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Abstract

Breast cancer is a major public health issue and the role of pollutants in promoting breast cancer 

progression has recently been suggested. We aimed to assess if a mixture of pollutants, cigarette smoke, 

could favor the aggressivity of breast cancer cells. We also evaluated the impact of the tumor micro-

environment, largely represented by adipocytes, in mediating this modification of cell phenotype.

Breast cancer cells lines MCF-7 were cultured using a transwell coculture model with preadipocytes 

hMADS cells or were cultured alone. Cells were treated by cigarette smoke extract (CSE) and the four 

conditions: control, treated by CSE, coculture and coexposure (coculture and CSE) were compared. We 

analyzed morphological changes, cell migration, resistance to anoikis, stemness, epithelial to 

mesenchymal transition (EMT) and presence of hormonal receptors in each condition. A complete 

transcriptomic analysis was carried out to highlight certain pathways. We also assessed whether the aryl 

hydrocarbon receptor (AhR), a receptor involved in the metabolism of xenobiotics, could mediate these 

modifications. 

Several hallmarks of metastasis were specific to the coexposure condition (cell migration, resistance to 

anoikis, stemness characterized by CD24/CD44 ratios and ALDH1A1 and ALDH1A3 rates) whereas 

others (morphological changes, EMT, loss of hormonal receptors) could be seen in the coculture 

condition and were aggravated by CSE (coexposure). Moreover, MCF-7 cells presented a decrease in 

hormonal receptors, suggesting an endocrine treatment resistance. These results were confirmed by the 

transcriptomic analysis. We suggest that the AhR could mediate the loss of hormonal receptor and the 

increase in cell migration
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Introduction

Breast cancer is the leading cause of cancer in women in terms of incidence and mortality (Bray 

et al. 2018). If the tumor remains localized to its site of appearance, the five-year survival rate is 99%; 

however, once the cancer spreads to the lymph nodes or at distance (depicted therefore as aggressive), 

the five-year survival rate drops to 86% and 28%, respectively (Siegel et al. 2021). Many risk factors 

for the incidence of breast cancer have been found, however, knowledge lacks on the mechanism and 

the risk factors of metastasis.

The role of the environment has recently been suspected to take part in breast cancer 

aggressiveness. Indeed, several pollutants have been found to promote breast cancer progression toward 

a more aggressive phenotype. In vitro, the Seveso dioxin (or TCDD, 2,3,7,8-Tetrachlorodibenzo-p-

dioxin), a pollutant mainly found in high-fat foods (fish, meat, cheese…) could enhance stemness, 

migration and oxidative stress in breast cancer cells (Lin et al. 2007; Lin et al. 2008; Koual et al. 2021). 

Likewise, hexachlorobenzene (HCB), a fungicide, could promote angiogenesis (Pontillo et al. 2015; 

Zárate et al. 2020) and migration in vitro (Pontillo et al. 2013; Miret et al. 2016). These compounds are 

ligands of the aryl hydrocarbon receptor (AhR), a receptor involved in the regulation of xenobiotics 

metabolism. Recent evidence suggests that the AhR could mediate the impact of the pollutants on breast 

cancer aggressiveness (Benoit et al. 2022).  However, most of these works comprised of two main 

limitations: i) they failed to take into account the tumor micro-environment, and ii) they studied the 

impact of a single pollutant and not a mixture of pollutants. 

First, the role of the tumor  microenvironment appears to be critical in the pathophysiological 

process of breast cancer metastasis (Paget 1989). The tumor  microenvironment of the breast cancer 

cell mainly consists in adipose cells which could be in part responsible for breast cancer aggressiveness 

(Blücher and Stadler 2017). Indeed, adipocytes in contact with breast cancer cells can transform into 

cancer-associated adipocytes (CAA) which provide nutrients to the tumor cells and promote breast 

cancer aggressiveness triggering chemo-resistance, EMT and invasion (Lee et al. 2015; Lehuédé et al. 

2019; Rybinska et al. 2020). Our team has created a coculture model for breast cancer and has already 

assessed the impact of a dioxin on this model and found that it increased migration, aggressiveness and 

stemness (Koual et al. 2021). 

Second, evaluating the effect of a mixture of pollutants is closer to the ‘real life exposure”. Yet, 

in vitro studies are scarce. Using a complex mixture containing 15 organochlorines, Aubé et al. found 

that their cocktail acts differentially on human breast cell lines which were compared according to their 

status of expression of nuclear receptors (including estrogen receptor-α or ER) (Aubé et al. 2011). The 

other works evaluated only the estrogenicity of their mixture and not the potential to promote a pro-

metastatic phenotype (Rajapakse et al. 2002; Silva et al. 2002). We chose to use cigarette smoke extract 

as our mixture of pollutants. Indeed, even if the role of smoking in breast cancer incidence is uncertain, 

it has been suggested in epidemiologic studies, that smokers could have more aggressive breast cancers. 

These patients have a higher mortality rate (Pierce et al. 2014; Nechuta et al. 2016) and more triple 
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negative cancers  (Cooper et al. 1989; Manjer et al. 2001). Murin et al. even found that smoking patients 

had more pulmonary metastasis at diagnosis than non-smokers (Murin and Inciardi 2001). In vitro, 

Dicello et al. found that chronic exposure to cigarette smoke could promote epithelial to mesenchymal 

transition (EMT) in ER-positive breast cancer (Di Cello et al. 2013).

Our goal was to assess the impact of exposure to cigarette smoke extract as a common mixture 

of pollutants on the promotion of breast cancer metastasis and aggressiveness in these cells cocultured. 

We hypothesized that the effect was mediated by the AhR. We focused our research on ER-positive 

breast cancer cells to assesses if these pollutants could indorse an aggressive phenotype to these cells 

when cocultured with adipocytes. Indeed, this type of breast cancer has the best prognosis and the best 

response to treatment.

Methods

1) Cell lines

Different cell lines were used; MCF-7 human breast cancer cells (ATCC® HTB-22), a cell line 

expressing estrogen receptor (ER+) and progesterone receptor (PR+), MDA-MB-231 human breast 

cancer cells (ATCC® HTB-26), a triple negative cell lines (ER-, PR-, Her2-) and HS-578T human 

mammary carcinosarcoma cells (ATCC® HTB-126), an ER−/PR−/HER2− cell line. HS-578T AhR-

KO cells were generously provided by Dr. David Sherr (Department of Environmental Health, Boston 

University School of Public Health, 72 East Concord St., Boston, MA 02118, USA) (Stanford et al. 

2016; Narasimhan et al. 2018).

Human pre-adipocytes were chosen to represent the tumor micro-environment as previously described 

(Koual et al. 2021). Briefly, these cells have higher secretory capacities and are a major component of 

the adipose tissue (Kim et al. 2012; Kothari et al. 2020). They were isolated from human adipose tissue, 

and they maintain their properties after several passages. The hMADS cell line (human multipotent 

adipose-derived stem cells) has been described previously and was provided by Christian Dani (Institut 

de Biologie Valrose/Université Côte d’Azur, UMR CNRS/INSERM, Faculté de Médecine, Nice, 

France) (Rodriguez et al. 2005). 

Details concerning cell lines are presented in the Supplementary Material and Methods

2) The Coculture Model (Koual et al. 2021)

MCF-7 cells and hMADS preadipocytes were cocultured in transwell culture plates in hMADS medium 

without hFGF2. Briefly, 400,000 MCF-7 cells were seeded into the lower well, and 200,000 hMADS 

preadipocyte cells were seeded onto polyester membrane inserts (0.4 μm pore size - Sarstedt, 
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Nürnbrecht, Germany) on the upper part in 6-well culture dishes. The two cell types shared the same 

culture medium, which diffuses through the inserts. MCF-7 cells also were grown alone as controls. 

After 24 h of incubation at 37°C, the medium was replaced, and the cells were exposed to  1% cigarette 

smoke extract (CSE) for 48 h. In the rest of the document, the condition “MCF-7 cells grown in the 

presence of the hMADS cells” is called “coculture,” and the condition “MCF-7 grown in the presence 

of the hMADS cells treated with the CSE” is called “coexposure” (which also correspond to a coculture 

condition treated with CSE).

3) Aqueous Cigarette smoke extract (CSE)

Cigarette smoke was extracted from filtered mainstream smoke from a reference brand (1R6F research 

cigarettes; Tobacco Health Research, Lexington, KY) generously provided by Dr. Sophie Lanone 

(IMRB, Mondor, France) (Jaccard et al. 2019). We prepared the aqueous cigarette smoke extract (CSE) 

as previously described with some modifications (Baskara et al. 2020). The whole protocol is detailed 

in the Supplementary Material and methods and represented Figure 1. Moreover, the choice of the dose 

and the duration is described in the Supplementary data and in Supplemental Figure S1.

4) Migration assay

Two types of migration tests were used: 1) the Boyden chamber assay and 2) the xCELLigence 

migration assay. Indeed, MCF-7 cells migrate slower than the triple-negative cell lines (HS-578T and 

MDA-MB 231 cells), and the Boyden chamber assay was found more accurate to measure subtle 

changes of the first cell line. To summarize, a Boyden chamber assay was used to study MCF-7 

migration and an xCELLigence migration assay was used for both triple negative cells. 

For the Boyden chamber assay, breast cancer cells lines, MCF-7 were plated in a 6 well plate with 400 

000 cells per well with or without coculture (200 000 hMADS). After 24 hours, they were treated by 

CSE 1% for 48 hours. The cells were then trypsinized and plated in 24 well-plate with a Boyden 

chamber (8 μm-pores Sarstedt, Nürnbrecht, Germany) with two replicates per condition. After 

trypsinization, cells were not treated again by the CSE. Twelve thousand cells were plated in the 

upper chamber with 100 μl of medium without serum and 600 μl of medium with 10% serum was put 

in the lower chamber as a chemoattractant for migrating cells. Four days later, a cotton swab was used 

to remove non-migrated cells from the upper side of the insert and the membranes were then stained 

with Hoechst (1µg/mL) and photographed using an ImageXpressPICO device (Molecular devices). The 

results of the Boyden chamber experiments were obtained from 4 biological replicates.

For both triple negative MDA-MB-231 or HS-578T cells, their fast cell migration was monitored using 

the xCELLigence RTCA DP instrument (Agilent Technologies). The protocol is detailed in the 

Supplementary Material and Methods. 
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5) Anchorage-independent growth in soft agar 

To study the cell capacity of surviving in a hostile environment, the resistance to anoikis (or anchorage-

independent growth) was quantified using the protocol described by Joussaume et al (Joussaume et al. 

2020). Breast cancer cells lines, MCF-7 were plated in a 6 well plate with 400 000 cells per well with 

or without coculture (200 000 hMADS). After 24 hours, they were treated by CSE 1% for 48 hours. 

The cells were then trypsinized and single-cell suspensions of MCF-7 cells were prepared from 

monolayer cultures. After trypsinization, cells were not treated again by the CSE. Cells were 

suspended in culture medium containing 10% FBS and 0.4% soft agar at 37°C and then 2000 cells were 

plated onto a solidified bottom layer containing culture medium of 10% FBS and 0.6% soft agar. 

Twenty-eight days later, cells were stained with a 1% Nitrotetrazolium Blue Chloride (NBT) solution, 

which stains live cells, from Sigma-Aldrich and imaged on a ChemiDoc MP Imaging System (Bio-Rad- 

France). The number and size of colonies were compared between the conditions using Image-J 

software (Schneider et al. 2012).

6) Stemness CD24/44 assay

MCF-7 cells were plated in a 6 well-plate with 400 000 cells per well with or without coculture (200 

000 hMADS). After 24 hours, they were treated by CSE 1% for 48 hours. The cells were then 

trypsinized, counted and 200 000 cells were placed in each tube. The cells were stained by BV421-anti 

CD44 (Bdbiosciences- 562890) and FITC-anti CD24 (Invitrogen-11024742 (1/200)) for 30 minutes on 

ice and in the dark, washed by PBS and analyzed using cell cytometry (BD Canto II flow cytometer).  

Both CD24 and CD44 are membrane glycoproteins, and their detection can be performed without 

permeabilization.

7) Immunofluorescent Staining 

MCF-7 cells were plated in a 6 well-plate with 400 000 cells per well with or without coculture (200 

000 hMADS) and onto coverslips. After 24 hours, they were treated by CSE 1% for 48 hours. The cells 

were then fixed with 4 % paraformaldehyde for 20 min and permeabilized with 0.2 % Triton X-100 for 

3 min at room temperature, then washed with PBS. The cells were incubated in a blocking solution (0.3 

M PBS-Glycin -1% bovine serum albumin) for 1h and then incubated with the primary antibody 

(Paxillin – ab32084- Abcam) in PBS for 1h30 min at room temperature. After washing with PBS-T 

(PBS containing 0.1 % Tween-20), the cells were incubated with a second antibody conjugated with a 

fluorescent dye for 1h at room temperature. For the staining of actin and nuclei, FITC-conjugated 
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phalloidin and TO-PRO-3 (Invitrogen) were included during the incubation with the secondary 

antibody. The coverslips were sealed with Dako Faramount Aqueous Mounting Medium Ready-to-use 

(Invitrogen) and images were recorded using a Zeiss LSM 510 confocal microscope (Carl Zeiss Meditec 

France SAS, Le Pecq, France) using a 40X Plan-Neofluar 1.3 NA oil objective and Zen Blue software 

(Zeiss).

Details concerning antibodies can be found in the Supplementary Table 1.

8) Proliferation assays

MCF-7 cells were plated in a 6 well-plate with 400 000 cells per well with or without coculture (200 

000 hMADS). After 24 hours, they were treated by CSE 1%. Since MCF-7 cells proliferate slowly, 

proliferation was assessed on day 4 or 6 and proliferation was assessed either with a Click Proliferation 

Kit or a CFSE assay. Protocols are detailed in the Supplementary Material and Methods.

9) Western blot

Protein extraction was performed after 48 hours of treatment (control, CSE, coculture and coexposure). 

Briefly, MCF-7 cells were lysed in the 6-well plate with the RIPA lysis buffer (Radio-

Immunoprecipitation assay buffer, Sigma-Aldrich ®) for 1 hour at 4°C. They were then scratched and 

stored at -20°C. Protein concentrations were assessed using a Micro BCA™ Assay Kit and the plate 

were read using a spectrophotometer (560 nm).

Samples were adjusted to 10 ug of proteins and boiled for 5 minutes. They were then resolved by 

electrophoresis on 10% polyacrylamide gels (Mini-protean ® TGX, Bio Rad ®) and transferred to 

nitrocellulose membranes (Trans-blot ® TurboTM, Biorad®). Non-specific proteins were blocked by 

incubating membranes in PBS 1X with 5% ECL (electrochemiluminescence) powder for one hour. 

Immunoblots were incubated with primary antibodies anti-E- (Santa Cruz 543, d 1:1000), anti-PR 

(abcam 2765, d 1:1000), actin (ab 8227, 1:3000) and subsequently, appropriate secondary anti-rabbit (d 

1:1000) or anti-mouse (d 1:2000) antibodies (Cell Signaling Technology®, #7074S and #7076S 

respectively).

Blots were revealed using chemiluminescence technique (ECL western blotting substrate, Pierce ®) 

with Fusion Solo S imager (Vilber ®). For quantification, specific bands were normalized to their actin 

level and then compared to the non-treated condition.

10) Modulation of the expression or activity of the AhR (Knock-out, and agonist)

AhR KO: HS-578T cells (ATCC® HTB-126), a triple negative human mammary carcinosarcoma cell 

line with also a KO for the AhR were used as previously described (Stanford et al. 2016; Narasimhan 

et al. 2018). 
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AhR agonist: TCDD (#ED-901, CAS: 1746-01-6) was purchased from LGC Standards, and nonane was 

purchased from Sigma-Aldrich. The TCDD stock solution at 155 μM in nonane (100%) was diluted 

at 25 nM (0.016%) in the culture medium before treating the cells. After 24 h of coculture, the medium 

was replaced, and the cells were treated with 25 nM TCDD or vehicle for 48 h (for a total of 72 h after 

seeding). 

11) Total RNA extraction and samples

MCF-7 cells were plated in a 6-well plate with 400 000 cells per well with or without coculture (200 

000 hMADS). After 24 hours, the plates were exposed to CSE 1% for 48 hours. Total RNA of MCF-7 

cells was extracted using a RNeasy Plus Mini kit (Qiagen). The samples were stored at -80°C. The 

concentrations and ratios A260/A280nm and A260/A230nm for RNA purity analysis were measured 

with a Nanodrop One (Ozyme ®). 

12) Reverse transcription quantitative PCR (qRT-PCR).

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 cDNA per reaction 

on CFX 384 thermocycler (Bio-Rad®). Duplicated reactions of each sample were performed using 

Takyon SYBR® 2X qPCR Mastermix Blue (Eurogentec ®). 

The human primers are detailed Supplementary Table 2. The relative amounts of mRNA were estimated 

compared with the control condition using the ∆∆Ct method with RPL13A RNA as the reference. Data 

are representative of at least three different experiments and are expressed as the mean ± SD (Standard 

Deviation). 

13) Transcriptomic analysis: RNA sequencing

A complete RNA sequencing was also carried out. The 4 conditions of exposure (control, CSE, 

coculture, coexposure) were analyzed and transcriptomic analysis was performed on 5 biological 

replicates to eliminate a batch effect.

RNA sequencing and analysis was carried out with the help of the GENOMI’C Platform (UDP-8104, 

Dr Frank Letourneur, University Paris Cité, Cochin institute, 75014 Paris) and is detailed in the 

Supplementary Material and Methods.

 

14) Statistical analysis
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Each experiment was performed at least in triplicate. 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 independent series). Due to the small 

size of our samples, we could not hypothesize a normal distribution. A value of p<0.05 was considered 

statistically significant: * p<0.05 **, p<0.01, *** p<0.001 and **** p<0.0001.

Results

Coculture and to a greater extent, coexposure, modify the cell morphology of breast cancer cells with 

the presence of giant cells and ‘cell-in-cell’ structures.

Immunofluorescence staining was performed to evaluate the morphological changes on MCF-7 cells 

under the different conditions of culture. Antibodies against paxillin were used to examine the focal 

adhesion sites and the staining of actin with FITC-conjugated phalloidin was used to visualize 

rearrangements of the cytoskeleton (Figure 2A). Control MCF-7 cells are jointed, rather small and 

paxillin is located in the cytoplasm. After treatment by CSE, the cells dissociated with a star-like 

morphology and paxillin relocated to the ends of the membrane extensions allowing to visualize the 

cell anchor points. In the coculture condition, several cells were much larger with an extended nuclei 

and lamellipodia (defined as membrane extensions composed of actin polymers that the cell uses to 

move within the extracellular matrix) appeared. In the coexposure condition, the morphology of cells 

is dramatically changed with 1) paxillin localized both in the membrane extensions and in the 

cytoplasm, 2) large, dissociated, star-shaped and sometimes even plurinucleated cells. These large 

polynuclear giant cells are evocative of cell-in-cell structures, a significant marker of either entosis or 

cellular cannibalism (M et al. 2007; Krishna and Overholtzer 2016) (Figure 2A). Entosis is defined as 

the invasion of one cell into another resulting either in its degradation or liberation with a discussed role 

in cancer promotion. Cell cannibalism results necessarily in the death of the absorbed cell. These 

findings were noted in both ER-positive and triple negative cells lines (Supplementary Figure S2). 

To further explore the cell-in-cell structures, a Ki67 staining was carried out. Antibodies against Ki67 

are used to explore cell proliferation since this no-histone nuclear protein is present only during active 

phases of the cell cycle (G1, S, G2, and mitosis). The internalized engulfed cells are KI67 negative and 

thus in a state of quiescence, while the engulfing cell is KI67 positive (Figure 2B and Supplementary 

Figure S2). This could suggest that the latter cell extracts nutrients from the engulfed cell which may 

therefore constitute a marker of poor prognosis.

The coexposure triggers migration of breast cancer cells.
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A migration assay was carried out on the different cancer cell lines. Due to the slow migratory 

phenotype of the ER-positive MCF-7 cell line, a Boyden chamber assay was performed for these cells 

and analysis and interpretation of the results were performed after 4 days of migration. While 

proliferation, assessed in parallel, was not affected by the different treatments (Supplementary Figure 

S4), only the coexposure condition significantly increased the migration properties of cells (Figure 3A). 

No increase in migration was found using the CSE alone or under the coculture condition only. 

Similar results were found for the triple negative breast cancer MD1-MB-231 cells: for these fast-

migrating breast cell line (migration is initiated in the first 24h of culture), a xCELLligence assay was 

carried out with a real time analysis of migration (Supplementary Figure S5).

Both coculture and coexposure conditions promote an epithelial to mesenchymal transition (EMT) in 

ER-positive cell breast cancer cells.

The results showing significant changes of the migratory and morphological phenotypes observed upon 

the coexposure condition, evoked a possible EMT mechanism which is defined as the switch from a 

polarized epithelial cell phenotype to a mesenchymal phenotype with enhanced migratory properties. 

Three criteria are required to define an EMT: a decrease of epithelial markers, an increase of 

mesenchymal markers and an enhanced migration (Kalluri and Weinberg 2009). 

First, using immunochemistry and confocal microscopy, we noted that, in non-treated cells, E-cadherin, 

an epithelial marker involved in cell junctions (Kalluri and Weinberg 2009), was localized at cell 

junctions, suggesting that the cells were well joined together. The co-exposed cells displayed a loss of 

E-cadherin localization close to the membrane. After treatment by CSE, E-cadherin tends to diffuse in 

the cytoplasm of the cell. In coculture condition, E-cadherin was mainly localized at cell-cell junctions 

but also in the cytoplasm of large cells. However, in coexposure conditions, the E-cadherin was 

completely internalized with the loss of cell junctions (Figure 2C). 

Second, we assessed the presence of genes involved in the transformation to a mesenchymal phenotype 

by qPCR. In accordance with our immunofluorescence findings, E-cadherin was gradually decreased 

in the CSE (fold change 0.75 p<0.01), coculture (fold change 0.6, p<0.0001) and coexposure conditions 

(fold change 0.5, p<0.0001). Zeb1(fold change 2.5, p<0.0001) and Twist (fold change 2.2) were only 

increased in the coexposure condition whereas Snail (fold change 1.7 and p< 0.001 for coculture and 

fold change 1.9 p<0.0001 for coexposure) and Slug (fold change 1.6 and p< 0.05 for coculture and fold 

change 1.5 p<0.05 for coexposure) were increased in both coculture and coexposure conditions. 

Not all markers are affected by the coexposure condition. Tgfβ-2, a profibrotic factor, was increased 

only in the coculture condition (fold change 3, p<0.01) (Figure 4). Vimentin and Fibronectin were not 

modified in our different conditions (Supplementary Figure S6). 

In conclusion, while the CSE affected several EMT markers, most markers were similarly and 

significantly altered by the coculture and coexposure condition. However, cell migration was only 
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significantly increased in the coexposure condition suggesting that EMT is specifically triggered by this 

condition. 

The coexposure promotes stemness in ER-positive MCF-7 breast cancer cells

Stemness is defined as the capacity of a cell to self-renew and to differentiate into diverse cell types. 

Cancer stem cells are believed to promote both resistance to treatment and distant metastasis through 

their capacity of survival (Borovski et al. 2011). CD24 (heat stable antigen) and CD44 (hyaluronic acid 

receptor) are surface glycoproteic markers of cancer stem cells (Li et al. 2017).  Their expression is 

positively associated with breast cancer metastasis (Abraham et al. 2005). When compared to control 

cells, only the coexposure condition significantly increased the percentage of either CD24+ cells or 

CD44+ cells (Figure 5A). This was caused mainly by a decrease of the proportion of CD24- /CD44- 

cells (Supplementary Figure S7).

ALDH1A1 (Aldehyde Dehydrogenase 1 Family Member A1) and ALDH1A3 (Aldehyde 

Dehydrogenase 1 Family Member A3) are also markers of stemness and involved in poor prognosis 

(Ginestier et al. 2007). Both CSE and coculture alone significantly enhanced the expression of 

ALDH1A1 and ALDH1A3 in MCF-7 cells (less than 2-fold, p<0.05), yet coexposure further increased 

ALDH1A3 and ALDH1A1 3-fold (p<0.0001) (Figure 5B). 

The coexposure increases the resistance to the anoikis in ER-positive MCF-7 breast cancer cells

The acquisition of stemness confers a greater autonomy to the cells in terms of differentiation but also 

in relation to their microenvironment. Anoikis is defined as a natural process in which cell death occurs 

after the loss of cell adherence to the extracellular matrix (Joussaume et al. 2020). Certain cancer cells 

can develop resistance to anoikis through a complex mechanism, promoting invasiveness, resistance to 

treatment and metastasis (Paoli et al. 2013; Adeshakin et al. 2021). Cell resistance to anoikis is essential 

to the formation of metastasis since it promotes cell capacity to survive in non-adherent conditions (e.g., 

blood) and possibly to re-attach elsewhere. An anchorage-independent growth assay in soft agar was 

used to study resistance to anoikis. MCF-7 cells showed a resistance to anoikis with an increase in both 

colony number and size only in the coexposure condition (Figure 6).  This can therefore suggest an 

aggressive cell phenotype and a resistance to chemotherapy. 

Cigarette smoke extract reduces the expression of hormonal receptors in ER-positive MCF-7 lines in 

coculture and more importantly, in coexposure conditions

The acquisition of a resistance to anoikis led us to test additional aggressive properties commonly 

observed at the clinical level such as the loss of nuclear receptors (e.g., estrogen and progesterone 

receptors). RTqPCR analysis showed that cells treated by CSE, coculture and coexposure conditions 

presented a gradual decrease in expression of Er- and PR, since Er-β expression did not change (Figure 

7A). The mRNA changes were confirmed by analysis of protein levels; likewise, we found a significant 
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decrease of the long isoform Er- protein (66kDa) after Western blot analysis in the coexposure 

condition (Figure 7B). This loss of one estrogen receptor in our model under coexposure condition, is 

reminiscent of what is observed clinically as part of the triple negative phenotype (with a worse 

prognosis and a resistance to endocrine therapy). Full blots can be found Supplemental Figure S8 et S9.

RNA sequencing

A complete transcriptomic analysis was carried out to explore the different pathways triggered by our 

conditions (Figure 8A). Two hundred and twenty-one (221) genes were differentially regulated (Fold 

<1.5 or <0.75 and p<0.05) by the CSE (control versus CSE), 386 by the coculture condition (control 

versus coculture) and 345 by CSE in the coculture condition (coculture versus coexposure). Pathways 

involved in the xenobiotic response and cell motility were upregulated by the CSE alone. Pathways 

related to the carcinogenic processes (glycolysis, hypoxia, general cancer pathways, neo-angiogenesis 

and cell motility) were upregulated by the coculture alone. Finally, the coexposure condition increased 

pathways which are present in both separate conditions such as the xenobiotic responses, drug transport, 

cancer pathways, estrogen synthesis and cell migration (Figure 8B). Details concerning the enrichments 

can be found in Supplementary Figures S10-12. 

We also analyzed specifically the effect of CSE on MCF-7 cells: 1) CSE vs control; 2) CSE + coculture 

vs coculture. The presence of the CSE with the coculture specifically upregulated pathways involved 

in cancer and drug resistance (Figure 8C). To further understand the exploratory analysis of the RNA 

sequencing, specific qPCRs were carried out on selected drug transporters whose increased expression 

is a feature of chemoresistance (ABCG2, ABCC2, ALDH1A3, ALDH1A1). The mRNA expression of 

ABCG2 was increased in both CSE and coexposure conditions and ABCC2 expression was increased 

by CSE (Supplemental Figure S5). ALDH1A3 and ALDH1A1 mRNA levels, also involved in 

resistance to treatment, were increased in both CSE and coculture conditions but to a greater extent in 

the coexposure condition (Figure 5B) (Croker et al. 2017).

Full transcriptomic data can be found online in the repository of the International Nucleotide Sequence 

Database Collaboration, DNA bank of Japan (ID PSUB018279) and in the Supplementary 

transcriptomic data (Excel file).

Effects of the AhR on cell migration

Several compounds of the CSE are AhR ligands including polycyclic aromatic hydrocarbons (such as 

benzo(a)pyrene). We, therefore, carried out a migration assay using two versions of a triple negative 

breast cancer cell line: HS-578T Cas9 (control or wild-type) and AhR-KO cells. Using the 

xCELLigence system, we observed a significant increase in cell migration, only in the coexposure 

condition of the HS-578T Cas 9 cells. This result was in line with those of the MCF-7 cells. In AhR KO 

cells, both coculture and coexposure led to a similar increase of the migratory potential of the cells but 

with no difference between these two conditions indicating that CSE has no effect per se. This suggested 
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a complex effect of AhR knockout on the interactions between the breast and pre-adipocytes cells but 

also indicated that the AhR knockout impairs the effect of CSE in the coexposure condition (Figure 3B 

and Supplementary Figure S13).

Effects of the AhR on decrease of ER

We found that the CSE could reduce the presence of hormonal receptors in MCF-7 lines in coculture 

and more importantly, in coexposure conditions. Several compounds of the CSE are ligands of the AhR, 

we assessed the role of the AhR in this loss of ER using a specific activator of this receptor. We therefore 

tested a prototypical ligand of the AhR, TCDD (instead of the CSE). qRT-PCR assays showed that 

TCDD reduced the expression of Er- mRNA after 48h treatment. The effect of the coculture remains 

the same. Interestingly, the decrease is more pronounced under the synergistic coexposure (TCDD and 

coculture) condition. Moreover, unlike for CSE, Er-β was decreased in the coculture and coexposure 

conditions (Figure 7C). The Western blot analysis showed similar results with a dramatic decrease of 

the protein long isoform Er- (66kDa) in the coculture and coexposure conditions (Figure 7D).

Discussion

The present study highlights that cigarette smoke extracts (CSE) could promote a more 

aggressive phenotype to breast cancer. Indeed, mammary cancer cells cocultured with cells which partly 

mimic their micro-environment (hMADS sharing properties of fibroblasts and adipocytes) and treated 

with CSE, displayed several aggressive properties. We studied the ER-positive MCF-7 cell line since 

ER-positive breast cancers are known to have a better prognosis. Several assays were also validated in 

MDA-MB-231 and HS-578T cells but were not emphasized here. We showed that MCF-7 cells 

acquired a “triple negative-like” phenotype (partly characterized by the loss of hormonal receptors) 

after exposure to CSE in their micro-environnement, evoking a progression toward a more aggressive 

phenotype. This evolution is marked by an increase in migration, resistance to anoikis, EMT, stemness, 

and cell in cell structures. Additional hallmarks of metastasis were specific to this coexposure condition 

(migration, resistance to anoikis, stemness) whereas others (morphological changes, EMT, loss of 

hormonal receptors) could be seen in the coculture condition and were aggravated by CSE (coexposure). 

It must be stressed that most of cancer hallmarks were not seen in the CSE condition alone, emphasizing 

the importance of the coculture model but also suggesting that the CSE is a sensitizing factor. 

Cancer stem cells are capable of self-renewal, extensive proliferation, clonogenicity and 

resistance to treatment and are present in tumors with a worse prognosis (Reya et al. 2001). The 

coexposure condition increased stemness (increase in CD24+ and CD44+ markers and 

ALDH1A1/1A3). Moreover, high ALDH1A1/1A3 gene expression is associated with loss of hormonal 

receptors, poor survival, increased metastasis, angiogenesis and both were increased only in the 
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coexposure condition (Dieci et al. 2013).  Among the hallmarks of metastasis specifically increased by 

the coexposure condition, anoikis, defined as the programmed cell death which occurs after detachment 

from the extra-cellular matrix was found. Certain cancer cells can develop resistance to anoikis through 

a complex mechanism, promoting invasiveness, resistance to treatment and metastasis (Adeshakin et 

al. 2021). Stemness and resistance to anoikis are closely linked and cancer stem cells can “protect” non 

cancer stem cells from anoikis (Kim et al. 2016). These hallmarks along with EMT, point towards 

resistance to chemotherapy. Cancer stem cells are thought to be able to escape the chemotherapy 

treatment (Reya et al. 2001). However, in contrast to other studies, we found no indicators of 

chemotherapy resistance in coculture condition (Lehuédé et al. 2019). Yet, the CSE seems to modify 

the mRNA expression of ABCG2 (increased in both CSE and coexposure conditions) and ABCC2 

(increased by CSE). 

Another interesting finding of our work is the presence of giant plurinuclear cells which can 

correspond to cell-in-cell structures, observed only in the coexposure condition. In a previous work on 

the effects of dioxin on breast cancer cells, similar structures were observed (Koual et al. 2021). These 

cell-in-cells can be the outcome of one cell engulfing the other (M et al. 2007). The prognostic value of 

this mechanism is uncertain. Here, the engulfing cell had a proliferative nucleus (Ki67 high) whereas 

the internalized cell was Ki67 negative. The cell in cell structures could be markers of poor prognosis 

through two mechanisms: i) the engulfed cell is providing nutrients to the “winner” cell and ii) the 

“winner” cell, involved in mitosis, will be blocked in an aneuploidy state which promotes tumor 

progression (Krishna and Overholtzer 2016); indeed, the eaten cell disrupts the division of “winner” 

cell by blocking mitosis, which can lead to cytokinesis failure and gross aneuploidy (Krishna and 

Overholtzer 2016). Since genomic instability is a hallmark of cancer, this could lead to breast cancer 

aggressiveness. 

In cancer cells, EMT is also associated with poor prognosis (Kalluri and Weinberg 2009). The 

3 main characteristics of EMT are loss of the epithelial phenotype, acquisition of mesenchymal 

properties and migration which were found only in the coexposure condition (Kalluri and Weinberg 

2009). It must be noted that EMT is not a binary switch but a spectrum of minor modifications from 

epithelial to mesenchymal phenotype (Lüönd et al. 2021). Vimentin, Fibronectin and alpha-SMA were 

not modified in our work but are usually present at the later stage of EMT or “complete EMT” (Meyer-

Schaller et al. 2019). Therefore, coculture and coexposure could promote a partial EMT, which is 

associated with metastasis (Lüönd et al. 2021). In partial EMT, the cells stay in a mesenchymal-

epithelial plasticity state which makes it easier to reverse to the epithelial phenotype (MET) once in the 

metastatic organ. Indeed, Luong et al. found, in a mouse model of breast cancer, that cells with a 

complete EMT and a complete mesenchymal phenotype failed to colonized the lungs, whereas cells 

with a partial EMT succeeded (Lüönd et al. 2021). 
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Another marker of aggressiveness, the decrease of Er- and PR, was found both in the coculture 

and coexposure conditions. Patients with tumors expressing those nuclear receptors can benefit from a 

specific treatment known as endocrine therapy, targeting these receptors which reduces their breast 

cancer recurrence rate  by 50%, 15 years after the diagnosis (Early Breast Cancer Trialists’ 

Collaborative Group (EBCTCG) 2005).  However, 40-50% of women will develop an acquired 

resistance to their endocrine therapy in the first five years, altering severely their prognosis (Anurag et 

al. 2018). Moreover, a discordance in the expression of the hormonal receptors between the primary 

initial tumor and the metastatic recurrence is frequently found: up to 10 to 20% of patients had initially 

Er- positive breast tumors with a Er- negative metastatic recurrence (Yuda et al. 2019). To the best 

of our knowledge, this is the first study that evaluated the role of the environment in the loss of hormonal 

receptors. 

Cigarette smoke extract increased the xenobiotic response pathways in the control and coculture 

condition. This pathway involved the AhR. We therefore hypothesized that the AhR, a xenobiotic 

receptor known to bind several compounds of the cigarette smoke such as benzo[a]pyrene, could 

mediate the aggressiveness promoted by the CSE in the coexposure condition, notably in endocrine 

resistance. Indeed, TCDD, an AhR agonist, also decreased Er- and PR. Moreover, our work suggests 

that the effect of the CSE on cell migration could also be mediated by AhR. Indeed, cell migration was 

modified only in the coexposure condition after AhR KO.  Pollutants present in the CSE could therefore 

lead to AhR activation explaining the migratory phenotype observed in the coexposure condition. 

Moreover, in AhR KO cells, both coculture and coexposure led to a similar increase in cell migration. 

This innovative finding suggests that the AhR signaling disruption could modify the interactions 

between the breast cells and pre-adipocytes. Further work must be carried out to confirm the role of the 

AhR. 

Several limits to the present study must be noted. First, no in vivo validation of our results was 

carried out. Second, we studied only an acute exposure to CSE (48 hours) and not a chronic exposure. 

In the other study evaluating CSE on breast cancer aggressiveness, DiCello et al. exposed breast cancer 

cells and non-cancer cells to cigarette smoke extract or condensate for 40 or 72 weeks. They also found 

an increase in EMT, migration and tumorigenic properties (Di Cello et al. 2013). However, one main 

limit of their work is that they did not study breast cancer cells cocultured in their micro-environment. 

Our results suggest that an exposure of 48 hours is enough in a coculture in vitro model to highlight the 

deleterious effects of CSE. Finally, we chose to use a mixture of pollutants found in real life exposure, 

cigarette smoke. Little data exists on the exact composition of aqueous CSE. However, a recent study 

showed that more than 50 compounds were found in mainstream smoke of 1R6F Kentucky research 
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cigarettes (Jaccard et al. 2019). It is therefore difficult to know the exact role of each compound, 

especially since pollutants can interact with each other in many different ways (additive, synergistic, 

potentializing, antagonistic or dose dependent (Braun et al. 2016). Even though we are not able to 

determine with our work which pollutant is more the most critical driver of the mixture effect, this is 

the first time that a mixture of pollutants used in real like was found to promote breast cancer 

aggressiveness. 

In conclusion, our work suggests that exposure to cigarette smoke could promote a more aggressive 

phenotype to breast cancer cells with a progression toward the implementation of metastasis (EMT, 

stemness, resistance to anoikis) and the resistance to therapy (notably endocrine therapy) when 

cocultured in conditions mimicking its micro-environnement. Even though several characteristics were 

assessed in triple negative MDA-MB-231 and HS-578T, we focused on ER+ MCF-7 cells, cells with 

the best prognosis and the best response to treatment. We hypothesized that this transformation could 

be mediated by the AhR. Our study emphasized the need to work with a coculture model since most of 

our results were seen in the coexposure condition (and not CSE only). Finally, this work, essential to 

public health, could help identify “at risk” patients of relapse and understand the mechanisms of breast 

cancer progression. This study also emphasizes the importance of promoting smoking cessation in 

breast cancer patients. 

Data sharing: Data is available upon request.
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Figure legends

Figure 1. Study protocol

Breast cancer cells lines, MCF-7 or MDA-MB-231 were plated in a 6 well plate with 400 000 

cells per well with or without coculture (200 000 hMADS). After 24 hours, they were treated 

by CSE 1% for 48 hours. The cells were then analyzed and a comparison between control 

(MCF-7 cells, alone), CSE (MCF-7 cells treated with 1%CSE), coculture (MCF-7 cocultured 

with hMADS), and coexposure (coculture with CSE) was carried out

Figure 2. Morphological differences of MCF-7 cells between control cells, treatment by 

cigarette smoke extract (CSE), coculture (hMADS) or coexposure (hMADS + CSE).

A. After 48 hours of treatment, the cells were then fixed and stained for paxillin (red), actin 

(green), and nucleus (blue). Scale bar 20 um. Symbols were used to point out the 

lamellipods (arrow), cells in cells (*) and giant cells (#)

B. To explore the giant cell in cell structures, the cells were fixed and stained for actin 

(red), Ki67 (green), and nucleus (blue). Scale bar 20 um. Symbols were used to point 

out the cells in cells (arrow) structures. The internalized cell is KI67 negative and thus 

in a state of quiescence, while the host cell is KI67 positive.

C. The cells were fixed and stained and stained for E-cadherin (green) and nucleus (blue). 

Scale bar 10 um. Symbols were used to point out the internalization of the E-cadherin 

and the loss of the cell-cell junction (arrow) and cells in cells (*).

Figure 3. Comparison of cell migration between control cells, treatment by cigarette smoke 

extract (CSE), coculture (hMADS) or coexposure (hMADS + CSE) 

A. MCF-7 cells (N=4): After 48 hours of treatment, the cells were plated in a Boyden 

chamber with a gradient of serum (upper chamber without serum and 10% serum in the 

lower chamber). Cell migration was assessed with Hoechst staining and photographed 

using a PICO device. The number of migrated cells was compared between the 

conditions. The numerical mean +/- SEM are represented and a (Kruskal–Wallis’s H 

test (nonparametric comparison of k independent series) followed by a 1-factor 

ANOVA test (parametric comparison of k independent series) were carried out (* 

p<0.05).
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B. HS-578 Cas 9 and HS-578T AhR KO cells: Migration was evaluated using 

xCELLigence dynamic monitoring. The evolution of the cell index for each condition 

was determined by analyzing the slope of the line in the interval [0- 20 h]. The graph 

represents the mean slope compared to the control ± SEM for 5 measurements. A 

representative graph from xCELLigence system is presented in Figure SX. The 

numerical mean +/- SEM are represented and a Kruskal–Wallis’s H test (nonparametric 

comparison of k independent series) followed by a 1-factor ANOVA test (parametric 

comparison of k independent series) were carried out (* p<0.05, ** p<0.01).

Figure 4. Semi-quantification and comparison of epithelial to mesenchymal transition using 

qPCR for MCF-7 cells between control cells, treatment by cigarette smoke extract (CSE), 

coculture (hMADS) or coexposure (hMADS + CSE) 

A qPCR was then performed with genes involved in epithelial to mesenchymal transition (n=7) 

and compared between conditions using a 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 **, p<0.01, *** p<0.001 et **** p<0.0001).

Figure 5. Comparison of stemness using a qPCR and cell cytometry for MCF-7 cells between 

control cells, treatment by cigarette smoke extract (CSE), coculture (hMADS) or coexposure 

(hMADS + CSE) 

A. Cytometry assay CD24/CD44 (n=4): The cells were marked by BV421-CD44 and 

FITC-CD24 and analyzed by flow cytometry. The number of CD 24 high and CD 44 

high cells are presented as percentages compared to the control condition. The detail 

can be found in Supplementary Figure S6.

B. Semi-quantification of genes involved in stemness: A qPCR was performed with genes 

involved in stemness (ALDH1A1, n=7 and ALDH1A3, n=10). Conditions were 

compared using a 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 **, p<0.01, *** p<0.001 et **** p<0.0001).

Page 24 of 54Toxicological Sciences

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

D
ow

nloaded from
 https://academ

ic.oup.com
/toxsci/advance-article/doi/10.1093/toxsci/kfad013/7058945 by IN

SER
M

 user on 03 M
arch 2023



Figure 6. Comparison of anchorage independents growth for MCF-7 cells between control 

cells, treatment by cigarette smoke extract (CSE), coculture (hMADS) or coexposure (hMADS 

+ CSE) (N=4)

After treatment, the cells were plated in a 24 well plate in an agar gradient (base agar 0,6% and 

top agar 0,4).The number and size of colonies were compared after 28 days The wells were 

photographed (Scale bar 100 µm) (A) and the colony size and number was compared between 

the conditions (B and C) using a 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<0.001, **** p<0.0001). 

Figure 7. Comparison of hormonal receptors for MCF-7 cells between control cells, treatment 

by cigarette smoke extract (CSE), coculture (hMADS) or coexposure (hMADS + CSE) and 

evaluation of the role of an AhR agonist (TCDD)

A. MCF-7 cells: RNA semi-quantification of Er-α (n=10), ER-β (N=6) and PR (n=7) were 

carried out by qPCR:.* p<0.05 **, p<0.01, *** p<0.001 et **** p<0.0001

B. MCF-7 cells: Protein quantification was carried out for Er-α (long isoform, 66kDA) 

(n=3) and were normalized to actin level and non-treated condition: .* p<0.05 **, 

p<0.01, *** p<0.001 et **** p<0.0001

C. Role of an AhR agonist (TCDD): RNA semi-quantification of Er-α (n=6) and Er-β 

(N=6) were carried out by qPCR:.* p<0.05 **, p<0.01, *** p<0.001 and **** p<0.0001

D. Role of an AhR agonist (TCDD): Protein quantification was carried out for Er-α (long 

isoform, 66kDA) and were normalized to actin level and non-treated condition (n=7) : 

* p<0.05 **, p<0.01, *** p<0.001 and **** p<0.0001

Figure 8. Transcriptomic analysis of MCF-7 cells according to the different conditions: control 

cells, treatment by cigarette smoke extract (CSE), coculture (hMADS) or coexposure (hMADS 

+ CSE) 

A. After RNA sequencing, a differential analysis was carried out using DESeq2 package 

from the R softwareShinyGo v0.75 Gene Ontology Enrichment Analysis software was 

used for the analysis of the signaling pathways involved using the Kyoto Encyclopedia 

of Genes and Genomes (KEGG) database. 

B. Pathways upregulated and downregulated are presented.
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C. Differential analysis of genes specifically modified by CSE in coculture or without. 

Venn diagram representing specific pathways to CSE without or with coculture and 

common pathways of CSE in both conditions (Fold >1.5 or <0.75, p<0.05, top 30 terms) 

using the KEGG database on ShinyGo v0.75.
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Figure 1. Study protocol 
Breast cancer cells lines, MCF-7 or MDA-MB-231 were plated in a 6 well plate with 400 000 cells per well 

with or without coculture (200 000 hMADS). After 24 hours, they were treated by CSE 1% for 48 hours. The 
cells were then analyzed and a comparison between control (MCF-7 cells, alone), CSE (MCF-7 cells treated 
with 1%CSE), coculture (MCF-7 cocultured with hMADS), and coexposure (coculture with CSE) was carried 

out 
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Figure 2A. Morphological differences of MCF-7 cells between control cells, treatment by cigarette smoke 
extract (CSE), coculture (hMADS) or coexposure (hMADS + CSE). 

A. After 48 hours of treatment, the cells were then fixed and stained for paxillin (red), actin (green), and 
nucleus (blue). Scale bar 20 um. Symbols were used to point out the lamellipods (arrow), cells in cells (*) 

and giant cells (#) 

238x171mm (300 x 300 DPI) 

Page 28 of 54Toxicological Sciences

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

D
ow

nloaded from
 https://academ

ic.oup.com
/toxsci/advance-article/doi/10.1093/toxsci/kfad013/7058945 by IN

SER
M

 user on 03 M
arch 2023



 

Figure 2B. Morphological differences of MCF-7 cells between control cells, treatment by cigarette smoke 
extract (CSE), coculture (hMADS) or coexposure (hMADS + CSE). 

B. To explore the giant cell in cell structures, the cells were fixed and stained for actin (red), Ki67 (green), 
and nucleus (blue). Scale bar 20 um. Symbols were used to point out the cells in cells (arrow) structures. 
The internalized cell is KI67 negative and thus in a state of quiescence, while the host cell is KI67 positive. 
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Figure 2C. Morphological differences of MCF-7 cells between control cells, treatment by cigarette smoke 
extract (CSE), coculture (hMADS) or coexposure (hMADS + CSE). 

C. The cells were fixed and stained and stained for E-cadherin (green) and nucleus (blue). Scale bar 10 um. 
Symbols were used to point out the internalization of the E-cadherin and the loss of the cell-cell junction 

(arrow) and cells in cells (*). 
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Figure 3. Comparison of cell migration between control cells, treatment by cigarette smoke extract (CSE), 
coculture (hMADS) or coexposure (hMADS + CSE) 

A. MCF-7 cells (N=4): After 48 hours of treatment, the cells were plated in a Boyden chamber with a 
gradient of serum (upper chamber without serum and 10% serum in the lower chamber). Cell migration was 

assessed with Hoechst staining and photographed using a PICO device. The number of migrated cells was 
compared between the conditions. The numerical mean +/- SEM are represented and a (Kruskal–Wallis’s H 

test (nonparametric comparison of k independent series) followed by a 1-factor ANOVA test (parametric 
comparison of k independent series) were carried out (* p<0.05). 

B. HS-578 Cas 9 and HS-578T AhR KO cells: Migration was evaluated using xCELLigence dynamic 
monitoring. The evolution of the cell index for each condition was determined by analyzing the slope of the 
line in the interval [0- 20 h]. The graph represents the mean slope compared to the control ± SEM for 5 

measurements. A representative graph from xCELLigence system is presented in Figure SX. The numerical 
mean +/- SEM are represented and a Kruskal–Wallis’s H test (nonparametric comparison of k independent 
series) followed by a 1-factor ANOVA test (parametric comparison of k independent series) were carried out 

(* p<0.05, ** p<0.01). 

Figure 3. Comparison of cell migration between control cells, treatment by cigarette smoke extract (CSE), 
coculture (hMADS) or coexposure (hMADS + CSE) 

A. MCF-7 cells (N=4): After 48 hours of treatment, the cells were plated in a Boyden chamber with a 
gradient of serum (upper chamber without serum and 10% serum in the lower chamber). Cell migration was 

assessed with Hoechst staining and photographed using a PICO device. The number of migrated cells was 
compared between the conditions. The numerical mean +/- SEM are represented and a (Kruskal–Wallis’s H 

test (nonparametric comparison of k independent series) followed by a 1-factor ANOVA test (parametric 
comparison of k independent series) were carried out (* p<0.05). 

Page 31 of 54 Toxicological Sciences

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

D
ow

nloaded from
 https://academ

ic.oup.com
/toxsci/advance-article/doi/10.1093/toxsci/kfad013/7058945 by IN

SER
M

 user on 03 M
arch 2023



B. HS-578 Cas 9 and HS-578T AhR KO cells: Migration was evaluated using xCELLigence dynamic 
monitoring. The evolution of the cell index for each condition was determined by analyzing the slope of the 
line in the interval [0- 20 h]. The graph represents the mean slope compared to the control ± SEM for 5 

measurements. A representative graph from xCELLigence system is presented in Figure SX. The numerical 
mean +/- SEM are represented and a Kruskal–Wallis’s H test (nonparametric comparison of k independent 
series) followed by a 1-factor ANOVA test (parametric comparison of k independent series) were carried out 

(* p<0.05, ** p<0.01). 
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Figure 4. Semi-quantification and comparison of epithelial to mesenchymal transition using qPCR for MCF-7 
cells between control cells, treatment by cigarette smoke extract (CSE), coculture (hMADS) or coexposure 

(hMADS + CSE) 
A qPCR was then performed with genes involved in epithelial to mesenchymal transition (n=7) and 

compared between conditions using a 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 **, 

p<0.01, *** p<0.001 et **** p<0.0001). 
Figure 4. Semi-quantification and comparison of epithelial to mesenchymal transition using qPCR for MCF-7 
cells between control cells, treatment by cigarette smoke extract (CSE), coculture (hMADS) or coexposure 

(hMADS + CSE) 
A qPCR was then performed with genes involved in epithelial to mesenchymal transition (n=7) and 

compared between conditions using a 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 **, 

p<0.01, *** p<0.001 et **** p<0.0001). 
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Figure 5. Comparison of stemness using a qPCR and cell cytometry for MCF-7 cells between control cells, 
treatment by cigarette smoke extract (CSE), coculture (hMADS) or coexposure (hMADS + CSE) 

A. Cytometry assay CD24/CD44 (n=4): The cells were marked by BV421-CD44 and FITC-CD24 and 
analyzed by flow cytometry. The number of CD 24 high and CD 44 high cells are presented as percentages 

compared to the control condition. The detail can be found in Supplementary Figure S6. 
B. Semi-quantification of genes involved in stemness: A qPCR was performed with genes involved in 

stemness (ALDH1A1, n=7 and ALDH1A3, n=10). Conditions were compared using a 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 **, p<0.01, *** p<0.001 et **** p<0.0001). 
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Figure 6. Comparison of anchorage independents growth for MCF-7 cells between control cells, treatment by 
cigarette smoke extract (CSE), coculture (hMADS) or coexposure (hMADS + CSE) (N=4) 

After treatment, the cells were plated in a 24 well plate in an agar gradient (base agar 0,6% and top agar 
0,4).The number and size of colonies were compared after 28 days The wells were photographed (Scale bar 

100 µm) (A) and the colony size and number was compared between the conditions (B and C) using a 
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<0.001, **** p<0.0001). 
Figure 6. Comparison of anchorage independents growth for MCF-7 cells between control cells, treatment by 

cigarette smoke extract (CSE), coculture (hMADS) or coexposure (hMADS + CSE) (N=4) 
After treatment, the cells were plated in a 24 well plate in an agar gradient (base agar 0,6% and top agar 

0,4).The number and size of colonies were compared after 28 days The wells were photographed (Scale bar 
100 µm) (A) and the colony size and number was compared between the conditions (B and C) using a 

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<0.001, **** p<0.0001). 
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Figure 7. Comparison of hormonal receptors for MCF-7 cells between control cells, treatment by cigarette 
smoke extract (CSE), coculture (hMADS) or coexposure (hMADS + CSE) and evaluation of the role of an 

AhR agonist (TCDD) 
A. MCF-7 cells: RNA semi-quantification of Er-α (n=10), ER-β (N=6) and PR (n=7) were carried out by 

qPCR:.* p<0.05 **, p<0.01, *** p<0.001 et **** p<0.0001 
B. MCF-7 cells: Protein quantification was carried out for Er-α (long isoform, 66kDA) (n=3) and were 

normalized to actin level and non-treated condition: .* p<0.05 **, p<0.01, *** p<0.001 et **** p<0.0001 
C. Role of an AhR agonist (TCDD): RNA semi-quantification of Er-α (n=6) and Er-β (N=6) were carried out 

by qPCR:.* p<0.05 **, p<0.01, *** p<0.001 and **** p<0.0001 
D. Role of an AhR agonist (TCDD): Protein quantification was carried out for Er-α (long isoform, 66kDA) and 
were normalized to actin level and non-treated condition (n=7) : * p<0.05 **, p<0.01, *** p<0.001 and 

**** p<0.0001 
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Figure 8. Transcriptomic analysis of MCF-7 cells according to the different conditions: control cells, 
treatment by cigarette smoke extract (CSE), coculture (hMADS) or coexposure (hMADS + CSE) 

A. After RNA sequencing, a differential analysis was carried out using DESeq2 package from the R 
softwareShinyGo v0.75 Gene Ontology Enrichment Analysis software was used for the analysis of the 
signaling pathways involved using the Kyoto Encyclopedia of Genes and Genomes (KEGG) database. 

B. Pathways upregulated and downregulated are presented. 
C. Differential analysis of genes specifically modified by CSE in coculture or without. Venn diagram 

representing specific pathways to CSE without or with coculture and common pathways of CSE in both 
conditions (Fold >1.5 or <0.75, p<0.05, top 30 terms) using the KEGG database on ShinyGo v0.75. 
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