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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

Flora Clément1,2,3,8, Xinyi Xu1,2,3,8, Caterina F Donini1,2,4, Alice Clément1,2,3, Soleilmane Omarjee1,2,5, Emmanuel Delay1,2,3,6,
Isabelle Treilleux1,2,5,6, Béatrice Fervers1,2,4, Muriel Le Romancer1,2,5, Pascale A Cohen1,2,4 and Véronique Maguer-Satta*,1,2,3,7

Bone morphogenetic protein 2 (BMP2) and BMP4 are key regulators of the fate and differentiation of human mammary epithelial
stem cells (SCs), as well as of their niches, and are involved in breast cancer development. We established that MCF10A immature
mammary epithelial cells reliably reproduce the BMP response that we previously identified in human primary epithelial SCs. In this
model, we observed that BMP2 promotes luminal progenitor commitment and expansion, whereas BMP4 prevents lineage
differentiation. Environmental pollutants are known to promote cancer development, possibly by providing cells with stem-like
features and by modifying their niches. Bisphenols, in particular, were shown to increase the risk of developing breast cancer.
Here, we demonstrate that chronic exposure to low doses of bisphenol A (BPA) or benzo(a)pyrene (B(a)P) alone has little effect on
SCs properties of MCF10A cells. Conversely, we show that this exposure affects the response of immature epithelial cells to BMP2
and BMP4. Furthermore, the modifications triggered in MCF10A cells on exposure to pollutants appeared to be predominantly
mediated by altering the expression and localization of type-1 receptors and by pre-activating BMP signaling, through the
phosphorylation of small mothers against decapentaplegic 1/5/8 (SMAD1/5/8). By analyzing stem and progenitor properties, we
reveal that BPA prevents the maintenance of SC features prompted by BMP4, whereas promoting cell differentiation towards a
myoepithelial phenotype. Inversely, B(a)P prevents BMP2-mediated luminal progenitor commitment and expansion, leading to the
retention of stem-like properties. Overall, our data indicate that BPA and B(a)P distinctly alter the fate and differentiation potential
of mammary epithelial SCs by modulating BMP signaling.
Cell Death and Differentiation (2017) 24, 155–166; doi:10.1038/cdd.2016.107; published online 14 October 2016

Breast cancers arising within lobules or ducts of the mammary
epithelium can be divided into distinct groups, based on their
molecular profiles.1 Epithelial stem cells (SCs) that generate
ducts and lobules, as well as their direct progenitors and their
microenvironment (niches), are believed to be privileged
targets for transforming events, leading to the emergence of
breast cancer. Deciphering their relative and respective roles
in the etiology of the different breast cancer subtypes is crucial
for understanding, preventing and treating this disease.
A growing body of evidence is accumulating implicating

external chemicals in the development of breast cancer.
Although epidemiological studies have so far only investigated
the effects of a small number of chemicals identified as
mammary carcinogens or as hormone disruptors, a clear

association between breast cancer and polychlorinated
biphenyls, polycyclic aromatic hydrocarbons, and organic
solvents has been shown.2,3 Of these, two of the most
exhaustively studied chemicals are bisphenol A (BPA) and
benzo(a)pyrene (B(a)P). BPA is a carbon-based synthetic
compound with estrogen-mimetic properties,4 used to make a
variety of common consumer plastics, sports equipment and
compact disks. B(a)P, a polycyclic aromatic hydrocarbon, is
mainly found in automobile exhaust fumes, cigarette smoke,
and charbroiled food.5 BPA was shown to induce neoplastic
transformation in human breast epithelial cells6 and to reduce
the sensitivity of breast cancer cells to chemotherapy.7 Recent
studies demonstrated that breast cancer SCs can be formed
from MCF7 cells by B(a)P-induced mutations,8 and that this
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molecule also induces lung carcinogenesis.5 Hence,
carcinogen-caused dysregulations to epithelial cells and/or
to the cellular microenvironment could represent a driving
force to promote transformation and define tumor subtype.9,10

The behavior of SCs may be altered following the
dysregulation of a number of signaling pathways that drive
cell division, survival, commitment and differentiation.11

However, it is still unclear how these pathways participate in
tumor initiation at the molecular level, through their regulation
of the SC compartment. BMPs, members of the transforming
growth factor beta (TGFβ) superfamily, are involved in many
regulatory mechanisms, including in the nervous system,
prostate, skin, intestine, ovary and mammary gland. The
binding of soluble BMPs to BMP receptor 2 (BMPR2) leads to
the phosphorylation of the serine–threonine receptors
BMPR1a and BMPR1b, which phosphorylate SMAD1/5/8
effectors.12 This subsequently results in the formation of a
complex with the SMAD4 cofactor that translocates to the
nucleus to regulate gene expression.13,14

In cancer, the function of BMPs remains controversial, as it
was shown both to stimulate and inhibit tumor cell growth.15

Soluble BMPs and alterations of several components of the
BMP signaling pathways have been detected in breast cancer
and were shown to impact the behavior of cancer cells.16–18

Although current data mainly implicate BMPs in late stages of
tumorigenesis and metastasis, we demonstrated both in vitro
and in vivo that chronic exposure of immature epithelial cells to
BMP2 promotes their malignant transformation in an inflam-
matory context, at a very early stage.9 Our data suggested that
high levels of BMP2 in the luminal tumor microenvironment
could be produced by mammary fibroblasts in response to
exposure to environmental pollutants, such as radiation or
estrogen-mimetic molecules (BPA) ,which were able to shift
the balance of secreted BMP molecules in favor of BMP2.9

These events, affecting both the niche and their resident
epithelial cells, create optimal conditions for the promotion of
malignant transformation and progression by BMP2.19 How-
ever, the effects of pollutants on BMP signaling in mammary
epithelial cells have not yet been investigated. Here, we
examined whether BPA or B(a)P could directly alter immature
mammary epithelial cell features and their response to BMPs.
Our data indicate that BPA or B(a)P by themselves do not
significantly alter the properties of epithelial SCs. However,
they modify the response of cells to BMPs soluble molecules
by changing their sensitivity to BMP signaling, by modulating
type-1 receptors localization and downstream signal priming,
and by altering the fate and differentiation of SCs in response
to BMP2 or BMP4.

Results

MCF10A cells reliably reproduce the response of human
immature mammary primary epithelial cells to BMP2 and
BMP4. We initially evaluated whether the response of
MCF10A cells20 to BMP2 and BMP4 treatment was
representative of the behavior of human primary mammary
progenitors/SCs, as reported.9 After confirming the similarity
in the gene expression profiles of MCF10A cells and primary
unsorted cells derived from normal mammoplasties

(Suppplementary Figure 1a), we assessed the viability,
proliferation and ability of MCF10A cells to generate spheres,
colonies, and terminal duct lobular units (TDLU) after 4 days
of treatment with BMP2 or BMP4 (15 ng/ml). Although cell
viability was high, irrespective of the treatment administered,
indicating that neither BMP2 nor BMP4 were immediately
toxic to cells (Supplementary Figure 1b), BMP4 significantly
decreased cell proliferation (Figure 1a). A similar trend was
observed in the case of BMP2, though this was not
statistically significant. These results corroborate data
obtained with primary human mammary epithelial cells
(Supplementary Figure 1c). As cell viability was not affected,
we evaluated whether BMP2 and BMP4 inhibited cell
proliferation by inducing cell differentiation. To do so, we
investigated the impact of BMPs on the ability of MCF10A
cells to generate spheres or epithelial progenitors. Indeed,
stem-like cells are known to have the unique properties of
growing under low adherence conditions and of forming
spheres when seeded in limiting dilutions, properties lost in
differentiated cells.21 We observed that BMP4 significantly
increased the ability of MCF10A cells to generate spheres
(20-fold) under these conditions, whereas BMP2-treated cells
only experienced a fivefold increase (Figure 1b). Further-
more, results obtained from the quantification of epithelial
progenitors (epithelial-colony forming cell – E-CFC assay),
using a protocol adapted for human cell lines (Supplementary
Figure 1d),22 were consistent with those previously obtained
using primary cells. BMP2 treatment of MCF10A cells
increased total colony number, by expanding the luminal
and mixed progenitor compartments. BMP4 had no signifi-
cant effect on MCF10A progenitors, despite a slight increase
in mixed E-CFCs (Figure 1c). We then validated these
observations by analyzing the levels of lineage markers,
namely immature (cluster of differentiation 10 – CD10,
deltaNp63 – DNP63), myoepithelial (keratin 14 – KRT14,
smooth muscle actin – SMA) and luminal (KRT18, epithelial
cell adhesion molecule – EPCAM), following BMP2 or BMP4
treatment of MCF10A cells. Although BMP2 had no
significant effect (Figure 1d), BMP4-treated cells displayed
a higher level of immature markers (CD10, DNP63) and a
lower level of more differentiated markers, KRT18 and
EPCAM (Figure 1e). These results are consistent with
findings using fresh human primary samples, confirming that
BMP2 preferentially targets the luminal progenitor compart-
ment, whereas BMP4 inhibits proliferation and differentiation
of immature cells.9

To confirm that BMP4 preserves stem-like properties of
treated cells, we conducted TDLU assays, which evaluate the
ability of mammary SCs to form ducts and lobular structures in
a 3 dimensional (3D) substrate. Kinetic analyses of these
assays and the subsequent paraffin embedding, sectioning
and H&E staining of structures formed, revealed that BMP2
had little effect on 3D structure appearance (Figure 1f) but
increased the number of lobules formed compared with
untreated MCF10A cells (Figure 1g). Conversely, BMP4
accelerated the formation of TDLU structures (Figure 1f) and
led to the generation of well-organized structureswith complex
ducts and lobules (Figure 1g). Overall, these data confirm that
BMP2 and BMP4, despite their structural homology, distinctly
modulate the fate of human immature mammary epithelial
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Figure 1 MCF10A is a reliable model of human immature cells regarding their response to BMP2 and BMP4. (a) Bar graph showing cell proliferation of MFC10A cells treated for
4 days with BMP2 or BMP4 (15 ng/ml). UTare the untreated cells. Data are represented as mean +/− S.E.M., n= 21. *P= 0.0001 indicates difference between UTand BMP4 treated
cells. (b) Column scatter plot showing the number of spheres obtained after 1 week for 1000 seeded cells. One hundred single MFC10A cells were seeded in 96 ultra-low attachment
plates (150 μl medium/well) after 4 days of treatment with BMP2 or BMP4 (15 ng/ml), each point represents the mean of one experiment (mean of 30 wells). UTare the untreated cells.
Data are represented as mean +/− S.E.M., n= 7. ***P= 0.02 indicates difference between UTand BMP4 treated cells. (c) After 4 days of BMP2 or BMP4 (15 ng/ml) treatment, 200
cells per well were seeded in 12-well plates in triplicate in E-CFC assays for 5–6 days. Bar graph showing the number of different types of E-CFC obtained per 10 000 seeded cells
(mixed colonies, mixed-CFC; myoepithelial colonies, myo-CFC; luminal colonies, lu-CFC). UTare the untreated cells. Data are represented as mean +/− S.E.M., n= 6. (d,e) Cellswere
treated with BMP2 (d) or BMP4 (e) (15 ng/ml) for 4 days, before conducting quantitative PCR (qPCR) analyses to detect the level of expression of differentiationmarkers. Column scatter
plot showing arbitrary units of the ratio to untreated (UT) cells. Data represent mean +/− S.E.M., n= 5. (f) Bright-field images at day 1, 7 or 11 of 3D structures generated in the TDLU
assay from untreated, or BMP2 or BMP4 previously treated (4 days, (15 ng/ml)) cells. Data are representative of n= 9 independent experiments, scale bars= 100 μm. (g)
Immunohistochemistry of representative TDLU sections, stained for hematoxylin and eosin. Data are representative of n= 9 independent experiments, scale bars= 100 μm
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cells9 and demonstrate that the MCF10A cell line constitutes
an adequate model to study regulatory mechanisms under-
lying the response of these cells to BMPs.

Impact of BPA and B(a)P on immature mammary
epithelial cells. We previously showed that bisphenols are
likely involved in the emergence of the luminal breast cancer
by inducing an abnormal synthesis of BMP2 by fibroblasts
and stromal cells.9,23 Here, we investigated whether chronic
exposure to BPA or B(a)P commonly found in our environ-
ment, affected the behavior of immature mammary epithelial
cells. We treated MCF10A cells for 60 days with BPA or B(a)P
(both at a final concentration of 10− 10 M), leading to the
establishment of three distinct cell sublines. We observed a
slight increase in cell proliferation on exposure to pollutants
(Figure 2a) and no effects on cell viability (data not shown).
Cells chronically exposed to BPA or B(a)P displayed a
modest but significant increase in their sphere-forming
capacity compared with MCF10A control cells (Figure 2b).
We did not detect any differences in the E-CFC output
between MCF10A control cells and cells exposed to BPA or
B(a)P (Figure 2c). Moreover, we observed very little impact of
pollutant exposure at the transcriptional level (Figures 2d
and e), except a slight increase in the expression of mature
lineage markers (SMA, KRT18 and EPCAM) on BPA
exposure (Figure 2d). In contrast to BPA, B(a)P only modestly
increased the expression of myoepithelial markers (KRT14
and SMA) (Figure 2e). Lastly, we observed no differences in
the kinetic appearance or structures of TDLU in cells exposed
to pollutants compared with control cells (Figures 2f and g for
histological confirmation). Therefore, our data indicate that
long-term exposure to either BPA or B(a)P does not
significantly modify the properties of immature cells.

BPA and B(a)P modify the expression and localization of
type-1 BMP receptors in MCF10A cells. We previously
showed that BMP receptors, and especially type 1b receptor,
mediate the BMP-driven response during SCs regulation,
transformation and maintenance in different tissues.9,24,25

Here, we analyzed the impact of pollutants on BMP receptors
in MFC10A cells. On long-term exposure to BPA or B(a)P,
protein levels detected by western blot revealed that although
BMPR1b remained unaffected, an increase in BMPR1a
(two-fold) and BMPR2 (only slightly) levels could be observed
(Figures 3a and b). Surprisingly, BMPR1a levels at the cell
surface remained unchanged, as indicated both by the
percentage of positive cells (Figure 3c) and by the mean
fluorescence intensity obtained by flow cytometry (Figure 3d).
Conversely, the percentage of cells expressing BMPR1b at
their membrane strongly and significantly decreased on
exposure to BPA and B(a)P (Figure 3c). However, although
fewer cells expressed BMPR1b at their surface, the ones that
retained their expression presented more molecules of
BMPR1b per cell, as indicated by an increase in the mean
fluorescence intensity (Figure 3d). These findings suggest
that BPA and B(a)P modify the expression and localization of
BMP type-1 receptors, which is likely to impact BMP-
mediated biological functions. Interestingly, although the
BMPR1b receptor is primarily localized in the apical
membrane of luminal cells in healthy mammoplasties, as

well as in the normal adjacent tissue of luminal tumors, we
observed by immunohistochemical staining a different cel-
lular localization of BMPR1b in tumor tissues (Figure 3e).
Indeed, BMPR1b was mostly detected in the cytoplasm of
both basal and luminal tumor cells and its localization was
more diffuse than in healthy tissues (Figure 3e). Hence,
exposure to pollutants increased levels of type-1 receptors
detected by western blot and decreased those obtained by
flow cytometry, suggesting that BPA and B(a)P could also
modify the localization of these receptors, initiating dysregu-
lations similar to those observed in cancer tissues.

BPA and B(a)P pre-activate the MFC10A response to
BMP2 and BMP4 by changing the expression and
distribution of BMP receptors. Next, we evaluated the
BMP response of cells treated with BMP2 or BMP4 and
chronically exposed to BPA and B(a)P. Although treatment of
immature cells with BMP2 alone did not profoundly alter the
level of BMPR1a, pre-exposure to BPA or B(a)P led to an
increase in the expression of this receptor (Figures 4a and b,
left panel). However, this result was not accompanied by an
accumulation of this receptor at the cell surface (Figure 4c,
left panel). Treatment with BMP2 alone resulted in a decrease
both in the level of total protein and of BMPR1b at the cell
surface (Figures 4a and b, right panel and 4c, right panel).
These levels, particularly those of the total protein, were
slightly affected by pre-exposing cells to B(a)P (Figures 4a–c
right panel). Following exposure to BPA, the level of total
protein remained unaltered (Figures 4a and b, right panel),
whereas the cell-surface expression dropped (Figure 4c, right
panel). These findings indicate that the combined exposure to
treatment with pollutants and BMP2 favors a cytoplasmic
expression of BMPR1a and BMPR1b. Moreover, we
observed a lack of correlation between the total amount of
receptors detected by western blot (Figures 4a and d) and by
flow cytometry (Figure 4e) in BMP4-treated cells. The amount
of BMPR1a increased following long-term exposure to B(a)P
(Figure 4d, left panel), although this was not observed at the
cell membrane level (Figure 4e, left panel). Finally, the level of
BMPR1b protein initially decreased on BMP4 treatment, and
exposure to both pollutants revealed no major changes
(Figures 4d and e, right panel), except for the decrease
observed on exposure to BPA using both techniques. These
data suggest that BPA may favor a BMPR1a-mediated BMP4
response.
Exposure to B(a)Ponly slightly increased the total amount of

SMAD1/5/8 (Figure 5a), whereas exposure to BPA increased
the level of phosphorylated SMAD relative to SMAD1/5/8
(Figure 5b) without directly affecting total protein levels
(Figure 5a). This suggests that, in addition to modulating the
expression and localization of receptors, pollutants pre-
activate the BMP signaling pathway. This is further sustained
by our results that unveil a hyper activation of the SMAD
phosphorylation cascade on treatment with BMP2 (Figure 5c)
and especially BMP4 (Figure 5d) in cells pre-exposed to BPA
or B(a)P. Altogether, our observations indicate that long-term
exposure to BPA andB(a)Pmodifies the response of immature
cells to BMP2 and BMP4 by changing the level and cellular
distribution of BMP type-1 receptors, and by pre-activating
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SMAD1/5/8 signaling molecules through their sustained
phosphorylation.

Exposure to BPA and B(a)P primes MCF10A cells to
respond to BMP2 and BMP4. Lastly, we investigated the
impact of BPA and B(a)P on the response of MCF10A cells to
BMP2 and BMP4 at a functional level. Despite preventing the
decrease in cell proliferation following BMP2 treatment
(Figure 6a, left panel), BPA and B(a)P had no effect on the
BMP4-mediated decrease (Figure 6a, right panel). Pre-
exposure to B(a)P amplified BMP2-mediated spheres forma-
tion (Figure 6b, left panel), whereas exposure to BPA
dampened the BMP4-mediated sphere-forming ability of
MCF10A cells (Figure 6b, right panel). Both BPA and B(a)P
impeded the BMP2-mediated luminal progenitor expansion
(Figure 6c, left panel), and B(a)P alone prevented the
expansion of mixed colonies. However, no clear differences
were observed at the gene expression level (Figures 6d–g).
Surprisingly, although BPA had no effect by itself (Figure 2c),
the addition of BMP4 enhanced the effect of BPA on more
committed luminal and myoepithelial colonies (Figure 6c,
right panel). B(a)P displayed a similar, yet weaker effect on
the BMP4-mediated progenitor response (Figure 6c, right
panel). This suggests that pollutants may prevent myoepithe-
lial progenitor expansion and favor further differentiation of
cells following BMP4 signaling. This is sustained by the fact
that fewer spheres were formed on BPA exposure (Figure 6b,
right panel) and that B(a)P prevented the BMP4-mediated
increase in the expression of immature genes (CD10,
DNP63) (Figure 6g).
Finally, the impact of pollutants on BMPs control of SCs

pluripotent differentiation was analyzed using the TDLU assay.
Results further confirmed that BPA preferentially affects
BMP4-controlled SCs features, such as sphere-forming ability,
resulting in fewer TDLU structures (Figure 6h, center panel).
Conversely, BPA did not reproducibly impair BMP2-mediated
lobule structures, whereas exposure to B(a)P markedly
prevented this phenomenon (Figure 6h, right panel). In this
case, B(a)P-exposed cells displayed enhanced immature
properties in the presence of BMP2, such as the ability to
from highly organized ducts and lobule structures compared
with BMP2-treated MCF10A cells, which mainly formed
lobules (Figure 6h, left panel). This is consistent with the
greater amount of spheres and the fewer E-CFC progenitors
obtained (Figures 6b and c). Altogether, our data revealed that
pollutants modulate the response of MCF10A cells to BMP2
and BMP4 treatment. Indeed, BPA prevented SC mainte-
nance by BMP4 and promoted cell differentiation towards a
myoepithelial phenotype, whereas B(a)P prevented the
BMP2-mediated luminal progenitor commitment and expan-
sion, thus enhancing the retention of SC features.

Discussion

Pollutants, particularly BPA, were shown to promote proli-
feration, apoptosis and transformation of breast cancer
cells.3,8,10,26,27,28 Although extensively studied in the context
of lung cancer,5 the effects of B(a)P on mammary cells have
barely been investigated. Previously, we showed that BPA is
probably involved in facilitating the origin of luminal breast

cancer by dysregulating BMP2 production by mammary
fibroblasts and stromal cells.9,23 Interestingly, it has recently
been proposed that the physical trapping of BMP2 in
extracellular matrix changes its effect on SC fate and on
the differentiation of immature cells sheltered in their niche.29

With regards to the morphogenesis of ducts and lobules,
which constitute the basic unit of the mammary gland, it
was reported that changes in the stroma and its extracellular
matrix lead to altered ductal morphogenesis. In addition,
in vivo exposure to BPA during gestation and lactation
increased the sensitivity to mammotropic hormones, suggest-
ing a plausible explanation for the increased incidence of
breast cancer.30

Here, we investigated the effects of pollutants (BPA and
B(a)P) on the regulation of immature mammary cells by evalu-
ating the impact of pollutants on the response of epithelial cells
to BMP2 and BMP4. We demonstrated in MCF10A cells
that BMP2 enhances the production of luminal progenitors,
whereas BMP4 prevents the differentiation of this model.
Indeed, we confirmed that BMP4 was more efficient at
decreasing the proliferation of MCF10A cells and at re-
directing these cells towards a more immature phenotype
compared with BMP2. Interestingly, different assays revealed
that the effects of BMP2 and BMP4 are distinct and almost
exclusively modified by B(a)P and BPA, respectively. These
findings corroborate data obtained using normal primary
tissue of human mammary glands, showing that BMP2 and
BMP4 present in the SC niche distinctly regulate mammary
stem/progenitor cell fate.9

Many reports have highlighted the ability of BMP4 to
suppress cell proliferation, whereas facilitating cell migration
and relapse,31–33 and also have demonstrated the implication
of BMPs in promoting cell migration and invasion in breast
cancer patients.34 It was recently shown that BMP4 could also
inhibit breast cancer metastasis, in particular by affecting
surrounding immune cells.35 The effects of BMPs are thus
complex to decipher, as they are context-dependent and vary
according to organ or cell types, culture conditions, BMPs
doses used and receptor availability. Moreover, it is important
to recall that during an entire lifespan,mammary epithelial SCs
can be exposed both to BMPs and/or pollutants over a
prolonged period of time. Here, we analyzed the impact of
long-term exposure to low doses of BPA and B(a)P, which
currently represent bio-available concentrations reported to be
present in food, water or environmental carriers, and their
resulting impact on the BMP response. Our data revealed that
pollutants could modify the physiological control of human
epithelial SCs by BMPs. Indeed, we observed that BPA
increased immature features and amplified the response of
cells to BMPs, whereas B(a)P appeared to have a role on the
progenitor compartment and to inhibit the BMP4-mediated
effect on SCs. Importantly, we also uncovered that BPA and
B(a)P are able to modulate the response of immature cells to
BMPs, possibly by changing the expression and localization of
type-1 BMP receptors. Similar mechanisms have been
described in different tumor types, particularly in breast and
lung cancer, for tyrosine kinase receptors, such as EGFR
and IGFR1.36,37 This is the first time that experimental
results suggest that pollutants may be able to initiate
such a modification in the localization of BMP receptors.
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Furthermore, BPA or B(a)P induced a hyper sensitivity of the
cells to BMP ligands, as indicated by a sustained SMAD1/5/8
phosphorylation observed in response to BMP2 or BMP4
treatment. This sustained SMADs phosphorylation could
modify BMP signaling, leading to different cell responses as
shown for MAPK phosphorylation.38,39 Therefore, this could
change epithelial cell fate as reported for a long-term or serial
pulse of TGFβ stimulation.40 Pollutants could then alter the
response of SCs to BMPs by modulating the duration of the
signals.
In conclusion, BPA and B(a)P differently affect the proper-

ties of human immature mammary cells and their response to

BMPs.We have provided an insight into the effects of BPA and
B(a)P on the response of SCs to BMP2 and BMP4, which
could contribute to very early stages of breast cancer initiation.
Indeed, it is believed that exposure to pollutants exacerbates
the pro-tumoral effects of BMPs. Thus, monitoring pollutant
exposure and BMP pathway activation may be helpful to
assess the risk of tumor initiation especially in breast tissue.41

As people are chronically exposed to low concentrations of
various pollutants, including BPA and B(a)P, our data also
highlight that the combined targeting of pollutants and BMPs
effects may be a new avenue to develop novel preventive and
therapeutic strategies.

Figure 4 Signal transduction in response to BMP2 and BMP4 is affected by long-term exposure to BPA and B(a)P. (a) Western blot bright-field images of MCF10A cells
exposed 60 days to BPA or B(a)P (10− 10 M) and treated for 4 days with BMP2 or BMP4 (15 ng/ml). UTare the BMP-untreated cells. Data are representative of four independents
experiments. (b) Column scatter plot showing the quantification of BMP receptors 1a (left panel) or 1b (right panel) detected by western blot normalized against the level of tubulin.
BPA or B(a)P-exposed cell lines were treated for 4 days with BMP2 (15 ng/ml). Data are represented as mean +/− S.E.M., n= 4. (c) Column scatter plot showing the percentage
of BMP receptors 1a- (left panel) or 1b-positive MCF10A cells (right panel) exposed 60 days to BPA or B(a)P (10− 10 M) and treated for 4 days with BMP2 (15 ng/ml) by flow
cytometry. Data are represented as mean +/− S.E.M., n= 11. (d) Column scatter plot showing the quantification of BMP receptors 1a (left panel) or 1b (right panel) detected by
western blot normalized against the level of tubulin. BPA or B(a)P-exposed cell lines were treated for 4 days with BMP4 (15 ng/ml). Data are represented as mean +/− S.E.M.,
n= 4. (e) Column scatter plot showing the percentage of BMP receptors 1a- (left panel) or 1b-positive MCF10A cells (right panel) exposed 60 days to BPA or B(a)P (10− 10 M)
and treated for 4 days with BMP4 (15 ng/ml) by flow cytometry. Data are represented as mean +/− S.E.M., n= 11
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Materials and Methods
Cell lines and functional assays. MCF10A cells were purchased from
the ATCC and cultured according to the manufacturer’s recommendations in phenol

red-free Dulbecco’s modified Eagle’s medium (DMEM)/F-12 nutrient mix supple-
mented with 5% horse serum (Life Technologies, France), 10 μg/ml insulin, 0.5 μg/
ml hydrocortisone, 100 ng/ml cholera toxin, 20 ng/ml EGF (all supplied by Sigma,
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France), and 1% penicillin/streptomycin (Life Technologies). This medium will then
be referred as ‘MCF10A cells medium’. The cell line was tested for mycoplasma
contamination before conducting the experiments.
The chronically exposed cellular model was obtained by incubating MCF10A cells

with 10− 10 M bisphenol A or 10− 10 M benzo(a)pyrene for 60 days in phenol red-free
DMEM/F-12 medium supplemented with 5% steroid-depleted, dextran-coated and
charcoal-treated horse serum, 10 μg/ml insulin, 0.5 μg/ml hydrocortisone, 100 ng/ml
cholera toxin, 20 ng/ml EGF (all supplied by Sigma), and 1% penicillin/streptomycin
(Life Technologies). Media and treatments were changed every 2 days. This led to the
establishment of three distinct MCF10A cell sublines (MCF10A-CT, MCF10A-BPA,
MCF10A-B(a)P).
For the BMP treatment, serum contained in the MCF10A cells medium was

reduced to 2%, and BMP2 or BMP4 were used at a concentration of 15 ng/ml for
4 days. For mammosphere assays, single cells were seeded onto 96-well ultra-low
attachment plates (BD Corning, France) at limiting dilutions (150 cells/96-plate well) in
medium as described previously.9 For the E-CFC assay, cells were seeded in
MCF10A cells 2% serum medium at a limiting dilution (200 cells per well/12-well
plate) as described previously by our team.22 Colonies were classified and counted
following established size and morphological criteria.22,42 For three dimensional
TLDU assays, 500 cells were seeded in growth factor-reduced Matrigel (BD Corning),
and assays were carried out in MCF10A cells medium.21 Structures were then
washed in PBS 1 × , fixed in 1% formaldehyde for 2 h, and sent to the ANIPATH
platform (Lyon, France) for embedding, sectioning and H&E staining.
Primary cells were obtained from human adult breast reduction mammoplasties

(informed consent was obtained from the patients) as described previously.21 To
perform sphere-forming assays, total epithelial cell suspensions were grown in
sphere culture medium using ultra-low attachment plates (BD Corning) for 7 days,
and BMP2 or BMP4 were included at a concentration of 15 ng/ml. Resulting spheres
were then dissociated into single cell suspension for cell proliferation and viability
quantifications.

Immunohistochemistry. IHC staining of paraffin sections of normal human
breast tissue and primary breast tumors from Centre Léon Bérard was carried out
using standard methods and the following antibody was used for the labeling:
BMPR1B (ab78417), as described previously.9

Flow cytometry. Cells were suspended in PBS 1 × and incubated for
30 min to 1 h with the relevant antibody following the manufacturer’s instruc-
tions: FITC-conjugated anti-BMPR1a (R&D systems, Mineapolis, MN, USA) (or

isotype FITC-conjugated IgG1), PE-conjugated anti-BMPR1b (R&D systems) (or
isotype PE-conjugated IgG2B). Flow cytometry was performed using a FACSCalibur
cell analyzer (BD Biosciences, Franklin lakes, NJ, USA).

Western blot analysis. Cells were lysed in RIPA buffer (50 mM Tris, pH 7.4,
150 mM, NaCl, 5 mM EDTA, pH 8, 30 mM NaF, 1 mM Na3VO4, 40 mM
β-glycerophosphate, protease inhibitors cocktail, Roche, France). Whole-cell extracts
were fractionated by SDS-PAGE and transferred onto a polyvinylidene difluoride
membrane using a transfer apparatus according to the manufacturer’s protocols (Bio-
Rad Trans Blot Turbo, Hercules, CA, USA). After incubation with 5% nonfat milk in
TBST (10 mM Tris, pH 8, 150 mM NaCl, 0.5% Tween 20) for 30 min, the membrane
was washed once with TBST and incubated with antibodies at 4 °C for 12 h, as
detailed in the table below. Membranes were washed three times for 10 min and
incubated with horseradish peroxidase-conjugated anti-mouse or anti-rabbit
antibodies (Jackson Research, West Grove, PA, USA) at a dilution of 1:25 000 for
45 min. Blots were washed with TBST three times and developed with the ECL
system (Roche Lumi-Light Plus) according to the manufacturer’s guidelines.

Antibody Supplier Reference Dilution for
western blotting

BMPR1a Santa Cruz Sc-20736 1/1000
BMPR1b Santa Cruz Sc-25455 1/500
BMPR2 Santa Cruz Sc-20737 1/1000
Phospho-SMAD1/5/8 Cell Signaling Technologies 9511S 1/500
SMAD1/5/8 Santa Cruz Sc-6031-r 1/1000
Tubulin Sigma T6074 1/10 000

Gene expression analysis. RNA was extracted using the RNeasy Plus Mini
Kits (Qiagen, Valencia, CA, USA) containing a gDNA eliminator column. RNA
concentration was measured using a Nanodrop ND-1000 spectrophotometer
(Thermo Scientific, France). Reverse transcription was conducted using Superscript
II (Invitrogen, France) according to the manufacturer’s instructions. The cDNA was
stored at − 80 °C until further use. qPCR was performed using sequence-specific
primers on a LightCycler 480 II system (Roche Applied Science, Indianapolis, IN,
USA) with SyBR Green I technology (QuantiFAST SyBR kit from Qiagen) and
LightCycler 480 Multiwell Plates 96 (Roche Applied Science). CPB and ACTB1
were selected by geNorm analysis as reference genes.

Figure 6 Functional effects of exposure to BPA and B(a)P on the response of immature cell to BMP2 and BMP4. (a) Bar graph showing cell proliferation of MFC10A cells
exposed 60 days to BPA or B(a)P (10− 10 M) and treated for 4 days with BMP2 or BMP4 (15 ng/ml). Data are represented as mean +/− S.E.M., n= 21. (b) Column scatter plot
showing the number of spheres obtained after 1 week per 1000 seeded cells. One hundred single MFC10A cells exposed 60 days to BPA or B(a)P (10− 10 M) and treated for
4 days with BMP2 or BMP4 (15 ng/ml) were seeded onto 96 ultra-low attachment plates (150 μl medium/well), each value represents the mean of one experiment (mean of 30
wells). Data are represented as mean +/− S.E.M., n= 4. (c) After 60 days of exposure to BPA or B(a)P (10− 10 M) and 4 days of treatment with BMP2 or BMP4 (15 ng/ml), 200
cells per well were seeded onto 12-well plates in triplicate to perform E-CFC assays for 5–6 days. Bar graph showing the number of different types of E-CFCs obtained per 10 000
seeded cells (mixed colonies, mixed-CFC; myoepithelial colonies, myo-CFC; luminal colonies, lu-CFC). Data are represented as mean +/− S.E.M., n= 6. (d,e) Cells were
exposed 60 days to BPA (10− 10 M) (d) or to B(a)P (10− 10 M) (e) and treated for 4 days with BMP2 (15 ng/ml), before conducting qPCR analyses to detect the level of expression
of differentiation markers. Column scatter plot showing arbitrary units of the ratio to control cells unexposed to pollutants (CT) but treated for 4 days with BMP2 (15 ng/ml). Data
represent mean +/− S.E.M., n= 5. (f,g) Cells were to BPA (10− 10 M) (f) or to B(a)P (10− 10 M) (g) and treated for 4 days with BMP4 (15 ng/ml), before conducting qPCR
analyses to detect the level of expression of differentiation markers. Column scatter plot showing arbitrary units of the ratio to cells unexposed to pollutants (CT) treated for 4 days
with BMP2 (15 ng/ml). Data represent mean +/− S.E.M., n= 5. (h) Bright-field (left) or immunohistochemistry (right) images at day 10 of 3D structures generated in the TDLU
assay from unexposed control cells (CT), BPA or B(a)P previously exposed (60 days, (10− 10 M)) cells treated for 4 days with BMP2 or BMP4 (15 ng/ml). Data are representative
of n= 9 independent experiments, scale bars= 100 μm

Gene name Abbreviation Accession number 5′–3′ primer 3′–5′ primer

Actin beta 1 ACTB1 NM_001101 ATT-GGC-AAT-GAG-CGG-TTC GGA-TGC-CAC-AGG-ACT-CCA-T
Cyclophylin B CPB NM_000942.4 ACT-TCA-CCA-GGG-GAG-ATG-G AGC-CGT-TGG-TGT-CTT-TGC
Cluster of differentiation 10 CD10 NM_007289.2 CAC-AGT-CCA-GGC-AAT-TTC-AG AAA-CCC-GGC-ACT-TCT-TTT-CT
DeltaNp63 DNP63 NM_00111482.1 TGC-CCA-GAC-TCA-ATT-TAG-TGA-G AGA-GAG-AGC-ATC-GAA-GGT-GGA-G
Keratin 14 KRT14 NM_000526 TGA-CCT-GGA-GAT-GCA-GAT-TG CAT-ACT-GGT-CAC-GCA-TCT-CG
Smooth muscle actin SMA NM_001141945 TGG-AGA-TAA-CAC-TCT-AAG-CAT-AAC-TAA-AGG-T CCG-TGA-TCT-CCT-TCT-GCA-TT
Keratin 18 KRT18 NM_000224 CCA-GTC-TGT-GGA-GAA-CGA-CA CTG-AGA-TTT-GGG-GGC-ATC-TA
Epithelial cell adhesion molecule EPCAM NM_002354 CTG-GCC-GTA-AAC-TGC-TTT-GT TCC-CAA-GTT-TTG-AGC-CAT-TC
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Statistical analyses. Treated cells were compared with untreated cells using
the paired Student’s t-test, when data were normally distributed, or the Wilcoxon
signed-rank test when data were not normally distributed, using α= 0.05. For all of
the experiments, significance was set at a P-value of *Po0.05.
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