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BACKGROUND: Breast cancer (BC) is a major public health concern, and its prognosis is very poor once metastasis occurs. The tumor microenviron-
ment and chemical pollution have been suggested recently to contribute, independently, to the development of metastatic cells. The BC microenviron-
ment consists, in part, of adipocytes and preadipocytes in which persistent organic pollutants (POPs) can be stored.

OBJECTIVES: We aimed to test the hypothesis that these two factors (2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), an extensively studied, toxic POP
and the microenvironment) may interact to increase tumor aggressiveness.

METHODS: We used a co-culture model using BC MCF-7 cells or MDA-MB-231 cells together with hMADS preadipocytes to investigate the contri-
bution of the microenvironment and 2,3,7,8-tetrachlorodibenzo-p-dioxin TCDD on BC cells. Global differences were characterized using a high-
throughput proteomic assay. Subsequently we measured the BC stem cell-like activity, analyzed the cell morphology, and used a zebrafish larvae
model to study the metastatic potential of the BC cells.

RESULTS: We found that coexposure to TCDD and preadipocytes modified BC cell properties; moreover, it induced the expression of ALDHIA3, a
cancer stem cell marker, and the appearance of giant cancer cells with cell-in-cell structures (CICs), which are associated with malignant metastatic
progression, that we demonstrated in vivo.

Discussion: The results of our study using BC cell lines co-cultured with preadipocytes and a POP and an in vivo zebrafish model of metastasis sug-
gest that the interactions between BC cells and their microenvironment could affect their invasive or metastatic potential. https://doi.org/10.1289/

EHP7102

Introduction

Breast cancer (BC) has a high incidence and mortality among
women in addition to critical socioeconomic impacts (Bray et al.
2018). Over the past 50 y, BC has become a major health prob-
lem for women worldwide with, in 2018, more than 2 million
new cases diagnosed (12% of all new cancer cases and 25% of all
cancers in women) and more than 600,000 deaths (Bray et al.
2018). If the cancer is located only in the breast, the 5-y survival
rate of people with BC is 99%, but this rate decreases to 85% if it
has spread to lymph nodes and, more dramatically decreases to
only 26% if distant metastases are present at diagnosis (Cronin
et al. 2018). The metastatic process, or the dissemination of tu-
mor cells throughout the body, is responsible for about 90% of
cancer patient deaths (Chaffer and Weinberg 2011) and repre-
sents a major challenge of tumor oncology.

The progression of BC is a complex process that involves hor-
mones as well as genetic and epigenetic alterations and the tumor
microenvironment with the peritumoral stromal fraction, which is
composed of adipose tissue, cancer-associated fibroblasts,
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endothelial cells, and immune cells such as macrophages and leu-
kocytes (Lim et al. 2018). During tumor progression, cancer cells
will modify their microenvironment extensively, which, in turn,
will favor the promotion and dissemination of the tumor (Allen and
Jones 2011; Polanska and Orimo 2013). Adipose tissue, which
consists mainly of mature adipocytes and progenitors (preadipo-
cytes and adipose-derived stem cells), is one of the most abundant
components surrounding BC cells (Kothari et al. 2020). Adipose
tissue exerts a major endocrine and secretory role and thus repre-
sents an essential actor in the inflammatory, angiogenic, and
remodeling responses of the extracellular matrix that influence tu-
mor behavior (Kothari et al. 2020). Several studies have shown
that stromal cells, including preadipocytes and adipocytes that are
influenced by factors produced by tumor cells in a constant and
dynamic intercellular communication, may promote migration and
invasion of BC cells participating in local inflammation via the pro-
duction of interleukins and chemokines (Ham and Moon 2013).
Environmental pollutants, in particular persistent organic pol-
lutants (POPs), have been suspected to contribute to the develop-
ment of breast cancer, although in many cases the mechanisms of
carcinogenicity are elusive (Cohn et al. 2019; Warner et al. 2011;
Rodgers et al. 2018). Studies of the effects of POPs are challenging
because of the long-term effects of these pollutants and the delay
between exposure initiation and health outcome (La Merrill et al.
2013). Recently, clinical evidence has suggested that increased
POP concentrations are associated with increased risk of progres-
sion of BC and metastasis (Koual et al. 2019). Despite current
knowledge of the critical role of the tumor microenvironment, little
is known about possible interactions between pollutants and the
microenvironment. In particular, it is unclear whether the impact
of pollutants on cancer progression results from direct effects on
cancer cells or from tumor microenvironment-mediated effects.
This is particularly relevant for POPs because they are known to
interact with adipocytes. Indeed, these cells store POPs such as
dioxins, furans, polychlorinated biphenyl flame retardants, and
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organochlorine pesticides for long periods of time (Jackson et al.
2017), as do preadipocytes which, in addition, have higher secre-
tory capacities (Kim et al. 2012). In addition to their toxic effects,
POPs remain a major public health concern due to their persistence
in the environment and in organisms. Due to their lipophilicity,
POPs have been found to accumulate in tissues such as liver, brain,
and adipose, as was observed with 2,3,7,8-tetrachlorodibenzo-p-
dioxin (TCDD) in mice (Joffin et al. 2018), polychlorinated
biphenyls (PCBs) and Polybrominated diphenyl ethers (PBDEs) in
human postmortem brain samples (Mitchell et al. 2012) and
Polychlorinated dibenzodioxins (PCDD), Polychlorinated diben-
zofurans (PCDF), and Organochlorine pesticides (OCPs) in liver
and brain tissues of herring gulls (Falkowska et al. 2016). In a pre-
vious study, we showed in human obese subjects who underwent
bariatric surgery that adipose tissue released POPs in blood slowly
and chronically (Kim et al. 2011). This constant internal release
and recontamination may also be responsible for the chronic toxic-
ity associated with POPs exposure, as was shown using a xenograft
mouse model where fat pads of TCDD-exposed mice were grafted
onto naive mice (Joffin et al. 2018). Although it was reported that
TCDD impairs the epithelial-to-mesenchymal transition (EMT)
during mouse development (a cellular developmental phenomenon
that is observed during gastrulation in triploblastic organisms)
(Abbott et al. 1994), we recently found that, from a mechanistic
standpoint, POPs promoted the EMT in human epithelial cancer
cell lines (Bui et al. 2009). EMT is involved in pathological proc-
esses such as fibrosis (Pierre et al. 2014) or the formation of meta-
static cells (Diepenbruck and Christofori 2016; Li and Kang 2016).
POP TCDD (Seveso dioxin) is the most toxic congener of the
dioxin family (Fernandes and Falandysz 2021). It is also one of the
most potent activators of the aryl hydrocarbon receptor (AhR)
(Barouki et al. 2012; Fernandes and Falandysz 2021), a transcrip-
tion factor that regulates xenobiotic metabolism and the EMT. The
role of AHR in tumorigenesis and its involvement in cancer aggres-
siveness remains uncertain (Wang et al. 2011). Several studies sug-
gest that it may be involved in cancer progression (Bui et al. 2016;
Bui etal. 2009).

Because of a) the suspected role of POPs in BC metastasis, b)
the interaction of POPs with preadipocytes and adipocytes, and
c) the role of these cells in the tumor microenvironment, we
hypothesized that the co-occurrence of preadipocytes and a per-
sistent organic pollutant (TCDD), which mimics a contaminated
microenvironment in the proximity of breast cancer cells, favors
the acquisition of proinvasive properties by tumor cells as com-
pared with TCDD or preadipocytes alone. Here, we aimed to
study the evolution of the properties of mammary cancer epithe-
lial cells following a) co-culture with preadipocytes (to study
their paracrine role), b) exposure to TCDD, and c) coexposure
(co-culture+TCDD). To study the first and third conditions (a, ¢),
we developed an original in vitro co-culture model that consists
of human mammary tumor cells (MCF-7) and human preadipo-
cytes (hMADS, human multipotent adipose-derived stem cells).
We also used the human mammary tumor MDA-MB-231 cells
(which do not have the same properties as MCF-7 cells with
respect to estrogen and progesterone receptors) in co-culture and
coexposure conditions to analyze the influence of the BC cell ini-
tial phenotype on the most relevant outcomes observed with
MCEF-7 cells. Then we used a well-characterized in vivo zebrafish
xenograft model to explore the metastatic capacities of the BC.

Methods

Cell Culture

Human BC cell line MCF-7 (ATCC" HTB-22) cells were cultured
at 37°C in a humidified atmosphere in 5% CO, in Dulbecco’s
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modified essential medium (DMEM) high glucose, complemented
with nonessential amino acids, 10 pg/mL human recombinant in-
sulin, 10% fetal bovine serum (FBS), 200 U/mL penicillin,
50 pg/mL streptomycin (Invitrogen), and 0.5 mg/mL fungizone.
Human breast cancer cell line MDA-MB-231 (ATCC® HTB-26)
cells were cultured at 37% in DMEM complemented with nones-
sential amino acids, 10% FBS, 200 U/mL penicillin, 50 pg/mL
streptomycin (Invitrogen). The hMADS cell line (human multipo-
tent adipose-derived stem cells) has been described previously
(Rodriguez et al. 2005) and was provided by Christian Dani
(Institut de Biologie Valrose/Universit¢é Cote d’Azur, UMR
CNRS/INSERM, Faculté de Médecine, Nice, France). These cells
were isolated from human adipose tissue, and they are able to
maintain their properties after several passages (Rodriguez et al.
2005). Proliferating hMADS cells were seeded into proliferating
medium consisting of DMEM low glucose, with 10% fetal calf se-
rum, 2.5 ng/mL hFGF2, 10 mM HEPES buffer, 50 U/mL penicil-
lin, and 50 pg/mL streptomycin and incubated at 37°C in 5% CO,.
hFGF2 was removed for all the experiments.

The Co-Culture Model

MCE-7 cells or MDA-MB-231 cells and hMADS preadipocytes
were co-cultured in Transwell culture plates in proliferating me-
dium without FGF (fibroblast growth factor). Briefly, 400,000 BC
cells (MCF-7 or MDA-MB 231 cells) were seeded into the wells of
a 6-well companion (lower part, see Figure 1A), and 400,000
hMADS preadipocyte cells were seeded onto polyester membrane
inserts (0.4-um pore size, upper part; see Figure 1A) in 6-well cul-
ture dishes. The two cell types shared the same culture medium,
which diffuses through the inserts. MCF-7 and MDA-MB-231
cells also were grown alone as controls. After 24 h of incubation at
37°C, the medium was replaced, and the cells were treated with
25nM TCDD or vehicle for 48 h. The TCDD stock solution at
155 uM in nonane was first diluted at 25 nM in the culture medium
before treating the cells. Vehicle control cells were treated with
0.016% nonane and were called “control.” The MCF-7 or MDA-
MB-231 cells grown in the presence of the hMADS cells were
called “co-culture,” and the MCF-7 or MDA-MB-231 grown in the
presence of the hMADS cells treated with TCDD were called
“coexposure” (co-culture+TCCD). We also collected the condi-
tioned media of the lower and upper chambers of the co-culture
system after 2 d of treatment and immediately froze at —20°C for
short storage or —80°C for long storage. This conditioned media
was used to stimulate BC cells for the spheroid formation,
alamarBlue cell viability, and the zebrafish larva metastasis assays.
The number of different experiments with the co-culture model for
all assays was at least three.

Chemicals—Antibodies

TCDD (#ED-901, CAS: 1746-01-6) was purchased from LGC
Standards, and nonane was purchased from Sigma-Aldrich.

Rabbit polyclonal anti-beta Catenin (dilution 1/1,000) (Ab16051)
and rabbit monoclonal anti-Paxillin (dilution 1/200) (Ab32084) were
from Abcam. AlexaFluor488 and AlexaFluor®568 Goat anti-rabbit
secondary dilution (1/200) were from Invitrogen.

xCELLigence" assay/monitoring of cell growth using real-
time cell analysis (RTCA). ACEA’s xCELLigence® Real-Time
Cell Analysis (RTCA) instruments use specific 16-well plates
(E-plates) with gold microelectrodes embedded in the bottom of
wells. The impedance value of each well was automatically
monitored by the xCELLigence” system and expressed as a cell
index (CI) value. The magnitude of this impedance is dependent
on the number of cells, the size of the cells, and the cell-substrate
attachment quality, initial attachment, and spreading.

129(3) March 2021



LU : : » :
ontrol : :
%0 ; : ;
W TCcoD TCDD treatment L K ey
DAY 1- MCF7 cells or MDA-MB231 are cultivated in 6-well Co-culture ; " :
plate, co-exposed or not to hMADS cells during 24 hours. 70 : gl k
Coexposure: 3 : :
LB : g i
- i :
insert |- 280
N T40
0.4 um pores T hMADS cells Usu
=\ 1%1\(:.\ 20
| \MCF7 cells or MDA-MB31
culture medium 10
00
g B e b b i

DAY 2- Exposition to TCDD 25 nM 00
C 2001

DAY 4 150

R
SUPERNATENT MCF7 or MDA-MB231
Store at -80°C Response analysis

Cellindex evolution
(slope/slope control)

(9

1004 1
50-]
0
A\
o
&
&

100 200 00 400 500 60.0 0.0

Time (in Hour)

100%

13%
T

T
38%
T
04 <@
c,oo & B
& & o
S R
O <
9 o°

Figure 1. Co-culture model and real time MCF7 cells analysis. (A) Presentation of the 2D co-culture system and the protocol. (B) xCELLigence dynamic mon-
itoring of MCF-7 cells, A representative graph from xCELLigence system: cell index (CI) profiles are the mean + SD (duplicate) of each condition: Control
(*, vehicle MCF-7 cells, alone), TCDD ($, MCF-7 cells treated with 25nM TCDD), co-culture (€, MCF-7 co-cultured with hMADS) and coexposure (&, co-
culture with TCDD). (C) The evolution of the CI for each condition was determined by analyzing the slope of the line in the interval (2648 h). Each graph
represents the mean slope (in bold) compared with the control + SEM for six measurements. The numerical information mean + SEM and p-values are provided
in Table S1. (Kruskal-Wallis’s H test (nonparametric comparison of k independent series) followed by a 1-factor ANOVA test (parametric comparison of k in-
dependent series), **p <0.01; *p <0.05). Note: ANOVA, analysis of variance; SEM, standard error of the mean; TCDD, 2,3,7,8-tetrachlorodibenzo-p-dioxin.

MCEF-7 cells were seeded in duplicate for each condition into
the E-plates at 40,000 cells/well in a final volume of 100 pL, and
immediately an E-plate insert containing hMADS cells (40 000
cells/well) was added. One day after seeding, the medium was
removed, and the cells were treated with 25 nM TCDD or vehicle.
The CI value of each well was automatically monitored by the
xCELLigence” system (ACEA Biosciences, Inc). The CI evolution
for the different conditions was determined by analyzing the slope
of the line between 26 and 48 h. Six replicates were performed.

Sample preparation for mass spectrometry analysis. After
48 h of treatment with TCDD, MCF7 cells were lysed in RIPA
Buffer. The FASP (filter-aided sample preparation) procedure for
protein digestion was applied using 50 pg of each lysate as described
previously (Lipecka et al. 2016) using 30 kDa MWCO centrifugal
filter units (Microcon, Millipore, Cat. No. MRCFORO030). Proteins
were reduced with 0.1 M dithiothreitol (DTT) for 30 min at 60°C,
then applied to the filters, mixed with 200 pL. of 8M urea, 100 mM
Tris-HCI pH 8.8 (UA buffer), and centrifuged for 15 min at
15,000g. The filters were washed two times with 200 pL of UA
buffer to remove dithiothreitol (DTT) and detergents. Alkylation was
performed by incubation for 20 min in the dark with 50 mM iodo-
acetamide. Filters were then washed two times with 100 pL of UA
buffer (15,000 x g for 15 min), followed by two washes with
100 pL of ABC buffer (15,000 x g for 10 min) to remove urea. All
centrifugation steps were performed at 25°C. For the final step,
digestion with trypsin (in a 1:30 ratio) was used (incubation at 37°C
overnight).

nanoLC-MS/MS protein identification and quantification.
Each sample was dried with a vacuum and resuspended in 50 puL
of 0.1% trifluoroacetic acid, 10% acetonitrile for liquid

chromatography—tandem mass spectrometry (LC-MS/MS). For
each run, 1 pLL was injected into a nanoRSLC-Q Exactive PLUS
(RSLC Ultimate 3000; Thermo Scientific). Separation of the pep-
tides were obtained with a 50 cm reversed-phase LC column
(Pepmap C18, Thermo Scientific). The solvents were a) 0.1% for-
mic acid in water, and ») 0.08% formic acid, 80% acetonitrile.
Elution of the peptides was performed with the following gradi-
ent: 5% to 40% B (120 min), 40% to 80% B (10 min). At 131
min, the gradient was returned to 5% B to re-equilibrate the col-
umn for 30 min (before performing the next injection). Two
blank conditions were run between each triplicate to prevent sam-
ple carryover. The analysis of the eluted peptides was performed
by data-dependent MS/MS (the top-10 acquisition method was
applied). The resolution was set to 70,000 [mass spectrometric
(MS) scans] and 17,500 (data-dependent MS/MS scans). The MS
AGC target was set to 3.106 counts (whereas MS/MS AGC target
was set to 1.105 counts). We used an MS scan range from 400 to
2,000 m/z. Records of both MS and MS/MS scans were per-
formed in the profile mode. Dynamic exclusion was set to 30 s.
duration. For each sample, three replicates were analyzed by the
nanoLC-MS/MS.

Data processing following nanoLC-MS/MS acquisition. The
MaxQuant software (version 1.5.8.30; Max-Planck-Institute of
Biochemistry) was used to process the MS files; the files were
searched with an Andromeda search engine against the Uniprot
Human database. To search fragment ions and parent mass, we set
a mass deviation of 20 and 3 ppm, respectively. The minimum
length of a peptide was set to seven residues and a strict specificity
related to the trypsin cleavage was imposed, allowing up to two
missed sites of cleavage. Carbamidomethylation (Cysteine) was
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set as a fixed modification; on the contrary, oxidation (Methionine)
and acetylation of the N-terminal extremity, were set as variable
modifications. The false discovery rates (FDRs) (at the protein and
peptide level) were set to 1%. Scores were calculated in MaxQuant
(Cox and Mann 2008). The reverse and common contaminants hits
were removed from MaxQuant output. The quantification of the
proteins was performed according to the MaxQuant label-free
algorithm [we used label-free quantification (LFQ) intensities]
(Cox et al. 2014). Bioinformatic and statistical analyses, including
profile plots, heat maps, and clustering, were performed with
Perseus software (freely available version 1.5.5.3; http://www.
perseus-framework.org) (Tyanova et al. 2016). For statistical com-
parisons, we defined four groups, each containing biological quad-
ruplicates. Each sample was run as well in technical triplicates.
The data were a) filtered to keep only the proteins with at least four
valid values out of four in at least one group, b) imputed to fill the
missing data points (a Gaussian distribution of random numbers
was created with a standard deviation (SD) of 33% relative to the
SD of the measured values and 2.5 SD downshift of the mean to
simulate the distribution of low signal values). We performed z-
tests using FDR =0.05, SO=1, for all pertinent pairs and repre-
sented the results with volcano plots.

The data have been deposited in the ProteomeXchange
Consortium via the PRIDE partner repository with the dataset
identifier PXD014328 (Perez-Riverol et al. 2019).

ALDEFLUOR assay. We used the ALDEFLUOR kit (Stem
Cell Technologies) to isolate the cells with low and high ALDH
activities (Pearce et al. 2005). After 48h of treatment, MCF-7 cells
were harvested, washed, and incubated in the ALDEFLUOR assay
buffer containing 1M BODIPY -aminoacetaldehyde (BAAA), the
substrate of the ALDH, at 37°C for 30 min. ALDHT cells are the
ones able to catalyze BAAA to BODIPY-aminoacetate (BAA),
its fluorescent product. A specific inhibitor of ALDH, diethylami-
nobenzaldehyde (DEAB), was also used, providing a negative con-
trol. After incubation, the cells were resuspended in fresh assay
buffer. ALDH™ and ALDH™ cells were sorted by a BD Canto 1T
flow cytometer. Percentage of ALDH positive cell was set accord-
ing to the gate of DEAB control cells.

Spheroid formation. MCF-7 cells (input of 3,000 cells) were
transferred to conditioned medium. Cell suspensions (150 pL)
were transferred to each well of a 6-well plate coated with 1% aga-
rose to allow spontaneous spheroid formation within 7 d. After 7 d,
the number of tumorspheres per microscopic field for five fields
was determined using Nikon TMS-F microscope with camera DS-
Fi2, 10 x [10 times] magnification. The area of the tumorspheres
were measured with Image J software (freeware, NIH Image,
http://rsb.info.nih.gov/ij/). Technical triplicates were used for sta-
tistical analyses (p < 0,05, r-test). After 7 d, cells were trypsinized
and replated in growing medium (second passage).

Zebrafish larva metastasis assays. The experiments were per-
formed (according to the TACUC-approved protocols) at the zebra-
fish facility at the Boston University School of Medicine.
AB X Fli-GFP fish (Danio rerio strain) breeders were crossed, and
overexpressing-GFP embryos (in the vasculature) were obtained.
RFP-labeled MDA-MB-231 cells (ATCC" HTB-26MET) and
MCEF-7 cells were preseeded at 400,000 cells into a 6-well plate
and treated with the different conditioned medium for 48 h. The
four conditioned media used were the medium derived from cul-
tures of MCF-7 cells alone (control), MCF-7 cells exposed to
TCDD (TCDD), MCEFE-7 cells co-cultured with hMADS cells (co-
culture), and co-cultured MCF-7 cells exposed to TCDD (coex-
posed). Each experiment was repeated in triplicate (MCF-7) or
quadruplicate (MDA-MB-231).

For CM-Dil labeling, MCF-7 cells were trypsinized and centri-
fuged to obtain a pellet and resuspended in 5 pL/mL CM-DIL
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dilution (Invitrogen), incubated in the dye at 37° at 5% CO, for 10
min and then rinsed once with PBS. For micro-injections and trans-
plantation, the RFP-labeled MDA-MB-231 cells and CM-Dil-
labeled MCF-7 were resuspended at 50 x 10%cells/mL in DMEM
with 10% FBS. The 1-d postfertilization (1 dpf) larvae were dechor-
ionated using the enzyme Pronase (Roche Diagnostics); they were
allowed to recover in the dark, overnight (temperature: 28°C), in
sterilized egg water. The 2-dpf zebrafish larvae were subsequently
anesthetized with tricaine 5%; just before the injections, they were
individually mounted in a low-melting 1.5% agarose gel (Fisher) for
side view immobilization using a thin eyelash. Borosilicate glass
capillaries (1.0 mm outside diameter X 0.78 mm) (World Precision
Instruments) were pulled using 500 V (pull = 100, velocity =250)
in a capillary machine (Sutter Instrument). The volume of microin-
jections of MCF-7 or MDA-MB-231 cells was ~1nL
(50 x 10%cells/mL or 50 cells/nL). The transplantation was made
directly into the perivitelline space of the larvae using a microinjec-
tion station (World Precision Instruments) and a needle holder
(Nicoli and Presta 2007). The xenografted larvae were rescued in
sterile egg water and subsequently transferred to a standard 6-well
plate (incubation in the dark at 33°C for 24 h). Forty-eight hours af-
ter injection, the larvae were anesthetized a second time with tri-
caine 5% and individually placed on a microscope slide for imaging.
Quantification of migrating cells was manually performed using an
inverted fluorescence microscope (Leica DMIL LED). The total
number of fish injected with CM-Dil-labeled MCF-7 was control
(n=32), TCDD (n=21), co-culture (n=36), and coexposure
(n=34). The number of fish injected with RFP-labeled MDA-MB-
231 cells was control (n =46), TCDD (n=41), co-culture (n =24),
and coexposure (n =42).

Immunocytochemistry and confocal microscopy. MCF-7
cells were seeded onto coverslips, cultured with or without prea-
dipocyte hMADS cells and treated with 25nM TCDD or vehicle.
After 2 d or 7 d of co-culture, the cells were fixed (20 min, 4%
paraformaldehyde) and subsequently permeabilized with 0.2%
Triton X-100 (3 min, room temperature). The cells were then
washed with PBS and incubated in a “blocking” solution (0.3 M
PBS-glycine —1% bovine serum albumin) for 1 h. The incubation
with the primary antibody (PBS-1% bovine serum albumin) was
performed for 1 h at room temperature. The cells were washed
with PBS containing 0.1% Tween-20 (PBS-T) and then incubated
for 1 h at room temperature with a secondary antibody (conju-
gated with a fluorescent dye). For nuclei and actin staining, TO-
PRO-3 (Invitrogen) and FITC-conjugated phalloidin were
included during the incubation with the secondary antibody.
Sealing of the coverslips was performed with Dako Faramount
Aqueous Mounting Medium Ready-to-Use (Invitrogen), and
images were recorded using a confocal microscope (Zeiss LSM
510, Carl Zeiss Meditec France SAS) using a 40X Plan-Neofluar
1.3 NA oil objective or 20x Plan-Neofluar (for the nuclei and cell
measurement) and LSM Image Browser (Zeiss). Quantitation of
MCF7 cell number and giant cells (very large cells with multiple
nuclei) per field were done on three fields per conditions. Graphs
represent means + SEM of three experiments.

Apoptosis assay—Annexin V-FITC/propidium iodide (PI)
dual staining assay. The Annexin V-FITC/PI dual staining assay
was carried out using FITC Annexin V Apoptosis Detection Kit
(Biolegend). After 48 h of co-culture and treatment, MCF-7 cells
were collected by trypsinization. The collected cells were washed
twice with ice-cold PBS and then incubated for 5 min at room
temperature in the dark in binding buffer containing Annexin V-
FITC and PI. Cells were analyzed for apoptosis after 15 min of
incubation with a BD Canto II flow cytometer. The data derive
from at least five different experiments. Values are expressed as
mean + SD; * p <0.05 and ™ p <0.01.
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AlamarBlue cell viability assay. Cells were plated at 5 x 10°
cells per well in a 96-well plate, grown for 24 h and treated with the
different conditioned media. Plates were incubated at 37°C for 48 h.
According to the manufacturer’s protocol, alamarBlue was added to
each well. Cells were incubated for 2 h at 37°C, and the absorbance
at 540 nm was recorded using 600 nm as a reference wavelength on
a PowerWaveX spectrophotometer using KC4 software (BioTek).
Data were expressed as the means + standard error of the mean
(SEM). Data are representative of at least 3 different experiments
and are expressed as the means + SD.

SA- B-Galactosidase activity. A B-galactosidase staining kit was
used to assess SA-B-galactosidase enzymatic activity (Senescence
Cell Staining Kit; Sigma-Aldrich). Briefly, 10,000 MCF7 cells were
plated in 12-well plates, subsequently treated with the conditioned
mediums, incubated overnight at 37°C, washed with PBS (pH 6.0),
fixed, and stained overnight at 37°C with 5-bromo-4-chloro-3-
indolyl-B-D-galactopyranoside (X-Gal). Only senescent cells
stain at pH 6.0. The blue-stained cells and the total number of
cells were observed under a Nikon TMS-F microscope with
camera DS-Fi2, 10x magnification (1 field per well). The pic-
tures are representative of at least three different experiments.

Preparation of RNA and reverse transcription quantitative
PCR (qRT-PCR). RNA was prepared using the RNeasy mini kit
from Qiagen. Reverse transcription was performed using the high-
capacity cDNA reverse transcription Kit (Applied Biosystems) as
described. Then quantitative PCR was performed using 20 ng of
c¢cDNA per reaction on CFX 384 thermocycler (Bio-Rad).
Duplicated reactions of each sample were performed using Takyon
SYBR" 2X gPCR Mastermix Blue (Eurogentec). The qRT-PCR
program was: a) polymerase activation (3 min at 95°C), b) amplifi-
cation (40 cycles: 10 s at 95°C followed by 60 s at 60°C), and c)
dissociation curve (from 60°C to 95°C).

The human primers were: RPL13A forward AAGGTCG-
TGCGTCTGAAG and reverse GAGTCCGTGGGTCTTGAG,
ATGS5 forward GTTGCCGGTTGTATTCGCTG and reverse
ACCACACATCTCGAAGCACA, ATG7 forward CACCAG-
ATCCGGGGATTTCT and reverse TGCAGCAATGTAAGA-
CCAGTC, Bax forward CCGAGAGGTCTTTTTCCG and
reverse GCCTTGAGCACCAGTTTG, and E-cadherin forward
GGACAGGGAGGATTTTGGC and reverse GTGAAGGGAG-
ATGTATTGGG. The relative amounts of mRNA were estimated
compared with the control condition using the delta-delta Ct
method with RPL13A as the reference. Data are representative of
at least three different experiments and are expressed as the
mean + SD.

Statistics. Each experiment was performed at least in tripli-
cate. The results of three or more independent experiments are
expressed as the mean + SD. Statistical analysis was performed
with GraphPad Prism software using Kruskal-Wallis’s H test
(nonparametric comparison of k independent series) followed by
a 1-factor analysis of variance (parametric comparison of k inde-
pendent series). A value of p <0.05 was considered statistically
significant; “p <0.05, *p <0.01, and “*p <0.001.

Results

MCF-7 Adhesion Properties under Control, TCDD,
Co-Culture, or Coexposure Conditions Using the
xCELLigence"® System

We designed an easy-to-implement co-culture model (adipose
cells and human tumor cells). It was used to produce conditioned
media and to study the communication between both types of
cells. Figure 1A describes, schematically, this model, which was
used to investigate the influence of TCDD on the phenotype of
MCE-7 tumor cells. Briefly, MCF-7 or MDA-MB 231 cells were
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seeded onto the bottom of 6-well culture dishes and hMADS pre-
adipocyte cells were seeded onto polyester membrane inserts.
Both cell types were cultured in the same medium, which can dif-
fuse through the inserts. Twenty-four hours later, the cells were
treated with 25nM TCDD or vehicle for 48 h. The tumor cells
grown in the presence of the hMADS cells was called “co-cul-
ture” (no pollutant); the MCF-7 or MDA-MB-231 grown in the
presence of the hMADS cells treated with TCDD was called
“coexposure” (therefore, co-culture+TCCD). Moreover, condi-
tioned media derived from cultures of MCF-7 cells alone (con-
trol), MCE-7 cells exposed to TCDD (TCDD), MCF-7 cells co-
cultured with hMADS cells (co-culture), and co-cultured MCF-7
cells exposed to TCDD (coexposed) were collected (and used for
subsequent spheroid formation and zebrafish larva metastasis
assays; see below).

We first monitored MCF-7 adhesion properties under control,
TCDD, co-culture, or coexposure conditions using the
xCELLigence" system, which measures impedance values and con-
verts into a CI (Figures 1B and 1C). We found that cells treated with
TCDD alone did not have a significantly higher CI than those in the
control condition. MCF-7 cells co-cultured with hMADS cells (co-
culture) exhibited a lower CI value. Cells in the coexposure condi-
tion also exhibited a lower CI, similar to the co-culture condition.

To identify the most relevant biomarkers for each culture con-
dition, we then used an untargeted approach (proteomics as pro-
teins represent the active functional entities of the cells).

Proteomic Analysis, ALDH Activity, and Tumorsphere
Formation of MCF-7 Cells under Control, TCDD,
Co-Culture, or Coexposure Conditions

Considering the preceding results, we performed a high-
throughput proteomic analysis of the extracts of cells grown
under the different conditions. We quantified 2,238 proteins
(Excel Table S1). The differences among the different conditions
in comparison with the control condition were very low except
for ALDH1A3 [aldehyde dehydrogenase 1A3, a cancer stem cell
(CSC) marker], CYP1A1 and CYP1B1; as expected, CYP1A1
and CYPIB1 were induced in the presence of TCDD. The co-
culture condition did not have a significant impact. However,
high levels of ALDH1A3 protein were found only in the coexpo-
sure condition (Figure 2A, third panel). We then measured
ALDH activity (which is not only representative of ALDH1A3)
in MCF-7 cells by FACS analysis, which was found to be signifi-
cantly higher in the presence of TCDD and in the coexposure
condition in comparison with the control (Figure 2B). Overall,
these results demonstrated that the protein levels of ALDHIA3
were higher specifically in the coexposure condition, suggesting
a potential impact of both factors (TCDD, hMADS) on the acqui-
sition of CSC properties by MCF-7.

We then explored the ability of MCF-7 cells to form tumor-
spheres. We showed that cells exposed to media from both co-
culture and coexposure conditions formed spheres with larger
areas (Figures 3A and B).

It was therefore necessary to perform a more extensive analy-
sis of the morphological differences that occur in each condition
by focusing on the cytoskeleton and the focal adhesion sites,
which are indicative of aggressive properties.

Evaluation of Properties Associated with Cell-in-Cell
Structures in MCF-7 and MDA-MB-231 Cells under
Control, TCDD, Co-Culture, or Coexposure Conditions

We next performed immunofluorescence staining on both MCF-7
and MDA-MB-231 cells in our cell co-culture model. Antibodies
to paxillin and actin were used to examine the focal adhesion
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Figure 2. Proteomics analysis and ALDH enzymatic analysis of MCF7 cells growth in co-culture with hMADS and exposed to 25nM TCDD for 48 h. (A)
High-throughput proteomic analysis of MCF7 cells [Control (vehicle MCF-7 cells, alone), TCDD (MCF-7 cells treated with 25 nM TCDD), co-culture (MCF-
7 co-cultured with hMADS), and coexposure (co-culture with TCDD)]. The plots show the mean of biological quadruplicates and technical triplicates for each
sample. CYP1AL, CYP1B1, and ALDH1A3 were induced when they appeared in the upper right part of the representation. (B) ALDH (aldehyde dehydrogen-
ase) enzymatic activity was detected in MCF7 cells using the ALDEFLUOR assay (FACS analysis). DEAB was used to inhibit the reaction of ALDH with the
ALDEFLUOR reagent, providing a negative control. Percentage of ALDH positive cell was set according to the gate of DEAB control cells. Graph represents
means of the percentage of ALDH positive cells (in bold) compared with the control + SEM of six measurements. The numerical information mean + SEM and
p-values are provided in Table S2. (Kruskal-Wallis’s H test (nonparametric comparison of k independent series) followed by a 1-factor ANOVA test (paramet-
ric comparison of k independent series, **p<0.01; *p<0.05). Note: ANOVA, analysis of variance; SEM, standard error of the mean; TCDD, 2,3,7,8-tetra-

chlorodibenzo-p-dioxin.

sites and cytoskeleton, respectively. In the presence of TCDD,
the cells dissociated. The localization of paxillin became punctu-
ated with the formation of focal adhesions and stress fibers in
comparison with the control condition (Figure 4A). A lower
mRNA expression of E-cadherin (Figure S1) was also observed.
Markedly altered cellular morphologies were also observed under
both co-culture and coexposure conditions. When co-cultured
with hMADS, MCEF-7 cells were spread out and had extended
lamellipods (Figure 4A). Moreover, the coexposure condition
(hMADS+TCDD) induced the formation of giant cells character-
ized by a polynucleation (very large cells with multiple nuclei)
(Figure 4B). The polynuclear giant cells were defined by several
irregular nuclei with a cell size at least two to five times larger
than regular diploid cancer cells (Zhang et al. 2014). All these
features were observed with MCF-7 cells (Figure 4A) but also
with another type of human BC cell line, MDA-MB-231, culti-
vated under the same conditions (Figure 4C).

The formation of these cells led us to investigate cellular proc-
esses such as cell death, senescence, proliferation, or autophagy
and we did not observe difference among the 4 different conditions
(Figure S2). Thus, we explored the detailed morphology of these
polynucleated cells co-exposed for 48h to the hMADS cells and to
TCDD (coexposure condition) assessing, for example, the local-
ization of beta-catenin (Figure 5A, fourth panel). In the coexposure
condition, beta-catenin was found to surround cells inside other
cells, which were sometimes polyploid (Figure 5B). In compari-
son, this was not observed in the TCDD condition or in the co-
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culture condition; these features are characteristic of ‘Cell-In-Cell’
structures (CICs, see discussion) which were generally associated
with malignant metastatic progression. We then investigated the
metastatic potential of our cells using a validated, in vivo tool, the
zebrafish xenograft model.

Evaluation of Metastatic Spreading in an in Vivo Zebrafish
Model of MCF-7 Cells under Control, TCDD, Co-Culture,
or Coexposure Conditions

We next explored the ability of both MCF-7 and MDA-MB-231
cells to metastasize in vivo. We used a well-characterized zebra-
fish xenograft model of human cancer cell metastasis. Since the
larvae are optically transparent, the implementation of fluorescent
cancer cells (which are xenografts) and the follow-up of their
growth or intra-/extravasation (early metastatic events) is facili-
tated. This model now is considered as a powerful tool for the
study such events (Cornet et al. 2019; Cabezas-Sainz et al. 2020).
The different conditioned media were used, individually, to treat
MCEF-7 cells labeled with CM-Dil and RFP-MDA-MB-231 cells
for 48 h and then injected into the perivitelline space of two-day-
old zebrafish larvae (Figure 6). Fish were imaged 24h later. The
number of fish with metastases in the tail (vascular plexus) or in
the cephalic pole (“head”) and the number of metastases per fish
were counted for each type of medium used. Formation of metas-
tases using MCF-7 cells was observed in 53% of fish using media
from the control condition (n=32), 43% from the TCDD
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Table S3. Untreated MCF-7 cells alone represent the control condition (Kruskal-Wallis’s H test (nonparametric comparison of k independent series) followed
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mean; TCDD, 2,3,7,8-tetrachlorodibenzo-p-dioxin.

condition (n=21), 66% from the co-culture condition (n=36),
and 76% from the coexposure condition (n=34). The number of
metastases per fish was significantly higher in the coexposure
condition as compared to the control (p =0.001). Metastases in
the cephalic pole were observed only from the co-culture and
coexposure conditions with, respectively, 8% and 21% of fish
affected. Similar results were found with MDA-MB-231 cells.
Metastasis formation was observed in 50% of fish using media
from the control condition (n=46), 51% from the TCDD condi-
tion (n=41), 58% from the co-culture condition (n=24), and
79% from the coexposure condition (n =42). The number of me-
tastases per fish was significantly higher from the coexposure
condition (p =0.006), and metastases in the cephalic pole were
observed only in the coexposure condition (40% of fish with
“head” metastases).

Discussion

In this study, we used a co-culture model using MCF-7 cells
or MDA-MB-231 cells and hMADS preadipocytes (to investi-
gate the contribution of the microenvironment) and 2,3,7,8-
tétrachlorodibenzo-p-dioxin (TCDD, to investigate the role of a
POP) on BC cells. We showed that each condition impacted dif-
ferentially the cellular properties of MCF-7 (adhesion, migration,
or proliferation). We also showed that human BC cells acquired
pro-metastatic features, in vitro and in vivo, when cultured with
both preadipocytes and exposed to TCDD (a persistent organic
pollutant), what we named the ‘co-exposure’ condition. Using
zebrafish larvae, we demonstrated a significantly higher number
of brain metastases with both types of human breast cell lines
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(MDA-MB-231 and MCF-7 cell lines) using media specifically
produced under the coexposure condition. We showed that this
coexposure lead, in vitro, to the appearance of the giant cells and
the acquisition of cellular features such as polyploidy and ‘cell-
in-cell’ structures (CICs). We also observed the generation of
irregular nuclei, identified as cells with nuclei two to five times
larger than those of regular diploid cancer cells as described in
Zhang et al. (2014).

CICs were reported in various cancer types and they mostly
were associated with a poor diagnosis for the patients (Ruan et al.
2019). We used beta-catenin staining to characterize the corona-
tion of engulfed cells, a process which was associated with ento-
sis or cannibalism (Durgan and Florey 2018). Entosis was first
described in 2007, as a nonapoptotic cell death program charac-
terized by the invasion of one cell into another one. The invasive
cell is alive, transiently, before being degraded or released
(Overholtzer et al. 2007). Cell cannibalism is, to the contrary, the
ability of a cell to engulf another living cell. Cell cannibalism
was described as a process enabling aggressive tumor cells to be
continuously fed with cellular neighbors (Fais and Overholtzer
2018). CICs were generally associated with malignant metastatic
progression and their presence has been demonstrated in vivo in
human samples (Fais and Overholtzer 2018; Ruan et al. 2019).
Nuclear morphometric parameters can help to identify aggressive
properties (Kronqvist et al. 1998) and provide significant prog-
nostic data for survival and risk of tumor progression (Abdalla
et al. 2009). The localization of beta-catenin, which is mainly
cytoplasmic in these giant cells, was also a useful predictor of
metastasis in colorectal (Maruyama et al. 2000) and breast
(Lopez-Knowles et al. 2010) cancers. Further investigations will
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Figure 4. Morphological differences of MCF7 cells and MDA-MB-231 cells following exposure to TCDD, co-culture, or coexposure. Cells were grown with
hMADS and/or treated with 25 nM TCDD [Control (vehicle MCF-7 cells, alone), TCDD (MCF-7 cells treated with 25nM TCDD), co-culture (MCF-7 co-cul-
tured with hMADS), and coexposure (co-culture with TCDD)]. After 48 h treatment, cells were fixed and stained for paxillin, actin, and nucleus (blue). (A)
Staining of MCF7 cells. Scale bar 20 um. (B) Quantitation of MCF7 cell number and giant cells (very large cells with multiple nuclei) per field (n =3) field
per conditions. Graph represents means + SEM of three experiments. The numerical information mean + SEM and p-values are provided in Table S4. Kruskal—
Wallis’s H test (nonparametric comparison of k independent series) followed by a 1-factor ANOVA test (parametric comparison of k independent series,
*p <0.05). (C) Staining of MDA-MB-231. Scale bar 20 um. Symbols were used to point out the focal adhesions (arrow), lamellipods (*) and giant cells (#).
Note: ANOVA, analysis of variance; SEM, standard error of the mean; TCDD, 2,3,7,8-tetrachlorodibenzo-p-dioxin.

be necessary to characterize the molecular processes which lead
to the generation of CICs and to determine what we observed
exactly, entosis or cell cannibalism.

The cells also acquired properties reminiscent of cancer stem
cells (CSCs). Markers of CSCs include aldehyde dehydrogenase
1A3 (ALDH1A3), CD44 and CD133. Cells with these markers
are also more resistant to chemotherapy (Mirzayans et al. 2018).
CSCs were identified for the first time in blood mononuclear cells
in human acute myeloid leukemia (Bonnet and Dick 1997). They
possess characteristics that promote tumor metastasis (Peitzsch
et al. 2017; Chang 2016). In the current work, we found that cells
in the coexposure condition had higher levels of ALDH1A3 spe-
cifically. In BC, the ALDH activity of CSCs has been shown to
be due to the isoform ALDHI1A3, which is a marker for cells
with an increased propensity to metastasize especially in BC
(Peitzsch et al. 2017; Marcato et al. 2011; 2015). ALDHI1A3
expression can be used as a prognostic factor (Motomura et al.
2020). ALDHI1A3 is not only a cancer cell biomarker but also a
causal factor in the occurrence of CSCs (Vassalli 2019).
Downregulation of ALDH1A3 in breast cancer cell lines did not
impact cell proliferation but specifically affected cell migration
and the potency of the cells to form metastases (Croker et al.
2017). It was also suspected to impact cell survival (Kashii-
Magaribuchi et al. 2016). However, the role, in all these proc-
esses, of retinoic acid, an ALDH1A3 enzyme metabolite, is still
unknown (Marcato et al. 2015; Ginestier et al. 2009).

Our work supports the hypothesis that the concomitant action
of preadipocytes and TCDD leads to the emergence of a new
population of tumor cells with properties similar to CSCs. We
focused on the contribution of the preadipocyte cells, hMADS:
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previous work in our laboratory has shown that this cell line was
a valuable human model for the evaluation of pollutant toxicity
(Kim et al. 2012). Further, it was particularly useful for investiga-
tions of the regulation of the inflammatory pathway as exempli-
fied by studies of its response to dioxin (Kim et al. 2012). Very
few in vitro studies of the role of toxicology in the tumorigenic
process have been performed using co-culture models. These
models have the disadvantage of requiring the characterization of
one common medium upstream of the functional experiments in
order to conserve the properties of each cell type. In our hands,
the hMADS cells could not be maintained in the MCF-7 medium.
However, we were able to maintain the tumor cells in the preadi-
pocyte medium. The properties of the MCF-7 cells were slightly
different but they conserved important features of certain proc-
esses of interest. One such feature was the decreased lower of
E-cadherin in cells exposed to TCDD (Figure S2), a characteristic
of the EMT. Moreover, the relocalization of paxillin, the forma-
tion of focal adhesions and stress fibers, observed previously
(Bui et al. 2009; Diry et al. 2006) were also typical of the EMT, a
phenomenon linked to cancer metastasis (Zhang and Weinberg
2018).

In spite of some disadvantages, we believe that it is important
to develop co-culture models because they are easier to generate
than organoids, another complementary tool that allows the study
of xenobiotic effects (including drugs) through an integrated
approach implicating many cell types. Organoids, however, pres-
ent the disadvantage of not being able to characterize which cell-
to-cell communications are the most significant for the explana-
tion of the biological effects of a toxicant. It is important that we
used two BC cell lines (MCF-7 and MDA-MB-231 cells) in our
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Figure 5. Protein (A-actin, B-beta-catenin) localization & nucleus staining in MCF7 cells and MDA-MB-231 cells. MCF7 cells were grown with hMADS and/
or treated with 25nM TCDD for 48h [Control (vehicle MCF-7 cells, alone), TCDD (MCF-7 cells treated with 25 nM TCDD), co-culture (MCF-7 co-cultured
with hMADS), and coexposure (co-culture with TCDD)]. (A) MCF7 cells were stained for actin (green) and nucleus (blue). Scale bar 20 pm. (B) MCF7 cells

were stained for beta-catenin (green) and nucleus (blue). One representative cell with cell-in-cell structures was marked with an asterisk (). Scale bar 20 um.
Note: TCDD, 2,3,7,8-tetrachlorodibenzo-p-dioxin.
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Figure 6. Measurement of metastatic spread of MCF7 and MDA-MB231 cells in zebrafish larvae in vivo models Human RFP-MCF7 (left) or RFP-MDA-MB-
231 (right) cells cultured with conditioned media from different conditions, were injected into the perivitelline space of 2-day-old zebrafish larvae [Control (ve-
hicle MCF-7 cells, alone), TCDD (MCF-7 cells treated with 25 nM TCDD), co-culture (MCF-7 co-cultured with hMADS), and coexposure (co-culture with
TCDD)]. Fish were imaged 24 h later at 8.5 X magnification by fluorescence microscopy. (A) Representative images from 21-46 fish/group. (B) Quantitation
of (a) the number of fish with one or more metastases and (b) the average number of metastases/fish+SE. Graph represents means + SEM of three measure-
ments. The numerical information mean + SEM and p-values are provided in Table S8. (Kruskal-Wallis’s H test (nonparametric comparison of k independent
series) followed by a 1-factor ANOVA test (parametric comparison of k independent series, * p < 0.05). (C) The percentage of fish with metastasis in the head
region. Each experiment was repeated in triplicate (MCF-7) or quadruplicate (MDA-MB-231) with 7-12 fish per condition in each experiment. Note:
ANOVA, analysis of variance; SEM, standard error of the mean; TCDD, 2,3,7,8-tetrachlorodibenzo-p-dioxin.
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co-culture model; MCF-7 cells express estrogen and progesterone
receptors, a wild-type p53, whereas MDA-MB-231 cells lack
those features. This difference might be important to consider
because several articles have reported demonstrations of the anti-
estrogenicity of TCDD (induction of cytochromes that transform
estrogens into catechols, degradation of estrogen receptors by a
ubiquitin complex regulated by the AhR involving CUL4B...)
(Ohtake et al. 2007; Coumoul et al. 2001). Therefore, we sus-
pected, initially, that the absence of the estrogen receptors in
MDA-MB-231 might have an impact on the effects displayed by
TCDD in MCF-7 cells. Despite their differences, several impor-
tant outcomes were conserved within each model, including the
potential to metastasize in vivo (zebrafish experiments). Our
models allowed the study of these contributions while focusing
on tumor cells and one key mesenchymal cell type in its microen-
vironment, the preadipocyte. Preadipocytes are the precursors of
adipocytes, a major component of the adipose tissue (Kothari et
al. 2020). This is the reason for using the h(MADS cell line, a pre-
adipocyte line that can be differentiated. We recently showed, in
a clinical study, that TCDD was associated with a significant risk
for the development of BC metastasis specifically in women who
were overweight, which suggests that adipose tissue may exert a
significant effect (Koual et al. 2019). This finding reinforces the
hypothesis that adipocytes and inflammation may be significant
contributors to the development of aggressive tumors.

TCDD, which is lipophilic and resistant to xenobiotic metabo-
lism, as well as other persistent organic pollutants, is stored in
adipose tissue. We used TCDD, the most potent dioxin, on
C57BL/6J mice to mimic long-term bioaccumulating molecules
that also stimulate the AhR signaling pathway (Duval et al.
2017). In a previous study, we showed that TCDD led to an EMT
in human hepatocarcinoma cells and to liver fibrosis in an animal
model (Pierre et al. 2014). Liver fibrosis is suspected to involve
EMT processes, which also are observed during cancer metasta-
sis. However, it is important to note that the role of the AhR in tu-
mor progression remains controversial, possibly due to the
plasticity of this receptor, which is able to bind a variety of
ligands and, potentially, to act in a ligand-dependent manner
(Gouédard et al. 2004; Guyot et al. 2013). Although several stud-
ies, including ours, have showed that TCDD favors cancer cell
migration, invasion, and metastasis (Bui et al. 2009; Biswas et al.
2008; Seifert et al. 2009), others suggest that TCDD (and also
3,3’-diindolylmethane) could inhibit irregular colony formation
in Matrigel and block metastasis in vivo while accelerating cell
migration (Narasimhan et al. 2018). In our previous studies, we
showed that manipulation of the AhR level, using inhibitors or
SiRNA knockdown gene appeared to reduce human cell invasion,
migration, and metastasis in several BC cell lines (Bui et al.
2009; Bui et al. 2016). This controversial issue concerning the
effects of the receptor might be due to several factors (cell culture
condition, tumor microenvironment, different actions of the vari-
ous AhR ligands); therefore, as the action of the AhR, like many
nuclear receptors, is context-dependent (e.g., breast, prostate),
further investigation will be needed to decipher the complex role
of the AhR in cancer progression and metastasis.

Because daily life involves exposure to multiple POPs, it is
important to delineate the effects of mixtures of POPs in our
model to determine to what extent they stimulate tumor progres-
sion. Also, mixtures of nonpersistent organic pollutants, such as
phthalates and bisphenols or heavy metals, should be evaluated,
even though these xenobiotics are nonpersistent. Our study pro-
vides evidence, to the best of our knowledge, that TCDD can
favor the occurrence of metastases of breast cancer cells in zebra-
fish by in part targeting the tumor microenvironment and by stim-
ulating previously unsuspected molecular pathways. This finding
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reinforces the idea that more complex models such as co-culture
models or organoids should be used to study toxicological mech-
anisms. They could, potentially, be used as well for chemical
assessment of drugs or pollutants. This knowledge should be rele-
vant, generally, in terms of public health for the management of
tumors, for which the generation of aggressive forms remains
poorly studied and assessed.

Data Availability

The mass spectrometry proteomics data have been deposited in the
ProteomeXchange Consortium via the Proteomics Identifications
Database (PRIDE) (Perez-Riverol et al., 2019) partner repository
with the data set identifier PXD014328.
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