in the Adult Mammary Gland 
	Effects of EDCs with Estrogenic Activity 

	Mammary Gland Regulation by the BMP Pathway 
	Role of BMPs in Mammary Gland Development 
	BMPs Are Key Embryonic Factors for Adult Tissue Modeling 

	Early Events of Breast Carcinogenesis 
	BMP Signaling and Breast Cancer Initiation 
	Involvement of Bisphenols in Breast Carcinogenesis 
	A New Concept: Bisphenol Molecules as Breast Cancer Drivers through the Perturbation of Alternative Signaling Such as the BMP Pathway 

	Conclusions 
	References

