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According to the World Health Organization, around 20% of all cancers would be due to environmental factors. Among these factors, several chemicals are indeed well recognized carcinogens. The widespread contaminant benzo[a]pyrene (B[a]P), an often used model carcinogen of the polycyclic aromatic hydrocarbons' family, has been suggested to target most, if not all, cancer hallmarks described by Hanahan and Weinberg. It is classified as a group I carcinogen by the International Agency for Research on Cancer; however, the precise intracellular mechanisms underlying its carcinogenic properties remain yet to be thoroughly defined. Recently, the pH homeostasis, a well known regulator of carcinogenic processes, was suggested to be a key actor in both cell death and Warburg-like metabolic reprogramming induced upon B[a]P exposure. The present review will highlight those data with the aim of favoring research on the role of H + dynamics in environmental carcinogenesis.

Introduction

An increased human lifespan along with the improvement of screening and diagnostic methods cannot alone explain the increasing incidence of certain types of cancers. Several studies have pointed out that factors related to the so-called western lifestyle such as a high-fat diet, alcohol consumption and cigarette smoking, represent important risk factors with regard to the development of several of these cancers. Some occupational activities are also responsible for cancer development; in line with this, it is worth noting that the chimney sweepers' cancer, also called "soot wart", has been the first reported form of occupational cancer; this cancer targets the skin of scrotum, and was initially identified by Percivall Pott in 1773 [START_REF] Waldron | A brief history of scrotal cancer[END_REF]. As a result of this knowledge and following restriction campaigns, smoking and for some countries also alcohol consumption have been declining for several years, thus leading to a decrease in the number of aero-digestive tract and esophageal cancers. Regulations have also been set up to limit or prevent the chemical exposure of workers. However, the incidence of several other cancers including hepatocellular carcinoma (HCC) (European Cancer Observatory, http://eu-cancer.iarc.fr) is still increasing. Important risk factors notably for development of HCC, in addition to those mentioned above, include infections like Hepatitis C and B viruses, and natural compounds like the mycotoxin aflatoxin B1 [START_REF] Mazzanti | Hepatocellular carcinoma: Where are we?[END_REF].

During the last decades, intensive chemical testing and regulations have most probably reduced the likelihood of being exposed to complete genotoxic chemical carcinogens. However, spontaneous DNA damage occurs in all tissues at a high frequency, and various types of genetically predispositions exist. As cancer is due to a combined action of several factors, there is a growing awareness that chemically-induced DNA damage may not always be the limiting factor for cancer development. Furthermore, we are still exposed to an increasing amount of chemicals for which the combined actions are often unknown. Thus, this type of involuntary exposure could contribute to the increasing incidence of different types of cancers in industrialized countries. Indeed, according to data obtained through the World Health Organization, approximately 20% of cancer deaths would be due to environmental factors [START_REF] Who | Spain. International conference on Environmental and Occupational determinants of cancer: Interventions for primary prevention[END_REF].

The complete elimination of environmental chemicals, either synthetic or natural, which contribute to the carcinogenic processes, is technically unfeasible. In this context, human exposure to toxic chemicals is therefore inevitable, particularly due to food contamination and air pollution.

Important combined factors associated with lifestyle are well identified and accessible to epidemiological studies using traditional epidemiological methods. This is not the case for examination of the effects of low doses of individual chemicals that may differentially be involved in the carcinogenic process. Furthermore, as stated above, the combined effects of environmental chemicals due to their diversity and widespread distribution may potentially make an important contribution to the overall process of cancer development. Hence, as recently stressed by the Halifax project consortium [START_REF] Goodson Wh 3rd | Assessing the carcinogenic potential of low-dose exposures to chemical mixtures in the environment: the challenge ahead[END_REF][START_REF] Miller | Low-Dose Mixture Hypothesis of Carcinogenesis Workshop: Scientific Underpinnings and Research Recommendations[END_REF], there is an urgent need to develop studies on the biological and toxicological effects of these contaminants to increase our knowledge about their action mechanisms, notably with regard to carcinogenesis.

The precise sequencing of the carcinogenic process is still not fully elucidated, and in a recent comprehensive review, the process was suggested to include tumor initiation, tumor formation and progression, matrix remodeling, intravasation, extravasation and metastasis [START_REF] Goodson Wh 3rd | Assessing the carcinogenic potential of low-dose exposures to chemical mixtures in the environment: the challenge ahead[END_REF]. Important acquisition hallmarks are genetic instability, tumor-promoting inflammation, sustained proliferative signaling, insensitivity to antigrowth signals, replicative immortality, dysregulated metabolism, resistance to cell death, angiogenesis, tissue invasion and metastasis [START_REF] Hanahan | Hallmarks of cancer: the next generation[END_REF]. One key parameter for the occurrence of several of these cancer hallmarks is intracellular pH (pHi) [START_REF] Lagadic-Gossmann | Alterations of intracellular pH homeostasis in apoptosis: origins and roles[END_REF][START_REF] Webb | Dysregulated pH: a perfect storm for cancer progression[END_REF][START_REF] Parks | Disrupting proton dynamics and energy metabolism for cancer therapy[END_REF][START_REF] Alfarouk | Glycolysis, tumor metabolism, cancer growth and dissemination. A new pH-based etiopathogenic perspective and therapeutic approach to an old cancer question[END_REF][START_REF] Reshkin | Role of pHi, and proton transporters in oncogene-driven neoplastic transformation[END_REF][START_REF] Counillon | Na(+)/H(+) antiporter (NHE1) and lactate/H(+) symporters (MCTs) in pH homeostasis and cancer metabolism[END_REF]. Based upon the fact that alterations in cell H + homeostasis could also result from exposure to environmental carcinogens, it is important to review the role of these alterations in the occurrence of some of the cancer hallmarks in order to bring some new clues to the understanding of environmentally-linked cancer development. This review will mainly focus on the impact of pH homeostasis in polycyclic aromatic hydrocarbons (PAHs)-induced effects on resistance to cell death and dysregulated metabolism/cellular energetics. Indeed the PAHs are among the molecules worth considering when focusing on the etiology of diverse cancers since they are widespread in our environment and constitute the largest class of environmental carcinogens. However, when necessary, reference to other environmental carcinogens will also be made.

Generalities on the PAH family

Sources and exposure

PAHs are major environmental pollutants which are primarily formed during incomplete combustion or pyrolysis of organic material such as gasoline, diesel fuel, coal, oil, food (grilled, barbecued or smoked) and tobacco. These substances are therefore found in polluted air, water, soil and food. In the air, they are often bound to particulate matter (PM). PAHs constitute a large class of organic compounds that are composed of at least two fused aromatic rings. They generally occur in complex mixtures which can contain several of them. This family exhibits a large diversity of chemical structure, with more than 500 different molecules detected in our environment [START_REF] Alexander | Polycyclic Aromatic Hydrocarbons in Food -Scientific Opinion of the Panel on Contaminants in the Food Chain[END_REF]. As humans are exposed to PAHs by various routes (inhalation, dermal and oral routes), the target organs will depend on the exposure route. Thus, following an in vivo oral exposure of rodents, benzo[a]pyrene (B[a]P) which is the prototype molecule of PAHs, was reported as leading to tumors of larynx, esophagus, stomach, colon and liver [START_REF] Neal | Gastric tumors in mice fed benzo(a)pyrene: a quantitative study[END_REF][START_REF] Brune | Investigation of the tumorigenic response to benzo(a)pyrene in aqueous caffeine solution applied orally to Sprague-Dawley rats[END_REF][START_REF] Wester | Carcinogenic activity of benzo[a]pyrene in a 2 year oral study in Wistar rats[END_REF], while inhalation would mainly result in lung tumors [START_REF] Moorthy | Polycyclic aromatic hydrocarbons: from metabolism to lung cancer[END_REF].

For non-smokers the major route of exposure is via food consumption, whereas for smokers the contribution from smoking can be significant. Food can be contaminated from environmental sources, industrial food processing and from certain home cooking practices. Diverse studies have shown that for non-occupationally exposed, non-smokers individuals, over 70% of exposure to PAHs arises from the diet, with cereals being the predominant source [START_REF] Alexander | Polycyclic Aromatic Hydrocarbons in Food -Scientific Opinion of the Panel on Contaminants in the Food Chain[END_REF][START_REF] Falcó | Polycyclic aromatic hydrocarbons in foods: human exposure through the diet in Catalonia, Spain[END_REF][START_REF] Phillips | Polycyclic aromatic hydrocarbons in the diet[END_REF]. Thus, it has been estimated that the median dietary intake of 3 µg /day for total PAHs represents around 96% of the total daily exposure of non-smokers in general population; this intake can reach up to 15 µg/day depending on diet, and for smokers, the dose might be twice that of non-smokers [START_REF] Menzie | Exposure to carcinogenic PAHs in the environment[END_REF]. Regarding B[a]P, the median daily intake has been estimated in the range of 0.040-0.180 µg/day [START_REF] Falcó | Polycyclic aromatic hydrocarbons in foods: human exposure through the diet in Catalonia, Spain[END_REF]. The rate of PAH absorption by the organism depends on diverse physicochemical characteristics [START_REF] Ramesh | Bioavailability and risk assessment of orally ingested polycyclic aromatic hydrocarbons[END_REF][START_REF] Harris | Bioaccessibility of polycyclic aromatic hydrocarbons: relevance to toxicity and carcinogenesis[END_REF]; e.g. for lung, this rate will depend on PAH lipophilicity and the type and size of the PM they are adsorbed onto [START_REF] Goulaouic | Effect of polycyclic aromatic hydrocarbons and carbon black particles on pro-inflammatory cytokine secretion: impact of PAH coating onto particles[END_REF].

Toxicity and action mechanisms

PAHs can exert various deleterious effects, resulting for example in teratogenesis, immunesuppression or cancer development (see e.g. reviews [START_REF] Skupińska | Polycyclic aromatic hydrocarbons: physicochemical properties, environmental appearance and impact on living organisms[END_REF][START_REF] Kim | A review of airborne polycyclic aromatic hydrocarbons (PAHs) and their human health effects[END_REF][START_REF] Hi | A review on polycyclic aromatic hydrocarbons: Source, environmental impact, effect on human health and remediation[END_REF]). With respect to cancer, many of these contaminants have been defined as carcinogens. Thus, among the 16 th PAHs recognized as toxic substances by the US Environmental Protection Agency (US EPA), one can cite B[a]P, dibenzo[a,h]anthracene, benzo[b]fluoranthene, indenol [1,2,3-c,d]pyrene; others, such as phenanthrene or pyrene, would not be carcinogenic [START_REF] Skupińska | Polycyclic aromatic hydrocarbons: physicochemical properties, environmental appearance and impact on living organisms[END_REF]. The toxicity of PAHs greatly differs from one another, notably depending on their structure and their metabolism by cytochromes P450 (CYPs).

Binding and activation of the aryl hydrocarbon receptor

Several PAHs, including B[a]P, can bind and activate a low-molecular-weight cytosolic receptor called the aryl hydrocarbon receptor (AhR). The mechanisms involved in AhR activation will not be discussed here since these have been the topics of recent reviews (see e.g. [START_REF] Guyot | The AhR twist: ligand-dependent AhR signaling and pharmaco-toxicological implications[END_REF][START_REF] Esser | The aryl hydrocarbon receptor in barrier organ physiology, immunology, and toxicology[END_REF]). However, it is worth stressing that the expression of this receptor is increased in several types of cancer such as hepatocellular carcinoma or aero-digestive cancers [START_REF] Liu | AhR expression is increased in hepatocellular carcinoma[END_REF][START_REF] Safe | Role of the aryl hydrocarbon receptor in carcinogenesis and potential as a drug target[END_REF][START_REF] Wang | Characterization of solid tumors induced by polycyclic aromatic hydrocarbons in mice[END_REF]. In addition, AhR has been shown to be essential for the PAH-induced genotoxic and carcinogenic in vivo responses [START_REF] Nakatsuru | Dibenzo[A,L]pyreneinduced genotoxic and carcinogenic responses are dramatically suppressed in aryl hydrocarbon receptor-deficient mice[END_REF]. Ligand-activated AhR complexes can interact with specific promoter elements called aromatic hydrocarbon response elements (AHRE; also called XRE [xenobiotic-responsive element] or DRE [dioxin-responsive elements]), which are present in the 5´-region of a subset of cellular genes including the cytochromes P450s CYP1A1, CYP1A2 and CYP1B1. In this way, PAHs promote their own metabolism [START_REF] Shimada | Metabolic activation of polycyclic aromatic hydrocarbons to carcinogens by cytochromes P450 1A1 and 1B1[END_REF][START_REF] Shimada | Inhibition of human cytochrome P450 1A1-, 1A2-, and 1B1-mediated activation of procarcinogens to genotoxic metabolites by polycyclic aromatic hydrocarbons[END_REF]. It is worth noting that AhR has also been found to activate non-genomic pathways, notably in link to plasma membrane [START_REF] Tomkiewicz | The aryl hydrocarbon receptor regulates focal adhesion sites through a non-genomic FAK/Src pathway[END_REF][START_REF] Rey-Barroso | The Dioxin receptor modulates Caveolin-1 mobilization during directional migration: role of cholesterol[END_REF] and/or to mitochondrial location [START_REF] Tappenden | The aryl hydrocarbon receptor interacts with ATP5α1, a subunit of the ATP synthase complex, and modulates mitochondrial function[END_REF][START_REF] Hwang | Mitochondrial-targeted aryl hydrocarbon receptor and the impact of 2,3,7,8-tetrachlorodibenzo-p-dioxin on cellular respiration and the mitochondrial proteome[END_REF].

Formation and binding of reactive metabolites

In general, most of the parent compounds are detoxified. However, PAH metabolism can be harmful to cells, through the production of highly reactive electrophilic metabolites as well as reactive oxygen species (ROS) which then damage cellular macromolecules such as DNA, lipids or proteins [START_REF] Bláha | Multiple oxidative stress parameters are modulated in vitro by oxygenated polycyclic aromatic hydrocarbons identified in river sediments[END_REF][START_REF] Baird | Carcinogenic polycyclic aromatic hydrocarbon-DNA adducts and mechanism of action[END_REF][START_REF] Landvik | 3-Nitrobenzanthrone and 3-aminobenzanthrone induce DNA damage and cell signaling in Hepa1c1c7 cells[END_REF][START_REF] Phillips | Mechanistic relationships between hepatic genotoxicity and carcinogenicity in male B6C3F1 mice treated with polycyclic aromatic hydrocarbon mixtures[END_REF][START_REF] Rossner | Toxic Effects of the Major Components of Diesel Exhaust in Human Alveolar Basal Epithelial Cells (A549)[END_REF]. The diol-epoxide metabolites are considered to be the most mutagenic and tumorigenic, notably through the formation of DNA-adducts [START_REF] Rodriguez | Mutagenesis by the (+)-anti-diol epoxide of benzo[a]pyrene: what controls mutagenic specificity?[END_REF][START_REF] Conney | Dose-dependent differences in the profile of mutations induced by carcinogenic (R,S,S,R) bay-and fjord-region diol epoxides of polycyclic aromatic hydrocarbons[END_REF][START_REF] Dong | Mutagenic potential of benzo[a]pyrene-derived DNA adducts positioned in codon 273 of the human P53 gene[END_REF]. In addition, the related ROS production may also lead to DNA damage [START_REF] Poulsen | Role of oxidative DNA damage in cancer initiation and promotion[END_REF][START_REF] Henkler | The role of oxidative stress in carcinogenesis induced by metals and xenobiotics[END_REF], through the formation of 8-oxo-7,8-dihydro-2'-deoxyguanosine (8-oxodG) [START_REF] Bláha | Multiple oxidative stress parameters are modulated in vitro by oxygenated polycyclic aromatic hydrocarbons identified in river sediments[END_REF][START_REF] Landvik | 3-Nitrobenzanthrone and 3-aminobenzanthrone induce DNA damage and cell signaling in Hepa1c1c7 cells[END_REF][START_REF] Rossner | Toxic Effects of the Major Components of Diesel Exhaust in Human Alveolar Basal Epithelial Cells (A549)[END_REF]. Both types of DNA damages, if not repaired, may then lead to important consequences in terms of DNA mutations [START_REF] Rossner | Toxic Effects of the Major Components of Diesel Exhaust in Human Alveolar Basal Epithelial Cells (A549)[END_REF][START_REF] Rodriguez | Mutagenesis by the (+)-anti-diol epoxide of benzo[a]pyrene: what controls mutagenic specificity?[END_REF][START_REF] Conney | Dose-dependent differences in the profile of mutations induced by carcinogenic (R,S,S,R) bay-and fjord-region diol epoxides of polycyclic aromatic hydrocarbons[END_REF][START_REF] Dong | Mutagenic potential of benzo[a]pyrene-derived DNA adducts positioned in codon 273 of the human P53 gene[END_REF], or to activation of cell death processes [START_REF] Henkler | Exposure to polycyclic aromatic hydrocarbons: bulky DNA adducts and cellular responses[END_REF].

Cellular responses/signaling pathways

The checkpoint pathways to remove the DNA damages involve different proteins that act together to translate the signal of damaged DNA into cell response towards cycle arrest, DNA-repair, survival or cell death. These responses are very complex since multiple synchronous signals are initiated [START_REF] Rich | Defying death after DNA damage[END_REF]. The final result would also depend on the concentration of the genotoxic agent, the exposure time and the resulting biological milieu including the cell redox state, pH, calcium concentration, and ATP level, as well as the occurrence of extracellular signals.

Regarding pH, it is noteworthy that decreasing extracellular pH increases the frequency of chemically-induced morphological transformation of Syrian Hamster Embryo cells [START_REF] Leboeuf | The pH 6.7 Syrian hamster embryo cell transformation assay for assessing the carcinogenic potential of chemicals[END_REF], notably upon B[a]P exposure [START_REF] Leboeuf | Intracellular acidification is associated with enhanced morphological transformation in Syrian hamster embryo cells[END_REF]. In addition, such an extracellular acidification might impair the biotransformation of carcinogens in favor of bioactivation. Indeed a decrease in the activity of glutathione-S-transferases, which allow the clearance of PAHs [START_REF] Moorthy | Polycyclic aromatic hydrocarbons: from metabolism to lung cancer[END_REF][START_REF] Shimada | Xenobiotic-metabolizing enzymes involved in activation and detoxification of carcinogenic polycyclic aromatic hydrocarbons[END_REF], has been observed upon decreasing extracellular pH [START_REF] Ying | Acidosis potentiates oxidative neuronal death by multiple mechanisms[END_REF]. This might be due to an impact of acidic pH on the intracellular glutathione level [START_REF] Pekun | Role of iron, zinc and reduced glutathione in oxidative stress induction by low pH in rat brain synaptosomes[END_REF]. Besides, intracellular acidification per se might be involved in DNA damage, as previously shown upon exposure to bile acids of HET1A cells, a cell line derived from normal human oesophagus [START_REF] Goldman | A novel mechanism of acid and bile acid-induced DNA damage involving Na+/H+ exchanger: implication for Barrett's oesophagus[END_REF]. In this context, pH appears as an important parameter to focus on when investigating the mode of action of environmental carcinogens.

Most of the literature reporting the carcinogenic effects of PAHs deal with B[a]P which serves as a reference for the carcinogenicity of other PAHs [START_REF] Boström | Cancer risk assessment, indicators, and guidelines for polycyclic aromatic hydrocarbons in the ambient air[END_REF]. We will therefore focus on the intracellular mechanisms underlying the carcinogenicity of this pollutant in the following sections of our review, with a special attention regarding the role of H + dynamics.

Benzo[a]pyrene: a complete environmental carcinogen

B[a]P, notably present in cigarette smoke, diesel exhaust particles, grilled food, is a highly lipophilic compound which is metabolized in particular in the liver by the CYP1 family. Some of the produced metabolites are highly reactive and can then form DNA adducts with a high mutagenic potential. Based upon this type of action mechanism, combined with in vivo animal as well as epidemiological studies, this compound has been classified as a genotoxic carcinogen to humans (class I carcinogen) by the International Agency for Research on Cancer [START_REF]Some non-heterocyclic polycyclic aromatic hydrocarbons and some related exposures[END_REF]. Classically, carcinogenesis has been described as a multi-step process, with firstly the "initiation" of a single cell, caused by irreversible genetic changes, leading to mutations of genes notably related to control of growth and/or apoptosis. The second step is "promotion" that is often caused by proliferation of initiated cells which have become resistant to apoptosis and lost the ability to differentiate. The proliferation of these initiated cells might also be favoured by the induction of apoptosis in normal cells, through activation of compensatory proliferative processes. This leads to a situation ("progression" step) whereby additional genetic and epigenetic events can take place to confer the necessary phenotypes of invasiveness and metastasis. Besides, angiogenesis also plays an essential role in this carcinogenic process [START_REF] Bergers | Angiogenesis and apoptosis are cellular parameters of neoplastic progression in transgenic mouse models of tumorigenesis[END_REF][START_REF] Oliveira | Chemical carcinogenesis[END_REF]. B[a]P has been described as a complete carcinogen, with recognized effects on the different steps of the carcinogenic process, as detailed below.

Initiation step (reactive molecules and DNA damage)

It has long been known that, following metabolism of B[a]P, several reactive metabolites are produced, among which the electrophilic B[a]P-metabolite r-7,t-8-dihydrodiol-t-9,10-oxy-7,8,9,10tetrahydrobenzo[a]pyrene (BPDE) [START_REF] Shimada | Metabolic activation of polycyclic aromatic hydrocarbons to carcinogens by cytochromes P450 1A1 and 1B1[END_REF][START_REF] Shimada | Xenobiotic-metabolizing enzymes involved in activation and detoxification of carcinogenic polycyclic aromatic hydrocarbons[END_REF]. This metabolite reacts with DNA to generate large, bulky DNA adducts, primarily deoxyguanoside-BPDE. These stable BPDE-N 2 -dG DNA-adducts have thus been found in tissues of exposed experimental animals as well as in humans, notably in lung, blood and liver [START_REF] Yang | Identification of benzo[a]pyrene 7,8-diol 9,10-epoxide N2deoxyguanosine in human lung adenocarcinoma cells exposed to cooking oil fumes from frying fish under domestic conditions[END_REF][START_REF] Chen | Polycyclic aromatic hydrocarbon-DNA adducts in liver tissues of hepatocellular carcinoma patients and controls[END_REF][START_REF] Hodek | The relationship between DNA adduct formation by benzo[a]pyrene and expression of its activation enzyme cytochrome P450 1A1 in rat[END_REF][START_REF] Su | Interaction of benzo[a]pyrene with other risk factors in hepatocellular carcinoma: a case-control study in Xiamen, China[END_REF], and have been related to cancers [START_REF] Rojas | High DNA damage by benzo[a]pyrene 7,8-diol-9,10-epoxide in bronchial epithelial cells from patients with lung cancer: comparison with lung parenchyma[END_REF]. Interestingly, these DNA adducts are formed at several TP53 CpG mutation hotspot sites (in codons 157, 248 and 273), similarly to the major mutational hotspots evidenced in human cancers [START_REF] Puisieux | Selective targeting of p53 gene mutational hotspots in human cancers by etiologically defined carcinogens[END_REF][START_REF] Cherpillod | Benzo[a]pyrene-induced mutagenesis of p53 hot-spot codons 248 and 249 in human hepatocytes[END_REF][START_REF] Denissenko | Preferential formation of benzo[a]pyrene adducts at lung cancer mutational hotspots in P53[END_REF][START_REF] Menzies | Base damage, local sequence context and TP53 mutation hotspots: a molecular dynamics study of benzo[a]pyrene induced DNA distortion and mutability[END_REF]. In parallel to the p53 tumor suppressor gene, the K-ras proto-oncogene is also targeted by BPDE and frequently mutated in smoking-induced lung cancer [START_REF] Tretyakova | Formation of benzo[a]pyrene diol epoxide-DNA adducts at specific guanines within K-ras and p53 gene sequences: stable isotope-labeling mass spectrometry approach[END_REF].

BPDE has further been shown to induce several times more mitochondrial DNA (mtDNA) damage compared to nuclear DNA damage [START_REF] Backer | Interaction of benzo(a)pyrene and its dihydrodiol-epoxide derivative with nuclear and mitochondrial DNA in C3H10T 1/2 cell cultures[END_REF]. A possible explanation, though not yet investigated, might be the presence in mitochondria of the CYPs (e.g. CYP1B1) involved in B[a]P bioactivation [START_REF] Bansal | Mitochondrial targeting of cytochrome P450 (CYP) 1B1 and its role in polycyclic aromatic hydrocarbon-induced mitochondrial dysfunction[END_REF].

Another explanation might be the lack of mtDNA nucleotide excision repair [START_REF] Larsen | Nuclear and mitochondrial DNA repair: similar pathways?[END_REF]. Interestingly, a very recent study indicates that such BPDE-related mtDNA damage would not lead to mtDNA mutations, these latter being more dependent on ROS [START_REF] Valente | Mitochondrial DNA exhibits resistance to induced point and deletion mutations[END_REF].

Besides the CYP/epoxide hydrolase (EH)-catalysed pathway leading to BPDE production, B[a]P metabolism also relies on two other pathways: the B[a]P o-quinone pathway (catalysed by the aldo ketose reductase (AKR), following synthesis of (±)-B[a]P-trans-7,8-dihydrodiol [B[a]P-7,8-DHD]), and the B[a]P radical cation pathway (catalyzed by the P450 peroxidase) [START_REF] Zhang | The Role of Human Aldo-Keto Reductases in the Metabolic Activation and Detoxication of Polycyclic Aromatic Hydrocarbons: Interconversion of PAH Catechols and PAH o-Quinones[END_REF]. In this context, B[a]P exposure can lead to the formation of DNA adducts via the production of different metabolites [START_REF] Cavalieri | Central role of radical cations in metabolic activation of polycyclic aromatic hydrocarbons[END_REF].

However, the resulting cellular consequences of these different DNA adducts appear to differ.

Accordingly, DNA adducts formed by B[a]P radical cations would not be related to known cancer hotspots [START_REF] Sen | p53 Mutagenesis by benzo[a]pyrene derived radical cations[END_REF]. With regard to the o-quinone pathway, transformation of B[a]P-7,8-DHD by dihydrodiol dehydrogenase, leads to production of catechols. These molecules may then undergo one electron redox cycling forming semiquinone radicals and quinones. In addition to be DNAreactive themselves, they may thus result in the formation of ROS including superoxide anion (O2 -), hydroxyl radical (OH  ) and hydrogen peroxide (H2O2) [START_REF] Reed | Benzo[a]pyrene diones are produced by photochemical and enzymatic oxidation and induce concentration-dependent decreases in the proliferative state of human pulmonary epithelial cells[END_REF], notably in cell nucleus [START_REF] Sen | p53 Mutagenesis by benzo[a]pyrene derived radical cations[END_REF]. These reactive species can then lead to DNA damage with consequences in terms of mutations by misreplication or misrepair of the DNA damage. In line with this, it has for example been shown that mice exposed to B[a]P exhibit increased levels of 8-OHdG in lung [START_REF] Venkatraman | Reduction of mitochondrial oxidative damage and improved mitochondrial efficiency by administration of crocetin against benzo[a]pyrene induced experimental animals[END_REF]; a similar increase can also be found in other cells/tissues such as lymphocytes, liver and/or stomach [START_REF] Lee | Age-related changes in oxidative DNA damage and benzo(a)pyrene diolepoxide-I (BPDE-I)-DNA adduct levels in human stomach[END_REF][START_REF] Isabel | Evaluation of 8hydroxy-2'-deoxyguanosine (8-OHdG) adduct levels and DNA strand breaks in human peripheral blood lymphocytes exposed in vitro to polycyclic aromatic hydrocarbons with or without animal metabolic activation[END_REF][START_REF] Genies | The extreme variety of genotoxic response to benzo[a]pyrene in three different human cell lines from three different organs[END_REF].

Promotion phase: cellular signaling pathways

Pro-and anti-apoptotic signals

The relative proportion of the different cell signaling pathways triggered by the DNA damage of carcinogens will to a large degree determine their potential mutagenic and carcinogenic effects. If the cells survive with more DNA damage due to pro-survival/anti-apoptotic signals, the probability of having a mutation may increase. Following B[a]P-triggered DNA damage, diverse signaling pathways activate p53 [START_REF] Park | Benzo[a]pyrene-induced DNA damage and p53 modulation in human hepatoma HepG2 cells for the identification of potential biomarkers for PAH monitoring and risk assessment[END_REF], thereby leading to cell cycle arrest and cell death when DNA damage is not repaired [START_REF] Solhaug | Polycyclic aromatic hydrocarbons induce both apoptotic and anti-apoptotic signals in Hepa1c1c7 cells[END_REF][START_REF] Solhaug | Role of cell signaling involved in induction of apoptosis by benzo[a]pyrene and cyclopenta[c,d]pyrene in Hepa1c1c7 cells[END_REF][START_REF] Huc | Multiple apoptotic pathways induced by p53-dependent acidification in benzo[a]pyrene-exposed hepatic F258 cells[END_REF][START_REF] Xiao | p53 regulates cellular responses to environmental carcinogen benzo[a]pyrene-7,8-diol-9,10-epoxide in human lung cancer cells[END_REF][START_REF] Banerjee | Benzo(a)pyrene Induced p53 Mediated Male Germ Cell Apoptosis: Synergistic Protective Effects of Curcumin and Resveratrol[END_REF]. However, B[a]P has also been suggested to activate p53-independent cell death processes [START_REF] Wani | Enhanced sensitivity to antibenzo(a)pyrene-diol-epoxide DNA damage correlates with decreased global genomic repair attributable to abrogated p53 function in human cells[END_REF], notably involving modulation of the Bcl-2 family members, with an upregulation or downregulation of the expression of anti-apoptotic (eg. Bcl-2) or pro-apoptotic proteins (eg. Bax and Bak), respectively [START_REF] Jiang | BaP-induced DNA damage initiated p53independent necroptosis via the mitochondrial pathway involving Bax and Bcl-2[END_REF][START_REF] Zhang | Benzo(a)pyrene-7,8-diol-9,10-epoxide induced p53-independent necrosis via the mitochondria-associated pathway involving Bax and Bak activation[END_REF]. Furthermore, our group has previously demonstrated a role for a non-genotoxic pathway which relies on the Na + /H + exchanger 1 (NHE1), and works together with the p53 pathway to speed up the cell death onset in hepatic cells [START_REF] Huc | Identification of Na+/H+ exchange as a new target for toxic polycyclic aromatic hydrocarbons[END_REF][START_REF] Huc | c-Jun NH2-terminal kinase-related Na+/H+ exchanger isoform 1 activation controls hexokinase II expression in benzo(a)pyrene-induced apoptosis[END_REF]; this will be further detailed in section 4.

Different types of cell death have been described upon B[a]P exposure, with the occurrence of apoptosis [START_REF] Solhaug | Role of cell signaling involved in induction of apoptosis by benzo[a]pyrene and cyclopenta[c,d]pyrene in Hepa1c1c7 cells[END_REF][START_REF] Huc | Multiple apoptotic pathways induced by p53-dependent acidification in benzo[a]pyrene-exposed hepatic F258 cells[END_REF][START_REF] Xiao | p53 regulates cellular responses to environmental carcinogen benzo[a]pyrene-7,8-diol-9,10-epoxide in human lung cancer cells[END_REF][START_REF] Banerjee | Benzo(a)pyrene Induced p53 Mediated Male Germ Cell Apoptosis: Synergistic Protective Effects of Curcumin and Resveratrol[END_REF] as well as necrosis/necroptosis [START_REF] Jiang | BaP-induced DNA damage initiated p53independent necroptosis via the mitochondrial pathway involving Bax and Bcl-2[END_REF][START_REF] Zhang | Benzo(a)pyrene-7,8-diol-9,10-epoxide induced p53-independent necrosis via the mitochondria-associated pathway involving Bax and Bak activation[END_REF][START_REF] Lin | Benzo[a]pyrene-induced necrosis in the HepG(2) cells via PARP-1 activation and NAD(+) depletion[END_REF][START_REF] Jiang | Benzo(a)pyrene-induced mitochondrial dysfunction and cell death in p53-null Hep3B cells[END_REF]. Regarding the B[a]P-induced apoptosis, the intrinsic mitochondrial pathway has been the most often reported, with an activation of effector caspases 3/7, associated or not with a release of cytochrome c [START_REF] Huc | Multiple apoptotic pathways induced by p53-dependent acidification in benzo[a]pyrene-exposed hepatic F258 cells[END_REF][START_REF] Lei | Induction of apoptosis and activation of interleukin 1betaconverting enzyme/Ced-3 protease (caspase-3) and c-Jun NH2-terminal kinase 1 by benzo(a)pyrene[END_REF][START_REF] Ko | Benzo(a)pyrene-induced apoptotic death of mouse hepatoma Hepa1c1c7 cells via activation of intrinsic caspase cascade and mitochondrial dysfunction[END_REF][START_REF] Holme | Different mechanisms involved in apoptosis following exposure to benzo[a]pyrene in F258 and Hepa1c1c7 cells[END_REF]. The associated mitochondrial dysfunction can in this case result from changes in expression and/or intracellular location of different Bcl-2 family members [START_REF] Solhaug | Polycyclic aromatic hydrocarbons induce both apoptotic and anti-apoptotic signals in Hepa1c1c7 cells[END_REF][START_REF] Solhaug | Role of cell signaling involved in induction of apoptosis by benzo[a]pyrene and cyclopenta[c,d]pyrene in Hepa1c1c7 cells[END_REF][START_REF] Banerjee | Benzo(a)pyrene Induced p53 Mediated Male Germ Cell Apoptosis: Synergistic Protective Effects of Curcumin and Resveratrol[END_REF]. Translocation of hexokinase II (HKII) from mitochondria to cytosol might also be involved in this dysfunction, depending on both NHE1 and p53 pathways [START_REF] Huc | c-Jun NH2-terminal kinase-related Na+/H+ exchanger isoform 1 activation controls hexokinase II expression in benzo(a)pyrene-induced apoptosis[END_REF][START_REF] Dendelé | Identification of the couple GSK3α/c-Myc as a new regulator of hexokinase II in benzo[a]pyrene-induced apoptosis[END_REF].

Though far less studied, the extrinsic apoptotic pathway might also be activated upon B[a]P exposure, notably through the modulation of the expression of the death receptor Fas/CD95 [START_REF] Banerjee | Benzo(a)pyrene Induced p53 Mediated Male Germ Cell Apoptosis: Synergistic Protective Effects of Curcumin and Resveratrol[END_REF][START_REF] Chen | Gaseous nitrogen oxide repressed benzo[a]pyrene-induced human lung fibroblast cell apoptosis via inhibiting JNK1 signals[END_REF].

Besides, B[a]P has been found to sensitize human keratinocytes for the apoptosis induced by the Fas ligand or the cytokine TRAIL via an AhR-dependent potentiation of caspase-8 activity [START_REF] Stolpmann | Activation of the aryl hydrocarbon receptor sensitises human keratinocytes for CD95L-and TRAIL-induced apoptosis[END_REF]. With respect to the B[a]P-induced necrosis/necroptosis, in addition to a possible involvement of some Bcl-2 family members [START_REF] Jiang | BaP-induced DNA damage initiated p53independent necroptosis via the mitochondrial pathway involving Bax and Bcl-2[END_REF][START_REF] Zhang | Benzo(a)pyrene-7,8-diol-9,10-epoxide induced p53-independent necrosis via the mitochondria-associated pathway involving Bax and Bak activation[END_REF], it has been shown that ROS production and lipid peroxidation [START_REF] Jiang | Benzo(a)pyrene-induced mitochondrial dysfunction and cell death in p53-null Hep3B cells[END_REF] as well as PARP-1, an enzyme involved in DNA repair [START_REF] Lin | Benzo[a]pyrene-induced necrosis in the HepG(2) cells via PARP-1 activation and NAD(+) depletion[END_REF], would also play a role. Regarding PARP-1, the work by Lin & Yang [START_REF] Lin | Benzo[a]pyrene-induced necrosis in the HepG(2) cells via PARP-1 activation and NAD(+) depletion[END_REF] shows that the formation of DNA adducts upon B[a]P exposure activates this enzyme, thereby decreasing the NAD + level, which is essential for cell energy production.

Mitochondrial damage/dysfunction

There are several studies that point to possible mechanisms linking B[a]P exposure to cell energy defects. Thus, B[a]P has been shown to hamper the oxidative phosphorylation (OXPHOS) of lung mitochondria in vivo. A decrease in the activities of the mitochondrial complexes I to IV as well as of several enzymes of the tricarboxylic acid cycle (TCA) , was further demonstrated under those conditions [START_REF] Venkatraman | Reduction of mitochondrial oxidative damage and improved mitochondrial efficiency by administration of crocetin against benzo[a]pyrene induced experimental animals[END_REF], which may explain the observed decrease in ATP synthesis. In contrast, other studies rather suggest an increase in OXPHOS as measured in mitochondria isolated from B[a]P-treated rat liver [START_REF] Salazar | Alterations of rat liver mitochondrial oxidative phosphorylation and calcium uptake by benzo[a]pyrene[END_REF]. These apparent divergent results might be due to differences in the experimental setup. In line with this, Salazar et al. [START_REF] Salazar | Alterations of rat liver mitochondrial oxidative phosphorylation and calcium uptake by benzo[a]pyrene[END_REF] found that the increased cell respiration occurring early following animal exposure to B[a]P gradually declined. The increase in cell respiration might be envisioned as an early protective response developed by the cell against B[a]P toxicity.

B[a]P-induced mitochondrial dysfunction may also lead to ROS production, which might be due to CYP-dependent metabolism within this organelle [START_REF] Bansal | Mitochondrial targeting of cytochrome P450 (CYP) 1B1 and its role in polycyclic aromatic hydrocarbon-induced mitochondrial dysfunction[END_REF]. The mitochondrial ROS production often results in necrosis [START_REF] Jiang | Benzo(a)pyrene-induced mitochondrial dysfunction and cell death in p53-null Hep3B cells[END_REF], but may also be a part of the apoptotic process. Indeed, using several antioxidant molecules, B[a]P-induced cell apoptotic death was found to be counteracted in the F258 rat hepatic epithelial cell line [START_REF] Huc | Identification of Na+/H+ exchange as a new target for toxic polycyclic aromatic hydrocarbons[END_REF][START_REF] Huc | c-Jun NH2-terminal kinase-related Na+/H+ exchanger isoform 1 activation controls hexokinase II expression in benzo(a)pyrene-induced apoptosis[END_REF]. Furthermore, the use of two different specific iron chelators which reduce oxidative stress by hampering the Fenton reaction, suggested that this process could participate in the B[a]P-induced apoptosis [START_REF] Gorria | Protective effect of monosialoganglioside GM1 against chemically induced apoptosis through targeting of mitochondrial function and iron transport[END_REF]. Furthermore, there seems to be a dialogue between mitochondria and lysosomes. Indeed, both a membrane permeabilization and an alkalinization of lysosomes were detected in B[a]P-treated F258 cells, thereby leading to the release of the lysosomal protease lactoferrin which then activated the effector caspase 3 [START_REF] Gorria | A new lactoferrin-and irondependent lysosomal death pathway is induced by benzo[a]pyrene in hepatic epithelial cells[END_REF]. Such a lysosome permeabilization might result from ROS, as shown in primary cultures of rat hepatocytes upon B[a]P/ethanol co-exposure [START_REF] Collin | Cooperative interaction of benzo[a]pyrene and ethanol on plasma membrane remodeling is responsible for enhanced oxidative stress and cell death in primary rat hepatocytes[END_REF]. Besides a caspasedependent apoptotic pathway, B[a]P has also been proposed to trigger a caspase-independent pathway depending on activation of the endonuclease LEI/L-DNase II [START_REF] Huc | Multiple apoptotic pathways induced by p53-dependent acidification in benzo[a]pyrene-exposed hepatic F258 cells[END_REF]. Such an activation would be favored by the intracellular acidification resulting from the B[a]P-induced mitochondrial dysfunction [START_REF] Huc | Multiple apoptotic pathways induced by p53-dependent acidification in benzo[a]pyrene-exposed hepatic F258 cells[END_REF][START_REF] Huc | Identification of Na+/H+ exchange as a new target for toxic polycyclic aromatic hydrocarbons[END_REF].

Proliferative and survival stimuli

As also discussed above, it appears that B[a]P-exposed cells switch between multiple signaling pathways during cell death, partly depending on time and/or dose. Cell death processes triggered by environmental carcinogens like B[a]P may on one hand protect tissues by removing cells having extensive DNA damage. However, cell death caused by genotoxic carcinogens may on the other hand initiate mitotic signals to the surrounding cells with less DNA-damage, thus increasing their probability of having mutations. In the long run, carcinogen-induced cell death may promote growth of cells with genetic and/or epigenetic changes which give them growth advantages. Often such cells are found to be more resistant towards cell death. This process which leads to a selection of more aggressive cancer cells, is regarded as an important part of neoplastic promotion and progression.

The role of apoptosis as an oncogenic process has been very recently reviewed [START_REF] Ichim | A fate worse than death: apoptosis as an oncogenic process[END_REF], and will not be further detailed here.

Several survival signals can be triggered by B[a]P along with an impairment of cell death pathways, notably through targeting of the pro-apoptotic members of the Bcl-2 family. Thus, inactivation by phosphorylation of the pro-apoptotic protein Bad, likely resulting from activation of the survival-related protein kinase Akt, has been detected in B[a]P-treated Hepa1c1c7 hepatoma cells at early time points [START_REF] Solhaug | Polycyclic aromatic hydrocarbons induce both apoptotic and anti-apoptotic signals in Hepa1c1c7 cells[END_REF]. Burdick and collaborators [START_REF] Burdick | PYK2 mediates anti-apoptotic AKT signaling in response to benzo[a]pyrene diol epoxide in mammary epithelial cells[END_REF] showed that Akt can be activated via a calcium/Pyk2/Epidermal Growth Factor receptor (EGFR) pathway in BPDE-treated human mammary epithelial cell line MCF-10A. Furthermore, they found that inhibitors of the phosphatidyl inositol 3kinase which activates Akt, enhanced the related apoptosis.

A decrease in Bax as well as p53 expressions have been reported in an in vivo mice model of B[a]P-induced skin carcinogenesis [START_REF] Nigam | Induction of apoptosis by [6]gingerol associated with the modulation of p53 and involvement of mitochondrial signaling pathway in B[a]P-induced mouse skin tumorigenesis[END_REF]. In this in vivo model, the same group has evidenced an increase in the expression of survivin [START_REF] Nigam | Induction of apoptosis by [6]gingerol associated with the modulation of p53 and involvement of mitochondrial signaling pathway in B[a]P-induced mouse skin tumorigenesis[END_REF]. Such an increased expression also occurred in vitro in hepatoma cells treated with B[a]P [START_REF] Hockley | Time-and concentration-dependent changes in gene expression induced by benzo(a)pyrene in two human cell lines, MCF-7 and HepG2[END_REF]. It is worth stressing that survivin belongs to the family of inhibitor of apoptosis proteins (IAPs), which are known to protect cells towards apoptosis by preventing the activation of caspases; furthermore, its expression is strongly upregulated in almost all cancers [START_REF] Kch | Survivin beyond physiology: orchestration of multistep carcinogenesis and therapeutic potentials[END_REF]. Low doses of nitric oxide (NO) have been shown to upregulate the expression of survivin [START_REF] Fetz | Inducible NO synthase confers chemoresistance in head and neck cancer by modulating survivin[END_REF]. Accordingly, we have recently found that B[a]P triggered a production of NO in the F258 cells which afforded some protection towards apoptosis [START_REF] Hardonnière | Benzo[a]pyrene-induced nitric oxide production acts as a survival signal targeting mitochondrial membrane potential[END_REF]. Interestingly, compounds blocking the NO increase, not only enhanced the B[a]P-induced cell death, but also prevented the related mitochondrial membrane hyperpolarization [START_REF] Hardonnière | Benzo[a]pyrene-induced nitric oxide production acts as a survival signal targeting mitochondrial membrane potential[END_REF].

Metabolic reprogramming

Mitochondrial membrane hyperpolarization has been shown to occur concomitantly to a prosurvival metabolic reprogramming [START_REF] Sánchez-Cenizo | Up-regulation of the ATPase inhibitory factor 1 (IF1) of the mitochondrial H+-ATP synthase in human tumors mediates the metabolic shift of cancer cells to a Warburg phenotype[END_REF], and has been previously linked to carcinogenesis [START_REF] Heerdt | Growth properties of colonic tumor cells are a function of the intrinsic mitochondrial membrane potential[END_REF]. In F258 hepatic cells treated with B[a]P, both hyperpolarization and a Warburg-like effect could be seen, and an inhibition of this latter response increased cell death [START_REF] Hardonnière | The environmental carcinogen benzo[a]pyrene induces a Warburg-like metabolic reprogramming dependent on NHE1 and associated with cell survival[END_REF]. In this context, cell reprogramming also appears to be a determinant cell survival pathway. However, more specifically, how such a reprogramming can protect cells to support a carcinogenic phenotype upon exposure to B[a]P, remains to decipher. Possible involved mechanisms might be an activation of the pentose phosphate pathway which was activated in F258 cells under these conditions [START_REF] Hardonnière | The environmental carcinogen benzo[a]pyrene induces a Warburg-like metabolic reprogramming dependent on NHE1 and associated with cell survival[END_REF]; indeed, such a pathway is known to produce anti-oxidant species such as NADPH [START_REF] Patra | The pentose phosphate pathway and cancer[END_REF][START_REF] Payen | Metabolic changes associated with tumor metastasis, part 1: tumor pH, glycolysis and the pentose phosphate pathway[END_REF]. In line with this, the AhR-agonist 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) was reported to result in metabolic reprogramming along with an enhanced activity of the pentose phosphate pathway, thereby resulting in an increased protection against ROS [START_REF] Nault | Pyruvate Kinase Isoform Switching and Hepatic Metabolic Reprogramming by the Environmental Contaminant 2,3,7,8-Tetrachlorodibenzo-p-Dioxin[END_REF].

During carcinogenesis, defenses against the B[a]P-induced oxidative stress might be due to an activation of the transcription factor Nrf2, as shown in HepG2 hepatoma cells [START_REF] Souza | New insights into BaP-induced toxicity: role of major metabolites in transcriptomics and contribution to hepatocarcinogenesis[END_REF] or in Caco-2 colon cancer cells [START_REF] Niestroy | Single and concerted effects of benzo[a]pyrene and flavonoids on the AhR and Nrf2-pathway in the human colon carcinoma cell line Caco-2[END_REF]. In further support, it has been reported that survival of malignant cells is partly related to hyperactivation of the Nrf2 pathway [START_REF] Surya | Red meat and colorectal cancer: Nrf2-dependent antioxidant response contributes to the resistance of preneoplastic colon cells to fecal water of hemoglobin-and beef-fed rats[END_REF][START_REF] Menegon | The Dual Roles of NRF2 in Cancer[END_REF]. Note that Nrf2 has also been described as a regulator of the pentose phosphate pathway in cancers [START_REF] Chartoumpekis | Keap1/Nrf2 pathway in the frontiers of cancer and non-cancer cell metabolism[END_REF]. As a Warburg effect often occurs during cell transformation [START_REF] Parks | Disrupting proton dynamics and energy metabolism for cancer therapy[END_REF][START_REF] Alfarouk | Glycolysis, tumor metabolism, cancer growth and dissemination. A new pH-based etiopathogenic perspective and therapeutic approach to an old cancer question[END_REF][START_REF] Reshkin | Role of pHi, and proton transporters in oncogene-driven neoplastic transformation[END_REF][START_REF] Counillon | Na(+)/H(+) antiporter (NHE1) and lactate/H(+) symporters (MCTs) in pH homeostasis and cancer metabolism[END_REF], the metabolic reprogramming seen in the F258 cells might favor the appearance of a transformed phenotype, thereby outlining a new cancer hallmark targeted by B[a]P. In support to this hypothesis, the B[a]P-elicited glycolytic shift was found to be paralleled by the appearance of an Epithelial-to-Mesenchymal Transition (EMT)-like phenotype in F258 cells [START_REF] Hardonnière | The environmental carcinogen benzo[a]pyrene induces a Warburg-like metabolic reprogramming dependent on NHE1 and associated with cell survival[END_REF]. Other cell mechanisms might also underlie the cell survival upon B[a]P exposure.

Gap junction intercellular communication

In B[a]P-treated Hepa1c1c7 hepatoma cells, our group has evidenced an early increase in the connexin 43 (Cx43)-relying gap junction intercellular communication (GJIC), which bears survival signals. Accordingly, inhibition of GJIC by chlordane or through silencing of Cx43 expression enhanced the related apoptosis, by a mechanism possibly involving ERK [START_REF] Tekpli | The B[a]Pincreased intercellular communication via translocation of connexin-43 into gap junctions reduces apoptosis[END_REF]. GJIC has previously been suggested to constitute an important part of the carcinogenic process. Interestingly, many tumor promoters are found to decrease GJIC, thereby releasing the cells from restricted cell growth [START_REF] Trosko | Ignored hallmarks of carcinogenesis: stem cells and cell-cell communication[END_REF].

In line with this and in contrast to our data, a previous study did find a decrease in GJIC upon B[a]P in WB-F344 rat liver epithelial cells [START_REF] Bláha | Inhibition of gap-junctional intercellular communication by environmentally occurring polycyclic aromatic hydrocarbons[END_REF]. The discrepancy between these two studies might be due to the different cell models used, which exhibit large differences in the metabolism of B[a]P [START_REF] Holme | Different mechanisms involved in apoptosis following exposure to benzo[a]pyrene in F258 and Hepa1c1c7 cells[END_REF][START_REF] Topinka | DNA adducts formation and induction of apoptosis in rat liver epithelial 'stem-like' cells exposed to carcinogenic polycyclic aromatic hydrocarbons[END_REF].

In summary, even though the list presently reported is far from being exhaustive, it is clear that B[a]P exposure results in the activation of multiple survival pathways in addition to the cell death signals. In this context, it is the balance between all these signals that will determine cell fate, towards either death or survival, thereby allowing proliferation of pre-neoplastic cells. Regarding proliferation, B[a]P has been shown to exhibit proliferative effects in several human cancer cells such as gastric cancer cells SGC-7901 and MNK-45 [START_REF] Wei | Benzo[a]pyrene promotes gastric cancer cell proliferation and metastasis likely through the Aryl hydrocarbon receptor and ERK-dependent induction of MMP9 and c-myc[END_REF], lung epithelial cancer cells A549 [START_REF] Mavrofrydi | Comparative assessment of HIF-1α and Akt responses in human lung and skin cells exposed to benzo[α]pyrene: Effect of conditioned medium from preexposed primary fibroblasts[END_REF], breast carcinoma cells MCF-7 [START_REF] Burdick | Benzo(a)pyrene quinones increase cell proliferation, generate reactive oxygen species, and transactivate the epidermal growth factor receptor in breast epithelial cells[END_REF][START_REF] Plísková | Deregulation of cell proliferation by polycyclic aromatic hydrocarbons in human breast carcinoma MCF-7 cells reflects both genotoxic and nongenotoxic events[END_REF]. Different signaling pathways have been involved in this process, among which activation of AhR receptor, EGFR, ERK and Akt kinases, HIF1α transcription factor [START_REF] Wei | Benzo[a]pyrene promotes gastric cancer cell proliferation and metastasis likely through the Aryl hydrocarbon receptor and ERK-dependent induction of MMP9 and c-myc[END_REF][START_REF] Mavrofrydi | Comparative assessment of HIF-1α and Akt responses in human lung and skin cells exposed to benzo[α]pyrene: Effect of conditioned medium from preexposed primary fibroblasts[END_REF][START_REF] Burdick | Benzo(a)pyrene quinones increase cell proliferation, generate reactive oxygen species, and transactivate the epidermal growth factor receptor in breast epithelial cells[END_REF][START_REF] Kometani | Benzo[a]pyrene promotes proliferation of human lung cancer cells by accelerating the epidermal growth factor receptor signaling pathway[END_REF], and also estrogen receptor (ER) in breast cancer cells [START_REF] Plísková | Deregulation of cell proliferation by polycyclic aromatic hydrocarbons in human breast carcinoma MCF-7 cells reflects both genotoxic and nongenotoxic events[END_REF]. Furthermore, it has been proposed that EGFR activation notably upon exposure to B[a]P quinones would involve superoxide anion production [START_REF] Burdick | Benzo(a)pyrene quinones increase cell proliferation, generate reactive oxygen species, and transactivate the epidermal growth factor receptor in breast epithelial cells[END_REF]. Finally, previous studies have evidenced an AhR-dependent loss of contact inhibition in B[a]P-treated rat hepatic epithelial stem-like WB-F344 cells [START_REF] Chramostová | Polycyclic aromatic hydrocarbons modulate cell proliferation in rat hepatic epithelial stem-like WB-F344 cells[END_REF][START_REF] Andrysík | The aryl hydrocarbon receptor-dependent deregulation of cell cycle control induced by polycyclic aromatic hydrocarbons in rat liver epithelial cells[END_REF]; such an effect, which appeared to involve an AhR non-genomic pathway, has been previously associated with cell proliferation [START_REF] Vondráček | Environmental Ligands of the Aryl Hydrocarbon Receptor and Their Effects in Models of Adult Liver Progenitor Cells[END_REF].

Effects on progression phase

EMT is considered to be a process during which cells acquire a malignant potential through activation of the signaling pathways related to enhanced migration and invasion, which is important for progression of primary tumors towards metastases [START_REF] Huber | Molecular requirements for epithelial-mesenchymal transition during tumor progression[END_REF]. Regarding the progression phase, a few studies have indicated that B[a]P exposure can favor EMT phenotype. Treatment of lung cancer cells A549 with 1 µM of B[a]P for 24 weeks thus increased the expression levels of several genes involved in EMT, such as the transcription factor Twist and vimentin, whereas the expression of E-cadherin was reduced [START_REF] Yoshino | Induction of epithelialmesenchymal transition-related genes by benzo[a]pyrene in lung cancer cells[END_REF]. This study further indicated that, even after removal of B[a]P for 8 weeks, the Ecadherin expression level remained low, in line with the high expression of Twist. In a more recent study using human hepatocellular carcinoma cells SMMC-7721, indications of EMT following a longterm (1 month) treatment with concentrations of B[a]P as low as 0.01 nM were seen, as judged by the reduced expression of E-cadherin and increased levels of the metastasis promoting proteins vimentin, snail and slug [START_REF] Ba | Effects of benzo[a]pyrene exposure on human hepatocellular carcinoma cell angiogenesis, metastasis, and NF-κB signaling[END_REF]. Most interestingly, this latter work further demonstrated a dosedependent increase in cell migration in vitro, and an in vivo induction of metastases after injection of B[a]P-exposed cells into the tail vein of nude mice. In F258 cells, a low concentration of B[a]P (50 nM) was found to induce an EMT phenotype as soon as 48h, as seen as changes in cell morphology, Ecadherin and vimentin protein levels, as well as increased cell migration [START_REF] Hardonnière | The environmental carcinogen benzo[a]pyrene induces a Warburg-like metabolic reprogramming dependent on NHE1 and associated with cell survival[END_REF]. Regarding the intracellular signaling underlying the B[a]P-induced metastasis, Ba and collaborators [START_REF] Ba | Effects of benzo[a]pyrene exposure on human hepatocellular carcinoma cell angiogenesis, metastasis, and NF-κB signaling[END_REF] observed an involvement of the NFB pathway in the induced migration of SMMC-7721 cells. Whether NFB regulates the transcription factor snail under these conditions, as previously reported [START_REF] Dong | Role of nuclear factor kappa B and reactive oxygen species in the tumor necrosis factor-alpha-induced epithelial-mesenchymal transition of MCF-7 cells[END_REF], remains however to be tested.

Other signaling pathways have also been reported, notably the involvement of a ROSmediated p38 MAPK pathway in the B[a]P-triggered migration of HepG2 cells [START_REF] Song | Polycyclic aromatic hydrocarbons induce migration in human hepatocellular carcinoma cells (HepG2) through reactive oxygen speciesmediated p38 MAPK signal transduction[END_REF]. In gastric cancer cells SGC-7901 and MNK-45, both AhR and ERK would play a role in the metastasis process induced by B[a]P, notably through upregulation of metalloproteinase-9 (MMP-9) [START_REF] Wei | Benzo[a]pyrene promotes gastric cancer cell proliferation and metastasis likely through the Aryl hydrocarbon receptor and ERK-dependent induction of MMP9 and c-myc[END_REF]. A role for AhR has also been previously proposed in TCDD-induced migration and invasion [START_REF] Barouki | Cell migration and metastasis markers as targets of environmental pollutants and the Aryl hydrocarbon receptor[END_REF], and involves a nongenomic, Src-kinase-dependent pathway [START_REF] Tomkiewicz | The aryl hydrocarbon receptor regulates focal adhesion sites through a non-genomic FAK/Src pathway[END_REF]. Likewise, B[a]P has been shown to activate Src kinase in breast cancer cells MDA-MB-231. This activation was related to cell migration, likely through the formation of a FAK (focal adhesion kinase)/Src complex leading to an ERK-dependent activation of MMP-2 and -9 [START_REF] Castillo-Sanchez | Benzo-[a]-pyrene induces FAK activation and cell migration in MDA-MB-231 breast cancer cells[END_REF]. More recently, the sirtuin SIRT1, which is an histone deacetylase involved in cell metabolism, mitochondrial biogenesis and glycolysis among others [START_REF] Palmirotta | Sirtuins and Cancer: Role in the Epithelial-Mesenchymal Transition[END_REF][START_REF] Ye | Sirtuins in glucose and lipid metabolism[END_REF], has been found to be upregulated by B[a]P in human bronchial epithelial BEAS-2B cells. This upregulation was shown to control cell migration upon B[a]P exposure [START_REF] Lu | SIRT1 in B[a]P-induced lung tumorigenesis[END_REF]. Regarding B[a]P-induced EMT, a role for the transcription factors FOXA1 and FOXA2, which bind to and open chromatin, might also be proposed; indeed, a recent study showed that long-term exposure to tobacco smoke carcinogens (including B[a]P) could lead to EMT as well as to a decrease in the expression of these two factors in human bronchial epithelial cells [START_REF] Bersaas | Epithelial-mesenchymal transition and FOXA genes during tobacco smoke carcinogen induced transformation of human bronchial epithelial cells[END_REF].

In conclusion, the data available so far suggest that B[a]P can trigger many, if not all, cancer hallmarks, including angiogenesis [START_REF] Ba | Effects of benzo[a]pyrene exposure on human hepatocellular carcinoma cell angiogenesis, metastasis, and NF-κB signaling[END_REF], inflammation [START_REF] Podechard | Interleukin-8 induction by the environmental contaminant benzo(a)pyrene is aryl hydrocarbon receptor-dependent and leads to lung inflammation[END_REF][START_REF] Shahid | Attenuation of genotoxicity, oxidative stress, apoptosis and inflammation by rutin in benzo(a)pyrene exposed lungs of mice: plausible role of NF-κB, TNF-α and Bcl-2[END_REF], and escape to immune destruction due to immunotoxic effects of this carcinogen [START_REF] Sparfel | Transcriptional signature of human macrophages exposed to the environmental contaminant benzo(a)pyrene[END_REF][START_REF] Zaccaria | Using immunotoxicity information to improve cancer risk assessment for polycyclic aromatic hydrocarbon mixtures[END_REF]. As we will detail in section 4, the mode of action of B[a]P upon several of these hallmarks seems to involve changes in H + homeostasis, as shown by our group.

Benzo[a]pyrene and H + dynamics: a complex story

Alterations of H + homeostasis represent an important parameter in both physiological and pathological processes, notably in cell death [START_REF] Lagadic-Gossmann | Alterations of intracellular pH homeostasis in apoptosis: origins and roles[END_REF][START_REF] Huc | Role for NHE1 in chemically-induced apoptosis[END_REF] and carcinogenesis [START_REF] Webb | Dysregulated pH: a perfect storm for cancer progression[END_REF][START_REF] Parks | Disrupting proton dynamics and energy metabolism for cancer therapy[END_REF][START_REF] Alfarouk | Glycolysis, tumor metabolism, cancer growth and dissemination. A new pH-based etiopathogenic perspective and therapeutic approach to an old cancer question[END_REF][START_REF] Reshkin | Role of pHi, and proton transporters in oncogene-driven neoplastic transformation[END_REF][START_REF] Counillon | Na(+)/H(+) antiporter (NHE1) and lactate/H(+) symporters (MCTs) in pH homeostasis and cancer metabolism[END_REF]. Based upon this fact, our research on the carcinogenicity of B[a]P led us to test out the possible involvement of intracellular pH in the phenotypic responses induced by chemically-induced stress, using particularly B[a]P as a model substance.

Origin of NHE1-dependent alkalinization

In rat hepatic epithelial cells F258, B[a]P induced a biphasic change in intracellular pH, with an early NHE1-dependent alkalinization followed by an acidification which originated from mitochondrial dysfunction [START_REF] Huc | Multiple apoptotic pathways induced by p53-dependent acidification in benzo[a]pyrene-exposed hepatic F258 cells[END_REF][START_REF] Huc | Identification of Na+/H+ exchange as a new target for toxic polycyclic aromatic hydrocarbons[END_REF]. Interestingly, a transient alkalinization was also detected in another hepatic cell line, that is the mouse hepatoma cells Hepa1c1c7 [START_REF] Holme | Different mechanisms involved in apoptosis following exposure to benzo[a]pyrene in F258 and Hepa1c1c7 cells[END_REF], as well as upon exposing the F258 cells to the known carcinogenic PAH, 7,12-Dimethylbenz(a)anthracene (DMBA; [START_REF] Huc | Identification of Na+/H+ exchange as a new target for toxic polycyclic aromatic hydrocarbons[END_REF]). Of note, the bicarbonate-dependent acid extruders (such as the Na + /HCO3 -co-transporter) were not found to be involved in the B[a]P-induced alkalinization [START_REF] Huc | Identification of Na+/H+ exchange as a new target for toxic polycyclic aromatic hydrocarbons[END_REF].

NHE1 and lipid raft nanodomains

Further studies demonstrated that NHE1 might represent a key node in many of the cell responses towards B[a]P, being at the crossroad of several metabolisms, namely xenobiotic-, lipidand energy-metabolism. Regarding the xenobiotic metabolism, the activation of NHE1 was found to originate from ROS produced via a CYP-dependent biotransformation of B[a]P [START_REF] Huc | Identification of Na+/H+ exchange as a new target for toxic polycyclic aromatic hydrocarbons[END_REF]. The ROS appeared to act on NHE1 not only via the MAP kinase kinase 4 (MKK4)/c-Jun kinase (JNK) pathway [START_REF] Huc | c-Jun NH2-terminal kinase-related Na+/H+ exchanger isoform 1 activation controls hexokinase II expression in benzo(a)pyrene-induced apoptosis[END_REF], but also through inducing a remodeling of lipid raft nanodomains [START_REF] Tekpli | Membrane remodeling, an early event in benzo[a]pyrene-induced apoptosis[END_REF]. In NHE1-overexpressing PS120 fibroblasts, a depletion of cholesterol from the lipid raft nanodomains was found to activate NHE1. This activation was associated with an exit of the protein outside the lipid rafts, and both phenomena were counteracted by exogenous cholesterol [START_REF] Tekpli | Regulation of Na+/H+ exchanger 1 allosteric balance by its localization in cholesterol-and caveolin-rich membrane microdomains[END_REF]. A similar NHE1 exit was observed upon B[a]P exposure not only in F258 cells [START_REF] Tekpli | NHE-1 relocation outside cholesterol-rich membrane microdomains is associated with its benzo[a]pyrene-related apoptotic function[END_REF], but also in Hepa1c1c7 cells (unpublished data). The NHE1 exit as well as the intracellular alkalinization were inhibited by exposing B[a]P-treated cells not only to cholesterol, but also to mevalonate (the synthesis product of 3-hydroxy-3-methylglutaryl-CoA reductase [HMGCoA reductase], a key enzyme in cholesterol synthesis) [START_REF] Tekpli | Membrane remodeling, an early event in benzo[a]pyrene-induced apoptosis[END_REF][START_REF] Tekpli | NHE-1 relocation outside cholesterol-rich membrane microdomains is associated with its benzo[a]pyrene-related apoptotic function[END_REF].

The NHE1 exit outside lipid rafts appeared to favor binding of calmodulin, thus leading to activation of the transporter [START_REF] Tekpli | NHE-1 relocation outside cholesterol-rich membrane microdomains is associated with its benzo[a]pyrene-related apoptotic function[END_REF]. Thus, by modulating lipid (cholesterol) metabolism, B[a]P caused a destabilization of lipid rafts, which favored relocation of NHE1 outside raft regions and its activation. Most interestingly, the B[a]P-induced inhibition of HMGCoA reductase was not only linked to ROS production, but also to an activation of AhR. Furthermore, this latter activation was found to down-regulate LXR and SREBP1c, which are two important transcription factors for lipid synthesis [START_REF] Tekpli | Membrane remodeling, an early event in benzo[a]pyrene-induced apoptosis[END_REF]. The DNA damage-related p53 pathway did not play any role for NHE1 activation, strongly suggesting a non-genotoxic mechanism for the activation of this pH regulating transporter [START_REF] Huc | c-Jun NH2-terminal kinase-related Na+/H+ exchanger isoform 1 activation controls hexokinase II expression in benzo(a)pyrene-induced apoptosis[END_REF]. As stated above, the MKK4/JNK pathway and calmodulin both appeared to be involved in the B[a]Pinduced NHE1 activation. However, the initial triggering mechanism and possible crosstalks between these two pathways remain to be clarified.

Role of H + homeostasis in B[a]P-induced cell death

Interplay between NHE1 and p53 pathways

With respect to NHE1 role in the phenotypic responses towards B[a]P exposure, there is an ambivalent role for this transporter, whose activation appears to underlie either pro-death or prosurvival signals. By using cariporide (a specific NHE1 inhibitor) or by silencing the transporter expression in F258 cells, the B[a]P-induced apoptosis was inhibited [START_REF] Huc | Identification of Na+/H+ exchange as a new target for toxic polycyclic aromatic hydrocarbons[END_REF][START_REF] Huc | c-Jun NH2-terminal kinase-related Na+/H+ exchanger isoform 1 activation controls hexokinase II expression in benzo(a)pyrene-induced apoptosis[END_REF]. Interestingly, we demonstrated that the NHE1-dependent pathway worked together with the DNA damage response/p53-linked pathway to induce apoptosis [START_REF] Huc | Multiple apoptotic pathways induced by p53-dependent acidification in benzo[a]pyrene-exposed hepatic F258 cells[END_REF][START_REF] Huc | Identification of Na+/H+ exchange as a new target for toxic polycyclic aromatic hydrocarbons[END_REF]. The activation of these pathways was followed by a translocation of HKII from mitochondria to cytosol and hence mitochondrial dysfunction [START_REF] Huc | c-Jun NH2-terminal kinase-related Na+/H+ exchanger isoform 1 activation controls hexokinase II expression in benzo(a)pyrene-induced apoptosis[END_REF]. A more detailed study demonstrated a role of the couple GSK3α/c-myc in the translocation of this enzyme, with a phosphorylation of GSK3α, and consequently a decrease of cmyc expression [START_REF] Dendelé | Identification of the couple GSK3α/c-Myc as a new regulator of hexokinase II in benzo[a]pyrene-induced apoptosis[END_REF]. It is also interesting to note that a link between inhibition of HMGCoA reductase and c-myc inactivation (both observed upon B[a]P exposure) has been previously reported in human hepatoma-derived cell lines [START_REF] Cao | MYC phosphorylation, activation, and tumorigenic potential in hepatocellular carcinoma are regulated by HMG-CoA reductase[END_REF]. Regarding the mechanism underlying the HKII translocation from mitochondria to cytosol following c-myc down-regulation, c-Myc is a known regulator of glucose metabolism [START_REF] Morrish | c-Myc activates multiple metabolic networks to generate substrates for cell-cycle entry[END_REF][START_REF] Hsieh | MYC and metabolism on the path to cancer[END_REF], and a reduction of this metabolism is found to result in translocation of HKII [START_REF] Majewski | Akt inhibits apoptosis downstream of BID cleavage via a glucose-dependent mechanism involving mitochondrial hexokinases[END_REF][START_REF] Kotliarova | Glycogen synthase kinase-3 inhibition induces glioma cell death through c-MYC, nuclear factor-kappaB, and glucose regulation[END_REF]. However, in the B[a]P-treated F258 cell model, an increase in glycolysis was rather seen [START_REF] Hardonnière | The environmental carcinogen benzo[a]pyrene induces a Warburg-like metabolic reprogramming dependent on NHE1 and associated with cell survival[END_REF], suggesting that some other mechanisms were involved in this case.

Regarding the role for NHE1 and p53 interplay in the pathway leading to HKII translocation, the molecular mechanisms involved remain to be investigated, especially as these two proteins were independently activated [START_REF] Huc | c-Jun NH2-terminal kinase-related Na+/H+ exchanger isoform 1 activation controls hexokinase II expression in benzo(a)pyrene-induced apoptosis[END_REF]. One might then propose the existence of a protein complex comprising NHE1, GSK3α and p53, all necessary for c-myc down-regulation [START_REF] Dendelé | Identification of the couple GSK3α/c-Myc as a new regulator of hexokinase II in benzo[a]pyrene-induced apoptosis[END_REF]. In line with this, NHE1 has been shown to form a signalplex with the kinases PI3K/Akt owing to its scaffold function via its C-terminal tail [START_REF] Baumgartner | Na(+)/H(+) exchanger NHE1 as plasma membrane scaffold in the assembly of signaling complexes[END_REF][START_REF] Wu | The NHE1 Na+/H+ exchanger recruits ezrin/radixin/moesin proteins to regulate Akt-dependent cell survival[END_REF]; this signalplex is responsible for Akt activation [START_REF] Wu | The NHE1 Na+/H+ exchanger recruits ezrin/radixin/moesin proteins to regulate Akt-dependent cell survival[END_REF], thus most likely allowing GSK3α/β phosphorylation [START_REF] Mitsiades | The Akt pathway: molecular targets for anti-cancer drug development[END_REF]. Besides, an interaction between GSK3β and p53 has also been reported in link with apoptosis induction [START_REF] Peixoto | Reduced LRP6 expression and increase in the interaction of GSK3β with p53 contribute to podocyte apoptosis in diabetes mellitus and are prevented by green tea[END_REF]. Taken altogether, these data will deserve further investigation to clarify the interplay between NHE1, p53, GSK3α, c-myc and HKII.

Following targeting of HKII by the NHE1 and p53 pathways, the resulting mitochondrial dysfunction was found to lead to an increased production of the superoxide anion and a secondary intracellular acidification [START_REF] Huc | Multiple apoptotic pathways induced by p53-dependent acidification in benzo[a]pyrene-exposed hepatic F258 cells[END_REF]. This latter event is likely being involved in the activation of both the caspase-dependent and the LEI/L-DNase II-dependent pathways in B[a]P-treated cells, as stated in section 3.2. Accordingly, Torriglia's group has previously demonstrated an activation of this DNase following an intracellular acidification resulting from NHE1 inhibition in the kidney cells BHK [START_REF] Altairac | Apoptosis induced by Na+/H+ antiport inhibition activates the LEI/L-DNase II pathway[END_REF].

NHE1 and membrane fluidity

In our context of cell death, we also demonstrated a role for NHE1 in the changes of bulk membrane fluidity (i.e. the fluidity detected in whole cells) triggered by B[a]P. Indeed, cariporide was capable of inhibiting the increase in bulk fluidity detected upon carcinogen treatment [START_REF] Gorria | Membrane fluidity changes are associated with benzo[a]pyrene-induced apoptosis in F258 cells: protection by exogenous cholesterol[END_REF]. Knowing that this increase in fluidity was involved in the iron uptake and related lipid peroxidation during B[a]P-induced cell death [START_REF] Gorria | Protective effect of monosialoganglioside GM1 against chemically induced apoptosis through targeting of mitochondrial function and iron transport[END_REF], one might then suggest that NHE1, besides targeting mitochondria function, would also exert its pro-death action through increasing the bulk membrane fluidity. Note that NHE1 has been previously described as a mechano-sensitive protein [START_REF] Lacroix | Kinetic analysis of the regulation of the Na+/H+ exchanger NHE-1 by osmotic shocks[END_REF]. Based upon the fact that NHE1 bears several functions [START_REF] Meima | Beyond ion translocation: structural functions of the sodium-hydrogen exchanger isoform-1[END_REF], whether the B[a]P-induced membrane fluidization results from the intracellular alkalinization [START_REF] Astarie | Further investigation of platelet cytosolic alkalinization in essential hypertension[END_REF], or from its cytoskeleton anchor properties [START_REF] Denker | Direct binding of the Na-H exchanger NHE1 to ERM proteins regulates the cortical cytoskeleton and cell shape independently of H(+) translocation[END_REF] would deserve further investigation.

Mitochondrial dysfunction and acidification

Besides the biphasic changes in cytosolic pH induced by B[a]P, we more recently detected an important acidification of the mitochondrial matrix in F258 cells (decrease by around 1.5 pH unit).

Such an effect might be responsible for the mitochondrial dysfunction, through the impairment of the complex II of the respiratory chain, as observed under our conditions [START_REF] Hardonnière | The environmental carcinogen benzo[a]pyrene induces a Warburg-like metabolic reprogramming dependent on NHE1 and associated with cell survival[END_REF]. Indeed, a dissociation of complex II that was dependent on mitochondrial matrix acidification, has been previously observed upon treatment of cancer cells by several anticancer drugs, thus leading to ROS production and apoptosis. Interestingly, overexpressing NHE1 under such conditions not only prevented the change in matrix pH, but also apoptosis [START_REF] Lemarié | Specific disintegration of complex II succinate:ubiquinone oxidoreductase links pH changes to oxidative stress for apoptosis induction[END_REF]. Therefore, we hypothesize a role for pH-dependent complex II alterations also in B[a]P-induced apoptosis. Although we observed that NHE1 was also activated by B[a]P in Hepa1c1c7 cells, this activation was not involved in the related apoptosis [START_REF] Holme | Different mechanisms involved in apoptosis following exposure to benzo[a]pyrene in F258 and Hepa1c1c7 cells[END_REF]. This discrepancy is probably due to the much higher concentration of B[a]P needed to induce apoptosis in Hepa1c1c7 compared to F258 cells. At these high concentrations, the p53 pathway would be predominant due to important DNA damages. This illustrates that different signaling pathways are triggered at different B[a]P concentrations, thus resulting in different mechanisms for toxicity as also reported by others [START_REF] Hockley | Time-and concentration-dependent changes in gene expression induced by benzo(a)pyrene in two human cell lines, MCF-7 and HepG2[END_REF][START_REF] Kalkhof | Pathway and timeresolved benzo[a]pyrene toxicity on Hepa1c1c7 cells at toxic and subtoxic exposure[END_REF].

Role of H + homeostasis in B[a]P-induced pre-neoplastic phenotype

NHE1 and cell transformation

In addition to its role in apoptosis, which still remains poorly reported (see eg. review [START_REF] Huc | Role for NHE1 in chemically-induced apoptosis[END_REF]), NHE1 activation has been more generally linked to cell transformation and cancer development [9-12, 172, 173]. Cancer cells are characterized by a reversal of the pH gradient, with an acidic extracellular pH (between 6.2 and 6.9), and an alkaline intracellular pH (between 7.12 and 7.7) [START_REF] Reshkin | Role of pHi, and proton transporters in oncogene-driven neoplastic transformation[END_REF].

In many cancer cells, an increase in NHE1 activity has been described as participating in the reversal of pH gradient [START_REF] Sharma | pH Gradient Reversal: An Emerging Hallmark of Cancers[END_REF]. Reshkin and collaborators [START_REF] Reshkin | Na+/H+ exchangerdependent intracellular alkalinization is an early event in malignant transformation and plays an essential role in the development of subsequent transformation-associated phenotypes[END_REF] have further demonstrated a key role for NHE1 activation in the oncogenic transformation of NIH3T3 mouse embryo fibroblast cells when using the E7 oncogene of human papillomavirus type 16 (HPV16). Indeed, inhibition of NHE1 not only prevented the related intracellular alkalinization, but also prevented other characteristics of neoplastic transformation, notably in vitro cell proliferation and in vivo tumor growth, and increased glycolysis [START_REF] Reshkin | Na+/H+ exchangerdependent intracellular alkalinization is an early event in malignant transformation and plays an essential role in the development of subsequent transformation-associated phenotypes[END_REF]. It is worth emphasizing here that these authors found that the rise in cell proliferation was independent from the glycolytic shift in the human keratinocyte cell line HPKIA.

Regarding B[a]P, we have observed a reversal of the pH gradient in F258 cells, with a NHE1related cytosolic alkalinization and an acidification of extracellular pH (pHe), both occurring following a 48h-exposure to B[a]P (50 nM) prior to cell death [START_REF] Huc | Identification of Na+/H+ exchange as a new target for toxic polycyclic aromatic hydrocarbons[END_REF][START_REF] Hardonnière | The environmental carcinogen benzo[a]pyrene induces a Warburg-like metabolic reprogramming dependent on NHE1 and associated with cell survival[END_REF]. A shift towards an EMT-like cell phenotype was concomitantly observed, along with an increase in cell migration [START_REF] Hardonnière | The environmental carcinogen benzo[a]pyrene induces a Warburg-like metabolic reprogramming dependent on NHE1 and associated with cell survival[END_REF]. Under those conditions, B[a]P also induced a metabolic reprogramming towards glycolysis along with an inhibition of OXPHOS. Blocking NHE1 with cariporide prevented the glycolytic shift, whereas inhibition of glycolysis increased cell death [START_REF] Hardonnière | The environmental carcinogen benzo[a]pyrene induces a Warburg-like metabolic reprogramming dependent on NHE1 and associated with cell survival[END_REF]. The alterations in glucose oxidation, which reflected a dysfunction of the TCA cycle, were also prevented by cariporide [START_REF] Hardonnière | The environmental carcinogen benzo[a]pyrene induces a Warburg-like metabolic reprogramming dependent on NHE1 and associated with cell survival[END_REF]. Once more, the p53 pathway appeared to work hand by hand with NHE1 since the glycolytic shift induced by B[a]P was blocked when p53 was inhibited either by pifithrin-α or by silencing its expression (Figure 1). With regard to the B[a]P-triggered EMT phenotype, this would not be related to NHE1 activation. Indeed, neither the changes in vimentin expression nor the increase in the cell index, as determined by the xCELLigence technology and which reflects the cell spreading triggered by B[a]P, were affected by cariporide (Figure 2A &B). In contrast, the B[a]P-induced cell migration was prevented by NHE1 inhibition (Figure 2C). Therefore, considering the data published so far, whether NHE1-related metabolic reprogramming would be directly involved in EMT still remains a question of debate. In order to give a clue regarding the appearance of an EMT-like phenotype under our experimental conditions, one might propose that this change could be the result of a transcriptional regulation by AhR of the EMT markers Slug or Snail, as previously reported for B[a]P or TCDD [START_REF] Gao | TCDD promoted EMT of hFPECs via AhR, which involved the activation of EGFR/ERK signaling[END_REF][START_REF] Reyes-Reyes | The aryl hydrocarbon receptor agonist benzo(a)pyrene reactivates LINE-1 in HepG2 cells through canonical TGF-β1 signaling: implications in hepatocellular carcinogenesis[END_REF].

NHE1 and energy metabolism/metabolic reprogramming

Regarding the role of pH in controlling cell metabolism, Peak and collaborators [START_REF] Peak | Regulation of glycogen synthesis and glycolysis by insulin, pH and cell volume. Interactions between swelling and alkalinization in mediating the effects of insulin[END_REF] have determined that the stimuli which triggered intracellular alkalinization were simultaneously promoting the activation of glycogen synthesis as well as glycolysis in cultures of rat hepatocytes.

Later on, a transcriptomic analysis revealed that the proton transport activity of NHE1 was involved in the regulation of the expression of numerous genes, with about 10% directly related to energetic metabolism [START_REF] Putney | Expression profile of genes regulated by activity of the Na-H exchanger NHE1[END_REF]. Regarding the carcinogenesis-related Warburg effect, intracellular alkalinization has been shown to be a key regulator in this metabolic reprogramming, favoring the switch from OXPHOS to aerobic glycolysis [START_REF] Calderon-Montano | Role of the intracellular pH in the metabolic switch between oxidative phosphorylation and aerobic glycolysis -Relevance to cancer[END_REF]. More recently, it has been proposed that following the induction of a mild alkalinization, such a reprogramming might stem from an enhancement of HK activity due to an increased amount of HK protein bound to the voltage-dependent anion channel in mitochondria [START_REF] Quach | Mild Alkalization Acutely Triggers the Warburg Effect by Enhancing Hexokinase Activity via Voltage-Dependent Anion Channel Binding[END_REF]. Such an impact of alkalinization on HK subcellular distribution has also previously been demonstrated [START_REF] Miccoli | Intracellular pH governs the subcellular d istribution of hexokinase in a glioma cell line[END_REF]. Furthermore, an alkaline pH can affect glycolysis not only by impacting glycolytic enzyme activities such as phosphofructokinase-1 (PFK-1) [START_REF] Reshkin | Role of pHi, and proton transporters in oncogene-driven neoplastic transformation[END_REF][START_REF] Calderon-Montano | Role of the intracellular pH in the metabolic switch between oxidative phosphorylation and aerobic glycolysis -Relevance to cancer[END_REF], but also by acting on protein-protein interactions. Of note, HKII is known to repress OXPHOS in tumor cells via an action on VDAC closure [START_REF] Mathupala | Hexokinase-2 bound to mitochondria: cancer's stygian link to the "Warburg Effect" and a pivotal target for effective therapy[END_REF].

Regarding B[a]P effects on glycolysis, a previous study reported that mice exposed to this carcinogen exhibited an increased activity of several enzymes involved in glycolysis in lung [START_REF] Rády | Effect of carcinogenic and non-carcinogenic chemicals on the activities of four glycolytic enzymes in mouse lung[END_REF]. In this context, one might suppose a role for the NHE1 in the observed changes in glycolysis.

Accordingly, it has been reported that an activation of NHE1 better preserves mice heart during ischemia-reperfusion by acting on cell metabolism [START_REF] Mraiche | Elevated levels of activated NHE1 protect the myocardium and improve metabolism following ischemia/reperfusion injury[END_REF].

B[a]P-induced metabolic reprogramming in F258 cells was accompanied by an induction of a marked acidification of the mitochondrial matrix [START_REF] Hardonnière | The environmental carcinogen benzo[a]pyrene induces a Warburg-like metabolic reprogramming dependent on NHE1 and associated with cell survival[END_REF]. Whereas the origin of this pH change remains to be determined, it is evident that this one together with the cytosolic alkalinization leads to a marked change of the cytosol-mitochondrial proton gradient (pHm) necessary for normal functioning of OXPHOS and TCA cycle. Indeed at least ten carriers involved in the regulation of the mitochondrial metabolic activities require a fine tuning of this gradient [START_REF] Reshkin | Role of pHi, and proton transporters in oncogene-driven neoplastic transformation[END_REF]. In F258 cells the effect of B[a]P on pHm seems to be responsible for the inhibition of OXPHOS [START_REF] Hardonnière | The environmental carcinogen benzo[a]pyrene induces a Warburg-like metabolic reprogramming dependent on NHE1 and associated with cell survival[END_REF]. In line with this, we found that B[a]P altered complex II succinate dehydrogenase activity (SDH) without any change in succinate quinone reductase activity (SQR); this would lead to a disconnection between TCA cycle and OXPHOS. The matrix acidification might play a role in these alterations, knowing that similar effects on complex II activities have been previously related to a dissociation of SDH/SQR sub-units following matrix acidification [START_REF] Lemarié | Specific disintegration of complex II succinate:ubiquinone oxidoreductase links pH changes to oxidative stress for apoptosis induction[END_REF]. These alterations of complex II activity have been shown to be associated with an increase in succinate level [START_REF] Grimm | Respiratory chain complex II as general sensor for apoptosis[END_REF][START_REF] Hwang | Powerhouse down: Complex II dissociation in the respiratory chain[END_REF], as observed under our conditions [START_REF] Hardonnière | The environmental carcinogen benzo[a]pyrene induces a Warburg-like metabolic reprogramming dependent on NHE1 and associated with cell survival[END_REF]. Of note, an increase in succinate level is known to play a role in tumorigenesis, as recently reviewed [START_REF] Tretter | Succinate, an intermediate in metabolism, signal transduction, ROS, hypoxia, and tumorigenesis[END_REF].

With regard to mitochondrial matrix pH, it has been established that the proton-motive force p, necessary for the functioning of the respiratory chain, depends on both pHm and m. The relative contribution of pHm and m to the p was estimated to be about 30% and 70% respectively, suggesting that m is the main component of p [START_REF] Santo-Domingo | Perspectives on: SGP symposium on mitochondrial physiology and medicine: the renaissance of mitochondrial pH[END_REF]. The molecule FCCP (Carbonyl cyanide 4-(trifluoromethoxy)-phenylhydrazone), a known uncoupling agent that dissipates the proton gradient, suppresses both pHm and m and hence p [START_REF] Lambert | Superoxide production by NADH:ubiquinone oxidoreductase (complex I) depends on the pH gradient across the mitochondrial inner membrane[END_REF]. In contrast, the K + /H + ionophore nigericin, which leads to an acidification of the mitochondrial matrix, suppresses pHm and increases m in order to maintain p. Taken this into consideration along with the B[a]Pinduced pHm alterations, we suggest that the NO-dependent m increase [START_REF] Hardonnière | Benzo[a]pyrene-induced nitric oxide production acts as a survival signal targeting mitochondrial membrane potential[END_REF] might be a compensatory response to the alterations in pHm This would enhance the capacity of the mitochondria to preserve, or at least reduce the impact of the carcinogen on p and hence on the ATP synthesis.

The transfer of charges involved in the B[a]P-induced hyperpolarization might include the exchange of Na + /H + ions, as the B[a]P-induced NHE1 activation was responsible for the secondary mitochondria-dependent cytosolic acidification [START_REF] Huc | Multiple apoptotic pathways induced by p53-dependent acidification in benzo[a]pyrene-exposed hepatic F258 cells[END_REF][START_REF] Huc | Identification of Na+/H+ exchange as a new target for toxic polycyclic aromatic hydrocarbons[END_REF]. If so, the effects of B[a]P on TCA cycle might involve a mitochondrial NHE1 isoform (mNHE1). Indeed, this isoform, which is also sensitive to cariporide [START_REF] Garciarena | Na+/H+ exchanger-1 inhibitors decrease myocardial superoxide production via direct mitochondrial action[END_REF], has previously been described to play a role in the regulation of mitochondrial pH in cardiac tissue [START_REF] Villa-Abrille | Silencing of cardiac mitochondrial NHE1 prevents mitochondrial permeability transition pore opening[END_REF][START_REF] Alvarez | Mitochondrial NHE1: a newly identified target to prevent heart disease[END_REF]. Thus, mNHE1 activation leads to a proton influx into the mitochondrial matrix [START_REF] Alvarez | Mitochondrial NHE1: a newly identified target to prevent heart disease[END_REF]. Furthermore, these authors have suggested a role for this mitochondrial isoform in directing cell fate towards survival. Indeed, the activity thereof appeared to prevent the opening of mPTP (mitochondrial permeability transition pore) upon calcium stimulation, and could therefore also be involved in the maintenance of ΔΨm [START_REF] Alvarez | Mitochondrial NHE1: a newly identified target to prevent heart disease[END_REF]. Based upon these data, it would be interesting to determine whether mNHE1 could be involved in B[a]P-induced matrix acidification.

Finally, with regard to the possible impact of the B[a]P-induced extracellular acidification, it is worth stressing that a low pHe is reported to facilitate the acquisition of chromosomal aberrations [START_REF] Morita | Clastogenicity of low pH to various cultured mammalian cells[END_REF]. Furthermore, low pHe has been suggested to alter several other cell processes, including DNA repair [START_REF] Yuan | Diminished DNA repair and elevated mutagenesis in mammalian cells exposed to hypoxia and low pH[END_REF], inflammatory response of tumors [195], or cell death [START_REF] Andersen | Interactions of ion transporters and channels with cancer cell metabolism and the tumour microenvironment[END_REF]. Thus, the B[a]P-induced extracellular acidification might also participate to the carcinogenicity of this PAH, and so would deserve further investigation.

Altogether, our results clearly point to alterations of H + dynamics as possible major determinants in the carcinogenic effects of B[a]P.

Concluding remarks and next challenges

Our work on the carcinogenic effects of B[a]P has demonstrated for the first time: (1) that an environmental human carcinogen may activate NHE1 through a membrane remodeling because of alterations of lipid metabolism which stem from both ROS production due to metabolic activation by CYPs and Ahr activation; (2) that the activation of NHE1 seems to be a central modulator of the cellular responses towards this carcinogen, notably by acting on energy metabolism (Figure 3), cell death/survival balance and on various cell transformation pathways. However several important questions remain to be tackled.

Is NHE1 activation important for other cancer hallmarks triggered by B[a]P?

Based upon the litterature, it clearly appears that cancer hallmarks other than those we have already analyzed, are targeted by both B[a]P exposure and NHE1 activation (Figure 4). Indeed, NHE1 activation has been previously shown to target several of the cancer hallmarks previously defined by Hanahan & Weinberg [START_REF] Hanahan | Hallmarks of cancer: the next generation[END_REF], as recently reviewed by several groups [START_REF] Parks | Disrupting proton dynamics and energy metabolism for cancer therapy[END_REF][START_REF] Alfarouk | Glycolysis, tumor metabolism, cancer growth and dissemination. A new pH-based etiopathogenic perspective and therapeutic approach to an old cancer question[END_REF][START_REF] Reshkin | Role of pHi, and proton transporters in oncogene-driven neoplastic transformation[END_REF][START_REF] Counillon | Na(+)/H(+) antiporter (NHE1) and lactate/H(+) symporters (MCTs) in pH homeostasis and cancer metabolism[END_REF]. Notably, NHE1 is capable of promoting cell survival, through activation of the Akt [START_REF] Wu | The NHE1 Na+/H+ exchanger recruits ezrin/radixin/moesin proteins to regulate Akt-dependent cell survival[END_REF][START_REF] Schelling | Regulation of cell survival by Na+/H+ exchanger-1[END_REF], or ERK pathways [START_REF] Mukhin | ERK is regulated by sodium-proton exchanger in rat aortic vascular smooth muscle cells[END_REF][START_REF] Pedersen | Regulation of mitogen-activated protein kinase pathways by the plasma membrane Na+/H+ exchanger, NHE1[END_REF]. This transporter also plays a role in cell migration [START_REF] Stock | Protons make tumor cells move like clockwork[END_REF], through regulating both the formation of focal adhesion points and extracellular matrix degradation [START_REF] Denker | Cell migration requires both ion translocation and cytoskeletal anchoring by the Na-H exchanger NHE1[END_REF][START_REF] Ludwig | The Na+ /H+ -exchanger (NHE1) generates pH nanodomains at focal adhesions[END_REF]. NHE1 is also involved in the regulation of invasiveness processes of tumors [START_REF] Chiang | EGF upregulates Na+/H+ exchanger NHE1 by post-translational regulation that is important for cervical cancer cell invasiveness[END_REF]. Such an action might result from the activation of membrane channels, as demonstrated in breast cancer cells where the expression of the Na + channels Nav1.5 was responsible for the allosteric modulation of NHE1 [START_REF] Brisson | NaV1.5 Na⁺ channels allosterically regulate the NHE-1 exchanger and promote the activity of breast cancer cell invadopodia[END_REF]. Interestingly, in the metastatic cell line MDA-MB-231, the co-localization of NHE1, EGFR, ß1-integrin and phosphorylated-NHERF1 in invadopodia lipid rafts has been suggested to regulate invadopodia actin cytoskeleton dynamics/activity [START_REF] Antelmi | ß1 integrin binding phosphorylates ezrin at T567 to activate a lipid raft signalsome driving invadopodia activity and invasion[END_REF]. Moreover, NHE1 action on tumor invasiveness appeared to be based on modulation of MMP activity [START_REF] Lin | NHE1 mediates MDA-MB-231 cells invasion through the regulation of MT1-MMP[END_REF][START_REF] Lin | NHE1 mediates migration and invasion of HeLa cells via regulating the expression and localization of MT1-MMP[END_REF]. It appears that the action of NHE1 during the invasion process requires a glycolytic production of ATP [START_REF] Nguyen | Purification and characterization of beta-actinrich tumor cell pseudopodia: role of glycolysis[END_REF], knowing that this ATP production was found to be localized within the invadopodia of cancer cells [START_REF] Attanasio | Novel invadopodia components revealed by differential proteomic analysis[END_REF]. NHE1 has also been shown to be involved in angiogenesis process [START_REF] Mo | Suppression of NHE1 by small interfering RNA inhibits HIF-1α-induced angiogenesis in vitro via modulation of calpain activity[END_REF], and would possibly be a regulator of inflammatory processes [START_REF] Németh | Na+/H+ exchanger blockade inhibits enterocyte inflammatory response and protects against colitis[END_REF][START_REF] Yang | Inhibition of Na+/H+ exchanger 1 by cariporide alleviates burn-induced multiple organ injury[END_REF].

Therefore, it appears that many cancer hallmarks are shared by both B[a]P exposure and NHE1 activation (Figure 4). In this context, it will be interesting to determine whether NHE1 activation might also be involved in the B[a]P-induced cancer hallmarks not analyzed yet and detailed in Part 3 of the present review. This is important to consider since this might lead proposing cariporide or other NHE1 potent inhibitors to prevent B[a]P-or other chemicals-induced carcinogenesis [START_REF] Harguindey | Cariporide and other new and powerful NHE1 inhibitors as potentially selective anticancer drugs--an integral molecular/biochemical/metabolic/clinical approach after one hundred years of cancer research[END_REF].

What are the molecular mechanisms underlying the ambivalent role of NHE1 activation in the control of the cell death/survival balance upon B[a]P exposure?

Regarding the role of NHE1 in B[a]P-induced cell responses, we have demonstrated that activation of this transporter can trigger both cell death as well as cell survival signals in the same cells [START_REF] Huc | Multiple apoptotic pathways induced by p53-dependent acidification in benzo[a]pyrene-exposed hepatic F258 cells[END_REF][START_REF] Huc | Identification of Na+/H+ exchange as a new target for toxic polycyclic aromatic hydrocarbons[END_REF][START_REF] Huc | c-Jun NH2-terminal kinase-related Na+/H+ exchanger isoform 1 activation controls hexokinase II expression in benzo(a)pyrene-induced apoptosis[END_REF][START_REF] Hardonnière | The environmental carcinogen benzo[a]pyrene induces a Warburg-like metabolic reprogramming dependent on NHE1 and associated with cell survival[END_REF]. In this context, our data raise the question about how a similar NHE1 activation can play such an ambivalent role under those conditions. One clue might come from the different functions of NHE1 [START_REF] Baumgartner | Na(+)/H(+) exchanger NHE1 as plasma membrane scaffold in the assembly of signaling complexes[END_REF][START_REF] Putney | The changing face of the Na+/H+ exchanger, NHE1: structure, regulation, and cellular actions[END_REF]. Thus, whereas a role for NHE1 as a scaffold protein and anchor protein might be put forward for the B[a]P-induced cell death, its function as an H + extruder (that is, a direct action on pHi) might explain its role in the B[a]P-induced cell survival related to metabolic reprogramming.

In line with this double role, another question is about the exact role for the sub-membrane location of NHE1 inside or outside the lipid rafts. Is the exit of NHE1 necessary for cell death to occur or is this just a mean for the chemical to activate NHE1, whatever its role? Our study on the impact of B[a]P in Hepa1c1c7 cells can shed some light on this. Indeed, like in F258 cells [START_REF] Tekpli | NHE-1 relocation outside cholesterol-rich membrane microdomains is associated with its benzo[a]pyrene-related apoptotic function[END_REF], our data showed an activation of NHE1 in this cell model, along with its exit outside lipid rafts (unpublished data). However, NHE1 activation was found to play no role in the related cell death in those hepatoma cells [START_REF] Holme | Different mechanisms involved in apoptosis following exposure to benzo[a]pyrene in F258 and Hepa1c1c7 cells[END_REF], but appeared to be involved in the lactate production observed under those conditions [START_REF] Hardonnière | The environmental carcinogen benzo[a]pyrene induces a Warburg-like metabolic reprogramming dependent on NHE1 and associated with cell survival[END_REF].

Therefore, it seems that the NHE1 exit ouside lipid rafts upon B[a]P exposure would merely relate to the growth factor-independent mode of NHE1 activation that we previously demonstrated [START_REF] Tekpli | Regulation of Na+/H+ exchanger 1 allosteric balance by its localization in cholesterol-and caveolin-rich membrane microdomains[END_REF][START_REF] Lacroix | Kinetic analysis of the regulation of the Na+/H+ exchanger NHE-1 by osmotic shocks[END_REF]. Nonetheless, a possible role for such an exit in the formation of a pro-death signalplex cannot be ruled out yet.

Another interesting point to emphasize regarding NHE1 sub-membrane location concerns the increase in gap junction intercellular communication (GJIC) observed in B[a]P-treated Hepa1c1c7 cells [START_REF] Topinka | DNA adducts formation and induction of apoptosis in rat liver epithelial 'stem-like' cells exposed to carcinogenic polycyclic aromatic hydrocarbons[END_REF]. Indeed, our data have shown that, like for NHE1, B[a]P induced an exit of connexin 43 outside lipid rafts in order to form active junctional plaques. Based upon the fact that, in cardiac cells, NHE1 is known to be localized in close proximity to Cx43 [START_REF] Petrecca | Subcellular localization of the Na+/H+ exchanger NHE1 in rat myocardium[END_REF] and that H + is involved in the control of Cx43-dependent GJIC [START_REF] Peracchia | Chemical gating of gap junction channels; roles of calcium, pH and calmodulin[END_REF][START_REF] Swietach | H+ ion activation and inactivation of the ventricular gap junction: a basis for spatial regulation of intracellular pH[END_REF], one might propose that the survival signal relying upon the B[a]P-induced increase in GJIC might also involve NHE1 activation. Therefore, in future studies dealing with GJIC during carcinogenesis, it would be interesting to clarify the role of H + dynamics and NHE1 activity in this process.

Is NHE1 activation a general phenomenon upon exposure to environmental chemicals that may affect membrane characteristics?

Regarding NHE1 activation by B[a]P, as stated above, we demonstrated an important role in the regulation of this transporter for alterations in lipid metabolism, thereby resulting in membrane remodeling [START_REF] Tekpli | Membrane remodeling, an early event in benzo[a]pyrene-induced apoptosis[END_REF][START_REF] Tekpli | NHE-1 relocation outside cholesterol-rich membrane microdomains is associated with its benzo[a]pyrene-related apoptotic function[END_REF]. We have previously shown that another carcinogenic PAH, i.e. DMBA (50 nM), was also capable of inducing both intracellular alkalinization and apoptotic cell death [START_REF] Huc | Identification of Na+/H+ exchange as a new target for toxic polycyclic aromatic hydrocarbons[END_REF] as well as a NHE1-dependent increase in lactate production [START_REF] Hardonnière | The environmental carcinogen benzo[a]pyrene induces a Warburg-like metabolic reprogramming dependent on NHE1 and associated with cell survival[END_REF]. Whether the activation of NHE1 upon DMBA exposure would rely on membrane remodeling remains however to be determined. In support to this hypothesis, it is worth stressing that this carcinogen has been previously shown to affect lipid metabolism, especially cholesterol synthesis [START_REF] Nandakumar | Modulating effects of hesperidin on key carbohydrate-metabolizing enzymes, lipid profile, and membrane-bound adenosine triphosphatases against 7,12-dimethylbenz(a)anthracene-induced breast carcinogenesis[END_REF]. Should any carcinogen-induced membrane remodeling be an important regulator of NHE1 activity, it would then be essential to enlarge the kind of studies we have performed to environmental contaminants other than B[a]P. Indeed, it has been shown that many of these molecules can affect membrane physicochemical characteristics [START_REF] Tekpli | Importance of plasma membrane dynamics in chemical-induced carcinogenesis[END_REF][START_REF] Tekpli | Role for membrane remodeling in cell death: implication for health and disease[END_REF]. For example, a low concentration of arsenic trioxide has been shown to increase pHi as well as proliferation in Madin-Darby canine kidney MDCK cells via NHE (likely NHE1) activation [START_REF] Aravena | Potential role of sodium-proton exchangers in the low concentration arsenic trioxide-increased intracellular pH and cell proliferation[END_REF]. As this metalloid contaminant can alter lipid metabolism [START_REF] Wang | Serum metabolomics reveals that arsenic exposure disrupted lipid and amino acid metabolism in rats: a step forward in understanding chronic arsenic toxicity[END_REF], one might then propose a role for membrane remodeling in NHE activation. More recently, a Warburg effect has also been evidenced in arsenic-treated non-malignant pulmonary epithelial cell line BEAS-2B [START_REF] Zhao | Arsenic exposure induces the Warburg effect in cultured human cells[END_REF]. Furthermore, an upregulation of cell energy metabolism in B[a]P/arsenic-transformed lung epithelial cells has been reported [START_REF] Chen | Upregulation of glycolysis and oxidative phosphorylation in benzo[α]pyrene and arsenic-induced rat lung epithelial transformed cells[END_REF]. Thus, it would be worth testing the role of NHE1 in the carcinogenic effects of arsenic as well as many other carcinogenic compounds, notably when present in chemical mixtures.

How does the triad NHE1/Aryl hydrocarbon Receptor/p53 work together to control B[a]P-induced cell responses?

Another important question to solve is the interplay between NHE1, AhR and p53, with respect to the control of the equilibrium between cell death and survival signals. Indeed, our data have evidenced a role for both p53 and AhR in concert with NHE1, in the B[a]P-induced apoptosis as well as metabolic reprogramming. Our previous work identified that AhR was involved in B[a]Pinduced NHE1 activation via its role in membrane remodeling through the regulation of HMGCoA reductase expression [START_REF] Tekpli | Membrane remodeling, an early event in benzo[a]pyrene-induced apoptosis[END_REF][START_REF] Tekpli | NHE-1 relocation outside cholesterol-rich membrane microdomains is associated with its benzo[a]pyrene-related apoptotic function[END_REF]. Therefore, one might suppose an action of AhR on cell death and glycolytic reprogramming through NHE1 activation. However, a pool of mitochondrial AhR has been evidenced, which is bound to the ATP5α1 sub-unit of the F0F1 ATPase [START_REF] Tappenden | The aryl hydrocarbon receptor interacts with ATP5α1, a subunit of the ATP synthase complex, and modulates mitochondrial function[END_REF][START_REF] Hwang | Mitochondrial-targeted aryl hydrocarbon receptor and the impact of 2,3,7,8-tetrachlorodibenzo-p-dioxin on cellular respiration and the mitochondrial proteome[END_REF]. Interestingly, activation of AhR by TCDD led to a mitochondrial hyperpolarization [START_REF] Tappenden | The aryl hydrocarbon receptor interacts with ATP5α1, a subunit of the ATP synthase complex, and modulates mitochondrial function[END_REF], similarly to what we observed with B[a]P [START_REF] Hardonnière | Benzo[a]pyrene-induced nitric oxide production acts as a survival signal targeting mitochondrial membrane potential[END_REF][START_REF] Huc | Apoptotic mitochondrial dysfunction induced by benzo(a)pyrene in liver epithelial cells: role of p53 and pHi changes[END_REF]. In this context, a role for the mitochondrial pool of AhR might also be involved, through the control of the ATPase activity, and thus might co-regulate cell energy metabolism in concert with changes in H + dynamics.

With respect to p53, this tumor suppressor is well recognized as playing a critical role in the control of many cellular processes including apoptosis, cell cycle arrest, genome stability, and angiogenesis [START_REF] Kruiswijk | p53 in survival, death and metabolic health: a lifeguard with a licence to kill[END_REF][START_REF] Aylon | The Paradox of p53: What, How, and Why? Cold Spring[END_REF]. The p53 capacity to regulate cell metabolism has extensively been described, notably in the regulation of both glucose transport [START_REF] Schwartzenberg-Bar-Yoseph | The tumor suppressor p53 down-regulates glucose transporters GLUT1 and GLUT4 gene expression[END_REF], glycolysis via TIGAR expression [START_REF] Bensaad | TIGAR, a p53-inducible regulator of glycolysis and apoptosis[END_REF], pentose phosphate pathway , TCA cycle, glutamine metabolism [START_REF] Hu | Glutaminase 2, a novel p53 target gene regulating energy metabolism and antioxidant function[END_REF], or even in the control of OXPHOS [START_REF] Matoba | p53 regulates mitochondrial respiration[END_REF], by interacting with complex V [START_REF] Bergeaud | Mitochondrial p53 mediates a transcription-independent regulation of cell respiration and interacts with the mitochondrial F₁F0-ATP synthase[END_REF]. However, p53 is generally given as limiting glycolysis and improving oxidative phosphorylation [START_REF] Kruiswijk | p53 in survival, death and metabolic health: a lifeguard with a licence to kill[END_REF]. In F258 cells, we observed that the p53 activation by B[a]P could also play a role in promoting cell survival notably in close relationship with the metabolic reprogramming. Such an effect of p53 on metabolism reorientation is in contrast to what is classically described. In order to give an explanation to these opposite effects, one might propose that the action of p53 on the glycolytic shift detected in B[a]P-treated F258 cells would rather go through a direct effect of this protein on the transcriptional activity of AhR, as previously evidenced [START_REF] Kochhar | p53 modulates Hsp90 ATPase activity and regulates aryl hydrocarbon receptor signaling[END_REF]. Besides, if the involvement of p53 in regulating cell metabolism is now well established, the mechanims appear to be quite complex since the p53 status can direct the type of cell response [START_REF] Galluzzi | Mitochondrial liaisons of p53[END_REF][START_REF] Zhang | Tumour-associated mutant p53 drives the Warburg effect[END_REF]. Indeed, it has been shown for example that mutant p53 can induce a Warburg effect [START_REF] Zhang | Tumour-associated mutant p53 drives the Warburg effect[END_REF]. Thus, a characterization of the p53 status in our cell models should be performed.

Finally, we have shown that in F258 cells, both an inhibition of either NHE1 or p53 prevented the B[a]P-induced cell death [START_REF] Huc | Multiple apoptotic pathways induced by p53-dependent acidification in benzo[a]pyrene-exposed hepatic F258 cells[END_REF][START_REF] Huc | Identification of Na+/H+ exchange as a new target for toxic polycyclic aromatic hydrocarbons[END_REF][START_REF] Huc | c-Jun NH2-terminal kinase-related Na+/H+ exchanger isoform 1 activation controls hexokinase II expression in benzo(a)pyrene-induced apoptosis[END_REF]. Such a prevention was also found with regard to metabolic reprogramming, which is considered to be a survival pathway [START_REF] Hardonnière | The environmental carcinogen benzo[a]pyrene induces a Warburg-like metabolic reprogramming dependent on NHE1 and associated with cell survival[END_REF]. However, cariporide does not seem to prevent the B[a]P-induced EMT-like phenotype (Figure 2). A possible role for p53 in this process remains to be elucidated. These points are important to consider, since we have previously shown that NHE1 inhibition was involved in the protective effect of omega-3 towards B[a]P-induced apoptosis but without affecting DNA damage [START_REF] Dendelé | Protective action of n-3 fatty acids on benzo[a]pyrene-induced apoptosis through the plasma membrane remodelingdependent NHE1 pathway[END_REF]. In this context, one important question to clarify concerns the possible consequences of an inhibition of NHE1 following exposure to environmental carcinogens, since this theoretically seems to favor the selection of pre-neoplastic cells and hence cancer formation. 
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 1 Figure 1. Metabolic reprogramming following B[a]P exposure involves the p53 pathway. (A) In
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 2 Figure 2. Effects of NHE1 inhibition on the B[a]P-elicited epithelial-to-mesenchymal transition
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 4 Figure 4. The cancer hallmarks shared by both NHE1 activation and B[a]P exposure. Based upon the

Acknowledgements

We wish to warmly thank Sylvie Bortoli and Samantha Antonio (UMR Inserm 1124, Université Paris Descartes) for their scientific input with regard to the xCELLigence experiments. We are also very grateful to Martine Chevanne, Isabelle Gallais and Morgane Fernier for their daily technical help. We finally want to warmly thank Drs Xavier Tekpli, Morgane Gorria and Béatrice Dendelé for their important contribution to our project. This work was financially supported by the French Ministry of Research, Région Bretagne, the Ligue contre le Cancer, and the French National Agency for Research (ANR; STEATOX project: "ANR-13-CESA-0009).