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A B S T R A C T

Hexachlorobenzene (HCB) is a widespread environmental pollutant and a dioxin-like compound that binds
weakly to the aryl hydrocarbon receptor (AhR). Because AhR and transforming growth factor β1 (TGF-β1)
converge to regulate common signaling pathways, alterations in this crosstalk might contribute to developing
preneoplastic lesions. The aim of this study was to evaluate HCB action on TGF-β1 and AhR signaling in mouse
mammary gland, through AhR+/+ and AhR−/− models. Results showed a differential effect in mouse
mammary epithelial cells (NMuMG), depending on the dose: 0.05 μM HCB induced cell migration and TGF-β1
signaling, whereas 5 μM HCB reduced cell migration, promoted cell cycle arrest and stimulated the dioxin re-
sponse element (DRE) -dependent pathway. HCB (5 μM) enhanced α-smooth muscle actin expression and de-
creased TGF-β receptor II mRNA levels in immortalized mouse mammary fibroblasts AhR+/+, resembling the
phenotype of transformed cells. Accordingly, their conditioned medium was able to enhance NMuMG cell mi-
gration. Assays in C57/Bl6 mice showed HCB (3 mg/kg body weight) to enhance ductal hyperplasia, cell pro-
liferation, estrogen receptor α nuclear localization, branch density, and the number of terminal end buds in
mammary gland from AhR+/+mice. Primary culture of mammary epithelial cells from AhR+/+mice showed
reduced AhR mRNA levels after HCB exposure (0.05 and 5 μM). Interestingly, AhR−/− mice exhibited an
increase in ductal hyperplasia and mammary growth in the absence of HCB treatment, thus revealing the im-
portance of AhR in mammary development. Our findings show that environmental HCB concentrations modulate
AhR and TGF-β1 signaling, which could contribute to altered mammary branching morphogenesis, likely leading
to preneoplastic lesions and retaining terminal end buds.

1. Introduction

Environmental exposure can alter mammary gland (MG) develop-
ment, impair lactation and increase susceptibility to cancer (Rudel
et al., 2011). Hexachlorobenzene (HCB) is an environmental pollutant
which was used as a fungicide in the past and is still released into the
environment as a byproduct from several industrial processes. The In-
ternational Agency for Research on Cancer has classified HCB as a
possible human carcinogen (ATSDR, 2015) and several studies de-
monstrate the presence of this pollutant in human milk, baby formula,
and cow milk for human consumption (Chen et al., 2014; Der

Parsehian, 2008). We have previously reported that HCB activates es-
trogen receptor α (ERα) and induces estrogen-like responses in human
breast cancer cells acting as an endocrine disruptor (ED) (García et al.,
2010), while other authors have revealed that some EDs affect MG
development (Fenton, 2006).

HCB is a dioxin-like compound and a weak ligand of the aryl hy-
drocarbon receptor (AhR) (Hahn et al., 1989). The AhR is a ligand-
dependent transcription factor that binds to its DNA consensus se-
quence known as the dioxin response element (DRE) and regulates the
expression of many detoxification genes such as cytochrome P450 1A1
(CYP1A1). Furthermore, after dioxin activated-AhR, c-Src is released
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from its cytosolic complex and stimulates growth factor receptors, in-
cluding the transforming growth factor -β (TGF-β) receptor II (TβRII)
(Galliher and Schiemann, 2006) and human epidermal growth factor
receptor (HER1) (Park et al., 2007). AhR has been studied because of its
role in the toxic effects caused by environmental pollutants, including
dioxins, organochlorine compounds, polychlorinated biphenyls, and
polycyclic aromatic hydrocarbons. Evidence has shown that this re-
ceptor plays an important role in normal physiologic functions such as
development, cell cycle regulation, and immune response (Murray
et al., 2014; Safe et al., 2013). Moreover, Hushka et al. (1998) have
demonstrated that the inactivation of AhR results in impaired mam-
mary development and lactation. However, the role of the AhR in
cancer is complex, with clear discrepancies between pro- and anti-tu-
morigenic activities (Bekki et al., 2015; Jin et al., 2012; Pontillo et al.,
2013).

TGF-β1 is a pluripotent cytokine critically important in mammary
morphogenesis and significantly activated during breast cancer devel-
opment (Moses and Barcellos-Hoff, 2011). It has been reported that
TGF-β1 plays a dual role: it limits proliferation in epithelial cells but
induces epithelial-mesenchymal transition (EMT) in carcinoma cells,
accelerating cancer progression and metastasis (Lebrun, 2012). In the
canonical pathway, TGF-β1 engagement of TβRII leads to the phos-
phorylation and activation of TGF-β receptor I (TβRI), which subse-
quently phosphorylates Smad2/3. Once activated, Smad2/3 rapidly
interacts with Smad4 and this complex translocates to the nucleus to
regulate the expression of TGF-β-responsive genes. In addition, TGF-β1
also stimulates an ever expanding array of molecules, including ERK1/
2, p38, JNK, and PI3K/Akt (Parvani et al., 2011). Recently, we have
reported that HCB activates TGF-β1 and enhances Smad3, p38, and JNK
phosphorylation levels in the ERα-negative MDA-MB-231 breast cancer
cell line (Miret et al., 2016). TGF-β1 and AhR signaling interact both in
reciprocal regulation and toward common targets such as cell cycle
control (Haarmann-Stemmann et al., 2009). Wolff et al. (2001) have
demonstrated that TGF-β1 triggers cell type-specific effects on AhR by
inhibiting receptor expression and activation in lung cancer cells, while
it enhances receptor function in hepatoma cells. Furthermore, analyses
in cell systems and mouse models lacking AhR expression have de-
monstrated that AhR is relevant to maintain TGF-β1 activity. The up-
regulation of this cytokine could have a role in producing some of the
phenotypes identified in AhR-depleted mice (Gómez-Duran et al.,
2009).

Understanding the mechanisms regulating normal MG development
may contribute to explaining how tumors promote their own growth
and invasion, changing these normal mechanisms. Given our previous
observations in mammary cells and animal models, and considering
epidemiological data available, we hypothesize that HCB could act as a
risk factor in breast cancer. Unlike its well characterized mechanisms of
action in breast cancer (García et al., 2010; Miret et al., 2016; Peña
et al., 2012; Pontillo et al., 2011, 2013; Randi et al., 2006), little is
known about HCB effects on normal MG. Therefore, the aim of the
present study was to investigate HCB effects on mouse normal MG by
means of in vitro and in vivo assays. To examine the role of AhR, we
worked with wild-type (AhR+/+) and AhR-null (AhR−/−) mice, as
well as AhR+/+ and AhR−/− mammary epithelial and fibroblast
cells. HCB action was analyzed in terms of cell proliferation, cell cycle,
cell migration, and AhR and TGF-β1 signaling pathways, as well as MG
structure and histology. Because stromal cells dictate the different
mammary side-branching patterns (Sternlicht, 2006), conditioned
medium (CM) assays were conducted to determine whether different
factors secreted by HCB-treated fibroblasts have impact on epithelial
cells.

2. Materials and methods

2.1. Chemicals

HCB (> 99% purity, commercial grade) was obtained from Aldrich-
Chemie GmbH&Co. (Steinheim, Germany). Anti-Smad3, anti-phospho-
Smad3, anti-phospho T202/Y204 ERK1/2, anti-p38, and anti-phospho-
p38 antibodies were purchased from Cell Signaling Technology, Inc.
(MA, USA). Anti-ERα antibody was obtained from Chemicon
International Inc. (CA, USA). Anti-progesterone receptor (PR) antibody
was purchased from Santa Cruz Biotechnology, Inc. (TX, USA). Anti-
AhR antibody was obtained from Abcam Ltd. (Cambridge, UK). Anti-α-
smooth muscle Actin (α-SMA), anti-β-Actin and anti-Vimentin (V9)
antibodies, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT), diaminobenzidine tetrahydrochloride (DAB) tablets, di-
methyl sulfoxide (DMSO), phenylmethylsulfonyl fluoride (PMSF), epi-
dermal growth factor (EGF), insulin, bovine serum albumin (BSA), α-
naphthoflavone (ANF) inhibitor, SB431542 inhibitor and carmine alum
were obtained from Sigma-Aldrich Chemical Co. (MO, USA). Anti-
ERK1/2 antibody was purchased from Upstate (NY, USA). Anti-Keratin
14 (AF64) antibody was obtained from Covance (NJ, USA). Anti-pro-
liferative cell nuclear antigen (PCNA) antibody was from Dako
Laboratories (CA, USA). The enhanced chemiluminescence kit (ECL)
was purchased from GE Healthcare Life Sciences (Buckinghamshire,
UK). The precision plus protein dual color standard and the Iscript re-
verse transcription supermix were obtained from Bio-Rad Laboratories
(CA, USA). The high pure RNA isolation kit and collagen were pur-
chased from Roche (IN, USA). The collagenase III was obtained from
Gibco, Invitrogen Life Technology (MA, USA). The specific oligonu-
cleotides for mouse AhR, CYP1A1, HER1, insulin-like growth factor-1
(IGF-I), TGF-β1, TβRI, and TβRII were purchased from Integrated DNA
Technologies Inc. (IA, USA). The UltraTek HRP (Anti-Polyvalent) was
obtained from Scytek Laboratories (UT, USA). The anti-E-cadherin an-
tibody was graciously provided by Dr. Ibarra (Universidad de Buenos
Aires), and anti-P-cadherin antibody by Dr. Vazquez-Levin (IBYME,
CONICET). All other reagents used were of analytical grade.

2.2. Mice and treatment

Wild-type (AhR+/+) and AhR-null (AhR−/−) C57BL/6 N mice
were produced by homologous recombination in embryonic stem cells
as previously described (Fernandez-Salguero et al., 1995). Mice were
maintained in a controlled environment: 24 ± 2 °C, 50 ± 10% re-
lative humidity, and a 12–12 h light/dark cycle. Five-week-old virgin
female AhR+/+ and AhR−/− mice were randomly separated in four
groups (control AhR+/+, HCB-treated AhR+/+, control AhR−/−
and HCB-treated AhR−/−) with 5 animals each one. Animals were
treated humanely and with regard for alleviation of suffering. All the
experiments involving animals were performed following the guidelines
established by the Animal Care and Use Committee of the University of
Extremadura. HCB (3 mg/kg body weight) was dissolved in corn oil and
mice were treated by intraperitoneal injection (i.p.) (0.1 ml) four times
a week for 21 days. Control animals were injected i.p. corn oil (0.1 ml)
as vehicle. Treatment with HCB had no effect on the general health of
the animals, as shown by the healthy appearance of mice and no effect
on body weight or water and food consumption. The stages of the es-
trous cycle were determined using vaginal smears and the animals were
euthanized on the morning of the first estrous phase. The fourth MG
both right and left were removed under sterile conditions and processed
for whole mounts and immunohistochemical studies. The HCB doses
used in our experiments were chosen after reviewing the relevant lit-
erature. HCB (3 mg/kg b.w.) was assayed previously in other tox-
icological studies and had an androgenic effect in mice (Ralph et al.,
2003). Besides, HCB (3 mg/kg b.w.) was assayed previously in our la-
boratory and found to promote tumor growth and metastatic focus in
mice lungs (Pontillo et al., 2013). Although in this study, the HCB
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internal dose in mice was not measured, we think that this should be
similar those found in human populations. This is because when HCB
(500 mg/kg b.w. in water solution) was administered to rats by gavage,
the serum HCB concentration was 600 ng/ml (Chiappini et al., 2009).
Assuming that HCB distribution is similar in rats and mice, we hy-
pothesized that herein, the HCB serum concentration in mice could be
at least 3 ng/ml. In this respect, To Figueras et al. (1997) have found
32 ng/ml of HCB in human serum, in a highly contaminated population
in Spain. In addition, the HCB dose used in the current study is similar
to that found in human serum samples from different populations (Guo
et al., 2014; Mrema et al., 2013). Van Birgelen (1998) has reported that
the no-observed-effect level (NOEL) is estimated to be 0.38 mg/kg/day
for neoplastic liver nodules and adrenal pheochromocytomas in female
rats in a two-generation study.

2.3. Primary culture and treatment

The primary cultures for each experiment were obtained from the
same mouse and at least three independent experiments were per-
formed using mice from different litters. Epithelial cells of MG (EMG)
were isolated from 8 to 9-week-old female AhR+/+ and AhR−/−
mice and called EMG AhR+/+ and EMG AhR−/−, respectively. The
third, fourth, and fifth MG were removed under sterile conditions, fi-
nely minced and sequentially digested with 2 mg/ml collagenase Type-
III at 37 °C, with constant shaking for 3 h at 200 rpm. Samples were
then centrifuged at 1000 rpm for 5 min. The pellets were resuspended
in Dulbecco's modified Eagle's medium nutrient mixture Ham F-12
(DMEM-F12) and centrifuged at 800 rpm for 5 min. The pellets were
incubated with DMEM-F12 containing 2 U/ml DNAse for 2 min and the
reaction was stopped by addition of DMEM-F12 with 4% fetal bovine
serum (FBS). The samples were then centrifuged at 1000 rpm for
10 min and organoids were purified by differential centrifugation in
phosphate buffer saline (PBS) with 2% FBS. Finally, organoids formed
monolayers when plated in dishes coated with collagen in DMEM-F12
medium containing 10% FBS, 5 ng/ml EGF, 10 mg/ml insulin, 5 mg/ml
BSA and 50 mg/ml penicillin/streptomycin (growth medium), and
cultured at 37 °C in a 5% CO2 incubator. When detected, growing fi-
broblasts were removed by differential trypsinization. To confirm the
phenotypic identity, living cells were observed under a transmitted
light microscope for morphology and immunostaining analyses was
performed. For RT-qPCR assays, cells at 70–80% confluence were in-
cubated in FBS-free medium and 24 h later treated with HCB (0.05 and
5 μM) dissolved in absolute ethanol (EtOH) in growth medium con-
taining 5% FBS for 24 h. The treatment with EtOH was used as vehicle
control. The highest HCB dose used (5 μM) was similar to that found in
human serum samples from a highly contaminated population (To-
Figueras et al., 1997). In addition, the HCB dose of 0.5 μM is compar-
able to that observed in human serum samples from general population
in France (Saoudi et al., 2014). The MLR (maximum limit residue) es-
tablished by the European Commission for fruits and vegetables is
0.01 μM HCB, which is similar to 0.05 μM used in this study. Besides, it
has been reported that HCB daily intake in lipid-rich foods in humans is
0.2 μg/day (Burton and Bennett, 1987).

2.4. Cell culture and treatment

Mouse mammary epithelial cell line NMuMG (Sigma-Aldrich) was
cultured in DMEM supplemented with 10% FBS, 10 mg/ml insulin,
50 mg/ml penicillin/streptomycin, and 1% glutamine (complete
growth medium). Cells were seeded in 6-well plates in DMEM complete
growth medium and 24 h later changed to Roswell Park Memorial
Institute (RPMI) medium without phenol red and FBS. The next day,
cells at 70–80% confluence were exposed to HCB (0.005, 0.05, 0.5, and
5 μM) or vehicle in phenol red free-RPMI 5% FBS. The treatment with
EtOH was used as vehicle control. For the inhibitor treatments, the cells
were pretreated for 1 h with 2 μM SB431542, which is an inhibitor of

TβRI that prevents Smad phosphorylation, and 1 μM ANF for AhR.
Because both inhibitors were dissolved in DMSO, a control with DMSO
was performed. Then, the HCB or EtOH was added to the media in the
presence or absence of the inhibitors. FGM AhR+/+ and FGM AhR−/
− cell lines are derived from breast fibroblasts of AhR+/+ and
AhR−/− C57BL/6 N mice (Mulero-Navarro et al., 2005). These cells
were cultured in DMEM-F12 supplemented with 10% FBS, 50 ng/ml
penicillin/streptomycin and 1% glutamine. After 24 h of starvation,
FGM cells were exposed to HCB (0.005, 0.05, 0.5, and 5 μM) or EtOH in
DMEM-F12 with 5% FBS. For assays with CM, FGM AhR+/+ and FGM
AhR−/− were exposed to HCB (0.05 and 5 μM) or EtOH for 48 h and
the CM was collected, centrifuged at 500 x g and supplemented with
100 μg/μl BSA and 100 μg/μl PMSF for conservation. The CM was
added to fresh NMuMG culture media for up to two thirds of the final
volume and this was used to grow NMuMG cells.

2.5. Whole mount evaluation

Each whole MG specimen was spread on a glass slide and fixed in
Carnoy's solution (100% ethanol:chloroform:glacial acetic acid, 6:3:1)
for 2 h at room temperature. Then, glands were washed with 70%
ethanol for 15 min, followed by a wash with distilled water for 5 min.
Gland staining was performed in Carmine Alum (1 g carmine and 2.5 g
aluminum potassium sulfate in 500 ml water) at 4 °C overnight. Tissues
were then dehydrated and mounted in mounting medium. Images of
MG whole mounts were recorded using an Olympus BX50 F-3 micro-
scope (Olympus Optical Co., Ltd., Tokyo, Japan). The distance from the
lymph node to the end of the growing edge of the MG was measured
between parallel lines drawn in each image and results were expressed
in relation to fat pad total area. Branch density was calculated as the
number of branch points of the whole MG divided by fat pad total area.
All teardrop-shaped ductal end structures measuring 0.03 mm2 or more
in area were counted as terminal end buds (TEBs) in relation to fat pad
total area in each sample, as previously established (Fenton, 2009). All
these parameters were analyzed with ImageJ software (National In-
stitute of Health, MD, USA).

2.6. Histology and immunohistochemistry

MG were fixed in 10% buffered formalin, embedded in paraffin, and
cut into 5-μm sections for histochemical evaluation. Sections were
stained with hematoxylin-eosin for morphological studies. The leading
edge and TEBs were localized and the ducts located at 400 μm from the
most proximal TEB were counted as described Murray et al. (2007). The
breast ducts were classified into: normal, when the linings of the breast
ducts contained no more than three layers of cells; or hyperplastic, if
there was an increase in the number of cells that constituted this ductal
lining. For immunohistochemical analysis, sections were deparaffinized
in xylene and rehydrated through graded alcohols, followed by mi-
crowaving in 10 mM sodium citrate buffer for antigen retrieval. Non-
specific staining was blocked by incubation of the sections with Super
Block (UltraTek HRP Anti-Polyvalent Lab Pack, ScyTek Laboratories,
Logan, USA) for 10 min at room temperature. Tissue sections were in-
cubated with ERα (dilution 1:50), PR (dilution 1:50), PCNA (dilution
1:50), E-cadherin (dilution 1:50), and P-cadherin (dilution 1:50) anti-
bodies overnight at 4 °C. Negative control slides consisted of sections
incubated with the vehicle antibody (1% BSA in PBS 1×). The samples
were then incubated with Ultra Tek Anti-Polyvalent (UltraTek HRP
Anti-Polyvalent Lab Pack, ScyTek Laboratories) for 10 min at room
temperature; subsequently, they were incubated with UltraTek HRP
(UltraTek HRP Anti-Polyvalent Lab Pack, ScyTek Laboratories) at room
temperature for 10 min. Signal detection was carried out using DAB
substrate kit and lightly counterstaining with hematoxylin. Three slides
for each animal were analyzed and all tissue sections were examined by
two blinded observers using an ×60 objective lens on a light micro-
scope (Nikon, Tokyo, Japan) connected to a digital camera. Ten fields
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of immunostained sections were randomly chosen and captured from
each specimen, and the percentage of positive cells was established.

2.7. Immunofluorescense assay

EMG and FGM cells were treated with HCB (0.005, 0.05, 0.5, and
5 μM) or vehicle for 24 h. After washing, cells were fixed with paraf-
ormaldehyde for 10 min and incubated with blocking buffer (2% BSA,
0.05% Triton X-100 in PBS) for 30 min at room temperature. FGM cells
were incubated with anti-α-SMA (1:200) mouse monoclonal antibody,
whereas EMG cells were incubated with anti-Keratin 14 (1:500) rabbit
polyclonal antibody and anti-Vimentin (1:100) mouse monoclonal an-
tibody, in blocking buffer for 24 h at 4 °C in a humidified chamber.
Finally, cells were incubated with secondary antibodies Alexa 633 anti-
rabbit IgG (1:250) or Alexa 488 anti-mouse IgG (1:250) for 1 h at room
temperature in the dark. DAPI was used to stain cell nuclei. Five non-
overlapping, randomly chosen images were obtained using FV1000
Confocal microscope (Olympus). Quantification of the positive cells/
total cells ratio was normalized to arbitrary units, and at least 2500
cells were counted per treatment.

2.8. Flow cytometry analysis

NMuMG and FGM cells were starved and then exposed to HCB
(0.005, 0.05, 0.5, and 5 μM) or vehicle for 12, 24, and 36 h. Cells were
released from the plates by the addition of 0.25% trypsin, fixed at 4 °C
in 70% cold ethanol, centrifuged and treated with RNase (10 μg/ml) for
30 min at 37 °C. DNA content per cell was determined in a Cyan flow
cytometer (DAKO Cytomation) after staining with propidium iodide
(50 μg/ml) for 15 min at room temperature in the dark. Cell cycle
distribution was calculated from DNA histograms with Cylchred 1.0.2
software (Cardiff University, UK). For cell cycle analysis, only signals
from single cells were considered (10,000 cells/sample).

2.9. Migration assay

NMuMG and FGM cell migration was evaluated by the scratch
motility assay as previously described (Miret et al., 2016). The scrat-
ched area was photographed at 0 and 12 h for NMuMG and at 0 and 9 h
for FGM, taken into account the doubling time and the migration ability
of each cell line. The distance of wound healing in each well was
evaluated and the migration rate was calculated by D t0 − D tf / (D
t0 × 100). D t0 = distance at 0 h; D tf = distance at 12 or 9 h, re-
spectively.

2.10. MTT assay

NMuMG and FGM cell viability were analyzed after 24 h of HCB
(0.005, 0.05, 0.5, and 5 μM) treatment. Cells were incubated at 37 °C
for 1 h with 150 μg/ml MTT in basic saline solution [137 mM NaCl,
3.5 mM KCl, 0.4 mM KH2PO4, 0.33 mM Na2HPO4·7H2O, 5 mM N-Tris
(hydroxymethyl) methyl-2-aminoethanesulfonic acid pH 7.4, 10 mM D-
glucose]. Formazan, as a precipitate generated by mitochondrial de-
hydrogenase activity in living cells, was dissolved in DMSO and mea-
sured using spectroscopy as the difference in absorbance at 490 and
650 nm. Data are shown as a percentage of control cultures, which was
regarded as 100%.

2.11. RNA preparation and reverse transcription (RT)-quantitative PCR
(qPCR)

Total RNA was isolated with the High Pure RNA Isolation kit, fol-
lowing the manufacturer's instructions. Aliquots of 1 μg RNA were re-
verse-transcribed at 42 °C for 30 min using Reverse Transcription
Supermix for RT-qPCR. Expression levels of AhR, CYP1A1, HER1, IGF-I,
TGF-β1, TβRI, and TβRII were analyzed using specific primers

(Table 1). SYBR-Green I/QTaq DNA polymerase mix was used on the
iCycler equipment (Bio-Rad). Cycling conditions were as follows: de-
naturation at 95 °C for 30 s, annealing at 59 °C for 30 s, and extension at
72 °C for 30 s (50 cycles). GAPDH mRNA was used to normalize gene
expression (Ct) and 2−ΔΔCt to calculate variations with respect to
control (fold change).

2.12. Western blotting

Total cell protein lysates were prepared, the protein concentration
was determined according to Bradford (1976), and 40 μg of protein was
resolved by 12% SDS-polyacrylamide gel electrophoresis (SDS-PAGE)
and transferred to nitrocellulose membranes. The membranes were
then blotted for P-Smad3 (1:250), P-ERK1/2 (1:500), and P-p38 (1:500)
and then reblotted for Smad3 (1:500), ERK1/2 (1:500), p38 (1:500),
AhR (1:500), and β-Actin (1:1000) as previously described (Miret et al.,
2016).

2.13. Statistical analysis

Data were evaluated by one-way ANOVA. For the experiments with
NMuMG cells, the results were analyzed using Dunnett's post-hoc test to
identify significant differences between controls and treatments. For
assays with FGM cells, epithelial primary cultures and mice, we used
Tukey post-hoc test to identify not only the effect of treatment but also
differences between AhR+/+ and AhR−/−. Differences were con-
sidered significant when p values were< 0.05. Results represent the
mean ± SD of at least three independent experiments.

3. Results

3.1. HCB reduces epithelial cell viability and induces cell cycle arrest

We have previously reported that 0.5 and 5 μM HCB induce a sig-
nificant loss in cell survival in rat thyroid cells (Chiappini et al., 2013).
In this work, MTT colorimetric assay was performed to evaluate HCB
(0.005, 0.05, 0.5, and 5 μM) action on the viability of epithelial
NMuMG cells and fibroblasts FGM AhR+/+ and FGM AhR−/−. In
the MTT assay, the lack of mitochondrial integrity and activity (MTT
uptake) was interpreted to represent low cell viability. HCB sig-
nificantly decreased cell viability at 0.05, 0.5, and 5 μM in NMuMG
cells (Fig. 1A). However, no cytotoxicity was observed in FGM AhR
+/+ or FGM AhR−/− cells after pesticide exposure (Fig. S1A–B).

Because AhR is involved in cell signaling pathways critical to cell
cycle regulation and apoptosis (Gasiewicz et al., 2008), we next studied
whether pesticide exposure affected cell cycle progression. Cells were
treated with HCB (0.005, 0.05, 0.5, and 5 μM) for 12, 24, and 36 h, and
the number of cells in each part of the cell cycle was analyzed by flow
cytometry assays. The pesticide increased the number of epithelial cells
in G0/G1 at 0.5 μM after 36 h of exposure and at 5 μM at all times
assayed (Fig. 1B–D). Furthermore, the number of cells in the S phase
was reduced at 5 μM HCB after 12 h of exposure (Fig. 1B) and at all
doses assayed after 36 h (Fig. 1D). These data suggest that HCB ex-
posure arrested epithelial cells in the G0/G1 phase, and thus inhibited
entry into the S phase. No changes were observed in the cell cycle of
FGM AhR+/+ and FGM AhR−/− exposed to HCB (Fig. S1C–H),
which might indicate that pesticide actions are cell context-dependent.

3.2. HCB alters NMuMG cell migration involving the AhR and TGF-β1
signaling pathways

Increasing evidence demonstrates that AhR can stimulate cell mi-
gration, and we have reported that HCB induces cell migration in the
MDA-MB-231 breast cancer cell line (Pontillo et al., 2011). These facts
prompted us to evaluate epithelial and fibroblast cell migration after
HCB (0.005, 0.05, 0.5, and 5 μM) exposure. Results from wound-
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healing assays showed that NMuMG cell migration was enhanced at
0.05 μM HCB but decreased at 5 μM HCB (Fig. 2A–B). In contrast, no
alterations were observed in FGM AhR+/+ and FGM AhR−/− mi-
gration at any dose assayed (Fig. S2).

Considering that HCB stimulates MDA-MB-231 cell migration
through AhR (Pontillo et al., 2011) and TGF-β1 (Miret et al., 2016), we
assessed their possible involvement in the HCB effects on NMuMG cell
migration. NMuMG cells were pretreated with specific inhibitors (ANF
for AhR and SB431542 for TβRI), and then exposed to HCB in the
presence or absence of the inhibitors. Taking into account that HCB
exerted a biphasic effect on NMuMG, inducing cell migration at low
dose and cell cycle arrest at high dose, we chose 0.05 and 5 μM HCB for
further assays. Our results show that pretreatment with the inhibitors in
the absence of HCB had no effect on cell migration (Fig. 2C–D). As
shown in Fig. 2C–D, the increase in cell migration at 0.05 μM HCB was
prevented by the AhR and TGF-β1 inhibitors, indicating that the HCB
action requires the activation of both signaling pathways. Similar re-
sults were obtained at 5 μM, where the reduction of migration was
blocked by the inhibitors (Fig. 2C–D), showing that NMuMG cell mi-
gration modulated by HCB is AhR and TGF-β1-dependent.

3.3. HCB mediates changes in AhR and TGF-β1 signaling pathways in
NMuMG cells

We have previously shown that HCB alters the interaction between
AhR and TGF-β1 in MDA-MB-231 cells (Miret et al., 2016), and other
authors have described the involvement of these signaling pathways in
cell cycle regulation (Dietrich and Kaina, 2010) and epithelial-me-
senchymal plasticity (Contador-Troca et al., 2013; Rico-Leo et al., 2013;
Zu et al., 2012). Besides, herein we observed that HCB modulates
NMuMG cell migration involving the AhR and TGF-β1 pathways. These
observations led us to investigate whether HCB (0.05 and 5 μM) could
modify TGF-β1 and AhR pathways in NMuMG cells. RT-qPCR results
showed 5 μM HCB to significantly upregulate AhR mRNA content and
its target gene CYP1A1, whereas 0.05 μM HCB enhanced TGF-β1 and
TβRII mRNA levels. In addition, 5 μM HCB increased TβRI mRNA
content but decreased TβRII mRNA levels (Fig. 3). Given that we have
previously reported that the pesticide may have different effects on AhR
mRNA and protein levels (Miret et al., 2016), a dose-response study was
conducted to analyze the HCB (0.005, 0.05, 0.5, and 5 μM) action on
AhR protein expression by Western blot. We found that the pesticide
reduced AhR protein levels in a dose-dependent manner (Fig. 4A).

Because 0.05 μM HCB treatment increased TGF-β1 mRNA levels, we
next examined whether the pesticide could activate its downstream
signaling pathways. A time-course study (5, 15, and 30 min, and 2 h)

Table 1
Sequences of primers used in quantitative PCR assay.

Forward Reverse

AhR 5′AGCCGGTGCAGAAAACAGTAA′3 5′AGGCGGTCTAACTCTGTGTTC′3
CYP1A1 5′ACAGACCTCATTGAGCACAG′3 5′GGCTCCACGAGATAGCAGTT′3
TGF-β1 5′GGACTCTCCACCTGCAAGAC′3 5′GACTGGCGAGCCTTAGTTTG′3
TβRI 5′GGCGAAGGCATTACAGTGTT′3 5′TGCACATACAAATCGCCTGT′3
TβRII 5′GCTTGGCCAGAAAGACAGAC′3 5′CACTCCACAAGCTGTCTCCA′3
HER1 5′TCTTCAAGGATGTGAAGTGTG′3 5′TGTACGCTTTCGAACAATGT′3
IGF-I 5′GATACACATCATGTCGTCTTCACA′3 5′CAGTACATCTCCAGTCTCCTCAGA′3
GADPH 5′TGAAGCAGGCATCTCAGGG′3 5′CGAAGGTGCAAGAGTGGGAG′3

Fig. 1. HCB effects on NMuMG cell survival and cell cycle
progression. A) The viability of NMuMG cells was evaluated
using the MTT assay. Cells were incubated for 24 h with
HCB (0.005, 0.05, 0.5, and 5 μM) or EtOH and then treated
with MTT (150 μg/ml) for 1 h at 37 °C. Dehydrogenase
activity was determined as the difference between absor-
bance at 490 nm and 650 nm, and the percentage of cell
survival was expressed as treated cells relative to EtOH
cells. (B–D) Cell cycle distribution was determined by
propidium iodide staining and flow cytometric analysis.
Cells were treated with HCB (0.005, 0.05, 0.5, and 5 μM) or
EtOH for (B) 12 h, (C) 24 h, and (D) 36 h. Data are ex-
pressed as means± SD of at least three independent ex-
periments performed in triplicate. Asterisks indicate sig-
nificant differences versus control (EtOH) (* p < 0.05, **
p < 0.01 and *** p < 0.001). ANOVA and Dunnett's
post-hoc test.
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was performed to evaluate Smad3, ERK1/2, and p38 phosphorylation
levels by Western blot. HCB-induced Smad3 phosphorylation was
readily observed at 15 min, 30 min, and 2 h (Fig. 4B). Furthermore, the
pesticide activated ERK1/2 at 15 min (Fig. 4C), but no changes were
observed in phospho-p38 levels (Fig. 4D).

Considering that HCB activates HER1 in MDA-MB-231 cells

(Pontillo et al., 2011), and that this might lead to ERK1/2 phosphor-
ylation (Biscardi et al., 1999), we investigated whether the pesticide
could alter HER1 expression levels. Results showed 0.05 μM HCB to
increase HER1 mRNA content (Fig. 3).

Fig. 2. HCB actions on NMuMG cell migration. Role of AhR
and TGF-β1 signaling. (A–B) The serum-starved cell
monolayer was scratched with a pipette tip and then
treated with HCB (0.005, 0.05, 0.5, and 5 μM) or vehicle.
(C–D) The serum-starved NMuMG cells were pretreated
with specific inhibitors (2 μM SB431542 for TβRI and 1 μM
ANF for AhR) for 1 h. The monolayer was scratched with a
pipette tip, and the cells were treated with 0.05 and 5 μM
HCB in the presence or absence of the inhibitors. (A, C)
Representative experiment of wound healing. Relative
wound closure was observed at 0 and 12 h under a micro-
scope and photographed. (B, D) Quantification of migration
rate of at least three independent experiments performed in
triplicate. Data are expressed as means± SD. Asterisks in-
dicate significant differences vs. control without inhibitors
(* p < 0.05, **p < 0.01). Plus symbols indicate sig-
nificant differences vs. HCB 0.05 μM without inhibitors (+
+ p < 0.01). Crosses indicate significant differences vs.
HCB 5 μM without inhibitors (xx p < 0.01). ANOVA and
Tukey post-hoc test.

Fig. 3. HCB alters mRNA expression in NMuMG cells. Cells
were exposed to HCB (0.05 and 5 μM) or vehicle for 24 h,
and mRNA expression levels were evaluated by RT-qPCR.
GAPDH expression was used as a control to normalize the
data. Data are expressed as means± SD of at least three
independent experiments performed in triplicate. Asterisks
indicate significant differences vs control (*p < 0.05 and
**p < 0.01). ANOVA and Dunnett's post-hoc test.
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3.4. HCB alters TGF-β1 and AhR signaling in epithelial and fibroblast cells
from AhR+/+ and AhR−/− mice

Because HCB binds weakly to AhR and exerts some of its actions
through this receptor, we studied whether AhR is involved in HCB-in-
duced effects by means of primary cultures of epithelial cells from AhR
+/+ and AhR−/− mouse MG (EMG AhR+/+ and EMG AhR−/−).
Living cells observed in an optic microscope exhibited a typical cu-
boidal epithelial-like morphology in culture and formed monolayers
with the cells in close contact with each other. To confirm the pheno-
typic identity of the isolated cells, Keratin-14 and Vimentin expression
was evaluated through immunofluorescence assays. Results showed
cells to express Keratin-14 but not Vimentin, thus confirming their
epithelial identity (Fig. S3).

EMG AhR+/+ and EMG AhR−/−, as well as FGM AhR+/+ and
FGM AhR−/−, were used to examine TGF-β1 and AhR signaling after
24 h of HCB exposure. Fig. 5 show that HCB decreased AhR mRNA
levels in EMG AhR+/+ cultures at 0.05 and 5 μM, and in FGM AhR
+/+ at 5 μM. Furthermore, the pesticide enhanced CYP1A1 mRNA
expression in both EMG AhR+/+ (0.05 and 5 μM) and FGM AhR+/+
(5 μM). As expected, CYP1A1 mRNA levels were significantly lower in

EMG AhR−/− than in EMG AhR+/+, and HCB treatment had no
effect on this parameter (Fig. 5A).

Interestingly, in the absence of the pesticide, epithelial and fibro-
blast AhR−/− cells had increased TGF-β1 mRNA levels but reduced
TβRII mRNA content compared to AhR+/+ cells (Fig. 5). After HCB
treatment, TGF-β1 mRNA levels were increased at 0.05 μM in EMG AhR
+/+ but not in EMG AhR−/− cells (Fig. 5A). In contrast, 0.05 μM
HCB decreased TGF-β1 mRNA content in FGM AhR−/−, but produced
no changes in FGM AhR+/+ (Fig. 5B), which suggests that HCB might
exert AhR-dependent and -independent effects. Furthermore, 0.05 μM
HCB increased TβRI mRNA expression in EMG AhR+/+ cells, but no
alterations were observed in EMG AhR−/− cells or FGM at any dose
assayed. Finally, results showed that TβRII expression was differentially
altered after 5 μM HCB exposure, that is, TβRII mRNA was increased in
EMG AhR+/+ but decreased in FGM AhR+/+. However, in both
EMG AhR+/+ and FGM AhR+/+, these HCB actions were AhR-de-
pendent (Fig. 5).

Fig. 4. AhR protein expression and TGF-β1 signaling pathways in NMuMG cells exposed to HCB. (A) AhR, (B) phospho and total-Smad3, (C) phospho and total-ERK1/2, and (D) phospho
and total-p38 protein levels. (A) NMuMG cells were exposed to HCB (0.005, 0.05, 0.5, and 5 μM) or EtOH for 24 h. Whole-cell lysates were used to analyze the AhR protein levels by
Western blot. Values were normalized by immunoblotting using anti-β-Actin antibody. (B–D) Cells were exposed to HCB (0.05 μM) or EtOH for 0, 5, 15, and 30 min and 2 h. The
corresponding phosphorylated protein/total protein ratio was normalized to control. A representative Western blot from three independent experiments is shown in the upper panels.
Quantification by densitometry scanning of the immunoblots is shown in the lower panels. Data are expressed as means± SD of at least three independent experiments performed in
triplicate. Asterisks indicate significant differences vs control (*p < 0.05, **p < 0.01 and ***p < 0.001). ANOVA and Dunnett's post-hoc test.
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3.5. Changes in IGF-I and HER1 expression by HCB treatment in AhR+/+
and AhR−/− epithelial and fibroblast cells

Considering that IGF-I receptor and HER1 pathways are involved in
MG development and breast cancer progression (Hynes and Watson,
2010), we studied whether HCB might modify IGF-I and HER1 mRNA
content in EMG and FGM cells. RT-qPCR analyses revealed an increase
in IGF-I mRNA expression in EMG AhR+/+ cells by 0.05 μM HCB,
without changes in AhR−/−, for which, this effect depends on the
AhR (Fig. 5A). Furthermore, IGF-I mRNA content in FGM AhR−/−
was markedly higher than in FGM AhR+/+, although the pesticide
down-modulated IGF-I mRNA expression levels in both genotypes. This
HCB action was observed in FGM AhR+/+ at 0.05 and 5 μM, while in
FGM AhR−/− at 5 μM (Fig. 5B). On the other hand, we observed
HER1 mRNA content to be lower in FGM AhR−/− than in FGM AhR
+/+ (Fig. 5B). In addition, HCB exposure enhanced HER1 mRNA ex-
pression in EMG AhR+/+ (5 μM) as well as in FGM AhR+/+ cells
(0.05 μM) in an AhR-dependent manner (Fig. 5).

3.6. HCB alters α-smooth muscle actin expression in FGM cells

Fibroblasts in the tumor stroma acquire a perpetually activated
phenotype and are called cancer-associated fibroblasts (CAFs); this
subpopulation can be identified by the expression of α-smooth muscle
actin (α-SMA) (Kalluri and Zeisberg, 2006). To investigate whether the

pesticide is able to transform FGM fibroblasts toward a morphology
resembling that of CAFs, α-SMA expression was analyzed by immuno-
fluorescence after 24 h of HCB treatment (0.05 and 5 μM). Results show
that α-SMA levels in FGM AhR−/− was significantly lower than in
FGM AhR+/+ cells. Furthermore, 5 μM HCB increased α-SMA ex-
pression in an AhR-dependent fashion (Fig. 6).

3.7. Effect of fibroblast-derived CM on epithelial cells

Taking into account the former result, we hypothesize that these
fibroblasts could affect epithelial cells, as they have turned into CAFs by
the action of HCB. Therefore, we tested whether secreted factors by
HCB-treated fibroblasts might alter NMuMG cell growth and migration.
For this, we collected the supernatants from FGM AhR+/+ and FGM
AhR−/− exposed to 0.05 and 5 μM HCB, which were processed and
added to growing NMuMG cell cultures. Given that different culture
media are used by NMuMG and FGM cells (RPMI and DMEM-F12, re-
spectively), we studied the impact of DMEM-F12 on NMuMG cell via-
bility. We compared the viability of NMuMG cells growing in RPMI
with NMuMG cells growing in control CM through an MTT assay at
24 h. We found that control CM had no effect on the NMuMG cell
growth (data not shown). However, results showed a reduction in cell
survival when grown in CM from FGM AhR+/+ exposed to HCB (0.05
and 5 μM) (Fig. 7A). In a similar way, FGM AhR−/− CM decreased
NMuMG viability, although HCB treatment produced no alterations

Fig. 5. HCB effects on mRNA expression levels in epithelial cells and fibroblast. A) EMG AhR+/+ and EMG AhR−/−. B) FGM AhR+/+ and FGM AhR−/−. Cells were exposed to
HCB (0.05 and 5 μM) or vehicle for 24 h, and mRNA expression levels were evaluated by RT-qPCR. GAPDH expression was used as a control to normalize the data. The values are
mean ± SD of at least three independent experiments performed in triplicate. Asterisks indicate significant differences vs control AhR+/+ cells (*p < 0.05, **p < 0.01 and
***p < 0.001). Plus symbols indicate significant differences vs FGM AhR−/− control (+p < 0.05). ANOVA and Tukey post-hoc test.
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(Fig. 7A). Cell cycle analysis by flow cytometry revealed that CM from
FGM AhR+/+ cells treated with HCB (0.05 and 5 μM) reduced the
percentage of NMuMG cells in G0/G1, whereas it increased the pro-
portion of cells in the S phase (Fig. 7B). Similar results were observed
with FGM AhR−/− CM, regardless of whether fibroblasts were treated
with the pesticide or not (Fig. 7B).

Next, NMuMG migratory ability was evaluated by the scratch mo-
tility assay. Results showed an increase in NMuMG cell migration when
the supernatant derived from FGM AhR+/+ cells treated with 5 μM
HCB, whereas no changes were found in NMuMG cells growing in CM
from FGM AhR−/− exposed to HCB (Fig. 7C–D).

Finally, RT-qPCR results revealed NMuMG cells to express the
lowest AhR mRNA levels when CM derived from FGM AhR−/−
(Fig. 7E). In a similar way, CM from FGM AhR+/+ treated with HCB
(0.05 μM) decreased AhR mRNA expression (Fig. 7E). However, no
changes were observed in TGF-β1 mRNA levels in NMuMG cells treated
with CM from either FGM AhR+/+ or FGM AhR−/− cells (Fig. 7F).

3.8. HCB induces morphological and histological alterations in mouse MG

Because branching morphogenesis occurs mostly in adolescence
(Sternlicht, 2006), we examined HCB potential to alter mouse MG
structure at this stage and the involvement of AhR. Female AhR+/+
and AhR−/− C57BL/6 N mice were exposed to HCB (3 mg/kg body
weight) or vehicle for 21 days and MG whole mount analysis was
performed in order to evaluate morphological changes. To assess ductal
growth, we quantified the distance between the lymph node and MG
final edge (Fig. 8A), as described in Materials and Methods. Results
showed that MG from AhR−/− mice had a significant increase in
ductal growth, the distance between the lymph node and the MG edge
being at least 40% longer than in AhR+/+ mice. However, no changes

in ductal growth were observed in mice exposed to HCB (Fig. 8B). In
addition, we evaluated branch density and the number of TEBs,
counting the number of branches of the gland and the number of TEBs
per total area of MG. Our results showed that HCB-treatment sig-
nificantly enhanced branch density and the number of TEBs in AhR
+/+ mice in an AhR-dependent manner (Fig. 8C–E).

Given that preneoplastic lesions are considered premalignant
structures and precursors of neoplastic lesions (Singh et al., 2000), we
evaluated the presence of hyperplasia. Sections of MG were stained
with hematoxylin-eosin and the breast ducts were counted and classi-
fied into normal, when the linings of the breast ducts contained no more
than three layers of cells; or hyperplastic, if there was an increase in the
number of cells that constituted this ductal lining. A review by
Sternlicht (2006) shows that mammary ducts have stromal cells sur-
rounding the ducts, while TEBs distal cap evidences absence of stroma,
and this characteristic was taken into account. Furthermore, we ana-
lyzed the E-cadherin and P-cadherin expression by im-
munohistochemistry, as described Matos et al. (2016), which allows
differentiate between ducts and TEBs (Daniel et al., 1995) (Fig. S4). In
AhR+/+ mouse MG, HCB increased the percentage of hyperplastic
ducts (Fig. 9A). Furthermore, we found a number of hyperplastic ducts
in control AhR−/− mice as high as in HCB-treated AhR+/+ mice,
although the pesticide did not produce changes in AhR−/− mice
(Fig. 9A). Given these results, we next examined HCB action on cell
proliferation by analyzing PCNA levels. As expected, MG sections which
had hyperplastic ducts (HCB-treated mice and control AhR−/− mice)
showed an increase in PCNA expression (Fig. 9B).

ERα and PR protein levels were evaluated to complement our stu-
dies, as these hormone receptors play a key role in MG development
and function (Sternlicht, 2006). Immunohistochemistry results revealed
an enhancement in nuclear ERα levels in ducts from HCB-treated AhR

Fig. 6. HCB changes CAF specific biomarker levels. A)
Merge images of α-SMA expression and DAPI nuclear
staining in FGM AhR+/+ and FGM AhR−/−. Cells were
exposed to HCB (0.05 and 5 μM) or vehicle for 24 h, and α-
SMA expression was evaluated by immunofluorescence
staining with specific antibodies. B) Quantification of po-
sitive cells. Data are expressed as means± SD of at least
three independent experiments performed in triplicate.
Asterisks indicate significant differences vs FGM AhR+/+
control cells (*p < 0.05 and ***p < 0.001). ANOVA and
Tukey post-hoc test.
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+/+ mice and control AhR−/− mice; however, neither PR localiza-
tion nor expression were altered (Fig. 9C–D).

4. Discussion

The incidence of breast cancer is rising in many countries (Bergman
et al., 2012), and this evidence strengthens the biological plausibility
that environmental pollutants such as organochlorine pesticides are
also contributors to risk. The current study supports this hypothesis, as
environmentally relevant HCB concentrations (Guo et al., 2014; Saoudi
et al., 2014) produce alterations in normal mammary cells and mouse
MG. Interestingly, the changes induced by HCB in mammary branching
morphogenesis through AhR find correlation in other reports showing
the implication of AhR in MG development and lactation. Lew et al.
(2011) showed that activation of AhR by TCDD in both the epithelial
parenchyma and associated stromal tissue are required for impairment
in pregnancy-associated mammary development and lactogenesis.
Furthermore, Basham et al. (2015) demonstrated that AhR agonists
block transcription of the milk gene β-casein in mammary epithelial

cells. The alterations observed in the present work include an en-
hancement in branch density and the number of TEBs, both parameters
used as a measure of MG developmental progression, as previously
established by Fenton (2009). This could be due to the slower pace of
MG development, causing a permanence of the TEBs and preventing
their differentiation. In agreement, other authors observed that peri-
natal exposure to Bisphenol A and Diethylstilbestrol impairs MG dif-
ferentiation (Kass et al., 2012). Furthermore, the increase in un-
differentiated and highly proliferative structures, such as TEBs, can
enhance cancer risk, since they are sensitive to the effects of carcino-
gens and other chemicals (Macon and Fenton, 2013). Fenton et al.
(2002) observed that TCDD-exposed rats retained undifferentiated
terminal structures. ERα nuclear localization was increased in mam-
mary ducts from HCB-treated AhR+/+ mice, in accordance with re-
ports showing that ERα signaling is necessary for adolescent branching
(Hewitt et al., 2000). In this respect, we have previously observed that
HCB leads to ERα phosphorylation via c-Src and cell proliferation in
MCF-7 cells (García et al., 2010). ERα activation in epithelial cells
promotes HER1 signaling in the stroma, inducing mammary branching

Fig. 7. Effect of CM from fibroblasts exposed to HCB on epithelial cells. FGM AhR+/+ and FGM AhR−/− were exposed to HCB (0.05 and 5 μM) or vehicle (EtOH) for 48 h, the
supernatant was collected and this CM was used to grow NMuMG cells. A) NMuMG cell viability was determined by MTT assay after 24 h of treatment with the CM. (B) NMuMG cell cycle
distribution was evaluated by flow cytometry after 24 h. (C) Migration ability of NMuMG was assessed through the scratch motility assay. Relative wound closure was observed at 12 h
and one representative experiment is shown. (D) Quantification of migration rate. (E) AhR and (F) TGF-β1 mRNA expression levels were determined by RT-qPCR in NMuMG after 24 h of
CM exposure. In all the graphs, data are expressed as means± SD of at least three independent experiments performed in triplicate. Asterisks indicate significant differences vs NMuMG
treated with CM from FGM AhR+/+ without HCB (*p < 0.05, **p < 0.01 and ***p < 0.001). ANOVA and Tukey post-hoc test.
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through metalloproteinase stimulation (Sternlicht, 2006). Our results
have shown that HCB increases HER1 expression in FGM AhR+/+,
which could be related to the enhancement in TEBs and branch density
in AhR+/+ mice. Accordingly, it has been reported that the stroma
plays a major role in the retarded development of the mammary gland
following TCDD exposure (Fenton et al., 2002). Other authors observed
that TGF-β1 inhibited DNA synthesis in the highly proliferative term-
inal end buds resulting in a reduction of ductal growth (Sun and
Ingman, 2014). Despite EMG AhR−/− showed an increase in TGF-β1
mRNA levels, we found an increase in ductal growth in AhR−/− mice,
the outgrowth of the mammary epithelium being bigger than in AhR
+/+ mice. This discrepancy could be explained by the absence of the
AhR, which modify other molecules such IGF-I and ERα. In this respect,
the high levels of IGF-I in FGM AhR−/− cells might lead to pro-
liferation and survival, as this growth factor could stimulate IGF-I re-
ceptor in mammary epithelial cells, as already described (Sternlicht,
2006). This behavior could induce ductal growth and hyperplasia in

MG, explaining the phenotype observed in AhR−/− mice. Further-
more, ERα translocation to the nucleus in mammary ducts from AhR−/
− mice is also likely to contribute to this phenotype.

Previous results have demonstrated that HCB is a tumor co-carci-
nogen in the rat MG (Randi et al., 2006), and Charlier and Dejardin
(2007) found a strong association between the incidence of human
breast cancer relapse and high serum levels of HCB. Our current study
shows that HCB induces cell proliferation and ductal hyperplasia in MG
from AhR+/+ mice, in agreement with another report showing an
increase in preneoplastic lesions in rat MG after HCB treatment (Peña
et al., 2012). As mice used for primary culture (EMG) and in vivo assays
had the same age at the end of treatment, this increase in ductal hy-
perplasia could be related with a reduction in AhR mRNA levels in HCB-
treated EMG. In a similar way, control AhR−/− mice also presented
ductal hyperplasia, thus supporting a key role for AhR as a proliferation
inhibitor in normal MG. In addition, these results could be partly ex-
plained by the enhancement in TGF-β1 mRNA content and the

Fig. 8. HCB induces morphological changes in mouse MG.
AhR+/+ and AhR−/−mice were exposed to HCB (3 mg/
kg body weight) or vehicle four times a week for 21 days
and the whole abdominal MG was evaluated. (A)
Representative MG whole mount. The distance between the
two parallel lines drawn on the image represents the
longitudinal growth of the MG (dashed line). Scale bar is
1 mm. (B) The upper panel shows a representative photo-
graph per group. The graph shows the quantification of the
distance between the lymph node (LN) and MG final edge.
(C) Representative image of MG whole mounts showing a
TEB and a branch. Scale bar is 0.25 mm. Quantification of
(D) branch density and (E) TEBs. Data are expressed as
means± SD of three independent experiments with n = 5
mice per group. Asterisks indicate significant differences vs
control AhR+/+ mice (* p < 0.05). ANOVA and Tukey
post-hoc test.
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reduction in TβRII mRNA levels observed in control EMG AhR−/−. In
this respect, Gorska et al. (1998) reported that mouse epithelial mam-
mary cells expressing a dominant negative form of TβRII exhibited
greater hyperplasia. Furthermore, high TGF-β1 levels but low TβRII
content in human mammary tumors correlate with poor prognosis,
which suggests that breast tumor cells have an ability to reduce their
responsiveness to TGF-β1 (Chen et al., 2015).

In view of our results, HCB alters AhR expression in different ways,
enhancing mRNA levels but decreasing protein expression in NMuMG
cells. In this respect, we found in a previous investigation that HCB
decreases AhR mRNA levels and enhances protein levels in MDA-MB-

231 breast cancer cells (Miret et al., 2016). The present data suggest
that HCB could be activating the proteasome pathway, as previously
reported for other ligands of this receptor (Feng et al., 2013), and in
consequence, mRNA expression is triggered to compensate the AhR
levels in cells. On the other hand, it has been observed that the mod-
ulation of AhR expression (mRNA and protein levels) appear to be
largely tissue- and cell-specific (Safe et al., 2013). Despite we have
found that AhR mRNA levels is enhanced in NMuMG cells but reduced
in EMG AhR+/+ cells, the remarkable result is that CYP1A1 mRNA
levels is increased in both models, indicating AhR activation. These
findings were previously observed by other authors, where AhR ligands

Fig. 9. HCB action on mouse MG histology. AhR+/+ and AhR−/− mice were exposed to HCB (3 mg/kg body weight) or vehicle four times a week for 21 days, MG was fixed and slices
were prepared for histological evaluation. Representative images of MG sections stained with (A) hematoxylin-eosin, (B) PCNA, (C) nuclear estrogen receptor α (ERα), and (D) nuclear
progesterone receptor (PR) are shown in the upper panels. For immunohistochemical studies, signal detection was carried out using DAB substrate kit and lightly counterstaining with
hematoxylin. Quantification of (A) normal and hyperplastic ducts and (B-D) positive cells normalized to control is shown in the lower panels. Data are expressed as means± SD of three
independent experiments with n = 5 mice per group. Asterisks indicate significant differences vs control AhR+/+ mice (*p < 0.05, **p < 0.01). ANOVA and Tukey post-hoc test.
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can mediate significant AhR transcriptional activity even in the pre-
sence of modest levels of AhR expression (Ma and Baldwin, 2000;
Murray et al., 2014; Staršíchová et al., 2012). On the other hand, de-
spite that HCB (0.05 μM) enhances TGF-β1 mRNA expression levels in
both NMuMG and EMG cells, the regulation of TβRI and TβRII is dif-
ferent and dependent of the HCB dose. Further studies are necessary to
evaluate the dose of HCB that could be activating TGF-β1 signaling
pathways in EMG cells. Our interest in the role of AhR in cell pro-
liferation, cell cycle control and migration lies in the fact that these
processes become uncontrolled during tumor development. Moreover,
the development, maintenance, chemoresistance and self-renewal of
human breast cancer stem cells involve the activation of nuclear AhR
pathway (Al-Dhfyan et al., 2017). The present report demonstrates that
HCB slightly decreases NMuMG cell viability. In addition, 5 μM HCB
induces G0/G1 cell cycle arrest, decreasing the number of cells in the S
phase, and activates the genomic AhR pathway. Extensive evidence
proves that, in the presence of exogenous ligand, AhR inhibits cell
proliferation and induces cell cycle arrest in normally cycling cell po-
pulations (Puga et al., 2009). Accordingly, HCB lowers cell viability and
induces apoptotic cell death in normal thyroid cells (Chiappini et al.,
2013), while Bisphenol A reduces cell survival in epithelial mammary
cells (Lee and Rhee, 2007). Barhoover et al. (2010) found that, upon
activation with exogenous ligand, AhR induces G1 cell cycle arrest in
human breast cancer cell lines. In addition, the decrease in NMuMG cell
migration observed at 5 μM HCB could be related to cytotoxicity and
cell cycle arrest induced by HCB. In contrast, HCB does not alter fi-
broblast viability or cell cycle, indicating that mammary epithelial cells
are more sensitive to the pesticide exposure, in a single cell-based
culture model.

We have previously shown that HCB induces cell migration in a
dose-dependent manner in MDA-MB-231 human breast cancer cells
(Pontillo et al., 2011). However, NMuMG cell migration was enhanced
at a low HCB dose (0.05 μM) but reduced at a high dose (5 μM). Such
biphasic effect has also been observed in previous studies from our
laboratory in human breast cancer cells (García et al., 2010). This ac-
tion in NMuMG migration could be explained by pesticide modulation
of the crosstalk between AhR and TGF-β1, since HCB effects on cell
migration are dependent on these signaling pathways. Herein, 5 μM
HCB activates the nuclear AhR pathway in NMuMG cells, and Rico-Leo
et al. (2013) have reported NMuMG cells expressing a constitutively
active AhR to exhibit reduced migration. On the other hand, the same
authors have demonstrated that exogenous TGF-β1 exacerbates
NMuMG cell migration, while our work found 0.05 μM HCB to increase
TGF-β1 mRNA expression and migration in this cell line. Bakiri et al.
(2015) demonstrated that the modulation of TGF-β1 expression leads to
the acquisition of mesenchymal, invasive and tumorigenic capacities by
mammary epithelial cells. Furthermore, HCB activates Smad3 and
ERK1/2 at low doses, which could contribute to cell migration and EMT
of epithelial mammary cells, as other authors have previously reported
(Dzwonek et al., 2009; Joslin et al., 2007). These effects on TGF-β1
signaling could be due to the activation of the non genomic AhR
pathway, as we previously reported in MDA-MB-231 cells (Miret et al.,
2016). This hypothesis is supported by the fact that the increase in
NMuMG cell migration at 0.05 μMHCB not only depends on the TGF-β1
pathway, but also on AhR.

Accumulating evidence has demonstrated that the epithelial-
stromal dialogue is critical in the development of the MG (Sternlicht,
2006). Despite the growing number of studies focusing on the effects of
ligands of AhR on mammary epithelial cells, the role played by fibro-
blasts is not yet fully understood. Herein, we have found that HCB
(5 μM) can alter the characteristics of fibroblasts, which resemble the
activated phenotype found in breast cancer stroma. The pesticide in-
creased the number of α-SMA-positive cells, whereas it reduced TβRII
mRNA levels in fibroblasts by a process likely to involve AhR. The
presence of CAFs, which express α-SMA, is apparent in the stromal
compartment of most invasive human breast cancers (Sappino et al.,

1988). In accordance with this behavior, we found that CM from HCB-
treated FGM AhR+/+ promotes NMuMG cell migration. In contrast,
FGM AhR−/− showed the lowest α-SMA expression and its CM pro-
duced no alterations in NMuMG cell migration. On the other hand, co-
culture assays have shown that lack of TβRII expression in CAFs is
sufficient to boost breast cancer cell growth and survival (Busch et al.,
2015). However, we report a reduction in cell viability of NMuMG cells
growing in CM from FGM AhR+/+ exposed to HCB. This discrepancy
could indicate that the effects of CAFs on epithelial cells need cell-cell
contact, as in vivo assays demonstrate that the pesticide increases cell
proliferation by enhancing PCNA levels. In CM assays, when FGM AhR
+/+ were exposed to HCB, we observed a reduction in the percentage
of NMuMG cells in G0/G1 and an increase in cells in the S phase. Given
that no changes in the G2/M phase were observed and a decrease in cell
survival was reported, NMuMG cells could be thought to become ar-
rested in the S phase. In this respect, Sadlonova et al. (2005) have
demonstrated that both normal breast-associated fibroblasts and CAFs
have the ability to inhibit the growth of breast epithelial cells. Ventura
et al. (2012) found that Chlorpyrifos, a weak ligand of AhR, induces
intra-S phase arrest modifying checkpoint proteins in MCF-7 cells. It has
been reported that TGF-β1 treatment leads both to inhibition of cell
proliferation and induction of characteristic EMT markers in non-tu-
morigenic prostate epithelial cells (Slabáková et al., 2011). This sug-
gests that some migrant cells have been selected, as we have observed
in the present study with CM from FGM AhR+/+ exposed to HCB
5 μM. In addition, we could hypothesize that the enhancement in TGF-
β1 mRNA content observed in FGM AhR−/− might be implicated in
NMuMG cell cycle arrest. In agreement, TGF-β1 signaling is known to
play a major role in epithelial MG as a potent inhibitor of proliferation
(Macias and Hinck, 2012). Furthermore, CM from FGM AhR−/− de-
creases Mv1Lu cell proliferation due to its high TGF-β1 content
(Gómez-Duran et al., 2009).

In conclusion, our results show for the first time that environmental
HCB concentrations differentially alter normal mammary epithelial
cells and fibroblasts, triggering an increase in hyperplasia and changes
in mammary branching morphogenesis. Given that several molecules
involved in normal MG development act in mammary tumor promotion
(Lanigan et al., 2007), another possible implication of this investigation
is a potential connection to breast cancer. It is clear that HCB alters AhR
and TGF-β1 signaling and that its action depends on the dose of ex-
posure, different pathways being thus activated. Disturbingly, a lower
HCB dose than that found in a contaminated population can contribute
to abnormal cell migration, potentially affecting the tumorigenic action
of this pesticide on target cells.
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